
 

 
 
 

Surface water and mahinga kai as vectors of antimicrobial resistance 
 

 
 
 

 
 
 

 
 

A thesis submitted in partial fulfilment 
of the requirements for the degree of 

 
 
 
 
 

Doctor of Philosophy 
In 

Biology 
 
 
 
 
 

At the University of Canterbury, Christchurch, 
New Zealand 

 
 
 

Sophie Joy van Hamelsveld 
2022 

 

 
  



 

Abstract 

Antimicrobial resistance (AMR) increases the burden of infectious disease by slowing or 

preventing treatment, leading to worsened health outcomes. Hospitals and human 

communities are recognised sources of infections by resistant bacteria. This research broadens 

the search for and characterisation of infection vectors to water and mahinga kai. In Aotearoa 

New Zealand people are close to their water, using it for recreation or food gathering. 

Mahinga kai are traditional foods and resources of Māori and the places where they are 

harvested. These foods remain culturally and nutritionally important for both Aotearoa’s 

indigenous people and others. 

 

Many mahinga kai species are aquatic. Harvesting and consumption of mahinga kai may 

therefore be a risk factor for exposure to the same bacteria that contaminate water, such as 

Escherichia coli. There is evidence that E. coli is not only a sentinel species for fecal 

contamination, but also for the presence of other antimicrobial resistant fecal coliforms, many 

of which cause disease. Moreover, up to half of antimicrobial resistant infections worldwide 

are caused by E. coli. There is limited data on AMR among E. coli in Aotearoa’s surface waters, 

and carriage by mahinga kai remains largely unassessed. 

 

I performed observational and hypothesis driven experiments to study AMR in aquatic 

environments. I extended the work of myself and colleagues through two years of seasonal 

monitoring of Ōtākaro, an urban river. The data were used to develop sentinels that would 

allow local iwi, community groups and governing bodies to monitor AMR with the least input 

of resources. Most interestingly, the concentration of ampicillin resistant E. coli could be used 

to predict the likelihood of encountering E. coli resistant to either of two additional antibiotics, 

ciprofloxacin or chloramphenicol, which are biochemically unrelated antibiotics of clinical 

relevance. The use of ‘sentinel antibiotics’ could be a powerful way to increase monitoring 

capability. 

 

Over the years I monitored Ōtākaro, a large number of antimicrobial resistant E. coli were 

analysed. These were phenotyped for antimicrobial susceptibility and conjugation, and 

genotyped through whole genome sequencing. The combination of phenortyping and 



 

genotyping provided a comprehensive description of the types of drug resistances, their 

potential for spread through horizontal gene transfer (HGT) and underlying genetic 

mechanisms. I showed that plasmid-mediated HGT is likely a major contributor to AMR in 

these E. coli because resistance genes were often linked on conjugative plasmids. Long-read 

whole genome sequencing was used to assemble plasmids, demonstrating the association of 

AMR genes and genes associated with virulence and stress tolerance. These plasmids were 

often hosted by E. coli of sequence types known to be human pathogens, such as ST131 and 

ST1193. The presence of these sequence types in Ōtākaro may indicate underlying carriage by 

people in the community and poses a health risk for contact recreation. 

 

Waitaha North Canterbury has long been a food basket for the tribe Ngāi Tahu, particularly 

Te Ngāi Tūāhuriri. At their request, I studied E. coli and antimicrobial resistant E. coli in 

wātākirihi (watercress; Nasturtium officinale) from rivers near Tuahiwi and in tuaki (cockles; 

Austrovenus stuchburyii) from Te Akaaka (Ashley River Estuary). Both kai species and the 

water in which they grow contained antimicrobial resistant E. coli. The concentration of E. coli 

in water was predictive of E. coli concentration on wātākirihi. Water quality monitoring data 

can therefore help wātākirihi harvesters avoid exposure to E. coli. Tuaki were sensitive 

environmental monitors and were able to concentrate E. coli up to 60 times higher than in 

surrounding water. This allowed me to detect AMR phenotypes inside tuaki that were not 

detectable in congruent water samples. Furthermore, the concentration of E. coli in water was 

not a good predictor of E. coli concentration in tuaki, making water samples insufficient for 

predicting food safety risk. I also present preliminary data on antimicrobial resistant E. coli in 

karoro (black-backed gulls; Laurus dominicus) feces and on eggs. Karoro eggs and feathers can 

be mahinga kai. 

 

I then tested a series of hypothesis on the accumulation and fate of AMR phenotypes of E. coli 

in shellfish and in seawater. I did this using kuku (Greenshell mussels; Perna canaliculus) 

maintained in aquaria. E. coli were efficiently taken up by kuku, which became unsafe for 

consumption after 8-24 hours of exposure. However, there was no difference in the uptake 

and accumulation of a conjugative, multidrug resistant E. coli strain in kuku when compared 



 

to a susceptible strain. Finally, I tested the hypothesis that, by concentrating bacteria, shellfish 

may promote the spread of AMR via conjugation. 

 

My results provide baseline data on AMR in urban and rural rivers and in mahinga kai 

extracted from these waterways. I stress the importance of better measures to prevent fecal 

contamination to protect water and mahinga kai users.  
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Chapter 1 - Introduction 

Summary 

Picture yourself in the year 2050. In the time it will take you to read the introduction to this 

thesis, the World Health Organisation (WHO) predicts that 76 people will have died as a result 

of an antibiotic resistant infection. By 2050, antibiotic resistant infections are predicted to kill 

10 million people per year globally; a mortality rate greater than all types of cancer combined 

[1]. Antimicrobial resistance (AMR) has been a threat to human wellbeing for almost as long 

as antibiotics have protected it [2]. The negative outcomes associated with antibiotic resistant 

bacterial infections include a significantly increased risk of complications, increase in 

recurrence of the infection and higher mortality rates when compared to susceptible infections 

[3, 4]. 

 

Part of what makes antibiotic resistant bacteria so successful is that they move through 

communities and the environment and into our healthcare systems. High usage of 

antimicrobial biocides, including antibiotics, has created an environment which favours the 

evolution of AMR [5, 6]. Due to poor stewardship, AMR bacteria and their genes are 

discharged into the environment and are now widespread even in places that were once 

thought of as pristine [7, 8]. These environments include soils, lakes, rivers, oceans and the 

atmosphere [9-12]. 

 

The present research will focus on the prevalence of antibiotic resistant bacteria and resistance 

genes in surface water, coastal settings and foods harvested by indigenous peoples from these 

environments. Water is an essential ingredient for sustenance, food preparation, food 

production, cultural and hygiene practices. Use of untreated water is a pathway for contact 

with AMR bacteria [13, 14]. People may also be unintentionally exposed to surface water and 

its bacteria during extreme weather events, which are becoming more frequent with climate 

chance [15, 16]. 

 

AMR bacteria accumulate in surface waters and coastal environments [12, 17], giving them 

the potential to cause infections in people who interact with those environments [13, 14, 18]. 
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The role of urban rivers as vectors of AMR will therefore be the first major topic of this thesis. 

Concentrated human activity surrounding urban waterbodies often results in microbial and 

AMR accumulation [16, 19-21]. While there is significant research overseas on AMR in surface 

water [15, 19, 21-23], there are fewer data for New Zealand’s urban waterways.  

 

As do others, I have used E. coli population densities as an indicator of microbial water quality. 

High numbers of E. coli in water are associated with fecal contamination [24], bringing with it 

an increased risk of enteric and disease-causing microorganisms. In New Zealand, E. coli is 

monitored at sites identified as having a high level of interaction with humans, e.g., [25]. For 

this reason, monitoring regimes in New Zealand focus on E. coli numbers [26]. The innovation 

in my research is to evaluate the usefulness of measuring AMR in an indicator species, which 

is not currently done by New Zealand authorities or anyone else.  

 

The present study aims to give an assessment of AMR E. coli in an urban river of Christchurch, 

New Zealand. The research will include phenotyping for antibiotic resistance, assessments of 

horizontal gene transfer activity and AMR genotyping.  

 

Freshwaters and coastal areas are important environments in which food for indigenous 

people around the world is sourced [27-29]. In Aotearoa, these foods are mahinga kai. 

Mahinga kai are both sites where traditional Māori resources, such as foods are gathered or 

extracted, and the resources themselves [30]. Examples of mahinga kai sites are estuaries, 

rivers and lakes [29]. Because many mahinga kai species are aquatic, they are at risk of 

contamination by fecal bacteria.  

 

E. coli can be isolated from freshwater and marine kai [8, 31-34]. Despite this, almost no 

research exists on the prevalence of AMR in mahinga kai. The second aim of the present 

research is therefore to further our understanding of antibiotic resistance in shellfish, 

watercress and karoro (black-backed gulls). Field sampling was conducted to gather data on 

AMR in mahinga kai species and the sites where they grow. Phenotyping and genotyping 

methods were used to measure and understand the antibiotic resistance of E. coli isolates. Sites 
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and species were chosen following discussion with Māori who whakapapa (trace their 

lineage) to Waitaha/Canterbury.  

 

Field sampling was complemented by aquarium-based experiments. Kuku (Green lip mussel; 

Perna canaliculus) were maintained in tanks, to which AMR E. coli were added. This system 

was used to measure the uptake and deportation of AMR E. coli in this endemic mussel 

species. I tested hypotheses about the uptake, deportation, persistence and killing of AMR E. 

coli in marine microcosms and in laboratory conditions. Through these experiments I aimed 

to understand the fate of AMR bacteria in coastal marine environments and test the potential 

for aquatic mahinga kai to act as sentinels of AMR pollution.  

 

The overall aim of this research was to gain an understanding of the distribution of AMR 

bacteria in New Zealand, including in mahinga kai and in water used for recreation. 

Consumers of mahinga kai will be better able to make informed decisions about eating these 

foods if the associated risks are better recognised and understood. The techniques developed 

here can be implemented in further studies of mahinga kai species not covered by the present 

research. Finally, the data may influence the way mahinga kai are harvested and prepared 

and the way that food safety and recreational safety guidelines are written to protect those 

who come into contact with water and aquatic foods. 
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Part 1 – The antimicrobial resistance crisis 

The impact of antibiotic resistance on human health and productivity 

Undoubtedly, AMR ranks alongside climate change as one of the biggest threats to human 

health and wellbeing in the 21st century. AMR threatens not only human health, but also 

economic productivity and safe access to resources, such as food and water [4, 35-37]. In the 

US, up to two million people per year become sick with AMR infections, and 23,000 people 

die [38]. In India, extensively drug resistant E. coli infections are associated with 2-3 times 

higher mortality than infections caused by less resistant strains [39]. When compared to 

susceptible infections, drug resistant infections have an almost doubled risk of medical 

complications, including increased duration of sickness, long-term disability and mortality [3, 

4, 40, 41]. One study found that 6.44 deaths per 100,000 in Europe were attributable to 

antimicrobial resistance in the year 2015 [4]. 

 

There are also economic and social impacts associated with AMR. The cost of AMR in the US 

alone is 2.9 billion USD per year [42]. Patients suffering from AMR infections tie-up hospital 

bed space, clinicians’ time and other resources [43]. It was estimated that AMR infections in 

the US required between 6 to 12 more hospital days per patient, when compared to susceptible 

infections [38], and antibiotic resistant Campylobacter infections required 10-13 days of extra 

care [40].  

 

The social and economic burdens of AMR are equity issues. Developing and low-income 

nations are disproportionately affected by AMR. In India, the mortality rate associated with 

AMR infections is 13.5%, compared to just over 1% in the US [39, 44]. Those without access to 

safe drinking water are put at risk of AMR infections. The WHO estimates that nearly one 

third of the world’s population do not have access to a safe drinking water supply [45], and 

this problem is especially prevalent in indigenous communities [28]. When drinking water is 

not protected from fecal contamination, its safety can be further compromised by AMR [24, 

46, 47]. 

 

In Aotearoa/New Zealand, significant health inequalities exist when AMR data are analysed. 

Prior hospitalisation was found to be a significant risk factor for septicaemia caused by 
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extended-spectrum β-lactamase (ESBL) producing Enterobacteriaceae in an Auckland hospital 

[48]. Vulnerable New Zealanders with pre-existing health conditions and the elderly may 

suffer worsened outcomes due to AMR [49, 50]. Inequalities were also observed when rates 

of hospitalisation due to infectious diseases were compared across indigenous Māori, Pacific 

Islander and Pākeha ethnic groups. Indeed, Māori and Pacific peoples were more likely to 

receive prescriptions for antibiotics, a concerning finding in a country where antimicrobial 

use in humans is already higher than the OECD average [52, 53].  

 

In 2014, the number of antibiotic prescriptions per capita was shown to increase in parallel 

with socioeconomic deprivation [52], indicating over-prescription for Aotearoa’s low-income 

communities. Furthermore, one study found that antibiotic daily does in New Zealand 

increased between 2006 and 2014 [54]. These data show that antibiotic use among New 

Zealanders is high, and this may be contributing to AMR in clinical isolates [50, 55].  

 

How antimicrobial reisistance is measured and this knowledge applied to treat disease 

The global nature of antibiotic resistance necessitates the use of international guidelines for 

quantifying AMR and applying this information to clinical settings. The two most widely-

recognised standards are the Clinical & Laboratory Standards Institute (CLSI) Performance 

Standards for Antimicrobial Susceptibility Testing [56] and the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST) Breakpoint Tables [57]. I chose to employ the 

CLSI standard to ensure consistency. The CLSI standard is updated yearly with necessary 

amendments [56], covering a range of infectious bacteria, including E. coli.  

 

The susceptibility of bacteria to antibiotics is measured using minimum inhibitory 

concentration (MIC; μg ml-1). The MIC is the lowest possible concentration of the antibiotic 

required to prevent the growth of a bacterium in vitro. A second term, Cmax, also known as the 

serum concentration, is  the maximum safe concentration an antibiotic can reach in the human 

body during treatment [58]. Exceeding Cmax increases the risk of adverse effects to the patient. 

Thus, as the MIC of a bacterium approaches Cmax, the infection becomes progressively less 

responsive to the antibiotic and may become untreatable. For effective treatment, the 
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concentration of the antibiotic in the human body, specifically at infection site, must exceed 

the MIC of the bacterium for a sufficient period of time.  

 

Under-dosing occurs when the MIC is greater than expected. This is especially true for oral 

administration because antibiotics are rapidly excreted or metabolised, causing the serum 

concentration to drop below MIC [59]. MIC creep refers to small, incremental increases in the 

MIC of nosocomial or community strains over time [59, 60]. MIC creep often results in under-

dosing especially if clinicians are caught unaware of the need for an increased antibiotic dose 

[60, 61]. 

 

MIC testing of clinical pathogens is performed using standardised methods. Based on the 

outcome of MIC testing, bacterial strains are classed as ‘susceptible’, ‘intermediate’ or 

‘resistant’ to an antibiotic under the CLSI guidelines [56, 62]. Susceptible bacteria respond to 

concentrations of the antibiotic that are easily achieved in patients, I.e., those concentrations 

below Cmax. Intermediate resistance refers to strains that require a higher dose of the drug to 

clear an infection, and are associated with uncertain therapeutic outcomes [56, 57, 63]. A 

bacterium is ‘resistant’ when the MIC exceeds Cmax, the outcome of which is often treatment 

failure [56, 62]. Although I am concerned with environmental isolates, one of my aims is to 

inform the risks to human health posed by exposure to these bacteria when interacting with 

an aquatic environment or consuming gathered foods. Therefore, the CLSI susceptible, 

intermediate and resistant concentrations are used throughout this study to inform 

phenotypic testing and draw conclusions about the health risks associated with the 

environments where these bacteria are found. 

 

Causes of antimicrobial resistance 

Inappropriate use of antibiotics in humans 

Antibiotics are among our most useful tools in fighting infectious disease. However, these 

medicines are not afforded the stewardship required to retain efficacy. In clinical situations, 

antibiotics are often prescribed or purchased over the counter for viral or undiagnosed 

bacterial infections that are unresponsive to the drug. This is particularly prevalent in 

developing countries, where antibiotics can often be purchased without a prescription [39] 
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and where users may lack the knowledge required to make informed decisions about the 

appropriate time to take antibiotics [42, 64]. Antibiotics may also be being used 

inappropriately in New Zealand [52, 54]. New Zealand’s use of antibiotics in humans is 

among the highest in the OECD [65], reflected in rising rates of AMR among clinical isolates 

[55, 66]. Prescribing practice has been correlated with congruent resistance in community 

infections [67], demonstrating the adverse outcomes of increasing antibiotic use.  

 

Overuse of antibiotics has had a direct effect on the evolution of human commensal and 

pathogenic bacteria. As antibiotic use has increased, so too has the diversity of mechanisms 

for antibiotic resistance. For example, prior to 1970, fewer than 100 -lactamase enzymes were 

known and described, but by 2010, almost 1000 enzymes with activity against penicillin 

derivatives had been discovered [68]. A similar situation is seen with the increase in 

dihydrofolate reductase enzyme variants that are not inhibited by trimethoprim. Merodiploid 

strains with two different dfrA alleles will have an MIC determined by the variant least 

inhibited by trimethoprim. As of 2021, almost 50 dfrA alleles had been described in Gram-

negative bacteria [69]. 

 

Inappropriate use of antibiotics in animals and crops 

Antibiotics are often used to treat infections in companion animals and livestock, as well in 

wild animals of conservation value. When animals are kept in close proximity, infections are 

more likely to spread throughout the population, so antibiotics are required to control those 

infections. Diseases like mastitis in dairy cattle are treated with antibiotics. AMR E. coli and 

other pathogens can be isolated from symptomatic animals [70, 71]. 

 

In addition, antibiotics use on animals is often prophylactic. In the US, up to 70% of antibiotics 

by weight are used on livestock [72]. The outcome of this has been such high densities of AMR 

bacteria that they can be isolated even from the air downwind of cattle feedlots [73], and from 

waterways impacted by agricultural fecal matter in New Zealand [74]. 
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Due to the overuse of antibiotics in agriculture, human contact with farm animals is now a 

risk factor for carriage of certain drug resistant and pathogenic E. coli strains [75, 76], while 

some meat products in New Zealand and overseas carry AMR bacteria [77, 78]. 

 

Exposure of bacteria to antibiotic residues in the environment  

In both humans and animals, a majority of the antibiotic administered is excreted 

unmetabolized in urine and feces [79, 80]. Antibiotic residues may then enter the environment 

in sewage or agricultural runoff [81], with aquatic environments being particularly at risk [9, 

82]. Here, bacteria from many sources are mixed, creating opportunities for horizontal gene 

transfer between environmental and commensal strains [83]. Wastewater treatment plants are 

ineffective at destroying antibiotics, [81] and concentrations may be high enough to select for 

resistance [84, 85], promoting both the vertical and horizontal spread of AMR [83, 86]. 

Improper disposal of antibiotics into the environment during manufacturing is also a 

significant contributor to AMR in some countries. Multidrug resistant (MDR) bacteria can be 

recovered from rivers in India [18], where pharmaceutical factories have disposed of 

antibiotics and manufacturing residues [87]. 

 

Widespread use of non-therapeutic biocides  

Antibiotic resistance is maintained and promoted by the use of many other antimicrobial 

chemicals [88, 89]. These include disinfectants, herbicides, pesticides and their constituent 

ingredients [88-93]. Such biocides have been found to be toxic towards bacteria, even though 

their intended purpose may not be antibacterial [94]. At sublethal concentrations, 

antimicrobial chemicals can activate bacterial stress responses [95]. Bacteria experiencing 

stress may change their gene expression. Some of the mechanisms that bacteria use to tolerate 

biocides also increase tolerance to multiple different antimicrobials. For example, over 

expression of efflux pumps to remove a variety of antimicrobial agents from the cell [92]. The 

effect of this can be to accelerate the rate at which antibiotic-specific AMR evolves [93, 96]. 

 

In households, resistance gene abundance was correlated with trace concentrations of 

household disinfectants [97], and the use of quaternary ammonium compounds was found to 

encourage horizontal gene transfer of resistance genes [98]. Many of the biocidal chemicals 
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humans use can be found in the environment, including in surface water [5, 6]. For example, 

residues of herbicides such as those with glyphosate active ingredients are detectable in rivers 

and streams [5]. Copper ions used as fungicides can also increase resistance to antibiotics [99], 

and these are detectable in urban waterways in New Zealand [100]. It is not known yet 

whether biocide use is affecting antibiotic efficacy in clinical settings, but their presence in the 

environment may select for persistent AMR phenotypes. 

 

Plasmid-mediated conjugation as a driver of antimicrobial resistance 

Plasmids are the major drivers of the dissemination of AMR in pathogenic bacteria [101]. The 

plasmids of interest to me are those hosted by Enterobacteria; they are typically categorised 

by incompatibility (inc) group. Incompatibility groups are so called because plasmids which 

share the same replication machinery are not stably inherited in daughter cells [102]. Sibling 

molecules (those with the same cis-acting replication genes) may be in competition for limited 

resources needed for replication, or access to the proteins that contribute to faithful partition 

of plasmids during cell division. At some frequency a daughter cell may only receive one of 

the plasmids during cell division [102]. Often, plasmids can carry multiple replication origins, 

allowing them to broaden their host range and for similar plasmids to co-exist in a cell line 

[103].  

 

The incF plasmids are among the most well-characterised plasmids. This plasmid group is 

found in Enterobacteriaceae, including E. coli. incF plasmids are of interest to the present 

research because of their association with antimicrobial resistance [104, 105]. Amongst incF 

plasmids, there are several origin of replication alleles including incFII, incFIA and incFIB. At 

least half of incF plasmids are thought to have more than one origin of replication genotype 

[103]. This is important in the context of AMR, because certain incF origins favour some 

species of Enterobacteriaceae, so the presence of more than one may lead to the spread of 

AMR in diverse species [103, 105]. incF plasmids with multiple replication origins are also able 

to transmit to strains in spite of incompatibility with existing plasmids. This observation was 

made for ESBL plasmids in pathogenic E. coli sequence types [106]. 
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In E. coli and related bacteria, most of the AMR observed in clinical settings and the 

environment is due to incF plasmids [101, 104, 107]. In one UK study, more than 70% of ESBL 

genes in clinical E. coli isolates were found on incF plasmids, independent of host strain [108]. 

Additionally, more than 55% of MDR pathogens isolated from an Indian hospital hosted an 

incF-type plasmid, and these replicons were associated with a greater number of resistance 

genes than the other plasmid types detected [109]. In particular, genes for ESBL, 

chloramphenicol and sulfonamide resistance were heavily associated with the incFII, incFIA 

and incFIB alleles [109]. In New Zealand, incF plasmids from clinical E. coli isolates have been 

shown to carry ESBL genes, and genes for ampicillin resistance [110, 111]. incF plasmids with 

ESBL genes have also been detected in New Zealand aquatic environments [46, 112], and on 

dairy farms [71].  

 

The incI plasmids are also associated with AMR carriage in E. coli. This includes AMR genes 

such as blaCMY associated with resistance towards 3rd generation cephalosporin and clavulanic 

acid combination therapy [113]. In some environmental studies, more than half of all plasmids 

isolated were incI [105]. In Tanzanian drinking water sources, 10% of plasmids were incI and 

these plasmids were associated with phenotypic transmission of resistance to β-lactams, 

aminoglycosides, tetracycline, trimethoprim and other antibiotics [114]. incI plasmids 

carrying blaTEM genes are transmissible between species, perhaps contributing to the success 

of blaTEM  genes in multiple clinical lineages [115].  

 

The incX plasmids are a third group with links to AMR. This group is found in three bacterial 

families, including Enterobacteriaceae, and so far has included plasmids 30kb to 50kb in size. 

Salmonella spp. and E. coli from human and animal sources are the most common hosts of incX 

plasmids [105]. Like other plasmids, incX plasmids use a type IV secretion system to mediate 

their own transfer [77, 116]. These genes are also used by some pathogens to secrete virulence 

factors during infection [117]. In one study, incX plasmids were the second most frequently 

annotated replicon type, and 90% were predicted to be self-transferable [103]. To my 

knowledge, incX plasmids have not been reported in the New Zealand environment nor from 

clinical isolates [110, 111], but this may be due to a lack of research in this area. 
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It is notable that resistance gene transmission by E. coli isolated from water and shellfish was 

detected in 1976, showing that transmissible drug resistance in fecal coliforms has been a 

feature of New Zealand aquatic environments for some time [8, 34]. In these studies, the 

plasmid incompatibility groups responsible for AMR transmission were not determined. 

Indeed, analysis of AMR plasmids, particularly with regards to inc groups and transmission 

frequencies has rarely been undertaken in New Zealand. Also, long read sequencing 

technology makes it possible to study the spatial relationships of genes on plasmids [118, 119], 

but such data has not been published in New Zealand. Here, I attempt to address these 

knowledge gaps. 

 

Stress tolerance and virulence associated genes are features of E. coli 
plasmids 

Plasmids can encode genes for resistance to compounds which are toxic to bacteria but which 

are not used specifically as antibiotics by humans. These compounds include heavy metals, 

disinfectants and other toxic chemicals such as fluoride and formaldehyde. Many of these 

chemicals were in use by humans long before the advent of antibiotics. Genes for heavy metal 

tolerance which are commonly found on plasmids in Enterobacteriaceae include merABCD 

for mercury resistance [120, 121], and the sil cus operon for silver and copper tolerance [121]. 

Some of these genes may benefit bacteria in other ways like increasing their tolerance towards 

oxidative stress during an infection [122]. 

 

Fluoride and formaldehyde are two widely used chemicals for which increased tolerance is 

often plasmid mediated. Increased fluoride tolerance is mediated by the crcB gene [123] often 

found in antibiotic resistant E. coli from fluoridated water [124]. Formaldehyde resistance on 

plasmids in E. coli is due to the frmABR operon [125]. Other chemicals are used as disinfectants 

and bacteria may gain increased tolerance to these chemicals via plasmids. In particular, the 

qac genes for resistance towards quaternary ammonium compounds used in hospitals and the 

home. In situations where antibiotics are present but not other biocides, tolerance genes may 

be co-selected with AMR genes, and vice versa [124, 126]. In some environments, such as 

wastewater treatment plants, antibiotics and biocides may both be present in high 

concentrations, putting plasmids under strong positive selection pressure [127, 128].  
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AMR plasmids in Enterobacteriaceae can also encode genes associated with increased 

pathogenicity [107, 129]. In E. coli, these are often for uptake of limiting nutrients such as iron 

[130]. Iron acquisition genes are encoded by iut iuc or the iro operon [130]. AMR E. coli isolated 

from water were found to possess these genes on plasmids [131]. Other virulence genes on 

AMR plasmids include enterotoxin genes such as virK [132], and bor [133], which promote in 

vivo survival [134]. Through conjugation, a bacterium could gain drug resistance and 

increased pathogenicity in one plasmid transmission event. Understanding the characteristics 

of plasmids found in E. coli from New Zealand surface waters and aquatic foods is therefore 

important. 

 

The antibiotics used in the present study 

Nine antibiotics and one β-lactamase inhibitor were selected for AMR phenotyping, and are 

used throughout in the present study. All have been classified as highly or critically important 

medicines by the WHO [135] Antibiotics were selected to represent a range of different 

antibiotic mode of actions, different resistance mechanisms and a range of medical uses in 

both humans and animals. These attributes are summarised in Table 1-1. 

 

Chloramphenicol 

Chloramphenicol is a member of the amphenicol class of antibiotics. It is bactericidal by 

binding to the 50S subunit of the bacterial ribosome, preventing protein synthesis. 

Chloramphenicol is indicated for the treatment of conjunctivitis [136]. Its use in treating more 

serious infections has declined due to its serious side effects [137], but it is still used in the 

developing world [138]. Chloramphenicol is a prohibited veterinary medicine in New 

Zealand [139]. Resistance to chloramphenicol in E. coli arises mostly from the acquisition of 

genes such as cmlA or floR which code for efflux pumps or the catA gene, the product of which 

inactivates the drug through acetylation [140, 141]. In New Zealand, chloramphenicol 

resistance in Enterobacteriaceae was low in the 1990s [66] but appears to be increasing [142]. 

Chloramphenicol resistance has also been detected in the New Zealand environment [8, 12, 

34, 46, 143]. 
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Tetracycline 

Tetracycline is a bactericidal antibiotic which binds the 30S ribosomal subunit of bacteria, 

preventing protein synthesis. Tetracycline is prescribed in the community for the treatment 

of skin infections, and less often for respiratory tract infections [144]. In 2014, doxycycline, a 

tetracycline derivative, accounted for almost 25% of antibiotic consumption by humans in 

New Zealand [54]. Tetracycline is also used extensively in livestock and companion animals 

[79]. Resistance to tetracycline in E. coli is primarily mediated by the plasmid-borne efflux 

pumps encoded by the tetA and tetB genes, and less often through ribosomal protection by 

the tetM gene product. Tetracycline resistance is common in New Zealand community isolates 

[55], and has been detected in the environment [8, 12, 34, 46, 145]. In New Zealand dairy 

calves, less than half of Gram-negative bacteria isolates remained susceptible to tetracycline 

[146]. 

 

Ciprofloxacin 

Ciprofloxacin is a fluoroquinolone antibiotic. It prevents DNA synthesis through irreversible 

binding to the type II topoisomerase and DNA gyrase enzymes. It is indicated for the 

treatment of complicated urinary tract or kidney infections for which frontline treatments 

have failed [147]. It is also used for severe Campylobacter infections or to prevent disease 

progression following exposure to anthrax [41, 147]. Ciprofloxacin was one of the top-ten most 

consumed antibiotics in New Zealand in 2014 [54]. And is also used frequently in animal 

agriculture [79]. In certain aquatic environments, such as downstream of antibiotic 

manufacturing plants, fluoroquinolones can be found at concentrations high enough to select 

for resistant individuals [87]. Ciprofloxacin resistance has been associated with pathogenic E. 

coli types in Australasia [111], and has been detected in the New Zealand environment [12, 46, 

143, 145]. Associations have been observed between ciprofloxacin resistance and ESBL 

resistance in the community, on fresh produce and in aquatic environments [12, 55, 111] [148, 

149]. 

 

Resistance to ciprofloxacin and other fluoroquinolones is usually through mutations in the 

genes which encode the targets of ciprofloxacin – gyrA, parA, parC and parE. Several mutations 

are needed to confer resistance at the clinical concentration [150]. Thus, resistance to 
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ciprofloxacin is seen in strains with prior exposure to ciprofloxacin [40, 151]. Mutations in 

quinolone-target genes have also been shown to increase a cell’s tolerance towards other 

biocides [90]. Less often, sub-clinical resistance is conferred through acquisition of the qnrS 

gene, whose product protects cellular DNA from the action of ciprofloxacin by mimicking 

DNA structure [152, 153]. Also, the aac(6’)-Ib gene, which encodes a fluoroquinolone 

modifying enzyme [154, 155].  

 

Trimethoprim 

Trimethoprim is an antifolate antibiotic which kills bacteria by binding to bacterial 

dihydrofolate reductase, preventing folate and therefore DNA synthesis [69]. Trimethoprim 

is indicated for the treatment of acute and prolonged urinary tract infections caused by E. coli 

and Salmonella spp. [156]. In 2014, trimethoprim accounted for 2.5% of antibiotic consumption 

among humans in New Zealand [54]. It is also used to treat urogenital infections in companion 

animals [157]. Trimethoprim is commonly given in combination with sulfnamide antibiotics 

[158]. Resistance to trimethoprim appears to be rising in human clinical isolates [66, 111], but 

may be falling in animal isolates [158]. Resistance to trimethoprim has been detected in the 

environment [8, 12, 34, 46, 143, 145]. In E. coli, trimethoprim resistance is through acquisition 

of a trimethoprim insensitive homologue of dihydrofolate reductase, encoded by dfrA [69].  

 

Aminoglycosides – gentamicin and kanamycin 

Gentamicin and kanamycin were used for phenotyping in this study. Both kill bacteria by 

binding to the 30S ribosomal subunit, preventing translation. Gentamicin is indicated for 

systemic urinary and life threatening respiratory tract infections [159]. E. coli has intrinsic 

resistance to low concentrations of gentamicin, but this drug is still effective at clinical 

concentrations to treat E. coli infections [56, 160]. Kanamycin is used as a last resort treatment 

for MDR tuberculosis infections [161]. Aminoglycoside resistance has been observed in New 

Zealand clinical settings [55, 111]. Little data is available regarding aminoglycoside resistance 

in the New Zealand environment, especially for kanamycin [46]. Resistance to gentamicin and 

kanamycin is usually through plasmid-mediated acquisition of genes for aminoglycoside 

modifying enzymes [162]. For example, aph(3’), which encodes aminoglycoside 

phosphotransferase, and aac(3), which encodes aminoglycoside acetyltransferase [162]. 
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Ampicillin 

Ampicillin is one of three penicillin-derivatives used for AMR phenotyping in this research. 

Penicillins are characterised by a six-membered β-lactam ring. They bind penicillin-binding 

proteins, inhibiting the cross linking of peptidoglycan and therefore cell wall synthesis. 

Ampicillin and related antibiotics like amoxicillin and flucloxacillin are indicated for treating 

Streptococcus pyogenes (Strep throat), for patients at risk of infection following dental surgery 

and others [163-165]. In 2014, amoxicillin and Augmentin (amoxicillin and clavulanic acid 

combination therapy) accounted for 42.5% of antibiotic consumption in New Zealand, while 

flucloxacillin accounted for and further 6.7% [54].  

 

Resistance to ampicillin and related antibiotics is widespread in New Zealand clinical and 

environmental settings [8, 34, 12, 46, 55, 145, 166]. Resistance to ampicillin in E. coli is through 

production of β-lactamase enzymes which hydrolyse penicillin antibiotics [68]. The genes for 

β-lactamase production are usually on plasmids [167]. There are several β-lactamases which 

confer ampicillin resistance in E. coli, including blaTEM, blaSHV, blaCMY and blaOXA (Table 1-1). Of 

these, there are hundreds of alleles. [68]. 

 

3rd generation cephalosporins – cefotaxime and ceftazidime 

Cefotaxime and ceftazidime are 3rd generation cephalosporins, semisynthetic drugs modelled 

on penicillin. They have extended activity against Gram-negative and Gram-positive bacteria. 

Cefotaxime is indicated for the treatment of gonorrhoea, meningitis and for prophylactic 

treatment of surgical patients [168]. Ceftazidime is used to treat lung infections, septicaemia 

and infections in burn patients [169]. Both antibiotics are recommended for treating severe 

infections. Even so, cephalosporins accounted for nearly 4% of antibiotic prescriptions in 

Auckland in 2015 [52]. Resistance to 3rd generation cephalosporins appears to be increasing 

amongst New Zealand clinical isolates [49, 55], and has been found in New Zealand dairy 

farms [71]. Clinicians are advised that 3rd generation cephalosporin resistance should be 

assessed before these drugs are administered to avoid treatment failure [168, 169]. In aquatic 

environments, 3rd generation cephalosporin resistance has recently been detected [12, 46, 112, 

143, 145]. 
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Resistance to 3rd generation cephalosporins is through production of ESBL enzymes [68]. 

Several genes encode enzymes for resistance to cefotaxime and ceftazidime, most commonly 

blaCTX-M, but also blaCMY and some blaTEM alleles including blaTEM-206 and blaTEM-33 [68]. There are 

hundreds of blaCTX-M alleles which give varying levels of resistance to 3rd generation 

cephalosporins [68, 167, 170]. Many of these alleles differ by just one or two amino acid 

substitutions. However, substitutions can cause conformational changes in the enzyme’s 

active site, giving them greater hydrolytic activity against different cephalosporin antibiotics 

[171, 172]. CTX-M enzymes are rapidly evolving, which makes treating ESBL-producing 

bacteria difficult as their resistance phenotype cannot be easily predicted [170]. In Australasia, 

CTX-M enzyme production was associated with ciprofloxacin resistant E. coli of sequence type 

(ST) 131 from bloodstream infections [111]. 

 

Clavulanic acid 

Clavulanic acid is a β-lactamase inhibitor that is administered in combination with β-lactam 

antibiotics such as amoxicillin (as Augmentin) or 3rd generation cephalosporins. As a 

combination therapy, it works by irreversibly binding to some β-lactamase enzymes, 

preventing them from hydrolysing penicillin and its derivatives, restoring the bactericidal 

action of the β-lactam antibiotic [68]. Combination therapies like Augmentin are indicated for 

the treatment of a wide range of conditions including urogenital, respiratory and skin 

infections [173]. Although the addition of clavulanic acid increases the efficacy of the β-lactam 

antibiotic, some bacteria have genes which produce β-lactamases that are resistant to 

clavulanic acid inhibition. These include some blaTEM alleles and the blaCMY genes [68]. Enzymes 

which are generally inhibited by clavulanic acid include those encoded by the blaCTX-M gene 

[167]. Production of clavulanic acid-resistant β-lactamases by E. coli has been detected in in 

New Zealand clinical settings [55], in foods including on fresh produce [174], and in the New 

Zealand environment [46].
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Table 1-1: the antibiotics used for antimicrobial resistance phenotyping in this study. Therapeutic indications, resistance mechanisms and resistance genotypes are examples and not an exhaustive list. 

Antibiotic Class Mode of action Therapeutic indications Main resistance mechanisms 
Resistance 

genotypes 

Chloramphenicol Amphenicol translation inhibitor conjunctivitis efflux, acetylation floR, cmlA, catA 

Tetracycline Tetracyclines translation inhibitor 
skin, uncomplicated 

urinary tract 
efflux, ribosomal protection tetA, tetB, tetM 

Ciprofloxacin Fluoroquinolone 
DNA replication 

inhibitor 

kidney, gonorrhoea, 

inhalational anthrax 

chromosomal mutations 

in target enzymes 

gyrA p.S83L, parC 

p.S80I 

Trimethoprim Antifolate 
inhibits folate 

synthesis 

urinary tract, 

cystitis 

acquisition of a resistant 

dihydrofolate reductase 
dfrA 

Gentamicin Aminoglycoside translation inhibitor 
complicated urinary 

tract, cystitis, bone 
antibiotic acetylation aph(3'), aph(6') 

Kanamycin Aminoglycoside translation inhibitor tuberculosis, sepsis antibiotic acetylation aph(3'), aph(6') 

Ampicillin Penicillin 
inhibits cell wall 

synthesis 

throat, urinary 

tract, meningitis 
antibiotic hydrolysis 

blaTEM, blaSHV, blaOXA, 

blaCMY 

Cefotaxime 
3rd generation 

cephalosporin 

inhibits cell wall 

synthesis 

prophylactic treatment 

of surgical patients, 

gonorrhoea 

antibiotic hydrolysis blaCTX-M, blaCMY 

Ceftazidime 
3rd generation 

cephalosporin 

inhibits cell wall 

synthesis 

lung, septicaemia, 

burns 
antibiotic hydrolysis blaCTX-M, blaCMY 

Clavulanic acid 
β-lactamase 

inhibitor 

binds to β-

lactamases 

urinary tract, respiratory, 

cystitis 

inhibition resistant β-lactamase 

production 

blaCMY, blaTEM-33, 

blaTEM-206 
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Part 2 – Antimicrobial resistance and fecal bacteria in the environment 

Drug resistant bacteria have disseminated into almost every environment measured. While 

AMR is naturally occurring in many species of bacteria, the magnitude to which it is now 

found among the species associated with the human microbiome and can be found in both 

pristine and impacted environments is a very recent phenomenon and correlates with human 

adoption of antibiotics over the last 100 years. When humans interact with those 

environmental bacteria (e.g., by swimming or consuming aquatic foods), the AMR bacteria 

are transferred to them.  

 

AMR bacteria enter aquatic environments various ways. By their very nature, surface and 

coastal waters receive terrestrial runoff and pollutants from the surrounding catchment. 

Therefore, aquatic environments could be representative of the communities and terrestrial 

habitats situated upstream [175, 176].  

 

I have included catchments called rivers, streams, estuarine and coastal environments in this 

research. A catchment is defined as a drainage basin that captures rainwater and drains into 

a waterbody, such as a lake, river or estuary. The ability to act as a catchment is what makes 

aquatic environments both sinks and reservoirs of a wide range of terrestrial debris and 

pollution. This thesis therefore explores the intersection of humans and the environment by 

providing data on AMR in aquatic foods, and one of the first studies of AMR in urban and 

rural waterways in Aotearoa. 

 

Anthropogenic sources of antibiotic resistant bacteria in aquatic environments 

Storm water and sewage 

Storm water is rainwater that flows over normally exposed surfaces and collects feces, debris 

and pollution. Although storm water and sewage are produced separately, they often mix, 

especially in wastewater treatment plants. Mixing of storm and waste waters can also occur 

during large rainfall events, where the water volume overwhelms infrastructure, resulting in 

the overflow of storm water into sewage and vice versa. In Christchurch, this occurred as 
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recently as May 2021, when wide scale flooding resulted in raw sewage leaking into at least 

six residential streets [177]. 

 

Sewage in particular is a source of AMR bacteria which contaminate flood waters [16]. Contact 

with the walls and floors of flooded homes directly expose people to AMR bacteria [15]. Even 

during routine rainfall events, concreted areas allow rainwater to wash across roads and foot-

traffic areas, rather than dissipating into the ground. Feces from wildlife, and domestic 

animals are collected [178, 179]. Many studies have shown that this urban runoff frequently 

contains AMR bacteria and AMR genes [e.g., 16, 19]. Urban waterways are a collection point 

for runoff containing AMR bacteria, which may explain why their concentration in urban 

rivers has been shown to increase after precipitation [15, 16]. 

 

Pathogenic AMR bacteria are found at the greatest concentration and diversity in sewage [86, 

180]. In New Zealand, the fate of most sewage produced by people is wastewater treatment 

plants. Human excrement and that of animals in urban areas is brought together, increasing 

the opportunity for distantly-related bacteria to meet and exchange AMR genes [83, 181]. 

AMR genes and horizontally mobile elements such as plasmids associated with disease in 

humans can be isolated from wastewater treatment plants [182]. 

 

Agricultural activities 

Livestock contribute fecal AMR bacteria to surface waters. Ruminants produce large volumes 

of effluent, which is usually not treated to kill bacteria with the same efficacy as human 

sewage. Compounding this, farmed animals frequently receive therapeutic antimicrobials, 

and the use of antibiotics in agriculture is increasing [183], resulting in selection for AMR 

bacteria in farm animals. Bovine manure contains bacteria with diverse AMR phenotypes [71, 

184]. E. coli sequence types associated with pathogenicity and MDR have been isolated from 

poultry in several countries [185]. In Sweden, widespread colonisation of broiler chickens 

with ESBL resistant E. coli was found [186].  

 

The use of animal manure to fertilise fields also contributes AMR bacteria to the environment. 

Pasture soils fertilised by effluent contain higher antibiotic resistance gene diversity than 
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grasses that did not receive effluent [11]. Effluent from paddocks also enters waterways, 

including water used to irrigate crops [187]. In the US alone, it is estimated that 145,000 miles 

of rivers have been fouled by effluent from animal agriculture [188]. Paddock run-off is a 

significant contributor of effluent New Zealand rivers [33, 189], which may also contribute 

AMR bacteria and AMR genes. 

 

Two studies have explored this possibility in New Zealand. In the first study, 20 Southland 

rivers were surveyed and an association was found between AMR gene detection and high 

intensity agriculture [190]. A second study aimed to detect ESBL genes class in the 

Rakahuri/Ashley River, Selwyn River and Rangitata River, finding that the frequency of these 

genes increased when water samples were taken from below dairy farms [191].  

 

The contribution of animal agriculture to fecal bacteria and AMR in New Zealand’s surface 

waters is significant, yet studies of AMR in agriculture-impacted waterways are still few. The 

present research reduces this gap by assessing AMR in three rural Canterbury rivers – 

Rakahuri (Ashley River), Ruataniwha (Cam River) and Kaiapoi River. Further information 

about these study sites and their cultural significance is given in Chapter 4.  

 

E. coli as an indicator of fecal contamination and disease risk in aquatic environments 

E. coli lives in the digestive tracts of warm-blooded animals such as mammals and birds and 

is excreted through feces. Many strains of E. coli can themselves be human pathogens and 

enteropathogenic E. coli is the leading cause of infantile diarrhoea [45]. Uropathogenic E. coli 

cause up to 90% of urinary tract infections [192] and extra-intestinal E. coli cause other 

infections like septicaemia [193]. 

 

The detection of E. coli in water is indicative of the presence of feces and is used as a surrogate 

for fecal contamination which would include it and other kinds of bacteria found in feces. E. 

coli level is a convenient way to estimate the risk of also being exposed to a large number of 

other potential pathogens such as Campylobacter spp. and some viruses [26].  
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E. coli has been shown to be a reliable target for measuring fecal contamination in drinking 

water [24] and recreational coastal waters [13]. In shellfish, E. coli levels were correlated with 

norovirus, indicating that E. coli can act as a sentinel of viruses as well as bacteria [194]. Some 

research has also indicated that certain E. coli strains can adapt to living in aquatic 

environments, where their presence is not indicative of fecal contamination [195].  

 

E. coli as a surrogate indicator of antimicrobial resistance in aquatic 
environments 

Could E. coli also be a surrogate indicator of AMR in other pathogenic species? E. coli is able 

to engage in inter-species and even inter-kingdom transmission of AMR genes [196-198]. One 

study found that 171 unique AMR genes associated with self-transferable plasmids could be 

found in 19 bacterial genera, including Escherichia. Most of these genera contained pathogenic 

species [199]. E. coli may also serve to amplify mobile elements with AMR genes because it is 

often exposed to antibiotics as a member of the human microbiota [200].  

 

Bacteria that share similar ecological niches engage in HGT [201], making E. coli a good 

sentinel for horizontal transfer of AMR genes in feces and the digestive tracts of warm-

blooded animals. Transmission of AMR genes to clinical pathogens by E. coli has been 

observed in the human gut [202]. The outcomes of horizontal gene transfer events are also 

detectable in E. coli from urban waterways and waste water treatment plants [83, 181], and in 

fish harvested for food [203]. 

 

Completing the cycle – vectors of antimicrobial resistance from the environment to 
humans 

Wildlife, domesticated and companion animals 

Animals are sources and vectors of AMR and fecal bacteria. Pathogenic E. coli carriage in 

people has been attributed to contact with wild birds [75, 76]. New Zealand waterfowl carry 

fecal bacteria and pathogens and may shed these at bathing sites [204], while waterfowl 

overseas have been shown to transmit disease causing Enterobacteriaceae to livestock and 

humans [205]. Wild birds in urban areas, such as seagulls, carry AMR bacteria [206, 207], and 
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their AMR profiles have been shown to mirror those of nearby human communities [178, 207]. 

Likewise, waterfowl are AMR-carriers [208]. 

 

The animals that live within our homes also act as vectors of AMR. Pets such as cats and dogs 

that are allowed both access to the home and outside come into contact with water, wildlife 

and the feces of other companion animals and bring that experience into the home. Healthy 

cats and dogs are shown to carry AMR E. coli [209, 210]. Furthermore, there are similarities 

between the microbiota of pets and their owners, and increased similarity between human 

members of pet-owning households compared to non-pet-owning households, highlighting 

the potential for transfer of environmental bacteria to humans via companion animals [211].  

 

Recreational water activities are a risk factor for encountering antimicrobial 
resistance and fecal bacteria 

Recreation in surface or coastal waters can include swimming, surfing and boating. All of 

these are popular past times in New Zealand, and may increase one’s risk of becoming 

colonised or infected with pathogenic or AMR bacteria [13, 14, 75, 76, 212, 213]. In the UK, a 

2018 study found that more than three times as many surfers were colonised with ESBL E. coli 

as non-surfers, and this was attributed to the risk of inhaling seawater while surfing [212]. A 

meta-analysis published the same year found that swimmers had almost twice the risk of 

experiencing any illness compared to beach-goers who did not enter the water [13]. Further, 

swimmers were particularly at risk of gastrointestinal illness, which could be caused by fecal 

bacteria such as E. coli and Campylobacter spp. [13]. A Norwegian study found that freshwater 

swimmers were twice as likely as non-swimmers to experience a urinary tract infection caused 

by ESBL-producing Enterobacteriaceae [213]. Mughni-Gras et al. [75], also found that contact 

with freshwater and was a risk factor for carriage of ESBL E. coli. Even those who avoid 

immersion while bathing may still be at risk from contaminated water [214]. 

 

The risk of illness or pathogen carriage as a result of environmental exposures has been 

quantified in New Zealand. A survey of beach-goers at seven beaches found that risk of illness 

within five days of the beach visit was up to ten-times higher among those who swam (i.e., 

immersed their head in the water) compared to those who did not [215]. Additionally, E. coli  
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concentrations were regularly monitored across the survey and shown to be correlated with 

higher likelihood of illness, demonstrating the utility of E. coli as a measure of disease risk 

following environmental exposure [215]. Jaros et al. [76] also attributed a small proportion of 

Shiga toxin-producing E. coli carriage among New Zealanders to recreational water contact, 

with the risk of illness appearing to increase during the summer bathing season. 

 

Food 

Food, whether foraged directly by the consumer or farmed, can be contaminated with AMR 

bacteria. Overseas, foods that have a high risk for exposure to AMR include meat products, 

shellfish and uncooked salad vegetables [77, 78, 216]. Meat products were shown to carry 

AMR bacteria in a 2010 New Zealand survey, including E. coli resistant to β-lactams, 

tetracycline, trimethoprim and chloramphenicol [174]. Meat products may carry AMR 

bacteria because of the aforementioned heavy use of antibiotics in livestock [72]. In turn, those 

who work with livestock are at greater risk of being colonised by pathogenic and drug 

resistant bacteria [75, 76]. Although New Zealand has relatively strict legislation controlling 

antimicrobial use in livestock, meat products are often imported from countries which may 

have fewer restrictions, so consumers are not entirely protected. 

 

Vegetables can be contaminated by fecal bacteria when water impacted by animal agriculture 

is used for irrigation [184, 187]. Prior New Zealand research has quantified the risk of 

encountering fecal bacteria on fresh fruits and vegetables [217], detecting fecal bacteria on a 

range of fresh produce. E. coli isolated on salad products in New Zealand were found to be 

resistant to ampicillin, chloramphenicol, tetracycline and trimethoprim, among others, at low 

frequencies [174]. Although AMR has been measured in store-bought food products, wild 

harvested foods in New Zealand have received little attention and will be the subject of 

Chapter 4. 

 

New Zealand’s microbial water safety guidelines 

The New Zealand guideline is called ‘Swimming categories for E. coli in the Clean Water 

package’, and sets forth categories under which the risk of infection with Campylobacter is 

predicted, given the concentration of E. coli (CFU 100 ml-1) [26]. The guidelines are reproduced 
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here in Table 1-2. As the guideline moves through categories, the number of swimmers 

expected to contract a Campylobacter infection increases, from 1% in the A or ‘blue’ category, 

to >7% in the E or ‘red’ category. Rivers are rated following measurement of at least 60 

independent samples taken over a maximum of five years. Under these guidelines, 540 E. coli 

(CFU 100 ml-1) is deemed to be the maximum safe E. coli concentration, and less than 5% of 

samples must equal or exceed this concentration for the river to achieve a category A (Blue) 

rating. 

 

Table 1-2: Swimming categories for E. coli in the New Zealand Clean Water Package. E. coli concentration is in CFU 100 

ml-1. Average risk: percentage of water-users who will contract a Campylobacter infection following recreational water 

contact. 

Category 
Samples 

>540 E. coli1 

Samples 

>260 E. coli 2 
Median 

95th 

percentile: 
Avg. Risk3 

A (Blue) <5% <20% ≤130 ≤540 1% 

B (Green) 5-10% 20-30% ≤130 ≤1000 2% 

C (Yellow) 10-20% 20-34% ≤130 ≤1200 3% 

D (Orange) 20-30% >34% >130 >1200 >3% 

E (Red) >30% >50% >260 >1200 >7% 

1540 CFU 100 ml-1 is the acceptable threshold for swimming. 2When E. coli concentration is >260 CFU 100 ml-1, additional 

monitoring is performed at primary contact sites. 3Average infection risk is based on a random exposure on a random day 

and ignores the possibility of swimming during high flows. Actual risk is less if a person does not swim during high flows. 
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Part 3- The bicultural context of this work 

Introduction 

Māori are tangata whenua of Aotearoa New Zealand, what non-Māori would recognise as the 

indigenous or first peoples to inhabit the islands that form the modern nation-state. Tangata 

whenua literally means people of the land. Kaitiakitanga (stewardship), practised by Māori, 

involves guardianship and protection of the land and its resources [218, 219]. Tangata Tiriti 

are people of the Treaty, those granted the right to live in Aotearoa New Zealand under the 

Treaty of Waitangi. 

 

This section will not attempt to explain the cultural and spiritual beliefs that underpin the 

relationships between tangata whenua, water and mahinga kai. However, the sites, species 

and many of the techniques used in this research were chosen at the behest of Māori leaders 

and informed by consultation with tangata whenua. I therefore aim to give the background 

necessary to assist readers from other cultural contexts in understanding the choices made in 

the research, and why the results might affect or be of particular interest to Māori. 

 

This is a complex and important topic beyond the scope of this thesis. For more information, 

the reader is directed to [218, 220, 221]. Te Reo Māori words are defined in English or Latin 

the first time they are used. A glossary of Te Reo Māori words and terms is also provided in 

at the end of this chapter.  

 

The importance of water  

Traditionally, Māori lived in localised tribal areas where whakapapa (ancestors) had lived. 

This lead to a strong sense of belonging and traditional beliefs (Te ao Māori) regarding land 

and water [220]. Water is central to these beliefs. Lakes and rivers provided abundant drinking 

water, food, a means of transport, natural defensive barriers and places for hygiene and 

swimming [222]. This led to freshwater being regarded as a resource over which no 

community could claim sole ownership. Instead, water was collectively owned [223]. These 

beliefs continue to be held by tangata whenua.  
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Māori may be at higher risk of encountering fecal bacteria and AMR than Pākeha (non-Māori). 

Māori are more likely than other ethnicities to gather and consume shellfish [224, 225], coming 

into contact with bacteria at the mahinga kai site and in the shellfish as they do so. Other foods 

preferred by Māori for cultural or nutritional reasons may be harvested from areas impacted 

by microbial pollution. For example, wātakirihi (watercress) grows well in rural streams often 

impacted by fecal contamination. Māori may also have special cultural or spiritual practices 

involving untreated water. As an example, certain springs and tributaries of Ōtākaro (Avon 

River) were used for healing purposes [30].  

 

Māori may have requirements for microbial quality of aquatic environments that transcend 

what is considered by existing guidance. The Ministry of Health guidelines for choosing 

whether to swim in a river or gather food may not serve all cultures equally well. For Māori, 

any fecal contamination is an offence, so guidelines may fail measure water quality to Māori 

standards [222, 224]. Furthermore, Māori traditionally eat some seafoods raw [30, 226], but 

food safety guidelines may assume that all seafood is cooked or treated before consumption. 

Where shellfish are harvested recreationally, water is monitored for E. coli but not shellfish 

tissue [227, 228]. Because shellfish concentrate bacteria [229], monitoring only water may not 

accurately predict health risks [228] or meet the expectations of microbial safety for Māori 

[30]. In these ways, microbial guidelines for food and recreation can fail to meet the needs of 

Māori. The present work attempts to provide a more comprehensive picture of kai and water 

safety by assessing levels of E. coli resistant to antibiotics across a range of mahinga kai. 

 

Mahinga kai 

In a basic sense, mahinga kai are traditional foods and resources and the areas from which 

they are harvested or extracted [30]. One translation for the term mahinga kai is ‘food 

production’, but mahinga kai also refers to the complete resource chain, from mountains to 

sea [30]. Mahinga kai once provided everything for the Māori diet and involved a wide range 

of different food sources. Aquatic and land plants, seaweeds and fungi provided both food 

and materials. Marine and freshwater fish and shellfish, marine mammals and a range of birds 

provided protein and materials to create clothing and tools. Water was central to this resource 
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system, with the health of mahinga kai and therefore the wellbeing of the people reliant on 

the health of the waters that hosted them [30].  

 

After European colonisation, a number of new foods were introduced, including new varieties 

of wātakirihi [230]. These new foods were absorbed into harvesting practices over time, but 

traditional foods continued to be staples [231]. Unfortunately, some access to mahinga kai has 

been lost. Pollution from urban areas and animal agriculture is a major contributor of both 

fecal bacteria and AMR to surface and coastal waters [184, 232]. Aotearoa is no exception to 

this [33, 190, 228]. Urban rivers that were once mahinga kai now contain bacteria that make 

gathering food unsafe [12, 145]. 

 

Importance of safe-guarding mahinga kai customs 

Mahinga kai is a way that kaitiakitanga is practised. This is to ensure that populations are 

sustainable for future harvests [220]. An example of kaitiakitanga in practice is the use of 

woven baskets to gather shellfish. Harvesting juvenile shellfish is avoided because the 

smallest individuals fall out of the basket [233]. When wātakirihi is harvested, small pieces 

that break off the main bunch float downstream, where they establish new patches for later 

use [230]. Such applications of mātauranga Māori (Māori knowledge) in practice provides 

opportunities for knowledge sharing and continued development of protective customs [234].  

 

Loss of access to water and mahinga kai has resulted in a loss of inter-generational knowledge, 

increasing the potential for unsafe harvesting practices among the inexperienced [235]. For 

example, experienced shellfish harvesters were more likely to recognise contamination and 

used sensory cues to judge site safety. This was in contrast with inexperienced harvesters who 

gathered shellfish from areas with poor food safety. These sensory cues often corresponded 

with measures of water and food safety including sedimentation and surrounding land use 

[235]. When gathering wātakirihi, the presence of animal faeces usually discourages the 

experienced harvester. In contrast, non-traditional harvesting techniques did not account for 

upstream land use and water flow, resulting in unsafe harvests [230].  
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Chapters 4 and 5 will focus on AMR in these mahinga kai species: wātakirihi/watercress 

(Nasturtium officinale), two species of shellfish kuku (Greenlip mussel; Perna canaliculus) tuaki 

(little-neck cockle; Austrovenus stutchburyii), and karoro (black-backed gull; Larus dominicus). 

Mahinga kai encompasses the environments from which foods are extracted. Therefore, I also 

aim to assess AMR in the water where these foods are gathered. 
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Glossary 

Glossary of Te Reo Māori (Māori language) words used throughout this thesis. Note that in the Ngāi Tahu dialect, the 

sound ‘nga’ is often replaced with ‘ka’, so some words may differ. 

Te Reo Māori (Māori 

language) 
English equivalent Definition/explanation 

Arowhenua 
Subtribe of South 

Canterbury 

A hapū of Ngāi Tahu/Kāi 

Tahu 

Awa River  

Hapū Clan or descent group 

Political subunit of an iwi 

with control over a defined 

portion of land. 

Īnaka Whitebait 

The fry of several species of 

freshwater native fish (also 

called Īnanga) 

Iwi Tribe 
Largest political grouping in 

pre-European Māori society 

Kai Food  

Kaitiaki Guardian 

Person or group of people 

that act as a guardian, or 

protector 

Kaitiakitanga Guardianship 

Strategy for managing the 

environment practised by 

Māori, for Māori. 

Wātakirihi Watercress 

Nasturtium officinale; a 

mustard-relative eaten as a 

vegetable. 

Kutai/Kuku Green-lipped mussel 

Perna canaliculus; can also 

refer to the blue shell 

mussel, Mytilus edulis. 
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Mahinga kai Food production 

Traditional Māori foods and 

sites where they are 

harvested or extracted. 

Mātauranga Māori 
Māori knowledge and 

perspectives 

The body of knowledge 

originating from Māori 

ancestors 

Moana Sea or lake A large body of water 

Ngāi Tahu/Kāi Tahu An Iwi 

Iwi with territory covering 

much of the South Island; 

the tangata whenua of the 

land where the present 

research was conducted. 

Ōtākaro Avon River 

One of two main rivers in 

Ōtautahi/Christchurch and 

previously a mahinga kai. 

Means ‘place of a game’. 

Ōtautahi Christchurch 

Named after one of the first 

Ngāi Tahu people to settle 

in the area 

Pipi No English translation 
Paphies australis; a common 

edible bivalve. 

Pōrohe Blue mussel Mytilus edulis 

Pūhā Sow thistle 

Soncchus kirkii; leafy plant 

boiled and eaten as a 

vegetable 

Rakahuri Ashley River 

A large North Canterbury 

river that is central to the 

identity of Te Ngāi 

Tūāhuriri. 

Rāpaki 
Subtribe of Banks Peninsula 

area 

A hapū of Ngāi Tahu/Kāi 

Tahu 
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Ruataniwha Cam River 

A North Canterbury river 

central to the identity of Te 

Ngāi Tūāhuriri 

Rūnanga/Rūnaka Council 

An assembly to discuss 

issues of relevance to a 

community 

Tangata Tiriti People of the Treaty 

Post-European settlement/ 

post-treaty residents of New 

Zealand 

Tangata Whenua People of the land 

People born of the 

land/descendants of the 

people living in New 

Zealand before European 

settlement. 

Te Akaaka Ashley River Estuary 

One of New Zealand’s 

largest and least modified 

estuaries 

Te ao Māori Māori world 
Collection of Māori world 

views and beliefs 

Te Hapū o Ngāti Wheke 

(Rāpaki) 

Subtribe of the Lyttelton 

area 

A hapū of Ngāi Tahu/Kāi 

Tahu 

Te Ngāi Tūāhuriri 
Subtribe of North 

Canterbury area 

A hapū Ngāi Tahu/Kāi 

Tahu 

Tiriti o Waitangi The Treaty of Waitangi 

Treaty signed by some iwi 

chiefs and representatives of 

the British Crown that 

guaranteed Māori 

continued guardianship 

over their lands. 
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Toroi No English equivalent 

Dish made of raw shellfish 

and pūhā or watercress 

fermented long-term 

Tuaki/Tuangi Cockle 
Austrovenus stuchburyi; 

little-neck cockle 

Tuatua Beach clams 
Various clam species 

favoured for eating 

Tuna Eel 
New Zealand short-fin or 

long-fin eel 

Waimakariri Waimakariri River 

A large river in North 

Canterbury important to Te 

Hāpū o Ngāti wheke 

Waitaha Canterbury 
Named after the first Māori 

residents of the area 

Whakaraupō Lyttelton Harbour 

Main harbour of 

Ōtautahi/Christchurch and 

a mahinga kai central to the 

identity of Rāpaki 

Whakapapa Genealogy 

Sense of belonging to the 

land where one was born or 

one’s ancestors lived 
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Chapter 2 - Building a picture of antimicrobial resistance in Ōtākaro 
Avon River 

Introduction 

Antimicrobial resistance in urban waterways 

Antimicrobial resistance (AMR) in pathogenic bacteria is no longer just associated with illness 

and has spread to all the environments where humans live. Urban rivers in particular collect 

the output of intensive human habitation – sewage, storm water and runoff. These pollutants 

are major contributors of AMR to urban waterways, shown to increase concentrations of AMR 

bacteria [1-3]. Waterways may then act as vectors, transmitting AMR bacteria to areas where 

humans are in contact with the water. Indeed, in every urban river that has been measured, 

AMR bacteria and AMR genes are detectable. Studies from countries such as China, France, 

Belgium, Poland, India the USA and others have all found AMR bacteria and AMR genes in 

urban river systems [4-9], this being correlated with fecal and storm water pollution. Urban 

rivers in Aotearoa are frequently polluted by sewage and storm water [10, 11], and this has 

resulted in high Escherichia coli counts in many of our waterways [11, 12]. Although fecal and 

storm water contamination have been shown to be sources of AMR in urban rivers overseas, 

this has received comparatively little attention in a New Zealand context, although this 

appears to be changing. 

 

The presence of AMR bacteria and their genes in urban-impacted waters requires further 

study in Aotearoa [13]. Winkworth-Lawrence [14] detected genes associated with AMR at 

sites impacted by moderate human activity in a river surrounded by mixed land use. In 2016, 

Winkworth-Lawrence & Lange [15] detected resistance genes at sites associated with human 

activities such as swimming. In both studies, sites with nearby human use were found to have 

increased levels of resistance genes, demonstrating that human-impacted waterways are a 

relevant target for monitoring AMR in the environment. Schousboe et al. [16] isolated E. coli 

resistant to antibiotics on two occasions over eight years, showing that levels of AMR 

appeared to be increasing over time at sites with upstream human habitation. Recently, Davis 

et al. [17] quantified resistance and virulence genes in three Canterbury rivers with mixed 

catchment uses, showing that resistance determinants were present in all three rivers, 
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including areas with nearby human activity. The draft genome sequences of seven extended-

spectrum β-lactamase (ESBL) producing E. coli isolated from urban streams in Auckland 

demonstrate for the first time that ESBL-producing bacteria are present in urban rivers in New 

Zealand [18].  

 

Although these studies showed that AMR is present in New Zealand waterways impacted by 

human activity, a relationship between E. coli concentration and AMR has not been explored. 

It is important to investigate whether this connection exists for two reasons: firstly, E. coli is a 

fecal bacterium and its presence in water is associated with other potentially pathogenic 

bacteria [19, 20]. Secondly, E. coli hosts conjugative plasmids that transmit AMR across species 

boundaries. If AMR E. coli were detected, it follows that other drug resistant pathogens 

associated with fecal contamination are also likely to be present, and this threatens human 

health. E. coli levels are routinely monitored both by scientists and local councils. If a link can 

be made between E. coli and the presence of AMR, these monitoring data can then be used to 

model the risk of encountering AMR E. coli, as well as E. coli itself. One of the aims of the 

present research was therefore to establish a link between E. coli and AMR in an urban river 

context. 

 

Antimicrobial resistance plasmids in urban-impacted water bodies 

Conjugative plasmids are a major driver of AMR in human commensal and pathogenic 

bacteria [23, 24], and this observation extends to E. coli isolated from urban waterways [3, 25]. 

When AMR determinants are plasmid borne, they are more likely to spread between E. coli 

strains and sometimes to other species [23, 26]. Furthermore, genes for resistance to clinically 

important antibiotics such as ESBL genes, which are a particular focus of this study, are often 

found on conjugative plasmids. In particular, blaCTX-M alleles are often found on mobile 

plasmids in E. coli sequence type 131. This clonal group is associated with bloodstream 

infections [23, 27]. Plasmids in sewage are also associated with co-carriage of AMR genes and 

genes associated with virulence [28]. Knowing whether the E. coli isolated in this study are 

conjugative can therefore inform their potential to act as human pathogens. Determining the 

conjugative phenotypes of E. coli will be a focus of the present research. 
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To date, there are very few studies that have focussed on conjugative phenotyping of AMR 

bacteria from the New Zealand environment. In 1976, Cooke [29] isolated E. coli from sewage-

impacted coastal waters and showed that many were AMR and able to transmit their 

resistance determinates to other E. coli. More recently, Paull [36] surveyed untreated drinking 

waters in the South Island and showed that multidrug resistant (MDR) phenotypes could be 

transmitted to a susceptible E. coli strain by some isolates. In a previous study [10], we 

demonstrated conjugative transmission of ESBL phenotypes in E. coli isolated from Ōtākaro; 

however, transmission frequencies were not measured, so filling this knowledge gap will be 

one of the aims of Chapter 2.  

 

Community monitoring of bacterial water quality  

Throughout the sampling phase of this research I observed that local communities were 

interested in knowing about the levels of bacteria and AMR in their waterways. I was often 

approached by members of the public who wanted to have conversations about the health of 

their waterways. This observation is supported by previous New Zealand research [30-32]. 

AMR surveillance is not a component of routine surface water monitoring in New Zealand. 

Unfortunately this remains an unmet information gap. 

 

Community interest in water quality no doubt stems from the necessities of interacting with 

water, whether through recreation, food gathering or inadvertent exposure, e.g. from 

flooding. Many feel a sense of responsibility for local waterway quality and ecosystem health 

[31]. Furthermore, safeguarding Aotearoa’s surface water is a subject of kaitiakitanga 

(stewardship) by tangata whenua. Despite water quality in Aotearoa being at the forefront of 

public concern, members of the community lack support and confidence to generate their 

own data [30]. Furthermore, although interest seemed to be high, knowledge of AMR has 

been shown to be low in other countries [33]. I therefore aim to apply the findings of the 

present research to help increase community engagement in water quality monitoring and 

awareness of AMR in the environment.  

 

My aim was to test sentinels that could be used to monitor AMR and E. coli in urban rivers, 

including assessing whether these sentinels could be applied to government or community-
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led monitoring. Water monitoring relies on surrogate indicators such as concentrations of 

fecal bacteria, and does not include assays for AMR [34]. In Aotearoa and elsewhere, the 

prevalence, source and routes of replenishment of AMR bacteria in the environment are often 

poorly described [13]. The present work attempts to fill this surveillance gap in an urban river 

environment without imposing significant costs on local government and, at the same time, 

building up community engagement in environmental science. The focus was on identifying 

the highest quality indicators – sentinels that would also provide predictive power, thereby 

reducing barriers of cost and technology access for monitoring. 

 

Extrapolating from the already accepted use of E. coli as a marker of fecal contamination 

and surrogate measure of infectious disease potential in waterways, I examine whether a 

particular resistance type is predictive of the likelihood that bacteria resistant to other 

antibiotics are also present [10]. For example, I aimed to identify a resistance phenotype that 

was predictive of uncommon phenotypes, in order to increase my detection limit. While 

uncommon, certain resistance phenotypes were found to be associated with multidrug 

resistance in our previous studies [10, 35, 36]. I then test the hypothesis that E. coli counts can 

serve as an indicator for AMR bacteria. The ability to make one measurement and use it to 

predict the presence of AMR bacteria in a waterway would save time and resources for 

community groups. I also measured mesophilic bacteria concentrations in this study to test 

their utility as a sentinel of E. coli. This is done to see whether a lower-risk sentinel of E. coli 

can be developed for those without experience and tools for working with potential 

pathogens. 

 

Why study an urban waterway? 

Most people I spoke to were aware of the pollution in the waterways I sampled, and they 

reported avoiding exposure to it. Surveys showed that residents are aware of the persistently 

poor water quality of urban rivers in Christchurch [31]. However, water contact is not always 

by choice. Inadvertent exposures to water and contaminating bacteria could occur during 

flood events [37] or following contact with a family pet that has swum in the water. Many 

people fish and recreate in urban rivers. Therefore, understanding the risk that AMR bacteria 
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pose to river users is important for helping people make informed choices about water 

exposure. 

 

The present work builds on previous research which demonstrated that AMR E. coli could be 

readily isolated from the urban waterway sampled in this study [10, 35]. Urban waterways 

may themselves be a sentinel for bacteria carriage among the people living in their 

catchments, especially when the waterway experiences fecal and storm water contamination 

[1, 3, 38, 39]. A South African study found a correlation of AMR markers between clinical and 

wastewater bacteria [38], indicating that wastewater-impacted rivers may act as early warning 

systems of AMR bacteria circulating in the community. This is not unlike COVID-19 

wastewater monitoring, which is used to make predictions about COVID-19 infections in the 

community. The previous studies on AMR in Ōtākaro and urban rivers overseas make them 

a relevant target for continued research. 

 

Ōtākaro/Avon River, Riccarton Stream and Addington Brook 

Ōtākaro/Avon River (henceforth, Ōtākaro) is one of two major urban rivers in Christchurch. 

This river drains an 89 km2 catchment encompassing semi-rural, urban and industrial land 

usage [21, 22]. Ōtākaro flows for about 26km before entering the Avon-Heathcote Estuary. Its 

main water input is from groundwater seepage through the river bed, along with seven 

culturally-important springs [40] In total, Ōtākaro has more than 20 additional tributaries 

along its length [41] and the river drains 74km of stormwater infrastructure, some of which 

was damaged in the Canterbury Earthquake Sequence of 2010-2011 [21].  

 

Two tributaries of Ōtākaro were sampled in this study, and are known for poor water quality 

[42, 43]. The 4km-long Addington Brook runs through an urban and industrial catchment 

encompassing much of Christchurch’s central business district. The Riccarton Stream is a 

stormwater drain servicing the suburb of Riccarton, emerging from underground 

infrastructure 6km upstream of its confluence with Ōtākaro in Hagley Park. 
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Importance of Ōtākaro/Avon River to Māori and manawhenua 

The name Ōtākaro means ‘place of a game’, referring to the tamariki (children) who played 

on its banks while adults gathered food in and around the river. The area was settled by Māori 

at least 600 years ago and is of cultural significance to the tribe Ngāi Tahu, especially the Te 

Ngāi Tūāhuriri subtribe. Ōtākaro was a focal point for mahinga kai (food production or 

extraction) [40, 44-45]. Unfortunately, the ability for manawhenua (indigenous people with 

territorial rights to the land) to engage in cultural activities, gather mahinga kai and exercise 

kaitiakitanga (guardianship) has been eroded over time. The draining of the Ōtautahi 

wetlands post-European colonisation resulted in severe loss of habitat for many species [44]. 

Ōtākaro has suffered both microbial and chemical pollution, which has reduced the safety of 

mahinga kai in the river. The Christchurch City Council aims to reduce contamination of 

Ōtākaro and its tributaries to facilitate mahinga kai [21]. 

 

Public interactions with Ōtākaro 

A boat rental shed popular with tourists is located at the point where Ōtākaro exits the park. 

Downstream, the Canterbury Rowing Club uses parts of the river for practice and there are 

popular areas for catching īnanka (small fish fry), known as ‘whitebaiting’. These activities 

can potentially result in water contact or ingestion.  

 

Many areas of Ōtākaro are also prone to flooding. During floods, residents are at risk of 

inadvertent contact with water and its bacteria. Following a series of earthquakes in 2010-

2011, several new springs formed [21]. This was attributed to rising underground water levels 

and land subsidence, greatly increasing the potential for flooding. Suburbs that lie down 

stream of the sampling sites discussed here are particularly at risk [21]. These suburbs are in 

the path of any E. coli and antibiotic resistant bacteria detected in upstream regions of Ōtākaro. 

 

Previous and ongoing monitoring and data  

Ōtākaro and its tributaries have been monitored long term for biological contaminants. The 

organisation ‘Land, Air, Water Aotearoa’ (LAWA) conducts regular monitoring of surface and 

coastal waters throughout Canterbury [46]. Currently, 18 sites in the Ōtākaro catchment are 
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monitored. The Harper Avenue site in this study (A1, Figure 2-1) is equivalent to the Carlton 

Mill Corner LAWA site. LAWA recognises this site as being amongst the worst 25% of all sites 

monitored. Over five years of sampling, it had a median 3 x 102 E. coli CFU 100 ml-1 [47]. 

Likewise, E. coli counts at the Addington Brook (C1, Figure 2-1) were also found to be in the 

worst 25% of sites, with a median of 4 x 102 CFU 100 ml-1 over ten years [43]. Similarly, LAWA 

found a median of 2 x 102 CFU 100 ml-1 at the ‘Riccarton Drain’ site, equivalent to site B5 in 

Figure 2-1 [42].  

 

Large scale monitoring of surface water quality within the Ōtākaro catchment was undertaken 

during 2018 by the Christchurch City Council. In total, 42 sites were monitored, three of which 

are relevant to this study - Harper Avenue, Addington Brook and Riccarton Stream 

Confluence (Figure 2-1) [48]. High E. coli concentrations were observed across the study 

period. In fact, the Addington Brook and Riccarton Confluence sites recorded the highest E. 

coli load of all sites in the study, with up to 2 x 104 CFU 100 ml-1 [48]. Further investigations 

were undertaken by Adewale [35] and van Hamelsveld et al. [10]. Four sites in Hagley Park 

were monitored for one year and MDR E. coli were isolated from all sites. The frequency of 

resistance to ampicillin was high, and resistance to chloramphenicol and ciprofloxacin was 

detected intermittently. AMR E. coli were readily detectable and able to transmit AMR via 

conjugation [10]. I took these results as a starting point for further investigations into the 

prevalence and nature of AMR in Ōtākaro and its tributaries.  
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Aims and hypotheses 

Spatial tracking of antibiotic resistant E. coli in Ōtākaro 

Previous studies detected ciprofloxacin and chloramphenicol resistant E. coli in Ōtākaro 

which appeared to originate from the Riccarton Stream tributary [10, 35]. Here, I aimed to 

track the source of ciprofloxacin resistant E. coli upstream in an effort to determine where they 

originated, so that steps can be taken to prevent ciprofloxacin and chloramphenicol resistance 

affecting downstream Ōtākaro. I hypothesised that a point source of ciprofloxacin and 

chloramphenicol resistant E. coli is located on the Riccarton Stream, and that this point 

source is caused by earthquake-damaged infrastructure. This hypothesis was tested by 

gradually sampling upstream sites to spatially define the source of ciprofloxacin and 

chloramphenicol resistant E. coli. 

 

Development of sentinels for water quality monitoring by communities 

Testing sentinels of AMR and assessing their utility for community groups was a major focus 

of my research. I particularly wanted to circumvent the need for non-specialists to isolate and 

enrich potentially dangerous AMR bacteria. Therefore, the first aim of this chapter was to fit 

models to predict E. coli concentrations, and to predict whether or not E. coli resistant to 

clinically-relevant antibiotics were likely to be present. 

 

I aimed to develop a model that can reduce uncertainty about AMR E. coli concentrations. 

Given that ampicillin resistance was found to be the most common drug resistance phenotype 

of those measured [10, 35], it seemed to have the most potential for predicting resistance to 

other drugs. I hypothesised that the likelihood of encountering E. coli resistant to 

ciprofloxacin or chloramphenicol increases significantly as ampicillin resistance increases. 

I tested this using a generalised linear mixed model.  

 

In previous studies, ampicillin resistance was the most common type of drug resistance 

detected [10, 35]. I hypothesised that total E. coli concentrations can be used to predict 

ampicillin resistance abundance. This was tested using a linear mixed model. 
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E. coli abundance in New Zealand rivers increases following rainfall and fecal pollution [49, 

50] and E. coli is not the only bacterium found in runoff or feces, so it was expected that the 

concentrations of other bacteria, including non-pathogenic bacteria, would correlate. I 

therefore hypothesised that mesophilic bacterial concentrations would correlate with E. coli 

concentrations in Ōtākaro. This was again tested using a linear mixed model 

 

Statistical correlations between antibiotic resistance phenotypes 

In present and prior studies, it was observed that E. coli isolated on ciprofloxacin, and to a 

lesser extent chloramphenicol, were often multidrug resistant [35, 36]. Therefore, I 

hypothesised that E. coli isolated from Ōtākaro on ciprofloxacin or chloramphenicol would 

have a greater number of AMR phenotypes than those isolated without antibiotic selection 

or on ampicillin. This was tested by antimicrobial susceptibility testing of E. coli isolates.  

 

We also observed that ciprofloxacin and chloramphenicol resistance seemed to co-occur 

rarely, and E. coli isolated on ciprofloxacin were more often ESBL-producers than those 

isolated on chloramphenicol or ampicillin. I therefore hypothesised that ciprofloxacin and 

chloramphenicol resistance are significantly negatively correlated. I.e., if a strain is resistant 

to ciprofloxacin, it is less likely to be resistant to chloramphenicol, and vice versa. I also 

hypothesised that ciprofloxacin resistance was significantly positively correlated with 

resistance to cefotaxime and ceftazidime among these E. coli isolates. Because few 

chloramphenicol-selected isolates were resistant to cefotaxime or ceftazidime (ESBL) in 

previous studies, I hypothesised that chloramphenicol resistance would be significantly 

negatively correlated with resistance to cefotaxime and ceftazidime. I tested the strength of 

associations between AMR phenotypes using Pearson Correlation [51-53]. 

 

Conjugative linkage of antibiotic resistance phenotypes 

E. coli was tested as a potentially dual sentinel for antibiotic resistance and conjugative AMR 

plasmids in an urban river. Extending the phenotyping analysis to detect conjugation is 

important because plasmids are associated with both multidrug resistance and virulence 

determinants in E. coli isolated from water [54]. E. coli isolated from Ōtākaro and tributaries 

were capable of transmitting antibiotic resistance by conjugation [10]. Although Paull [36] 
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similarly found that MDR was common amongst the E. coli she isolated on antibiotics, not all 

MDR E. coli were able to transmit their resistance phenotypes in conjugation assays. I 

therefore hypothesised that AMR E. coli isolated in this study would sometimes have the 

ability to transmit their resistance phenotype(s) to a susceptible recipient.  

 

An aim of this study was to quantitatively estimate plasmid transmission frequencies. 

Transmission frequency could influence the speed of plasmid spread. Incompatibility (inc) 

group F plasmids are often associated with AMR in E. coli [23], and this group of plasmids 

has been shown to have low transmission rates [36, 55, 56]. I therefore hypothesised that 

AMR plasmid transmission frequencies will be low in this study.  
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Materials and Methods 

Sampling sites 

Sites A1, A2 and A3 were located on the Ōtākaro/Avon River. Site A1 (Harper Avenue) was 

located at the Harper Avenue corner, just before Ōtākaro enters Hagley Park The coordinates 

for A1 are (-43.521484, 172.626062). Site A2 (Botanical Gardens) was located near the park’s 

golf course and botanical gardens, but before either the Addington Brook or Riccarton Stream 

had joined Ōtākaro. The coordinates for the Botanical Gardens site are -43.527315, 172.619634. 

Site A3 (Boat Rental) was located at a boat rental shed downstream of the Addington Brook 

and Riccarton Stream tributaries and opposite the main public hospital. The Boat Rental site 

coordinates are -43.534043, 172.628343. 

 

Sites B1-B5 were on the Riccarton Stream, a large storm water drain. Site B1 (Field Terrace) 

was located in the suburb of Upper Riccarton (-43.532155, 172.581461). Prior to site B1 the 

Riccarton Stream is completely underground and could not be accessed for sampling. Site B2 

(Paeroa Reserve) was located in the Paeroa Reserve, a small public park also in Upper 

Riccarton (-43.531991, 172.590311). Site B3 (Picton Reserve) was located in Picton Reserve, a 

public park (-43.531776, 172.604158). Site B4 (Deans Avenue) was located on Deans Avenue 

at the point where the Riccarton Stream first enters Hagley Park (-43.531955, 172.612472). Site 

B5 (Riccarton Stream Confluence) was located 200m upstream of the merger of the Riccarton 

Stream and Ōtākaro (-43.531832, 172.618161 ). Finally, site C1 (Addington Brook Confluence) 

was on the Addington Brook, about 200m upstream of its confluence with Ōtākaro 

(-43.532663, 172.622407).  

https://goo.gl/maps/iYcZ8hZWSdMBRmC48
https://goo.gl/maps/PPGKtf6sp3hgyjHw7
https://goo.gl/maps/LPU6vGmGzEWagCWz9
https://goo.gl/maps/7rva8DYrYmtXZGN9A
https://goo.gl/maps/THC3UEWrodf6e1EaA
https://goo.gl/maps/vUV9cqVVchyxJDu39
https://goo.gl/maps/voDnMWxdDDYWF7E67
https://goo.gl/maps/iVaVw5uHdDRL5KXy8
https://goo.gl/maps/66VKsyAyqrBz3ghA6
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Figure 2-1: The sites of Ōtākaro/Avon River and its tributaries sampled in the present research. Drawn to scale. 

Sample collection 

Water samples were collected using sterile bottles in the middle of the water flow a minimum 

of four times per year (spring, summer, autumn and winter) from March 2018 – December 

2019. At each location, four replicate samples were collected and processed independently. 

Sampling was conducted according to Adewale [35] and van Hamelsveld et al. [10] and all 

samples were processed within four hours of collection. 

 

Media and Chemicals 

R2A agar (Difco) was used for enumeration of aerobic mesophilic bacteria. Tryptone-Bile-X-

Glucuronide (TBX) agar (Himedia) was used for isolation of E. coli. Luria–Bertani (LB) broth 

(Invitrogen) was used as a liquid culture medium and dilution medium for E. coli. All agar 

and broth media were sterilised by autoclaving 121°C, 15 psi for 30 minutes and cooled to 

room temperature before use. Antibiotics were purchased from Becton Dickinson, Sigma, 

Oxoid or Duchefa, and liquid stock solutions were prepared according to the manufacturers’ 

instructions. The antibiotic susceptibility discs used were BD BBLTM  Sensi-DiscsTM purchased 

from Becton Dickinson. For freezing isolates at -80°C, a 50% glycerol stock was prepared and 

sterilised by autoclaving. 
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Sample processing and microbial enumeration 

Total mesophilic bacteria counts from water samples were determined by spread plating  

10-1 of the original samples on R2A agar. Plates were incubated at 30°C for 24 hours. Total E. 

coli and antibiotic resistant E. coli were enumerated by membrane filtration [10, 57] and 

incubated on TBX media with and without antibiotic supplementation. For initial isolations, 

the antibiotics ampicillin (20 μg ml-1),chloramphenicol (6 μg ml-1) and ciprofloxacin (1 μg ml-1) 

were used. Plates were incubated at 44°C for 12-14 hours. When a filter had more colonies 

than could be counted, it was arbitrarily reported as 1000 CFU 100 ml-1. Presumptive blue E. 

coli colonies were selected at random from plates with and without antibiotic supplementation 

and subcultured to achieve an anoxic culture. Liquid cultures were prepared by inoculating 

10 ml sterile LB broth with a single colony. Cultures were grown to saturation for four hours 

at 44°C with shaking before freezing at -80°C in 15% glycerol solution in cryogenic tubes. 

Antibiotic resistance phenotyping 

E. coli isolates were revived from frozen storage by streaking a loopful of frozen culture to an 

LB agar plate and growing for 12 hours at 37°C. Well-separated single colonies were used to 

streak from the LB plate, which contained no antibiotics, to a range of LB plates prepared with 

antibiotics at the concentrations given in Table 2-1 below. Each strain, regardless of which 

antibiotic it was previously isolated on, was tested on all nine antibiotics and at all 

concentrations listed in Table 2-1. Plates were incubated at 37°C for 12-14 hours before the 

presence or absence of growth on each antibiotic and at each concentration was recorded. 

Strain BW25113 (F- Δ(araD-araB)567, lacZ4787Δ::rrnB-3) was used as a control. 
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Table 2-1: Antibiotic concentrations used in Chapter 2. Concentration is reported in μg ml-1 ‘CLSI equivalent’ refers to the Clinical and 

Laboratory Standards Institute ‘Susceptible’ (S), ‘Intermediate’ (I) and ‘Resistant’ (R) concentrations used in standardised antimicrobial 

susceptibility testing of pathogenic Enterobacteriaceae. 

Antibiotic Concentration (μg ml-1) CLSI equivalent 

Chloramphenicol (Chl) 

8 S 

16 I 

32 R 

Tetracycline (Tet) 

4 S 

8 I 

16 R 

Ciprofloxacin (Cip) 

1 

≥R 

2 

4 

8 

16 

Trimethoprim (Tmp) 

4 S 

8 I 

16 R 

Gentamicin (Gen) 

4 S 

8 I 

16 R 

Kanamycin (Kan) 

16 S 

32 I 

64 R 

Ampicillin (Amp) 

8 S 

16 I 

32 R 

Cefotaxime (Ctx) 

1 S 

8 >R 

16 >R 

Ceftazidime (Caz) 

2 <S 

8 I 

16 R 
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Extended spectrum β-lactamase production assay 

Strains with a MIC for ≥1 μg ml-1 for cefotaxime and/or ≥2 μg ml-1 for ceftazidime were 

confirmed to be ESBL-producers using the combination disc method [58]. Liquid cultures 

were prepared as previously described. 1000 μl of liquid culture was spread onto a LB agar 

plate and allowed to dry. Four antibiotic discs were overlayed. These were cefotaxime (30 μg), 

ceftazidime (30 μg), cefotaxime (30 μg) + clavulanic acid (10 μg) and ceftazidime (30 μg) + 

clavulanic acid (10 μg). The plates were incubated for 12-14 hours at 37°C, before the zone of 

inhibition, or halo, around each disc was measured. A zone of inhibition < 2mm around discs 

containing cefotaxime or ceftazidime was a positive result for ESBL production. A halo 

around the cefotaxime + clavulanic acid and ceftazidime + clavulanic acid discs indicated that 

the strain was susceptible to clavulanic acid inhibition. Strain BW25113 was used as a control. 

 

Qualitative conjugation assays 

A sub-set of isolates which tested positive for resistance towards two or more antibiotics at 

concentrations equal to or exceeding the CLSI ‘Resistant’ concentration (Table 2-1) were tested 

for the ability to transmit their resistance phenotypes to a susceptible E. coli. The rifampicin 

resistant strain JB570 (hsdS, leuB6, thr-, RifR) was used as the recipient. The susceptibility of the 

donor strains towards rifampicin (100 μg ml-1) was confirmed prior to the mating. In the rare 

case where a putative donor strain was resistant to rifampicin, the recipient strain used was 

instead RR1 (StrR). The donor selective marker was one of the antibiotic(s) it was resistant to: 

chloramphenicol (6 μg ml-1), ampicillin (20 μg ml-1), tetracycline (8 μg ml-1), trimethoprim (8 

μg ml-1), kanamycin (32 μg ml-1), cefotaxime (8 μg ml-1) or ceftazidime (8 μg ml-1).  

 

Ciprofloxacin was not used as a selective marker in the conjugation analyses due to the 

tendency for clinical-level resistance to arise from chromosomal mutations, rather than from 

horizontally acquired resistance genes [59]. As a control against false-positives caused by 

spontaneous rifampicin resistance of the donor strain, the rate of spontaneous rifampicin 

resistance was assessed and found to be ≤ 10-10 CFU ml -1. 

 

Isolates were recovered from frozen storage and liquid cultures were prepared as previously 

described. Cultures were grown to exponential phase for 2-3 hours, until the culture appeared 



 68 

slightly cloudy. 10μl of donor culture and 100μl recipient culture were mixed in 10 ml fresh 

LB medium. Mating mixes were incubated for 12 hours at 37°C without shaking. 1000μl and 

100μl aliquots of mating mix were spread separately onto LB plates containing both the 

donor-selective antibiotic and the recipient-selective antibiotic (e.g., ampicillin + rifampicin or 

tetracycline + rifampicin) and incubated for 12-14 hours at 37°C. Putative transconjugants 

were confirmed by growing on fresh plates with rifampicin and the donor-selective marker 

twice following mating. Transconjugants were then tested for resistance towards the other 

antibiotics that the donor strain was known to be resistant to, to test for co-transmission. 

 

Quantitative conjugation assays 

A sub-set of E. coli isolates confirmed to be donors were tested to determine the transmission 

frequency of the putative plasmid carrying the antibiotic resistance determinant(s). The 

quantitative conjugation method was similar to [60, 61]. Liquid cultures of donor and recipient 

strains were prepared. Cultures were confirmed to be in early-exponential phase by 

measuring the optical density (OD) at 600nm using a spectrophotometer and adjusting to 0.05. 

To prepare the mating mix, 100μl of recipient culture (JB570 or RR1) was added to the surface 

of an LB plate, followed by 10μl of donor culture. This mix was spread using a glass spreader 

and incubated at 37°C for 3 hours. A sterile metal spatula was used to remove the mating mix 

from the plate. The mating mix was added to an Eppendorf tube with 1.5 ml LB broth and 

vortexed. Serial dilutions of the mating mix (100 to 10-9) were plated: one plate contained the 

donor selective marker, one the recipient selective marker and one both markers. All plates 

were incubated at 37°C for 12-14 hours, before CFUs were counted. Assays were conducted 

in triplicate. The transmission frequency was calculated by dividing the average number of 

CFUs on the plates containing both markers by the average number of CFUs on the donor-

only plates. Transconjugants were expressed per limiting parent.  

 

Statistical analyses  

R Studio (R Core Team, 2020) was used for all statistical analysis. The R packages dplyr and 

reshape2 were used for data wrangling and log transformations [62, 63]. ggplot2 [64] and 

ggcorrplot [51] were used to produce graphical figures. 
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Linear and generalised mixed effects models 

I was interested in finding environmental sentinels for total E. coli and antibiotic resistant E. 

coli. That is, whether one measured variable could be used to predict another. Linear mixed 

effects models (LMEM) were used to account for non-independence of multiple observations 

from the same sampling location and date [65]. The variables sampling date and sampling 

location were always fitted as random effects because I wanted the results to be applicable to 

other urban waterways. Residual plots were used to check for violation of assumptions in all 

linear models 

 

When the assumptions of linear models were violated, I used generalised linear mixed models 

(GLMM). To model the presence or absence of ciprofloxacin and chloramphenicol resistant E. 

coli, I used a GLMM with a binomial link function [65]. In this model, the log abundance of 

ampicillin resistant E. coli was used to predict the presence or absence of ciprofloxacin and 

chloramphenicol resistant E. coli. A GLMM with a binomial link function fit these data better 

than a LMEM, because the many of the response observations were zero (i.e., no detection of 

ciprofloxacin or chloramphenicol resistant E. coli). I converted the ciprofloxacin and 

chloramphenicol observations to binary. This model predicts the likelihood (odds ratio) of 

encountering ciprofloxacin or chloramphenicol resistance on any given sampling event, given 

the log10 abundance of ampicillin resistant E. coli in CFU 100 ml-1. 

 

I used a second LMEM to model log10 transformed total ampicillin resistant E. coli in CFU 100 

ml-1 (the response variable) using total E. coli, (CFU 100 ml-1, the predictor variable), also log10 

transformed. Total E. coli was therefore used to estimate the differences expected in ampicillin 

resistant E. coli count from one sampling event to another.  

 

I modelled total E. coli using a LMEM [65]. Total E. coli, (CFU 100 ml-1; log10) was the response 

variable, while mesophilic bacteria count in CFU 100 μl-1 (also log10) was the predictor 

variable. The predictor variable (mesophilic bacteria) was used to estimate the differences in 

total E. coli expected from one sampling event to another. P-values for fixed effects in all mixed 

effects models were calculated using an odds ratio test with a Chi Square distribution [65]. 
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Pearson Correlation of AMR phenotypes 

One of the aims of the present research is to find sentinels of AMR. I tested which antibiotic 

phenotypes were most strongly correlated, both positively and negatively. I used Pearson 

Correlation [53, 66] to test the strength of correlation between pairs of AMR phenotypes. To 

build the data set, I converted the AMR phenotyping data to binomial by characterising 

phenotypes as ‘1’ if they were resistant to each antibiotic in Table 2-1 at the CLSI ‘intermediate’ 

concentration or higher, and ‘0’ if they were resistant to the CLSI ‘susceptible’ concentration 

or below (Table 2-1). I then made a matrix of Pearson Correlations and associated P-values 

using R package psych [66]. 
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Results and Discussion 

Overview of seasonal sampling of Ōtākaro/Avon River and tributaries 

A previous study reported the results of a one-year monitoring study of four sites on the 

Ōtākaro/Avon River and the Addington Brook [35]. Extending that work for two years  has 

given me the ability to map AMR in this river. 

 

E. coli were detected in all samples. Concentrations were often above the safe swimming limit 

[34]. Likewise, E. coli resistant to ≥20 μg ml-1 ampicillin were readily isolated from every site 

at almost every sampling event, and often comprised up to 50% of the total E. coli population 

(Figures 2-2 – 2-10). Indeed, the levels of ampicillin resistant E. coli alone often exceeded the 

safe swimming limit set for E. coli [34]. Exposure to recreational freshwater has been linked to 

increased carriage of pathogenic and AMR E. coli both in New Zealand and overseas [67-70]. 

 

Christchurch experienced high precipitation hours before the December sampling. E. coli 

counts in the December 2019 samples were particularly high across every sampling site (1 x 

103 CFU 100 ml-1), showing that spatially unrelated waterways (e.g., Ōtākaro at Harper 

Avenue and the Riccarton Stream at Field Terrace) could be simultaneous E. coli carriers. 

Storm water has been associated with increased levels of fecal bacteria both in Aotearoa and 

overseas [7, 49, 71]. Sewage overflow, which occurs in Christchurch when storm water 

infrastructure is overwhelmed during heavy rain events, has also been associated with 

increased carriage of AMR bacteria in surface waters [1, 2]. These results reinforce the message 

that interacting with waterways following heavy rainfall events is inadvisable.  
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Discussion of findings by sampling site 

Site A1 - Harper Avenue  

Ōtākaro at Harper Avenue was sampled on seven occasions between March 2018 and 

December 2019 (Figure 2-2). Total E. coli varied from 1 x 102 to 1 x 103 CFU 100 ml-1. E. coli 

exceeded the safe swimming limit on five occasions, but were below the limit on three others.  

These results reaffirm the data previously collected by LAWA and Christchurch City Council 

[47, 48]. Ampicillin resistant E. coli were detected on every occasion, with their numbers 

varying between 5 x 101 CFU 100 ml-1 and ≥1 x 103 CFU 100 ml-1. In October 2018, ampicillin 

resistant E. coli comprised  at least 50% of the population. Chloramphenicol resistant E. coli 

were detected on four of the seven sampling dates, and ciprofloxacin resistant E. coli were 

detected twice. Numbers of ciprofloxacin and chloramphenicol resistant E. coli were nearly 

always low, fewer than 1 x 101 CFU 100 ml-1 (Figure 2-2).
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Harper Avenue site, March 2018 – December 2019 

  

Figure 2-2: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Harper Avenue (A1) sampling site, March 2018 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and chloramphenicol are log10 transformed 

CFU 100 ml-1, mesophilic bacteria are CFU 100 μl -1.
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Site A2 - Botanical Gardens 

This site was sampled six times between June 2018 and December 2019 (Figure 2-3). Total E. 

coli ranged from 4 x 101 to ≥1 x 103 CFU 100 ml-1. Ampicillin resistant E. coli ranged from zero 

to 2 x 102 CFU 100 ml-1. At the October 2018 and May 2019 sampling events, ampicillin resistant 

E. coli were >50% of the population. 

 

The measurements taken at the Botanical Gardens were similar to those of Harper Avenue 

(Figure 2-2). This was not surprising because the Gardens are downstream of Harper Avenue. 

On December, 2019 both ciprofloxacin and chloramphenicol resistant E. coli were detected at 

both Harper Avenue and the Botanical Gardens. At the June 2018 sampling, however, 

chloramphenicol resistant E. coli were detected at the Botanical Garden site but not at Harper 

Avenue (Figures 2-2 & 2-3). This may be because the already low numbers of E. coli resistant 

to chloramphenicol fell below the detection limit or because they are dying in the cold water. 

Additional sources of AMR E. coli between the two sites are also possible; for example, feces 

from waterfowl or dogs [72, 73]. 
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Botanical Gardens site, June 2018 – December 2019 

  

Figure 2-3: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Botanical Gardens (A2) sampling site, June 2018 - December 2019. Meso: 

mesophilic bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml-1, Amp, ciprofloxacin and Chl are log10 transformed 

CFU 100 ml-1, mesophilic bacteria are CFU 100 μl-1.
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Site A3 - Boat Rental 

The boat rental site (A3) is the furthest downstream sampling site. It was sampled on seven 

occasions between March 2018 and December 2019 (Figure 2-4). Total E. coli ranged from 5 x 

101 to 1 x 103 CFU 100 ml-1. E. coli exceeded 1 x 103 CFU 100 ml-1 on two occasions. Ampicillin 

resistant E. coli ranged  from 3 to 2 x 102 CFU 100 ml-1. On three occasions, at least 80% of the 

entire E. coli population was ampicillin resistant. 

 

This site has the highest levels of public interaction because of the boat rental shed. There is 

also a large population of waterfowl living around the boat-launching decks which could be 

acting as sources and vectors of AMR E. coli [72, 74]. 
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Boat Rental site, March 2018 – December 2019 

  

Figure 2-4: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Boat Rental (A3) sampling site, March 2018 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml-1, Amp, ciprofloxacin and chloramphenicol are log10 

transformed CFU 100 ml-1, mesophilic bacteria are CFU 100 μl-1. 
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Site C1 - Addington Brook Confluence 

The Addington Brook Confluence was sampled on seven occasions between March 2018 and 

December 2019. E. coli were detected at >1 x 102 CFU 100 ml-1 at every sampling event. Selection 

on ampicillin indicated a population density ranging from 3 to 5 x 102 CFU 100 ml-1. 

Interestingly, where there were ≥1 x 103 CFU 100 ml-1 E. coli in the January 2019 samples, there 

were fewer than 1 x 101 ampicillin resistant E. coli CFU 100 ml-1 on that same occasion. Factors 

influencing ampicillin resistance abundance are unclear. 

 

Previous work also indicated that ampicillin, ciprofloxacin and chloramphenicol resistant E. 

coli were readily detectable here [10, 35], and this trend has continued. Ciprofloxacin resistant 

E. coli were detected on four of seven occasions, and chloramphenicol resistance was detected 

on five of seven occasions. At the December 2019 sampling, ciprofloxacin resistant E. coli were 

7 x 10 1 CFU 100 ml-1 and chloramphenicol resistant E. coli were 1 x 102 CFU 100 ml-1 at this site. 

This was approximately 10% of the total population. 
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Addington Brook site, March 2018 – December 2019 

  

Figure 2-5: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Addington Brook (C1) sampling site, March 2018 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and Chl are log10 transformed CFU 100 

ml-1, mesophilic bacteria are CFU 100 μl -1.
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Site B5 - Riccarton Stream Confluence 

The Riccarton Stream Confluence was sampled on seven occasions between June 2018 and 

December 2019 (Figure 2-6). At this site, E. coli levels frequently exceeded the safe swimming 

limit [34]. Here, E. coli counts were 1 x 102 to ≥1 x 103 CFU 100 ml-1. Likewise, ampicillin 

resistant E. coli were common, between 4 x 100 and 1 x 103 CFU 100 ml-1, and often comprising 

>60% of the population. The Riccarton Stream collects input from household waste, storm 

water and surface runoff. The results from this site are possibly reflective of the humans and 

activities in the catchment [3, 38, 39]. 

 

From the June, July and October 2018 samples I observed that the Riccarton Stream was a 

source of ciprofloxacin resistant E. coli, at levels exceeding those of other sites (Figure 2-6). 

This observation was consistent with those made in previous studies [10, 35], leading me to 

hypothesise that the Riccarton Stream was the primary source of the ciprofloxacin resistance. 

I sequentially added four new sampling locations upstream of the Riccarton Stream 

Confluence in an effort to pinpoint the source of ciprofloxacin resistance. The results of 

sampling at these four sites are given below. 
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Riccarton Stream Confluence site, June 2018 – December 2019 

  

Figure 2-6: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Riccarton Stream Confluence (B5) sampling site, June 2018 - December 2019. 

Meso: mesophilic bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1).Total E. coli is CFU 100 ml-1, Amp, ciprofloxacin and chloramphenicol 

are log10 transformed CFU 100 ml-1, mesophilic bacteria are CFU 100 μl-1.
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Tracking the source of ciprofloxacin resistance 

I incrementally extended the sampling regime to include four extra sites on the Riccarton 

Stream (Figures 2-7 – 2-10; sites B1-B4 of Figure 2-1),  in an attempt to identify a point source 

for the ciprofloxacin resistant E. coli. Sites B4 and B3 were added in July 2018, and sites B1 and 

B2 were added in April and May 2019, respectively. I was able to detect ciprofloxacin and 

chloramphenicol resistance as far upstream as the Riccarton Stream extended above ground 

(Field Terrace, site B1).  

 

Site B4 - Deans Avenue 

The Deans Avenue site was sampled on six occasions between July 2018 and December 2019 

(Figure 2-7). E. coli ranged from 1 x  102 to ≥1 x 103 CFU 100 ml-1. Ampicillin resistant E. coli 

were consistently detected at 4 to 5 x 102 CFU 100 ml-1. At the December 2019 sampling, 

ampicillin resistant E. coli at the Ōtākaro sites (A1-A3, Figure 2-1) were at least 1 x 103 CFU 

100 ml-1, but at the Deans Avenue site they were found to be at least one order of magnitude 

lower. Ciprofloxacin and chloramphenicol resistant E. coli were detected in July and October 

2018. Thereafter, E. coli with these two resistance phenotypes were detected intermittently at 

the Deans Avenue site.
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Deans Avenue site, July 2018 – December 2019 

 

Figure 2-7: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Deans Avenue (B4) sampling site, July 2018 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1).Total E. coli is CFU 100 ml-1, Amp, ciprofloxacin and Chl are log10 transformed CFU 100 

ml-1, mesophilic bacteria are CFU 100 μl-1
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Site B3 – Picton Reserve 

Picton Reserve was sampled on 10 occasions between July 2018 and December 2019 (Figure 

2-8). Overall E. coli levels at Picton Reserve ranged from 5 x 101 to 1 x 103 CFU 100 ml-1. 

Ampicillin resistant E. coli ranged from 9 to ≥1 x 103 CFU 100 ml-1, and in the October 2019 

sampling, were around 100% of the total E. coli population. Ciprofloxacin and 

chloramphenicol resistant E. coli were detected at Picton Reserve in July and October 2018, 

indicating their source was upstream of the sites measured, and prompting the addition of 

two more sites. 

 

The additional sampling trips undertaken at Picton Reserve that were not made at other 

Ōtākaro sites (e.g., April 2019 and October 2019) were to test the hypothesis that the 

ciprofloxacin resistant E. coli were endemic to the Riccarton Stream, rather than being from an 

external source. New Zealand research has indicated that some E. coli clades can become 

naturalised in freshwater environments where their presence in water samples is not 

indicative of recent fecal contamination [75]. More sampling was undertaken at Picton 

Reserve to determine whether ciprofloxacin resistant E. coli with similar phenotypes could be 

detected consistently overtime. This would support the hypothesis that a ciprofloxacin 

resistant population residing in the stream contributed bacteria to downstream water 

samples. 

 

The hypothesis was unsupported. On three occasions, ciprofloxacin resistant E. coli were not 

detected, and when they were detected, their numbers fluctuated between 1  to 2 x 102 CFU 

100 ml-1 (Figure 2-8). Indeed, previous research has found that endemic freshwater E. coli 

populations confound water quality analysis only when the overall E. coli numbers are low, 

predicted to be fewer than 5 x 101 CFU 100 ml-1 [19].
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Picton Reserve site, July 2018 – December 2019 

 

Figure 2-8: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Picton Reserve (B3) sampling site, July 2018 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and Chl are log10 transformed CFU 100 

ml-1, mesophilic bacteria are CFU 100 μl -1. 
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Site B2 – Paeroa Reserve 

Paeroa Reserve was sampled on five occasions between May 2019 and December 2019 (Figure 

2-9). Overall E. coli levels at Paeroa Reserve ranged from 2 x 101 to ≥1 x 103 CFU 100 ml-1. 

Ampicillin resistance ranged from undetectable at my detection limit to ≥1 x 103 CFU 100 ml-1. 

In the June 2019 and October 2019 samples, approximately 100% of the E. coli population was 

ampicillin resistant. Ciprofloxacin and chloramphenicol resistant E. coli were detected 

intermittently, falling below the limit of detection in both May and August 2019. In the June 

2019 samples, ciprofloxacin and chloramphenicol resistant E. coli were present at 4 x 102 CFU 

100 ml-1, the highest levels of ciprofloxacin and chloramphenicol resistance detected in the 

present study. 

 

Paeroa Reserve has advantages as a monitoring site because unlike Field Terrace, the stream 

at Paeroa Reserve was always free flowing and free of sediment. I recommend that Riccarton 

Stream at Paeroa Reserve be the target of water quality monitoring.



 87 

E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Paeroa Reserve site, May 2019 – December 2019 

 

Figure 2-9: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Paeroa Reserve (B2) sampling site, May 2019 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and Chl are log10  transformed CFU 100 

ml-1, mesophilic bacteria are CFU 100 μl -1. 

Oct−19 Dec−19

May−19 Jun−19 Aug−19

Meso Total E. coli Amp Cip Chl Meso Total E. coli Amp Cip Chl

Meso Total E. coli Amp Cip Chl Meso Total E. coli Amp Cip Chl Meso Total E. coli Amp Cip Chl

0

1

2

3

0

1

2

3

L
o

g
 C

F
U

E. coli, antibiotic resistant E. coli & mesophile counts at the Paeroa Reserve site



 88 

Site B1 – Field Terrace 

Field Terrace was sampled five times from April 2019 to December 2019 (Figure 2-10). Total 

E. coli ranged from 1 x 101 to ≥1 x 103 CFU 100 ml-1, while ampicillin resistant E. coli were not 

detectable at my detection limit and otherwise up to ≥1 x 103 CFU 100 ml-1. Ciprofloxacin 

resistant E. coli were detected on three occasions. At the October 2019 sampling, ciprofloxacin 

resistant E. coli comprised around 10% of the total population and were present at 

concentrations of 1.4 x 103 CFU 100 ml-1. This site is effectively the beginning of the Riccarton 

Stream. Further up, the waterway consists of pipes that are not accessible for sampling. These 

results show that the point source of ciprofloxacin resistance lies upstream of Field Terrace, 

and is probably one of the pipes contributing to the Riccarton Stream.
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E. coli, antibiotic resistant E. coli and mesophilic bacterial counts at the Field Terrace site, April 2019 – December 2019 

 

Figure 2-10: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Field Terrace (B1) sampling site, April 2019 - December 2019. Meso: mesophilic 

bacteria, Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1),Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and Chl are log10 transformed CFU 100 

ml-1, mesophilic bacteria are CFU 100 μl -1.
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Predicting antimicrobial resistance using E. coli as a surrogate indicator 

One of my aims was to develop sentinels that could be used by non-specialists interested in 

water quality monitoring. I tested whether concentrations of ampicillin, ciprofloxacin or 

chloramphenicol resistant E. coli, and E. coli itself, could be predicted using surrogate 

indicators. 

 

There are two potential benefits from the development of such sentinels. First, low resource 

community groups can target volunteer hours and funding towards measuring the fewest 

number of variables when conducting water quality testing. For example, groups need not 

expend resources measuring all parameters when just one or two can provide them with the 

information they seek. Second, techniques that avoid concentrating potential pathogens 

reduce the risk of infection. When selecting AMR bacteria, pathogenic bacteria may be 

simultaneously enriched [28, 38]. Furthermore, organisations which do have the capability to 

work with pathogens are often resource limited. My aim was to determine the fewest number 

of variables to make predictions about the microbial safety of a waterway. 

 

Predicting the likelihood of encountering of ciprofloxacin and chloramphenicol 
resistance 

Ciprofloxacin and chloramphenicol resistance were detected intermittently over the course of 

this study. Although they were rare in comparison to ampicillin resistant E. coli, previous 

studies noted possible relationships between E. coli isolated on either ciprofloxacin or 

chloramphenicol and MDR [10, 35, 36]. Of particular concern was the apparent correlation 

between ciprofloxacin and ESBL resistance. I therefore tested whether ampicillin resistance 

abundance was a good predictor of the presence of ciprofloxacin or chloramphenicol 

resistance using a GLMM (Table 2-2, model 1).  

 

The relationship between ciprofloxacin and ampicillin resistant E. coli was highly significant 

(P = 4.5 E-04). The model predicted an increase in 1.492 (odds ratio) of encountering 

ciprofloxacin resistance for every increase in log10 ampicillin resistant E. coli (CFU 100 ml-1). 

Likewise, there was a highly statistically significant relationship between the presence of 

chloramphenicol resistant E. coli and the ampicillin resistant E. coli counts (P = 3.5 E-04). For 
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every increase in ampicillin (log10 CFU 100 ml-1), the model predicted an increase in odds ratio 

of 1.462 for detecting chloramphenicol resistance (Table 2-2, model 2). 

 

Ampicillin is a good sentinel for predicting whether E. coli resistant to ciprofloxacin or 

chloramphenicol will be present. When levels of ampicillin resistance among the E. coli 

population are high, the likelihood of encountering ciprofloxacin or chloramphenicol 

resistance increases. Furthermore, ampicillin appears to be an equally good predictor of both 

ciprofloxacin and chloramphenicol resistance, two phenotypes which are genetically 

unrelated [59, 76]. This has important implications for the use of ampicillin as a sentinel. The 

relationship between ampicillin and ciprofloxacin and chloramphenicol resistance is unlikely 

to be due to cross-resistance caused by shared biochemistry. In this urban river, ampicillin can 

predict at least two other unrelated AMR phenotypes. It may be that by using ampicillin 

resistance to predict the likelihood of encountering ciprofloxacin or chloramphenicol resistant 

E. coli, the limit of detection is increased because ampicillin resistance is positively correlated 

with all other AMR phenotypes. Ampicillin resistance is therefore a better sentinel for 

ciprofloxacin and chloramphenicol than the total E. coli population. 

 

The results of these analyses show that when ampicillin resistant E. coli are present, E. coli 

resistant to ciprofloxacin or chloramphenicol probably are too. Are both phenotypes also 

likely to be present at the same time? I fitted two GLMMs to test the association between 

ciprofloxacin resistance and chloramphenicol resistance, and vice versa (Table 2-2, models 3 

and 4). The presence of ciprofloxacin resistant E. coli is a significant predictor of the presence 

of chloramphenicol resistant E. coli (P = 7.2E-04). The detection of ciprofloxacin resistant E. coli 

in a sample increases the likelihood of detecting chloramphenicol resistant E. coli (odds ratio 

= 1.61) (Table 2-2, model 5). The reverse is also true (P = 3.2E-04). Detection of chloramphenicol 

resistant E. coli increases the likelihood of detecting ciprofloxacin resistant E. coli (odds ratio = 

1.68) (Table 2-2, model 6). These results indicate that either MDR for ciprofloxacin and 

chloramphenicol is common, or that point sources contribute populations containing both 

chloramphenicol and ciprofloxacin resistant E. coli. The hypothesis that ciprofloxacin and 

chloramphenicol resistance co-occur in a population but not in individual E. coli is tested 

below.
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Table 2-2: Summary of results from the linear and generalised mixed effects models in section 2.4.3. LMEM: linear mixed effects model, GLMM: generalised linear mixed effects model, std. 

error: standard error, P (Chi): P-value (Chi Square test), AmpR: ampicillin resistant E. coli in CFU 100 ml-1 log10 transformed, ciprofloxacin Y/N: presence or absence of E. coli resistant to 

ciprofloxacin, Chl Y/N: presence or absence of E. coli resistant to chloramphenicol . Total E. coli: E. coli is in CFU 100 ml-1 (log10 transformed). For all models, the random effects variables were 

sampling date and location. 

Model no; type 
Response 

variable 
Mixed effects Model family 

Estimate 

(Odds ratio) 
Std. Error t value/ z value P (Chi) 

1; GLMM Cip Y/N AmpR E. coli Binomial 1.492 0.454 3.285 4.5E-04 

2; GLMM Chl Y/N AmpR E. coli Binomial 1.462 0.409 3.574 3.5E-04 

3; GLMM Cip Y/N Chl Y/N Binomial 1.609 0.481 3.347 7.2E-04 

4; GLMM Chl Y/N Cip Y/N Binomial 1.681 0.469 3.583 3.2E-04 

5; LMEM AmpR E. coli total E. coli Gaussian 1.253 0.154 8.164 1.2E-12 

6; LMEM total E. coli 
mesophilic 

bacteria 
Gaussian 0.441 0.074 5.957 2.4E-08 
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Prediction of ampicillin resistant E. coli from total E. coli concentrations 

I used a LMEM to describe the relationship between ampicillin resistant E. coli counts and 

total E. coli counts across all nine sites. The predictor variable was log10 transformed total E. 

coli counts (CFU 100 ml-1) and the response variable was log10 transformed ampicillin resistant 

E. coli counts (CFU 100 ml-1). I observed a highly significant effect of total E. coli on ampicillin 

resistant E. coli in these data. Increase in log10 total E. coli was associated with an increase of 

1.253 log10 transformed total E. coli (P = 1.2 E-12) (Table 2-2, model 2), indicating that as the E. 

coli abundance increases, so does the abundance of E. coli resistant to ampicillin.  

 

To make predictions about the risk posed by recreational contact with a waterway, simply 

knowing the fecal coliform count is not enough. AMR bacteria are associated with increased 

duration of infection and increased risks of treatment failure [77, 78]. Furthermore, the genes 

that make E. coli resistant to antibiotics are often associated with virulence determinants [79]. 

The finding that ampicillin resistance linearly increases with total E. coli counts is therefore 

significant. These data can be used to inform the E. coli concentration at which river users are 

at risk of being exposed to a resistant bacterium. At low E. coli concentrations, the risk of 

encountering ampicillin resistance in Ōtākaro is low, and it increases as E. coli increases. If the 

baseline frequency of resistance phenotypes such as ampicillin was known and could be 

monitored, then all community groups would need to do to inform their risk of encountering 

AMR E. coli in a waterway is to monitor E. coli. Counting E. coli is safer and easier than 

counting AMR E. coli, so organisations like LAWA should do the latter, while communities 

could be equipped with the tools to do the former. For Ōtākaro, I recommended ampicillin as 

a monitoring tool. 

 

Do mesophile populations predict E. coli populations? 

There was a third statistically significant relationship, but it is probably not useful for 

community groups to use as a sentinel of AMR. I used a LMEM to describe the relationship 

between total E. coli concentrations and mesophilic bacteria concentrations across all nine 

sampling sites. The predictor variable was log10 transformed mesophilic bacterial counts (CFU 

100 μl-1) and the response variable was log10 transformed E. coli counts in (CFU 100 ml-1). I 

observed a highly significant effect of log10 mesophilic bacteria counts on log10 E. coli counts in 
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these data (Table 2-2, model 6). Increase in mesophilic bacteria (CFU 100 μl-1) was associated 

with an increase of 0.441 log10 transformed total E. coli CFU 100 ml-1 (P = 2.35 E-08). However, 

mesophiles are not necessarily associated with fecal contamination, so although they are 

correlated with E. coli in these data, their presence only tells us that Ōtākaro is a good 

environment for aerobic bacteria. Future work could focus on particular species of mesophilic 

bacteria that are more definitively associated with humans, e.g., Staphylococcus aureus, as a 

surrogate indicator of human activity. 

 

Antimicrobial resistance phenotyping 

I determined the minimum inhibitory concentrations (MICs) of 179 E. coli isolated from 

Ōtākaro between 2017 and 2019 against a panel of nine antibiotics (Table 2-1). This panel 

includes antibiotics used to treat E. coli causing infections such as in the urinary tract, bladder, 

eye or ear. Ōtākaro E. coli isolates were separated into four categories: those isolated directly 

on TBX medium without prior antibiotic selection and those isolated on TBX supplemented 

with ampicillin, ciprofloxacin or chloramphenicol. This was done to test which antibiotics 

would be the best sentinels for multidrug resistance (MDR) in an urban river. The results of 

the AMR phenotyping are presented in this order: E. coli isolated without selection, E. coli 

isolated on ampicillin, chloramphenicol and finally on ciprofloxacin. A full list of phenotyped 

strains is in Supplementary Tables 2-1 – 2-4. 

 

Antimicrobial resistance phenotypes of E. coli isolated without prior antibiotic 

selection 

The AMR phenotypes of 45 strains previously isolated without antibiotic selection were 

determined (Figures 2-11.1 and 2-11.2). The most common AMR phenotype amongst these 

strains was ‘no resistance’ (white), with a MIC less than the lowest antibiotic concentration 

tested (Table 2-3). ‘No resistance’ phenotypes accounted for 85.2% of the possible phenotypes, 

Resistance to at least the lowest concentration of antibiotic, but less than the second lowest 

concentration (the ‘light blue’ boxes) accounted for 12.1% phenotypes when gentamicin (4 μg 

ml-1) was included, and just 2.2% (9) phenotypes when gentamicin was excluded. There were 

no strains with MICs ≥ the second lowest concentration but < the highest concentration among 

these strains. MICs equal to or exceeding the highest tested concentration were the minority 
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(10 instances). Two strains were MDR (Figures 2-12.1 and 2-12.2). From these data, we can 

extrapolate that 4% of E. coli in Ōtākaro are MDR. 

 

Table 2-3: metrics relating to minimum inhibitory concentrations (MICs) of E. coli isolated without selection in this study. 

Three concentrations of antibiotic (with the exception of ciprofloxacin) were tested in this study: the ‘lowest concentration’, 

the ‘second lowest concentration’ and the highest concentration’. 

MIC < lowest 

conc. 

MIC ≥ lowest 

conc. but 

< 2nd lowest 

concentration 

MIC ≥ 2nd 

lowest conc. but 

< highest conc. 

MIC ≥ highest 

conc. tested 
MDR 

85.2% (345) 12.1% (49) 0% (0) 2.5% (10) 4% (2) 

Total no. possible phenotypes = 405 (45 strains x 9 antibiotics) 

 

Almost all 45 strains were resistant to gentamicin at the lowest concentration tested. However, 

this was not surprising because E. coli is intrinsically resistant to gentamicin, and can tolerate 

low concentrations of this antibiotic (CLSI, 2021) . Despite this, gentamicin is still efficacious 

at clinically recommended concentrations to treat urinary tract infections [81, 82]. Incidences 

of gentamicin resistance are increasing in hospital settings [82, 83], and this study aimed to 

determine whether the outcomes of such trends could be observed in an urban waterway. 
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Antibiotic resistance phenotypes of E. coli isolated without selection, 2018 

 

Figure 2-11.1: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream without prior antibiotic selection in 2018. White: 

strain did not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, dark blue: strain grew on the highest concentration tested. The 

concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. A: March 2018, B: June 2018, C: November 2018. 
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Antibiotic resistance phenotypes of E. coli isolated without selection, 2019 

 

Figure 2-11.2: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream without prior antibiotic selection in 2019. White: 

strain did not grow on the lowest concentration tested, light blue: strain grew on the lowest concentration tested, mid-blue: strain grew on the second highest concentration tested, dark blue: 

strain grew on the highest concentration tested. The concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. D: January 2019, E: 

May 2019. 
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Ampicillin selection amplifies MDR but not particular resistances 

Thirty-six E. coli isolated on ampicillin between March 2018 and January 2019 were tested for 

resistance to nine antibiotics (Figures 2-12.1 and 2-12.2). The most common phenotype was 

susceptibility to the lowest antibiotic concentrations tested, i.e., no resistance (68.5%). An MIC 

equal to or exceeding the highest concentration was the next most-common (16.7%). The third 

most common phenotype was a MIC ≥ the lowest antibiotic concentration tested but < the 

second lowest concentration, accounting for 7.2% of the possible phenotypes. Phenotypes of 

a MIC equal to the second highest concentration were the minority (0.93%) (Table 2-4). 

 

In total, 61% of strains isolated first on TBX supplemented with ampicillin were resistant to 

two or more antibiotics, compared to just 2 out of 45 strains isolated on unsupplemented TBX 

(Figures 2-11.1 and 2-11.2). This was when resistance to low gentamicin concentrations of 4 

μg ml-1 was excluded. The addition of ampicillin to the TBX at concentrations lower than the 

clinical breakpoint (32 μg ml-1) increased the number of MDR detections by nearly 14 times 

compared to isolation without selection. 

 

Table 2-4: metrics relating to minimum inhibitory concentrations (MICs) of E. coli isolated with selection on ampicillin (10 

or 20 μg ml-1) in this study. Three concentrations of antibiotic (with the exception of ciprofloxacin) were tested: the ‘lowest 

concentration’, the ‘second lowest concentration’ and the highest concentration’. MDR = multiple drug resistance. 

MIC < lowest 

conc. 

MIC ≥ lowest 

conc. but 

< 2nd lowest 

concentration 

MIC ≥ 2nd lowest 

conc. but < highest 

conc. 

MIC ≥ highest 

conc. tested 
MDR 

68.5% (222) 7.2% (45) 0.93% (3) 16.7% (54) 36% (22) 

Total no. possible phenotypes = 324 (36 strains x 9 antibiotics) 

 

Four E. coli strains isolated on ampicillin in 2018 were not able to grow on ampicillin in the 

AMR phenotyping assay. I therefore revised the method to subculture all putative AMR 

isolates to fresh medium containing the same antibiotic before freezing. This ensured that any 

E. coli which failed to re-grow on the antibiotic on which they were initially isolated were 

discarded. Following this change, all ampicillin isolates were able to grow on ampicillin after 
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revival. The failure of some 2018 isolates to grow on ampicillin could be due to the presence 

of β-lactamases secreted by neighbouring colonies during isolation, which can allow 

susceptible colonies to grow as satellites [84]. 

 

My initial sampling methodology used a low ampicillin concentration resulting in high ratios 

of putative ampicillin resistant E. coli relative to total E. coli. I therefore doubled the 

concentration of ampicillin used to prepare agar plates to 20 μg ml-1 for isolation from later 

water samples. This explains the increase in ampicillin MICs between 2018 and 2019. Isolating 

on antibiotics at or near the clinical breakpoint concentration is recommended when 

monitoring AMR E. coli in an urban waterway.
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Antibiotic resistance phenotypes of E. coli isolated with selection on ampicillin, 2018 

 

Figure 2-12.1: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on ampicillin in 2018. White: strain did 

not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, mid-blue: strain grew on the second highest concentration tested, dark blue: 

strain grew on the highest concentration tested. The concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. A: March 2018, B: 

November 2018. 
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Antibiotic resistance phenotypes of E. coli isolated with selection on ampicillin, 2019 

 

Figure 2-12.2: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on ampicillin in 2019. White: strain did 

not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, dark blue: strain grew on the highest concentration tested. The concentration 

denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. C: January 2019. 
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Antimicrobial resistance phenotypes of E. coli isolated with selection on 
chloramphenicol 

The MICs of 45 E. coli strains isolated on chloramphenicol between March 2018 and December 

2019 were determined for nine antibiotics (Figures 2-13.1 and 2-13.2). 44.2% of MICs were for 

resistance at concentrations below the lowest tested (Table 2-5). ESBL resistance among 

chloramphenicol-selected isolates was almost as uncommon as those selected on ampicillin. 

The next most common phenotype was for resistance at the highest concentration tested 

(43.7%). Resistance to the lowest concentration tested accounted for 11.6% of phenotypes. The 

remaining two phenotypes were for resistance to the second highest concentration tested 

(0.49%).  

 

Table 2-5: metrics relating to minimum inhibitory concentrations (MICs) of E. coli isolated with selection on 

chloramphenicol (6 μg ml-1) in this study. Three concentrations of antibiotic (with the exception of ciprofloxacin) were 

tested: the ‘lowest concentration’, the ‘second lowest concentration’ and the highest concentration’. MDR = multiple drug 

resistance. 

MIC < lowest 

conc. 

MIC ≥ lowest 

conc. but 

< 2nd lowest 

concentration 

MIC ≥ 2nd lowest 

conc. but < highest 

conc. 

MIC ≥ highest 

conc. tested 
MDR 

44.2% (179) 11.6% (47) 0.49% (2) 43.7% (177) 36% (22) 

Total no. possible phenotypes = 405 (45 strains x 9 antibiotics) 

 

Supplementing TBX with chloramphenicol at less than 20% of the clinical breakpoint 

concentration was sufficient to isolate E. coli strains resistant to chloramphenicol at the highest 

concentration tested almost all the time. Isolates were, more often than not, either resistant to 

concentrations at least as high as the clinical breakpoint, or were susceptible. This is especially 

true if intrinsic gentamicin resistance phenotypes are not counted. 

 

Most chloramphenicol-selected isolates are MDR. 43 of 45 strains isolated on chloramphenicol 

were resistant to two or more antibiotics. In clinical settings, chloramphenicol resistant E. coli 

were also MDR. For example, 85% of clinical Gram-negative bacteria were resistant to 

chloramphenicol and at least two other antibiotics [85].
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Antibiotic resistance phenotypes of E. coli isolated with selection on chloramphenicol, 2018 

 

Figure 2-13.1: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on chloramphenicol in 2018. White: 

strain did not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, dark blue: strain grew on the highest concentration tested. The 

concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. A: March 2018, B: June 2018, C: November 2018.  
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Antibiotic resistance phenotypes of E. coli isolated with selection on chloramphenicol, 2019 

 

Figure 2-13.2: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on chloramphenicol in 2019. White: 

strain did not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, mid-blue: strain grew on the second highest concentration tested, 

dark blue: strain grew on the highest concentration tested. The concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. D: 

January 2019, E: March 2019, F: May 2019, G: December 2019. 
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Antimicrobial resistance phenotypes of E. coli isolated on ciprofloxacin 

Fifty-two E. coli isolated on TBX supplemented with ciprofloxacin (1 μg ml-1) were tested for 

resistance to nine antibiotics (Figures 2-14.1 and 2-14.2). Of the 468 possible phenotypes, 43.8% 

were an MIC equal to or exceeding the highest concentration of antibiotic tested (Table 2-6). 

The next most common phenotype was an MIC less than the lowest concentration tested 

(43.4%). 9.2% of MICs were for the lowest concentration tested and 3.6% were for 

concentrations ≥ the second lowest concentration but less than the highest. 

 

Table 2-6: metrics relating to minimum inhibitory concentrations (MICs) of E. coli isolated with selection on ciprofloxacin 

(1 μg ml-1) in this study. Three concentrations of antibiotic (with the exception of ciprofloxacin) were tested: the ‘lowest 

concentration’, the ‘second lowest concentration’ and the highest concentration’. MDR = multiple drug resistance. 

MIC < lowest 

conc. 

MIC ≥ lowest 

conc. but 

< 2nd lowest 

concentration 

MIC ≥ 2nd lowest 

conc. but < highest 

conc. 

MIC ≥ highest 

conc. tested 
MDR 

43.4% (203) 9.2% (43) 3.6% (17) 43.8% (205) 90.4% (47) 

Total no. possible phenotypes = 468 (52 strains x 9 antibiotics) 

 

MDR was common amongst E. coli isolated on ciprofloxacin. All but five (90.4%) were MDR. 

17 of these (32.7%) were resistant to six or more antibiotics, excluding the lowest level of 

gentamicin resistance. Four strains were resistant to 8 out of 9 antibiotics tested, and one 

strain, L3Cip3 (Riccarton Stream Confluence Site, March 2018) was resistant to all 9 antibiotics 

(Figures 2-14.1 and 2-14.2). Others noted a correlation between ciprofloxacin resistance and 

MDR [27], and ciprofloxacin resistance with ESBL resistance in Aotearoa [86]. 

 

The isolation concentration of ciprofloxacin used was equal to the clinical breakpoint 

concentration. Therefore, I biased against strains with MICs lower than 1 μg ml-1. All E. coli 

able to grow on ciprofloxacin had an MIC ≥ 1 μg ml-1. However, MICs lower than the 

breakpoint concentration are relevant, as small increases in MIC can result in antibiotic under-

dosing [87, 88]. Also, low-level ciprofloxacin resistance is often mediated by plasmid-borne 

antibiotic resistance genes [89, 90]. 
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Antibiotic resistance phenotypes of E. coli isolated with selection on ciprofloxacin, 2018 

 

Figure 2-14.1: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on ciprofloxacin in 2018. White: strain 

did not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, mid-blue: strain grew on the second highest concentration tested, dark blue: 

strain grew on the highest concentration tested. The concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. A: March 2018, B: 

June 2018, C: November 2018.  
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Antibiotic resistance phenotypes of E. coli isolated with selection on ciprofloxacin, 2019 

 

Figure 2-14.2: Antimicrobial resistance phenotypes of E. coli isolated from Ōtākaro/Avon River, Addington Brook and Riccarton Stream with selection on ciprofloxacin in 2019. White: strain 

did not grow on the lowest antibiotic concentration tested, light blue: strain grew on the lowest concentration tested, mid-blue: strain grew on the second highest concentration tested, dark blue: 

strain grew on the highest concentration tested. The concentration denoted as dark blue in this figure equalled or exceeded the clinical breakpoint concentration in all cases. D: January 2019, E: 

March 2019, F: May 2019, G: June 2019, H: July 2019, I: October 2019, J: December 2019. 
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Extended spectrum β-lactamase production  

I focussed on ESBL resistance because it is often plasmid-borne and indicative of degraded 

freshwater environments [91-93]. ESBL is a phenotype associated with MDR pathogens that 

cause urinary tract infections in the community [70, 94] and septicaemia in hospitals [27]. 

ESBLs differ in their ability to hydrolyse penicillin-derivatives [95], so I used the double disc 

diffusion assay to diagnose ESBL production in isolates which previously grew on cefotaxime 

and/or ceftazidime [58, 95]. Because cefotaxime and ceftazidime resistance were infrequently 

observed, all isolates that grew on ≥ the lowest concentration(s) were used. Twenty-two 

strains were tested for ESBL production by the double disc diffusion assay (Supplementary 

Table 2-5). Examples of a negative and a positive result are shown in Figure  

2-15.  

 

The double disc diffusion assay confirmed the results of the earlier phenotyping. The majority 

(17/22) of ESBL-producing strains were isolated from the Riccarton Stream sites and of these, 

13 (59.1%) were initially isolated on ciprofloxacin. These strains had varying ability to 

hydrolyse cefotaxime and ceftazidime, indicating that ESBL-producing strains were not all 

carrying identical ESBL alleles [95]. In particular, ceftazidime zone of inhibition diameters 

varied between individual strains and between sampling dates.  

 

One strain had resistance to cefotaxime, ceftazidime and the two antibiotics in combination 

with clavulanic acid (Supplementary Table 2-5). In E. coli this phenotype is associated with 

the chromosomal ampC gene or the plasmid-borne ampC allele, blaCMY-2 [95]. BlaCMY genes 

confer ampicillin and cephalosporin resistance, are usually found on conjugative plasmids 

without additional resistance genes and can have high carriage rates in humans [96]. Strain 

BAmp1_JAN2019 lacked susceptibility to clavulanic acid. This strain was isolated from the 

Botanical Gardens site in January 2019 and was not resistant to antibiotics other than 

ampicillin, cefotaxime, ceftazidime and clavulanic acid (Figure 2-12.2, strain C3), supporting 

the theory that it has blaCMY-2.
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Figure 2-15: On both plates, the right-hand disc contains 30 μg ceftazidime, while the left-hand disc contains 30 μg ceftazidime and 10 μg clavulanic acid. The white 

area visible around each antibiotic disc is the ‘halo’ or zone of inhibition. 

Left: E. coli isolate which tested positive for extended spectrum β-lactamase (ESBL) production. The strain is growing within 2mm of the disc containing only 

ceftazidime, a positive result for ESBL-production. The zone of inhibition around the left-hand disc is increased from 2mm to 20mm because the ESBL enzyme is 

being inhibited by clavulanic acid, preventing the strain from hydrolysing ceftazidime. This is a positive result for a blaCTX-M type enzyme. 

Right: E. coli isolate which tested negative for ESBL production. Both discs have a large zone of inhibition around them. The addition of clavulanic acid to the right-

hand disc does not increase the effectiveness of ceftazidime, because the strain was already susceptible. 
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Correlations between antimicrobial resistance phenotypes 

In these data, strains with resistance to both ciprofloxacin and chloramphenicol seemed rare 

in comparison to other pairs like ampicillin and tetracycline. This was despite the earlier 

finding that the presence or absence of ciprofloxacin resistance was a statistically significant 

predictor of chloramphenicol resistance and vice versa (Table 2-2). It could be that 

ciprofloxacin and chloramphenicol resistance is negatively correlated in individual strains, 

while being positively correlated across the E. coli population at any given sampling event. A 

seemingly positive relationship was also observed between ESBL-mediated resistance and 

ciprofloxacin resistance here (Figures 2-14.1 and 2-14.2) and in previous studies [10, 35]. Given 

the clinical relevance of ESBL-producing bacteria, it is important to test associations between 

ESBL resistance and AMR phenotypes that can be measured directly from water. I used a 

Pearson Correlation to test the association between AMR phenotypes to find statistically 

significant correlations.  

 

There are no statistically significant negative correlations between phenotypic pairs in these 

data (Figure 2-17; Supplementary Tables 2-6 – 2-7.) I hypothesised that chloramphenicol 

would be negatively correlated with cefotaxime and ceftazidime, and this was true, but these 

correlations were only modestly significant (P = 0.469, Supplementary Table 2-7). I also 

hypothesised that ciprofloxacin and chloramphenicol would be negatively correlated. 

However, ciprofloxacin and chloramphenicol are weakly positively correlated 

(Supplementary Table 2-6), but this correlation was also not statistically significant.  

 

Given the earlier finding that resistance to one antibiotic was almost always associated with 

MDR, the absence of negative correlations in this data set is expected. E. coli that gain their 

resistance through acquisition of a conjugative plasmid are likely to gain several resistances 

at once [28, 92, 97]. Co-selection of genetically linked AMR determinants may maintain the 

MDR phenotype [98]. A recent study found that higher MICs of some antimicrobials were 

strongly correlated with the number of resistance phenotypes in a household environment 

[99], while another found a strong association between resistance to one antibiotic and 

resistance to at least one other in E. coli isolated from pig farms [98].  
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I tested the hypothesis that ciprofloxacin resistance would be positively correlated with both 

cefotaxime and ceftazidime resistance. Ciprofloxacin had a significant positive correlation 

with both cefotaxime and ceftazidime (Supplementary Tables 2-6 – 2-7), demonstrating the 

association of ciprofloxacin and ESBL resistance in Ōtākaro. Indeed, ciprofloxacin resistance 

was positively correlated with all resistances except chloramphenicol (Figure 2-17). This was 

expected, given that more than 90% of E. coli isolated on ciprofloxacin were resistant to one or 

more other antibiotics.  

 

The usefulness of ampicillin as a sentinel of MDR in Ōtākaro was also tested. Ampicillin was 

significantly positively correlated with all other resistances (Figure 2-17), demonstrating the 

utility of ampicillin for monitoring Ōtākaro, and its potential for other urban waterways. Prior 

studies have also found similar correlations between these antibiotics, including between 

ampicillin and tetracycline [100]. Here, the most strongly correlated pair was cefotaxime and 

ceftazidime, with a Pearson correlation of 0.95 (Supplementary Table 2-6). This was 

unsurprising, as resistance towards cefotaxime and ceftazidime is often mediated by the same 

gene [95].



 112 

Statistically significant correlations between resistance phenotypes for nine antibiotics 

 

Figure 2-16: heatmap showing Pearson correlations of the level of association between resistance phenotypes to nine antibiotics. Squares showing correlations which were statistically 

insignificant (P >0.05) are white.
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Transfer of antimicrobial resistance phenotypes via conjugation 

Conjugative plasmids are repeatedly implicated in the dissemination of AMR [24, 101, 102]. 

The mobility of AMR determinants among E. coli was therefore tested using conjugation 

assays. I hypothesised that resistant E. coli isolates would sometimes have transmit one or 

more of their resistance phenotypes to a susceptible strain.  

 

Strains were first screened for donor activity using a qualitative mating assay, i.e., without 

quantifying the transmission frequency. This saved time by narrowing-down the list of 

potential donor strains prior to undertaking the more time-consuming quantitative assays. A 

sub-set of MDR isolates from sampling dates spanning the length of this study were chosen. 

Only resistance phenotypes greater than or equal to the CLSI ‘intermediate’ concentration 

were considered as part of the selection criteria. Isolates with resistance to four or more 

antibiotics, especially those with ESBL resistance, were prioritised.  

 

Qualitative conjugation assays 

The ability to transmit AMR phenotypes was observed in 12 of 40 (30%) isolates (Table 2-7). 

All AMR phenotypes except ciprofloxacin resistance were observed to transmit at least once. 

When transmission did occur, in all but one case, multiple AMR phenotypes were transmitted. 

In one strain, resistance to antibiotics from five different classes was transmitted (Table 2-7), 

indicating that five different antibiotic resistance genes were probably transferred. The most 

commonly detected transmissions were for resistance to ampicillin or tetracycline, which 

were each detected nine times. Co-transmission of ampicillin and tetracycline resistance was 

observed in seven cases, echoing previous research [36, 103]. 

 

The relatively high frequency of cefotaxime and ceftazidime resistance transmission (6/12) is 

consistent with ESBL resistance often being plasmid-borne, reaffirming the decision to make 

ESBL resistance a focus of the present study. This finding is also consistent with prior research 

into the frequency of ESBL resistance on plasmids [104, 105]. The only ESBL-producing strain 

with resistance to clavulanic acid (BAmp1_JAN2019; site A2, January 2019; Table 3) 

transmitted its full resistance profile, supporting the theory that it encodes plasmid-borne 

blaCMY-2 [96]. 
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Transmission of ciprofloxacin resistance was not detected (Table 2-7). As previously 

discussed, the high ciprofloxacin concentration used for isolation of E. coli in this study has 

precluded selection of intermediately resistant isolates. Breakpoint level ciprofloxacin 

resistance in E. coli is usually associated with the acquisition of several chromosomal 

mutations in the genes gyrA and parC, among others, which have not yet been shown to be 

horizontally mobilised [59, 106]. Conversely, intermediate ciprofloxacin resistance is often 

associated with plasmid-borne resistance genes such as qnrS and aac(6’)-Ib-cr [89, 90, 107].  

 

Two-thirds of the strains did not demonstrate a donor phenotype (Table 2-7). This could be 

because 1), the AMR determinants were chromosomal; 2), the plasmid was not or no longer 

self-transmissible; or 3), the transmission frequency was below my detection limit. The 

hypothesis that failure to detect AMR transmission was due to the determinants being 

chromosomal will be tested in Chapter 3. Option two will also be explored by looking for 

genes associated with plasmid replication in whole genome sequences in Chapter 3 [108]. The 

hypothesis that failure to detect phenotypic AMR transmission amongst many of these E. coli 

is due to extremely low rates of transmission is supported. Previous research found the 

window in which plasmid transmission could occur was limited [109]. A recent meta-analysis 

of conjugation data also found that transmission occurred below the limit of detection in more 

than a third of cases [56]. Even so, the outcome of plasmid-borne AMR transmission was 

readily detectable in 30% of isolates, and has undoubtedly contributed to the MDR I observed.
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Table 2-7: Conjugative transmission of AMR phenotypes to strain JB570 (RifR) by  E. coli isolated between March 2018 and January 2019. Only resistance phenotypes greater than or equal to the CLSI 

‘intermediate’ concentration were tested for transmission. A2: Botanical Gardens, B3: Picton Reserve, B4: Deans Avenue, B5: Riccarton Stream Confluence, C1: Addington Brook. Table 2-7 continues on pages 

116 and 117. 

Date Location Strain ID Resistances Resistances transferred 

Mar-18 B5 L3Chl1 Chl, Tet, Cip, Tmp, Kan, Amp None 

Mar-18 B5 L3Cip1 Tet, Cip, Tmp, Gen, Amp, Ctx, Caz None 

Mar-18 B5 L3Cip2 Chl, Tet, Cip, Tmp, Kan, Amp None 

Mar-18 B5 L3Cip3 Chl, Tet, Cip, Tmp, Gen, Kan, Amp, Ctx, Caz Amp, Ctx, Caz 

Mar-18 C1 L4Cip1 Tet, Cip, Tmp, Gen, Amp, Ctx, Caz None 

Jun-18 B5 CCip22 Chl, Tet, Cip, Tmp, Amp None 

Jun-18 B5 CCip28 Cip, Amp, Ctx, Caz Amp 

Jun-18 B5 CChl2 Chl, Tet, Tmp, Amp, Ctx, Caz None 

Jun-18 C1 DTBX1 Chl, Tet, Cip None 

Jun-18 C1 DChl1 Chl, Tet, Amp None 

Jun-18 C1 DChl2 Chl, Tet, Cip, Tmp, Amp None 

Jun-18 C1 DChl3 Chl, Tet, Cip, Tmp, Amp None 

Nov-18 C1 DCip1 Chl, Tet, Cip, Amp None 

Jan-19 A2 BAmp1 Amp, Ctx, Caz, Clu Amp, Ctx, Caz, Clu 

Jan-19 B4 2Chl1 Chl, Tet, Tmp, Amp Chl, Tet, Tmp, Amp 

Jan-19 B3 PicCip1 Cip, Amp, Ctx, Caz None 

Jan-19 B3 PicCip2 Cip, Amp, Ctx, Caz None 
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Table 2-7. continued 

Date Location Strain ID Resistances Resistances transferred 

Mar-19 B3 1.2Cip1 Tet, Cip, Tmp, Gen, Amp, Ctx, Caz None 

Mar-19 B3 1.2Cip16 Cip, Gen, Kan, Amp, Ctx, Caz None 

Mar-19 B3 1.3Chl Chl, Tet, Tmp, Kan, Amp Chl, Tet, Tmp, Kan, Amp 

May-19 A1 Acip1 Tet, Cip, Tmp, Gen, Kan, Amp, Ctx, Caz None 

May-19 B5 CCip2 Tet, Cip, Tmp, Gen, Kan, Amp, Ctx, Caz None 

May-19 B3 1Chl1 Chl, Tet, Cip, Tmp, Gen, Kan, Amp Chl, Tet, Tmp, Gen, Kan, Amp 

Jun-19 B3 RCIP1 Cip, Gen, Amp, Ctx, Caz None 

Jun-19 B3 RCIP2 Cip, Tmp, Gen None 

Jun-19 B2 PCIP1 Cip, Tmp, Gen None 

Jun-19 B1 FCIP1 Cip, Tmp, Gen None 

Jul-19 B3 R_CIP1.2 Cip, Tmp, Gen None 

Jul-19 B3 R_Cip2.2 Cip, Tmp, Gen None 

Jul-19 B2 P_Cip1.2 Tet, Cip, Tmp, Gen, Amp, Ctx, Caz Amp, Tet, Tmp, Ctx, Caz 

Jul-19 B1 F_Cip1.2 Tet, Cip, Tmp, Gen, Amp, Ctx, Caz None 

Oct-19 B2 PCIP3 Tet, Cip, Gen, Amp, Ctx, Caz Amp, Tet, Ctx, Caz 

Oct-19 B2 PCIP4 Tet, Cip, Tmp, Gen, Kan, Amp, Ctx, Caz Amp, Tet, Tmp, Ctx, Caz 

Dec-19 A2 BCIP1 Chl, Cip, Tmp, Gen None 

Dec-19 C1 DCIP1 Tet, Cip, Tmp ,Amp Tet, Tmp 
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Table 2-7 continued 

Date Location Strain ID Resistances Resistances transferred 

Dec-19 C1 DCIP2 Cip, Tmp None 

Dec-19 C1 DCIP3 Tet, Cip, Tmp None 

Dec-19 C1 DCIP4 Chl, Tet, Cip, Tmp, Gen, Kan, Amp Amp, Tet, Tmp, Chl, Kan 

Dec-19 B3 1CHL1 Chl, Tet, Cip, Tmp, Gen, Kan, Amp, Ctx, Caz Amp, Tet, Tmp, Chl, Ctx, Caz 

Dec-19 B4 2CHL3 Chl, Tet, Amp, Ctx None 
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Quantitative conjugation assays 

Eight strains which tested positive for transmission of AMR determinants were selected for 

quantitative conjugation assays (Table 2-8). Transmission frequencies varied across two 

orders of magnitude, from 10-7 transconjugants per limiting donor to 10-5. The variability of 

transmission frequency mirrored previous studies [36, 56]. Mating in liquid medium may bias 

against some plasmids such as incP group, but these data were generated by mating on solid 

media [110]. 

 

Some inc groups have demonstrated high transmission frequencies in laboratory assays [56], 

and these replicons were less affected by inter-species barriers [111], giving them potential for 

widespread dissemination in a bacterial community. However, plasmid transmission in inc 

groups commonly associated with AMR in E. coli  such as incF, incI and incX, can be repressed 

through the expression of fertility inhibition (fin) genes. Fin genes were previously shown to 

decrease transmission up to 1000-fold [112]. Based on the low transmission rates seen in this 

study, it is likely that these plasmids are under repression by factors which inhibit transfer, 

such as finOP and more not yet understood [112]. The presence of cis-acting elements 

inhibiting plasmid transmission can be assessed using whole genome sequencing, tested in 

Chapter 3.
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Table 2-8: Transmission frequencies of selected antibiotic resistance phenotypes to lab strain JB570 (RifR) by eight E. coli isolates from Ōtākaro/Avon River and tributaries. ‘Target 

phenotype(s)’ refers to the AMR phenotype(s) for which transmission was quantified. Transmission frequency is reported in number of transconjugants per limiting donor after three hours. A2: 

Botanical Gardens site, B2: Paeroa Reserve, B3: Picton Reserve, B5: Riccarton Stream Confluence, C1: Addington Brook. 

Date Location Strain ID Resistances transmitted Target phenotype(s)  Transmission freq. 

Mar-18 B5 L3Cip3 Amp, Ctx, Caz Ctx 1 x 10-5 

Jun-18 B5 CCip28 Amp Amp 1 x 10-6 

Jan-19 A2 BAmp1 Amp, Ctx, Caz, Clu Ctx 1 x 10-6 

Jan-19 B4 2Chl1 Chl, Tet, Tmp, Amp Chl, Tet 1 x 10-6 

Mar-19 B3 1.3Chl Chl, Tet, Tmp, Kan, Amp Tet, Amp 1 x 10-6 

May-19 B3 1Chl1 Chl, Tet, Tmp, Gen, Kan, Amp Chl, Tet 1 x 10-7 

Jul-19 B2 P_Cip1.2 Amp, Tet, Tmp, Ctx, Caz Tet, Tmp, Ctx 1 x 10-7 

Dec-19 C1 DCIP4 Amp, Tet, Tmp, Chl, Kan Tet, Chl 1 x 10-6 
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Conclusions and recommendations 

This study sets forth a picture of a New Zealand urban waterway with high levels of public 

interaction. Water quality in this culturally-significant river was often below safe swimming 

standards. High E. coli are associated with increased risk of contracting waterborne infections 

[113]. At the Boat Rental site visiting tourists may lack local knowledge about water quality 

and fail to take appropriate precautions. Pet dogs frequently swim at the Botanical Gardens 

site where they may act as vectors of bacteria between the river and the home. Downstream, 

rowers can be accidentally immersed in the river. Even if infection does not occur, recreational 

water contact is associated with increased carriage of pathogenic E. coli types [67, 68] which 

may be problematic later in life [114].  

 

The consistency of AMR in Ōtākaro shows that there is fecal contamination in excess of 

dilution across the catchment. The hypothesis that endemic E. coli may be living and 

reproducing in these waterways was tested through spatial tracking and isolation of AMR 

phenotypes from water samples. Although prior studies have shown that naturalised E. coli 

populations may confound water quality monitoring programs [19, 75], these studies did not 

account for AMR. Others have shown that when fecal bacteria resistant to antibiotics are 

present, this is likely to be due to fecal contamination [2, 71].  

 

AMR E. coli were readily isolated at every site studied, especially E. coli resistant to ampicillin. 

E. coli does not naturally possess a β-lactamase capable of hydrolysing ampicillin [115]. The 

frequency of ampicillin resistance in this population demonstrates the extent to which certain 

antimicrobial resistance genes have spread to new species. When AMR is taken into account, 

current water safety guidelines may not encompass the full spectrum of risk to water users. I 

assess this possibility using the data generated in this thesis in Chapter 6. 

 

The high rates of AMR are also concerning for community health. Ciprofloxacin resistant E. 

coli have been associated with blood-stream infections requiring hospitalisation including in 

Aotearoa and nearby countries [27]. The traditional message that high E. coli indicates low 

water quality may no longer capture the risk associated with this river. Likewise, recreational 
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swimming guidelines, such as Aotearoa’s Swimming Categories for E. coli in the Clean Water 

Package, may no longer be sufficient to protect river users. 

 

The source of these ciprofloxacin resistant E. coli was hypothesised to be a leaking sewage 

pipe in the upper area of the catchment. Christchurch was affected by a series of earthquakes 

from September 2010 and not all infrastructure damage was repaired. I was unsuccessful in 

locating the source of ciprofloxacin resistance, but the results show that fecal contamination 

can impact water quality far downstream. 

 

In this study I aimed to evaluate a range of potential sentinels, including how much each 

could inform a community wanting to engage with water quality monitoring. A major finding 

was that ampicillin resistant E. coli concentrations could be used to predict the risk of 

encountering E. coli resistant to ciprofloxacin or chloramphenicol, two biochemically 

unrelated AMR phenotypes with clinical relevance. It may be that a similar antibiotic sentinel, 

if not ampicillin itself, can be identified for any river of interest.  

 

The presence of ciprofloxacin resistant E. coli was a significant predictor of simultaneous 

detection of chloramphenicol resistance. The reverse was also true. However, ciprofloxacin 

and chloramphenicol resistance were not positively correlated in individual bacteria. This 

suggests that point sources of sewage are contributing a heterogenous E. coli population 

containing both ciprofloxacin and chloramphenicol resistant individuals. 

 

Measuring E. coli is still a necessary evil for community groups. However, if organisations like 

LAWA with specialist capability are able to measure AMR alongside total E. coli 

concentrations, this may enable communities to make predictions about AMR in their river 

by routine E. coli measurement. This is dependent on the establishment of a relationship 

between the total E. coli concentration and E. coli resistant to a sentinel antibiotic such as 

ampicillin, as was established here for Ōtākaro. We are currently working to determine 

whether community groups can collect water quality monitoring data to further the data 

generated in this and other studies [10, 35, 36]. 
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AMR phenotyping revealed that MDR E. coli were detected on multiple occasions, and this 

may be indicative of human carriage in the communities living in the Ōtākaro catchment [3, 

38, 39]. Future studies could investigate whether there is a temporal correlation between 

Ōtākaro E. coli and those causing infections in the community. Healthcare practitioners could 

then strategically prescribe or withhold certain antibiotics when congruent resistance has 

recently been detected in the environment. In the following chapter, I assess whether the genes 

underpinning the AMR detected in this study are those also seen in infectious E. coli, and 

whether they are hosted by E. coli associated with disease in humans. 

 

Isolation on any antibiotic is sufficient to improve the detection limit for MDR in Ōtākaro. 

More than one third of E. coli isolated on ampicillin were resistant to at least one other 

antibiotic. When a ciprofloxacin or chloramphenicol resistant E. coli was isolated and tested, 

more than 90% of the time it was MDR. 

 

Intermediate-level resistance phenotypes (i.e., resistance to the second lowest concentration 

tested but not the highest) were the least frequently observed for all antibiotics. This putative 

‘all or nothing phenomenon’ and the frequency of MDR is consistent with many resistance 

phenotypes being acquired with plasmids. Antibiotic resistance genes tend to accumulate on 

plasmids [28, 101] and thus acquisition of a plasmid can confer resistance to multiple 

antibiotics. Some isolates were able to transmit their AMR phenotypes, but many were not. In 

the following chapter, I assess whether AMR was acquired on plasmids, even in the absence 

of in vitro conjugation. 

 

Previously, Ōtākaro was used as a source of mahinga kai by Ngāi Tūāhuriri, and the practice 

of gathering food from Ōtākaro has continued in a limited capacity. For example, tuaki, or 

cockles are gathered at the Avon-Heathcote Estuary. The findings of this chapter led me to 

hypothesise that foods associated with aquatic environments may be acting as vectors of 

AMR. This hypothesis is tested in Chapter 4. 
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Chapter 3 – genome sequencing of Escherichia coli isolated from 
Ōtākaro Avon River and Silverstream Reserve 

Introduction 

Whole genome sequencing (WGS) can be used to track and monitor AMR bacteria in 

healthcare and the environment. By sequencing all or part of the genomes of infectious 

bacteria, clinicians can design treatment regimens to improve healthcare outcomes. WGS can 

also help understand genes underpinning AMR and predict their horizontal spread. 

Increasingly, these approaches are being used to monitor AMR in the environment, including 

in waterways and even aquatic foods. The extent to which WGS has been applied in the 

environment of Aotearoa/New Zealand is limited at present. 

 

This chapter is a bioinformatics investigation of Escherichia coli genomes from strains isolated 

from Ōtākaro/Avon River, two of its tributaries and Silverstream Reserve in Leeston, South 

Canterbury. The isolates from Silverstream Reserve were sequenced previously [1, 2] but not 

analysed, so their analysis is presented here. Further WGS data relating to E. coli isolated from 

mahinga kai will also be presented in Chapter 4.  

 

The outline of Chapter 3 is as follows: an introduction discussing the applications of whole 

genome sequencing for studying AMR, followed by a methodological review. Next, the 

research questions and hypotheses are given. The results and discussion are combined and 

split into four main sections. 1: the antimicrobial resistance (AMR) genes detected in this 

study; 2: statistical correlations between genotypes and between the phenotypes generated in 

the previous chapter and their congruent genotypes; 3: phylogenetic studies of genome 

sequences, including sequence typing and phylogenetic trees; and 4: plasmid annotation and 

mapping, including plasmid maps generated with both long read and short read data.   
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Use of whole genome sequencing to monitor antimicrobial resistance in clinical 
settings 

For around a decade DNA sequencing has informed the treatment of bacterial infections [3]. 

Financial and health benefits gained from WGS surveys outweigh the initial investment cost 

by reducing hospital-acquired infections [4]. For example, sequencing six species of multidrug 

resistant (MDR) bacteria, could save 650 lives per year in Queensland, Australia [4]. 

 

Surveys of extended spectrum beta-lactamase (ESBL) producing Enterobacteriaceae by 

Environmental Science Research (ESR) and others in New Zealand demonstrate the increasing 

frequency of ESBL-positive patients in our healthcare systems [5-7], leading to warnings to 

clinicians to limit the use of antibiotics on pathogens predicted to be resistant [8]. 

Unfortunately, these surveys are too infrequent to reliably inform antibiotic prescribing. 

 

Whole genome sequencing to monitor antimicrobial resistance in the environment 

Urban rivers have the potential to be sentinels of AMR in adjacent communities [9-11]. Urban 

waterways may provide early warnings of increased carriage of AMR bacteria among humans 

and animals in the catchment, before the corresponding infections present at clinics [11]. 

 

Environmental monitoring of AMR through WGS has also been carried out. Studies on urban 

waterways in China, Brazil, the USA and others all found bacteria with AMR genes by using 

WGS [12-14]. In Australia, quantitative PCR and Sanger sequencing was used to measure 

ARG frequency in the Brisbane River [15]. 

 

In New Zealand, there are some examples of WGS and other genotyping methods used to 

study AMR bacteria. Burgess et al. [16] sequenced E. coli from urban surface waters in 

Auckland, finding ESBL genes also known from dairy farms [17]. Their findings demonstrate 

the utility of WGS to monitor ESBL bacteria in urban surface waters. Davis et al. [18] sampled 

three waterways in rural Canterbury, using PCR to detect ESBL genes and genes associated 

with Shiga-toxin producing E. coli. 
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Similarly, river water and substrate-associated biofilms were sampled in the South Island. 

Urban and agricultural pollution were associated with ARG detection [19, 20]. Finally, On et 

al. [21] sequenced two Arcobacter cryaephilus isolates from South Island Greenlip mussels, 

finding genes implicated in putative AMR and virulence genes carried by plasmids. 

 

Although price drops have made WGS of environmental bacteria possible, WGS is still not 

accessible to everyone. Therefore, alternative methods to approximate results generated by 

DNA sequencing are explored in this chapter. 

 

Rationale for sequencing environmental antimicrobial resistance plasmids  

The association of plasmids found in the environment with AMR is well-studied overseas but 

has received comparatively little attention in New Zealand. I will therefore focus on plasmids 

as vectors of antimicrobial resistance genes in genome sequences of environmental E. coli 

isolates. Although some E. coli in Chapter 2 were able to transmit their AMR phenotypes to 

other E. coli, many also were not seen to do so. This begs the question of whether the AMR 

phenotypes of these particular strains are plasmid-borne or chromosomal. Plasmids could still 

be transmitting but at a frequency below experimental detection limits, or they may be co-

mobilised by other plasmids not present in my strains [22, 23]. AMR linkage groups on 

plasmids will be assessed here using WGS. 

 

Often, AMR genes and genes associated with virulence are linked on plasmids [24, 25]. The 

scope of the present research does not extend to testing whether E. coli isolates are capable of 

pathogenicity in vivo. WGS was therefore chosen as the methodology to observe whether 

virulence associated genes and AMR genes are carried by the same plasmid. If a virulence 

gene carried on the same plasmid as an AMR gene for which a corresponding resistance 

phenotype was observed, this would be evidence that the virulence gene could be co-selected 

by antibiotic exposure. Aspects of plasmid biology such as incompatibility group (inc) 

replicon typing can provide evidence for other phenotypes not measured previously, such as 

the ability for multiple plasmids to coexist in a bacterium [23]. 

 



 137 

Whole genome sequencing to infer phylogenetic relatedness in E. coli 

A phylogenetic tree shows lines of descent and evolutionary relationships between biological 

entities. These trees can be constructed using whole or partial genome sequences, which I do 

here. Multilocus sequence typing (MLST) uses the internal nucleotide sequences of 5-7 

housekeeping genes to assign individuals to sequence types [26]. To date, more than 9,000 E. 

coli sequence types have been identified and described, but only a few cause disease in 

humans. Sequence types associated with bloodstream and urinary tract infections are ST131, 

ST95 and ST1193 [6, 27, 28]. Notably, ST131 and ST1193 are often ciprofloxacin resistant [6, 29, 

30]. 

 

Phylogenetic trees are useful because they allow for visual comparisons between many strains 

or species. This, combined with annotation of AMR genes and virulence-associated genes will 

be used to compare E. coli isolated in this study to those which cause disease in humans. 

 

E. coli as a sentinel species for antibiotic resistance genes  

The use of E. coli as a sentinel of clinically relevant AMR genes in urban waterways is 

supported [9, 10, 31]. A metagenomic study found that just six genera, including Escherichia, 

were the dominant hosts of human associated AMR genes in an urban river in Korea [10]. The 

increase in AMR gene frequency before and after urbanisation of the river was driven by an 

increase in AMR gene copies hosted by the same six genera. While environmental bacteria 

hosted AMR genes, they were not those found in clinical isolates and their concentration was 

not affected by urban land use [10]. In South Africa, E. coli from sewage-impacted water were 

sentinels of AMR genes. AMR genes detected in wastewater E. coli corresponded with those 

from nearby hospitals [9, 31]. 

 

Using E. coli as a sentinel species for AMR genes makes sense in a New Zealand context.  

E. coli concentrations are already monitored in food gathering and recreational waters. E.g., 

[32, 33]. Furthermore, there are surveys of AMR bacteria, including E. coli, which monitor 

AMR genotypes in clinical settings [5, 34]. I therefore tested hypotheses regarding the use of 

AMR E. coli to monitor AMR genes in Ōtākaro, an urban river used for recreation and mahinga 

kai.  
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Aims and hypotheses 

Clinically-relevant antibiotic resistance genotypes and their statistical associations 

A number of AMR and MDR phenotypes were observed in the previous chapter. Many of the 

genotypes underpinning these phenotypes have been observed in New Zealand clinical 

settings. However, there is limited research on medically-relevant AMR genes in the 

environment, which I aim to help rectify. I hypothesise that WGS of AMR and MDR E. coli 

described in the previous chapter will reveal congruent genotypes previously seen in 

pathogens isolated from clinical settings. This will be tested using whole genome annotation. 

 

In the preceding chapter, a significant positive correlation was observed between 

ciprofloxacin resistant E. coli and ESBL-producing E. coli, despite the fact that these 

phenotypes do not share a common biochemistry. Here, I use Pearson Correlation to test 

whether there is a significant association between genotypes underpinning ciprofloxacin and 

ESBL resistance. The hypothesis is that like their respective phenotypes, ESBL genes and 

genotypes associated with ciprofloxacin resistance are positively correlated in this dataset. 

 

Antibiotics are often dispensed as combination therapy. Examples are trimethoprim 

sulfamethoxazole, a combination of trimethoprim and a sulfonamide and a macrolide with a 

beta-lactam, such as clarithromycin and Augmentin [8, 35, 36]. I hypothesise that AMR genes 

conferring resistance to antibiotics used in combination will be significantly positively 

associated in these data. Further, resistance to ciprofloxacin and chloramphenicol was 

positively associated with MDR in the data reported in the previous chapter. I therefore 

hypothesise that ciprofloxacin and chloramphenicol resistance genotypes will be 

positively associated with multiple other AMR genotypes. 

 

Predicting antimicrobial resistance genotypes using data from phenotyping 

Although the cost of WGS has decreased, it is still prohibitively expensive for volunteer 

groups and local government monitoring programs. One of the aims of this chapter is to 

compare the agreement between genotyping and phenotyping, with the hypothesis being that 
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phenotyping could substitute for genotyping when studying environmental urban river 

isolates of a model surrogate organism such as E. coli. This hypothesis would be supported 

if the data show a significant association between phenotype and genotype congruence. This 

will be tested using linear regression and Kappa correlation analysis.  

 

Evolutionary relationships between Ōtākaro E. coli isolates to infer pathogenicity 

Certain E. coli sequence types are associated with disease in humans [6, 30, 37], while others 

are associated with environmental reservoirs and animals [38, 39]. I hypothesise that AMR 

E. coli from Ōtākaro are of diverse sequence types associated with disease in humans. This 

will be tested using MLST. 

 

In the previous chapter, I tested the hypothesis that E. coli resistant to ciprofloxacin or 

chloramphenicol isolated from the Riccarton Stream were from naturalised E. coli 

populations. Such populations can confound water quality monitoring. If E. coli isolated on 

different dates are not closely related, they are probably not from a naturalised population. I 

hypothesise that E. coli isolated at different sampling events will not be closely related or 

clonal. I will test this hypothesis through construction of a phylogenetic tree. 

 

Plasmids as mediators of antimicrobial resistance in E. coli from Ōtākaro 

In the previous chapter, many strains were not observed to transmit AMR by conjugation. 

However, plasmids reportedly make the major contribution to AMR in E. coli [40]. I 

hypothesise that plasmids with AMR genes will be present in both genome sequences of 

E. coli regardless of conjugative phenotype. I will test this hypothesis using long read 

sequencing to resolve plasmid contigs. 

 

Co-carriage of antimicrobial resistance genes and virulence-associated genes 
on plasmids 

Using phenotyping assays to test for virulence traits of E. coli isolated from Ōtākaro was 

outside the scope of the present research. However, prior research found an association 

between AMR and virulence-associated genes in E. coli and other bacteria. This was especially 
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prevalent on plasmids, which often host genes for AMR and virulence. I therefore 

hypothesise that resistance and virulence genes will be linked on plasmids. I will test this 

hypothesis using long read sequencing to resolve and map plasmid contigs. 

 

Leveraging short-read sequencing data for plasmid resolution 

While long read sequencing is regarded as the best method for sequencing plasmids, short 

read sequencing is cheaper. In a previous study [1, 2], a number of E. coli were isolated from 

Ōtākaro and Silverstream Reserve. The genomes of 50 of these E. coli were sequenced using 

short read sequencing. Some were able to transmit their resistance phenotypes by conjugation. 

I therefore aimed to develop a method for generating plasmid maps from these short read 

sequences. I hypothesise that by using genome annotation and alignment tools, plasmids 

can be resolved from the rest of the WGS and visualized as maps. This has the potential to 

inform the spatial relationships of AMR genes and associated genes without using long read 

sequencing.  
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Methodological review  

Selecting strains for sequencing 

A total of 72 E. coli isolates were sequenced. These included 50 from a previous study [1, 2] 

that were chosen for sequencing at random. Illumina Hi-Seq paired-end sequencing at 

Environmental Science Research, New Zealand was used to generate whole genome 

sequences. 29 of these strains were from Ōtākaro, just downstream of the Riccarton Stream 

confluence or the Addington Stream. The remaining 21 were isolated from Silverstream 

Reserve. Although they were from a different river, retained these sequences because people 

live nearby the site where they were isolated [2]. Unfortunately, a number of strains from my 

colleague’s prior work were lost from the strain collection. Phenotyping data could not be 

generated for these strains. I have retained these sequences for analyses where phenotyping 

was not required (e.g., sequence typing, but not genotype-phenotype comparisons). 

 

A further 23 strains were isolated in the previous chapter and selected for sequencing based 

on phenotype. MDR strains and those that could transmit their resistance phenotypes via 

conjugation were prioritized. Sampling information and phenotypes for all sequenced strains 

are in Supplementary Tables 3-1 – 3-3. 

 

Choice of sequencing platforms 

I used Illumina Mi-Seq and Oxford Nanopore MinION for sequencing. Illumina Mi-Seq has 

high accuracy and high read-depth [41]. Illumina data are short read, 300 base pairs (bp) or 

less. Short fragments are a challenge to assemble into a continuous map, creating challenges 

for determining genome architecture; for example, whether AMR genes are located on the 

chromosome or on plasmids. To overcome this, I used short and long read sequencing. 

 

MinION was used for long read sequencing. Importantly, DNA is not fragmented during 

library preparation, so long reads are possible. For example, plasmids can be sequenced in 

just one or two reads, leading to plasmids assembled as singular contigs [42, 43]. In the case 

of an E. coli with one or two plasmids, the assembly usually comprises 2-3 contigs, retaining 

information about the locations of genes [42, 43]. 
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A weakness of Oxford Nanopore MinION sequencing is its error rate, estimated to be around 

10%. For alleles that differ by as little as one base pair, MinION data is insufficient to 

confidently identify allelic variants. For example, differences in the ability of ESBL enzymes 

to hydrolyse penicillin derivatives can be determined by just one amino acid substitution [44]. 

Thus, I combined Illumina and MinION sequencing. I was able to annotate AMR gene alleles 

with accuracy, while demonstrating that they are either plasmid borne or chromosomal. 

 

Although successful, this approach is costly. Therefore, genomes of 22 strains from the 

previous chapter were sequenced using both Illumina and Oxford Nanopore sequencing, 

while the remainder were sequenced by Illumina sequencing alone. As I did not have access 

to an Illumina Mi-Seq machine, all Illumina sequencing and DNA extraction was done off site. 

 

DNA extraction, MinION sequencing and base calling 

DNA libraries for Oxford Nanopore sequencing are prepared to limit shearing of DNA. I used 

the Promega Wizard® Genomic DNA Purification Kit, with modifications to the protocol 

provided by colleagues. Following extraction, libraries were barcoded and run on the flow 

cell following manufacturer’s instructions. Oxford Nanopore provides the base-calling 

software, Guppy, which was used for all sequencing runs in the present research. 

 

Assembly 

All assemblies were performed de novo, common practice for sequencing bacteria [45]. For 

combining short and long read data, I used Unicycler [43]. When tested against other hybrid 

assembly pipelines, Unicycler out performed other available software [41]. Illumina genomes 

were assembled using Shovill (github.com/tseemann/shovill), a derivative of SPAdes (St. 

Petersburg Genome Assembler) [46]. 

 

Genome Annotation 

Whole genome annotation was performed using RAST (Rapid Annotations Using Subsystem 

Technology) [47]. RAST is an automated server for annotating genomes. It uses a curated set 

of gene annotations which are projected onto the query genome sequence. Genes associated 

https://worldwide.promega.com/resources/protocols/technical-manuals/0/wizard-genomic-dna-purification-kit-protocol/
https://github.com/tseemann/shovill
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with stress tolerance and virulence were annotated using NCBI Pathogen Finder 

(https://www.ncbi.nlm.nih.gov/pathogens). 

 

Antimicrobial resistance gene annotation 

Although RAST can annotate the majority of AMR genes, its approach provides limited 

information on alleles. It was important that genes with many alleles such as blaCTX-M be given 

distinct annotations. Therefore, AMR genes were also annotated using ResFinder [48]. 

ResFinder uses the BLAST (Basic Local Alignment Search Tool) algorithm to annotate AMR 

genes in whole genomes sequences. 

 

PointFinder was used to annotate point mutations associated with AMR [49]. In addition, 

ResFinder also provides in silico predictions of antimicrobial resistance phenotypes [50]. This 

feature is used here to compare phenotype to genotype.  

 

Association between genotypes 

Pearson correlation was used to measure the strength of correlations between pairs of 

resistance genes as described in Chapter 2 [51]. Here, the correlation value relates to how 

likely it was that two genes co-occurred in the same genome sequence. Positive correlations 

indicate that a pair of genes frequently co-existed in the same genome. The matrix of Pearson 

correlations was visualized using ggcorrplot and ggplot2 [52, 53]. 

 

Association between genotype and phenotype 

Linear regression 

For each isolate for which both WGS and phenotyping data was available, I counted the 

number of antibiotics for which the strain had an MIC greater than or equal to the CLSI 

‘intermediate’ concentration. I then counted the number of genotypes for each strain that were 

known to confer resistance to one of the antibiotics I tested. For example, a strain with two 

antibiotic resistance genes, tetA and floR, would be recorded as having two ‘genotypes’. If that 

same strain was phenotypically resistant to tetracycline and chloramphenicol, but no other 

antibiotics, it would be recorded as having two ‘phenotypes’. Thus, each of the 55 whole 

https://www.ncbi.nlm.nih.gov/pathogens
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genome sequenced-strains (for which both phenotype and genotype were available) was 

associated with two discreet counts, one for ‘genotype’ and one for ‘phenotype’. Similar 

analyses were performed by others [54-56]. 

 

Ciprofloxacin resistance is usually due to point mutations, usually in parC and/or gryA [57]. I 

included these as genotypes in this analysis using PointFinder [49]. When a strain had more 

than one point mutation associated with ciprofloxacin resistance, as was often the case 

(Supplementary Table 3-2), I counted multiple mutations as one AMR genotype, because it 

has been shown that multiple mutations are needed to achieve ciprofloxacin MICs above 1 μg 

ml-1 [58]. Many strains had genes that conferred resistance to antibiotics I did not test. These 

were not counted. 

 

I used linear regression to model the number of genotypes for each strain against the number 

of phenotypes [51], with number of phenotypes as the predictor variable and genotypes as 

the response variable. The appropriateness of the model was checked using residual plots. 

 

Confusion matrices 

I then built confusion matrices and used these to compute kappa correlations to measure the 

association between genotype and phenotype for each antibiotic individually [59]. My 

confusion matrices displayed categorical counts: true positive, true negative, false positive 

and false negative. In this analysis, true positives or true negatives are where the phenotype 

and genotype (or lack thereof) are in agreement, and vice versa. I combined the 3rd generation 

cephalosporins, cefotaxime and ceftazidime, because the genes required for third generation 

cephalosporin resistance are usually the same [60]. 

 

Phylogenetics and sequence typing 

E. coli sequence types were distinguished using MLST [61]. To visualise the evolutionary 

distance between isolates I used SpeciesTree (https://github.com/huqiwen0313/speciesTree) 

[62]. SpeciesTree uses housekeeping genes to build a multiple sequence alignment between 

user genomes and genomes in the NCBI database. The multiple sequence alignment is used 

to construct the tree using the FastTree algorithm [62]. 

https://github.com/huqiwen0313/speciesTree
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Plasmid incompatibility group annotation 

In addition to using ResFinder and RAST to annotate genes on plasmids, I used PlasmidFinder 

to label plasmid incompatibility groups [63]. PlasmidFinder uses a BLAST-like algorithm to 

compare query sequences with the pMLST database of plasmid-diagnostic genes from 

previously-described plasmid sequences (https://pubmlst.org) [63]. 

 

Plasmid annotation and mapping of long read sequences 

Data produced using the MinION required very little processing to produce plasmid maps, 

as the plasmid(s), if present, was generally the second largest contig and so on. To visualise 

the relationships between contigs, I used Bandage (a Bioinformatics Application for 

Navigating De novo Assembly Graphs Easily) [64]. Bandage shows where there are 

connections or overlap between assembly contigs. A ‘good’ assembly graph shows one or 

more distinct contigs that lack connections with the largest chromosomal contig. 

 

I used RAST to annotate the contigs predicted to be plasmids [47]. I also used ResFinder [48] 

to provide specific allele information for any antibiotic resistance genes present in the plasmid 

contigs, and PlasmidFinder to annotate inc group diagnostic genes [63]. I used SnapGene for 

plasmid maps (https://www.snapgene.com). 

 

Plasmid annotation and mapping of short read sequences 

Short read sequences provide a challenge to assembly software and as a result, plasmids are 

usually not assembled as independent contigs. To overcome this, I used an approach of 

assembly, alignment and annotation to resolve plasmids from the short-read genome 

sequences. To order the contigs in the plasmid sequence, I performed whole genome 

alignments using Mauve Contig Mover [65]. I aligned assembled short-read genomes with 

either one of my own long-read assemblies or a suitable assembly downloaded from NCBI. I 

paired genomes that had the same inc group annotated by PlasmidFinder [63]. 

 

I aided the genome alignment with annotation by RFPlasmid to predict whether contigs were 

plasmid-based or chromosomal [66]. RFPlasmid uses a BLAST-like algorithm to identify 

https://pubmlst.org/
https://www.snapgene.com/
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chromosomal or plasmid-diagnostic genes on contigs. I chose only contigs that were predicted 

by RFPlasmid to be plasmid-based with at least 60% certainty. These contigs I combined into 

a single FASTA file using the order predicted by Mauve. As with the long-read plasmid 

contigs, I lastly used RAST, ResFinder and PlasmidFinder to annotate these FASTA files, and 

SnapGene to visualise them as plasmid maps.  
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Results and Discussion 

The antimicrobial resistance genes detected in this study  

72 WGS of E. coli isolated from Ōtākaro and Silverstream Reserve were produced. Sequencing 

metrics are presented in Supplementary Tables 7-9. Forty-three unique AMR genes or alleles 

were annotated across the genomes (Tables 3-1 – 3-5). The most common gene annotation was 

for tetracycline efflux (Figure 3-1). Of these, tetA and tetB were annotated (Table 3-5). The next 

most common annotation was sul, with sul1, sul2 and sul3 detected (Table 3-3). Many genes 

were comparatively rare. These were not included in Figure 3-1. For example, aac(6')-Ib-cr, 

which confers resistance to ciprofloxacin and gentamicin [67]. 

 

I hypothesised that among the 72 isolates, the AMR genotypes would be similar to those 

previously seen in E. coli from clinical settings. This hypothesis is supported by the data. The 

AMR gene profile of these strains was similar to those found in E. coli from hospitals [6, 68], 

indicating that they may be of human origin. Others also found that E. coli was also a sentinel 

of human-associated AMR genes, especially downstream of a major city [10]. On the following 

pages I show the resistance genes annotated in these genome sequences, organised by 

antibiotic class. For a full list of sequenced strains and their genotypes, including AMR genes, 

please see Supplementary Tables 3-1 – 3-3. 
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Antibiotic resistance gene count across 72 E. coli genomes
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Figure 3-1: bar chart showing occurrences of AMR genes across 72 whole genome sequences of E. coli isolated from Ōtākaro. Some genes with a low number of detections 

were not included in this figure.  
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Analysis of extended spectrum β-lactamase genes reveals high diversity 

Genome sequences were obtained for fifteen phenotypic ESBL-producing strains. All were 

resistant to cefotaxime at ≥8 μg ml-1 and ceftazidime at ≥8 μg ml-1 (Supplementary Tables 3-1 – 

3-3). All but one was susceptible to inhibition by clavulanic acid. Of these fifteen ESBL strains, 

the majority had blaCTX-M. The alleles blaCTX-M-15, blaCTX-M-27, blaCTX-M-55 and blaCTX-M-64 were detected 

(Table 3-1). The strain that was not inhibited by clavulanic acid encoded blaCMY-2 and blaOXA-1, a 

finding echoed in previous studies [69]. Strains that were resistant to ampicillin but not the third 

generation cephalosporins typically encoded blaTEM-1B, but blaTEM-IC, blaSHV-12 and blaCARB-2 were also 

detected (Table 3-1). 

 

Many strains had both blaCTX-M and blaTEM genes (Supplementary Tables 3-1 – 3-3), which appears 

redundant, but may be advantageous because of differences in the susceptibility of β-lactamases 

to clavulanic acid [60]. Augmentin, a combination of amoxicillin and clavulanic acid, is one of the 

most used antibiotics in New Zealand [70]. Other beta-lactams such as flucloxacillin, cefotaxime 

and ceftazidime are also used frequently [70, 71]. Although CTX-M enzymes can hydrolyse 

amoxicillin and ampicillin, many are inhibited by clavulanic acid. A bacterium possessing only 

blaCTX-M would be susceptible to Augmentin [60]. Having both blaCTX-M and blaTEM therefore 

increases resistance diversity within a strain. The finding that blaCTX-M and blaTEM genes often 

coexist suggests different antibiotic exposures over time. The wide spectrum of penicillin 

therapeutics available may provide selection pressure for bacteria to retain several different β-

lactamase genes. 

 

There was some overlap in the β-lactamase genes detected in previous studies of New Zealand 

dairy cattle and urban rivers in Auckland, and those reported here. blaTEM -1B, blaTEM-1C, blaCTX-M-15 

and blaCMY-2 have been reported previously [16, 17]. Missing among my isolates was blaCTX-M-14, 

previously detected in Auckland urban streams [16]. 
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β-lactamase genes which, to my knowledge, have not been reported from the New Zealand 

environment are reported here for the first time (Table 3-1). Unreported blaTEM alleles found here 

were blaTEM-33, blaTEM-206. and blaTEM-209. Of the CTX-M alleles, blaCTX-M-27, blaCTX-M-55 and blaCTX-M-64  are 

also new detections. I also found blaCARB-2 and blaSHV-12, a first for the New Zealand environment. 

All of these genes have previously been found in New Zealand clinical E. coli isolates [5, 6, 34, 72, 

73], supporting the earlier hypothesis that ESBL genotypes would be clinically significant genes 

associated with hospital and community infections. 

 

Notably, 4 incidences of blaOXA-1 were sequenced (Table 3-1). This gene confers resistance to 

carbapenem antibiotics at a low level, unless over expressed [74, 75]. As well as being the first 

time carbapenemase genes have been detected in the New Zealand environment, this finding was 

concerning because carbapenems are used as last resort antibiotics. Indeed, carbapenem resistant 

E. coli have rarely been found in aquatic environments [76, 77]. However, four E. coli isolates with 

blaOXA-1  were recovered from Ōtākaro in the present study, indicating that carbapenemase genes 

may be more widespread in the community than first assumed. I did not test for phenotypic 

resistance to carbapenems. This could be done in future studies.  
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Table 3-1: List of β -lactamase genes and alleles detected in this study. 

Gene name, allele number Predicted Resistance profile CluS Reference CARD accession No. of detections 

blaTEM-1B ampicillin poor Bush & Jacoby (2010) ARO:3000873  18 

blaTEM-1C ampicillin poor Bauernfeind et al (1996) ARO:3000873  2 

blaTEM-33 ampicillin, carbapenems, monobactams no Bush & Jacoby (2010) ARO:3000903  1 

blaTEM-206 ampicillin, carbapenems, monobactams no Bush & Jacoby (2010) ARO:3001383  1 

blaTEM-209 ampicillin, carbapenems, monobactams no Bush & Jacoby (2010) ARO:3001386  1 

blaCTX-M-15 cefotaxime, ceftazidime, ampicillin yes Bush & Jacoby (2010) ARO:3001878  4 

blaCTX-M-27 cefotaxime, ceftazidime, ampicillin yes Bonnet et al (2003) ARO:3001889  7 

blaCTX-M-55 cefotaxime, ceftazidime, ampicillin yes Kiratisin et al (2007) ARO:3001917  3 

blaCTX-M-64 cefotaxime, ceftazidime, ampicillin yes Nagano et al (2009) ARO:3001925  2 

blaOXA-1 carbapenems, oxacillin no Tsang et al. (2021) ARO:3001396  4 

blaSHV-12 
ampicillin, 1st and 2nd 

generation cephalosporins 
yes Bush & Jacoby (2010) ARO:3001071  1 

blaCARB-2 ampicillin yes Bush & Jacoby (2010) ARO:3002241  2 

blaCMY-2 ampicillin, 1st generation cephalosporins no Bush & Jacoby (2010) ARO:3002013  4 

Table footnote: Resistance profile: which antibiotics or antibiotic classes the gene confers resistance to. CluS: clavulanic acid susceptibility.  CARD: Comprehensive Antimicrobial Resistance Database.

https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/37253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC163087/?tool=pmcentrez&report=abstract
https://card.mcmaster.ca/ontology/37253
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/37283
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/37783
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/37786
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/38278
https://pubmed.ncbi.nlm.nih.gov/12775683/
https://card.mcmaster.ca/ontology/38289
https://pubmed.ncbi.nlm.nih.gov/17449211/
https://card.mcmaster.ca/ontology/38317
https://pubmed.ncbi.nlm.nih.gov/18955524/
https://card.mcmaster.ca/ontology/38325
https://www.microbiologyresearch.org/content/journal/mgen/10.1099/mgen.0.000500
https://card.mcmaster.ca/ontology/37796
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/37451
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/38641
https://dx.doi.org/10.1128%2FAAC.01009-09
https://card.mcmaster.ca/ontology/38413
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High diversity of aminoglycoside resistance genes 

Eight classes of aminoglycoside resistance genes were detected. Among these, there were 14 

unique alleles (Table 3-2), many of them reported from the New Zealand environment for the 

first time. A large number of isolates were predicted to be streptomycin resistant, but phenotypes 

were not tested. The diversity of aminoglycoside resistance mechanisms in these strains mirrors 

previous findings in clinical [5, 6] and urban river E. coli isolates [78]. Aminoglycoside resistance 

genes have been detected intermittently in the New Zealand environment by others [16, 20, 79].  

 

Similarly to the β-lactamase genes, many strains had more than one aminoglycoside resistance 

gene (Supplementary Tables 3-1 – 3-3). This may be reflective of the high numbers of 

aminoglycoside antibiotics used in clinical settings [70].
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Table 3-2: Genes conferring resistance to aminoglycoside antibiotics detected in this study.  

Genes detected Gene product Resistance Profile Reference 
CARD 

Accession 

No. 

Detections 

aadA1, aadA2, aadA5, 

ant(3'')-Ia 

aminoglycoside 3'' 

nucleotidyl-transferase 
streptomycin Shaw et al (1993) ARO:3002602  15 

aph(3')-Ia 
aminoglycoside 3' 

phosphotransferase 

kanamycin, 

gentamicin 
Shaw et al (1993) ARO:3000126  3 

aph(3'')-Ib (synonym: strA) 
streptomycin 3'' 

phosphotransferase 
streptomycin Shaw et al (1993) ARO:3000127  24 

aph(4)-Ia 
hygromycin  

phosphotransferase 
hygromycin Stogios et al (2011) ARO:3000155  1 

aph(6)-Id 
streptomycin  

phosphotransferase 
streptomycin Shaw et al (1993) ARO:3000151  24 

aac(3)-Ila, aac(3)-IVa,  

aac(3)-Ic, aac(3)-Ild 

aminoglycoside 3' 

acetyltransferase 

gentamicin, 

kanamycin 
Shaw et al (1993) ARO:3000322  9 

aac(6')-Ib-cr* 
aminoglycoside 6' 

acetyltransferase 

gentamicin, 

ciprofloxacin  
Kim et al (2011) ARO:3000345  1 

rmtB 
16S rRNA  

methyltransferase 
hygromycin Zarubica et al (2011) ARO:3004271  1 

Table 3-2: Table footnote: Resistance profile: which antibiotics the gene confers resistance to. CARD: Comprehensive Antimicrobial Resistance Database.  

*This allele confers intermediate fluoroquinolone resistance simultaneously [67]. 

https://journals.asm.org/doi/pdf/10.1128/mr.57.1.138-163.1993
https://card.mcmaster.ca/ontology/39002
https://journals.asm.org/doi/pdf/10.1128/mr.57.1.138-163.1993
https://card.mcmaster.ca/ontology/36265
https://journals.asm.org/doi/pdf/10.1128/mr.57.1.138-163.1993
https://card.mcmaster.ca/ontology/36266
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3234902/?tool=pmcentrez&report=abstract
https://card.mcmaster.ca/ontology/36294
https://journals.asm.org/doi/pdf/10.1128/mr.57.1.138-163.1993
https://card.mcmaster.ca/ontology/36290
https://journals.asm.org/doi/pdf/10.1128/mr.57.1.138-163.1993
https://card.mcmaster.ca/ontology/36461
https://pubmed.ncbi.nlm.nih.gov/21524352/
https://card.mcmaster.ca/ontology/36484
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3022283/
https://card.mcmaster.ca/ontology/41435


 154 

Ciprofloxacin resistance has been achieved through multiple point mutations 

E. coli with resistance to fluoroquinolones greater than the clinical concentration usually have 

several point mutations in genes that are the targets of fluoroquinolones – parC, parE and gryA 

[57, 58]. This was true for the majority of E. coli sequenced here (Table 3-3). There were 27 

incidences of SNPs in gryA [49]. SNPs in parC were detected 26 times, and SNPs in parE were 

detected 16 times. Most strains isolated on ciprofloxacin had 2-3 SNPs across parC, parE and gryA 

(Supplementary Tables 3- 1 – 3-3). This was unsurprising given that the concentration of 

ciprofloxacin used was 1 µg ml-1, a concentration high enough to be known to select for E. coli 

with several point mutations [49, 57]. SNPs associated with ciprofloxacin resistance were the same 

as those seen among E. coli isolated from bloodstream infections in New Zealand [6] and 

pathogenic sequence types [30]. 

 

Despite the bias towards ciprofloxacin resistance from point mutations, acquired resistance genes 

predicted to confer sub-clinical ciprofloxacin resistance were also detected (Table 3-3). These were 

qnrS1 and aac(6')-Ib-cr, the latter of which also confers gentamicin resistance [67]. Transfer of 

aac(6')-Ib-cr to E. coli with three or four chromosomal mutations was shown to increase its 

ciprofloxacin MIC by 4-8 times [80]. However, this gene was detected only once, indicating that 

it may not be widespread amongst E. coli in Ōtākaro. This finding contrasted with studies of 

clinical isolates, where aac(6')-Ib-cr was common [80].
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Table 3-3: List of fluoroquinolone resistance mechanisms detected in this study. Cip: ciprofloxacin. 

Gene 
Mutations or 

variants(s) detected 
Mechanism Resistance Profile Reference(s) CARD Accession 

No. 

detections 

gyrA 
gyrA p.S83L,  

gyrA p.D87N 

Point mutations in 

gyrase A decrease the 

affinity of Cip for its 

target 

ciprofloxacin,  

nalidixic acid 

Pataki et al (2020), van der 

Putten at al (2018) 

ARO:3003294 27 

parC 
parC p.S80I,  

parC p.E84V 

Point mutations in 

DNA 

topoisomerase IV 

decrease the affinity of 

Cip for for its target 

ciprofloxacin,  

nalidixic acid 

Pataki et al (2020), van der 

Putten at al (2018) 

ARO:3003308 26 

parE 
p.I355T, p.I529L,  

p.L416F, p.S458A 

Point mutations in 

DNA topoisomerase IV 

decrease the affinity of 

Cip for its target 

ciprofloxacin,  

nalidixic acid 

Pataki et al (2020), van der 

Putten at al (2018) 

ARO:3003316 16 

qnr qnrS1 

Mimics DNA through 

pentapeptide repeats 

to protect the DNA 

Sub-clinical 

fluoroquinolone 

resistance 

Hata et al (2005) ARO:3000419 2 

aac(6') aac(6')-Ib-cr* 
Antibiotic modification 

through acetylation 

Sub-clinical 

fluoroquinolone 

resistance 

Kim et al (2011) ARO:3005113 1 

Table 3-3: footnote: Resistance profile: which antibiotics the gene confers resistance to. CARD: Comprehensive Antimicrobial Resistance Database.  

*This allele confers gentamicin resistance simultaneously [67].

https://doi.org/10.1093/jac/dky417
https://doi.org/10.1093/jac/dky417
https://card.mcmaster.ca/ontology/39878
https://doi.org/10.1093/jac/dky417
https://doi.org/10.1093/jac/dky417
https://card.mcmaster.ca/ontology/39892
https://doi.org/10.1093/jac/dky417
https://doi.org/10.1093/jac/dky417
https://card.mcmaster.ca/ontology/39900
https://go.exlibris.link/CTKZ1wfL
https://card.mcmaster.ca/ontology/36558
https://pubmed.ncbi.nlm.nih.gov/21524352/
https://card.mcmaster.ca/ontology/43328
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Phenotypic resistance to tetracycline, chloramphenicol is associated with 
clinically relevant genotypes 

Other resistance genes annotated in this study are in Table 3-4. The genes detected for tetracycline 

resistance were tetA and tetB. Efflux is the most common mechanism of tetracycline resistance in 

E. coli [81, 82], and has been detected in clinical and environmental settings in New Zealand [5, 6, 

16, 19, 83]. Similarly, one trimethoprim resistance gene was annotated. dfrA encodes a 

trimethoprim-insensitive homolog of dihydrofolate reductase and was annotated 19 times. Seven 

alleles of dfrA were detected in this study (Table 3-4). To my knowledge, none have been reported 

from the New Zealand environment before, but they are known from clinical and veterinary 

settings [5, 84]. 

 

Three genes associated with chloramphenicol resistance were detected (Table 3-4). floR and cmlA 

are efflux pumps, and catA codes for chloramphenicol acetyl transferase [81, 85]. All three genes 

have been reported from clinical settings in New Zealand [6], but not from the environment. 

 

Genes conferring resistance to antibiotics for which phenotypic resistance was not assessed were 

detected (Table 3-4). Three genes for sulfonamide insensitive dihydropteroate synthase were 

detected – sul1, sul2 and sul3. The abundance of sul may be due to linkage with int1 (class 1 

integrons), which are associated with mobile plasmids in Enterobacteria [86, 87]. Previous 

research detected sul in Auckland streams [16], and in disease-causing E. coli [6, 84]. Future 

studies should assess sulfonamide susceptibility of E. coli from Ōtākaro. 

 

Two genes associated with macrolide resistance were detected – mphA and ermB, as well as one 

gene associated with fosfomycin resistance, fosA. ermB has been detected in New Zealand rivers 

previously [19, 20]. To my knowledge, mphA and fosA have not been detected in the New Zealand 

environment. 
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Table 3-4: Other antibiotic resistance mechanisms detected in this study. MFS: major facilitator superfamily.  Resistance profile: which antibiotics the gene confers resistance to. 

CARD: Comprehensive Antimicrobial Resistance Database. 

Genes detected Product Resistance profile Reference 
CARD 

Accession 

No. 

detections 

tetA, tetB 
MFS antibiotic  

efflux pump 
tetracycline Poole (2005) ARO:3002693  37 

dfrA1, dfrA5, dfrA7, 

dfrA12,  

dfrA14, dfrA16, dfrA17 

trimethoprim insensitive  

dihydrofolate reductase 
trimethoprim 

Ambrose et al 

(2021) 

ARO:3001218  19 

floR florphenicol exporter chloramphenicol Poole (2005) ARO:3003963  9 

cmlA1 
MFS antibiotic  

efflux pump 
chloramphenicol Poole (2005) ARO:3002693  3 

catA1, catB4 
chloramphenicol  

acetyltransferase 
chloramphenicol 

Schwarz et al 

(2004) 

ARO:3000122  6 

sul1, sul2, sul3 
sulphonamide insensitive  

dihyropteroate synthase 
sulfonamides 

Antunes et al 

(2005) 

ARO:3004238  32 

mph(A) 
macrolide  

phosphotransferase 
erythromycin 

Chesneau et al 

(2007) 

ARO:3000333  16 

ermB 

erythromycin 23S  

ribosomal RNA 

methyltransferase 

erythromycin Min et al (2008) ARO:3000560  5 

fosA3 
fosfomycin thiol 

transferase 
fosfomycin Ito et al (2017)  ARO:3000133  1 

https://doi-org.ezproxy.canterbury.ac.nz/10.1093/jac/dki171
https://card.mcmaster.ca/ontology/39127
https://academic.oup.com/jac/article-abstract/76/11/2748/6310424?redirectedFrom=fulltext
https://academic.oup.com/jac/article-abstract/76/11/2748/6310424?redirectedFrom=fulltext
https://card.mcmaster.ca/ontology/37617
https://doi-org.ezproxy.canterbury.ac.nz/10.1093/jac/dki171
https://card.mcmaster.ca/ontology/40734
https://doi-org.ezproxy.canterbury.ac.nz/10.1093/jac/dki171
https://card.mcmaster.ca/ontology/39127
https://academic.oup.com/femsre/article/28/5/519/776258
https://academic.oup.com/femsre/article/28/5/519/776258
https://card.mcmaster.ca/ontology/36261
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC547296/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC547296/
https://card.mcmaster.ca/ontology/41402
https://pubmed.ncbi.nlm.nih.gov/17302923/
https://pubmed.ncbi.nlm.nih.gov/17302923/
https://card.mcmaster.ca/ontology/36472
https://pubmed.ncbi.nlm.nih.gov/18299414/#:~:text=We%20also%20show%20that%20erythromycin,and%20processing%20of%20the%20mRNA.&text=This%20suggests%20that%20erythromycin%20does,leader%20reaches%20the%20aminoacyl%20site.
https://card.mcmaster.ca/ontology/36699
https://academic.oup.com/jac/article/73/2/373/4587622
https://card.mcmaster.ca/ontology/36272
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Associations between antibiotic resistance genes 

Statistically significant associations were found between some antibiotic resistance genes (Figure 

3-8). As with the phenotypic associations tested in Chapter 2, there were no significant negative 

associations. The highest correlations seen were for mutations in DNA gyrase or DNA 

topoisomerase IV associated with fluoroquinolone resistance [49], with a Pearson correlation of 

0.91 (P <0.0001; Tables 3-5 & 3-6). The selection of ciprofloxacin resistant E. coli was biased towards 

isolates with multiple DNA gyrase and DNA topoisomerase IV mutations. 

 

I hypothesised that ESBL genes and genotypes associated with ciprofloxacin resistance would be 

significantly positively correlated in this dataset, and this was true. Mutations in gyrA, and parC 

and/or parE were significantly associated with ESBL genotypes (Figure 3-8; Tables 3-5 & 3-6). A 

similar association was seen in clinical E. coli isolates from Oceania [6]. 

 

I hypothesised that AMR genes conferring resistance to antibiotics used in combination therapy 

would be significantly positively associated in these data. A common combination therapy is 

sulfamethoxazole (a sulfonamide) and trimethoprim [88, 89]. Here, the results show a significant 

positive correlation between the sul and dfrA genes predicted to confer resistance to 

sulfamethoxazole and trimethoprim, respectively [48]. The Pearson correlation for these 

genotypes was 0.57 (P <0.0001; Tables 3-5 & 3-6). Indeed, sul was positively correlated with every 

other resistance genotype included in this analysis except catA (Figure 3-8). 

 

In Chapter 2, resistance to ciprofloxacin and chloramphenicol was associated with MDR. 

Ciprofloxacin resistance especially was positively correlated with resistance to all other 

antibiotics tested except chloramphenicol. Given the phenotypic associations, I hypothesised that 

ciprofloxacin and chloramphenicol resistance genotypes would be positively associated with 

other genotypes in the genome sequences. For ciprofloxacin, statistically significant associations 

were detected between both the DNA gyrase and DNA topoisomerase IV mutations and ESBL, 

sul, tet, and mphA. Significant associations were also seen between DNA gyrase and DNA 

topoisomerase IV mutations and the aminoglycoside resistance genes aac3, aph3 and aph6. 
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In contrast, the chloramphenicol modification gene (catA) had no significant associations with 

any other genotypes, while the chloramphenicol efflux genotypes (cmlA or floR) were 

significantly correlated with sul and no other genotypes. This was surprising given that more 

than 90% of E. coli isolated on chloramphenicol in Chapter 2 were resistant to at least one other 

antibiotic. Although chloramphenicol was a good sentinel for detecting MDR E. coli from 

Ōtākaro, its utility as a sentinel of AMR genes in this population may be limited. 

 

Another surprising finding was that chloramphenicol modification genotypes were weakly 

negatively correlated with chloramphenicol efflux genotypes. I.e., few strains possessed both 

resistance mechanisms. Previous research found low co-occurrence rates of genes for 

chloramphenicol efflux and modification in E. coli isolated from pig farms. The same study also 

found that there was no additive effect of having both resistance mechanisms [56], perhaps 

indicating that there is a fitness cost in having both resistance mechanisms. 
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Heatmap of statistically significant correlations between 14 genetic antibiotic resistance determinants 

 

Figure 3-2: Statistically significant correlations (P <0.05) between 14 antibiotic resistance genes. ESBL: extended spectrum beta-lactamase gene, one or more of blaCTX-M, blaCMY or blaOXA; 

aph3: aminoglycoside phosphotransferase; aph6: aminoglycoside phosphotransferase; aac3: aminoglycoside acetyl transferase; aadA: adenyl transferase; dfrA: trimethoprim insensitive dihydrofolate 

reductase; mphA: macrolide 2’-phosphotransferase; tet: tetracycline efflux pump; sul: sulfonamide insensitive dihydropteroate synthase; Chl_efflux: floR or cmlA; Chl_modifying: catA; blaTEM: beta-

lactamase hydrolyzing ampicillin; DNA_gyrase: mutation(s) in gyrA; DNA_topoisomerase: mutation(s) in parC or parE. 
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Table 3-5: Pearson correlations between 14 antibiotic resistance genes used to create Figure 8. 

 blaTEM ESBL Chl efflux Chl mod. sul tet mphA dfrA aadA aac3 aph3 aph6 DNA gyrase DNA_topo. 

blaTEM 1.00 0.11 0.24 0.23 0.41 0.31 0.39 0.64 0.38 0.37 0.55 0.46 0.31 0.29 

ESBL 0.11 1.00 0.11 0.18 0.51 0.42 0.53 0.10 0.19 0.33 0.24 0.29 0.52 0.44 

Chl_efflux 0.24 0.11 1.00 -0.14 0.37 0.31 -0.13 0.20 0.12 0.21 0.24 0.23 0.17 0.08 

Chl_modifying 0.23 0.18 -0.14 1.00 0.31 0.26 0.12 0.27 0.29 0.13 -0.05 -0.06 -0.01 0.07 

sul 0.41 0.51 0.37 0.31 1.00 0.59 0.42 0.57 0.45 0.34 0.65 0.67 0.38 0.35 

tet 0.31 0.42 0.31 0.26 0.59 1.00 0.28 0.36 0.31 0.28 0.49 0.51 0.60 0.57 

mphA 0.39 0.53 -0.13 0.12 0.42 0.28 1.00 0.39 0.42 0.28 0.39 0.37 0.56 0.54 

dfrA 0.64 0.10 0.20 0.27 0.57 0.36 0.39 1.00 0.52 0.42 0.51 0.48 0.20 0.25 

aadA 0.38 0.19 0.12 0.29 0.45 0.31 0.42 0.52 1.00 0.37 0.22 0.28 0.14 0.13 

aac3 0.37 0.33 0.21 0.13 0.34 0.28 0.28 0.42 0.37 1.00 0.19 0.18 0.39 0.37 

aph3 0.55 0.24 0.24 -0.05 0.65 0.49 0.39 0.51 0.22 0.19 1.00 0.91 0.43 0.41 

aph6 0.46 0.29 0.23 -0.06 0.67 0.51 0.37 0.48 0.28 0.18 0.91 1.00 0.40 0.38 

DNA_gyrase 0.31 0.52 0.17 -0.01 0.38 0.60 0.56 0.20 0.14 0.39 0.43 0.40 1.00 0.91 

DNA_topoisome-rase 0.29 0.44 0.08 0.07 0.35 0.57 0.54 0.25 0.13 0.37 0.41 0.38 0.91 1.00 
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Table 3-6: P-values for Pearson correlations between 14 antibiotic resistance genes used to determine which correlations should be included in Figure 8. 

 blaTEM ESBL Chl_efflux Chl_modifying sul tet mphA dfrA aadA aac3 aph3 aph6 DNA_gyrase DNA_topo 

blaTEM 0.000 1.000 1.000 1.000 0.025 0.348 0.042 0.000 0.063 0.068 0.000 0.003 0.348 0.543 

ESBL 0.370 0.000 1.000 1.000 0.000 0.017 0.000 1.000 1.000 0.220 1.000 0.563 0.000 0.008 

Chl_efflux 0.041 0.359 0.000 1.000 0.072 0.344 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Chl_modifying 0.050 0.141 0.234 0.000 0.355 0.941 1.000 0.634 0.480 1.000 1.000 1.000 1.000 1.000 

sul 0.000 0.000 0.001 0.009 0.000 0.000 0.014 0.000 0.005 0.169 0.000 0.000 0.063 0.128 

tet 0.008 0.000 0.008 0.030 0.000 0.000 0.582 0.106 0.335 0.563 0.001 0.000 0.000 0.000 

mphA 0.001 0.000 0.281 0.333 0.000 0.018 0.000 0.047 0.016 0.563 0.042 0.070 0.000 0.000 

dfrA 0.000 0.403 0.093 0.020 0.000 0.002 0.001 0.000 0.000 0.015 0.000 0.001 1.000 1.000 

aadA 0.001 0.105 0.297 0.012 0.000 0.008 0.000 0.000 0.000 0.072 1.000 0.573 1.000 1.000 

aac3 0.001 0.005 0.073 0.263 0.004 0.016 0.016 0.000 0.001 0.000 1.000 1.000 0.044 0.063 

aph3 0.000 0.042 0.041 0.660 0.000 0.000 0.001 0.000 0.063 0.107 0.000 0.000 0.011 0.023 

aph6 0.000 0.015 0.055 0.602 0.000 0.000 0.001 0.000 0.017 0.134 0.000 0.000 0.027 0.055 

DNA_gyrase 0.008 0.000 0.144 0.933 0.001 0.000 0.000 0.084 0.227 0.001 0.000 0.000 0.000 0.000 

DNA_topoisomerase 0.014 0.000 0.506 0.559 0.003 0.000 0.000 0.035 0.277 0.001 0.000 0.001 0.000 0.000 
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Predicting antibiotic resistance genotypes using phenotype 

I tested whether phenotyping could substitute for genotyping when studying urban river E. coli 

isolates (Figure 3-9). I found a strong correlation between the number of genotypes and 

phenotypes for each strain (R2= 0.83, P <0.0001). The more antibiotics to which a strain was 

resistant, the more AMR genes in its genome. However, some outlying strains such as had more 

resistance genotypes than phenotypes. Others had fewer genotypes than phenotypes. 

 

To understand which antibiotics were affecting R2, I tested the correlation between genotype and 

phenotype using kappa correlation [59, 90] (Table 3-7). The antibiotics ampicillin, tetracycline, 

chloramphenicol and ciprofloxacin showed close to perfect agreement between their predicted 

and actual phenotypes. The kappa scores for tetracycline, chloramphenicol and ciprofloxacin 

were 0.81 or higher, indicating substantial agreement. The third generation cephalosporins 

(cefotaxime and ceftazidime) and trimethoprim also showed substantial agreement (Table 3-7). 

These seven antibiotics may be good predictors of congruent resistance genotypes in 

environmental E. coli isolates, a finding reported previously [54, 55], but the level of agreement 

for the third generation cephalosporins was lower than seen previously [74, 91]. 

 

The aminoglycosides (gentamicin and kanamycin) had the lowest correlation between genotype 

and phenotype, with kappa scores of 0.35 and 0.31, respectively (Table 3-7). These data might 

result in false positives when predicting phenotype from genotype for aminoglycosides, but the 

p values associated with these correlations were not significant. This was in contrast to previous 

studies which did not find discrepancy between aminoglycoside phenotypes and genotypes [54, 

55]. 

 

Overall, there was 89.3% agreement between genotypes and phenotypes for the antibiotics I 

tested (Table 3-7). In most cases, a strain was either resistant to an antibiotic and had a 

corresponding AMR gene annotated in its genome, or it was phenotypically susceptible and also 

lacked a corresponding AMR gene. When monitoring AMR in Ōtākaro, phenotypic resistance in 

an E. coli isolate is a probable detection of a clinically-relevant AMR genotype.
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Number of phenotypes vs number of genotypes for 63 whole genome sequences of E. coli 

 

Figure 3-3: scatterplot showing the linear relationship between number of antibiotic resistance phenotypes and genotypes for 55 whole genome sequenced E. coli. Outliers are labelled. 

Points were plotted with offset to minimise over-plotting. 
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Table 3-7: Kappa correlations based on confusion matrices of phenotypic and genotypic AMR detection for E. coli isolated from Ōtākaro/Avon River and Silver Stream, Leeston. ESBL: resistance to 

cefotaxime and/or ceftazidime; Phe+: phenotype resistant (MIC greater than CLSI breakpoint concentration); Phe-: phenotype susceptible; Gen+ congruent AMR determinant annotated; Gen-: 

congruent AMR determinant not annotated. P: P-value; In agreement: phenotype and congruent genotype (or lack thereof) were in agreement; Not in agreement: number of instances where a strain’s 

phenotype and genotype did not match for that antibiotic. 

Antibiotic Phe+/Gen+ Phe-/Gen- Phe+/Gen- Phe-/Gen+ Kappa P 

Ampicillin 30 22 2 2 0.8542 3.16E-09 

ESBL 14 36 3 3 0.7466 0.000475 

Tetracycline 31 20 4 1 0.8148 2.54E-08 

Chloramphenicol 13 40 1 2 0.8605 4.14E-05 

Trimethoprim 15 36 3 2 0.7923 0.00012 

Gentamicin 11 37 6 2 0.3546 0.9764 

Kanamycin 4 40 1 11 0.3072 0.228522 

Ciprofloxacin 24 27 1 4 0.8214 5.85E-11 

Overall 142 258 21 27 0.6935 1.51E-01 

 In agreement: 

400 

Not in agreement: 

48 
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Assessing strain relatedness using sequence typing and phylogenetic analysis  

The results of sequence typing and phylogenetic analysis of 72 strains are presented in Figure 3-

10. 40 sequence types were identified in the MLST. Seven strains (highlighted in yellow) could 

not be assigned a sequence type (Figure 3-4). They may represent novel sequence types. 

 

Strains clustered in the phylogenetic analysis mostly according to sequence type. For example, 

there was a cluster of ST131 isolates (highlighted in green), a group of ST95 isolates (highlighted 

in orange) and a cluster of ST1193 isolates (highlighted in purple). The high diversity of sequence 

types is consistent with the diversity of E. coli found in urban waterways and wastewater [9, 92]. 

I hypothesised that AMR E. coli from Ōtākaro would be of sequence types associated with disease 

in humans. Nine strains were ST131 (highlighted in green) which is associated with bloodstream 

infections in New Zealand [6]. ST131 also has high frequencies of ciprofloxacin and ESBL 

resistance [30]. Six ST1193 strains (purple, Figure 3-4) were detected. ST1193 is closely related to 

ST131 and is often ciprofloxacin resistant [29]. 

 

All but two (86.6%) of the ST131 and ST1193 strains were isolated on ciprofloxacin, demonstrating 

its use as a selection tool for monitoring some pathogenic sequence types in Ōtākaro. It may be 

that the associations between ciprofloxacin and ESBL resistance in my data are mainly due to 

prior selection of ST131 and ST1193 on ciprofloxacin. Further sequencing of ciprofloxacin 

resistant isolates would give me the ability to use a statistical test of this hypothesis. 

 

Not all ESBL strains were closely related. For example, L3Cip3_MAR2018, CMB31_CHL31 and 

CChl2_MAY2019 all carried blaCTX-M-55, but were of different sequence types (Figure 3-4; 

Supplementary Tables 3-1 & 3-3) but were different sequence types. Mbanga et al. [9] also found 

sequenced isolates clustered according to sequence type, rather than by AMR genotype. 

 

I hypothesised that E. coli isolated at different sampling events from the Riccarton Stream would 

not be closely related or clonal. This was true of some sequence types but not others. Phylogenetic 

analysis suggested that seven out of nine ST131 isolates were genetically identical (green, Figure 



 167 

3-4). These sequence types were consistently isolated from the Riccarton Stream, and no other 

sites, over the course of three years (Supplementary Tables 3-1 & 3-3). They were either present 

in the waterway over an extended time period or their point source created a long-term exposure 

risk. However, whole genome annotation showed that not all ST131 strains share the same AMR 

genes, suggesting that they are not genetically identical. In the following section I investigate 

whether this is due to diversity in their horizontal gene pool. 
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Analysis of plasmid contigs generated using long read sequencing  

One or more circular plasmid contigs were resolved in 18 out of 23 strains (Table 3-7). A selection 

of plasmid maps depicting these circular contigs is shown in Figures 3- 11 – 3-17. Additional maps 

are in Supplementary Figures 3-1 – 3-17. Plasmids varied in size from 44kb to 177kb. The median 

size was 115kb and the average was 118kb. 

 

Of 153 incidences of AMR genes annotated by ResFinder across 23 genomes, 116 (76%) were 

located on circular plasmids, highlighting the potential contribution of HGT to the spread of 

AMR. Of the 24 plasmids, all but five had at least one antibiotic resistance gene (Table 3-7). One 

plasmid hosted by strain 1Chl1_MAY2019 had 14 AMR genes. Seven of these genes were 

confirmed to confer resistance to chloramphenicol, tetracycline, trimethoprim, gentamicin, 

kanamycin and ampicillin (Supplementary Table 3-3). The remaining were predicted to confer 

resistance to streptomycin, sulfonamide and carbapenem [48, 60], but this was not tested. 

 

Plasmids for which phenotypic AMR transmission could not be demonstrated still appeared to 

have all the genes required for transmission (e.g., Figure 3-12). For example, the incF plasmids 

had the tra (transfer) genes for F-pilus synthesis and trb genes, suggesting that they should be 

self-transferable [93]. However, these plasmids also encoded finO, which decreases plasmid 

transmission by up to 1000-fold [94]. This could be one reason for the low transmission 

frequencies seen in this study compared to other studies [79, 95]. 

 

17 (72%) plasmids were incF, similar to the results of previous studies on E. coli plasmids [23, 68]. 

Of these, four encoded multiple origins of replication (Table 3-7). Such plasmids may co-exist in 

a cell line with other plasmids from the same incompatibility group [23]. The outcome of this was 

seen in strain L3Cip3_MAR2018, where two incF plasmids co-existed (Table 3-7; Figures 3-13 and 

3-15). Having two incF plasmids allowed L3Cip3_MAR2018 to extend the number of antibiotics 

it resisted, because both plasmids carried different AMR genes. 
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Despite being isolated at the same sampling event, three ciprofloxacin resistant strains, 

L3Cip1_MAR2018, L3Cip2_MAR2018 and L3Cip3_MAR2018 hosted different incF plasmids 

(Figures 3-11, Figure 3-12, Figure 3-13 & Figure 3-15), indicating that their population of origin 

was heterogenous not only in E. coli but in its horizontal gene pool, too.  

 

Four plasmids were annotated as incI (e.g., Figure 3-15) and three were incX (e.g., Figure 3-16). 

The incI plasmids sequenced here were associated with ESBL gene carriage, a finding which was 

also seen in previous studies [69, 96]. Strain BAmp1_JAN2019 hosts an incI plasmid with blaCMY-2  

(Figure 3-17) encoding a clavulanic acid-insensitive β-lactamase [60]. blaCMY genes are often 

found on incI plasmids [69]. 

 

Genotypic linkage is seen between AMR genes and genes associated with virulence. Genes for 

iron scavenging were nearby AMR genes in several cases (e.g., Figure 3-11 & Figure 3-13). 

Siderophores and aerobactins increase bacterial survival during infection because they make a 

limiting nutrient more available [37, 97]. These genes may also enhance biofilm formation and 

increase tolerance to oxidative stress [98]. For a full list of virulence associated genes detected, see 

Supplementary Tables 3-4 – 3-6. 

 

Genes associated with stress tolerance or nutrient exploitation were also located on these 

plasmids. L3Cip1_MAR2018 has an incF plasmid with the scsCD and chrA genes, which increase 

tolerance to copper and chromate, respectively [99, 100]. Such genes may enhance the survival of 

AMR bacteria in the environment because they confer resistance to heavy metals found in 

waterways including Ōtākaro [101]. For a full list of stress tolerance genes detected, see 

Supplementary Tables 3-4 – 3-6. 



 171 

Table 3-8: incompatibility groups, antimicrobial resistance genes, length and conjugative phenotypes of plasmids detected using long read sequencing of E. coli isolates. Continued on following page. 

Inc: incompatibility, kb: kilo-bases, Conjugative phenotype: whether transmission of AMR phenotype could be detected under laboratory conditions, and if so, at what frequency. Frequency is 

transconjugants per limiting donor. ND: transmission of antibiotic resistance phenotype not detected, Not tested: conjugative transmission not tested in this study due to lack of AMR genes or 

presence of AMR gene for an antibiotic which was not used in the present study (e.g., macrolide resistance). 

Strain ID inc group AMR Genes Length (kb) Conjugative phenotype 

L3Cip1_MAR2018 incFII(29) 

aac(3)-IId, aadA5, aph(3'')-Ib,  

aph(6)-Id, blaTEM-1B, dfrA17,  

mph(A), sul1, sul2, tet(A) 

145857 ND 

L3Cip2_MAR2018 incFIA aac(3)-IId, blaTEM-1B 166100 ND 

L3Cip3_MAR2018 
incFIA, 

incFIB(AP001918) 

aph(3'')-Ib, aph(6)-Id,  

blaTEM-1B, dfrA14, sul2, tet(A) 
177038 ND 

L3Cip3_MAR2018 incI1 blaCTX-M-55 88924 1 x 10-5 

L3Cip3_MAR2018 incFII(pHN7A8) 

aac(3)-IVa, aph(4)-Ia,  

blaCTX-M-55, blaTEM-1B,  

blaTEM-206, floR, rmtB 

83974 ND 

L3Cip3_MAR2018 incX4 erm(B) 44671 Not tested 

L4Cip1_MAR2018 incFIA 

aac(3)-IId, aadA5, aph(3'')-Ib,  

aph(6)-Id, blaTEM-1B, dfrA17,  

mph(A), sul1, sul2, tet(A) 

106122 ND 

DTBX1_JUN2018 
incFIA, 

incFIB(AP001918) 
catA1, tet(B) 95385 ND 

DChl3_JUN2018 incFIB(K) 
aadA1, aadA2, blaCARB-2,  

cmlA1, dfrA16, sul3 
138892 ND 

CCip28_JUN2018 incFIA None 103854 Not tested 

CCip28_JUN2018 incFII blaTEM-33, erm(B), mph(A) 83219 1 x 10-6 

DCip1_NOV2018 incFIB(AP001918) blaTEM-1B 104598 ND 
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Table 8 continued: 

Strain ID inc group AMR Genes Length (kb) Conjugative phenotype, freq. 

BAmp1_JAN2019 incI1 blaCMY-2 89912 1 x 10-6 

2Chl1_JAN2019 incFII(29) 
aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

 catA1, dfrA17, sul2, tet(B) 
140697 1 x 10-6 

B_Cip1_JAN2019 incFIB(AP001918) None 125469 Not tested 

PicCip1_JAN2019 incFIA blaTEM-1B, erm(B), mph(A) 87164 ND 

PicCip2_JAN2019 incFIA blaTEM-1B, erm(B), mph(A) 87164 ND 

1.2Cip1_MAR2019 incFIB(AP001918) None 136131 Not tested 

1.3Chl_MAR2019 incI1 None 86742 Not tested 

1.3Chl3_MAR2019 incX 
aph(3')-Ia, blaTEM-1B, dfrA14, 

 floR, qnrS1, tet(A) 
50461 1 x 10-6 

ACip1_MAY2019 
incFIA, 

incFIB(AP001918) 

aac(3)-IId, aadA5, aph(3'')-Ib, 

aph(3')-Ia, aph(6)-Id, blaSHV-12,  

blaTEM-1B, dfrA17, mph(A), 

 sul1, sul2, tet(B) 

114071 ND 

1Chl1_MAY2019 incX 

aac(3)-IId, aadA1, aadA2,  

aph(3')-Ia, aph(6)-Id, blaCARB-2,  

blaTEM-1B, cmlA1, dfrA16, floR,  

strA, sul2, sul3, tet(B) 

151337 1 x 10-7 

1Chl1_MAY2019 incI None 102033 Not tested 

FCip1_JUN2019 
incFIA, incFIB(AP001918),  

incFII(pRSB107) 

aadA5, aph(3'')-Ib, aph(6)-Id, 

blaCTX-M-27, dfrA17, mph(A),  

sul1, sul2, tet(A) 

117182 ND 
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Figure 3-5: 145kb incompatibility group F plasmid resolved from whole genome sequence of 

L3Cip1_MAR2018. 

Figure 3-6: 166kb incompatibility group F plasmid resolved from whole genome sequence of L3Cip2_MAR2018. 
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Figure 3-7: 177kb incompatibility group F plasmid resolved from the whole genome sequence of 

L3Cip3_MAR2018. The largest of four plasmids hosted by this strain. 

Figure 3-8: 88kb incompatibility group I plasmid resolved from the whole genome sequence of L3Cip3_MAR2018. The 

second largest of four plasmids hosted by this strain. This plasmid is conjugative under laboratory conditions with a 

transmission frequency of 10-5 transconjugants per limiting donor. 
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Figure 3-9: 83kb incompatibility group F plasmid resolved from the whole genome sequence of 

L3Cip3_MAR2018. The third largest of four plasmids hosted by this strain. 

Figure 3-10: 44kb incompatibility group X plasmid resolved from the whole genome sequence of 

L3Cip3_MAR2018. The second largest of four plasmids hosted by this strain. 
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Figure 3-11: 89kb incompatibility group I plasmid resolved from the whole genome sequence of BAmp1_JAN2019. This plasmid is conjugative under 

laboratory conditions with a transmission frequency of 10-6 transconjugants per limiting donor. 
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Building plasmid maps using only short-read sequencing data 

Assemblies produced by short read sequencing generally do not include circularized plasmid 

contigs, making it difficult to tell which genes are located on the chromosome and which are 

plasmid-borne [66]. I inherited 50 short-read genome sequences of E. coli isolated from Ōtākaro 

and Silverstream [1, 2]. I tried assembly of plasmid contigs using bioinformatic software such as 

PlasmidSpades, which can derive plasmid maps during whole genome assembly [102]. However, 

the results were unsatisfactory because contigs predicted to be plasmids were often missing genes 

indispensable for plasmid transmission, even in strains for which transmission was demonstrated 

in the laboratory (e.g., CMB28_CIP28). Others also reported unsatisfactory results when using 

such software [103]. I therefore took a different approach. 

 

I used whole genome alignment and annotation to map plasmid-based contigs from short-read 

genome sequences. This was done to test the hypothesis that plasmids hosted by strains for which 

only short read sequencing data was available could be visualised as plasmid maps and was in 

keeping with efforts made elsewhere in this thesis to test methods that could reduce costs 

associated with water quality monitoring. 

 

I was able to resolve circular plasmids from several short read genomes (Figures 3-18 – 3-20). 

Additional maps are in Supplementary Figures 3-18 – 3-22. Similar to those produced using long-

read sequencing, genetic linkage of AMR genes and virulence genes was apparent in some 

plasmids, especially for iron-acquiition genes (e.g., Figures 3-18 & 3-19). 

 

CMB31_CHL31 had both an incF and a incX plasmid (Figures 3-13 and 3-14). Both were predicted 

to encode virulence genes and the 128kb incF plasmid  also had two ESBL genes (blaTEM-209 and 

blaCTX-M-55) and other AMR genes (Figure 3-19). The incX plasmid did not encode AMR genes 

(Figure 3-14), but its type IV secretion system has been associated with enhanced biofilm 

formation [104]. 
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Overall, these plasmids were similar to those produced using long read sequencing. Most had at 

least some of the genes needed for transmission, and an origin of replication, such as repFIB. 

However, in the incF plasmids (e.g., Figure 3-12), many of the genes for transmission were 

missing, including traM and traJ [105]. Although these genes appeared to be absent, strain 

CMB28_CIP32 was able to transmit ESBL resistance. I probably lost genetic information while 

curating the plasmid maps. Ideally, long read sequencing would be used for all isolates, but here 

this was not financially viable.
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 Figure 12:  Figure 3-12: approximately 116kb incompatibility group F plasmid resolved from the genome sequence of CMB28_CIP32. This plasmid is 

conjugative under laboratory conditions with a transmission frequency of 10-6 transconjugants per limiting donor. 
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Figure 3-13: approximately 128kb incompatibility group F plasmid resolved from the genome 

sequence of CMB31_CHL31. The larger of two plasmids hosted by this strain. 

Figure 3-14: approximately 35kb incompatibility group X plasmid resolved from the genome sequence of 

CMB31_CHL31. The smaller of two plasmids hosted by this strain. The vir operon in incX plasmids relates to both 

plasmid transmission and secretion of virulence factors. 
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Conclusions and future directions 

In this chapter I presented genotypic data of 72 E. coli isolated from Ōtākaro and Silverstream. 

AMR phenotypes were determined by a diverse range of genes, including ESBL genes. These 

AMR genes are associated with E. coli causative of infections in humans. This is the first report 

for many of these genes in the New Zealand environment. My findings support the use of urban 

rivers as sentinels of AMR genes in New Zealand. 

 

The diverse AMR genes detected here may be indicative of widespread carriage among humans 

living in the Ōtākaro catchment [9]. Future studies should test this hypothesis by drawing spatial 

and temporal comparisons between E. coli from Ōtākaro and those being isolated from infected 

patients. This could aid clinicians by providing warnings about what types of AMR pathogens 

may be circulating in the community so they can prescribe antibiotics accordingly.  

 

I studied the correlation between pairs of AMR genes. As expected, some biochemically-related 

resistance genotypes were highly correlated. Other genotypes such as chloramphenicol efflux and 

chloramphenicol acetylation were not correlated, perhaps due to a fitness redundancy [56]. The 

sul gene was positively correlated with every AMR gene measured except catA. Future studies 

should consider using sulfonamide as a sentinel of MDR E. coli in Ōtākaro and perhaps other 

urban rivers. 

 

A major aim was to determine whether phenotyping could substitute for genotyping in the study 

of AMR. My results from Ōtākaro showed that AMR phenotypes were predictive of AMR 

genotypes. Expensive sequencing protocols and equipment may not be necessary for 

communities to extract the information that they need to monitor their own rivers. 

 

Sequence typing and phylogenetics were used to assess strain relatedness. Isolates clustered 

mostly according to sequence type. However, some of the sequence types identified have been 

associated with carriage of specific AMR genes, especially those from clinical settings [6, 28, 30].  
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Many of the E. coli sequenced here are known human pathogen types, particularly ST131 and 

ST1193 [6, 30, 77, 106]. Their repeated detection coupled with the fact that they were often MDR 

is concerning from a human health perspective. Those interacting with Ōtākaro could be at risk 

of exposure to E. coli that are pathogenic and with limited therapeutic options.  

 

Strains predicted to be clonal hosted plasmids which were not identical. Pathogenic sequence 

types may be exposed to a diverse horizontal gene pool which allows them to respond to 

antibiotics and other biocidal chemicals. Although many of the plasmids were not observed to 

transmit under laboratory conditions, their genotypes confirmed a potential for conjugation. This 

indicates that they may transmit under conditions not met in the previous chapter. 

 

I used genome annotation, alignment and manual curation to map plasmids from assembled 

short read genomes. Although some information was lost during this process, the presence of 

AMR and virulence genes on plasmids was demonstrated. This method is useful for when budget 

constraints prevent long read sequencing. 

 

The presence of E. coli of pathogenic sequence types harbouring AMR genes in this urban 

environment reinforces the earlier recommendation that any sewage leaks in the Riccarton 

Stream should be fixed. These strains are likely to be from human fecal contamination [10], 

indicating that other pathogenic bacteria and viruses may be present. This is a risk to all river 

users, but particularly those who swim or consume food harvested from contaminated 

waterways. In the following chapter I therefore assess the potential for aquatic mahinga kai to act 

as vectors of AMR E. coli like the ones sequenced here.
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Chapter 4 – Escherichia coli and antibiotic resistance in mahinga kai 
from Waitaha Canterbury 

Introduction  

The following is a survey of AMR in mahinga kai. Escherichia coli and AMR E. coli are 

measured in wātakirihi (watercress; Nasturtium officinale) and tuaki (little-neck cockle; 

Austrovenus stuchburyii) and the sites where these species grow. Because mahinga kai refers 

to the whole resource chain [1], both the foods themselves and the sites where they grow are 

considered mahinga kai in this study. E. coli were isolated from wātakirihi, tuaki and water 

samples every three months for at least one year. Study sites were chosen by Ngāi Tūāhuriri 

rūnaka (tribal council). 

 

E. coli isolates were tested for antimicrobial resistance and conjugative mobility of resistance 

genes. Whole genome sequences were determined for fifteen isolates and used to identify 

AMR and virulence genes and plasmids to assess the potential for pathogenicity. 

 

I include in this chapter a description of preliminary data on carriage of AMR E. coli by karoro 

(black-backed gull; Laurus dominicus) and the presence of these bacteria on eggs used as kai. 

 

Wātakirihi (watercress)  

E. coli and antimicrobial resistance in wātakirihi 

Wātakirihi is a nutritious freshwater crop used by Māori and others in Aotearoa. Wātakirihi 

is often boiled, but is also eaten raw as a salad green. Traditional dishes which use wātakirihi 

include “boil-up”, salads and toroi (Figure 3-1), a mix of raw shellfish and blanched wātakirihi 

which is often fermented [2, 3]. Wātakirihi grows in slow, shallow streams with good 

streambed sedimentation [4]. Rural streams, which are often polluted with fecal bacteria [5-

7], provide an ideal habitat. 
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Figure 4-1: three traditional ways of consuming watercress from the ‘Māori Cookbook’ (1970). 

 

Two previous New Zealand studies found that stream-grown wātakirihi was contaminated 

with fecal bacteria, including E. coli and Campylobacter spp. [8, 9]. They found that E. coli 

content of watercress from streams in the Wellington and Waikato regions was above safe 

levels for raw consumption. In addition, household washing methods were ineffective at 

removing E. coli. The level of AMR among these E. coli was not measured, so any additional 

risk posed by AMR is unknown. 

 

Googoolee et al. [10] reported on the microbiological quality of watercress in Mauritius, 

finding significant numbers of E. coli and Listeria monocytogenes across many sites. 

Additionally, household washing protocols, with the exception of a vinegar wash, did not 

significantly reduce microbial loads. Although there are no laboratory studies of the 

mechanisms of E. coli attachment or invasion of wātakirihi leaves, bacteria have been observed 

to colonise stream-grown wātakirihi leaves [11]. Furthermore, the underwater portions of 

aquatic plants always had higher bacterial counts than the above-water portions [11].  

 

Outbreaks of pathogenic E. coli related to leafy green vegetables are increasing worldwide 

[12]. E. coli infections were attributed to watercress in the UK [13] and 200 people were 

hospitalised as a result. The source of the outbreaks was irrigation water contaminated by 
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cattle faeces [13]. Also in the UK, lettuce was the cause of an outbreak of MDR Salmonella 

enterica [14]. A plasmid was found to be the carrier of MDR in this strain. This study highlights 

the contribution of horizontal gene transfer to the severity of food poisoning and 

demonstrates that vegetables can act as vectors of AMR [14]. A study of AMR on wātakirihi 

is needed.  

 

Wātakirihi sampling sites 

Wātakirihi was sampled from four sites in North Canterbury near Woodend and Rangiora 

(Figure 3-2). The Smarts Road site (Figures 3-2 & 3-3) was located near Woodend. It is a small, 

unnamed stream parallel to Smarts Road. The stream is slow moving and heavily sedimented. 

Occasionally it was almost dry. The surrounding land was cattle pasture. Wātakirihi grows 

abundantly in this stream, and was easily accessed from the stream bank or with waders. 

Residents of Tuahiwi harvest wātakirihi from this site, although it is not their preferred 

location (Irai Weepu, personal communication). The Smarts Road site coordinates 

are -43.291641, 172.635169. To my knowledge, water quality at this site has never been 

assessed. 

 

The Gressons Road site was located near Smarts Road (Figure 3-3). It is an unnamed stream 

running parallel to Gressons Road. It was always free flowing and free of sediment. The 

surrounding land was cattle pasture. Residents of Tuahiwi did not routinely harvest from this 

site. The Gressons Road site coordinates are -43.296519, 172.653532. A nearby waterway, 

Taranaki Creek, has a history of high E. coli counts [15]. 

 

The Ruataniwha site was located next to the Bramleys Road bridge. Ruataniwha (also known 

as Cam River) is a tributary of the Kaiapoi River (Figure 3-3). The nearby land use was pasture 

and residential. Ruataniwha is of great cultural importance to Ngāi Tahu, particularly Ngāi 

Tūāhuriri [1]. For Tuahiwi residents, this is their preferred location for harvesting wātakirihi 

(Irai Weepu, personal communication). Ruataniwha has a history of high E. coli counts [16]. 

The Ruataniwha site coordinates are -43.343414, 172.637050.  

 

https://goo.gl/maps/htRL2BruVd1EDDCi6
https://goo.gl/maps/U3BCaoJiPDCJqrSP9
https://goo.gl/maps/SRZ9Qv3KT1Aqku8NA
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Koura Reserve is located on the outskirts of Rangiora (Figures 3-2 & 3-3). It is a spring-fed 

pond surrounded by housing. The pond drains into a small stream, eventually joining 

Ruataniwha. Wātakirihi grew copiously here, and was deliberately planted to give whanau 

convenient access to mahinga kai (Irai Weepu, personal communication). The Koura Reserve 

site coordinates are -43.309237, 172.608051. This site was added later. This is why it was 

sampled on only three occasions.  

 

 

Figure 4-2: Koura Reserve (left) and Smarts Road (right). Wātakirihi can be seen growing copiously at both sites. 

 

A fifth sampling site was located on the Kaiapoi River (Figure 3-3). The Kaiapoi River is a 

tributary of Waimakariri River. This location was chosen for development as a new 

purpose-built wātakirihi site. Therefore, I added it to my sampling plan. E. coli and AMR E. 

coli were monitored in water samples for one year to establish baseline data for those with an 

interest in the site, such as Environment Canterbury and Ngāi Tūāhuriri. As of May 2022 

however, wātakirihi had not yet been planted at this site. Therefore, only water samples were 

taken. The coordinates for the Kaiapoi River site are -43.390937, 172.626418.

https://goo.gl/maps/ypdrM37X4TkeHJB89
https://goo.gl/maps/QDZu9nHZoZP6EcSBA
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Figure 4-3: map of the wātakirihi and tuaki sampling sites. Wātakirihi sites are labelled in green. Tuaki sampling sites are labelled in brown. 

Named rivers are labelled in blue. Manmade landmarks (i.e., towns and highways) are labelled in black. Waterways are denoted by solid black 

lines. State highway 1 is marked with a black dotted line. 
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Tuaki (cockles) 

E. coli and antimicrobial resistance in shellfish 

Shellfish are filter feeders so they concentrate bacteria from the water in which they live inside 

their bodies [17]. Research from China, Canada, and Morocco found high levels of fecal 

bacteria, pathogenic microorganisms and viruses in shellfish harvested for food [18-20]. Major 

risk factors for fecal bacteria in shellfish and disease outbreaks were improperly managed 

sewage and animal agriculture in the receiving catchment [21, 22]. 

 

Shellfish from Norway, Italy and Korea were found to accumulate bacteria with genes 

diagnostic of MDR and pathogenicity [23-26]. More than a third of E. coli isolates from an 

Italian shellfish bed were resistant to at least one antibiotic, with a MDR rate of more than 10% 

[23]. Researchers found MDR E. coli isolates in marine bivalves from diverse locations on the 

Norwegian coastline. E. coli resistant to nine or more antibiotics were found to harbour diverse 

AMR genes, including ESBL resistance genes.  

 

These results demonstrate the potential for marine bivalves to act as sentinels of AMR, even 

in areas of pristine natural coastline [25]. The ability of many of Norwegian bivalve E. coli 

isolates to transfer their resistance phenotypes via conjugation [24, 25] also highlights the risk 

of resistance and virulence gene transfers to commensal bacteria of those eating shellfish.  

 

Fecal bacteria and antimicrobial resistance in New Zealand shellfish 

In Aotearoa, shellfish are widely-consumed [27, 28]. Bacteria may remain viable because 

shellfish are often eaten raw or only lightly cooked [29]. The Ministry for Primary Industries 

has published guidelines for commercial shellfish harvesting based on the detection of E. coli 

in shellfish samples. Satisfactory levels are fewer than 2.3 x 102  CFU 100 g-1, while E. coli levels 

more than 7.0 x 102 CFU 100 g-1 result in closure of the shellfish growing area [30]. The water 

in which the shellfish are grown is also tested. When more than 10% of samples exceed an E. 

coli count of 43 CFU 100 mL-1, the site is unsuitable for harvesting. Although low levels of fecal 

bacteria may be permissible from a Western food safety perspective, any contamination of 

mahinga kai with fecal bacteria is an offence to Māori [1]. 
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Bell [31] assessed fecal bacterial levels in tuaki and kutai (Greenlip mussels) at the Waikouaiti 

Estuary near Dunedin. More than 10% of shellfish samples exceeded the allowable limit for 

E. coli. Sampling the water was an unreliable way to identify this hazard. This study indicates 

that an assessment of AMR both inside tuaki and in the water in which they grow is valuable. 

In contrast, LAWA currently monitors only E. coli in water [15, 32]. LAWA data may therefore 

be an unreliable proxy for shellfish safety. 

 

Some data is available regarding AMR bacteria in New Zealand shellfish. Cooke [33, 34] 

compared levels of AMR E. coli in freshwater and marine shellfish. Shellfish exposed to 

sewage effluent in a Nelson harbour were collected over two years, from which fecal coliforms 

were isolated. 80% of isolates were resistant to two or more antibiotics. Transmission of 

tetracycline resistance through conjugation was also observed in this study [34]. The drug 

resistance profiles of fecal coliforms isolated from shellfish mirrored those of fecal coliforms 

found in a nearby sewage outflow, pointing to a anthropogenic source for these bacteria.  

 

Kākahi (freshwater mussels) were also sampled and contained MDR E. coli [33]. These 45 year 

old studies demonstrate that pollution of New Zealand shellfish by bacteria associated with 

fecal contamination with AMR has occurred for some time. Donnison and Ross [5] also used 

kākahi as a sentinel species to detect E. coli and pathogenic bacteria in rivers impacted by 

effluent. Kākahi concentrated E. coli up to 50-fold higher than in the river water. However, the 

AMR profiles of these bacteria was not analysed [5]. I did not consider harvesting kākahi for 

this study because they are endangered. 

 

About Tuaki 

I studied tuaki as sentinels of AMR. A. stuchburyii are burrowing, growing submerged in sand 

or mud in estuaries throughout Aotearoa (Figure 3-4). Like other bivalves, tuaki obtain their 

food through filter feeding with a filtration rate up to 1.6 L hr-1. Consequently, they filter large 

volumes of water and bacteria [35]. At low tide, tuaki remain closed, so bacteria trapped 

within closed tuaki are co-harvested. 
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Tuaki were traditionally eaten in large quantities by Māori [36] as they grow in estuaries 

which are easily accessed. Tuaki are traditionally consumed cooked or raw, and are included 

in dishes such as toroi. Indeed, E. coli can persist in toroi for several weeks following 

preparation. When toroi was seeded with E. coli, their numbers declined slowly over the 

course of two months [37], highlighting the need for uncontaminated mahinga kai sites for 

harvesting shellfish and watercress. 

 

 

Figure 4-4: tuaki (little-neck cockles; Austrovenus stuchburyii) sampled at Rakahuri Estuary. 

 

Rakahuri Ashley River Estuary 

Rakahuri is a river in North Canterbury. At Waikuku Beach, it becomes an estuary. Rakahuri 

is particularly valued by Ngāi Tūāhuriri. Rakahuri Estuary (known as Te Akaaka) is the most 

important mahinga kai site found on this river [1]. I observed families gathering tuaki at the 

estuary several times while sampling. Estuary visitors were also observed to gather tuaki in a 

previous study [38]. 

 

Upstream of the estuary, Rakahuri has comparatively good water quality, with E. coli counts 

less than 50 CFU 100 mL-1 [39]. However, the estuary is regarded as unsafe for swimming with 

high E. coli counts [40] and therefore fails to meet MPI guidelines for shellfish harvesting [30]. 

Previously, genes associated with E. coli pathogenicity were detected in water from Rakahuri, 

but genes for β-lactam resistance were not detected [41].  
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Karoro (black-backed gulls) 

E. coli and antimicrobial resistance in seagulls  

Seagulls often live in close proximity to humans. Overseas research has linked seagulls to 

AMR and pathogenic bacteria. Seagulls in Australia were found to have high carriage rates of 

E. coli expressing ESBL genes and ciprofloxacin resistance across a wide geographic range 

[42]. The research also suggested overlap between E. coli carried by seagulls and those found 

in the community, indicating that these birds could act as sentinels for resistance in their 

environments. Likewise, a French study found that the E. coli carried by urban gulls mirrored 

those from community infections [43]. In Alaska, E. coli isolates from urban and wilderness 

seagulls were compared and found to have differences in their AMR profiles. More than 20% 

of E. coli isolated from urban seagulls were resistant to three or more antibiotics and 10% 

hosted plasmids with ESBL genes. Such research in seagulls and other birds has yet to be 

undertaken in Aotearoa. 

 

About karoro 

Karoro (black-backed gull) is a large species of seagull found throughout the Southern 

Hemisphere. Traditionally, the eggs, feathers and meat of karoro chicks were utilised by 

Māori. Māori kept karoro as pets, training them to protect vegetable gardens [44]. Karoro 

feathers were also used for weaving. Owing to a loss of cultural knowledge and concerns 

about the safety of consuming karoro eggs and meat, the practice of harvesting karoro 

products has largely ceased, but they remain a resource for some hapū [45]. 

 

Karoro scavenge near landfills, slaughter houses and fishing boats [46]. Sites where karoro 

feed have been associated with AMR bacteria in overseas studies [47-49]. In Aotearoa, rivers 

with karoro colonies have been shown to contain AMR bacteria and their genes have been 

detected by PCR [41, 50, 51]. Thus, the potential for karoro to be exposed to and act as vectors 

of pathogenic and antibiotic resistant bacteria is large and so far untested. Those wishing to 

gather karoro may be exposed to antibiotic resistant bacteria, especially if they are using bird 

carcasses or come into contact with bird feces. 
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Karoro are native to Aotearoa, but their populations have increased as a result of 

anthropogenic adaptation. This threatens other birds, especially in braided river 

environments [46]. The main method of population control is poisoning, but a more humane 

method would be egg-gathering by manawhenua. Collection of eggs would decrease 

breeding capacity. My colleagues and I were asked to assist with assessing the microbial safety 

of karoro eggs by representatives of Arowhenua, a hapū of Ngāi Tahu. This project was 

conceived by Irai Weepu and performed at the behest of John Henry and Karl Russel, kaitiaki 

of the Rangitata River and members of Arowhenua. 

 

The presence of E. coli, Campylobacter spp. and Salmonella spp. was previously assessed in the 

feces of New Zealand seagulls [52]. More than 90% of seagull feces were positive for E. coli, 

and 59% were positive for Campylobacter spp., while Salmonella spp. was not detected. 

However, antimicrobial susceptibility data was not reported. 

 

Rakaia River and Rangitata River karoro colonies 

Canterbury has several large colonies of karoro, including on the Upper Rakaia and the Lower 

Rangitata Rivers [46]. The Upper Rakaia colony is accessible by car or boat from Rakaia Gorge. 

Rakaia River is of cultural significance to Arowhenua and Ngāi Tūāhuriri [1]. The coordinates 

for the Rakaia karoro colony site are -43.410882, 171.586408. The Lower Rangitata karoro 

colony is located near Ashburton and is accessible by car and on foot. This area is of cultural 

significance to Arowhenua [1], who are particularly interested in understanding whether 

karoro eggs can be safely harvested and consumed. The coordinates for the Lower Rangitata 

karoro colony are -44.068768, 171.429827. 

https://goo.gl/maps/bK1woTa7aYe6g1mN7
https://goo.gl/maps/VxHiwpQsBr2yZmen6


 202 

Aims and hypotheses 

Are wātakirihi or tuaki consumers in North Canterbury risking exposure to fecal 

bacteria and antimicrobial resistance?  

My first aim was to conduct a survey of wātakirihi and tuaki in North Canterbury, mahinga 

kai that may be at risk of exposure to fecal bacteria and AMR bacteria. Wātakirihi and tuaki 

grow in waterways frequently impacted by fecal bacteria [7, 53, 54]. I hypothesised that 

wātakirihi, tuaki and congruent water samples would contain E. coli and E. coli resistant 

to antibiotics. This hypothesis was tested with environmental sampling and phenotyping of 

E. coli isolates. 

 

Prediction of E. coli and antimicrobial resistance in mahinga kai and mahinga kai sites 

Iwi and community groups are interested in monitoring E. coli and AMR in waterways with 

which they interact. I aimed to identify sentinels that could act a surrogates when monitoring 

E. coli and AMR in waterways where kai is extracted. Given the results of Chapter 2, I 

hypothesised that E. coli resistant to ampicillin could be used as an indicator to predict the 

presence or absence of E. coli resistant to chloramphenicol or ciprofloxacin in water from 

sites where watercress or cockles are gathered. I also hypothesised that E. coli levels could 

be used to predict the potential for exposure to ampicillin resistant E. coli.  

 

Data from routine water testing may be useful for mahinga kai gatherers to make decisions 

about mahinga kai harvesting. I also tested whether E. coli counts in water were predictive of 

E. coli in or on wātakirihi and tuaki. I hypothesised that E. coli in water would be predictive 

of E. coli levels in wātakirihi and tuaki. These hypotheses were tested using E. coli counts 

and linear mixed effects models. 

 

Mahinga kai as sentinels of E. coli and antimicrobial resistance 

Shellfish concentrate bacteria [18, 55]. Also, there is evidence that aquatic plants can be 

invaded by pathogenic E. coli and that bacterial biofilms can form on the leaf surface [56-58]. 

Both wātakirihi and tuaki may be more sensitive than water as indicators for use in a risk 

assessment. I hypothesised that E. coli with AMR phenotypes that cannot be detected in 
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water can be detected in or on wātakirihi and tuaki. This hypothesis was tested using 

sampling and isolation of E. coli from wātakirihi and tuaki and the surrounding water, and 

enrichment of samples before selection on media supplemented with antibiotics. This 

hypothesis would be supported if AMR E. coli are isolated from wātakirihi or tuaki, but not 

from congruent water samples. 

 

E. coli as a sentinel of antimicrobial resistance in human pathogenic bacteria 

Eubacteria are connected in a network of gene exchange [59]. Because of this, E. coli may be a 

sentinel species for estimating resistance in other bacterial species [60]. Evidence for this 

would be if AMR E. coli isolated from mahinga kai are able to transmit AMR phenotypes via 

conjugation. I hypothesised that E. coli isolated from mahinga kai and the surrounding 

water will sometimes transmit AMR phenotypes to other susceptible bacteria. I also 

hypothesised that genotyping would reveal genes diagnostic of plasmids. Finally, I 

hypothesised that plasmid mapping would demonstrate that AMR genes are present on 

plasmids even in isolates for which conjugative transmission was not detected. These 

hypotheses were tested using whole genome sequencing, annotation and curating plasmid 

maps from short read sequencing data.  

 

Association between mahinga kai isolates and E. coli that cause disease in humans 

Certain AMR genotypes are associated with resistance in clinical pathogens, such as ESBL 

genes [61, 62]. I therefore used whole genome sequencing (WGS) and genome annotation to 

test whether AMR and virulence genes in E. coli from mahinga kai were homologous to genes 

seen in human pathogens. I hypothesised that genotyping of E. coli from mahinga kai 

would reveal virulence-associated and AMR genes previously found in E. coli causing 

disease in humans.  

 

Many of the E. coli sequence types known to cause disease in humans are also frequently 

resistant to antibiotics [63-65]. This represents an additional health risk for mahinga kai 

consumers beyond that of AMR. I therefore investigated whether E. coli resistant to antibiotics 

isolated from mahinga kai were related to pathogenic E. coli strains. I hypothesised that AMR 

E. coli from mahinga kai are related to E. coli that cause disease in humans and have genes 
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associated with virulence not found in normal commensal E. coli strains. This hypothesis 

was tested using sequence typing and phylogenetics. Genes related to stress tolerance may 

also confer tolerance to compounds that are used as antimicrobials, such as copper and silver 

ions. These genes are frequently found in pathogenic bacteria [66, 67]. I therefore also 

investigated the presence of such genes in sequenced isolates from mahinga kai. I 

hypothesised that genes related to stress tolerance would be detected in sequenced isolates.  

 

Karoro as vectors of antimicrobial resistance 

Finally, preliminary data was gathered on the potential for karoro to act as sentinels and 

vectors of AMR. I hypothesised that AMR E. coli would be isolated from karoro feces and 

eggs. This was tested by isolating bacteria from fecal and egg samples. New Zealand seagulls 

are known carriers of bacteria other than E. coli [52], that are capable of causing disease in 

humans. To assess the possibility that E. coli spreads AMR phenotypes with other species in 

the karoro gut, I used an interspecies conjugation assay between AMR E. coli isolated from 

karoro feces previously confirmed to be donors and a susceptible strain of Salmonella enterica. 

I hypothesised that E. coli would sometimes be able to transmit AMR across species 

boundaries to S. enterica.   
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Materials and Methods 

Isolation and enumeration of E. coli from wātakirihi, tuaki and karoro eggs and feces 

Wātakirihi sampling and processing  

Wātakirihi was sampled according to a Māori protocol [2, 8, 68]. Healthy plants without 

flowers were selected for sampling. Stems were cut to avoid disturbing the roots. 50 g bunches 

were collected and washed in the main stream flow. Bunches were stored in plastic bags inside 

a chilly bin until processing. Samples were collected in triplicate and processed within five 

hours. Four congruent 1 L water samples were also collected at each site following the 

procedure outlined in Chapter 2.  

 

In the laboratory, 50 g of wātakirihi leaves and stem was weighed into sterile glass beakers 

with 150 mL sterile phosphate buffered saline (PBS), representing a 1:3 dilution. The process 

for isolating E. coli from the wātakirihi was similar to Googoolee et al. [10]. Samples were 

blended for two minutes in a regular blender, before five 1 mL aliquots of each sample were 

spread onto tryptone bile X-glucuronide (TBX) agar plates.  

 

Water samples were processed by membrane filtration per Chapter 2. Filters were placed on 

TBX plates without antibiotic supplementation, or supplemented with one of ciprofloxacin 

(Cip; 1 µg mL-1), chloramphenicol (Chl; 6 µg mL-1) or ampicillin (Amp; 20 µg mL-1). TBX plates 

were incubated for 12-16 hours at 44 ˚C. When E. coli on filters were too dense to be counted, 

this was arbitrarily recorded as 103 CFU 100 mL-1. Mesophilic bacteria were enumerated 

Chapter 2. 

 

To calculate E. coli CFU in the original wātakirihi sample, presumptive E. coli (blue) colonies 

were counted on the TBX plates, and the average of the five plates was taken. This number 

was then multiplied by three, to account for the dilution by PBS, and then by 50, to represent 

the number of E. coli in the original 50 g sample. When the predicted number of E. coli was 

greater than 103 CFU 50 g-1, this was treated as 103 CFU 50 g-1, to align with water sample data. 

Presumptive E. coli (blue) colonies from both the wātakirihi and water plates were isolated 

and saved per Chapter 2.  
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Tuaki sampling and processing  

Tuaki were sampled according to a Māori protocol [69]. At low tide, tuaki were located by 

feeling through the sand. Triplicate samples of approximately 20 tuaki were collected. Sand 

was removed by rinsing in the nearest area of flowing water before the tuaki were stored in 

sterile plastic bottles. Small tuaki (<5 cm across) were not sampled. These were reburied [69]. 

Quadruplicate water samples were also collected from free flowing water nearest the tuaki 

bed, and from the main river flow about 1.5 km upstream of the cockle beds. Tuaki and water 

samples were transported in a chilly bin and processed within four hours.  

 

E. coli were enumerated from tuaki samples following a method similar to Bell [31]. Tuaki 

were cleaned using paper towels misted with 70% ethanol. Tuaki were shucked and 100 g of 

tuaki meat and water from inside the shell (shellfish liquor) were added to sterile glass beakers 

with 100 mL PBS. Samples were blended for two minutes. To enumerate E. coli, five 1 mL 

aliquots of each sample were spread onto TBX agar plates. 

 

Enrichments were made by adding 10 mL tuaki homogenate to 10 mL sterile LB broth in 

universal tubes. One enrichment was made per replicate. The enrichments were vortexed and 

incubated for 12-16 hours at 44 ˚C without shaking. The next day, 1 mL aliquots were plated 

on TBX agar without antibiotic supplementation, or supplemented with one of Ciprofloxacin 

(1 µg mL-1), chloramphenicol (6 µg mL-1), ampicillin (20 µg mL-1) or cefotaxime (Ctx; 8 µg 

mL-1).  

 

Water samples were processed and E. coli selected on antibiotics as above. All TBX plates were 

incubated for 12-16 hours at 44 ˚C. Mesophilic bacteria were enumerated per Chapter 2.  

 

To calculate E. coli CFUs in the tuaki sample, presumptive E. coli (blue) colonies were counted 

on the TBX plates, and the average of the five plates was taken. This number was multiplied 

by two, to account for the dilution by PBS, and then by 100, to represent the number of E. coli 

in the 100 g sample. Presumptive E. coli colonies from both tuaki and water plates were 

isolated and saved per Chapter 2.  
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Karoro fecal sampling procedure and processing 

Karoro feces were located visually and selected for sampling based on their proximity to a 

nearby karoro nest. Feces were collected using a sterile spatula and stored in falcon tubes. Ten 

samples were randomly collected at both sites. Samples were stored at ambient temperature 

and processed the next day. 

 

E. coli were enumerated from karoro feces using the following method: 1 g of each fecal sample 

was weighed into a sterile falcon tube, to which 5 mL PBS was added. Tubes were vortexed 

and vigorously shaken to homogenise the contents. Serial dilutions were then prepared from 

100 – 10-6 and plated on TBX agar without antibiotic supplementation. From the Rangitata 

samples, serial dilutions were also plated on TBX agar supplemented with ampicillin (20 µg 

ml-1), to calculate the percentage of E. coli resistant to ampicillin. 

 

The approximate number of E. coli and ampicillin resistant E. coli per gram of fecal sample 

was calculated by counting the number of colonies on the highest dilution factor with between 

10 and 30 colonies and multiplying this by the dilution factor. This number was then 

multiplied by 5 to account for the dilution in PBS.  

 

Enrichments of fecal samples were prepared by adding the remaining fecal homogenate 

(approximately 3.5 mL) to 10 mL sterile LB broth in universal tubes. One enrichment was 

made per sample. The enrichments were vortexed and incubated for 12-16 hours at 44 ˚C 

without shaking. The next day, 1 mL aliquots were plated on TBX agar without antibiotic 

supplementation, or supplemented with one of ciprofloxacin (1 µg mL-1), chloramphenicol (6 

µg mL-1), ampicillin (20 µg mL-1), tetracycline (Tet; 8 µg mL-1) or cefotaxime (8 µg mL-1). The 

presence of blue colonies following incubation was considered a positive detection of E. coli. 

 

Karoro egg sampling and processing 

Karoro eggs were collected once in November 2021 by visually locating nests with eggs. Ten 

nests were randomly sampled and one egg was collected from each nest. Eggs were stored at 

4 ˚C and processed the next day. 
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E. coli and mesophilic bacteria were enumerated from the eggs’ surface using the following 

method. All eggs were weighed. Each egg was then added to a sterile zip-lock bag with 50 mL 

PBS. The eggs were carefully rotated inside the bags for 5 minutes by hand. The rinsate was 

decanted into sterile falcon tubes. Serial dilutions of rinsate were prepared from 100 – 10-6 in 

PBS and plated on TBX agar without antibiotic supplementation and TBX agar supplemented 

with ampicillin (20 µg mL-1). TBX plates were incubated at 44˚C for 12-16 hours. 

 

The approximate number of E. coli, ampicillin resistant E. coli and mesophilic bacteria per egg 

was calculated by counting the number of colonies on the highest dilution factor with between 

10 and 30 colonies and multiplying this by the dilution factor. This number was then 

multiplied by 50 to account for the dilution in PBS.  

 

Enrichments of the egg rinsate were prepared by adding 10 mL rinsate to 10 mL sterile LB 

broth in universal tubes. One enrichment was made per egg. The enrichments were vortexed 

and incubated for 12-16 hours at 44 ˚C without shaking. The next day, 1 mL aliquots were 

plated on TBX agar without antibiotic supplementation, or supplemented with one of 

ciprofloxacin (1 µg mL-1), chloramphenicol (6 µg mL-1), ampicillin (20 µg mL-1) tetracycline (8 

µg mL-1) or cefotaxime (8 µg mL-1). Enrichment plates were incubated at 44˚C for 12-16 hours. 

Presumptive E. coli (blue) colonies from eggs or feces were processed per Chapter 2.  

 

Antimicrobial susceptibility testing and conjugation phenotyping 

Phenotyping methods were performed per Chapter 2. These were: 

1) Antimicrobial susceptibility testing of E. coli isolated from wātakirihi, tuaki and 

karoro feces. The antibiotics used and their concentrations were the same as in Table 

2-1. 

2) Qualitative and quantitative conjugation assays to assess transmission of AMR 

determinants from E. coli isolated from wātakirihi, tuaki and karoro feces to a 

susceptible strain of E. coli.  

 



 209 

Conjugation between E. coli and Salmonella enterica 

Qualitative conjugations between AMR E. coli isolated from karoro fecal samples and a 

susceptible Salmonella enterica serovar Typhimurium str. SL3770 (LT2, pyr+, rfa+) were 

performed using a similar method to Reid [70]. A rifampicin resistant strain of SL3770 was 

first prepared by plating 1 mL of saturated culture on an LB agar plate supplemented with 

rifampicin (100 µg mL-1) to select for a rifampicin resistant mutant. Presumptive rifampicin 

resistant SL3770 colonies were sub-cultured to rifampicin-containing plates twice before 

freezing, and were recovered from freezing on medium supplemented with rifampicin. The 

donor strains were E. coli isolated from karoro feces for which transmission of an AMR 

phenotype to a susceptible E. coli strain had previously been confirmed. The recipient strain 

was the prepared SL3770 (RifR). All potential E. coli donors were confirmed to be susceptible 

to rifampicin (100 µg mL-1) prior to mating.  

 

Both strains were grown separately at 43˚C until OD600 of ~0.05. Next, 1 mL recipient and 100 

µl donor culture were mixed in 10 mL sterile LB broth and incubated for three hours at 43˚C 

without shaking. 1 mL and 100 µl aliquots of mating mix were plated on TBX agar plates 

containing both rifampicin (100 µg mL-1) and the donor selective marker (either ampicillin 20 

µg mL-1 or tetracycline 8 µg mL-1). These plates were incubated at 37 ˚C for 12-16 hours. The 

presence of white colonies on TBX (Salmonella) was a positive result. Presumptive 

transconjugants were sub-cultured to TBX containing both markers twice to confirm 

transmission. 

 

Statistical methods 

R was used for all statistical analysis [71]. Linear mixed effects models (LMEM) and 

generalised linear mixed effects (GLMM) models were fitted per Chapter 2. Ampicillin 

resistant E. coli concentration was modelled using a LMM with sampling site and sampling 

date as random effects variables. The presence of E. coli resistant to ciprofloxacin or 

chloramphenicol was tested using GLMM with a binomial error distribution. Sampling site 

and sampling date were also fitted as random effects variables. The relationship between E. 

coli in water and in tuaki or wātakirihi was modelled using a generalised linear model (GLM) 

with a Poisson error distribution.  
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I used one-tailed t-tests to determine whether the amount of E. coli measured in tuaki or in the 

shellfish harvesting waters was significantly greater than New Zealand Food Safety limits for 

E. coli [30]. Data were checked for normality using the Shapiro-Wilk test [72]. When data were 

not normally distributed, a standard one Sample t-test was used [71]. I also used a one Sample 

t-test to test whether the concentration of E. coli in the water where tuaki were harvested 

exceeded the food safety guideline limit for E. coli in shellfish harvesting waters [30]. 

 

I used an independent samples t-test to test whether the concentration of E. coli in the 

wātakirihi or tuaki was significantly greater than the water from which the food was 

harvested. 

 

Whole genome sequencing and bioinformatic analyses 

Selection of isolates for sequencing and the sequencing procedure 

Fifteen E. coli isolated from wātakirihi, tuaki or water were selected for WGS by Illumina 

Paired-End sequencing. Isolates were selected based on their AMR phenotypes and the ability 

to transmit these phenotypes via conjugation. Multidrug resistant or conjugative isolates were 

prioritised. Isolates were sent to Microbial Genome Sequencing Centre (MiGS), PA, USA. 

DNA extractions, sequencing and base calling were carried out at MiGS.  

 

Bioinformatic analysis of E. coli isolated from mahinga kai 

Bioinformatic analysis was performed per Chapter 4: 

1) De novo assembly and whole genome annotation [73, 74]. 

2) Annotation of AMR genes, virulence associated and stress tolerance genes, and genes 

diagnostic of plasmids [75-78]. 

3) Multilocus sequence typing (MLST) and phylogenetic analysis [79]. 

4) Construction of plasmid maps from short read sequencing data [80, 81]. 
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Results and Discussion 

E. coli and antimicrobial resistance in watercress from five sites in Waitaha 

Canterbury 

Seasonal sampling of Smarts Road rural stream 

E. coli were detected in the water and on wātakirihi at every sampling event (Figures 4-5 & 

4-6). The exception was March 2020, when high sediment loads prevented filtering of samples. 

However, E. coli were still detected on wātakirihi in March 2020, when E. coli counts were 

approximately 5 x 102 CFU 50 g-1 (data not shown). E. coli concentration in water and on 

wātakirihi was otherwise between 2 x 101 CFU 50 g-1 and 5 x 102 CFU 50 g-1 (Figure 4-6). The 

concentration of E. coli on wātakirihi was significantly higher than that of the surrounding 

water, on average (P <0.0001). E. coli resistant to ampicillin were detected in the water at 

Smarts Road on four occasions (Figure 4-5). However, E. coli resistant to chloramphenicol or 

ciprofloxacin were never detected.
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E. coli, antibiotic resistant E. coli and mesophile counts at Smarts Road 

 

Figure 4-5: Bars represent log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Smarts Road site, November  2019 – January 2021. Meso: mesophilic bacteria, Amp: 

ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic 

bacteria are log10 transformed CFU 100 μl -1.
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E. coli counts on wātakirihi and in surrounding water at four sites 

 

Figure 4-6: Log-transformed colony counts of E. coli on wātakirihi and in water, November  2019 – January 2021. E. coli in water are Log-10 transformed CFU 100 ml-1, E. coli on wātakirihi are Log10 

transformed CFU 50 g -1.
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Seasonal sampling of the Gressons Road rural stream 

E. coli were detected on wātakirihi and in water at every sampling event on Gressons Road 

(Figures 4-6 & 4-7). E. coli concentration in water was 1 x 102 to 5 x 102 CFU 100 mL-1 (Figure 

4-7). The concentration of E. coli on wātakirihi was between 6 x 101 and 1 x 103 CFU 50 g-1 

(Figure 4-6), higher than that of the surrounding water on  average (P = 0.002). E. coli resistant 

to ampicillin were detected in water samples on every occasion, comprising 90% of the total 

E. coli population on one occasion (Figure 4-7). E. coli resistant to chloramphenicol were 

detected on two occasions, but ciprofloxacin resistance was not detected.
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E. coli, antibiotic resistant E. coli and mesophile counts at Gressons Road 

 

Figure 4-7: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Gressons Road site, November  2019 – January 2021. Meso: mesophilic bacteria, Amp: ampicillin (20 

μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic bacteria are 

log10 transformed CFU 100 μl -1.
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Seasonal sampling of Ruataniwha 

E. coli counts in water and on wātakirihi were the highest at the Ruataniwha site (Figures 4-6 

and 4-8). The E. coli concentration in water was 1.6 x 102 to 1 x 103 CFU 100 mL-1. E. coli were 

present on wātakirihi at a concentration of  1 x 103 CFU 50 g-1 at every sampling event except 

for June 2020, where the concentration was 1 x 102 CFU 50 g-1 (Figure 4-6). E. coli counts on 

wātakirihi were higher on average than that of the water (P  = 0.03).  

 

Ampicillin resistant E. coli were also detected in all water samples from the Ruataniwha site 

(Figure 4-8). They often exceeded 10% of the total E. coli population. Chloramphenicol and 

ciprofloxacin resistance were detected twice. 
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E. coli, antibiotic resistant E. coli and mesophile counts at Ruataniwha/Cam River 

 

Figure 4-8: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Ruataniwha site, November  2019 – January 2021. Meso: mesophilic bacteria, Amp: ampicillin (20 

μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic bacteria are 

log10 transformed CFU 100 μl -1.
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E. coli and antimicrobial resistance at Koura Reserve, a purpose-built 
watercress harvesting site 

Koura Reserve was sampled on three occasions between June 2020 and January 2021 (Figures 

4-6 & 4-9). E. coli were detected on wātakirihi and in the surrounding water at each sampling 

event. The E. coli concentration in water was the lowest of all sites, with between 5 and 1.4 x 

102 CFU 100 mL-1 (Figure 4-9). E. coli was found on wātakirihi at a concentration between  1 x 

106 and 1 x 103 CFU 50 g-1 (Figure 4-6). E. coli counts on wātakirihi were higher than in water 

on every occasion.  

 

At the June 2020 sampling, the concentration of E. coli on wātakirihi was approximately 1000 

times higher than in the water (Figure 4-9), These high E. coli levels were disappointing 

because this site was purpose built to provide a safe source of wātakirihi for Rangiora 

residents. Also, Koura Reserve is fed by a spring fed not far from the sampling. The fact that 

E. coli were detectable so close to the source may indicate that groundwater seepage is 

contributing E. coli to Koura Reserve. Ampicillin resistant E. coli were detected in water 

samples on three occasions, but chloramphenicol and ciprofloxacin resistance was not 

detected at this site (Figure 4-9).
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E. coli, antibiotic resistant E. coli and mesophile counts at Koura Reserve 

 

Figure 4-9: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Koura Reserve site, January 2020 – January 2021. Meso: mesophilic bacteria, Amp: ampicillin (20 μg 

ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic bacteria are log10 

transformed  CFU 100 μl -1.
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E. coli and antimicrobial resistance at a new purpose-built watercress 
harvesting site on the Kaiapoi River 

E. coli and AMR E. coli were measured in water from the Kaiapoi River site on all five occasions 

between January 2020 and January 2021 (Figure 4-10). E. coli counts in water ranged from 1 x 

101 to 5 x 102 CFU 100 mL-1, while ampicillin resistant E. coli were present at concentrations 

between 1 and 1.3 x 102 CFU 100 mL-1. Ampicillin resistant E. coli were, on two occasions, more 

than 10% of the E. coli population. Chloramphenicol and ciprofloxacin resistance was not 

detected at this site. E. coli resistant to chloramphenicol or ciprofloxacin were not detected at 

this site. 
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E. coli, antibiotic resistant E. coli and mesophile counts at the Kaiapoi River 

 

Figure 4-10: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Kaiapoi River site, November  2019 – January 2021. Meso: mesophilic bacteria, Amp: ampicillin (20 

μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic bacteria are 

log10 transformed CFU 100 μl -1.
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Is E. coli level in water predictive of E. coli levels on wātakirihi? 

I tested the hypothesis that E. coli counts in water are predictive of E. coli on wātakirihi. When 

data from the four sites from which wātakirihi and water were gathered were pooled, the 

concentration of E. coli in water was found to be a statistically significant predictor of E. coli 

concentration in wātakirihi samples (P <2e-16). This indicates that the more E. coli to which 

wātakirihi is exposed, the more that are taken up or adhere to the plant. Wātakirihi harvesters 

should therefore choose the least polluted sites and avoid harvesting after heavy rain, which 

is associated with higher E. coli counts in New Zealand’s waterways [54, 82]. 

 

Predicting antimicrobial resistance using E. coli as a surrogate indicator 

I tested the hypothesis that the concentration of E. coli can be used to predict the likelihood 

that E. coli resistant to ampicillin will also be found on wātakirihi. Total E. coli count was a 

significant predictor of ampicillin resistant E. coli across the five sites where wātakirihi grows 

or will grow (P = 0.0005). Each increase in log10 transformed total E. coli was associated with 

an increase of 0.48 log10  transformed ampicillin resistant E. coli CFU. Again, this indicates that 

sites with low levels of fecal contamination should be chosen when harvesting watercress, a 

recommendation that is in line with Māori preferences [1].  

 

Predicting the presence of E. coli resistant to ciprofloxacin or chloramphenicol using 
ampicillin resistant E. coli  

Next, I tested the hypothesis that E. coli resistant to ampicillin could be used to predict the 

presence or absence of E. coli resistant to chloramphenicol or ciprofloxacin in water from sites 

where wātakirihi is gathered. Log10 transformed ampicillin resistant E. coli count (CFU 100 

mL-1) was not a significant predicter of the likelihood (odds ratio) of encountering 

ciprofloxacin or chloramphenicol resistance (P = >0.05). Nor was log10  transformed total E. coli 

count (CFU 100 mL-1) a significant predictor of ciprofloxacin or chloramphenicol (P >0.05). The 

likelihood of encountering ciprofloxacin or chloramphenicol resistance in any given sample 

could not be predicted by any of the variables measured, unlike what I found in Chapter 2 for 

the urban river.  
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Antimicrobial resistance phenotyping of E. coli isolated from watercress and 
watercress growing sites 

Antimicrobial resistance phenotypes of E. coli isolated in November 2019 

AMR phenotypes were described for 27 E. coli isolated from water samples from Smarts Road, 

Gressons Road or Ruataniwha isolated in November 2019 (Supplementary Figure 4-1). A full 

list of strains is in Supplementary Table 4-1. Aside from resistance to aminoglycosides at 

concentrations less than the current CLSI breakpoint concentrations (i.e., intrinsic resistance 

to gentamicin), no E. coli isolated in November 2019 grew on any of the antibiotic 

concentrations tested. 

 

Six of these 27 were first isolated on TBX supplemented with ampicillin (20 μg ml-1). I expected 

those isolated on ampicillin to grow on at least the two lower concentrations of ampicillin 

tested (8 and 16 μg ml-1). Although these isolates were confirmed to grow on ampicillin before 

cryogenic storage, they failed to grow at ≥8 μg ml-1 ampicillin after they were revived. 

 

Antimicrobial resistance phenotypes of E. coli isolated in January 2020 

AMR phenotypes were determined for 24 E. coli isolated from water samples from Smarts 

Road, Gressons Road or Ruataniwha in January 2020 (Supplementary Figure 4-2). None of the 

E. coli isolated on medium without antibiotic supplements were resistant to any antibiotics at 

≥ the lowest concentrations tested. This was also true for isolates from wātakirihi. However, 

some E. coli isolated on medium supplemented with antibiotics were resistant to several 

antibiotics. One strain (isolated from the Ruataniwha site on chloramphenicol) was resistant 

to chloramphenicol, tetracycline, trimethoprim, gentamicin, and ampicillin at ≥ the highest 

concentrations tested. However, no isolates were resistant to cefotaxime or ceftazidime at ≥ 

the lowest concentration tested.  

 

Antimicrobial resistance phenotypes of E. coli isolated in March 2020 

Antimicrobial susceptibility phenotyping was performed for 31 E. coli isolated from 

wātakirihi and wātakirihi growing sites in March 2020 (Supplementary Figure 4-3). Two 

strains were phenotypic ESBL-producers. They were both isolated on ciprofloxacin and from 
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Ruataniwha. Both were resistant to cefotaxime and ceftazidime at ≥ the highest concentrations 

tested. One was resistant to all nine antibiotics at ≥ the highest concentrations tested. 

 

None of the E. coli isolated from wātakirihi or water without antibiotic selection were resistant 

to any of the antibiotics tested, except for intermediate resistance to aminoglycosides. Due to 

time constraints, phenotyping was not performed for 61 E. coli isolated from wātakirihi. 

 

E. coli isolated from watercress and watercress harvesting sites are donors of 
antimicrobial resistance genes 

I tested the hypothesis that E. coli can be used as an indicator of AMR in other pathogenic 

species and therefore a sentinel. Water contaminated with E. coli, or AMR E. coli, is likely to 

be contaminated by a variety of pathogenic species [83]. However, I have more reason to think 

that the co-occurrence is more than correlative if the E. coli are also potential spreaders of 

resistance genes, e.g., by conjugation. 

 

Conjugative transmission of one or more AMR phenotypes was assessed for 21 E. coli isolated 

from wātakirihi harvesting sites (Table 4-1). I also determined the transmission frequency for 

plasmids from all strains for which transfer was detected. Transmission of an AMR phenotype 

was detected in seven (33%) isolates. In all but one, more than one AMR phenotype was 

transmitted. Ampicillin and tetracycline resistance were commonly co-transmitted, and in one 

isolate, resistance to four antibiotics was transmitted. Transmission of gentamicin, cefotaxime 

or ceftazidime resistance was not detected. Ciprofloxacin resistance transmission was not 

assessed. 

 

Of the isolates which transmitted AMR phenotype(s), the highest transmission frequency was 

10-4 transconjugants per limiting donor (Table 4-1). The other isolates transmitted AMR 

phenotypes at frequencies of 10-5 or 10-6. These frequencies were similar to those calculated in 

Chapter 2, but lower than those seen in prior studies of E. coli isolated from rural streams [84]
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Table 4-1: results of the conjugation assay for 21 E. coli isolated from watercress gathering sites in Waitaha/Canterbury. Date: when the strain was isolated. Sampling location: where the strain was isolated from. 

Resistances (breakpoint only): antibiotics to which the strain was resistant at ≥ the CLSI clinical concentration, not including ciprofloxacin. Tet: tetracycline; Amp: ampicillin; Gen: gentamicin; Chl: chloramphenicol; 

Kan: kanamycin; Ctx: cefotaxime; Caz: ceftazidime. Resistances transmitted: which antimicrobial resistance phenotype, if any, were transmitted to the susceptible lab strain. ND: transmission not detected. Frequency 

is average number of transconjugants per limiting donor. Table 4-1 continues over page. 

Strain Name Date Sampling Location Resistances (breakpoint only) Resistance(s) transmitted; frequency 

SAMP1 14/11/19 Smarts Rd Tet, Amp Amp, Tet; 10-5 

SAMP2 14/11/19 Smarts Rd Tet Tet; 10-5 

GAMP1 14/11/19 Gressons Rd Amp, Tmp ND 

GAMP2 14/11/19 Gressons Rd Amp, Tmp ND 

CAMP1 14/11/19 Ruataniwha Amp, Gen ND 

CAMP2 14/11/19 Ruataniwha Amp, Gen, Tet ND 

CSCHL1 30/01/20 Ruataniwha Tet, Chl, Tmp, Gen ND 

CSCHL2 30/01/20 Ruataniwha Amp, Tet, Chl, Tmp, Gen ND 

CSCIP1 30/01/20 Ruataniwha Gen, Cip ND 

CSCIP2 30/01/20 Ruataniwha Amp, Cip, Tmp, Kan Amp, Tmp, Kan; 10-4 

CSCIP3 30/01/20 Ruataniwha Amp, Cip, Tmp, Kan Amp, Tmp, Kan; 10-6 

CSCIP4 30/01/20 Ruataniwha Amp, Cip, Tmp, Chl ND 

GRCHL1 11/03/20 Gressons Rd Chl, Tet, Amp ND 

GRCHL2 11/03/20 Gressons Rd Tet, Chl, Tmp Tet, Tmp, Chl; 10-6 

CSAMP2 11/03/20 Ruataniwha Tmp Tmp 

CSCHL1 11/03/20 Ruataniwha Amp, Chl, Tet, Tmp, Gen Amp, Tet, Tmp, Chl; 10-6 
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Table 4-1 continued 

Strain Name Date Sampling Location Resistances (breakpoint only) Resistance(s) transmitted; frequency 

CSCIP1 11/03/20 Ruataniwha Amp, Tet, Chl, Tmp, Gen, Ctx, Caz ND 

CSCIP2 11/03/20 Ruataniwha Amp, Tet, Ctx, Caz ND 

CSCIP3 11/03/20 Ruataniwha Cip ND 

CSCIP4 11/03/20 Ruataniwha Amp, Cip ND 

SLAMP2 11/03/20 Kaiapoi River Amp, Tet Amp, Tet; 10-6 
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Tuaki/Cockles 

E. coli and antimicrobial resistance in water samples from Rakahuri estuary 

and Lower Rakahuri River 

I hypothesised earlier that tuaki and congruent water samples would contain E. coli and E. coli 

resistant to antibiotics, and these were detected in water samples from Lower Rakahuri and 

Rakahuri Estuary sites at every sampling event (Figures 4-11 and 4-12). E. coli counts ranged 

from 2.1 x 102 CFU 100 mL-1 at the upstream river site (the highest) to 1.5 x 101 CFU 100 mL-1 

at the estuary (the lowest). E. coli in the water at the estuary were always present at numbers 

higher than permissible for shellfish growing areas (14 CFU 100 mL-1) [30]. To be considered 

safe for human consumption, these shellfish would need post-harvest depuration [30]. 

However, E. coli can persist in saltwater for up to 300 days [85], and 96 hours in clean seawater 

did not significantly reduce E. coli numbers in mussels [86], so this may not be sufficient to 

reduce E. coli to safe levels. 

 

Similar to prior studies [87], transition from the river to the estuary was associated with mean 

decrease in E. coli of 3.4 x 101 CFU 100 mL-1 (P = 0.02), indicating that E. coli may be dying as 

they encounter the saline environment of the estuary. Salinity is an important factor 

determining decline of enteric bacteria in seawater [88]. However, salinity was not measured 

during this study. 

 

E. coli resistant to ampicillin were detected at every water sampling event at numbers ranging 

from 3 to 8 x 101 CFU 100 mL-1. Transition from the river site to the estuary site was associated 

with an average decrease in ampicillin resistant E. coli of 11.5 CFU 100 mL-1 (P = 0.04), perhaps 

indicating that AMR E. coli are perishing at a rate similar to that of the total E. coli population. 

E. coli resistant to chloramphenicol or ciprofloxacin were detected infrequently. 

Chloramphenicol resistance was detected in water samples once at both the estuary and the 

river (Figures 4-11 and 4-12), while ciprofloxacin resistance was detected just once in a water 

sample from the estuary (Figure 4-11) In all cases, the numbers of ciprofloxacin and 

chloramphenicol resistant E. coli were less than 5 CFU 100 mL-1. 
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E. coli, antibiotic resistant E. coli and mesophile counts in Rakahuri/Ashley River Estuary 

 

Figure 4-11: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the Rakahuri/Ashley River Estuary site, September 2019 – January 2021. Meso: mesophilic bacteria, 

Amp: ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, Amp, ciprofloxacin and Chloramphenicol are Log-10 transformed CFU 100 ml-1, mesophilic 

bacteria are CFU 100 μl -1.
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E. coli, antibiotic resistant E. coli and mesophile counts in the lower Rakahuri/Ashley River 

 

Figure 4-12: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the lower Rakahuri/Ashley River site, September 2019 – January 2021. Meso: mesophilic bacteria, Amp: 

ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic 

bacteria are CFU 100 μl -1.
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E. coli and antimicrobial resistant E. coli in tuaki from the Rakahuri Estuary 

Tuaki were sampled five times between September 2019 and January 2021 (Figure 4-13). E. 

coli concentrations in tuaki samples ranged from 4 x 102 to 7 x 104 CFU 100 g-1, and this was 

significantly higher than in congruent water samples (P = 0.002). Tuaki concentrated E. coli up 

to 60 times higher than in water (Figure 4-13), supporting the hypothesis that tuaki would 

contain E. coli. This result is similar to prior New Zealand research [31].  

 

Tuaki sampled from Rakahuri would probably be unsafe for human consumption [30]. Under 

New Zealand guidelines, no more than 10% of samples should exceed 700 E. coli CFU 100 g-1. 

Three samples (60%) exceeded this limit (P = 0.014). However, my results do not conform to 

the guideline because I took too few samples. 

 

In light of the high E. coli levels in tuaki on September 2019 and January 2020 (Figure 4-13), I 

enriched for E. coli resistant to a range of antibiotics in subsequent samples. This was to test 

the hypothesis that E. coli with AMR phenotypes that cannot be detected in water can be 

detected in tuaki. E. coli resistant to ampicillin and chloramphenicol were detected in tuaki 

sampled May 2020 using homogenate enrichments, but E. coli resistant to ciprofloxacin were 

not detected. Ampicillin resistant E. coli were also isolated from water samples on this day, 

but chloramphenicol resistance was not. The latter finding illustrates how tuaki could be used 

sentinels of less concentrated AMR phenotypes.  

 

In light of these detections, I adjusted my methods to also search for E. coli resistant to 

tetracycline or cefotaxime . In September 2020, E. coli resistant to tetracycline were detected in 

tuaki homogenate enrichments, but E. coli resistant to ampicillin, chloramphenicol, 

ciprofloxacin or cefotaxime were not detected. In January 2021, E. coli resistant to ampicillin, 

chloramphenicol and tetracycline were detected, but not ciprofloxacin or cefotaxime 

resistance. 

 

This is the first study since 1976 that assessed AMR bacteria in shellfish in New Zealand [33, 

34]. However, the results here are similar to overseas research regarding clams and blue shell 

mussels. Vignaroli et al. [23] also found ampicillin, tetracycline and chloramphenicol 
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resistance in clam samples. In contrast to my results, they were able to detect ESBL and 

ciprofloxacin resistance amongst clam isolates. 

 

E. coli with resistance to the antibiotics tested were intermittently isolated from tuaki. 

However, it may be that E. coli can be used as an indicator for AMR E. coli as coliforms are 

used as indicators of pathogenic bacteria. Log10 transformed E. coli population density was a 

significant predictor of Log10 Ampicillin resistant E. coli concentration (P = 0.0002) in water 

samples. It is possible that when E. coli concentrations are high, the chance of tuaki taking up 

E. coli resistant to ampicillin is also high. However, due to the rarity of ciprofloxacin and 

chloramphenicol resistance, I was not able to test whether ampicillin resistance was a 

significant predictor of ciprofloxacin or chloramphenicol resistance. 

 

Unlike in wātakirihi samples, E. coli concentration in water was not a significant predictor of 

E. coli concentration in tuaki samples (R2 = 0.16, P = 0.066). Bell [31] also found that E. coli 

concentration in water was a poor predictor of E. coli in tuaki. It may be that knowing the 

levels of AMR at the estuary is insufficient for predicting the presence of AMR E. coli inside 

the tuaki. This may be because tuaki are sampled at low tide, when their shells are closed. The 

bacteria isolated from tuaki therefore reflect the water at the previous high tide. 
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E. coli counts in tuaki/cockles and water at Rakahuri/Ashley River Estuary 

 

Figure 4-13: Log-transformed colony counts of E. coli, antibiotic resistant E. coli and mesophilic bacteria at the lower Rakahuri/Ashley River site, September 2019 – January 2021. Meso: mesophilic bacteria, Amp: 

ampicillin (20 μg ml-1), Cip: ciprofloxacin (1 μg ml-1), Chl: chloramphenicol (6 μg ml-1). Total E. coli CFU 100 ml -1, ampicillin, ciprofloxacin and chloramphenicol are log10 transformed CFU 100 ml-1, mesophilic 

bacteria are CFU 100 μl -1.
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Antimicrobial resistance phenotypes of E. coli isolated from tuaki and the 
Rakahuri Estuary in October 2019 to May 2020 

Fifty E. coli isolated from tuaki or water from the Rakahuri Estuary or lower Rakahuri River 

were tested for AMR phenotypes (Figures 4-14 and 4-15). This was to further test the 

hypothesis that E. coli with AMR phenotypes that cannot be detected in water can be detected 

in tuaki. The most common resistance was to tetracycline; 23 strains were resistant to ≥ the 

highest concentration tested, followed by ampicillin, with 17 strains resistant to ≥ the highest 

concentration tested. Resistance to chloramphenicol and trimethoprim was also common. As 

seen in the wātakirihi isolates, resistance to gentamicin and kanamycin at ≥ the highest 

concentration tested was rare. 

 

Just two strains isolated from tuaki homogenate were resistant to cefotaxime and/or 

ceftazidime (Figure 4-14). Similarly, Grevskott et al. [25] found that ampicillin, trimethoprim 

and tetracycline resistant E. coli were relatively common in blue mussels in Norway, while 

only 4% of isolates were resistant to cefotaxime or ceftazidime.  

 

The only ciprofloxacin resistant isolate (Figure 4-15) was also resistant to tetracycline at ≥ the 

highest concentration tested and ampicillin at ≥ the second highest concentration tested. This 

strain was isolated from tuaki homogenate enrichment with selection on ampicillin. In 

contrast, Cooke [34] found that 8% of E. coli from marine mussels near Nelson were resistant 

to nalidixic acid, a fluoroquinolone with a similar mode of action to ciprofloxacin. 

 

36 remaining E. coli isolates were not tested due to time constraints. A full list of phenotyped 

strains isolated from tuaki and Rakahuri water samples is available in Supplementary Table 

4-2. 
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Antimicrobial resistance phenotypes of E. coli isolated from tuaki and water samples from Rakahuri in September 2019 and 
January 2020 
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Figure 4-14: antimicrobial resistance of 25 E. coli isolated from water and tuaki at the Rakahuri Estuary and lower Rakahuri River in September 2019 and January 2020. No box: strain was resistant to < the 

lowest concentration of antibiotic tested. Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was resistant to ≥ to the second highest concentration of 

antibiotic tested. Dark blue box: strain was resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, Kan: 

kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime. 
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Antimicrobial resistance phenotypes of E. coli isolated from tuaki and water samples from Rakahuri in January 2020 and May 
2020 
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Figure 4-15: antimicrobial resistance of 25 E. coli isolated from water and tuaki at the Rakahuri Estuary and lower Rakahuri River in January 2020 and May 2020. No box: strain was resistant to < 

the lowest concentration of antibiotic tested. Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was resistant to ≥ to the second highest 

concentration of antibiotic tested. Dark blue box: strain was resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: 

trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime. 
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Conjugative transfer of antimicrobial resistance phenotypes by E. coli isolated 
from tuaki and Rakahuri Estuary 

Transmission of resistance was measured using 20 AMR E. coli from Rakahuri water or tuaki. 

Strains chosen were resistant to at least one antibiotic at ≥ the CLSI clinical concentration, to 

test the hypothesis that E. coli is a sentinel for resistance in the bacterial population (Table 4-

2). Eight strains (40%) transmitted one or more AMR genes. The highest transmission 

frequency was 10-4  transconjugants per limiting donor for strain CK_5 (tuaki sample, January 

2020). The other confirmed donors transmitted AMR phenotypes at frequencies of between 

10-5 and 10-6 transconjugants per limiting donor. In one isolate (CK_5, May 2020, tuaki sample), 

resistance to chloramphenicol, tetracycline, trimethoprim and ampicillin was transmitted. 

Tetracycline resistance was transmitted by seven out of eight strains (Table 4-2). 

 

Cooke [34] demonstrated that resistance to tetracycline was transmitted by 40.9% of isolates. 

Grevskott et al. [25] found that tetracycline resistance was transmitted by 20% of E. coli 

isolates. These results may indicate that AMR phenotypes are shared between other bacteria 

which are potential human pathogens because conjugative plasmids infect a wide range of 

bacteria [89].
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Table 4-2: results of the conjugation assay for 20 E. coli isolated from Rakahuri/Ashley River Estuary water and tuaki. Rakahuri Estuary: strain was isolated form a water sample, Cockle: strain was isolated from 

cockle sample homogenate. ND: transmission not detected. Frequency is reported as average number of transconjugants per limiting donor. 

Strain Name Date  Sampling location; source Resistances (breakpoint only) Resistance(s) transmitted; frequency 

ASH.EST_TBX1 30/01/20 Rakahuri Estuary Tet, Tmp, Amp ND 

ASH.EST_AMP1 30/01/20 Rakahuri Estuary Tet, Amp Tet, Amp; 10-6 

ASH.EST_AMP2 30/01/20 Rakahuri Estuary Amp ND 

ASH.EST_CHL1 30/01/20 Rakahuri Estuary Amp, Tet, Tmp, Chl ND 

ASH.EST_CHL2 30/01/20 Rakahuri Estuary Amp, Tet, Tmp, Chl ND 

ASH.EST_CHL3 30/01/20 Rakahuri Estuary Amp, Tet, Tmp, Chl ND 

ASH.EST_CHL4 30/01/20 Rakahuri Estuary Amp, Tet, Tmp, Chl ND 

CK_1 30/01/20 Rakahuri Estuary; Cockle Tet, Amp ND 

CK_2 30/01/20 Rakahuri Estuary; Cockle Amp, Tmp ND 

CK_5 30/01/20 Rakahuri Estuary; Cockle Tet, Tmp Tet, Tmp; 10-4 

CK_CHL1 30/01/20 Rakahuri Estuary; Cockle Tet, Chl Tet, Chl; 10-6 

CK_CHL2 30/01/20 Rakahuri Estuary; Cockle Amp, Tet, Chl, Tmp Tmp; 10-6 

CK_CHL3 30/01/20 Rakahuri Estuary; Cockle Tet, Chl Tet, Chl; 10-6 

CK_5 20/05/20 Rakahuri Estuary; Cockle Chl, Tet, Tmp, Amp Chl, Tet, Tmp, Amp; 10-6 

CK_AMP1 27/05/20 Rakahuri Estuary; Cockle Tet, Amp ND 

CK_AMP2 27/05/20 Rakahuri Estuary; Cockle Tet, Amp ND 

CK_AMP3 27/05/20 Rakahuri Estuary; Cockle Tet, Amp ND 

CK_CHL1 27/05/20 Rakahuri Estuary; Cockle Tet, Chl Tet, Chl; 10-5 

CK_CHL2 27/05/20 Rakahuri Estuary; Cockle Tet, Chl, Amp ND 

CK_CHL3 27/05/20 Rakahuri Estuary; Cockle Tet, Chl Tet, Chl; 10-5 
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Bioinformatic analyses of fifteen E. coli isolated from watercress and cockles 

Antimicrobial resistance genes and plasmid-diagnostic genes 

I used whole genome sequencing to test the hypothesis that AMR E. coli from mahinga kai 

will be enriched for virulence-associated genes. A number of AMR genes were detected in the 

15 WGS isolates (Table 4-3). The most common gene annotation was for sulfonamide 

resistance (sul1, sul2 or sul3), and the second most common was for tetracycline resistance 

(tetA, tetB, tetD or tetM), as in Chapter 3.  

 

Two ESBL genes were detected – blaCMY-2 and blaCTX-M-3, consistent with the observed ESBL 

phenotype (Table 4-3). Neither of these genes appear to have been reported from the New 

Zealand environment before. However, blaCMY-2 has been detected in clinical isolates [61]. 

 

The results of the AMR gene annotation are similar to Chapter 3, indicating that AMR E. coli 

isolated from mahinga kai may be from similar sources to those isolated from Ōtākaro/Avon 

River. As in the previous chapter, ciprofloxacin resistant strains had mutations in gyrA or parE 

[90]. AMR genes detected here were similar to those found in E. coli isolated from Norwegian 

farmed mussels and oysters grown in Pará, Brazil. The genes in common included blaTEM, 

aadA, dfrA, sul, tet and others [24, 91].  Similarly, blaCTX-M genes were recently found in 

ciprofloxacin resistant E. coli isolated from fresh produce in Chile [92].  

 

The most frequent PlasmidFinder annotations were incFIB and incFII, with five annotations 

each, followed by incFIA with three instances (Table 4-3). This was similar to the previous 

chapter and the findings of previous studies [91, 93]. Here, incI, incN, incY, incX1, and incR 

replicons were also detected. 

 

Some of the WGS strains had AMR genes and plasmids associated with pathogenic strains 

[61, 62]. In the following section, I test whether they are also related phylogenetically to 

disease-causing E. coli.  
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Table 4-3: AMR phenotypes, genotypes, PointFinder annotations and PlasmidFinder annotations for 15 E. coli isolated from mahinga kai in Waitaha/Canterbury. Rakahuri: Ashley River Estuary, Ruataniwha: 

Cam River, Smarts Rd: Small stream on the side of Smarts Road near Woodend, Kaiapoi: Kaiapoi River, Gressons Rd: small stream on the side of Gressons Road near Woodend. AMR: antimicrobial resistance. 

PointFinder: annotation of single nucleotide polymorphisms associated with increased resistance to antibiotics. PlasmidFinder: annotations of plasmid-diagnostic genes. Table 4-3 continues over page. 

Strain ID Location AMR phenotype AMR genes PointFinder PlasmidFinder  

CK5_JAN2020 Rakahuri cockle Tet, Tmp aadA5, dfrA17, sul1, tet(A) none 

IncFIA(HI1), 

IncFIB(K), IncN, 

IncY 

ASH.EST_CHL1_JAN2020 Rakahuri water 
Amp, Tet, Tmp, 

Chl 

aadA2, aph(3’’)-Ib, aph(6)-Id, blaTEM-1B,  

dfrA12, floR, sul2, sul3, tet(A) 
none 

IncFIB(AP001918), 

IncR 

CK5_MAY2020 Rakahuri cockle 
Amp, Tet, Tmp, 

Chl 

aadA1, aadA2, blaTEM-1B, cmlA1, dfrA12,  

sul3, tet(A), tet(M), mef(B) 
none IncR 

CKCHL2_MAY2020 Rakahuri cockle 
Amp, Tet, Tmp, 

Chl 
blaTEM-1B, dfrA14, sul2, tet(A) 

gyrA (p.D87N), 

gyrA (p.S83L) 

IncFIB(AP001918),  

IncFII, IncY 

CAMP2_NOV2019 Ruataniwha Amp, Tet, Gen 
aph(6)-Id, blaTEM-1B, mef(B),  

strA, sul3, tet(A) 
none 

IncFIA(HI1), 

IncFIB(K), IncX1 

CSCIP4_JAN2020 Ruataniwha 
Amp, Cip, Tmp, 

Chl 
blaTEM-1A, dfrA14, floR, tet(A) none IncY 

CSCIP2_JAN2020 Ruataniwha 
Amp, Cip, Tmp, 

Kan 

aph(3’’)-Ib, aph(3’)-Ia, aph(6)-Id,  

blaTEM-1B, dfrA14, dfrA5, sul2 

gyrA (p.D87N), 

gyrA (p.S83L) 

IncFIB(AP001918),  

IncFII, IncY 

CSCHL2_JAN2020 Ruataniwha 
Amp, Tet, Chl, 

Tmp, Gen 

aac(3)-Iid, aadA5, aph(3’’)-Ib, aph(6)-Id, 

blaTEM-1B, dfrA17, sul1, sul2, tet(D) 
gyrA (p.S83L) None 

CSCHL1_MAR2020 Ruataniwha 
Amp, Tet, Chl, 

Tmp, Gen 

aph(3’’)-Ib, aph(6)-Id, blaTEM-1B,  

catA1, dfrA17, sul2, tet(B) 
parE (p.I529L) 

Col156, IncFII, 

IncFII(29) 

CSCIP1_MAR2020 Ruataniwha 

Amp, Tet, Chl, 

Tmp, Kan, Gen, 

Ctx, Caz, Cip 

aac(3)-Iid, aadA1, aph(3’)-Ia,  

blaCMY-2, blaTEM-1B, cmlA1, dfrA12, floR, 

lnu(F), sul2, sul3, tet(A) 

gyrA (p.D87Y), 

gyrA (p.S83L) 
IncFIA 

CSCIP2_MAR2020 Ruataniwha 
Amp, Tet, Cip, Ctx, 

Caz 

aac(3)-Iid, aadA5, aph(3’’)-Ib, aph(6)-Id, 

blaCTX-M-3, blaTEM-1B, dfrA17, mph(A), sul1, 

sul2, tet(A) 

gyrA (p.D87N), 

gyrA (p.S83L) 

Col(BS512), 

IncFII(29), IncI1 
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Table 4-3 continued 

Strain ID Location AMR phenotype AMR genes PointFinder PlasmidFinder  

SAMP1_NOV2019 Smarts Rd Amp, Tet blaTEM-1C, tet(A) none 
IncFIB(AP001918), 

IncFII 

SLAMP2_NOV2019 Kaiapoi  Amp, Tet blaTEM-1B, tet(A) none 
IncFIA, 

IncFIB(AP001918) 

GRCHL1_MAR2020 Gressons Rd Amp, Tet, Chl 
aph(3’’)-Ib, aph(6)-Id, blaTEM-1B,  

floR, sul2 
none IncFIB(K), p0111 

GRCHL2_MAR2020 Gressons Rd Tet, Chl, Tmp 
aadA1, aadA2, aadA5,  

cmlA1, dfrA17, sul2, sul3, tet(A) 
none IncFIB(AP001918) 
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Phylogenetics and sequence typing 

Fifteen WGSs were used to test the hypothesis that AMR E. coli from mahinga kai would be 

related to E. coli that cause disease in humans. The sequences were used to inform phylogeny 

and in-silico MLST tools (Figure 16). As in Chapter 3, isolates clustered mostly according to 

sequence type. Three isolates formed a grouping, but did not appear to be related in their 

AMR genotypes (Table 4-3). This group aligns with ST10, an E. coli extra intestinal pathogen 

previously detected on multiple continents  [94] and was detected in marine mussels and 

Australian seagulls [24, 42]. Three strains were ST69, one of the most commonly detected 

pathogenic sequences types in epidemiological studies [94]. ST69 has also been detected in 

reservoirs including seagulls, shellfish and fresh produce [24, 42, 95]. 

 

Interestingly, none of the ciprofloxacin resistant isolates sequenced here were ST131 or 

ST1193, unlike in previous studies [61, 65] or Chapter 3. Instead, the ciprofloxacin resistant 

isolates from Ruataniwha were ST69, ST10 or ST457. E. coli of the sequence type 457 were 

previously associated with blaCMY-2, and this was true of the isolate I sequenced [63]. 

 

The presence of pathogenic E. coli sequence types amongst the sequenced isolates is 

concerning from a community health perspective. These E. coli were isolated either from food 

or environments where food is gathered, providing a direct exposure pathway from the 

environment to people. In the following section, I therefore investigated whether these 

isolates also possess genes associated with virulence and survival in the environment. 
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Figure 4-16: phylogenetic tree of the 15 whole genome sequenced strains isolated from tuaki, wātakirihi and the sites where 

they grow. E. coli Str. UMN026 (O157:H7) was used to root the tree. ST: sequence type (denoted in grey).  

 

Virulence associated genes 

Mahinga kai may expose people to E. coli strains such as the ones sequenced here. I therefore 

investigated virulence-associated genes in the WGSs to test the hypothesis that AMR E. coli 

isolated from mahinga kai have genes associated with virulence. Stress tolerance genes were 

also assessed because they may help E. coli survive in the environment. Annotated virulence 

associated and stress tolerance genes are presented in Table 4-4. espX1, a type III section 

system effector [96], was found in 11 isolates. Other annotations included the toxins cvaC, cnf1, 

and astA [97, 98], and the adhesions papA, nfaE, afaC, air, iha, and tsh [97, 99, 100]. Six isolates 

also possessed genes for iron uptake [101, 102]. For a full list of virulence associated gene 

functions, see Supplementary Table 4-4. 
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tress-associated genes are in Table 4-4. Four strains encoded sil, linked to increased tolerance 

to silver ions, while two had pco, associated with copper tolerance. For stress tolerance gene 

functions, see also Supplementary Table 4-5. Many Canterbury waterways have high levels 

of heavy metal ions [103, 104], as does wātakirihi in other areas [9]. Stress tolerance genes are 

often plasmid-borne, and may cause co-selection of AMR phenotypes when genetically linked 

to AMR genes if silver or copper ions are encountered by a bacterium [66]. In the following 

section, I assess whether stress tolerance genes and AMR genes are likely to be linked on 

plasmids. 
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Table 4-4: genes associated with virulence and stress tolerance in 15 WGS of E. coli from mahinga kai. For predicted gene functions, see Supplementary Table 4-4.  

Strain Virulence Associated Genes Number of Virulence genes Stress genotypes 

CSCIP4_JAN2020 air, eilA, espX1, fdeC, iss, lpfA 6 arsD, ymgB 

CK5_JAN2020 espX1, fdeC 2 emrE, qacE Delta1, terDWZ, ymgB 

CAMP2_JAN2019 espX1, fdeC, lpfA 3 pcoABCDERS, silABCEFPRS, ymgB 

SAMP1_JAN2019 air, cvaC, eilA, espX1 4 arsD, emrE, ymgB 

GRCHL1_MAR2020 espX1, fdeC, iss, lpfA 4 pcoABCES, silABCEFPRS, ymgB 

SLAMP2_JAN2019 air, astA, bmaE, cvaC, eilA, espX1 6 arsD, emrE, ymgB 

GRCHL2_MAR2020 espX1 1 emrE, merCPRT, qacL, silABCEFPRS, ymgB 

CK5_MAY2020 astA, eilA, fdeC, iss, lpfA 5 emrE, qacL, silABCEFPRS, ymgB 

CKCHL2_MAY2020 
cvaC, espX1, fdeC, iroBCDEN, iutA,  

iss, iucABCD, mchF 
8 ymgB 

CSCHL2_JAN2020 cnf1, fdeC, hlyA 3 emrE, qacE, ymgB 

ASH.EST_CHL1_JAN2020 
cvaC, espX1, fdeC, iroBCDEN, iss,  

iucABCD, mchF, tsh 
8 silABCEFPRST, ymgB 

CSCHL1_MAR2020 
afaC, fdeC, iha, iucABCD, iutA, nfaE,  

papA, sat, senB, ybtP, ybtQ 
11 emrE, merCPRT, ymgB 

CSCIP2_JAN2020 
cvaC, espX1, fdeC, iroBCDEN,  

iucABCD, iutA, mchF 
7 merCPRT, qacE Delta1, ymgB 

CSCIP2_MAR2020 
eilA, espX1, fdeC, iucABCD, iutA,  

papA, ybtP, ybtQ 
8 emrE, qacE Delta1, ymgB 

CSCIP1_MAR2020 air, eilA, fdeC, iss, iucABCD, iutA, lpfA 6 qacL, ymgB 
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Plasmid maps generated from the short read sequencing data 

I tested the hypothesis that AMR genes were plasmid-linked. Plasmid contigs were resolved 

from nine WGS isolates (Figures 3-17 – 3-19; Supplementary Figures 4-4 – 4-9). Some of these 

plasmids were from strains for which conjugative transmission of AMR determinants could 

not be demonstrated (e.g., ASH.EST_CHL1_JAN2020, Supplementary Figure 4-4). Further, E. 

coli hosting incF plasmids with several AMR genes were isolated from tuaki even without 

prior enrichment (e.g., Figure 4-19), providing additional support for the hypothesis that tuaki 

can act as sentinels of AMR in estuarine environments. Stress tolerance genes for functions 

like copper resistance were linked to AMR genes in several cases (e.g., Figure 4-19; 

Supplementary Figure 4-5). 

 

 
Figure 4-17: map of an approximately 161kb plasmid resolved from the whole genome 

sequence of strain CSCIP2_JAN2020. 
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Figure 4-18: map of an approximately 112kb plasmid resolved from the whole genome sequence 

of strain CSCIP1_MAR2020. 
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Figure 4-19: map of an approximately 131kb plasmid resolved from the whole genome sequence of strain CK5_MAY2020. 
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E. coli and antimicrobial resistance in karoro/black-backed gull feces and on eggs  

I tested the hypothesis that E. coli with resistance to antibiotics would be isolated from karoro 

feces and eggs. E. coli were isolated from most fecal samples and counts were similar between 

the two colonies. Numbers ranged from not detectable in 1 g fecal samples to a maximum of 

7.2 x 106 CFU g-1 (Supplementary Tables 4-6 – 4-8). This result was similar to a previous study 

on New Zealand seagulls and waterfowl [52]. 

 

Ampicillin and tetracycline resistant E. coli were detected in all fecal samples from the Rakaia 

colony in which E. coli were detected (60%), while chloramphenicol resistance was detected 

in 50% of samples, and ciprofloxacin resistance in 20%. E. coli resistant to cefotaxime were not 

detected in any of the samples. (Supplementary Table 4-6). 

 

Because more than half of fecal samples from the Rakaia colony contained ampicillin resistant 

E. coli, I chose to quantify both total E. coli and ampicillin resistant E. coli in the Rangitata fecal 

samples (Supplementary Table 4-7). All samples contained ampicillin resistant E. coli ranging 

from 2 x 103 to 1.2 x 106 CFU g-1. In three samples, ampicillin resistant E. coli made up 

approximately 5% of the total population, while in fecal sample 10, ampicillin resistant E. coli 

were 16% of the population (Supplementary Table 4-7). These results indicate that if E. coli are 

present in karoro feces, ampicillin and tetracycline resistant E. coli probably are too. Similarly, 

Poeta et al. [105] isolated ampicillin, tetracycline, chloramphenicol and ciprofloxacin resistant 

E. coli from seagull feces in Portugal. 

 

Karoro eggs from the Lower Rangitata River were analysed for E. coli and AMR E. coli 

(Supplementary Table 4-8). E. coli were present on all eggs but on some they were only 

detectable by enrichment. Ampicillin resistant E. coli were present on three eggs and 

tetracycline resistant E. coli were present on two. Given the consistent detections of E. coli, it 

may be that traces of fecal matter are present on all karoro eggs. Therefore, knowing the 

bacterial content of karoro feces prior to egg collecting could be sufficient for predicting the 

risk of this kai. This has the potential to give an early warning about whether eggs are safe to 

harvest, but further research is needed to confirm this. 
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Sixty-seven E. coli isolates from fecal samples were tested for AMR (Supplementary Figures 

4-10 – 4-12). Resistance to ampicillin, tetracycline, chloramphenicol, ciprofloxacin, 

trimethoprim or kanamycin was seen in some isolates. Gentamicin, cefotaxime and 

ceftazidime resistances were never detected. Conversely, Simões et al. [106] found that 

Portuguese gulls frequently carried E. coli with resistance to cefotaxime and ceftazidime. Their 

study area was a busy beach, perhaps explaining the different resistances found. 

 

Resistance transmission by conjugation was assessed from 27 isolates with one or more AMR 

phenotype (Supplementary Tables 4-9 & 4-10). Fifteen isolates (55.5%) transmitted one or 

more AMR genes. Ampicillin and tetracycline resistance were frequently transmitted 

together. This was the highest percentage of conjugatively active isolates I found in my 

studies. Determine the plasmid incompatibility groups would be valuable. 

 

I tested the hypothesis that E. coli isolated from karoro feces could transmit AMR phenotypes 

to S. enterica. One strain was able to transmit tetracycline resistance to both a susceptible strain 

of E. coli and a susceptible strain of S. enterica (Supplementary Table 4-10). 

 

Due to time constraints, the AMR phenotypes of 17 E. coli isolated from karoro eggs were not 

assessed. A list of strains isolated from karoro feces and eggs is in Supplementary Table 4-3. 
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Conclusions and recommendations  

Levels of E. coli and antibiotic resistant E. coli were assessed in watercress and cockles collected 

from popular harvesting sites in Waitaha North Canterbury. Total E. coli counts were 

predictive of ampicillin resistant E. coli counts across both the Rakahuri Estuary and the five 

wātakirihi sites. Data on E. coli levels can be used as an indicator of the potential for exposure 

to E. coli resistant to ampicillin. However, the presence of ciprofloxacin or chloramphenicol 

resistant E. coli could not be reliably predicted, perhaps due to their lower concentrations. 

 

Both tuaki and wātakirihi could be sensitive indicators of E. coli contamination. E. coli counts 

were often higher on wātakirihi than they were in the surrounding water at the time of 

sampling. E. coli appears to attach to wātakirihi. This observation was made by others [8, 10, 

13]. E. coli may accumulate on the leaf surface, amplifying the weaker signal from water. 

 

Because wātakirihi samples were blended, it is not possible to know whether high E. coli 

counts are due to surface attachment or plant invasion. E. coli is capable of both invading and 

forming an external biofilm on plants [57]. Future studies could assess whether E. coli 

contamination on wātakirihi is due to attachment, internalisation or a combination of the two. 

 

Tuaki were able to concentrate E. coli up to 60 times higher than the surrounding water, so 

even low levels of fecal contamination can pose a food safety threat. Māori maintain that 

seafood should not need to be cooked, and regard any fecal contamination as offensive [1, 69]. 

Preparation of traditional dishes containing raw shellfish may also be a risk to consumers.  

 

Tuaki were excellent sentinels of antibiotic resistant E. coli at low concentrations in their 

habitat. At some sampling events, E. coli with resistance to chloramphenicol were isolated 

from tuaki sample enrichments, but not from congruent water samples. When some of them 

were sequenced, they had genes associated with AMR and virulence seen previously in 

human pathogenic E. coli [107]. 

 

Preliminary data regarding karoro feces and eggs as carriers of AMR E. coli are reported. This 

is the first study of AMR in wild birds in New Zealand, but further work is needed to 
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determine whether these bacteria pose a health risk to mana whenua, who are eager to resume 

using karoro as a mahinga kai. 

 

My results reinforce prior advice to thoroughly cook kai that is wild harvested and choose 

sites with low levels of fecal pollution. However, I showed that even when E. coli levels in 

water were low, wātakirihi and tuaki were still at risk of colonisation by E. coli. This finding, 

coupled with the added health risk that AMR bacteria pose over susceptible bacteria [108, 

109], may indicate that traditional food safety recommendations are insufficient to protect 

consumers. I have also highlighted the inadequacy of monitoring E. coli in water as a proxy 

for E. coli in mahinga kai. 

 

Even when AMR E. coli in water fell below the detection limit, they could still be isolated from 

tuaki. Furthermore, isolates were infected with conjugative plasmids. This led me to question 

whether, by concentrating bacteria, shellfish might provide an ideal habitat for transmission 

of AMR, something that has been mentioned by others [25]. I developed a series of 

experiments to test these and other hypotheses. These are the focus of the fifth chapter of this 

thesis.  
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Chapter 5 – uptake and fate of antimicrobial resistant E. coli in 
shellfish and marine environments 

Introduction 

In this chapter I study the uptake of E. coli and AMR E. coli by kuku (Greenshell mussels; Perna 

canaliculus). Retention of E. coli in both kuku harvested from the environment and in an 

aquarium is measured. Hypotheses regarding the fate of AMR E. coli in seawater are tested. 

Finally, I examine the hypothesis that filter-feeding shellfish may promote conjugation 

between bacteria by concentrating them inside their shells. These experiments increase our 

understanding of the threat that AMR poses to shellfish consumers in Aotearoa, and further 

test the potential of shellfish as sentinels of AMR in marine environments. 

 

Rationale for studying E. coli and AMR E. coli uptake by kuku 

Kuku have been shown to accumulate E. coli in the environment. The concentration of E. coli 

in kuku before and after a river flooding event was previously measured [1]. The river 

transported fecal bacteria into mussel farms, and the concentration of E. coli in mussel flesh 

exceeded that in the water. Also, Bell [2] assessed E. coli concentrations in kuku from the 

Waikouaiti Estuary. E. coli were detected intermittently in kuku, suggesting that E. coli levels 

inside kuku are related to the concentration in their environment. 

 

Further, the use of sentinel shellfish to track uptake of E. coli and pathogenic bacteria was 

previously demonstrated by Donnison & Ross [3]. Freshwater mussels were submerged in 

rivers. After seven to 21 days, the concentration of E. coli inside the mussels exceeded the food 

safety limit [4], but there was no obvious relationship between the time shellfish were exposed 

to the river and the final concentration of bacteria [3]. This suggests that the concentration of 

bacteria in the mussels may reach an upper limit within a week. Shellfish can concentrate 

bacteria relative to water within hours [5, 6]. Studies in situ might generally be too short to 

measure uptake of E. coli within relevant timeframes. A study to track the accumulation of E. 

coli in New Zealand shellfish is warranted. 
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Kuku (Greenshell mussels) 

Kuku are endemic to Aotearoa and are one of the world’s largest shellfish species. Kuku 

naturally live below the intertidal zone. They can also live on the foreshore where they are 

submerged and exposed during the tidal cycle. Kuku are sessile, with limited capacity to 

orient themselves using byssus threads, filamentous proteins secreted to anchor the animal to 

its substrate.  

 

Like other bivalves, kuku are filter feeders, using cilia to capture particles from the water, and 

mucus to transport, sort and reject food particles [7]. The filtration rate of kuku can be up to 8 

L hr-1 in the largest individuals [8]. Kuku prefer phytoplankton greater than 2 µm in size and 

reject unsuitable particles as pseudofaeces [9]. Particles smaller than 2 µm, such as E. coli, can 

still accumulate in P. canaliculus and other bivalves [1, 6]. 

 

Kuku are kai and a popular domestic product. Consumption of kuku by Māori was, and 

continues to be, high [10, 11]. Kuku are a popular seafood across Aotearoa [12]. Shellfish, 

including kuku are often eaten raw, as in Figure 5-1 [13]. Kuku also are commercially grown 

for export [14]. The biggest markets for kuku are Asia, Europe and Australia. The majority of 

kuku are exported as frozen in shell or as frozen meat, but some are live. For these reasons, 

kuku were chosen for experiments involving shellfish.
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Figure 5-1: four recipes for kuku/mussels from the Māori cookbook (1970). Note that cooking the mussels thoroughly is only indicated only for 

‘fried mussels’. 

 



 265 

Whakaraupō (Lyttelton Harbour) 

Whakaraupō (Lyttelton Harbour) and the surrounding Banks Peninsula is a mahinga kai of 

Rāpaki, a hapū of Ngāi Tahu. At Rāpaki Bay, shellfish were gathered [15], but sewage 

discharge into the harbour from ships and residents has halted traditional harvesting 

practices. However, tuaki (cockles) are still harvested nearby [16]. 

 

Whakaraupō is home to several beaches used for recreation. These include Rāpaki Bay, 

Magazine Bay Cass Bay and Corsair Bay, all of which are popular for swimming. These 

beaches are monitored for E. coli by LAWA [17-19]. Monitoring takes place during summer, 

but shellfish harvesting occurs year-round. There are currently no studies on AMR in water 

or mahinga kai in Whakaraupō. 

 

Seawater survival 

E. coli sequestered inside shellfish may be protected from some of the stresses of a marine 

environment. In particular, internalised bacteria or those in pseudofaeces would be exposed 

to lower levels of solar radiation and possibly have access to more nutrients [20]. 

 

Seawater osmotically shocks E. coli leading to 90% mortality in 48 hours [21]. Solar radiation 

kills E. coli in marine environments [21, 22]. Seawater also has a low nutrient density. 

Nevertheless, some E. coli can persist for weeks [22]. I hypothesised that this time is longer if 

the stresses are reduced through internalisation. E. coli can survive for at least 50 days in 

refrigerated shellfish [23], but whether E. coli in marine environments survive for longer inside 

shellfish or outside has not been assessed. 

 

Conjugation in the environment 

Although the spread of conjugative plasmids is detectable in marine environments [24-26], 

observing the transfer process in situ in real time is difficult. This may be because cell density 

is important in determining transmission frequency [27, 28]. Concentrations of bacteria in 

feces and in the host intestine may be up to 1011 CFU mL-1 [29], but this decreases when bacteria 

such as E. coli are diluted in open water. Transmission of plasmid RP4 was previously studied 
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under simulated marine conditions [30]. Transmission was detected, but only when donor 

and recipient cells were at least 105 and 104 CFU mL-1, respectively. 

 

Similarly, Kruse & Sørum [31] measured conjugative transmission of an AMR plasmid 

between E. coli and a fish pathogen in natural seawater. The transmission frequency was up 

to 10-4 transconjugants per limiting donor. Again, donor and recipient cells were at least 107 

CFU mL-1. These studies demonstrate that conjugation in the environment by E. coli is 

possible, but the concentration of enteric bacteria in aquatic environments may ordinarily be 

too low for transmission to occur at a detectable frequency.  

 

Occasionally, levels of E. coli at coastal sites Canterbury may approach concentrations high 

enough for conjugation to be detected. Three recent examples are February 2022, when the 

concentration of E. coli at Rakahuri/Ashley River Estuary was 8 x 103 CFU mL-1, December 

2019, when Rāpaki Bay had 6 x 103 CFU mL-1, and December 2018, when E. coli levels were at 

almost 104 CFU mL-1 at the Avon-Heathcote Estuary.  

 

These concentrations are below what has been used to measure plasmid transmission in 

simulated marine environments. However, aquatic animals such as shellfish may concentrate 

bacteria to levels that permit detection of transconjugants. Shellfish concentrate E. coli in their 

environment by at least ten-fold [6, 21]. At some times in Canterbury, the open water levels 

of E. coli could be sufficiently high to reach the threshold for transconjugant detection because 

of the concentrating effects of shellfish. 

 

Transmission of AMR in the zebrafish gut was demonstrated [32, 33], but to my knowledge, 

the potential for shellfish to promote AMR spread has not been tested. In New Zealand, Cooke 

[34, 35] isolated E. coli with the ability to transmit AMR by conjugation in both freshwater and 

marine shellfish. However, whether these E. coli gained their plasmids before or during their 

time in the shellfish was unknown. A study of whether shellfish can increase plasmid 

transmission frequency is warranted.
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Aims and hypotheses 

Uptake of E. coli by kuku 

Uptake in Whakaraupō/Lyttelton Harbour and an aquarium environment 

Whakaraupō is mahinga kai, but it may be impacted by fecal contamination. My preliminary 

samples and previous monitoring [17, 19, 36] indicated that E. coli concentrations were often 

low in the water of Whakaraupō. I hypothesised that kuku can be used to detect E. coli in 

marine environments and to measure E. coli accumulation in shellfish over time. The 

uptake of E. coli by kuku in both Whakaraupō and in an aquarium environment was therefore 

measured. 

 

Accumulation and uptake of conjugative, antibiotic resistant E. coli by kuku 

After measuring the baseline rates of uptake of E. coli by kuku in tanks, I exposed them to E. 

coli with distinct phenotypes. One strain lacked any detectable AMR and conjugative 

phenotypes and genotypes and was used as a recipient. The other was MDR and transmitted 

ESBL resistance and was used as a donor. 

 

I hypothesised that the conjugative strain would be taken up more efficiently by kuku. 

This is because the pilus produced by conjugative plasmids can increase adherence to surfaces 

[37, 38]. This could lead to greater accumulation in kuku of conjugative E. coli over susceptible 

E. coli. In turn, most often kuku would be expected to differentially concentrate AMR bacteria 

because resistance genes are often found on conjugative plasmids [39, 40]. 

 

Survival of E. coli in seawater 

To understand how exposure to seawater might affect my E. coli strains, I measured their 

survival over time in seawater. Natural E. coli isolates (i.e., those not maintained in the 

laboratory) may also have genes associated with stress tolerance. Often, these genes are linked 

to AMR genes on plasmids [41, 42]. I hypothesised that an AMR strain originally isolated 

from a freshwater environment will survive for longer in seawater than a laboratory strain. 
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Competition experiments 

Fitness costs associated with multidrug resistance and a multi-plasmid 

genotype 

Some studies have suggested that E. coli with an AMR phenotype are at a fitness disadvantage 

in the absence of antibiotics [43, 44]. I hypothesised that a strain isolated from the 

environment that lacks AMR genes and plasmids would out compete a MDR strain with 

plasmids in a competition experiment. This was tested using a competition assay in minimal 

medium. 

 

Increase in competitive fitness following adaptation to minimal medium  

Following the initial competition experiment, I hypothesised that during its passage in 

minimal medium, the MDR strain had gained a fitness advantage over its parental strain 

and an increased fitness advantage over the susceptible strain. I tested these hypotheses 

through further competition experiments between the evolved strain and its parent, and 

against the naïve susceptible strain. I also hypothesised that this fitness advantage was due 

to loss of its accessory genome over time (i.e., loss of one or more of its AMR plasmids). I 

therefore assessed the AMR phenotypes of the evolved strain in relation to its parent. 

 

Kuku as an environment for transmission of antimicrobial resistance genes 

By concentrating E. coli, shellfish may provide a habitat for transmission of AMR genes in the 

environment. I hypothesised that the transmission frequency of plasmid RP4 inside kuku 

would be higher than in water without kuku. This was tested using an ‘intra-shellular’ 

conjugation assay. Kuku were exposed to isogenic donor and recipient E. coli to measure the 

transmission frequency of RP4. 



 269 

Materials and methods 

Procuring and acclimating live mussels  

All mussels were grown in the Marlborough Sounds, either by Hairy Mussel Co. or Mills Bay 

Mussels. Kuku were purchased at least one week prior to the experiment from a local 

supermarket. Individuals of a similar size (+/- 1 cm) were selected for experiments. The size 

of kuku used varied depending on when they were purchased, but were within 10-15 cm.  

 

Kuku were allowed to recover from shipping in an aquarium system at 12 ˚C. The water in 

this system was unfiltered and was regularly checked for E. coli, which were never detected 

in any of the 1 L samples. Around 10% of kuku died during recovery, so extra were always 

purchased. Kuku were considered to be suitably recovered when they were open and actively 

filtering, and reacted quickly by closing their shells when disturbed.  

 

Uptake of E. coli by kuku in the Lyttelton Harbour 

The uptake of E. coli by store-bought kuku was measured by placing kuku in metal baskets 

and submerging them at the Lyttelton Marina (Figure 5-2). The method used was similar to 

that of [3]. Baskets were constructed using deep fryer baskets with an additional sheet of metal 

serving as a lid, secured by cable ties. Two baskets were used. Rope was used to secure the 

baskets to the pontoon berthing. The pontoon was floating so the baskets remained 

submerged throughout the tidal cycle.  

 

 

Figure 5-2: the basket used to submerge mussels in Lyttelton Harbour (left). Right, the marina at which the experiment took 

place.  
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On day one, ten mussels were placed in each basket. An additional 6-8 mussels purchased at 

the same time (sufficient to produce 2 x 100 g replicates) were set aside and used to confirm 

the absence of E. coli prior to the experiment following the procedure outlined below. Kuku 

were submerged for 21 days and sampled every seven days. At each sampling event, three 

kuku were removed from each basket and processed separately. Four 1 L water samples were 

also collected at each sampling event.  

 

E. coli were enumerated from kuku by the following method. First, the outside of the shells 

were cleaned using 70% ethanol. For each replicate, mussels were shucked and the flesh 

added to a sterile glass beaker until 100 g of flesh and liquor (liquid from inside the shells) 

was obtained (approximately three mussels). 100 mL PBS was added to the beaker and the 

contents were blended for two minutes. Five 1 mL aliquots of homogenate were aseptically 

spread on TBX agar plates and dried in the laminar flow cabinet. All TBX plates were 

incubated at 44 ˚C for 12-16 hours. To calculate the number of E. coli in the original sample, 

presumptive E. coli (blue) colonies were counted. This number was multiplied by two to 

account for the dilution by PBS, then by 100 to calculate the number of E. coli in 100 g. 

 

E. coli were enumerated from Lyttelton Marina water samples following the method described 

in Chapter 2. Membrane filters were laid on TBX plates without antibiotic supplementation 

or supplemented with one of ciprofloxacin (Cip; 1 µg mL-1), chloramphenicol (Chl; 6 µg mL-1) 

or ampicillin (Amp; 20 µg mL-1).  

 

Uptake of E. coli by kuku in tanks 

Experimental set up 

Kuku were transferred to 40 L tanks in a temperature controlled environment set at 15 ˚C and 

acclimated for at least two days before the experiment. The tank water was changed twice a 

day during this period. 1 µm filtered seawater was used for acclimation. Kuku were fed once 

per 24 hours with a spirulina algal suspension. Spirulina was prepared by mixing 5 g spirulina 

powder with 50 mL (1% w/v) sterilised artificial seawater [45] and mixing by vortex. 
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20 L of 1 µm filtered seawater was added to four tanks. To two of these tanks, 10 kuku were 

added. The other two tanks were controls and were treated identically except that kuku were 

not added. Each tank had an air bubbler to provide oxygen and a clear plastic cover. The room 

which housed the tanks was kept at a constant 15 ˚C with a 12 hour light-dark cycle. 

 

E. coli strains used and culturing 

Two strains were used in these experiments (Table 5-1). The first was CMB44_RIF44, isolated 

from Ōtākaro/Avon River in 2017 [46]. CMB44_RIF44 was not resistant to any antibiotics 

tested except rifampicin (8 µg mL-1). Genotyping revealed that CMB44_RIF44 does not have 

any plasmids. I created a strain of CMB44_RIF44 that was resistant to a higher concentration 

of rifampicin (100 µg mL-1) by selecting for a random mutant per Chapter 4. The resulting 

strain was renamed CMB44_Rif. 

 

The second strain was L3Cip3_MAR2018, isolated from the Riccarton Stream in 2018 and 

resistant to at least 11 antibiotics at ≥ the clinical concentration (Table 2-1). L3Cip3 is 

conjugative and transmits an incI plasmid with a blaCTX-M-55 gene conferring resistance to 

ampicillin, cefotaxime and ceftazidime (tanle 5-1).  

 

E. coli were grown to an OD of 0.05 (approximately 107 CFU mL-1). The cultures were then 

diluted 100-fold in PBS to a concentration of approximately 105 CFU mL-1.
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Table 5-1: E. coli strains and plasmids used in Chapter 5. Rif: rifampicin, Str: streptomycin. ABS: antibiotic susceptible. Nal: nalidixic acid, Str: streptomycin. 

E. coli Description Reference 

CMB44_RIF44 Isolated from Ōtākaro in 2017. ABS except for Rif (8 µg mL-1) Adewale (2018) 

CMB44_Rif RifR (spontaneous; 100 µg mL-1) This study 

L3Cip3_MAR2018 

Isolated from Riccarton Stream in 2018. TetR, ChlR, CipR, TmpR, 

GenR, KanR, AmpR, CtxR, CazR, NalR, StrR. Has conjugative incI 

plasmid and three other plasmids. 

This study 

BW25113 F- Δ(araD-araB)567 lacZ4787Δ::rrnB-3 Schoch, et al. (2020) 

eL3Cip3 
Derived from L3Cip3_MAR2018. Evolved for 76 generations 

in Minimal Broth Davis. 
This study 

CMB44_Str StrR (spontaneous; 100 µg mL-1) This study 

JB570 RifR (spontaneous; 100 µg mL-1), RP4+, SB21 background. Laboratory strain 

Plasmids Description Reference 

RP4 incP, TetR, KanR, AmpR Pansegrau et al. (1994) 
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Experimental procedure 

At time zero, 2 mL of diluted E. coli culture were added to each tank to achieve a concentration 

of approximately 102 CFU 100 mL-1. For the initial experiments, only CMB44 RifR was added. 

When comparing the uptake of a strain that was AMR donor versus a non-conjugative 

recipient strain, I added both CMB44_Rif and L3Cip3_MAR2018 concurrently to the tanks. 

Immediately after the addition of the strain(s), 100 mL water samples were removed from 

each of the four tanks to enumerate the number of E. coli added at time zero. Thereafter, water 

samples were taken every two hours until eight hours was reached. At eight hours, three kuku 

were removed from tanks containing mussels. At 24 hours, a final water sample and 

congruent kuku sample was made. 

 

During the experiment, kuku were fed with 5 mL Reef PhytoplanktonTM (Seachem) per tank 

at one hour before E. coli were added and eight hours after E. coli were added. 

 

E. coli were enumerated from water samples by membrane filtration. 100 mL and 10 mL 

aliquots of water samples were filtered. Filters were laid onto TBX agar plates supplemented 

with rifampicin (100 µg mL-1) to enumerate CMB44 RifR or tetracycline (16 µg mL-1) to 

enumerate L3Cip3_MAR2018.  

 

E. coli were enumerated from kuku samples following the procedure outlined above. Kuku 

homogenate was aseptically spread on TBX agar supplemented with either rifampicin (100 µg 

mL-1) to enumerate CMB44 RifR, or tetracycline (16 µg mL-1) to enumerate L3Cip3_MAR2018. 

The number of E. coli in the original sample was also calculated per the procedure outlined 

above. Each experiment was performed three times, giving three independent replicates, each 

with two experimental tanks and two control tanks. 

 

Survival of E. coli in saltwater 

The survival of two E. coli strains in sterilised and natural seawater was measured over two 

weeks. Seawater was collected from Whakaraupō at Magazine Bay. The seawater was tested 

to ensure that it had fewer than 1 E. coli L-1 [49]. Seawater was filtered through a 1 µm ceramic 

filter before 20 mL aliquots were added to universal tubes and sterilised by autoclaving. One 
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hour prior to the start of the experiment, 20 mL aliquots of fresh seawater stored at 15 ˚C were 

added to sterile universal tubes. All tubes were stored at 15 ˚C until use. 

 

The strains used were BW25113 and L3Cip3_Mar2018 (Table 5-1). Strains were grown in LB 

broth at 37 ˚C with shaking at 180 rpm until an OD600 of 0.05 was reached (approximately 107 

CFU mL-1). Cultures were diluted to 103 CFU mL-1 in PBS before 100 µl of culture was added 

to each tube to achieve an inoculum of approximately 5 x 102 CFU mL-1. 

 

The variables were type of seawater (sterilised and filtered or natural), strain (BW25113 or 

L3Cip3_MAR2018) and sonication (sonicated or not sonicated). Survival was measured over 

two weeks at intervals of six hours, 24 hours, 48 hours, one week and two weeks. All 

combinations of variables were evaluated in triplicate at each time point, giving a total of 96 

universal tubes. 

 

Surviving E. coli were enumerated as follows: the entire volume of the universal tube was 

poured over a membrane filter and filtered under vacuum. Filters were laid onto TBX agar 

plates. All plates were incubated at 44 ̊ C for 12-16 hours before surviving E. coli (blue) colonies 

were counted. 

 

Competition experiments in minimal medium 

Minimal Broth Davis supplemented with 1% dextrose was used for competition experiments. 

Bi-cultures were incubated at 37 ˚C with shaking. The method used was otherwise the same 

as [50]. The starting inoculum for all strains and experiments was 105 CFU. When a selectable 

marker was needed to differentiate two strains, I created a rifampicin resistant mutant per 

Chapter 4 (Table 5-1). One strain was assumed to have outcompeted the other when it was 

present at least 10-fold greater concentration (CFU mL-1) than the other, and when this point 

was reached the experiment was stopped. As a control against spontaneous rifampicin 

resistant mutants of L3Cip3_MAR2018, I plated the final-day co-culture on LB supplemented 

with rifampicin (100 µg mL-1) and Cip (1 µg mL-1). 
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‘Intra-shellular’ conjugation in kuku  

Strain preparation 

I constructed an isogenic series of strains derived from E. coli strain CMB44_RIF44 [46]. 

Members of the series differed only in their resistance to rifampicin or streptomycin. These 

were renamed CMB44_Rif and CMB44_Str, resistant to rifampicin (100 µg mL-1) and 

streptomycin (100 µg mL-1), respectively (Table 5-1). The susceptibility of CMB44_Rif to 

streptomycin was confirmed prior to the experiment and vice versa. Plasmid RP4 (Table 5-1) 

was transferred into CMB44_Str by liquid culture mating with JB570 (RP4+) per Chapter 2. 

 

Experimental set up 

The transmission frequency of plasmid RP4 (KanR, AmpR, TetR) was measured in kuku, feces 

and the surrounding water at 20 ˚C. Kuku were acclimated to 20 ˚C for one week. Five 

individuals were placed in separate glass beakers with 1 L of 1 µm filtered seawater (Figure 

5–3). Each beaker received an air bubbler for oxygenation and was tilted to allow kuku to 

elevate themselves above the water if they wished. Five control beakers without kuku were 

included, with all other parameters the same. 

 

Conjugation procedure 

I had previously confirmed that RP4 could be transmitted between CMB44_Rif and 

CMB44_Str at a measurable frequency in seawater at 15 ˚C when CMB44_Str RP4 (donors) 

were present at concentrations of 106 CFU mL-1 and CB44_Rif (recipient) were 107 CFU mL-1 

(data not shown). Both strains were grown to approximately 109 CFU mL-1 overnight in LB 

broth. 10 x 1 mL aliquots of CMB44_Str RP4 were pelleted by centrifugation and resuspended 

in 1 mL PBS. 10 x 10 mL aliquots of CMB44_Rif were pelleted by centrifugation and 

resuspended in 5 mL PBS. An aliquot of donor and recipient cells was added to each of the 

ten beakers to achieve approximately 106 CFU mL-1 and 107 CFU mL-1 donors and recipients, 

respectively. The CFU mL-1 of the starting cultures were determined by plate count titre. 
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Figure 5-3: image of the ‘intra-shellular’ conjugation experiment (control beakers not pictured). 

 

After 24 hours, kuku were removed from the beakers using sterile forceps and placed into 

separate glass beakers. Feces were sampled using forceps and placed in sterile Eppendorf 

tubes. 5 mL and 50 mL water samples were removed using a serological pipette and stored in 

flacon tubes. Samples were stored on ice and all replicates were processed independently. 

 

Enumerating recipients, donors and transconjugants 

The transmission frequency of RP4 inside the kuku was determined by preparing homogenate 

as outlined above. Donors, recipients and transconjugants were enumerated by plating a 

dilution series of homogenate from 100 – 109 on TBX plates supplemented with rifampicin (100 

µg mL-1), streptomycin (100 µg mL-1) or rifampicin + tetracycline (100 µg mL-1 + 16 µg mL-1 ) 

to select for recipients, donors and transconjugants, respectively.  

 

The transmission frequency of RP4 in feces was determined by homogenising fecal samples 

in 1.5 mL PBS using a sterile plastic pestle. Donors, recipients and transconjugants were 

enumerated by plating a dilution series of fecal homogenate from 100 – 109 on TBX plates 

supplemented with antibiotics as above. 
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The transmission frequency of RP4 in water samples was determined by plating a dilution 

series from 100 – 10-9 on TBX plates supplemented with antibiotics as above. In all cases, the 

transmission frequency was calculated by dividing the number of transconjugants by the 

number of donors. Transmission frequency was reported as transconjugants per limiting 

parent. 

  

Statistical analysis 

R was used for all statistical analysis [51-53]. All experiments were performed independently 

in triplicate, except for the ‘intra-shellular’ conjugation assay, which was performed once with 

five replicates. The difference between E. coli counts in mussels and in water was confirmed 

to be statistically significant using a Welch Two Sample t-test. The concentration of E. coli in 

mussels was confirmed to be significantly greater than food safety limits using a one tailed t-

test.  

 

I used a linear mixed effects model (LMM) to test the relationship between time and treatment 

(mussel versus no mussel) on E. coli concentrations in the water [54]. To control for variation 

between replicates, I fitted blocks [55]. Treatment and time were fitted as fixed effects. E. coli 

counts were log10 transformed prior to fitting the model. 

 

I used a second LMM to test the relationship between time and treatment (mussel versus no 

mussel) on AMR versus susceptible E. coli concentrations in water [54]. ‘Block’ was fitted as a 

random effect, while time, treatment (mussel or no mussel) and strain (CMB44_Rif or 

L3Cip3_MAR2018) were fixed effects. E. coli counts were log10 transformed prior to fitting the 

model. P-values for mixed effects models were calculated with a Chi Square error distribution 

[52].  

 

The relationship between seawater type (sterilised or natural), strain (BW25113 or 

L3Cip3_MAR2018) and sonication (sonicated or unsonicated) was tested using linear 

regression [52]. E. coli counts were log10 transformed. 
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To analyse competition experiment data, I use a one tailed, two sample t-test to test whether 

the difference between the two strains was statistically significant at the end of the 

experiment. Welch’s Two Sample t-test was used to determine whether the difference in 

transmission frequency in mussel homogenate, fecal and water was statistically significant.  

 

Welch’s Two Sample t-test was also used to determine whether the differences in transmission 

frequency of RP4 in water, water with kuku, kuku feces and homogenate was statistically 

significant.  
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Results and Discussion 

Accumulation of E. coli in kuku in Whakaraupō  

The concentration of E. coli in kuku submerged in Whakaraupō was measured over three 

weeks to test the hypothesis that kuku accumulate E. coli and therefore could be used to detect 

it in marine environments (Figure 5-4). E. coli concentrations in the kuku varied and were 

detected intermittently. As such, it was difficult to confirm any trends. Kuku filtration rates 

can be up to 8 L hr-1, but the distance between the study site and the laboratory meant that I 

could not visit the study site more frequently. This made more precise measurements of E. 

coli accumulation difficult. To overcome these challenges, I designed a tank system for 

laboratory use. The results of these experiments are described below. The results were treated 

as preliminary for further experiments. 
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E. coli concentration in water, ampicillin resistant E. coli concentration in water and E. coli concentration in blue-shell and 
Greenshell mussels over three weeks 

 

Figure 5-4: E. coli in water, pōrohe/blue shell mussels and kuku/Greenshell mussels over three weeks in Whakaraupō/Lyttelton Harbour. E. coli counts are reported in log10 transformed CFU 100 mL-1 or log10 

transformed CFU 100 g-1. Sampling was conducted on day one (time 0), one week, two weeks and three weeks. E. coli were not detected in kuku on day zero because they were purchased that day.
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Uptake of E. coli by kuku in a controlled tank environment 

E. coli were added to tanks at specified concentrations to track their uptake by kuku. Under 

the assumption that E. coli could only be either in the water column or inside the kuku, I took 

water samples to enumerate E. coli and calculated the number in kuku (Figure 5-5). The 

concentration of E. coli in tank water (CFU 100 mL-1) decreased faster than in the control tanks 

without kuku (P <0.0001). Time (hours) was also significantly negatively associated with E. 

coli concentration (P <0.0001). 

 

At eight hours the concentration of E. coli in tanks with kuku was on average 5 times lower 

than in tanks without mussels (Figure 5-6), but this difference was not statistically significant 

(P = 0.08). At 24 hours, however, the difference in CFU 100 mL-1 in the kuku tanks was 

approximately 39 times lower than the control tanks, on average (Figure 5-7). This difference 

was modestly significant (P = 0.049).  

 

The kuku would be considered unsafe for human consumption following 24 hours of 

exposure to an E. coli inoculum of approximately 5 x102 CFU mL-1 [4]. After 24 hours the 

average concentration of E. coli in kuku was 3 x 103 CFU 100 g-1, above the food safety limit of 

700 CFU 100 g-1 (P = 0.02).  

 

At their maximum filtration rates, I expected kuku to become unsafe for human consumption 

within eight hours. These data may indicate that kuku filtration rates were lower in tank than 

in in vitro studies [8]. Low food availability results in decreased filtration by bivalves [56]. In 

these experiments, kuku were maintained in 1 µm filtered seawater which likely had low 

concentrations of food particles. To encourage filtration, I fed the kuku with phytoplankton 

twice, but increasing the food availability in future experiments is advisable to mimic 

environmental conditions more closely.
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E. coli counts in tanks with and without kuku/mussels over 24 hours 

 

Figure 5-5: decrease in E. coli concentration (log10 transformed CFU 100 mL-1) over 24 hours in tanks with and without kuku/Greenshell mussels. Data were plotted with offset to decrease over-plotting. 
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E. coli counts in water with and without kuku/mussels at eight hours 

 

Figure 5-6: boxplot of E. coli counts in water with and without kuku/mussels at eight hours. E. coli counts are in CFU 100 

mL-1. M: mussels. W: no mussels. 

 

E. coli counts in water with and without kuku/mussels at 24 hours 

 

Figure 5-7: boxplot of E. coli counts in water with and without kuku/mussels at 24 hours. E. coli counts are in CFU 100 

mL-1. M: mussels. W: no mussels. 
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Uptake of antimicrobial resistant versus susceptible E. coli by kuku in a tank 
environment 

I tested the hypothesis that a conjugative strain of E. coli would be better at accumulating in 

kuku, leading to greater accumulation of AMR (Figure 5-9). Kuku in tanks were mixed with 

two strains of E. coli for 24 hours. One strain was an MDR donor and the other strain lacked 

these phenotypes. 

 

There was no significant effect of strain on log10 transformed E. coli CFU 100 mL-1 in the linear 

mixed effects model (P = 0.90), supporting the null hypothesis that neither strain was 

preferentially accumulated. Likewise, there was no significant difference between the 

numbers of each strain (CFU 100 g-1) in mussel homogenate at eight (P = 0.81) and 24 hours (P 

= 0.88). 

 

Conjugative pili and certain genes hosted on plasmids have been associated with the ability 

to form biofilms in vivo [41, 57], but this does not seem to impart an increased ability to 

colonise kuku under the conditions tested here. Previously, the ability to form strong biofilms 

was seen in pathogenic E. coli types isolated from blue shell mussels and harvesting waters 

[58]. 

 

I observed that the concentrations of both strains of E. coli also decreased in tanks with no 

shellfish. In the following section, I therefore assess E. coli survival in saltwater.
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Counts of Antibiotic resistant versus susceptible E. coli in tanks with or without mussels 

 

Figure 5-8: decrease in susceptible E. coli (left) versus AMR E. coli (right) over 24 hours in tanks with kuku (green) and without (blue). E. coli counts are reported in log10 transformed CFU 100 mL-1. Data points 

were plotted with offset to decrease the appearance of over plotting. 
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Survival of E. coli in saltwater 

I tracked the survival of two strains of E. coli in saltwater over two weeks (Figure 5-10). Time 

was significantly associated with a decrease in E. coli counts (log10 transformed E. coli CFU per 

tube) in the linear model (P <0.0001). Nevertheless, colonies of both strains were still 

recoverable after one week. These results could have implications for how long E. coli persists 

in shellfish harvesting areas, affecting the safety of mahinga kai. Seawater was previously 

found to have high numbers of ESBL E. coli [59]. 

 

There was a modest relationship between sterilised, filtered water and increased survival of 

E. coli in the linear model (P = 0.048). Seawater can contain predators such as protozoa [22]. 

Bacteriophages in seawater may also kill E. coli [22]. Sterilisation by autoclaving kills protozoa 

and denatures bacteriophages [60]. This may explain the increased survival of both strains in 

sterilised seawater (Figure 5-10). 

 

Half of the tubes were sonicated prior to enumeration of E. coli to dislodge any biofilms that 

may have formed. However, there was no significant effect of sonication on recovery of E. coli 

from the seawater tubes (P = 0.92). 

 

I hypothesised that a MDR strain originally isolated from the environment would survive for 

longer in seawater than would a laboratory strain. Contrary to the hypothesis, 

L3Cip3_MAR2018 survived less well in seawater than BW25113 (P = 0.0001). Smith et al. [61] 

also found that E. coli with transmissible resistance to ampicillin were not able to survive in 

saltwater better than strains which lacked resistance. In fact, prior adaptation to saltwater was 

found to be the most significant predictor of saltwater survival [62].  

 

L3Cip3_MAR2018 was isolated from freshwater and appeared to have decreased fitness in 

seawater. Strain L3Cip3_MAR2018 encodes four plasmids, each with a number of accessory 

genes (Chapter 3, Figures 3-13 – 3-16). This strain’s accessory genome may have affected its 

survival in seawater. In the following section, I test hypotheses regarding the fitness of 

L3Cip3_MAR2018. 
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E. coli survival in saltwater over two weeks 

 

Figure 5-9: Survival of str. BW25113 (left) and L3Cip3_MAR2018 (right) in seawater over a two week period. E. coli counts are reported in total CFU per tube. Sonication: whether the tube was sonicated or not 

before filtration of its contents. Water (natural): unsterilised and unfiltered seawater. Water (sterile): seawater filtered through a 1 µm ceramic filter and sterilised.
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Competition experiments to assess strain fitness in minimal medium 

I competed L3Cip3_MAR2018 against strain CMB44_Rif, a strain which lacks AMR genes and 

plasmids (Figure 5-11). The hypothesis was that CMB44_Rif would out compete 

L3Cip3_MAR2018. However, L3Cip3_MAR2018 out-competed CMB44_Rif after eight days, 

or approximately 76 generations of co-culturing. On day eight, the concentration of 

L3Cip3_MAR2018 was 4.7 x 109 CFU mL-1 and CMB44_Rif was at 1 x 105 CFU mL-1 (P = 0.02). 

Similarly, no fitness effect of AMR genes was seen when wild-type E. coli with and without 

AMR genes were cocultured for 200 generations [63]. In addition, fitness costs associated with 

mutations in gryA and parC conferring resistance to ciprofloxacin, which L3Cip3_MAR2018 

has, were shown to be minimal [64]. 

 

I hypothesised that L3Cip3_MAR2018 was able to outcompete CMB44_Rif by losing plasmids. 

I assessed the AMR phenotype of ten replicate isolates of the evolved strain (renamed 

eL3cip3). All colonies retained the full resistance profile of the parent strain, including 

resistances conferred by genes hosted on the plasmids (data not shown). This suggests that 

no plasmids were lost during the experiment. Indeed, the chromosomes of E. coli can adapt to 

reduce the costs associated with plasmid carriage in vitro [65]. After adaption, plasmids can 

confer a fitness benefit to their hosts, even in the absence of antibiotics. 

 

I was not able to determine what made L3Cip3_MAR2018 more fit than CMB44_Rif. It could 

be that CMB44_Rif was inhibited by a weak toxin secreted by L3Cip3_MAR2018 to which it 

produced no anti-toxin [66]. Alternatively, for reasons unknown, L3Cip3_MAR2018 may have 

adapted more quickly to growth in minimal medium than did CMB44_Rif [67]. 
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Competition in minimal medium over eight days 

 

Figure 5-10: scatterplot of competition between two E. coli strains over eight days of co-culturing, or 76 generations. E. coli counts are reported in log10 transformed CFU mL-1. CMB44: CMB44_Rif. L3Cip3: 

L3Cip3_MAR2018.
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Increase in competitive fitness after adaptation to minimal medium  

I tested the hypothesis that during its passage in minimal medium, eL3Cip3 had gained a 

fitness advantage over its parental strain (Figure 5-12). After seven days, or approximately 52 

generations, the concentration of eL3Cip3 (CFU mL-1) in the co-culture was 10 x higher than 

that of the parent strain (P = 0.03). This result indicates that during its original passage in 

minimal medium, eL3Cip3 gained a fitness advantage over its parent strain. It was previously 

found that E. coli evolved in minimal medium tends to acquire mutations which increase its 

ability to utilise resources [67]. Alternatively, transient changes to gene regulation such as 

upregulation of genes involved in sugar import can increase fitness in nutrient-limited 

environments [68]. It could be that eL3Cip3 was preadapted to minimal medium, and this 

gave it a competitive edge over the naïve parent strain that was not adapted to minimal 

medium.
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Competition in minimal medium over seven days 

 

Figure 5-11: competition between two E. coli strains over seven days of co-culturing. Data are log10 transformed E. coli counts reported in CFU mL-1. Parent strain L3Cip3_MAR2018 (RifR). eL3Cip3: 

L3Cip3_MAR2018 previously evolved for approximately 76 generations in minimal broth Davis.
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Competition between eL3Cip3 and CMB44_Rif 

Finally, I competed the evolved strain of L3Cip3_MAR2018 (eL3cip3) against the original 

strain of CMB44_Rif (Figure 5-13). The hypothesis was that L3Cip3_MAR2018 would have 

increased its initial fitness advantage over CMB44_Rif. The number of generations required 

for eL3Cip3 to outcompete CMB44_Rif was about half that of its parent strain. After four days, 

or approximately 19 generations, eL3Cip3 was at a concentration of 3.9 x 109 CFU mL-1 while 

CMB44_Rif was at 1.23 x 108 CFU mL-1 (P = 0.03). This suggests that whatever genetic or 

adaptive changes took place over the initial 76 generations in minimal medium, the changes 

were sufficient to increase the competitive fitness of the evolved strain relative to CMB44_Rif. 
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Competition in minimal medium over four days 

 

Figure 5-12: scatterplot of competition between two E. coli strains over four days of co-culturing. Data are log10 transformed E. coli counts reported in CFU mL-1. CMB44: CMB44_Rif. eL3Cip3: 

L3Cip3_MAR2018 previously evolved for approximately 76 generations in minimal broth Davis.
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‘Intra-shellular’ conjugation: kuku as an environment for transmission of 
antimicrobial resistance genes 

The transmission frequency of plasmid RP4 in kuku, kuku pseudofeces and seawater at 20 ˚C 

was measured (Table 5-2). The hypothesis was that the transmission frequency of plasmid 

RP4 inside kuku would be higher than in water outside kuku. 

 

In kuku homogenate, made by blending kuku meat and liquor with PBS, the transmission 

frequency was 0.034 transconjugants per limiting donor. This was not higher than in water (P 

= 0.31). In fecal samples, transmission frequency was more than three times higher than in the 

control (Table 5-2). However, this was not significant (P = 0.08). This experiment was 

performed only once, giving the t-test low statistical power and will be repeated in future to 

more robustly test the hypothesis. 

 

Table 5-2: Results of the intra-shellular conjugation assay. Transmission frequency is reported in transconjugants per 

limiting parent. 

Condition Recipients Donors Transconjugants Transmission frequency 

Water (control) 6.12 x 106 1.30 x 103 4.20 x 101 0.032 

Mussel homogenate 2.60 x 107 5.80 x 103 2.0 x 102 0.034 

Mussel feces 1.40 x 108 4.30 x 105 4.20 x 104 0.098 

Water (mussels) 3.60 x 106 1.08 x 103 1.30 x 101 0.012 

 

Temperature also affects plasmid transmission frequency [27]. Increase from 15 ˚C to 20 ˚C 

was associated with a ten-fold increase in transmission and an increase from 20 ˚C to 37 ˚C 

led to an almost 100-fold increase. Ocean temperatures can reach 20 ˚C around New Zealand 

[69] and in 2018, were the highest ever recorded. The maximum temperature kuku can 

withstand is around 34 ˚C [70]. Kuku are also exposed to hot air during low tide and this may 

be felt by bacteria inside the shell. With global warming, kuku might be exposed to higher 

temperatures, increasing the potential for transmission of AMR inside this mahinga kai.  
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Concluding remarks 

Here, I presented data on the uptake of E. coli by kuku, or Greenshell mussels. E. coli were 

efficiently taken up by kuku in tanks. An inoculum of 2 x 102 to 5 x 102 CFU 100 mL-1 was 

achieved E. coli concentrations inside the kuku which exceeded food safety guidelines after 

24 hours. This concentration was ten-fold lower than in 2019 when beaches in Whakaraupō 

were closed for swimming [36, 71]. If fecal contamination occurs near mahinga kai, it is 

important to quickly warn those who gather shellfish about the possibility of imminently high 

E. coli in their food. 

 

The uptake of AMR E. coli in comparison to a susceptible strain by kuku was also measured. 

The conjugative, AMR strain accumulated to the same degree as the susceptible one, but there 

was no additional cumulative effect of the conjugative strain as hypothesised. 

 

E. coli were able to persist for at least one week in seawater. This finding has relevance for 

exports. Greenshell mussels are an important domestic product exported around the world 

[72]. If E. coli persist in kuku during live export, this could pose a health risk to consumers. 

Previously, it was shown that E. coli can persist in toroi, a raw shellfish dish [73]. The survival 

of E. coli in kuku during storage should be assessed in future.  

 

Interestingly, the MDR strain survived less well in seawater than did the laboratory strain, 

leading me to hypothesise that its multiple plasmids imposed a metabolic burden. However, 

the MDR strain outcompeted a susceptible strain suggesting that any fitness costs associated 

with its plasmids are felt when the strain is persisting, rather than growing. Understanding 

the mechanisms behind these results requires further study. 

 

Finally, the ability for kuku to promote transmission of AMR genes by concentrating bacteria 

was tested. The transmission frequency in feces and homogenate was not significantly 

different. Understanding whether or not mahinga kai can promote the dissemination of AMR 

is critical in a warming environment. These results increase our understanding of the 

interactions between E. coli and mahinga kai, both kuku and the environments from which 

they are harvested.
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Chapter 6 – conclusions, implications and a microbial risk assessment 

The work described in this thesis is a combination of careful observational science and 

hypothesis testing. Surveys of indicator E. coli were developed to include quantification of 

AMR carriage which then became the basis of for evaluating the hypotheses that AMR E. coli 

could be used as indicators of MDR. 

 

I have presented a survey of antibiotic resistance in places of recreation and food gathering in 

Waitaha Canterbury, Aotearoa New Zealand. AMR is no longer just a problem for hospitals, 

but a concern for all who interact with the environment. My results demonstrate the extent to 

which AMR has penetrated places of recreation and food gathering. I would again like to 

acknowledge Ngāi Tahu, on whose land the research was undertaken.  

 

I extended the work of myself and colleagues to provide a three year ecological baseline of 

AMR levels in Christchurch’s Ōtākaro/Avon River [1, 2]. The E. coli I isolated from Ōtākaro 

and its tributaries often had drug resistance profiles that would make them difficult to treat 

using frontline, and even some last resort antibiotics [3]. I spatially tracked the origin of 

ciprofloxacin resistant E. coli. This exercise demonstrated the vulnerability of urban 

waterways to point sources of microbial pollution, and the ability of simple techniques to 

make important contributions to community well-being. 

 

Statistical tests confirmed that, at least for Ōtākaro, the concentration of E. coli resistant to 

ampicillin can be used to predict the likelihood of encountering E. coli resistant to 

ciprofloxacin and chloramphenicol, two antibiotics biochemically unrelated to each other and 

to ampicillin [3-5]. If monitoring clinically important AMR phenotypes is the goal, a survey to 

determine whether a sentinel antibiotic resistance such as ampicillin resistance exists for any 

given river of interest could be sufficient. 

 

Resistance phenotypes were due to AMR genes that were once only known from clinical 

settings [6, 7], but which are now in aquatic environments. Moreover, many of the MDR 

isolates were of sequence types known to cause disease in humans, such as ST131 and ST1193 

[8, 9]. Often AMR genes were on mobile plasmids – as revealed by both genome sequencing 
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and conjugative transmission – which can also be carriers of virulence and stress tolerance 

genes. 

 

In the next section I will illustrate how my findings could inform revised approaches to 

surface water microbial risk assessments. To do this, I chose to adopt the New Zealand 

swimming guidelines for risk assessment and compare the outcome of this tool for predicting 

levels of potential harm particular to the protection goal of human health when using E. coli 

or AMR E. coli as a surrogate for infectious disease. 

 

Reimagining the swimming guidelines to account for antimicrobial resistance – a 

quantitative microbial risk assessment 

In the introductory chapter, I outlined the New Zealand guidelines for microbial water quality 

in places of recreation (swimming) [10]. I have conducted a quantitative microbial risk 

assessment which asks, how might AMR compound the predicted risk of swimming in a lake 

or river? Data from observational science like mine is often used to conduct risk assessments 

[11]. 

 

1 – Hazard identification and characterisation 

The primary hazard is Campylobacter spp. causing the adverse event of Campylobacterosis 

resulting in severe illness or death. In the present study and swimming guidelines, E. coli was 

used to approximate the risk of Campylobacter spp. infection following water contact [10]. 

 

Should antimicrobial drug resistant E. coli be verified as a reasonable surrogate for other AMR 

pathogens, such Campylobacter spp., then the risk assessment would only need to include 

measurements of AMR E. coli. There is reason to think that this may be possible. E. coli is 

already an accepted surrogate for Campylobacter spp. in New Zealand and AMR in E. coli is 

frequently mobilised by vectors such as conjugative plasmids that transfer across species 

boundaries to Campylobacter spp. [12]. 
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AMR may affect several assumptions both for the risk of acquiring an infection, discussed in 

this section, and for the risk of treatment failure, which will be discussed in section 3, Hazard 

characterisation. 

 

Infection rate could be impacted by AMR, because there is often an association between AMR 

and virulence in infectious bacteria, including in Campylobacter spp. [13, 14]. AMR 

Campylobacter strains may more frequently possess genes associated with adhesion and 

invasion, giving them increased ability to colonise a host [14]. A Danish study found 

swimming was significantly associated with infection by fluoroquinolone resistant 

Campylobacter spp. [15]. Fluoroquinolone resistant pathogens may have a history of 

successfully infecting humans [7, 16], making the risk profile of an AMR strain different from 

a susceptible strain. 

 

A successful pathogen is more likely to derive from a lineage that has survived prior exposure 

to antibiotics. Studies on AMR in Campylobacter isolates from chicken found that AMR strains 

have spread rapidly throughout chicken farms, causing infections in consumers [17]. It is not 

unreasonable to suppose that such strains may also be found in the environment, further 

supporting of the hypothesis that a history of pathogenesis correlates with AMR status. 

 

2 – Exposure assessment 

I also used AMR E. coli as a surrogate indicator of AMR in other fecal bacteria, including 

Campylobacter spp. At sites used for recreation such as Antigua Boatshed, and Ashley River 

Estuary/Te Akaaka, it was not uncommon for 10% of E. coli isolates to be resistant to at least 

one antibiotic. Although I have not measured AMR in Campylobacter spp. from recreational 

waters, amongst clinical isolates, rates of resistance varied from 7% to more than 70% [14, 18]. 

 

Swimming is New Zealand’s most popular recreational activity. More than 1 million New 

Zealanders swim each year (Sport NZ 2013 - 2014 Active New Zealand Survey). Of these, 29% 

(319,000 people) had swum in a river at least once in the past 12 months [19]. The exposure 

risk for AMR Campylobacter spp. may be high. During the summer period, people may also 
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swim multiple times in multiple different rivers, increasing their exposure risk. Children may 

be at higher risk of exposure as they swallow more water than adults while swimming [20]. 

 

To my knowledge, there are no available data on the risk of acquiring a susceptible 

Campylobacter versus an AMR Campylobacter infection when exposed to a heterogenous 

population while swimming. This means exposure could be decreased by existing risk 

mitigation strategies (see step 5, below). 

 

3 – Hazard characterisation  

The hazard characterisation is the part of the risk assessment that is most responsive to 

inclusion of AMR Campylobacter. It is in this section that the consequences of the adverse 

event – severe Campylobacterosis – are taken into account. 

 

Hospitalisation rate following Campylobacter spp. infection could be impacted by AMR. 

Approximately 10.8%, and up to 30% of those experiencing symptoms of Campylobacter spp. 

infection will be hospitalised [21, 22]. In particular, fluoroquinolone resistance was previously 

associated with severe Campylobacter spp. infections requiring longer recovery time [23], a 

median of 10-13 days increased duration of illness compared to susceptible strains [15, 23]. 

The longer someone is ill, the more likely they are to require hospitalisation, in particular to 

manage symptoms of diarrhoea. There they are at risk of hospital-acquired infections [24], 

and may place the healthcare system under stress [25]. Here data are missing on the increased 

risk of hospitalisation for those suffering from a AMR versus a susceptible infection, as the 

available literature looked at Campylobacter spp. isolated from those already in hospital.  

 

Frequency of death or severe illness (e.g., pancreatitis or septicaemia) can also be increased 

by AMR. The risk of death or long lasting complication following hospitalisation with 

Campylobacter spp. is approximately 0.68% [22]. For an AMR infection the risk of severe illness 

or death from Campylobacter jejuni was shown to be five to six times higher [22]. This may be 

because patients are often treated with the same antibiotic to which their Campylobacter strain 

was resistant [23], or because AMR strains are more likely to possess virulence determinants 

which increase their ability to cause severe infections [14]. 
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4 – Risk characterisation 

From the above, AMR may be assumed to have a quantifiable effect on a risk assessment at 

the risk characterisation stage. At this stage of the risk assessment the overall impact is 

estimated. 

 

Assuming a six-fold increase in risk of severe illness for a AMR Campylobacter spp. infection 

(derived from Helms et al. [22]), the risk per infected person increases from 0.68 to 4.1% (Table 

6-1). More data regarding the risks associated with susceptible versus AMR Campylobacter spp. 

infections would improve the risk assessment. 

 

The risk characterisation would also be improved by research that helped to quantify the 

association between AMR and virulence in Campylobacter spp. [13]. Other pertinent 

contributors to risk characterisation are effects of hospitalisation, such as the potential for 

nosocomial infection [24] along with social impacts of a stressed healthcare system [25]. 

 

5- Accept, manage or reject 

The current guidelines assume Campylobacter spp. infections, even when severe, can be treated 

or managed with antibiotics. AMR increases the complexity of treating an infection. In Table 

6-1, I illustrate the quantitative changes to the risk assessment when AMR is also considered. 

 

Risk is currently and could continue to be managed using a communication strategy. The 

same risk management strategy for harm mitigation works for either susceptible or resistant 

bacteria because harm is assumed to be dependent upon exposure. I have provided estimates 

of the average risk using the available data (Tables 6-1 & 6-2). I have also provided a graphic, 

based on an already widely used format to communicate to swimmers (Figure 6-1). 

Unfortunately, evidence suggests that up to half of swimmers ignore or fail to notice warning 

signs at beaches [26]. Better education would increase awareness about AMR. Although it is 

ultimately up to the individual whether they choose to swim or not, by adequately 

communicating risk, some illness and adverse events may be avoidable. 
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Table 6-1: Risk characterisation for a swimmer comparing only antibiotic susceptible to antibiotic resistant Campylobacter spp as the hazard. Due to lack of data, rates of infection and 

hospitalisation are assumed to be the same for both susceptible and resistant infections, but there is evidence that this may not be the case. 

Category A (Blue) B (Green) C (Yellow) D (Orange) E (Red) 

Infection phenotype S1 R1 S R S R S R S R 

Infection chance2,3 1 2 3 3<IC<7 7≤IC 

Hospitalisation2,4 10.80 10.80 10.80 10.80 10.80 

Severe illness2,4 0.68 4.1 0.68 4.1 0.68 4.1 0.68 4.1 0.68 4.1 

Risk characterisation2 7x10-4 4x10-3 1.5x10-3 9x10-3 2x10-3 1x10-2 2x10-3<RC<5x10-3 1x10-2<RC<3x10-2 ≥5x10-3 ≥3x10-2 

Factor risk increase5 6 4 5 5-6 6 

1 S=suseptible; R=resistant. 

2 All values in %. 

3 Numbers derived from Swimming Categories for E. coli in the Clean Water Package, Ministry for the Environment [10]. 

4 Numbers derived from Helms et al. [22]. 

5 Differences between categories are due to rounding. 
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Table 6-2:Thresholds for river grading based on predicted risk under each swimming category when antimicrobial resistance is taken into account. Campylobacter infections is per 100,000 

swimmers. Adverse events are Campylobacterosis resulting in serious illness (e.g., septicaemia, pancreatitis) or death. Rates of adverse events were calculated based on a 0.68% risk for 

susceptible infections, and a 4.1% risk for antibiotic resistance infections. Note that at ≤3% AMR, expected number of adverse events does not result in a river being ‘downgraded’ to a more 

severe category. 

Category Campylobacter infections Hospitalisations (~11%) 
Number of swimmers contracting severe Campylobacterosis1 

0% AMR 3% AMR 10% AMR 25% AMR 50% AMR 

A (Blue) 1,000 110 0.75 0.86 1.1 1.7 2.6 

B (Green) 2,000 210 1.5 1.7 2.2 3.4 5.2 

C (Yellow) 3,000 330 2.2 2.6 3.3 5.1 7.8 

D (Orange) >3,000 >330 >2.2 >2.6 >3.3 >5.1 >7.8 

E (Red) >7,000 >770 >5.2 >6 >7.7 >11.2 >18.2 

1 Calculation is: infections*11%((100%-%AMR)*0.68% + %AMR*4.1%) 
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Figure 6-1: a graphic for communicating the added risk of a Campylobacter infection when between 3 and 10% of the population is resistant to antibiotics. A sixth category has been added to 

show that when antimicrobial resistance is taken into account, existing guidelines may no longer account for the full spectrum of risk. Note that coloured categories in the existing guidelines 

(bottom) overlap with the subsequent category in the updated guidelines (top) to highlight added risk. Thank you to Christian Stocks for helping me make this figure – you are very creative.
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Antimicrobial resistance in mahinga kai 

I surveyed AMR in Waitaha Canterbury wātakirihi (watercress) and tuaki (cockles). AMR E. 

coli could be isolated from the water where these mahinga kai grow. The levels of E. coli in 

water were predictive of those measured in or on wātakirihi. Māori harvesting protocols 

include an assessment of surrounding land use. If these protocols were followed, sites 

impacted by agriculture would be avoided [27, 28]. Harvesting only material above the water 

line would appear to further reduce risk. 

 

To avoid exposure to E. coli and other potentially harmful bacteria, consumers of wātakirihi 

should choose sites with good microbial water quality ratings. For some sites, such as 

Ruataniwha, these data are frequently reported by Land Air Water Aotearoa (LAWA) [29]. 

Other sites from which kai is gathered should be added to LAWA’s regime, including the 

purpose-built wātakirihi site at Koura Reserve and the planned site on the Kaiapoi River. 

 

Tuaki were sensitive indicators of rare AMR phenotypes. Shellfish sampling to improve the 

detection limits for some AMR bacteria could be a valuable addition to water quality 

monitoring programs where applicable. 

 

Future directions for those wishing to engage with mahinga kai research 

Seabirds like karoro (black-backed gulls) were common where tuaki were sampled, and my 

preliminary data showed that birds like karoro may be vectors of AMR. Further projects, such 

as an assessment of whether estuary birds are sources of AMR in tuaki, are possible. 

 

Other mahinga kai species not studied here may similarly be contaminated by fecal bacteria 

and be potential sentinels of antibiotic resistance. For example, karengo (seaweed) are kai and 

may grow in areas impacted by sewage discharge. The popularity of seaweed foraging as a 

past time also seems to be increasing (for e.g., see Seaweed foraging – New Zealand). Food 

poisoning outbreaks by AMR E. coli have been attributed to consumption of seaweed [30]. 

Future studies could assess the potential for seaweeds to act as vectors of E. coli and AMR in 

New Zealand. 

 

https://www.facebook.com/groups/324733514387077
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Native fish such as species of īnaka (whitebait) are also popular foods in New Zealand. A 

prior study showed that E. coli could be recovered from īnaka feces [31], but the AMR profiles 

of these E. coli were not measured. Īnaka are harvested across the country, including from 

Ōtākaro. Future studies are needed to assess the potential for exposure to AMR when 

consuming īnaka and other fish.  

 

Kuku (Greenshell) mussels in tanks can be used to study E. coli uptake 

The use of tanks allowed me to test hypotheses about the accumulation and behaviours of E. 

coli in shellfish more effectively than in the environment. E. coli and AMR E. coli were 

effectively taken up by kuku (Greenshell mussels), which became unsafe for human 

consumption after 24 hours of exposure to an inoculum of approximately 102 CFU 100 mL-1. 

As expected, E. coli died in seawater, but could persist for at least one week. Others have 

shown that E. coli can also persist in toroi, a raw shellfish dish [32]. The survival of E. coli in 

kuku during storage should be assessed in future to mitigate risks to consumers of kuku. 

 

The concentrating effect of kuku may promote the dissemination of AMR, but further data is 

needed to test this hypothesis. These results increase our understanding of the interactions 

between E. coli and mahinga kai, both kuku and the environments from which they are 

harvested. 

 

Conclusion 

I presented data regarding AMR in the environment of Aotearoa New Zealand. AMR was 

detectable and often common everywhere I looked, including urban waterways, rural rivers, 

coastal settings and aquatic foods. In some cases, these detections mirrored those of previous 

studies [2, 33-37]. In the case of culturally important environments such as Te Akaaka/Ashley 

River Estuary and Ruataniwha/Cam River, and in mahinga kai such as tuaki and karoro, these 

are the first detections of antibiotic resistance. 

 

The recently published ‘Kotahitanga, Uniting Aotearoa against infectious disease and 

antimicrobial resistance’ report by a panel convened under New Zealand’s Prime Minister’s 
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Chief Science Advisor listed surveillance of the environment as one of its key 

recommendations [38]. In particular, the authors recommend to  

 

“Implement regular environmental reporting that includes surveying for priority and 

emerging microbes, drugs, and genes. This may begin with a comprehensive baseline 

survey, followed by regular wastewater testing at sentinel sites such as aged 

residential care, hospitals, ports, farms with animals and/or irrigation, water bodies 

used for recreation, and mahinga kai sites.”  

 

My work contributes to these goals by providing a survey of AMR in water used for recreation 

and mahinga kai gathering. More than 40% of drug resistant infections in Europe are now 

caused by E. coli [39], making it a priority microbe. My research also provides a 

comprehensive update to the knowledge surrounding AMR E. coli and their genes in the 

environment of Aotearoa New Zealand. 

 

Just 25 years from now, antimicrobial resistance is predicted to kill 50 million people per year 

[40]. Better stewardship of our environment is crucial to protect users of water and mahinga 

kai from becoming part of this statistic. 
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Chapter 2 supplementary material 

Supplementary Table 2-1: list of E. coli isolated without antibiotic selection for which phenotyping was completed in Chapter 2. A1: Harper 

Avenue, A2: Botanical Gardens, A3: Antigua Boatsheds, B3: Picton Reserve, B4: Deans Avenue, B5: Riccarton Stream Confluence, C1: 

Addington Stream Confluence. Supplementary Table 2-1 continues over page. 

Strain Date Sample location Strain Code 

L0TBX1 16/03/18 A1 A1 

L0TBX2 16/03/18 A1 A2 

L1TBX1 16/03/18 C1 A3 

L1TBX2 16/03/18 C1 A4 

L3TBX1 16/03/18 B5 A5 

L3TBX2 16/03/18 B5 A6 

L4TBX1 16/03/18 C3 A7 

L4TBX2 16/03/18 C3 A8 

ATBX1 8/06/18 A1 B1 

ATBX2 8/06/18 A1 B2 

BTBX1 8/06/18 A2 B3 

CTBX1 8/06/18 A2 B4 

DTBX1 8/06/18 A3 B5 

ATBX1 1/11/18 A1 C1 

ATBX2 1/11/18 A1 C2 

BTBX1 1/11/18 A2 C3 

BTBX2 1/11/18 A2 C4 

CTBX1 1/11/18 B5 C5 

CTBX2 1/11/18 B5 C6 

DTBX1 1/11/18 C1 C7 

DTBX2 1/11/18 C1 C8 

ETBX1 1/11/18 A3 C9 

ETBX2 1/11/18 A3 C10 

1TBX1 1/11/18 B3 C11 

1TBX2 1/11/18 B3 C12 

2TBX1 1/11/18 B4 C13 

2TBX2 1/11/18 B4 C14 
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Supplementary Table 2-1  continued  

Strain Date Sample location Strain Code 

ATBX1 25/01/19 A1 D1 

ATBX2 25/01/19 A1 D2 

CTBX1 25/01/19 B5 D5 

CTBX2 25/01/19 B5 D6 

DTBX1 25/01/19 C1 D7 

DTBX2 25/01/19 C1 D8 

ETBX1 25/01/19 A3 D9 

ETBX2 25/01/19 A3 D10 

1TBX1 25/01/19 B3 D11 

1TBX2 25/01/19 B3 D12 

2TBX1 25/01/19 B4 D13 

2TBX2 25/01/19 B4 D14 

ATBX1 10/05/19 A1 E1 

ATBX2 10/05/19 A1 E2 

BTBX1 10/05/19 A2 E3 

BTBX2 10/05/19 A2 E4 
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Supplementary Table 2-2: list of E. coli isolated with selection on ampicillin for which phenotyping was completed in Chapter 2. A1: Harper 

Avenue, A2: Botanical Gardens, A3: Antigua Boatsheds, B3: Picton Reserve, B4: Deans Avenue, B5: Riccarton Stream Confluence, C1: 

Addington Stream Confluence. Supplementary Table 2-2 continues over page. 

Strain Date Sample location Strain Code 

L0AMP1 21/03/2018 A1 A1 

L0AMP2 21/03/2018 A1 A2 

L1AMP1 21/03/2018 C1 A3 

L1AMP2 21/03/2018 C1 A4 

L3AMP1 21/03/2018 B5 A5 

L3AMP2 21/03/2018 B5 A6 

L4AMP1 21/03/2018 C3 A7 

L4AMP2 21/03/2018 C3 A8 

A_AMP1 1/11/18 A1 B1 

A_AMP2 1/11/18 A1 B2 

B_AMP1 1/11/18 A2 B3 

B_AMP2 1/11/18 A2 B4 

C_AMP1 1/11/18 B5 B5 

C_AMP2 1/11/18 B5 B6 

D_AMP1 1/11/18 C1 B7 

D_AMP2 1/11/18 C1 B8 

E_AMP1 1/11/18 A3 B9 

E_AMP2 1/11/18 A3 B10 

1_AMP1 1/11/18 B3 B11 

1_AMP2 1/11/18 B3 B12 

2_AMP1 1/11/18 B4 B13 

2_AMP2 1/11/18 B4 B14 

  



 321 

Supplementary Table 2-2 continued 

Strain Date Sample location Strain Code 

A_AMP1 25/01/19 A1 C1 

A_AMP2 25/01/19 A1 C2 

B_AMP1 25/01/19 A2 C3 

B_AMP2 25/01/19 A2 C4 

C_AMP1 25/01/19 B5 C5 

C_AMP2 25/01/19 B5 C6 

D_AMP1 25/01/19 C1 C7 

D_AMP2 25/01/19 C1 C8 

E_AMP1 25/01/19 A3 C9 

E_AMP2 25/01/19 A3 C10 

1_AMP1 25/01/19 B3 C11 

1_AMP2 25/01/19 B3 C12 

2_AMP1 25/01/19 B4 C13 

2_AMP2 25/01/19 B4 C14 
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Supplementary Table 2-3: list of E. coli isolated with selection on chloramphenicol for which phenotyping was completed in Chapter 2. A1: 

Harper Avenue, A2: Botanical Gardens, A3: Antigua Boatsheds, B1: Field Terrace, B2: Paeroa Reserve, B3: Picton Reserve, B4: Deans Avenue, 

B5: Riccarton Stream Confluence, C1: Addington Stream Confluence. Supplementary Table 2-3 continues over page. 

Strain Date Sample location Strain Code 

L3CHL1 21/03/2018 B5 A1 

L3CHL2 21/03/2018 B5 A2 

L3CHL3 21/03/2018 B5 A3 

L3CHL5 21/03/2018 B5 A4 

L4CHL1 21/03/2018 C3 A5 

CCHL2 6/08/18 B5 B1 

DCHL1 6/08/18 C1 B2 

DCHL2 6/08/18 C1 B3 

DCHL3 6/08/18 C1 B4 

A_CHL1 1/11/18 A1 C1 

A_CHL2 1/11/18 A1 C2 

C_CHL1 1/11/18 B5 C3 

C_CHL2 1/11/18 B5 C4 

D_CHL1 1/11/18 C1 C5 

D_CHL2 1/11/18 C1 C6 

E_CHL1 1/11/18 A3 C7 

E_CHL2 1/11/18 A3 C8 

1_CHL1 1/11/18 B3 C9 

2_CHL1 1/11/18 B4 C10 

2_CHL2 1/11/18 B4 C11 

A_CHL1 25/01/19 A1 D1 

C_CHL1 25/01/19 B5 D2 

C_CHL2 25/01/19 B5 D3 

C_CHL3 25/01/19 B5 D4 

D_CHL1 25/01/19 C1 D5 

D_CHL2 25/01/19 C1 D6 

1_CHL1 25/01/19 B3 D7 

1_CHL2 25/01/19 B3 D8 

1_CHL3 25/01/19 B3 D9 
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Supplementary Table 2-3 continued 

Strain Date Sample location Strain Code 

2_CHL1 25/01/19 B4 D10 

2_CHL2 25/01/19 B4 D11 

2_CHL3 25/01/19 B4 D12 

1.3_CHL 18/03/19 B3 E1 

A_CHL1 10/05/19 A1 F1 

C_CHL1 10/05/19 B5 F2 

C_CHL2 10/05/19 B5 F3 

C_CHL3 10/05/19 B5 F4 

1_CHL1 10/05/19 B3 F5 

1_CHL2 10/05/19 B3 F6 

1_CHL3 10/05/19 B3 F7 

2_CHL1 10/05/19 B4 F8 

2_CHL2 10/05/19 B4 F9 

2_CHL3 10/05/19 B4 F10 

1CHL1 19/12/19 B3 G1 

2CHL3 19/12/19 B3 G2 
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Supplementary Table 2-4: list of E. coli isolated with selection on ciprofloxacin for which phenotyping was completed in Chapter 2. A1: Harper 

Avenue, A2: Botanical Gardens, A3: Antigua Boatsheds, B1: Field Terrace, B2: Paeroa Reserve, B3: Picton Reserve, B4: Deans Avenue, B5: 

Riccarton Stream Confluence, C1: Addington Stream Confluence. Supplementary Table 2-4 continues over page. 

Strain Date Sample location Strain Code 

L3CIP1_MAR2018 16/03/18 B5 A1 

L3CIP2_MAR2018 16/03/18 B5 A2 

L3CIP3_MAR2018 16/03/18 B5 A3 

L4CIP1_MAR2018 16/03/18 C1 A4 

L4CIP2 16/03/18 C1 A5 

L4CIP3 16/03/18 C1 A6 

CCIP20 6/08/18 B5 B1 

CCIP22 6/08/18 B5 B2 

CCIP23 6/08/18 B5 B3 

CCIP25 6/08/18 B5 B4 

CCIP26 6/08/18 B5 B5 

CCIP25 6/08/18 B5 B6 

CCIP27 6/08/18 B5 B7 

CCIP28 6/08/18 B5 B8 

CCIP29 6/08/18 B5 B9 

CCIP30 6/08/18 B5 B10 

CCIP32 6/08/18 B5 B11 

B_CIP1 1/11/18 A2 C1 

C_CIP1 1/11/18 B5 C2 

C_CIP2 1/11/18 B5 C3 

D_CIP1 1/11/18 C1 C4 

E_CIP1 1/11/18 A3 C5 

E_CIP2 1/11/18 A3 C6 

1_CIP1 1/11/18 B3 C7 

1_CIP2 1/11/18 B3 C8 

2_CIP1 1/11/18 B4 C9 
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Supplementary Table 2-4 continued 

Strain Date Sample location Strain Code 

2_CIP2 1/11/18 B4 C10 

B_CIP1 25/01/19 A2 D1 

D_CIP1 25/01/19 C1 D2 

D_CIP2 25/01/19 C1 D3 

PIC_CIP_1 25/01/19 B3 D4 

PIC_CIP_2 25/01/19 B3 D5 

1.2_CIP16 18/03/19 B3 E1 

1.2_CIP1 18/03/19 B3 E2 

A_CIP1 10/05/19 A1 F1 

C_CIP1 10/05/19 B5 F2 

C_CIP2 10/05/19 B5 F3 

RCIP1 15/06/19 B3 G1 

RCIP2 15/06/19 B3 G2 

PCIP1 15/06/19 B2 G3 

FCIP1 15/06/19 B1 G4 

R_CIP1.2 3/07/19 B3 H1 

R_Cip2.2 3/07/19 B3 H2 

P_Cip1.2 3/07/19 B2 H3 

F_Cip1.2 3/07/19 B1 H4 

PCIP3 22/10/19 B2 I1 

PCIP4 22/10/19 B2 I2 

BCIP1 19/12/19 A2 J1 

DCIP1 19/12/19 C1 J2 

DCIP2 19/12/19 C1 J3 

DCIP3 19/12/19 C1 J4 

DCIP4 19/12/19 C1 J5 
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Supplementary Table 2-6: results of the double disc diffusion assay on 22 strains that previously tested positive for 

resistance to cefotaxime (Ctx) and/or ceftazidime (Caz). Strains were grown as a lawn on LB agar and challenged with discs 

containing Ctx (30 μg), Caz (30 μg), Ctx (30 μg) + Clu (10 μg) and Caz (30 μg) + Clu (10 μg). The zone of inhibition 

around each disc was measured. An increase in halo size of 5mm or more around the disc which also contained Clu meant 

that the strain was producing an ESBL enzyme that was susceptible to Clu (CluS). The zone of inhibition for the control 

strains (E. coli BW25113 and SB21) was >25mm for Ctx and Caz. Locations: A1: Harper Avenue, A2: Botanical Gardens, 

B1: Field Terrace, B2: Paeroa Reserve, B3: Picton Reserve, B5: Riccarton Confluence, C1: Addington Brook. 

Strain ID Date isolated Location CtxR (mm) CazR (mm) CluS Fig. ref. 

L3CIP1 Mar-18 B5 8 5 Y 14.1, A1 

L3CIP3 Mar-18 B5 2 2 Y 14.1, A3 

L4CIP1 Mar-18 C1 2 2 Y 14.1, A4 

CCHL2 Jun-18 C1 2 2 Y 13.1, B1 

CCIP28 Jun-18 C1 12 15 Y 14.1, B8 

BAMP1 Jan-19 A2 11 12 N 12.2, C3 

1CHL1 Jan-19 B3 10 10 Y 13.2, D7 

1CHL2 Jan-19 B3 10 10 Y 13.2, D8 

1AMP1 Jan-19 B3 5 8 Y 12.2, C11 

1AMP2 Jan-19 B3 5 8 Y 12.2, C12 

PICCIP1 Jan-19 B3 2 11 Y 14.2, D4 

PICCIP2 Jan-19 B3 2 11 Y 14.2, D5 

1.2_CIP16 Mar-19 B3 2 12 Y 14.2, E1 

1.2CIP1 Mar-19 B3 2 15 Y 14.2, E2 

ACIP1 May-19 A1 15 9 Y 14.2, F1 

CCIP2 May-19 B5 2 11 Y 14.2, F3 

RCIP1 May-19 B1 10 15 Y 14.2, G1 

PCip1.2 Jul-19 B3 2 12 Y 14.2, H3 

FCip1.2 Jul-19 B1 2 12 Y 14.2, H4 

PCIP3 Oct-19 B2 2 8 Y 14.2, I1 

PCIP4 Oct-19 B2 2 8 Y 14.2, I2 

1CHL1 Dec-19 B3 2 20 Y 13.2, G1 
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Supplementary Table 2-7: Matrix of Pearson Correlations used to create Figure 16.  

 Chl Tet Cip Tmp Gen Kan Amp Ctx Caz 

Chl 1.00 0.41 0.05 0.35 -0.03 0.36 0.46 -0.03 -0.07 

Tet 0.41 1.00 0.38 0.34 0.07 0.27 0.58 0.22 0.19 

Cip 0.05 0.38 1.00 0.42 0.41 0.32 0.36 0.33 0.35 

Tmp 0.35 0.34 0.42 1.00 0.42 0.40 0.45 0.08 0.11 

Gen -0.03 0.07 0.41 0.42 1.00 0.41 0.19 0.33 0.36 

Kan 0.36 0.27 0.32 0.40 0.41 1.00 0.31 0.12 0.14 

Amp 0.46 0.58 0.36 0.45 0.19 0.31 1.00 0.40 0.38 

Ctx -0.03 0.22 0.33 0.08 0.33 0.12 0.40 1.00 0.95 

Caz -0.07 0.19 0.35 0.11 0.36 0.14 0.38 0.95 1.00 

 

Supplementary Table 2-8: Matrix of associated P-values for the Pearson Correlations used to create Figure 16. 

 Chl Tet Cip Tmp Gen Kan Amp Ctx Caz 

Chl 0.000 0.000 1.000 0.000 1.000 0.000 0.000 1.000 1.000 

Tet 0.000 0.000 0.000 0.000 1.000 0.001 0.000 0.013 0.055 

Cip 0.469 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Tmp 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.643 

Gen 0.680 0.281 0.000 0.000 0.000 0.000 0.055 0.000 0.000 

Kan 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.587 0.356 

Amp 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 

Ctx 0.636 0.001 0.000 0.223 0.000 0.073 0.000 0.000 0.000 

Caz 0.315 0.005 0.000 0.092 0.000 0.040 0.000 0.000 0.000 
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Chapter 3 supplementary material 

Supplementary Table 1-2: information about antimicrobial resistance phenotypes, genotypes, plasmid replicon annotations and sequence types for 30 E. coli isolated from Ōtākaro/Avon River and tributaries in 

2017. Locations: B5 = Riccarton Stream Confluence, A3 = Antigua Boat Sheds. AMR: antimicrobial resistance. NA = strain was lost from frozen collection so AMR phenotyping could not be performed. All 

assemblies were uploaded to GenBank under BioProject number PRJNA784635. Supplementary Table 1-2 continued 

Isolate ID 
Date 

frozen 
Location AMR phenotypes AMR genotypes 

PointFinder 

genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

CMB26_CIP23 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-27, 

mph(A), sul2, tet(A) 

gyrA p.S83L, gyrA 

p.D87N, parC 

p.S80I, 

parC p.E84V, parE 

p.I529L 

Col156, IncFIA, 

IncFII(pRSB107) 
131 

CMB27_CIP44 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-27, 

mph(A), sul2, tet(A) 

gyrA p.S83L, gyrA 

p.D87N, parC 

p.S80I, 

parC p.E84V, parE 

p.I529L 

Col156, IncFIA, 

IncFII(pRSB107) 
131 

CMB28_CIP32 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-27, 

mph(A), sul2, tet(A) 

gyrA p.S83L, gyrA 

p.D87N, parC 

p.S80I, 

parC p.E84V, parE 

p.I529L 

Col156, IncFIA, 

IncFII(pRSB107) 
131 

CMB29_CIP21 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-27, 

mph(A), sul2, tet(A) 

gyrA p.S83L, gyrA 

p.D87N, parC 

p.S80I, 

parC p.E84V, parE 

p.I529L 

Col156, IncFIA, 

IncFII(pRSB107) 
131 

CMB30_SCIP24 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

floR, sul2, tet(A), tet(B) 

parC p.S80I, gyrA 

p.S83L, gyrA 

p.D87N 

None 5699 

CMB31_CHL31 10/04/17 B5 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-55, 

blaTEM-209, floR, fosA3, sul2, tet(A) 
gyrA p.S83L IncFII(pHN7A8) 2534 

CMB32_CHL11* 10/04/17 C1 NA aadA1, aadA2, cmlA1, sul3, tet(A) none IncFIB(AP001918) 1079 

CMB33_CHL44 10/04/17 A3 
Tet, Chl, Tmp, 

Amp 

aph(3'')-Ib, aph(6)-Id, blaTEM-1B, catA1, 

dfrA7, sul1, sul2, tet(A) 
none IncFIB(AP001918) 1326 

CMB34_CHL L2:3 10/04/17 B5 Tet, Chl, Tmp 
aph(3'')-Ib, aph(6)-Id, dfrA14, floR, qnrS1, 

sul2, tet(A) 
none 

IncFIA, IncFIB(AP001918), 

IncFIB(pLF82) 
155 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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CMB35_CHL L4:2 10/04/17 A3 Tet, Chl, Tmp aac(3)-Ic, cmlA1, sul1 none None 10 

Supplementary Table 1-2 continued 

Isolate ID 
Date 

frozen 
Location 

AMR 

phenotypes 
AMR genotypes 

PointFinder 

genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

CMB36_AMP L1:4 10/04/17 C1 
Tet, Chl, Tmp, 

Amp, Ctx, Caz 
None none None 8184 

CMB37_AMP21 10/04/17 B5 Tmp, Amp 
aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

dfrA5, sul2 
none 

IncFIB(AP001918), 

IncFII 
95 

CMB38_AMP23 10/04/17 B5 Tmp, Amp 
aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

dfrA5, sul2 
none 

IncFIB(AP001918), 

IncFII 
95 

CMB39_AMP41 10/04/17 A3 
Tet, Cip, Amp, 

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, blaCTX-M-27, 

mph(A), sul2, tet(A) 

gyrA p.S83L, 

gyrA p.D87N, 

parC p.S80I, 

parC p.E84V, 

parE p.I529L 

Col156, IncFIA, 

IncFII(pRSB107) 
131 

CMB40_RIF14* 10/04/17 C1 NA None none IncFIB(K), IncFII, IncR 216 

CMB41_RIF41 10/04/17 B5 none None none None - 

CMB42_RIF34 10/04/17 

B5 

none None none 

IncFIA, 

IncFIB(AP001918), 

IncFIC(FII) 

847 

CMB43_RIF21 10/04/17 B5 none None 
parE p.I355T, 

parC p.S57T 
None 8084 

CMB44_RIF44 10/04/17 A3 none None none None - 

CMB45_CON11 10/04/17 B5 none None none None 7804 

CMB46_CON34 10/04/17 B5 none blaCMY-2 none Col156, IncFII(29) 963 

*strain lost from frozen strain collection 
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Supplementary Table 1-2 continued 

Isolate ID 
Date 

frozen 
Location 

AMR 

phenotypes 
AMR genotypes 

PointFinder 

genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

CMB47_SCON33 10/04/17 B5 none None none IncFIB(K), IncR 399 

CMB48_AMP L3:1 24/01/17 B5 Tet, Tmp, Amp 
aadA5, aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

dfrA17, mph(A), sul1, sul2, tet(A) 
none Col156, IncFII(29) 95 

CMB49_CON L2:1 24/01/17 B5 none None none IncFIB(K), IncR 401 

CMB50_CIP L2:3 24/01/17 B5 
Tet, Cip, Amp,  

Ctx, Caz 

aph(3'')-Ib, aph(6)-Id, 

 blaCTX-M-27, sul2, tet(A) 

gyrA p.S83L, 

gyrA p.D87N, 

parC p.S80I,  

parC p.E84V, 

parE p.I529L 

IncFIA, IncFII(pRSB107) 131 

CMB51_CON L2:4 24/01/17 B5 Tet tet(B) 
parE p.S458A, 

gyrA p.S83L 
None 58 

CMB52_CON L2:2 24/01/17 B5 Tet, Amp blaTEM-1C, tet(A) none 
IncFIB(AP001918), 

IncFII 
10 

CMB53_CON L1:2* 24/01/17 C1 NA None none 
IncFIA(HI1), IncI1, 

 IncY 
607 

CMB54_CHL L3:3 24/01/17 B5 Chl, Tmp, Amp 
aadA2, blaTEM-1B, catA1, dfrA12,  

mph(A), sul1 
none None 127 

CMB55_CON L1:2* 24/01/17 C1 NA None none 
IncFIA, 

IncFIB(AP001918) 
1159 
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Supplementary Table 3-2: information about antimicrobial resistance phenotypes, genotypes, plasmid replicon annotations and sequence types for 20 E. coli isolated from Silverstream Reserve in 2017. Locations: 

Silverstream = Silverstream Reserve, Leeston, South Canterbury. NA = strain was lost from frozen collection so AMR phenotyping could not be performed. All assemblies were uploaded to GenBank under 

BioProject number PRJNA784635. Supplementary Table 3-2 continues over page. 

Isolate ID Date frozen Location AMR phenotypes AMR genotypes PointFinder genotypes PlasmidFinder annotations Sequence type 

CMB56_RIF L2:1 28/02/17 Silverstream Chl, Amp None none IncFII 101 

CMB57_AMP L1:1 28/02/17 Silverstream Tet, Amp 
blaTEM-1C, 

 blaTEM-1C, tet(A) 
none 

IncFIB(AP001918), 

 IncFII 
10 

CMB58_CHL L4:1* 28/02/17 Silverstream NA 
aadA1, blaOXA-1,  

catA1, sul1, sul2, tet(B) 
none IncFIA, IncFIB(AP001918) 88 

CMB59_CON L1:2* 28/02/17 Silverstream NA None none 
IncFIA, IncFIB(AP001918),  

IncI1, pEC4115 
1079 

CMB60_CON L3:3 28/02/17 Silverstream none None none IncFIB(AP001918), IncI1 118 

CMB61_CIP L1:3 28/02/17 Silverstream Tet, Cip tet(B) 
gyrA p.S83L, gyrA p.D87N,  

parC p.A56T, parC p.S80I, 
IncY 744 

CMB62_CIP L1:4 28/02/17 Silverstream Tet dfrA14, sul2, tet(A) 
parC p.S80I, gyrA p.S83L, 

 gyrA p.D87N, parE p.L416F 

IncFIB(pB171),  

IncI1, IncY 
10 

CMB63_RIF L3:1 28/02/17 Silverstream none None none IncFIB(AP001918), IncFII(pHN7A8), IncI2 - 

CMB64_RIF L1:4 28/02/17 Silverstream none None none 
IncFIA, IncFIB(AP001918),  

IncI1, pEC4115 
1079 

CMB65_RIF L4:1 28/02/17 Silverstream none None none IncFIA, IncX1 641 

CMB66_CHL L4:4 28/02/17 Silverstream Tet, Chl, Amp, Ctx 
aadA1, blaOXA-1,  

catA1, sul1, sul2, tet(B) 
none IncFIA, IncFIB(AP001918) 88 

CMB67_RIF L4:2 28/02/17 Silverstream none None none IncFIB(AP001918) 201 

CMB68_??* 28/02/17 Silverstream NA None none None - 

CMB69_CON L4:1 23/05/17 Silverstream none None none None 681 

CMB70_SRIF L1:2 23/05/17 Silverstream Tet None none None 1656 

*strain lost from frozen strain collection   

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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Supplementary Table 3-2: continued 

Isolate ID Date frozen Location AMR phenotypes AMR genotypes PointFinder genotypes PlasmidFinder annotations Sequence type 

CMB70_SRIF L1:2 23/05/17 Silverstream Tet None none None 1656 

CMB71_CON L3:3* 23/05/17 Silverstream NA None none None 5976 

CMB72_RIF L4:1* 23/05/17 Silverstream NA None none None 1423 

CMB73_AMP L3:3 23/05/17 Silverstream none None none IncFIA, IncFIB(AP001918) - 

CMB74_AMP L3:1 23/05/17 Silverstream Tet, Amp 
aph(6)-Id,  

strA, tet(B) 
none None 1288 

CMB75_RIF L4:3* 23/05/17 Silverstream NA None none IncFIA, IncFIB(AP001918) - 
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Supplementary Table 3-3: information about antimicrobial resistance phenotypes, genotypes, plasmid replicon annotations and sequence types for 23 E. coli isolated from Ōtākaro/Avon River and tributaries 2018-

2019. Locations: B5 = Riccarton Stream Confluence, C1 = Addington Stream Confluence, A2 = Botanical Gardens, B3 = Picton Reserve, A1 = Harper Avenue, B2 = Paeroa Reserve, B1 = Field Terrace. AMR = 

antimicrobial resistance. All assemblies were uploaded to GenBank under BioProject number PRJNA784635. Supplementary Table 3-3 continues over page. 

Isolate ID 
Date 

frozen 
Location AMR phenotypes AMR genotypes PointFinder genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

L3Cip1_MAR2018 16/03/18 B5 

Tet, Cip, Tmp, 

Gen, Amp, Ctx, 

Caz 

aac(3)-IId, aadA5, aph(3'')-Ib, 

aph(6)-Id, blaTEM-1B, dfrA17, 

mph(A), sul1,sul2, tet(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I 
Col156, IncFII(29) 450 

L3Cip2_MAR2018 16/03/18 B5 

Tet, Chl, Tmp, 

Kan, Amp, Ctx, 

Caz 

aac(3)-IId, blaCTX-M-64,  

blaTEM-1B 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I, parE p.L416F 

Col(BS512), Col156, 

IncFIA, IncI1 
1193 

L3Cip3_MAR2018 16/03/18 B5 

Tet, Chl, Cip, 

Tmp, Gen, Kan, 

Amp, Ctx, Caz 

aac(3)-IVa, aph(3'')-Ib, aph(4)-Ia, 

aph(6)-Id, blaCTX-M-55,  

blaCTX-M-55, blaTEM-1B, 

blaTEM-1B, blaTEM-206, dfrA14, 

erm(B), floR, rmtB, sul2, tet(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I 

IncFIA, 

IncFIB(AP001918), 

IncFII(pHN7A8), IncI1, 

IncX4 

101 

L4Cip1_MAR2018 16/03/18 C1 

Tet, Cip, Tmp, 

Gen, Amp, Ctx, 

Caz 

aac(3)-IId, aadA5, aph(3'')-Ib, 

aph(6)-Id, blaCTX-M-64, blaTEM-

1B, dfrA17,mph(A),  

sul1, sul2, tet(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I, parE p.L416F 

Col(BS512), Col156, 

IncFIA, IncI1 
1193 

DTBX1_JUN2018 8/06/18 C1 Tet, Chl, Cip catA1, tet(B) 
parE p.S458A, gyrA p.S83L, 

gyrA p.D87N, parC p.S80I, 

IncFIA, 

IncFIB(AP001918), 

IncFII(pAMA1167-

NDM-5) 

167 

DChl3_JUN2018 8/06/18 C1 
Tet, Chl, Cip, 

Tmp, Amp 

aadA1, aadA2, blaCARB-2, cmlA1, 

dfrA16, sul3, tet(B) 

parC p.A56T, parC p.S80I, 

gyrA p.S83L, gyrA p.D87N 
IncFIB(K), IncN 744 

  

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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Supplementary Table 3-3 continued 

Isolate ID 
Date 

frozen 

Locatio-

n 
AMR phenotypes AMR genotypes PointFinder genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

CCip20_JUN2018 8/06/18 B5 none none none 

Col156, IncFIA, 

IncFIB(AP001918), 

IncFII(pRSB107) 

131 

CCip22_JUN2018 8/06/18 B5 
Chl, tet, Tmp, 

Cip, Amp 

aadA5, aph(3'')-Ib, aph(6)-Id, 

blaTEM-1B,dfrA17, mph(A),  

sul1, sul2, tet(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I 

Col(BS512), Col156, 

IncFIA, 

IncFIB(AP001918) 

1193 

CCip28_JUN2018 8/06/18 B5 

Tet, Chl, Cip, 

Tmp, Gen, Kan, 

Amp, Ctx, Caz 

aac(3)-IId, aadA2, blaCTX-M-15, 

blaTEM-33, blaTEM-33, catA1, 

dfrA12, erm(B), mph(A),  

mph(A), sul1, tet(B) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I 

Col(MP18), IncFIA, 

IncFIA(HI1), IncFII, 

IncY 

746 

D_Cip1_NOV2018 1/11/18 C1 
Tet, Chl, Cip, 

Amp 

aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

floR, sul2, tet(A) 

parC p.S80I, gyrA p.S83L, 

gyrA p.D87N 
IncFIB(AP001918) 162 

B_Amp1_JAN2019 25/01/19 A2 
Amp, Ctx, Caz, 

Clu 

ant(3'')-Ia, blaCMY-2,  

blaOXA-1, sul1 
none IncI1 2541 

2Chl1_JAN2019 25/01/19 B4 
Tet, Chl, Tmp, 

Amp 

aph(3'')-Ib, aph(6)-Id, blaTEM-1B, 

catA1, dfrA17, sul2, tet(B) 
parE p.I529L 

Col156, IncFII(29), 

IncQ1 
131 

B_Cip1_JAN2019 25/01/19 A2 
Tet, Chl, Cip, 

Tmp, Amp 
tet(B) 

parC p.A56T, parC p.S80I, 

gyrA p.S83L, gyrA p.D87N 
IncFIB(AP001918) 744 

PicCip1_JAN2019 25/01/19 B3 
Cip, Amp, Ctx, 

Caz 

blaCTX-M-15, blaTEM-1B,  

erm(B), mph(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I, parE p.L416F 
Col156, IncFIA 1193 

PicCip2_JAN2019 25/01/19 B3 
Cip, Amp, Ctx, 

Caz 

blaCTX-M-15, blaTEM-1B,  

erm(B), mph(A) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I, parE p.L416F 

Col(BS512), Col156, 

IncFIA 
1193 
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Supplementary Table 3-3 continued 

Isolate ID 
Date 

frozen 
Location AMR phenotypes AMR genotypes PointFinder genotypes 

PlasmidFinder 

annotations 

Sequence 

type 

1.2Cip1_MAR2019 18/03/19 B3 
Tet, Cip, Tmp, 

Amp, Ctx, Caz 
tet(B) 

gyrA p.S83L, gyrA p.D87N, 

parC p.A56T, parC p.S80I 
IncFIB(AP001918) 744 

1.3Chl_MAR2019 18/03/19 B3 
Tet, Chl, Tmp, 

Kan, Amp 

aph(3')-Ia, blaTEM-1B, dfrA14, 

floR, qnrS1, tet(A) 
none IncI1, IncX1 5708 

CChl2_MAY2019 10/05/19 B5 
Tet, Chl, Tmp, 

Amp, Ctx, Caz 

aadA5, aph(3'')-Ib, aph(6)-Id, blaCTX-

M-55, dfrA17, floR, sul2,  

sul2, tet(A), tet(A) 

None None - 

CCip2_MAY2019 10/05/19 B5 

Tet, Cip, Tmp, 

Gen, Kan, Amp, 

Ctx, Caz 

aac(3)-IIa, aac(6')-Ib-cr, aac(6')-Ib-cr, 

blaCTX-M-15, blaOXA-1, blaTEM-

1B, catB4, dfrA14, erm(B),  

mph(A), tet(B) 

gyrA p.S83L, gyrA p.D87N, 

parC p.A56T, parC p.S80I 

Col(BS512), 

Col156, IncFIA, 

IncFIB(AP001918) 

1193 

A_Cip1_MAY2019 5/10/19 A1 

Tet, Cip, Tmp, 

Gen, Kan, Ctx, 

Caz 

aac(3)-IId, aadA5, aph(3'')-Ib,  

aph(3')-Ia, aph(6)-Id, blaSHV-12, 

blaTEM-1B, dfrA17, 

mph(A), sul1, sul2, tet(B) 

gyrA p.S83L, gyrA p.D87N, 

parC p.S80I 

IncFIA, 

IncFIB(AP001918)

, IncQ1, p0111 

1642 

1_Chl1_OCT2019 5/10/19 B3 

Tet, Chl, Cip, 

Tmp, Gen, Kan, 

Amp 

aac(3)-IId, aadA1, aadA2, aph(3')-Ia, 

aph(6)-Id, blaCARB-2, blaTEM-1B, 

cmlA1,dfrA16, floR, strA,  

sul2, sul3, tet(B) 

parC p.S80I, gyrA p.S83L, 

gyrA p.D87N 
IncI1, IncQ1, IncY 8670 

P_Cip1_JUN2019 15/06/19 B2 Cip, Tmp, Gen None 

parC p.A56T, parC p.S80I, 

gyrA p.S83L, gyrA p.D87N, 

parE p.I529L 

None 131 

F_Cip1_JUN2019 15/06/19 B1 Cip, Tmp 

aadA5, aph(3'')-Ib, aph(6)-Id, blaCTX-

M-27, dfrA17, mph(A),  

sul1, sul2, tet(A) 

parC p.A56T, parC p.S80I, 

gyrA p.S83L, gyrA p.D87N, 

parE p.I529L 

Col156, IncFIA, 

IncFIB(AP001918)

, IncFII(pRSB107) 

131 
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Supplementary Table 4-4: virulence associated genes and stress tolerance genes annotated in whole genome sequences of 30 E. coli isolated from Ōtākaro/Avon River and tributaries in 2017. Supplementary Table 

4-4 continues over page 

Isolate ID Virulence genes Stress genes 

CMB26_CIP23 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB27_CIP44 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB28_CIP32 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB29_CIP21 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB30_SCIP24 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB31_CHL31 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB32_CHL11 fdeC lpfA emrE merC merP merR merT qacL silA silB silC silE silF silP silR silS ymgB 

CMB33_CHL44 
aap aatA agg4A agg4D aggR capU espX1 fdeC iss iucA iucB iucC i

ucD iutA lpfA sepA ybtP ybtQ 
emrE merC merP merR merT qacEdelta1 ymgB 

CMB34_CHL L2:3 
cvaC espX1 fdeC iroB iroC iroD iroE iroN iss iucA iucB iucC iucD 

iutA lpfA mchF tsh 
emrE ymgB 

CMB35_CHL L4:2 iss ybtP ybtQ 
emrE pcoA pcoB pcoC pcoD pcoE pcoR pcoS qacEdelta1 silA silB silC silE silF silP sil

R silS smr ymgB 

CMB36_AMP L1:4 astA cdtB fdeC ibeA sslE vactox ybtP ybtQ emrE ymgB 

CMB37_AMP21 

cvaC fdeC ireA iroB iroC iroD iroE iroN iss iucA iucB iucC iucD i

utA mchF papA papC papE papF papG-

II papH sslE vactox ybtP ybtQ 

emrE merC merP merR merT ymgB 

CMB38_AMP23 

cvaC fdeC ireA iroB iroC iroD iroE iroN iss iucA iucB iucC iucD i

utA mchF papA papC papE papF papG-

II papH sslE vactox ybtP ybtQ 

emrE merC merP merR merT ymgB 

CMB39_AMP41 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 
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Supplementary Table 4-4 continued 

Isolate ID Virulence genes Stress genes 

CMB40_RIF14 espX1 
emrE hdeD-GI hsp20 kefB-GI psi-

GI shsP silA silB silC silE silF silP silR silS trxLHR yfdX1 

CMB41_RIF41 espX1 fdeC lpfA emrE ymgB 

CMB42_RIF34 fdeC iss lpfA emrE ymgB 

CMB43_RIF21 lpfA emrE 

CMB44_RIF44 eilA espX1 fdeC emrE ymgB 

CMB45_CON11 fdeC ibeA iss lpfA sslE ybtP ybtQ emrE ymgB 

CMB46_CON34 eilA espX1 fdeC senB ybtP ybtQ ybtP ybtQ ymgB 

CMB47_SCON33 capU espX1 fdeC iss lpfA emrE ymgB 

CMB48_AMP L3:1 
fdeC ireA iss papA papC papE papF papG-

II papH senB sslE vactox ybtP ybtQ 
emrE qacEdelta1 ymgB 

CMB49_CON L2:1 espX1 fdeC lpfA 

hdeD-GI hsp20 kefB-

GI merA merD merR merT pcoA pcoB pcoC pcoD pcoE pcoR pcoS psi-

GI shsP silA silB silC silE silF silP silR silS trxLHR yfdX2 

CMB50_CIP L2:3 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CMB51_CON L2:4 espX1 fdeC iss lpfA emrE hdeD-GI hsp20 kefB-GI psi-GI shsP trxLHR yfdX1 yfdX2 ymgB 

CMB52_CON L2:2 
cvaC iroB iroC iroD iroE iroN iss iucA iucB iucC iucD iutA mchF 

ybtP ybtQ 
ymgB 

CMB53_CON L1:2 lpfA 
emrE hdeD-GI hsp20 kefB-GI pcoA pcoB pcoC pcoD pcoR psi-

GI shsP silA silB silC silE silF silP silR silS trxLHR yfdX1 ymgB 

CMB54_CHL L3:3 

astA cnf1 fdeC hlyA-

alpha iroB iroD iroE iss iucA iucB iucC iucD iutA papA papC pap

E papF papG-III papH sfaF sfaS sslE vactox ybtP ybtQ 

emrE merR qacEdelta1 ymgB 

CMB55_CON L1:2 fdeC ibeA ireA iroB iroC iroD iroE iss lpfA sslE vactox ybtP ybtQ emrE ymgB 
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Supplementary Table 4-5: virulence associated genes and stress tolerance genes annotated in whole genome sequences of 20 E. coli isolated from Silverstream Reserve in 2017. 

Isolate ID Virulence genes Stress genes 

CMB56_RIF L2:1 capU espX1 fdeC lpfA emrE ymgB 

CMB57_AMP L1:1 
cvaC iroB iroC iroD iroE iroN iss iucA iucB iucC iucD  

iutA mchF ybtP ybtQ 
ymgB 

CMB58_CHL L4:1 
bmaE fdeC iss iucA iucB iucC iucD iutA lpfA papA  

papC papH ybtP ybtQ 
merC merP merR merT qacEdelta1 ymgB 

CMB59_CON L1:2 fdeC lpfA emrE ymgB 

CMB60_CON L3:3 astA eilA espX1 fdeC iss lpfA1 lpfA2 emrE ymgB 

CMB61_CIP L1:3 espX1 fdeC ymgB 

CMB62_CIP L1:4 espX1 fdeC ymgB 

CMB63_RIF L3:1 
astA cif eae eilA espA espB espF espJ espX1 fdeC lpfA1 lpfA2  

nleA nleB2 tir 
ymgB 

CMB64_RIF L1:4 fdeC lpfA emrE ymgB 

CMB65_RIF L4:1 fdeC iss lpfA ymgB 

CMB66_CHL L4:4 
bmaE fdeC iss iucA iucB iucC iucD iutA lpfA papA papC  

papH ybtP ybtQ 
merC merP merR merT qacEdelta1 ymgB 

CMB67_RIF L4:2 espX1 fdeC iss lpfA emrE ymgB 

CMB68_? astA eilA espX1 fdeC lpfA1 lpfA ymgB 

CMB69_CON L4:1 
fdeC focG iroB iroC iroD iroE iroN iss lpfA mchB sfaF  

sslE ybtP ybtQ 
emrE ymgB 

CMB70_SRIF L1:2 espX1 fdeC iss lpfA emrE ymgB 

CMB71_CON L3:3 espX1 fdeC lpfA ymgB 

CMB72_RIF L4:1 espX1 fdeC iss lpfA ymgB 

CMB73_AMP L3:3 astA fdeC emrE ymgB 

CMB74_AMP L3:1 espX1 fdeC ymgB 

CMB75_RIF L4:3 astA fdeC emrE ymgB 
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Supplementary Table 4-6: virulence associated genes and stress tolerance genes annotated in whole genome sequences of 23 E. coli isolated from Ōtākaro/Avon River and tributaries 2018-2019. 

Isolate ID Virulence genes Stress genes 

L3Cip1_MAR2018 espX1 fdeC iha iucA iucB iucC iucD iutA papF sat senB ybtP ybtQ emrE qacEdelta1 ymgB 

L3Cip2_MAR2018 fdeC iha iucA iucB iucC iucD iutA senB vactox ybtP ybtQ emrE ymgB 

L3Cip3_MAR2018 
cvaC espX1 fdeC iroB iroC iroD iroE iroN iss iucA iucB iucC iucD iutA lpfA mchF  

papA papC papG-III papH tsh 
emrE ymgB 

L4Cip1_MAR2018 fdeC iha iucA iucB iucC iucD iutA senB vactox ybtP ybtQ emrE qacEdelta1 ymgB 

DTBX1_JUN2018 espX1 fdeC ymgB 

DChl3_JUN2018 espX1 fdeC qacL 

CCip20_JUN2018 fdeC iha iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

CCip22_JUN2018 fdeC iha iucA iucB iucC iucD iutA senB vactox ybtP ybtQ emrE qacEdelta1 ymgB 

CCip28_JUN2018 afaC capU iha iucA iucB iucC iucD iutA nfaE ybtP ybtQ kefB-GI psi-GI qacEdelta1 trxLHR ymgB 

D_Cip1_NOV2018 fdeC iss iucA iucB iucC iucD iutA lpfA emrE ymgB 

B_Amp1_JAN2019 espX1 fdeC lpfA emrE merC merP merR merT qacEdelta1 ymgB 

2Chl1_JAN2019 afaC fdeC iha iucA iucB iucC iucD iutA nfaE sat senB ybtP ybtQ emrE merC merP merR merT ymgB 

B_Cip1_JAN2019 espX1 fdeC iha iroB iroC iroD iroE iroN mchB mchF ymgB 

PicCip1_JAN2019 fdeC iha iucA iucB iucC iucD iutA senB ybtP ybtQ emrE ymgB 

PicCip2_JAN2019 fdeC iha iucA iucB iucC iucD iutA senB ybtP ybtQ emrE ymgB 

1.2Cip1_MAR2019 espX1 fdeC iha iroB iroC iroD iroE iroN iss mchB mchF ymgB 

1.3Chl_MAR2019 fdeC none 

CChl2_MAY2019 espX1 fdeC lpfA ymgB 

CCip2_MAY2019 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE ymgB 

A_Cip1_MAY2019 espX1 fdeC iucA iucB iucC iucD iutA lpfA 

pcoA pcoB pcoC pcoD pcoE pcoR  

pcoS qacEdelta1 silA silB silC silE silF silP  

silR silS ymgB 

1_Chl1_OCT2019 fdeC 
pcoA pcoB pcoC pcoE qacL silA silB silC  

silE silF silP silR silS ymgB 

P_Cip1_JUN2019 fdeC iha iss iucA iucB iucC iucD iutA papA papC papF papG-II sat senB ybtP ybtQ emrE ymgB 

F_Cip1_JUN2019 fdeC iha iss iucA iucB iucC iucD iutA sat senB ybtP ybtQ emrE qacEdelta1 ymgB 
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Supplementary Table 4-7: Sequencing metrics for 30 whole genome sequences of E. coli isolated from Ōtākaro/Avon River and tributaries 2017. 

All assemblies were uploaded to GenBank under BioProject number PRJNA784635. 

Isolate ID Genome Length N50 value No. Contigs ≥300 bp 

CMB26_CIP23 5074795 156425 121 

CMB27_CIP44 5091490 180334 93 

CMB28_CIP32 5075467 173746 124 

CMB29_CIP21 5100306 134479 117 

CMB30_SCIP24 4718738 118970 123 

CMB31_CHL31 4947632 216600 149 

CMB32_CHL11* 4780751 230584 76 

CMB33_CHL44 5009530 130961 122 

CMB34_CHL L2:3 5198907 138085 134 

CMB35_CHL L4:2 4834332 76274 161 

CMB36_AMP L1:4 4893962 282816 44 

CMB37_AMP21 5108230 198907 134 

CMB38_AMP23 5103078 198883 126 

CMB39_AMP41 5081710 191014 118 

CMB40_RIF14* 4980892 67690 204 

CMB41_RIF41 4936655 196067 119 

CMB42_RIF34 5001110 148980 86 

CMB43_RIF21 4672741 322231 40 

CMB44_RIF44 4790593 204482 73 

CMB45_CON11 4750508 677592 39 

CMB46_CON34 5121216 147916 135 

CMB47_SCON33 4981958 74282 216 

CMB48_AMP L3:1 5157326 207818 111 

CMB49_CON L2:1 5225044 79197 227 

CMB50_CIP L2:3 4999247 183630 100 

CMB51_CON L2:4 4725612 154577 141 

CMB52_CON L2:2 4783202 186717 97 

CMB53_CON L1:2* 5089466 137904 133 

CMB54_CHL L3:3 5221506 262806 104 

CMB55_CON L1:2* 4906969 603552 37 

 

  

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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Supplementary Table 4-8: Sequencing metrics for 20 whole genome sequences of E. coli isolated from Silverstream Reserve 2017. All assemblies 

were uploaded to GenBank under BioProject number PRJNA784635. 

Isolate ID Genome Length N50 value No. Contigs ≥300 bp 

CMB56_RIF L2:1 4850611 154683 108 

CMB57_AMP L1:1 4789766 138024 86 

CMB58_CHL L4:1* 5028664 130562 200 

CMB59_CON L1:2* 5146057 154509 142 

CMB60_CON L3:3 5011508 201784 112 

CMB61_CIP L1:3 4665491 109104 95 

CMB62_CIP L1:4 4902442 147619 105 

CMB63_RIF L3:1 5251072 111648 132 

CMB64_RIF L1:4 5157257 162737 108 

CMB65_RIF L4:1 4986576 117480 157 

CMB66_CHL L4:4 5030654 110247 215 

CMB67_RIF L4:2 4791452 224757 79 

CMB68_??* 4979157 230647 119 

CMB69_CON L4:1 5023453 214088 114 

CMB70_SRIF L1:2 4696043 181130 51 

CMB71_CON L3:3* 5063020 185830 124 

CMB72_RIF L4:1* 4663422 198045 84 

CMB73_AMP L3:3 4872165 187345 71 

CMB74_AMP L3:1 4778980 159139 98 

CMB75_RIF L4:3* 4866547 170086 81 

 

  

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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Supplementary Table 4-9: Sequencing metrics for 23 whole genome sequences of E. coli isolated from Ōtākaro/Avon River and tributaries 2018-

2019. All assemblies were uploaded to GenBank under BioProject number PRJNA784635. 

Isolate ID Genome Length N50 value No. Contigs ≥300 bp 

L3Cip1_MAR2018 5082997 4927385 4 

L3Cip2_MAR2018 5138797 4953517 7 

L3Cip3_MAR2018 5331255 4932828 7 

L4Cip1_MAR2018 5164072 4953168 8 

DTBX1_JUN2018 4818226 4722841 2 

DChl3_JUN2018 4788002 4603685 6 

CCip20_JUN2018 5210108 3313819 6 

CCip22_JUN2018 5115572 5002160 6 

CCip28_JUN2018 5249099 4985835 7 

D_Cip1_NOV2018 5010811 4906213 2 

B_Amp1_JAN2019 4922209 4825952 3 

2Chl1_JAN2019 5082771 4942074 2 

B_Cip1_JAN2019 4890076 4684750 4 

PicCip1_JAN2019 5125667 5029255 4 

PicCip2_JAN2019 5127781 5029256 5 

1.2Cip1_MAR2019 4901483 4765352 2 

1.3Chl_MAR2019 4829854 4596317 6 

CChl2_MAY2019 4809944 4809944 1 

CCip2_MAY2019 5115572 5002160 6 

A_Cip1_MAY2019 5027570 4811944 3 

1_Chl1_OCT2019 4820823 4563716 4 

P_Cip1_JUN2019 5149268 5039596 10 

F_Cip1_JUN2019 5148764 4943288 5 

  

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA784635
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Supplementary Figure 4-1: 113kb incomplete incF plasmid hosted by L4Cip1_MAR2018. Produced using a combination of long read and short 

read sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 4-2: 95kb incF plasmid hosted by DTBX1_JUN2018. Produced using a 

combination of long read and short read sequencing. 
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Supplementary Figure 4-3: 138kb incI  plasmid hosted by DChl3_JUN2018. Produced using a 

combination of long read and short read sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4-4: 103kb incF plasmid hosted by CCip28_JUN2018. Produced using a combination of long read and short read 

sequencing. 
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Supplementary Figure 4-5: 83kb incF plasmid hosted by CCip28_JUN2018. Produced using a 

combination of long read and short read sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4-6: 104kb incF plasmid hosted by DCip1_NOV2018. Produced using a combination of 

long read and short read sequencing. 
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Supplementary Figure 4-7: 140kb incF plasmid hosted 2Chl1_Jan2019. Produced using a combination 

of long read and short read sequencing. 

Supplementary Figure 4-8: 125kb incF plasmid hosted by BCip1_Jan2019. Produced using a combination of 

long read and short read sequencing. 
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Supplementary Figure 4-9: 87kb incF plasmid hosted by PicCip1_Jan2019. Produced using a combination of long read and short read 

sequencing. 

 

 

Supplementary Figure 4-10: 87kb incF plasmid hosted by PicCip2_JAN2019. Produced using a combination of long read and short read 

sequencing. 
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Supplementary Figure 4-12: 86kb incI plasmid hosted by 1.3Chl1_MAR2019. Produced using a combination of long read and short read 

sequencing. 

  

Supplementary Figure 4-11: 136kb incF plasmid hosted by 1.2Cip1_Mar2019. Produced using a 

combination of long read and short read sequencing. 
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Supplementary Figure 4-13: 50kb incX plasmid hosted by 1.3Chl1_MAR2019. Produced using a combination of long read and short read 

sequencing. 

 

 

Supplementary Figure 4-14: 114kb incomplete incF plasmid hosted by ACip1_MAY2019. Produced using a combination of long read and short 

read sequencing. 
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Supplementary Figure 4-15: 151kb incX plasmid hosted by 1_Chl1_MAY2019. Produced using a combination of long read and short read 

sequencing. 

 

Supplementary Figure 4-16: 103kb inc1 plasmid hosted by 1_Chl1_MAY2019. Produced using a combination of long read and short read 

sequencing. 
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Supplementary Figure 4-17: 117kb incF plasmid hosted by FCip1_JUN2019. Produced using a combination of long read and short read 

sequencing. 
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Supplementary Figure 4-18: approximately 140kb incF plasmid hosted by strain CMB39_AMP41 

(Ōtākaro/Avon River, 2017) made using short read sequencing data. 

Supplementary Figure 4-19: approximately 180kb incF plasmid hosted by strain CMB48_AMP L3:1 

(Ōtākaro/Avon River, 2017) made using short read sequencing data.  
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Supplementary Figure 4-20: approximately 128kb incF plasmid hosted by strain CMB50_CIP L2:3 

(Ōtākaro/Avon River, 2017) made using short read sequencing data. 

Supplementary Figure 4-21: approximately 151kb incF plasmid hosted by strain CMB54_CHL L3:3 

(Ōtākaro/Avon River, 2017) made using short read sequencing data. 
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Supplementary Figure 4-22: approximately 136kb incF plasmid hosted by strain CMB66_CHL L4:4 (Silverstream Reserve 2017) made using 

short read sequencing data. 
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Chapter 4 supplementary material 

Supplementary Table 4-1: list of E. coli isolates from watercress or watercress harvesting sites for which phenotyping was completed in Chapter 

4. NS: isolated without selection. Amp: isolated on ampicillin. Supplementary Table 4-1 continues over page. 

Strain Date Location/Origin Isolation condition Strain Code 

STBX1 11/11/19 Smarts Road, water NS A1 

STBX2 11/11/19 Smarts Road, water NS A2 

SAMP1 11/11/19 Smarts Road, water Amp A3 

SAMP2 11/11/19 Smarts Road, water Amp A4 

WCSM1 11/11/19 Smarts Road, watercress NS A5 

WCSM2 11/11/19 Smarts Road, watercress NS A6 

WCSM3 11/11/19 Smarts Road, watercress NS A7 

WCSM4 11/11/19 Smarts Road, watercress NS A8 

WCSM5 11/11/19 Smarts Road, watercress NS A9 

GTBX1 11/11/19 Gressons Road, water NS A10 

GTBX2 11/11/19 Gressons Road, water NS A11 

GAMP1 11/11/19 Gressons Road, water Amp A12 

GAMP2 11/11/19 Gressons Road, water Amp A13 

WCGR1 11/11/19 Gressons Road, watercress NS A14 

WCGR2 11/11/19 Gressons Road, watercress NS A15 

WCGR3 11/11/19 Gressons Road, watercress NS A16 

WCGR4 11/11/19 Gressons Road, watercress NS A17 

WCGR5 11/11/19 Gressons Road, watercress NS A18 

CTBX1 11/11/19 Ruataniwha, water NS A19 

CTBX2 11/11/19 Ruataniwha, water NS A20 

CAMP1 11/11/19 Ruataniwha, water Amp A21 

CAMP2 11/11/19 Ruataniwha, water Amp A22 

WCCS1 11/11/19 Ruataniwha, watercress NS A23 

WCCS2 11/11/19 Ruataniwha, watercress NS A24 

WCCS3 11/11/19 Ruataniwha, watercress NS A25 

WCCS4 11/11/19 Ruataniwha, watercress NS A26 

WCCS5 11/11/19 Ruataniwha, watercress NS A27 
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Supplementary Table 4-1 continued: list of E. coli isolates from watercress or watercress harvesting sites for which phenotyping was completed 

in Chapter 4. NS: isolated without selection. Amp: isolated on ampicillin. Chl: isolated on chloramphenicol. Cip: isolated on ciprofloxacin. 

Supplementary Table 4-1 continues over page. 

Strain Date Location/Origin Isolation condition Strain Code 

STBX1 14/01/20 Smarts Road, water NS B1 

STBX2 14/01/20 Smarts Road, water NS B2 

SAMP1 14/01/20 Smarts Road, water Amp B3 

SAMP2 14/01/20 Smarts Road, water Amp B4 

WCSM1 14/01/20 Smarts Road, watercress NS B5 

WCSM2 14/01/20 Smarts Road, watercress NS B6 

GTBX1 14/01/20 Gressons Road, water NS B7 

GTBX2 14/01/20 Gressons Road, water NS B8 

GAMP1 14/01/20 Gressons Road, water Amp B9 

GAMP2 14/01/20 Gressons Road, water Amp B10 

WCGR1 14/01/20 Gressons Road, watercress NS B11 

WCGR2 14/01/20 Gressons Road, watercress NS B12 

CTBX1 14/01/20 Ruataniwha, water NS B13 

CTBX2 14/01/20 Ruataniwha, water NS B14 

CAMP1 14/01/20 Ruataniwha, water Amp B15 

CAMP2 14/01/20 Ruataniwha, water Amp B16 

WCCS1 14/01/20 Ruataniwha, watercress NS B17 

WCCS2 14/01/20 Ruataniwha, watercress NS B18 

CSCHL1 30/01/20 Ruataniwha, water Chl B19 

CSCHL2 30/01/20 Ruataniwha, water Chl B20 

CSCIP1 30/01/20 Ruataniwha, water Cip B21 

CSCIP2 30/01/20 Ruataniwha, water Cip B22 

CSCIP3 30/01/20 Ruataniwha, water Cip B23 

CSCIP4 30/01/20 Ruataniwha, water Cip B24 
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Supplementary Table 4-1 continued: list of E. coli isolates from watercress or watercress harvesting sites for which phenotyping was completed 

in Chapter 4. NS: isolated without selection. Amp: isolated on ampicillin. Chl: isolated on chloramphenicol. Cip: isolated on ciprofloxacin. 

Supplementary Table 4-1 continues over page. 

Strain Date Location/Origin Isolation condition Strain Code 

SMTBX1 11/03/20 Smarts Road, water NS C1 

SMTBX2 11/03/20 Smarts Road, water NS C2 

WCSM1 11/03/20 Smarts Road, watercress NS C3 

WCSM2 11/03/20 Smarts Road, watercress NS C4 

GRTBX1 11/03/20 Gressons Road, water NS C5 

GRTBX2 11/03/20 Gressons Road, water NS C6 

GRAMP1 11/03/20 Gressons Road, water Amp C7 

GRAMP2 11/03/20 Gressons Road, water Amp C8 

GRCHL1 11/03/20 Gressons Road, water Chl C9 

GRCHL2 11/03/20 Gressons Road, water Chl C10 

WCGR1 11/03/20 Gressons Road, watercress NS C11 

WCGR2 11/03/20 Gressons Road, watercress NS C12 

CSTBX1 11/03/20 Ruataniwha, water NS C13 

CSTBX2 11/03/20 Ruataniwha, water NS C14 

CSAMP1 11/03/20 Ruataniwha, water Amp C15 

CSAMP2 11/03/20 Ruataniwha, water Amp C16 

CSCHL1 11/03/20 Ruataniwha, water Chl C17 

CSCIP1 11/03/20 Ruataniwha, water Cip C18 

CSCIP2 11/03/20 Ruataniwha, water Cip C19 

CSCIP3 11/03/20 Ruataniwha, water Cip C20 

CSCIP4 11/03/20 Ruataniwha, water Cip C21 

WCCS1 11/03/20 Ruataniwha, watercress NS C22 

WCCS2 11/03/20 Ruataniwha, watercress NS C23 
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Supplementary Table 4-1 continued 

Strain Date Location/Origin Isolation condition Strain Code 

KRTBX2 11/03/20 Koura Reserve, water NS C25 

KRAMP1 11/03/20 Koura Reserve, water Amp C26 

KRAMP2 11/03/20 Koura Reserve, water Amp C27 

SLTBX1 11/03/20 Kaiapoi River, water NS C28 

SLTBX2 11/03/20 Kaiapoi River, water NS C29 

SLAMP1 11/03/20 Kaiapoi River, water Amp C30 

SLAMP2 11/03/20 Kaiapoi River, water Amp C31 
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Supplementary Table 4-2: list of E. coli isolates from Rakahuri/Ashley River Estuary water and cockles for which phenotyping was completed in 

Chapter 4. NS: isolated without selection. Amp: isolated on ampicillin. Chl: isolated on chloramphenicol. Supplementary Table 4-2 continues 

over page. 

Strain Date frozen Location/Origin Isolation condition Strain code 

ASH.EST_TBX1 2/10/19 estuary water NS 1A 

ASH.EST_TBX2 2/10/19 estuary water NS 2A 

ASH.EST_TBX3 2/10/19 estuary water NS 3A 

ASH.EST_TBX4 2/10/19 estuary water NS 4A 

ASH-EST_AMP1 2/10/19 estuary water Amp 5A 

ASH-EST_AMP2 2/10/19 estuary water Amp 6A 

ASH-EST_AMP3 2/10/19 estuary water Amp 7A 

ASH-EST_AMP4 2/10/19 estuary water Amp 8A 

ASH-EST_AMP5 2/10/19 estuary water Amp 9A 

CK_1 2/10/19 cockle NS 10A 

CK_2 2/10/19 cockle NS 11A 

CK_3 2/10/19 cockle NS 12A 

CK_4 2/10/19 cockle NS 13A 

CK_5 2/10/19 cockle NS 14A 

ASH.EST_TBX1 30/01/20 estuary water NS 1B 

ASH.EST_TBX2 30/01/20 estuary water NS 2B 

ASH.EST_AMP1 30/01/20 estuary water Amp 3B 

ASH.EST_AMP2 30/01/20 estuary water Amp 4B 

ASH.EST_CHL1 30/01/20 estuary water Chl 5B 

ASH.EST_CHL2 30/01/20 estuary water Chl 6B 

ASH.EST_CHL3 30/01/20 estuary water Chl 7B 

ASH.EST_CHL4 30/01/20 estuary water Chl 8B 

CK_1 30/01/20 cockle NS 9B 
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Supplementary Table 4-2 continued: list of E. coli isolates from Rakahuri/Ashley River Estuary water and cockles for which phenotyping was 

completed in Chapter 4. NS: isolated without selection. Amp: isolated on ampicillin. Chl: isolated on chloramphenicol.  

Strain Date frozen Location/Origin Isolation condition Strain code 

CK_2 30/01/20 cockle NS 10B 

CK_3 30/01/20 cockle NS 11B 

CK_4 30/01/20 cockle NS 12B 

CK_5 30/01/20 cockle NS 13B 

CK_Amp1 30/01/20 cockle, enrichment Amp C1 

CK_Amp2 30/01/20 cockle, enrichment Amp C2 

CK_Amp3 30/01/20 cockle, enrichment Amp C3 

CK_CHL1 30/01/20 cockle, enrichment Chl C4 

CK_CHL2 30/01/20 cockle, enrichment Chl C5 

CK_CHL3 30/01/20 cockle, enrichment Chl C6 

ASH.RIV.TBX2 20/05/20 Ashley river water NS C7 

ASH.RIV.AMP1 20/05/20 Ashley river water Amp C8 

ASH.RIV.AMP2 20/05/20 Ashley river water Amp C9 

ASH.EST.TBX2 20/05/20 Ashley river water NS C10 

CK_1 20/05/20 cockle NS C11 

CK_2 20/05/20 cockle NS C12 

CK_3 20/05/20 cockle NS C13 

CK_4 20/05/20 cockle NS C14 

CK_5 20/05/20 cockle NS C15 

CK_AMP1 20/05/20 cockle, enrichment Amp C16 

CK_AMP2 20/05/20 cockle, enrichment Amp C17 

CK_AMP3 27/05/20 cockle, enrichment Amp C18 

CK_CHL1 27/05/20 cockle, enrichment Chl C19 

CK_CHL2 27/05/20 cockle, enrichment Chl C20 

CK_CHL3 27/05/20 cockle, enrichment Chl C21 

ASH.EST.AMP1 27/05/20 estuary water Amp C22 

ASH.EST.AMP2 27/05/20 estuary water Amp C23 
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Supplementary Table 4-3: list of E. coli isolates from karoro feces for which phenotyping was completed in Chapter 4. Rakaia: Upper Rakaia 

River. NS: isolated without selection. Amp: isolated on ampicillin. Tet: isolated on tetracycline. Chl: isolated on chloramphenicol. Cip: isolated 

on ciprofloxacin. Supplementary Table 4-3 continues over page. 

Date frozen Strain Name Origin/Location Isolation condition Strain code 

21/02/20 GTBX1 Feces, Rakaia NS A1 

21/02/20 GTBX2 Feces, Rakaia NS A2 

21/02/20 GTBX3 Feces, Rakaia NS A3 

21/02/20 GTBX4 Feces, Rakaia NS A4 

21/02/20 GAMP1 Feces, Rakaia Amp A5 

21/02/20 GAMP2 Feces, Rakaia Amp A6 

21/02/20 GAMP3 Feces, Rakaia Amp A7 

21/02/20 GAMP4 Feces, Rakaia Amp A8 

21/02/20 GTET1 Feces, Rakaia Tet, enriched A9 

21/02/20 GTET2 Feces, Rakaia Tet, enriched A10 

21/02/20 GTET3 Feces, Rakaia Tet, enriched A11 

21/02/20 GTET4 Feces, Rakaia Tet, enriched A12 

21/02/20 GCHL1 Feces, Rakaia Chl, enriched A13 

21/02/20 GCHL2 Feces, Rakaia Chl, enriched A14 

21/02/20 GCHL3 Feces, Rakaia Chl, enriched A15 

21/02/20 GCHL4 Feces, Rakaia Chl, enriched A16 

21/02/20 GCIP1 Feces, Rakaia Cip, enriched A17 

21/02/20 GCIP2 Feces, Rakaia Cip, enriched A18 

21/02/20 GCIP3 Feces, Rakaia Cip, enriched A19 

21/02/20 GCIP4 Feces, Rakaia Cip, enriched A20 
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Supplementary Table 4-3 continued: list of E. coli isolates from karoro feces for which phenotyping was completed in Chapter 4. Rangitata: 

Lower Rangitata River. NS: isolated without selection. Amp: isolated on ampicillin. Supplementary Table 4-3 continues over page. 

Date frozen Strain Name Origin/Location Isolation condition Strain code 

24/07/21 RT1TBX1 Feces, Rangitata NS B1 

24/07/21 RT2TBX1 Feces, Rangitata NS B2 

24/07/21 RT3TBX1 Feces, Rangitata NS B3 

24/07/21 RT4TBX1 Feces, Rangitata NS B4 

24/07/21 RT5TBX1 Feces, Rangitata NS B5 

24/07/21 RT6TBX1 Feces, Rangitata NS B6 

24/07/21 RT7TBX1 Feces, Rangitata NS B7 

24/07/21 RT8TBX1 Feces, Rangitata NS B8 

24/07/21 RT9TBX1 Feces, Rangitata NS B9 

24/07/21 RT10TBX1 Feces, Rangitata NS B10 

24/07/21 RT1AMP1 Feces, Rangitata Amp B11 

24/07/21 RT2AMP1 Feces, Rangitata Amp B12 

24/07/21 RT3AMP1 Feces, Rangitata Amp B13 

24/07/21 RT4AMP1 Feces, Rangitata Amp B14 

24/07/21 RT5AMP1 Feces, Rangitata Amp B15 

24/07/21 RT6AMP1 Feces, Rangitata Amp B16 

24/07/21 RT7AMP1 Feces, Rangitata Amp B17 

24/07/21 RT8AMP1 Feces, Rangitata Amp B18 

24/07/21 RT9AMP1 Feces, Rangitata Amp B19 

24/07/21 RT10AMP1 Feces, Rangitata Amp B20 
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Supplementary Table 4-3 continued: list of E. coli isolates from karoro feces for which phenotyping was completed in Chapter 4. Rangitata: 

Lower Rangitata River.  Tet: isolated on tetracycline. Chl: isolated on chloramphenicol. Cip: isolated on ciprofloxacin. 

Date frozen Strain Name Origin/Location Isolation condition Strain code 

24/07/21 RT1TET1 Feces, Rangitata Tet, enriched B21 

24/07/21 RT2TET1 Feces, Rangitata Tet, enriched B22 

24/07/21 RT3TET1 Feces, Rangitata Tet, enriched B23 

24/07/21 RT4TET1 Feces, Rangitata Tet, enriched B24 

24/07/21 RT5TET1 Feces, Rangitata Tet, enriched B25 

24/07/21 RT6TET1 Feces, Rangitata Tet, enriched B26 

24/07/21 RT7TET1 Feces, Rangitata Tet, enriched B27 

24/07/21 RT8TET1 Feces, Rangitata Tet, enriched B28 

24/07/21 RT9TET1 Feces, Rangitata Tet, enriched B29 

24/07/21 RT10TET1 Feces, Rangitata Tet, enriched B30 

24/07/21 RT1CHL1 Feces, Rangitata Chl, enriched B31 

24/07/21 RT4CHL1 Feces, Rangitata Chl, enriched B32 

24/07/21 RT8CHL1 Feces, Rangitata Chl, enriched B33 

24/07/21 RT10CHL1 Feces, Rangitata Chl, enriched B34 

24/07/21 RT1CIP1 Feces, Rangitata Cip, enriched B35 

24/07/21 RT4CIP1 Feces, Rangitata Cip, enriched B36 

24/07/21 RT8CIP1 Feces, Rangitata Cip, enriched B37 

24/07/21 RT10CIP1 Feces, Rangitata Cip, enriched B38 

24/07/21 RT1CIP2 Feces, Rangitata Cip, enriched B39 

24/07/21 RT4CIP2 Feces, Rangitata Cip, enriched B40 

24/07/21 RT8CIP2 Feces, Rangitata Cip, enriched B41 

24/07/21 RT10CIP2 Feces, Rangitata Cip, enriched B42 

24/07/21 RT8CIP_AMP Feces, Rangitata Cip, enriched B43 

24/07/21 RTCHL_TET_AMP1 Feces, Rangitata Chl, enriched B44 

24/07/21 RTCHL_TET_AMP2 Feces, Rangitata Chl, enriched B45 

24/07/21 RTCHL_TET_AMP3 Feces, Rangitata Chl, enriched B46 

24/07/21 RTCHL_TET_AMP4 Feces, Rangitata Chl, enriched B47 
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Antimicrobial resistance phenotypes of E. coli isolated from wātakirihi sites in November 2019 
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Antibiotic resistance phenotypes of E. coli isolated from watercress sites near Tuahiwi in November 2019

Supplementary Figure 4-1: antimicrobial resistance of E. coli isolated from wātakirihi and wātakirihi growing sites in November 2019. No box: strain was 

resistant to < the lowest concentration of antibiotic tested.  Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue 

box: strain was resistant to ≥ to the second highest concentration of antibiotic tested. No strains in this figure were resistant to ≥ the highest concentration of 

antibiotic tested. Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: 

cefotaxime, Caz: ceftazidime. 
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Antimicrobial resistance phenotypes of E. coli isolated from wātakirihi and surrounding water in January 2020 

 

  

Supplementary Figure 4-2: antimicrobial resistance of E. coli isolated from wātakirihi and wātakirihi growing sites in January 2020. No box: strain was resistant to < 

the lowest concentration of antibiotic tested. Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was resistant 

to ≥ to the second highest concentration of antibiotic tested. Dark blue box: strain was resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, 

Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime. 
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Antibiotic resistance phenotypes of E. coli isolated from watercress sites near Tuahiwi in January 2020
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Antimicrobial resistance phenotypes of E. coli isolated from wātakirihi and surrounding water in March 2020 
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Antibiotic resistance phenotypes of E. coli isolated from watercress sites near Tuahiwi in March 2020

Supplementary Figure 4-3: antimicrobial resistance of E. coli isolated from wātakirihi and wātakirihi growing sites in March 2020. No box: strain was resistant 

to < the lowest concentration of antibiotic tested. Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain 

was resistant to ≥ to the second highest concentration of antibiotic tested. Dark blue box: strain was resistant to ≥ the highest concentration of antibiotic tested. 

Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: 

ceftazidime. 
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Supplementary Table 4-4: list of virulence genes annotated by NCBI pathogen detection in 15 whole genomes sequences of  E. coli isolated in Chapter 4. Supplementary Table 4-4 continues over page. 

Gene name Broad virulence function Product/function Reference(s) 

afaC adhesin Afimbrial adhesin to the epithelial surface (Antão, Wieler, & Ewers, 2009; Keller et al., 2002) 

air adhesin Inverse autotransporter adhesin (Paniagua-Contreras et al., 2017) 

astA toxin Low-MW heat-stable toxin (Kuhnert, Boerlin, & Frey, 2000) 

bmaE adhesin M agglutinin-type afimbrial adhesin (Bekal et al., 2003) 

cnf1 toxin Cytotoxic necrotizing factor (Kuhnert et al., 2000) 

cvaC toxin Colicin V (Paniagua-Contreras et al., 2017) 

eilA transcriptional regulation Type III secretion system effector (Sheikh et al., 2006) 

espX1 secreted effector protein Type III secretion system effector protein (Tobe et al., 2006) 

fdeC adhesin Intimin-like adhesin (Nesta et al., 2012) 

hlyA toxin α-Haemolysin (Kuhnert et al., 2000) 

iha adhesin Bifunctional siderophore receptor/adhesin (Bekal et al., 2003) 
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Supplementary Table 4-4 continued 

Gene name Broad virulence function Product/function Reference(s) 

iss survival increased serum survival lipoprotein (Paniagua-Contreras et al., 2017) 

iucABCD nutrient acquisition Iron acquisition through aerobactin production (Li et al., 2021) 

iutA nutrient acquisition Ferric aerobactin receptor precursor (Li et al., 2021) 

lpfA adhesin Long polar fimbria major subunit (Galli, Torres, & Rivas, 2010) 

mchF toxin Microcin H47 E. coli antibiotic peptide (Azpiroz, Rodríguez, & Laviña, 2001) 

nfaE adhesin Non-fimbrial adhesin I chaperone (Bekal et al., 2003) 

papA adhesin P fimbriae (Antão et al., 2009; Kuhnert et al., 2000) 

sat toxin serine protease autotransporter toxin (Vieira et al., 2020) 

senB toxin enterotoxin TieB protein (McCoy et al., 2021) 

tsh adhesin Temperature sensitive haemagglutinin (Kuhnert et al., 2000; Paniagua-Contreras et al., 2017) 

ybtP nutrient acquisition yersiniabactin ABC iron (III) transporter (Koh, Hung, & Henderson, 2016) 

ybtQ nutrient acquisition yersiniabactin ABC iron (III) transporter (Koh et al., 2016) 
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Supplementary Table 4-5: list of stress tolerance genes annotated by NCBI pathogen detection in 15 whole genomes sequences of  E. coli isolated in Chapter 4 

Gene name Product Function Reference(s) 

arsD arsenite efflux transporter metallochaperone arsenic tolerance (Kalia & Joshi, 2009) 

emrE multidrug efflux SMR transporter biocide tolerance (Jennings, Minbiole, & Wuest, 2015) 

merCPRT broad-spectrum mercury transport operon mercury tolerance (Boyd & Barkay, 2012) 

pcoABCDE

RS 
copper resistance system copper tolerance (Rensing & Grass, 2003) 

qacE ∆1 
quaternary ammonium compound efflux SMR 

transporter 

quaternary ammonium compound 

tolerance 
(Jennings et al., 2015) 

qacL 
quaternary ammonium compound efflux SMR 

transporter 

quaternary ammonium compound 

tolerance 
(Jennings et al., 2015) 

silABCEFP

RS 
Cu(+)/Ag(+) efflux RND transport operon copper/silver tolerance (Rensing & Grass, 2003) 

terDWZ tellurium resistance operon tellurium tolerance 
(Nguyen, Kikuchi, Tokunaga, Iyoda, & 

Iguchi, 2021) 

ymgB biofilm/acid-resistance regulator acid tolerance and biofilm formation (Lee et al., 2007) 
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Supplementary Figure 4-4: map of an approximately 91kb plasmid from the genome of ASH.EST_CHL1_JAN2020.  
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Supplementary Figure 4-5: map of an approximately 58kb plasmid from the genome of CK5_JAN2020.  



 372 

 

 

Supplementary Figure 4-6: map of an approximately 85kb plasmid from the genome of CSCHL1_MAR2020 
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Supplementary Figure 4-7:map of an approximately 124kb plasmid from the genome of GRCHL1_MAR2020. 
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Supplementary Figure 4-8: maps of an approximately 123kb plasmid from the genome of SAMP1_JAN2020. 
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Supplementary Figure 4-9: map of an approximately 151kb plasmid from the genome of SLAMP2_JAN2020. 
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Supplementary Table 4-6: E. coli colony forming units and presence or absence of E. coli resistant to antibiotics in karoro fecal samples from the Upper Rakaia River colony, January 2020. 1ND: not detected.  

  AMR detection 

Sample  Presumptive E. coli CFU g-1 Tet 8 µg ml-1 Chl 6 µg ml-1 Cip 1 µg ml-1 Amp 20 µg ml-1 Ctx 8 µg ml-1 

1 1ND ND ND ND ND ND 

2 ND ND ND ND ND ND 

3 2.5 x 106 Present ND ND Present ND 

4 1.5 x 103 Present Present Present Present ND 

5 4.0 x 106 Present Present ND Present ND 

6 3.8 x 103 Present Present Present Present ND 

7 2.2 x 106 Present Present ND Present ND 

8 1.5 x 105 Present Present ND Present ND 

9 ND ND ND ND ND ND 

10 ND ND ND ND ND ND 
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Supplementary Table 4-7: E. coli colony forming units, ampicillin resistant E. coli colony forming units, and presence or absence of E. coli resistant to antibiotics in karoro fecal samples from the Lower Rangitata 

River colony, July 2021. 1ND: not detected. 

 E. coli counts (CFU g-1) AMR detection 

Sample  Presumptive E. coli  Amp resistant E. coli Tet 8 µg ml-1 Chl 6 µg ml-1 Cip 1 µg ml-1 Amp 20 µg ml-1 Ctx 8 µg ml-1 

1 5.0 x 106 1.4 x 105 Yes Yes Yes Yes 1ND 

2 6.0 x 106 5.0 x 103 Yes ND ND Yes ND 

3 5.7 x 106 3.0 x 103 Yes ND ND Yes ND 

4 3.0 x 105 2.0 x 103 Yes Yes Yes Yes ND 

5 3.2 x 106 1.0 x 105 Yes ND ND Yes ND 

6 6.2 x 106 3.0 x 103 Yes ND ND Yes ND 

7 6.9 x 106 4.0 x 104 Yes ND ND Yes ND 

8 5.2 x 106 2.0 x 105 Yes Yes Yes Yes ND 

9 3.6 x 106 2.0 x 10- Yes ND ND Yes ND 

10 7.2 x 106 1.2 x 106 Yes Yes Yes Yes ND 
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Supplementary Table 4-8: E. coli colony forming units, ampicillin resistant E. coli colony forming units, and presence or absence of E. coli resistant to antibiotics on karoro eggs from the Lower Rangitata River 

colony, December 2021. 1ND: not detected. 

 E. coli counts (CFU per egg)  Presence or absence of E. coli and antibiotic resistant E. coli 

Egg number Presumptive E. coli  Amp resistant E. coli  

E. coli 

(no 

selection) 

Tet 8 µg ml-1 Chl 6 µg ml-1 Cip 1 µg ml-1 Amp 20 µg ml-1 Ctx 8 µg ml-1 

1 1.8 x 101 ND Present ND ND ND ND ND 

2 3.5 x 102 ND Present ND ND ND ND ND 

3 5.0 x 103 ND Present ND ND ND ND ND 

4 ≤10 ND Present ND ND ND ND ND 

5 5.0 x 103 ND Present ND ND ND ND ND 

6 ≤10 ND Present ND ND ND ND ND 

7 7.5 x 101 ND Present ND ND ND ND ND 

8 ≤10 ND Present ND ND ND Present ND 

9 1.0 x 105 1.0 x 104 Present Present ND ND Present ND 

10 2.0 x 102 ND Present Present ND ND Present ND 
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Antimicrobial resistance phenotypes of E. coli isolated from karoro feces from the Upper Rakaia River colony
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Antibiotic resistance phenotypes of E. coli isolated from karoro feces at the Upper Rakaia River, January 2020

Supplementary Figure 4-10: Antimicrobial resistance phenotypes of 20 E. coli isolated from karoro feces from the Upper Rakaia River colony in July 2021. No box: strain was 

resistant to < the lowest concentration of antibiotic tested.  Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was 

resistant to ≥ to the second highest concentration of antibiotic tested. No strains in this figure were resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, 

Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime.  
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Supplementary Figure 4-11: Antimicrobial resistance phenotypes of 22 E. coli isolated from karoro feces from the Lower Rangitata River colony in July 2021. No box: strain was resistant to < the lowest 

concentration of antibiotic tested.  Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was resistant to ≥ to the second highest concentration of 

antibiotic tested. No strains in this figure were resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: trimethoprim, Gen: gentamicin, 

Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime. 
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Supplementary Figure 4-12: Antimicrobial resistance phenotypes of 25 E. coli isolated from karoro feces from the Lower Rangitata River colony in July 2021. No box: strain was resistant to < the 

lowest concentration of antibiotic tested.  Light blue box: strain was resistant to ≥ the lowest concentration of antibiotic tested. Medium blue box: strain was resistant to ≥ to the second highest 

concentration of antibiotic tested. No strains in this figure were resistant to ≥ the highest concentration of antibiotic tested. Chl: chloramphenicol, Tet: tetracycline, Cip: ciprofloxacin, Tmp: 

trimethoprim, Gen: gentamicin, Kan: kanamycin, Amp: ampicillin, Ctx: cefotaxime, Caz: ceftazidime.   
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Supplementary Table 4-9: conjugative transmission of antimicrobial resistance phenotypes by nine E. coli isolated from karoro fecal samples from the Upper Rakaia River colony, January 2020. The transmission 

frequency of antimicrobial resistance phenotypes was not assessed in this assay.  

Strain Name Date sampled Sampling location Resistances (breakpoint) Resistance(s) transmitted 

GTET1 21/01/20 Rakaia colony Tet, Tmp, Amp Tet, Tmp, Amp 

GTET3 21/01/20 Rakaia Gull Colony Tet ND 

GCHL1 21/01/20 Rakaia Gull Colony Tet, Chl, Tmp, Amp ND 

GCHL2 21/01/20 Rakaia Gull Colony Tet, Chl, Amp ND 

GCHL3 21/01/20 Rakaia Gull Colony Tet, Chl, Amp ND 

GCHL4 21/01/20 Rakaia Gull Colony Tet, Chl, Amp ND 

GCIP2 21/01/20 Rakaia Gull Colony Tet, Chl, Tmp, Amp ND 

GCIP3 21/01/20 Rakaia Gull Colony Tet, Chl, Tmp, Amp Tet, Amp, Amp 

GCIP4 21/01/20 Rakaia Gull Colony Tet, Chl, Tmp, Cip ND 
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Supplementary Table 4-10: conjugative transmission of antimicrobial resistance phenotypes by E. coli isolated from karoro fecal samples from the Lower Rangitata River colony, July 2021. The transmission 

frequency of antimicrobial resistance phenotypes was not assessed in this assay. Supplementary Table 4-10 continues over page. 

Strain Name Date sampled Sampling location Resistances (breakpoint) Resistance(s) transmitted 

RT1AMP1 24/7/21 Rangitata colony Tet, Amp ND 

RT2AMP1 24/7/21 Rangitata colony Tet, Amp Tet, Amp 

RT4AMP1 24/7/21 Rangitata colony Tet, Amp ND 

RT5AMP1 24/7/21 Rangitata colony Tet, Amp Tet, Amp 

RT6AMP1 24/7/21 Rangitata colony Tet, Amp Tet, Amp 

RT7AMP1 24/7/21 Rangitata colony Tet, Amp Tet, Amp 

RT8AMP1 24/7/21 Rangitata colony Tet, Amp ND 

RT9AMP1 24/7/21 Rangitata colony Tet, Amp Tet, Amp 

RT10AMP1 24/7/21 Rangitata colony Tet, Amp ND 

RT1TET1 24/7/21 Rangitata colony Tet, Tmp Tet, Tmp 

RT2TET1 24/7/21 Rangitata colony Tet ND 

RT3TET1 24/7/21 Rangitata colony Tet, Tmp Tet, Tmp 

RT4TET1 24/7/21 Rangitata colony Tet, Tmp Tet, Tmp 
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Supplementary Table 4-10 continued 

Strain Name Date sampled Sampling location Resistances (breakpoint) Resistance(s) transmitted 

RT5TET1* 24/7/21 Rangitata colony Tet Tet 

RT6TET1 24/7/21 Rangitata colony Tet Tet 

RT7TET1 24/7/21 Rangitata colony Tet ND 

RT8TET1 24/7/21 Rangitata colony Tet, Tmp, Gen Tet, Tmp 

RT9TET1 24/7/21 Rangitata colony Tet ND 

RT10TET1 24/7/21 Rangitata colony Tet ND 

RT1CHL1 24/7/21 Rangitata colony Tet, Chl, Amp ND 

RT4CHL1 24/7/21 Rangitata colony Tet, Chl, Amp Tet, Chl, Amp 

RT8CHL1 24/7/21 Rangitata colony Tet, Chl, Amp ND 

RT10CHL1 24/7/21 Rangitata colony Tet, Chl, Amp ND 

RTCHL_TET_AMP1 24/7/21 Rangitata colony Tet, Chl, Amp Tet, Chl, Amp 

RTCHL_TET_AMP2 24/7/21 Rangitata colony Tet, Chl, Amp ND 

RTCHL_TET_AMP3 24/7/21 Rangitata colony Tet, Chl, Amp ND 

RTCHL_TET_AMP4 24/7/21 Rangitata colony Tet, Chl, Amp ND 

Supplementary Table 4-10 footnote: *conjugative transmission of tetracycline resistance to Salmonella enterica (Str. SL3770) was detected by this isolate. 
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