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Abstract 

Many existing and emerging diseases of humans are of zoonotic origin. In addition, the 

development of antimicrobial resistance (AMR) presents a serious risk for hospitals, 

agriculture, and the community. Habitat loss and degradation are forcing many wild 

animal populations into closer contact with human populations, presenting 

opportunities for the introduction and transmission of bacterial diseases. In Australia, 

many shorebird species undertake yearly migrations to and from breeding grounds in 

the high Artic, and during their migrations they pass over one-third of the human 

population. To determine if shorebirds are reservoirs of pathogenic bacteria the 

research presented in this thesis investigated the presence of three common enteric 

bacterial pathogens in twelve species of wild Australian shorebird; followed by AMR 

profiles of isolates, and genetic characterisation of selected isolates. In total, 1022 

individual birds were sampled across three Australian states and tested for the presence 

of three potentially zoonotic pathogens; Escherichia coli, Enterococcus spp., and 

Salmonella spp. Two-hundred and six E. coli, 266 Enterococcus, and 20 Salmonella 

isolates were recovered, with AMR observed in 42% of E. coli isolates, 85% of 

Enterococcus isolates, and 10% of Salmonella isolates. Sedentary birds were more likely 

to carry AMR bacteria than migratory birds. A selection of E. coli isolates (n=16) 

underwent whole genome sequencing, and analysis of their genomes indicated a high 

level of genetic diversity with each isolate having a unique serotype. A total of 33 

recognised virulence genes and eight AMR genes were detected. An important food-

borne pathogen, Salmonella enterica serovar Hvittingfoss, was also recovered from one 

species of bird. This study shows that wild shorebirds can carry pathogenic enteric 

bacteria. While migratory birds may be less likely to harbour AMR bacteria relative to 

sedentary birds, they pose the potential to act as vectors for enteric and foodborne 

pathogens. 
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Foreword to Chapter 1 
This chapter consists of a broad-scale review of literature pertaining to zoonotic diseases in 
wildlife, focusing specifically on AMR bacteria in wild animals and the mechanisms of 
transmission into- and out of- these populations.  

The overall goal of this chapter was to review previous research findings relating to this project, 
‘Wild shorebirds as reservoirs of pathogenic bacteria and antimicrobial resistance’, to identify 
any current gaps in knowledge. His review aims to both justify this research, and clarify its place 
in the wider research community. This review consulted published literature, governmental 
documents, and media publications obtained through freely available online sources.  

This chapter is arranged in sections, with each section focusing on a topic relating to zoonotic 
disease and AMR bacteria in wildlife. 
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1:  

Literature review
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1.1 Human and animal conflict- the emergence of disease and One 

Health  

1.1.1 Human infectious diseases 

At the beginning of the 20th century, illnesses caused by infectious agents ranked among 

the most common causes of death worldwide (Conly & Johnston, 2005). During the last 

two centuries, medical breakthroughs such as vaccination, antibiotics, and improved 

clinical and food hygiene practices have all lead to a massive reduction in deaths caused 

by infectious diseases. Despite these advances, many millions of people die each year 

from infectious disease, and tens of millions more are infected (Christou, 2011; Jones et 

al., 2008). In addition, new diseases emerge on a regular basis, and the increasing 

development of resistance to the drugs we use as treatment means that infectious 

diseases will remain a global challenge for many years to come (Gould, 2009). 

 

Conflict between human populations and the environment is becoming increasingly 

common. Rapid population growth and urbanization sees the encroachment of people 

into previously isolated environments, and into close contact with species and 

populations to which humans have had limited or no prior exposure. Human activity, 

such as hunting, logging, mining, and the catching wild animals for trade and/or 

consumption all increase the risk of disease exposure, while also placing the animals and 

environments under threat of anthropogenic diseases. Additionally, climate change is 

altering the home ranges for many species, further increasing the risk of novel disease 

transmission between populations. 

 

This literature review will summarise the conflict between human and animal 

populations and investigate how this leads to the emergence of new diseases. 

Specifically, it will: discuss how antimicrobial resistance (AMR) develops and how it 

spreads into the environment; focus on how clinically important enteric bacteria that are 

present in wild animals (birds, in particular) are harbouring antibiotic resistance; and 

address how the migratory patterns of wild birds may be a factor in the spread of both 

emerging diseases and AMR. 
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1.1.2 Disease emergence from animal populations 

It can be advantageous for pathogens to have the ability to infect more than one 

species. While some diseases only affect one host, many affect multiple. A zoonotic 

disease is one that is transmissible from animals to a human (Brown, 2004). Such 

diseases are often transferred from animal populations with which we have constant or 

very regular contact, such as domesticated livestock and pets (Brown, 2004). More 

recently, we have a gained an appreciation for the potential for wild animals to act as 

reservoirs and vectors of zoonotic diseases (Burroughs, Knobler, & Lederberg, 2002).  

 

As the world becomes more globalised, the emergence and prevalence of zoonotic 

diseases increases; it is estimated that 75% of all emerging diseases that have occurred 

in the past decade have been zoonotic in origin (Allen et al., 2010). Movement of 

animals (anthropogenically-mediated or otherwise), ecological disruption, and an 

increasing human population result in greater chances for diseases to come into contact 

with new hosts (Burroughs et al., 2002). 

 

Livestock workers are often on the frontline of new or emerging diseases, due to their 

increased contact with animals (Armand-Lefevre, Ruimy, & Andremont, 2005). However, 

zoonotic diseases can enter a population at any point in the food chain. Infections such 

as salmonellosis can arise from the direct handling of sick animals, from handling 

contaminated corpses, or through eating tainted food products (Abo-Amer & Shobrak, 

2015). Consumption of infectious items is one of the main methods of zoonotic disease 

transmission into human populations. Outbreaks of zoonotic diseases such as Ebola are 

often traced back to the consumption of tainted bush meat (Brown, 2004). Wet markets 

in particular are of particular concern with regards to novel infectious diseases. SARS 

and COVID-19 emerged from such markets, where the risk comes not from the trade of 

farmed animals, but from wild animals (Albers et al., 2020). 
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1.1.3 Zoonosis and its impacts 

Zoonotic diseases have a large impact on human health: 61% of all human diseases have 

an animal origin (Allen et al., 2010). Zoonotic diseases can be acquired through contact 

with infected animals, consumption of infected animal products (meat, milk, eggs etc.) 

or contaminated water and contact with disease vectors. Treating, preventing and 

creating strategies to deal with zoonotic diseases is often more difficult than single-host 

diseases; with diseases that only infect one species, such as those restricted to humans, 

treatment can be provided direct to the population, and prevention methods can be 

tailored around clinical or laboratory-based surveillance programs (Burroughs et al., 

2002; Haydon et al., 2002). Zoonotic diseases, however, often require much more 

diverse approaches to surveillance and prevention. Treatment and prevention options 

for such diseases are also far more complex, especially when wild animal populations 

are involved in an outbreak (Haydon et al., 2002). 

 

As previously mentioned, zoonotic infections are a constant burden on the general 

public. The current COVID-19 pandemic proves the danger viral diseases can pose to the 

global community, but it would be remiss to ignore the impact that bacterial diseases 

have on the community each year. Salmonellosis, caused by Salmonella spp. is endemic 

in different livestock species and is a global health issue (Forshell & Wierup, 2006). 

Overall, there are around 93 million enteric infections and 155,000 diarrheal deaths a 

year caused by nontyphoidal Salmonella infections from the consumption of raw beef, 

fish, shellfish and milk (Abo-Amer & Shobrak, 2015; Ao et al., 2015). This is not counting 

other gastrointestinal pathogens such as E. coli, Campylobacter, Yersinia and 

Staphylococcus spp., all of which are major contributors to gastroenteritis cases globally 

(Christou, 2011).  

 

There is more to consider than simply the loss of lives experienced from the burden of 

zoonotic infections - there is also the economic impact. This can manifest through the 

direct loss of livestock to infections, and can have implications as far reaching as 

country-wide trade bans. One such example is the export ban on British beef during the 

BSE outbreak in the 1980s; combined with the cost of culling infected or exposed cattle 
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and other control measures, costs soared to approximately 4.9 billion pounds sterling 

(adjusted for inflation) during and after the outbreak (Burroughs et al., 2002; Bank of 

England., 2021). 

Of great importance are those zoonotic bacteria that aside from having the potential to 

pass from animals to humans, also have the potential to bear resistance to the 

antimicrobials used to treat such infections. Bacteria such as Enterococcus, E. coli, 

Salmonella, Staphylococcus, and Pseudomonas are all capable of transmission to 

humans from domestic pets, livestock, or wildlife, but these bacteria are also recognised 

for their capacity to develop AMR (Werner et al., 2013). Due to the prolific use of 

antibiotics by humanity, resistance has already become endemic in bacterial populations 

in domestic animals and livestock, and there is evidence that resistant strains of bacteria 

are infiltrating wild populations (Christou, 2011; Gilchrist et al., 2007). The problems 

these bacteria pose in a changing world is one that will be explored in more depth 

further into this review (Section 1.2.4). 

1.1.4 Emerging infectious diseases and habitat modification 

Emerging zoonotic diseases are increasingly more common due to a heightened 

association with human populations and wildlife: this can be through habitat alteration, 

and the ensuing interactions between people and previously undisturbed wildlife (Loaiza 

et al., 2017). The alteration of farming practices is also another important avenue 

through which zoonoses enter wildlife populations (Gortazar et al., 2014). Traditional 

farming has mostly given way to intensive farming in developed countries, with the aim 

of fitting as many animals into as small a space as possible (Burroughs et al., 2002). 

When these farming practices are combined with factors such as poor disease control 

and disturbed habitat, it can bring about ideal conditions for the emergence of new 

diseases, as seen with the emergence of Nipah virus (Chua, Chua, & Wang, 2002). 

Originally found in fruit bats, Nipah spread to pigs as a result of habitat destruction and 

the encroach of piggeries into fruit bat habitats.  Fruit bats would feed in cultivated fruit 

orchards where piggeries were located, and both their excrement and half-eaten fruit 

would fall into the pig pens. Workers would then interact with the pigs, and contract 
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Nipah themselves. (Chua, Chua & Wang, 2002). By the time the original outbreak was 

contained, a total of 265 cases of encephalitis were recorded with 105 deaths, while 

over one million pigs had been culled to curb the spread of infection (Field et al., 2001). 

There are many other avenues through which zoonotic infections may enter human 

populations; poaching of wildlife for bushmeat or the exotic pet trade, changing human 

behaviours around wildlife (such as the rise of inappropriate wildlife tourism, and 

wildlife trade and translocation to name a few (Chomel, Belotto, & Meslin, 2007). These 

diseases have a large impact, both through direct losses (such as loss of human life) or 

indirect losses (monetary loss through death of livestock, closing of trade routes and loss 

of working hours due to sickness) and are likely to remain a significant problem into the 

future. 

1.2 Virulence, resistance, and the spread of AMR genes into the wild 

1.2.1 Overview of antibiotic use and AMR 

The discovery of antibiotics revolutionised how we live. Without antibiotics, the 

probability of premature death due to infection would be 40% higher (da Costa, 

Loureiro, & Matos, 2013). The increase in AMR prevalence threatens to return us to a 

time before antibiotics and all the benefits they provide. Already, an extra 700,000 

deaths annually are reported worldwide due to antibiotic resistance, with that number 

estimated to rise to 10 million annually by 2050 (de Kraker, Stewardson, & Harbarth, 

2016; O'Niell, 2014). It is understood that AMR in general results in poorer outcomes for 

patients in terms of morbidity and mortality (Albrechtova et al., 2014; Shahcheraghi et 

al., 2013).  

AMR bacteria present a great problem, with ‘superbugs’ representing one of the 

greatest clinical challenges. A ‘superbug’ is a highly virulent, multi-drug resistant and 

highly transmissible strain of a bacteria (Amabile-Cuevs, 2013) and can be found in both 

hospital and community settings. One such example of a superbug is methicillin-

resistant Staphylococcus aureus (MRSA) – a pathogen estimated to kill roughly 19,000 

American patients annually, and has a mortality rate of 20% in Australia and New 
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Zealand (Coombs et al., 2019). Its incidence is increasing, both in hospital settings and in 

the community (Alkasir et al., 2013; Boucher & Corey, 2008).  

 

The main source of high concentrations of AMR bacteria and their associated genes is 

from anthropological sources, such as hospitals, wastewater treatment plants, and 

farms (da Costa, Loueiro, & Matos, et al., 2013). The waste that comes from hospitals 

can act as a source of contamination- some antibiotics are not broken down in the body, 

and so are excreted and end up in wastewater systems where they will interact with a 

multitude of other bacteria (da Costa et al., 2013). High concentrations of antibiotic 

compounds are often found in and downstream of wastewater treatment plants, which 

harbour (indeed often require) large bacterial populations (Jarnheimer et al., 2004; Ma 

et al., 2013; Zurfluh et al., 2015). These areas are often reservoirs of AMR bacteria and 

AMR genes (Ma et al., 2013).  

 

Aside from AMR, virulence is a serious concern in clinical settings. Virulence mechanisms 

are a bacteria’s ability to cause damage to a host, and are vital for a successful infection. 

Such mechanisms include toxin production, building physical barriers to prevent access 

by the hosts immune system, or attacking the hosts own immune cells (Casadevall & 

Pirofski, 2001; Lapierre et al., 2016). Increased virulence, while resulting in a more 

pathogenic organism, does not guarantee a more infectious organism. Virulence factors 

carry a fitness cost (the organism’s ability to replicate and survive in a competitive 

environment), and some genes are more energetically expensive than others. The 

production of adhesion molecules, colonization enzymes, toxins and capsules require 

energy, and if it does not allow an organism to be as competitive as other bacteria with 

the potential to fill that niche, that organism will be outcompeted and potentially die 

out (Fauci, 2005). As such, virulence is often limited by bacterial competition, preventing 

bacteria from growing increasingly deadly as time goes by (Beceiro, Tomas, & Bou, 

2013).  
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1.2.2 Clinical and economic impacts of AMR 

Numerous species of bacteria are becoming difficult to treat, such as Gram negative 

bacteria like E. coli, Klebsiella pneumoniae and Pseudomonas spp. Resistance to one of 

the main antibiotic classes used to treat Gram negative infections, the carbapenems, is 

quickly increasing in prevalence due to the spread of beta-lactamases (enzymes that 

provide resistance to beta-lactam antibiotics) in such bacteria (Babic, Hujer, & Bonomo, 

2006; Bonnedahl, 2011; Chua et al., 2014). The spread of such resistance is forcing the 

reissue of older and retired drugs as standard treatment options diminish. Many of 

these older antibiotics come with their own problems- colistin, one of the last effective 

antibiotics against Gram negative bacteria, is associated with significant nephrotoxicity 

and can be just as dangerous to the patient as the infection it treats (Chua et al., 2014; 

Cox, Koteva, & Wright, 2014). 

 

In addition to direct health issues, drug resistance also increases costs associated with 

treatment, and more broadly healthcare provision worldwide. AMR is estimated to cost 

up to USD $1.6 million per year in Australia (Lee et al. 2020), €9 billion per year in 

Europe (Amabile-Cuevs, 2013; Aryee & Price, 2015), and is estimated to see a total 

cumulative loss of US$2.9 trillion by 2050 in OECD countries (Cecchini, Langer, & 

Slawomirski, 2015), while reducing profits in the agricultural sector through loss of 

product, decreased yields due to resistant infections, and the cost of purchasing 

antibiotics in bulk (Alkasir et al., 2013; Conly & Johnston, 2005; Nwankwo et al., 2014). 

In developing countries where money is already scarce, AMR bacteria can have a 

devastating impact by rendering cheap, widely available antibiotics useless (Biswas et 

al., 2014), effectively rendering an infection untreatable if the remaining options are too 

expensive for patients and hospitals to afford (Ahoyo et al., 2014).  

 

A potential threat of AMR is that any new diseases that emerge may be caused by 

pathogens that are already resistant to numerous antibiotics, as AMR bacteria and their 

genes have been spreading into the environment for decades (French, 2010). It is not 

unthinkable that a once commensal organism could appear in hospitals and cause 

nosocomial infections, already prepared with a wide range of genes at its disposal- such 
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as has already happened with commensals turned major pathogens like Enterococcus, 

Staphylococcus, and Pseudomonas. Adaptive bacteria such as these have a propensity 

for acquiring AMR genes from other bacteria, potentially becoming untreatable 

(Bonnedahl, 2011; da Costa et al., 2013; Sellin et al., 2000). 

1.2.3 Impacts of co-carriage of virulence and AMR 

Virulence in clinical settings brings forth an obvious problem - the more virulent the 

bacteria, the more danger it poses to the infected host. However, the virulence of an 

organism is not the only factor in the outcome of an infection; the interactions of the 

hosts immune system with the infectious agent are equally as important. A usually 

avirulent bacterial strain can cause disease in impaired hosts, while virulent strains may 

not result in a detrimental outcome in hosts with robust (and/or previously primed) 

immune systems (Casadevall & Pirofski, 2001). As such, identifying virulent traits in an 

organism will not directly correlate with the outcome of a clinical infection; instead, by 

understanding an organism’s virulence we can build an idea of what infection outcomes 

may occur (Casadevall & Pirofski, 2001).  

A major concern in clinical settings is the co-carriage of virulence genes and AMR genes. 

As both factors make treating an infection more difficult, patients who are 

immunosuppressed, or who are colonised by an especially virulent, resistant strain of 

bacteria are at a higher risk for deleterious outcomes than those not (Beceiro et al., 

2013). Virulence and AMR genes are spread between bacteria in similar manners (this 

will be explored further in Section 1.2.2), and as such both factors can be co-transmitted 

into new organisms. As such, in high-pressure environments such as hospital settings, or 

areas of high antibiotic pressure, virulence can be selected for alongside antibiotic 

resistance; a serious problem when treating patients (Baba et al., 2002; Beceiro et al., 

2013; Gilmore, Lebreton, & van Schaik, 2013). 

As previously mentioned, virulence factors all carry a fitness cost, and this is no less true 

when discussing their co-carriage with AMR genes. In environments without that same 

survival pressure (namely high levels of antibiotic usage and other clinical treatments) it 
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may be too energetically expensive for an organism to contain both AMR genes and 

virulence factors. As such, in these environments the co-carriage of these factors is often 

selected against, as less virulent and resistant bacteria are able to be more competitive 

(Beceiro et al., 2013; Kapperud et al., 1990). 

 

1.2.4 How resistance develops 

Antibiotics have revolutionised modern medicine. In the 1900s, before the advent of 

antibiotics, the three leading causes of death were pneumonia, tuberculosis and 

diarrhoea (Andersson & Hughes, 2012). Before antibiotics, infections were the cause of 

nearly one in three deaths across the globe (Spellberg, 2009). Antibiotics are so vital in 

the treatment and prevention of infections that they are the most commonly prescribed 

drug in hospitals (Biswas et al., 2014).  The continued use of antibiotics is under pressure 

due to the emergence of AMR, whereby bacteria fail to be inhibited or killed by 

antibiotics when administered at concentrations tolerable by the patient (Aryee & Price, 

2015). Such resistance has grown increasingly common over the past two decades in 

both clinical and community settings (McGettigan et al., 2019). 

 

The main driving force behind the development of resistance is the transfer of genetic 

information between bacteria. There are two main mechanisms through which bacteria 

share or obtain genetic information; (1) horizontal gene transfer (HGT) or (2) mutation. 

HGT is the process by which bacteria obtain genetic information from an unrelated 

organism (Allen et al., 2010) often by sharing plasmids- circular, double-stranded DNA 

molecules that are distinct from a bacteria’s chromosomal DNA (Lin et al., 2015). It is 

these processes that allow bacteria to instantly acquire AMR and related genes, rather 

than through slowly mutating resistance genes by themselves (Wasyl, 2014). 

 

HGT is a natural process that bacteria undertake (Zhang et al., 2013; Zhang et al., 2012), 

and which provides bacteria with potentially beneficial genes. In areas of high bacterial 

population concentration (such as the human gut), HGT occurs around 25 times more 

frequently than in areas of low bacterial concertation (Amabile-Cuevs, 2013). HGT is 

critical to the dissemination of resistance, particularly within a mixed bacterial 
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population (da Costa et al., 2013). It can occur between different families of bacteria, 

and even occur between different kingdoms (such as between bacteria and archaea, 

yeast, and plants). HGT has been shown to be the main mechanism for the acquisition of 

AMR in Enterobacteriaceae and enterococci (Choi & Woo, 2013). Enterococci have 

acquired resistance genes that have taken them from being fully susceptible to an 

antibiotic, to fully resistant (Dixon, 2013). Many known AMR genes are found on mobile 

genetic elements such as plasmids, transposons and integrons that can be transferred 

quickly through HGT (Allen et al., 2010; Babic et al., 2006).  

 

Plasmids can also be shared between different bacterial species with ease (Boucher & 

Corey, 2008). Such ease of transmission has ensured that AMR quickly passes into 

sensitive bacterial populations and species (Dotto et al., 2014), allowing for the fast 

dissemination of resistance through a population (Albrechtova et al., 2014; Bonnedahl et 

al., 2009; Zhao et al., 2014). This has been seen with the rapid spread of extended 

spectrum beta-lactamases in E. coli found in a population of wild gulls (Larus michahellis) 

in France (Babic et al., 2006). Coexistence of ESBLs with other resistance mechanisms is 

also frequent (Baez et al., 2015). So, we can understand how bacteria themselves pass 

AMR genes between each other- the next question is understanding where these 

bacterial populations are found. 

 

1.2.5 How antibiotic misuse contributes to drug resistance 

The main forces behind the emergence of drug resistance is the use, misuse and abuse 

of antimicrobials (Lubik, 2011), with the rate of AMR emergence being related to total 

consumption of antibiotics, appropriately used or not (Bonnedahl & Jarhult, 2014). It is 

only in recent decades, as the antibiotic pipeline has run dry, that we are now faced with 

the problem of antibiotics no longer working, with nothing on the horizon to replace 

them (Figure 1) (Amabile-Cuevs, 2013). 
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Figure 1. The timeline of antibiotic development and the emergence of antibiotic resistance. 
Despite many new resistance types developing, there have been few new antibiotics developed 
since the 1960s. Image is taken from  Hutchings, Truman, & Wilkinson, 2019. 

 

The U.S Food and Drug Administration has seen an approval of new antibacterial agents 

decrease by over 56% over the past 20 years (Conly & Johnston, 2005). In the past 

decade only two new antibacterial agents possessing Gram negative activity have been 

launched- these were tigecycline and doripenem, respectively, and these drugs are 

restricted to the most critical cases (Cox et al., 2014).  

 

The over-prescription of broad-spectrum antibiotics (an antibiotic that acts against both 

Gram positive and Gram negative bacteria) in both agriculture and medicine has 

resulted in widespread resistance against commonly used drugs such as ampicillin and 

tetracycline (da Costa et al., 2013), with the frequency of resistance correlating with the 

per-capita antibiotic consumption of a country (Aryee & Price, 2015). This is exacerbated 

in developing countries, where antibiotic overuse is rife; due to dissemination of poor 
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quality or counterfeit antibiotics, self-medication, overdosing of antibiotics or the 

prescription of antibiotics where it is unnecessary or ineffective (Ahoyo et al., 2014; 

Aryee & Price, 2015; Biswas et al., 2014). In developing countries, the main goal may be 

to provide basic health under severe limitations (e.g. lack of diagnostic capabilities), with 

AMR control being a low priority (Biswas et al., 2014). 

Even in developed nations, antibiotic usage is not always appropriate, with poor 

compliance to legislation noted. A report on Australian hospitals by Robinson, Robinson, 

and Whitby (2014) recorded compliance with antibiotic prescription legislation at 6.9%, 

while physicians were estimated to prescribe antibiotics unnecessarily 50% of the time 

(Biswas et al., 2014; Robinson et al., 2014). In developed nations, the problem is not in 

preventing the general community self-medicating or accessing the antibiotics at all; it is 

in convincing clinicians to change their prescription plans and working on the 

expectations of the community; in many countries a change is required in community 

expectations to prevent people from expecting antibiotics even if it is unlikely they have 

a bacterial infection, e.g. for a viral infection (McCullough et al., 2015). 

1.2.6 Antibiotic use in agriculture 

The use of antibiotics as a preventative treatment rather than a curative one was once 

(and in some countries, still is) common practice. It is this avenue of preventative 

treatment (prophylaxis) that was discovered to be (seemingly) beneficial in the 

agricultural sector. In the 1950s, it was discovered that the addition of antibiotics to 

animal feed not only helped prevent sickness, but also increased growth in animals. Both 

the speed at which they grew, and the amount of weight they put on improved with 

regular doses of tetracycline in their food and water (Blanco et al., 2007; McEwen & 

Fedorka-Cray, 2002). This has led to the use of antibiotics in feed and water at sub-

therapeutic levels (below the dosage required to treat disease), and is a common 

practice in some countries, including the U.S (Abo-Amer & Shobrak, 2015; Dotto et al., 

2014). It is estimated that the amount of antibiotics used in agriculture is eight times 

higher than that used in human medicine (Bonnedahl, 2011). Such overuse has resulted 

in the rapid development of AMR in agriculture, the community, and in the wild (Allen et 
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al., 2010; Davies & Davies, 2010; McEwen & Fedorka-Cray, 2002). While many countries 

have made great strides in curbing the prophylactic use of antibiotics in animal feed, 

agricultural antibiotic use is still often poorly regulated and widely used in lower income 

settings (Topp et al., 2018). 

Even in very low concentrations, the use of antibiotics as prophylaxis in agriculture can 

exert a selective pressure for AMR to develop (Zurfluh et al., 2015). In the bacteria of 

livestock populations that are regularly exposed to sub-lethal levels of antibiotics, drug 

resistance is either nearly or completely endemic (Ussui et al., 2013). Resistance is most 

common against older broad spectrum antibiotics that are less regulated for use, but as 

some countries allow for the use of clinically important antibiotics, resistance can be 

observed to our most important drugs (da Costa et al., 2013; Ussui et al., 2013). AMR 

extends down the food chain, and into the community when contaminated products are 

ingested (Glenn et al., 2013). This dispersal through the food chain results in 

communities acquiring AMR bacteria, even if the community itself has been consuming 

antibiotics in a responsible and medically appropriate manner. 

1.2.7 Agricultural and wildlife populations as reservoirs and vectors of AMR 

Livestock themselves act as reserviours for AMR bacteria to human populations, and 

vice versa. There is a high rate of bacterial exchange between farmers and livestock; 

farmers who worked with pigs had higher rates of Staphylococcus aureus colonization 

compared to those who had no contact with livestock at all (45% to 24%), regardless of 

the farms location. Considering that in Belgium, 44% of pigs carried MRSA, livestock 

have the ability to constantly disseminate high volumes of AMR bacteria to human 

populations (Crombe et al., 2012). Transmission of Enterobacteriaceae from animals to 

humans has been recorded numerous times (Armand-Lefevre et al., 2005). 

The physical movement of both livestock and people can also aid in the transmission of 

AMR bacteria. With the advent of international travel, the chances for disease 

transmission have skyrocketed. An Australian study demonstrated that international 

travel increased the risk of colonisation by AMR E. coli from 8% to 49% (Kennedy & 



15 
 

Collignon, 2010). The international shipping of livestock also poses a risk for the spread 

of AMR, as such movement has been proven to introduce new diseases into countries 

(Greger, 2007). 

 

It is perhaps unsurprising, then, that antibiotic resistance has been found in every 

human population studied with resistance prevalence increasing with population density 

(Allen et al., 2010). Environmental contamination of AMR bacteria and genes has most 

likely been occurring since the industrial production of antibiotics began, leading to how 

AMR spreads beyond hospital settings. Wild animal populations have been found to 

harbour AMR bacteria, and the prevalence of AMR seems to correlate with the degree 

of anthropogenic activity (Bonnedahl, 2011). Ninety percent of bacterial isolates from 

voles in the U.K carried AMR- in comparison, voles from Finland carried almost none 

(Allen et al., 2010). As there is a great difference in population density between the U.K 

and Finland, it can be inferred that human activity has an effect on AMR in wildlife. 

 

1.2.8 Areas of leakage into the environment 

AMR is present in every corner of the world and resistance can develop in nearly every 

setting. Yet how prevalent AMR is, and what resistance traits are present can vary 

depending on location. The drugs used in a hospital will differ from those used in 

agriculture, though there may be overlap (Berglund, 2015).  Due to the often 

uncontrolled and unregulated use of antibiotics in both fields historically and in the 

present day, many tonnes of antibiotics have leaked out into the environment- through 

sewerage, farm run-off, or factory waste and leaks (Allen et al., 2010). This has created 

an unintended selective pressure on bacteria that we are often unaware are being 

affected by our waste. In this section the types of AMR found in different locations, and 

how such resistant bacteria and their genes are spread, will be further discussed. 

 

Antibiotics and AMR genes have been present in environmental microbiota for millennia 

(da Costa et al., 2013). The difference now is that the concentrations of such genes are 

rapidly increasing in natural environments (Fick et al., 2009), and that we are more 
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aware of what dangers this spread may cause in the future (da Costa et al., 2013). AMR 

genes can persist in environments for years (Yau et al., 2010). 

The spread of clinically important AMR bacteria into the natural environment is less 

studied than in clinical environments (Bonnedahl, 2011), but AMR bacteria and genes 

have been found in both aquatic and soil environments worldwide (Albrechtova et al., 

2014; Allen et al., 2010; Igbinosa, 2016). Aquatic environments seem especially sensitive 

to AMR contamination, possibly due to wastewater, aquaculture and run-off (Figure 2), 

with AMR bacteria and genes having been detected in estuarine, riverine and coastal 

surface waters (Azevedo et al., 2013; Bonnedahl, 2011; Bonnedahl & Jarhult, 2014; 

Zurfluh et al., 2015). Livestock waste can also spread AMR from farm settings into the 

environment, when manure from treated animals is washed off fields and into 

waterways (Figure 2) (Sellin et al., 2000). As previously noted, many livestock 

populations harbour high prevalence of AMR bacteria (13% of Salmonella isolates from 

chicken and swine were resistant to five or more antimicrobials in Canada alone in 2007, 

Glenn et al. (2013)), so farms act as a constant source of AMR bacteria for waterways 

and environments close to farms. This environmental contamination has many 

ramifications; both from the spread of AMR from agriculture back into the community, 

and from dispersal of AMR into pristine habitats.  
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Figure 2. Manure on paddocks can be a source of AMR bacteria, and this waste can be washed 
into nearby waterways durings rains. Source: Photograph by Lynn Betts, U.S. Department of 
Agriculture, Natrual Resources Conservation Service, distributed under a CC0 license.  

Wildlife, aside from acquiring AMR bacteria from human activity, may also act as vectors 

for distributing AMR into the wider natural environment (Alroy & Ellis, 2011; Wasyl, 

2014). Highly mobile animals, such as bats and birds, have the potential to spread AMR 

into many different environments, with unknown consequences (Arnold, Williams, & 

Bennett, 2016; Greig et al., 2015). A cause for concern is the potential for disease 

transmission through interactions between wild animals and agriculture; both livestock 

and the land used (Figure 3). Mapping disease transfer between these populations is 

incredibly difficult, and often there is no direct transfer of a specific bacterium from one 

population to another. The interactions between wildlife, livestock and the environment 

are numerous and varied, and only a small number of livestock species and agricultural 

crops are able to be produced in entirely closed systems that prevent any circulation of 

disease (Van Schaik et al., 1998). Such intensive farm systems also bring their own 

problems by increasing pathogenicity of the bacteria already present in such farmed 

populations (Mennerat et al., 2010) Dynamic changes in livestock production, habitat 
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loss and agricultural intensification all increase the risks of disease and gene exchange 

between wild and agricultural populations (Hassell et al., 2017). 

 

 
Figure 3. There are many avenues for cross-contamination between agriculture and wildlife. This 
includes contact with effluent, scavenging from food remains, and even  direct contact. 

 

1.3 Enteric bacteria and their importance in human, animal and 

environmental health  

1.3.1 Enteric bacteria can be commensals and pathogens 

When discussing bacterial pathogens, in both a clinical and environmental context, it is 

important to understand how ubiquitous many of these pathogens are. Also, to 

understand that bacterial pathogenicity often depends less on the individual bacteria in 

question, and more on its current location. Species such as E. coli, for example, are a 
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normal- and even beneficial- part of many organisms’ gut microbiota and will cause no 

disease in this location. However, if the same bacteria manage to enter the urinary tract, 

they can cause serious bladder infections. Bacteria also do not need to be pathogenic to 

present a potential risk for animal and human health- as mentioned in the previous 

chapter, commensal organisms can still be reservoirs for genes of health importance.  

The largest numbers of commensal bacteria can be found in the gut (Clemente et al., 

2012). While it has previously been estimated that gut bacteria outnumber human cells 

10:1, further calculations have put forward a more modest 1:1 ratio (Sender, Fuchs, & 

Milo, 2016). However, that is still estimated to be 38 trillion bacterial cells in the human 

gut alone (with a further trillion bacterial cells from skin and other microflora). The 

importance of gut microflora in the health and development of an organism is becoming 

more widely understood, with gut microbiota playing a role in digestive functions, 

metabolic functions, host growth, and having a large role in the functioning of the 

immune systems (Belkaid & Hand, 2014; Clemente et al., 2012). The more research is 

made into the functioning and composition of gut microbiota, the more links we find 

between regular bodily functions and the health of our microbiota. 

Transmission of gut microbiota is a regular and expected occurrence- whether this be 

through eating and drinking from sources contaminated with faecal bacteria, 

behavioural habits, or generally unsanitary conditions (Blaser & Falkow, 2009).  

Increased ‘westernization’ reduces transmission of gut bacteria between individuals due 

to improved sanitation practices, altered childbirth practices (i.e. caesarean sections), 

diets and antibiotic use (Martínez et al., 2015). The altered microbiomes in such 

westernized individuals tend to have low bacterial diversity, high individual variation, 

and little transmission between community members. Interestingly, these altered 

microbiomes are also being increasingly linked to non-infectious diseases that are 

becoming more common in developed countries- autoimmune diseases, allergies, 

inflammatory bowel disease and certain cancers (Blaser & Falkow, 2009; Martínez et al., 

2015). Outside of these populations, such non-infectious diseases remain low; however, 

infectious bacterial, viral and parasitical diseases instead place a large burden on the 

health of populations (Christou, 2011; Greenhill et al., 2014). These next sections will 
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discuss the role of enteric bacteria as reservoirs of genes of importance in populations, 

and the role of enteric bacteria as pathogens- in both humans and wild animals. 

 

1.3.2 Enteric bacteria as reservoirs of resistance 

Enteric bacteria have great potential to act as reservoirs for various resistance genes; 

both in clinical and environmental settings. Some of the more common enteric bacteria 

(such as E. coli, Enterococcus and Salmonella) are able to survive for long periods outside 

of a host in environmental settings such as waterways, sewerage treatment plants, and 

soil (Cizek et al., 1994; Jin et al.,2004; E. Mourkas et al., 2019; Tien et al., 2017). In these 

environments, they are able to interact with multitudes of organisms and share genetic 

material- the perfect recipe for acquiring novel genes. The majority of the time, it is this 

transfer of new genes, rather than spontaneous mutation that leads to the emergence 

of new pathogens (Ochman & Moran, 2001).  

 

AMR bacteria and genes have become commonplace in both clinical and community 

settings in the present day. Antibiotic resistance- both in populations directly exposed to 

antibiotics, and those indirectly exposed- has increased dramatically in enteric 

populations in recent decades (Allen et al., 2010). Resistance has been found in enteric 

bacteria even in remote settings (Bartoloni et al., 2009; Pallecchi et al., 2008; Sjolund et 

al., 2008). As previously mentioned, the ‘modern’ lifestyle seen in many parts of the 

world has drastically changed the human microbiome. A large part of this change is due 

to antibiotic usage at multiple points of our lives, from birth to death. The usage of 

antibiotics directly exposes much of our gut microbiota to the selective pressures these 

drugs cause, providing opportunities for microbiota to being to develop resistance to 

said drugs (even if they are not the target organism of the antibiotics).  

 

1.3.3 Changing gut flora and AMR 

As mentioned in Section 1.2, antibiotic usage in clinical, agricultural and veterinary 

settings have seen antibiotic compounds and resistant bacteria spread throughout the 

environment (Fernández-Delgado & Suárez, 2009)- and enteric bacteria are no 

exception. Similar to the alteration of diet and lifestyle seen in developed societies, 
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livestock populations have also experienced a rapid change in rearing practices. 

Agricultural intensification- the use of antibiotic prophylaxis, the intensive crowding of 

animals into small areas for maximum profit (as seen in feed lots and barn-raised 

chickens), and the change to high- energy diets designed for quickest growth have also 

altered the microbiomes of livestock (Evangelos Mourkas et al., 2020). While many 

countries are now working to limit what the amounts and types of antibiotics that can 

be used in agricultural uses, AMR enteric bacteria are still widespread, with studies 

finding resistance to older drugs like tetracycline being found in cattle in over 80% of 

farms investigated (Sawant et al., 2007), and resistance to clinically important drugs 

such as colistin being discovered in up to 21% of pigs investigated (Morales et al., 2012). 

Importantly, livestock can directly transfer enteric bacteria carrying resistance to farm 

workers- studies as early as Levy, Fitzgerald, and Macone (1976) demonstrated that 

farm workers were being colonised with tetracycline-resistant bacteria from the 

chickens they worked with. These changes in traditional farming methods leave livestock 

populations (and consequently, human populations) at risk of being rapidly colonised by 

AMR and pathogenic bacteria. 

 

Wild animals are not unaffected by this- both acquiring AMR enteric bacteria from 

livestock (Gaukler et al., 2009; LeJeune et al., 2008) and from humans (Camarda et al., 

2006; Hernandez et al., 2012). A study of urban pigeons in Italy discovered that nearly 

50% of them carried Campylobacter (Gargiulo et al., 2014), and sweeping reviews of the 

literature have shown that not only can wildlife harbour enteric AMR bacteria, but they 

can also contribute to further environmental pollution of such bacteria (Greig et al., 

2015). Even enteric bacteria isolated from environmental systems have been found to 

be contaminated with AMR bacteria descended from anthropogenic activity (Wright, 

2010). Even when understanding that many current antibiotic resistance genes evolved 

in enteric bacteria before the advent of the antibiotic revolution, the appearance of 

resistance to wholly synthetic drugs (Blanco et al., 2007) and the sheer concentration of 

resistance genes found in non-human enteric bacteria (Gaukler et al., 2009) is a 

condemnation for how anthropogenic activity has altered the natural systems found in 

the gut microflora of many animals. 
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1.3.4 Enteric bacteria as pathogens 

While enteric bacteria play many roles in host functioning and are mostly beneficial for 

their hosts continued survival, they also pose many disadvantages to their host. 

Although most enteric bacteria are commensal, or even beneficial for the host, some 

can be pathogenic; and when the gut microbiota is disturbed in certain circumstances, 

even commensal enterics can become pathogens. This can be seen with Clostridium 

difficile- normally, a regular part of human gut microflora, but under the right conditions 

(usually, after antibiotic use) this bacterium can overgrow and cause severe diarrhoea 

and pseudomembranous colitis (Lessa, Gould, & McDonald, 2012). Other common 

commensal enterics such as E. coli can cause long-term colonisation if pathogenic strains 

enter the gut (Batt, Rutgers, & Sancak, 1996). 

 

Perhaps unsurprisingly, enteric pathogens cause the bulk of diarrhoea and enteric cases; 

Gram-negative enteric pathogens are estimated to cause more than three million deaths 

each year (Donnenberg, 2000). These deaths are mostly concentrated in low to middle-

income countries, where access to adequate healthcare may be scarce (Khalil et al., 

2018). In the US alone, there are estimated to be 76 million cases of foodborne illness, 

resulting in 325,000 hospitalizations and 5,200 deaths a year (Buzby & Roberts, 2009). 

While the costs of enteric disease worldwide have not been calculated, it is almost 

certainly substantial (Buzby & Roberts, 2009). Despite this, mortality rates from 

diarrhoeal diseases have been decreasing since 1990, and most such illnesses are 

preventable, given adequate sanitation, hygiene and food production practices (Buzby & 

Roberts, 2009; Khalil et al., 2018): the main obstacle to these improvements in many 

developing countries is the cost of setting up the required infrastructure. As a result, 

enteric pathogens still present a major risk to developing nations and may take priority 

over longer term problems such as AMR. 

 

1.3.5 Enteric bacteria- commensals to pathogens 

A major challenge emerging in clinical settings over the last few decades has been 

previously commensal enteric bacteria becoming pathogens. One such example of this is 

Enterococcus; a commensal organism that has become a serious threat in clinical and 
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community settings due to their ability to acquire AMR genes (Gilmore et al., 2013). The 

switch between commensal and pathogen can occur near-instantaneously through HGT 

(Wallace, Fishbein, & Dantas, 2020), as covered in Chapter 2. This presents a problem as 

commensal bacteria, aside from the many functions they have been noted to play 

previously, also play a role in protecting the hosts against pathogen encroachment; by 

competing with pathogenic bacteria for space and resources, they help prevent 

successfully colonisations. If the commensal bacteria themselves become pathogenic, 

they can cause serious infections that the body struggles to fight (Abt & Artis, 2013; 

David, 2012). This problem is intensified further when those new pathogens have also 

acquired AMR genes, and are resistant to clinical treatment (Gao, Howden, & Stinear, 

2018). 

It is not only the clinical and agricultural sector that contributes to the burden of enteric 

disease; interactions with wildlife present ample opportunities for outbreaks of enteric 

disease. For Salmonella alone, multiple wild populations have been shown to have 

caused disease outbreaks: wild birds in the United Kingdom have been implicated in 

spreading enteric Salmonella by contaminating food sources (Lawson et al., 2014), and 

hedgehogs in Sweden were also implicated in Salmonellosis outbreaks in local 

communities (Handeland et al., 2002).  The incidences of enteric diseases originating in 

and being transmitted from wild animals is increasing as the world becomes more 

urbanised and wild populations are brought into conflict more with human populations 

(Wiethoelter et al., 2015), and such diseases threaten not only human populations, but 

the populations of the animals themselves- especially if those populations are already 

endangered (Hiltunen, Virta, & Laine, 2017; Power, Emery, & Gillings, 2013). In this next 

chapter, we will explore the role that wild birds play in the spread of bacterial disease 

and AMR, and how we can predict how they may transmit these diseases across multiple 

populations. 
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1.4 Birds and the spread of disease  

1.4.1 Birds as mechanisms for the of spread of disease  

It is well established that AMR is present in environmental bacteria, and that such 

bacteria are also becoming prevalent in wild animal populations (Allen et al., 2010). It is 

still unknown what effect this introduction of AMR bacteria has on wild animal 

populations. It is hypothesised that this introduction of AMR into pristine populations 

facilitates the emergence of ‘new’ diseases that will be drug resistant before they 

emerge (Brown, 2004). 

 

AMR can be disseminated throughout natural environments by animal populations 

(Section 1.2.3). Highly mobile animals such as birds are adept at covering large distances 

and are well known vectors for pathogenic microorganisms that can cause disease in 

humans. Diseases such as Lyme disease, avian influenza, and West Nile virus are 

dispersed across large geographical areas by mobile hosts (Abulreesh, Goulder, & Scott, 

2007; Dixon, 2013). Birds have also been implicated in outbreaks of enteritis (Abulreesh 

et al., 2007; Bonnedahl, 2011). Both free living and domestic bird populations have been 

found to be reservoirs of AMR bacteria (Cole et al., 2005), potentially acting as vectors 

for AMR dispersal. 

 

The diversity of bird species means that birds can be found in many environmental 

niches and can tolerate different levels of human disturbance. Many species forage on 

agricultural land, while some scavenge directly off landfill sites and sewerage outlets 

(Figure 4), resulting in such species rapidly becoming colonised with pathogenic and 

AMR bacteria (Alroy & Ellis, 2011; Blanco et al., 2007; Cizek et al., 2007; Sellin et al., 

2000). Whole orders such as waterfowl, passerines (perching birds) and birds of prey 

have been found to harbour AMR bacteria (Bonnedahl, 2011; Cizek et al., 2007; 

Nwankwo et al., 2014). Wild populations can transmit infectious disease from these 

areas of high bacterial diversity and contaminate land, human environments and water 

sources (Cole et al., 2005). 
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Figure 4. Birds such as Gulls, Crows, and Ibis will readily forage on rubbish dumps and sewerage 
outlets and habituate to living in areas of high human population density, increasing their 
chances of acquiring pathogenic and AMR bacteria (Gearin, 2016). 

 

It is perhaps this crossover between intensely contaminated environments and living in 

areas of high human density that resulted in AMR first being isolated from wild pigeons 

in 1975 (Bonnedahl & Jarhult, 2014). The intrusions of humans into natural habitats of 

wild birds have facilitated the development and carriage of zoonoses, and birds can 

carry infectious agents asymptomatically. The global distribution, annual migrations and 

habitual communal roosting in environments shared by other species further enhance 

the mixing and dissemination of zoonotic diseases among wild populations (Abulreesh et 

al., 2007; Chan et al., 2015; Sellin et al., 2000). There are three major potential routes of 

disease movements through birds- the movement of poultry, the movement of caged 

birds and the movements of wild birds (Bennun, 2006).  

Additionally, some species are potentially more prone to spreading bacteria than others. 

Groups such as waterbirds and shorebirds are particularly vulnerable to disease transfer 

due to their gregarious flocking behaviours and tendency to defecate in the same waters 
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they forage in (Rogers & Hulzebosch., 2014). Monitoring the health of all three of these 

routes in imperative in understanding and tracking the spread of disease from birds. 

 

1.4.2 Canaries in the coalmine for disease presence  

Surveillance is the cornerstone of our understanding of AMR and provides a starting 

point for designing strategies to combat any potential emerging infectious disease 

(Albrechtova et al., 2014). Some populations are more accessible than others. Urban 

populations of gulls, crows and pigeons, for example, can be captured and monitored 

more closely than can a reclusive or highly mobile wild population, such as groups such 

as shorebirds which are highly wary and utilise open habitats. In addition, it is these 

urban populations that will have first contact with novel AMR bacteria due to their 

feeding habits and interactions with human settlements. These populations can be used 

as indicators of pollution in urban, near urban and agricultural settings (Bonnedahl, 

2011; Camarda et al., 2006). 

 

Surveillance studies are already underway in some wild populations for diseases such as 

avian influenza; at-risk wild populations are monitored, and susceptible sentinel birds 

such as chickens are used to monitor if the disease has entered a country (Wille, Latorre-

Margalef, & Waldenström, 2017). However, there is little comparable work being done 

for bacterial diseases or for AMR. This provides a large gap in our awareness of if a new 

strain of AMR bacteria has entered the country, and as such leaves us exposed to the 

risk of entry and dissemination of bacterial diseases. 

 

1.4.3 Birds as disease reservoirs  

Both wild and domestic birds act as reservoirs for many zoonotic pathogens. Birds are 

reservoirs for many pathogens, in particular Salmonella spp., Campylobacter spp. and E. 

coli. These and other pathogens can pass easily to people through direct contact or 

contamination of food and water sources (Baez 2015, Abulreesh et al. 2007). Birds such 

as gulls are particularly important as reservoirs: aside from carrying zoonotic enteric 

bacteria, they have also been found to harbour high levels of AMR bacteria, with 
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resistant genes against beta-lactams, aminoglycosides and tetracycline antibiotics (Alroy 

& Ellis, 2011; Baez et al., 2015).  

 

AMR has been found even in remote and isolated populations. For example, 8% of E. coli 

isolates collected from Artic birds displayed AMR (Allen et al., 2010), while birds of prey 

were noted to carry bacteria with resistance to streptomycin and tetracycline at high 

frequency (Dixon, 2013). In addition, the AMR profiles of E. coli in populations of Yellow-

Legged Gulls (Larus michahellis) sampled in the south of France were genetically 

heterogenous, reflecting that these AMR genes had been acquired from a diverse 

population of E. coli (Bonnedahl, 2011). Similarly, Black-Headed Gulls (Chroicocephalus 

ridibundus) have been found to carry AMR Salmonella sp., with the prevalence of 

resistant bacteria increasing from 2 – 3% before 1994 to 13% in 2005. Gulls that were 

not colonised by Salmonella were also found to be re-infected upon returning to their 

nesting grounds, providing a constant source of infection for the gulls (Cizek et al., 

2007). This shows that not only can wild birds be able to act as reservoirs for pathogens, 

they are also capable of keeping such bacteria circulating in their own populations. 

 

1.4.4 The implications of birds in disease dissemination 

One of the main concerns surrounding birds being colonised by AMR and zoonotic 

bacteria is their ability to act as a vector. A vector is any agent that carries and transmits 

an infectious pathogen into another living organism (Allen et al., 2010). Due to their 

ability to range over large distances, wild birds can act as a vehicle for both direct 

disease dissemination to human populations, and indirect disease dissemination 

through secondary vectors such as insects. One such example of indirect dissemination 

is the introduction of West Nile virus in the United States. Infected birds returning from 

their migrations were fed on by resident mosquito populations. These populations 

would acquire the virus from the birds they fed off, and transmit the disease to the local 

communities through their feeding, establishing the disease in the area (Abulreesh et al., 

2007; Chan et al., 2015; Hartemink et al., 2007). Through the movements of migratory 

birds, a novel disease was introduced into a country while bypassing any biosecurity 

measures in place. 
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There are two main concerns regarding birds as vectors. There is the spread of disease in 

a local environment, by resident birds that may pose a constant threat of infecting those 

that live in the nearby area. Resident birds will defecate in local waterways as they feed 

(Abulreesh et al., 2007), or may contaminate local food sources with zoonotic and AMR 

bacteria. Outbreaks of campylobacteriosis occurred in the United Kingdom, caused by 

wild birds (Magpies, Pica pica and Jackdaws, Corvus monedula) picking open milk bottles 

that had been delivered to people’s doorsteps (Abulreesh et al., 2007). The second area 

of concern revolves around migratory birds. The migratory movements of birds varies 

depending on species, and can vary from small movements in a single country (Kirby et 

al., 2008) to intercontinental movements that cross hemispheres (Beiring, 2013). While 

intercontinental migrants are not a year-round infection risk, they pose the possibility of 

dispersing novel pathogens and AMR between countries. The risks of both migratory 

and non-migratory birds in dispersing pathogens will be discussed in the next two 

sections. 

 

1.4.5 Non-migratory birds  

Non-migratory populations may still make large movements in response to adverse 

conditions in their home range. Mute Swans (Cygnus olor) dispersed a strain of avian 

influenza into Europe as they made short-distance movements to avoid adverse weather 

in their home range (Abulreesh et al., 2007). Even non-mobile populations can 

contribute to disease dispersal, with captive populations of Bar-Headed Geese (Anser 

indicus) transmitting avian influenza to livestock workers and resulting in mass mortality 

events in the captive geese populations (Abulreesh et al., 2007). 

 

As resident populations remain in an area year-round, they act as both a reservoir and a 

constant potential source of disease dissemination. Water reservoirs that supply towns 

and cities are vulnerable to contamination, and faeces from large flocks of water birds 

can be a major contributor to faecal coliform levels (Dixon, 2013). This problem of bird 

faecal contamination making its way into water reservoirs is exacerbated by the fact that 

birds breeding in urbanized areas are more likely to carry E. coli than more remote birds, 
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and are more likely to carry AMR as well (Bonnedahl, 2011; Sellin et al., 2000). There is 

evidence that some bacteria, E. coli especially, is shared between human and urban bird 

populations. Yellow-legged Gulls in France have been documented to carry E. coli similar 

to that found in the nearby human populations, with similar results found in Sweden 

(Bonnedahl, 2011; Bonnedahl et al., 2009; Cizek et al., 2007). Even without direct 

interactions with wild birds (such as through hunting), these populations can still 

transmit bacteria to nearby communities. 

 

1.4.6 Migratory birds  

Migration carries the risk of introducing or re-introducing disease into an environment. 

The introduction of West Nile virus into the U.S.A has been mentioned in Section 1.4, 

but migrating birds have also been implicated in the introduction of West Nile virus into 

the Middle East via migrating White Storks, and as the cause of an outbreak of eastern 

equine encephalomyelitis in Jamaica in 1962 (Chatterjee, Ghosh, & Chattopadhyay, 

2006; Rappole, Derrickson, & Hubalek, 2000). 

 

When migratory birds travel, they stop at specific stopover or ‘staging sites’ along their 

migratory routes in order to rest and refuel. These staging sites are areas in which birds 

will feed and rest, and can hold hundreds of thousands of birds, often of different 

species, as they refuel for the next leg of their flight. These staging sites provide ample 

opportunity for disease transference amongst birds. Not only are species from different 

habitats and countries intermingling in dense flocks, they are also often 

immunocompromised due to the pressures of migration on the birds (Risely, Klaassen & 

Hoye., 2018). While sick individuals will most likely die during the migration, individuals 

with mild infections or who are asymptomatic will complete the journey to their 

breeding or wintering grounds (Boere & Stroud, 2006; Bonnedahl, 2011). It is these birds 

that pose the biggest risk of disease dissemination, and which shall be discussed in the 

next section. 
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1.5 Migratory birds and disease 

1.5.1 Costs and benefits of migration 

Migration is essential to the survival of many species of bird (Altizer, Bartel, & Han, 

2011). Millions of migratory birds travel between breeding and wintering grounds 

annually around the globe and migrate along well-established routes known as flyways 

(Altizer et al., 2011; Boere & Stroud, 2006; Yong et al., 2018). Section 1.5.2 provides 

details of important migratory routes. 

One of the benefits of migration is that it allows migratory populations to escape from 

areas of high pathogen and parasite density. Migrating individuals reduce their infection 

chances compared to those that stay in locations of high pathogen density (Risely, 

Klaassen, & Hoye, 2018). Migration also provides an indirect benefit in that it lowers 

pathogen prevalence in the general population (Altizer et al., 2011; Risely et al., 2018). 

This is due to the fact that sick individuals are less likely to undergo migration (migratory 

separation), and those sick individuals that do migrate are more likely to perish during 

migration (migratory culling). This acts to remove reservoirs of disease from a 

population (Altizer et al., 2011; Risely et al., 2018). 

 

Migration is an extremely strenuous process that shorebirds spend months preparing for 

by building up the fat reserves for their journey to fuel their flight (Piersma, 

Gudmundsson, & Lilliendahl, 1999). When undergoing their migrations, many species 

will focus their energetic resources on what is essential, primarily flight muscles (Oldland 

et al., 2009). Non-essential processes such as gut function, non-essential muscles and 

immune function are all diminished during the bird’s flight (Altizer et al., 2011; Oldland 

et al., 2009; Risely et al., 2018).  

 

1.5.2 Migratory routes 

Australia’s migratory birds live in the East-Asian Australasian Flyway (EAAF) (Figure 5). 

This flyway extends from the high Artic down to the southern limits of Australia and New 

Zealand. The EAAF encompasses all Southeast Asia, as well as covering large parts of 

East Asia and India. Over 50 million migratory birds migrate through the EAAF, with 
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many of Australia’s 8 million shorebirds migrating along the entire breadth of the flyway 

(Yong et al., 2018). 

 
Figure 5. The flyways of the world for migratory birds. Image is reproduced from Boere & 
Stroud.,2006. 

 

While migratory birds have adapted over millions of years to be able to cope with the 

demands of their annual journeys, their migrations are coming under threat and may be 

opening new pathways to disease. It is likely that many migratory species are altering 

their migration routes or stopover selections in response to habitat loss. Habitat 

degradation and destruction greatly impact wetlands and coastal zones, with some of 

these habitats disappearing entirely- almost 50% of intertidal areas in China and Korea 

have been destroyed in the last 30 years, and similar levels of destruction of important 

habitat is likely to have occurred in many other countries over the same timespan 

(Oldland et al., 2009; Murray et al., 2014). Shorebirds are very sensitive to habitat 

disruption, often being reliant on specific ‘staging areas’ (locations birds will stop to feed 

and rest along their migration routes) (Yong et al., 2018).  

 

Some of these stopover sites can support hundreds of thousands of birds; only 20km of 

the shoreline at Bohai Bay, China, in the EAAF supports over 45% of the flyways entire 

population of Red Knots (Calidris canutus). Over half the flyway’s population of Bar-

tailed Godwit (Limosia lappiconica) rely on the nature reserve of Yalu Jiang, China 
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(Aharon-Rotman, 2015; Choi et al., 2014 Rogers et al., 2010), and extreme site fidelity 

amongst some species prevents them from being able to move to new staging grounds 

(Aharon-Rotman, 2015; Yong et al., 2018). The loss of important staging sites can have 

disastrous impacts on entire species: the loss of the Saemangeum estuary after the 

construction of a 33-km long seawall saw observed counts of shorebirds drop from 

~181,000 in 2006 before completion of the seawall to 3 birds observed in 2014 after 

completion (Moores et al., 2016). Importantly, there have been no corresponding 

increases in shorebird populations at nearby sites after the seawall was built (Lee et al., 

2018); the affected birds most likely starved to death. 

 

The EAAF is one of the most threatened flyways in the world (Aharon-Rotman, 2015). It 

has the highest number of threatened shorebird species and has experienced some of 

the most staggering population’s declines. Seventeen of the nineteen wader species 

found in the southern half of Australia have experienced population declines in the past 

15 years, with the highest declines seen in species that are the most reliant on the 

Yellow Sea for their migratory stop overs (Clemens et al., 2016, Studds et al., 2017). The 

EAAF contains over 45% of the world’s human population and some of the fastest 

growing economies, and it is predicted that by 2032 over 75% of the Asia Pacific land 

surface will have been impacted by infrastructure development (Yong et al., 2018). In 

addition to habitat loss (Figure 6), habitat degradation due to aquaculture, pollution, the 

spread of invasive Spartina and hunting along the flyway also places pressure on 

migrating birds (Melville, Chen & Ma., 2016; Gallo-Cajiao et al., 2020; Kirby et al., 2008). 
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Figure 6. One of the main threats facing shorebirds along the EAAF is habitat loss and 
degradation. Here, thousands of Godwit rest on mudflats that are in the process of being 
reclaimed for industrial construction (Lowen, 2016). 

 

Climate change also has an impact on birds (Aharon-Rotman, 2015). The migration of 

Bar-tailed Godwits advanced six days from 2008-2020 (Conklin, Lisovski & Battley., 2021) 
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as artic-breeding birds have attempted to keep pace with changes in climate and the 

impact it has on seasonality (Oldland et al., 2009). Warmer environments are also 

affecting shorebird populations physically. Red Knots (Calidris canutus) that hatch in 

warmer summers are smaller and have shorter bills; a feature that results in lowered 

survival rates when the juveniles reach their wintering grounds and are unable to reach 

deep enough into the mud to prey on their preferred species of bivalves (Van Girls et al., 

2016).  

 

Due to the factors impacting shorebirds, their populations are restricted to increasingly 

degraded staging grounds that are filled to capacity with, with birds that are not as 

physiologically fit as their parents, interacting in times of great stress with decreased 

immune function. These factors all increase the chances of birds contracting novel AMR 

strains and diseases, transmitting them to other species, and dispersing them to new 

locations along their migratory routes. 

 

1.5.3 Biosecurity and migration 

It is well established that birds can carry and disperse zoonotic and AMR bacteria, and 

migratory birds are no exception. Migratory birds are particularly prone to periodic 

outbreaks of infectious disease at congregation sites. One example is an outbreak of 

avian botulism in Taiwan in 2002-2003 which killed more than 7% of the global 

population of Black-faced Spoonbills (Platalea minor) (Yong et al., 2018). In addition, the 

prevalence of some diseases has been linked with the movement of migratory birds, 

with Buggy Creek virus increasing in prevalence in mosquito hosts when Cliff Swallows 

(Petrochelidon pyrrhonota) returned to breed (Brown et al., 2007). 

 

Commensal bacteria that are carried by birds can also cause disease in humans. Various 

Salmonella strains have been widely reported in wild birds, and thermotolerant 

campylobacters are a normal part of bird gut microflora. Even a few carriers of these 

bacteria can transport them long distances, and migratory birds can excrete bacteria 

acquired in their country of origin along their migration route, disseminating bacteria 

along the entire flyway (Baez et al., 2015). 
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1.5.4 Potential pathogen development in wild migratory birds  

The main concern regarding birds and disease transmission is that of novel pathogen 

development and emerging infectious diseases. A major threat is the possibility of a 

pathogens acquiring resistance genes and entering the community. Many of the 

attributes of migratory wild birds, such as their tendency to gather in large flocks, the 

stresses they face along their migration route, and their interactions with a wide range 

of geographically distant habitats mean that they have the potential to act as incubators 

for the intermixing of geographically distinct bacteria and AMR genes. 

 

Diverse groups of birds such as migratory gulls have been found to carry E. coli isolates 

with a great diversity of AMR traits, even in countries with a relatively low consumption 

of antibiotics (Bonnedahl et al., 2009; Bonnedahl et al., 2010; Camarda et al., 2006). The 

dense breeding colonies of these birds allows for the ease of transmission between 

individual birds, and provide opportunity for genetic recombination (Bonnedahl, 2011). 

Such circumstances provide the chance for bacteria in wild birds to intermingle with a) 

bacteria from geographically distant locations, b) with environmental AMR genes from 

industrial pollution and run-off and c) human-associated bacteria. The changes 

experienced in the home ranges of migratory populations can bring with them diseases 

that were once confined to different regions of Australia or were kept out of Australia 

entirely. This has been seen with mosquito-borne diseases such as West Nile virus, avian 

influenza, Murray Valley encephalitis virus and Japanese encephalitis virus (Epstein et 

al., 2006). Thus, it is feasible that a similar occurrence could occur in the future; with or 

without the interaction of outside vectors as occurred with West Nile virus in the USA.  

 

1.5.5 Current lack of studies on migrating birds 

To date, three studies have surveyed the presence of AMR E. coli, Enterococcus and 

Salmonella in non-migratory Silver Gulls (Chroicocephalus novaehollandiae) and 

passerines (Blyton et al., 2015; Dolejska et al., 2016; Oravcova, Svec, & Literak, 2017). A 

single study by Hoque et al. (2012) reported Salmonella enterica serovar Virchow and 

Hvittingfoss in a single Australian White Ibis (Threskiornis molucca) and two Plumed 
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Whistling Ducks (Dendrocygna eytoni). A previous study by this team surveyed a small 

sample of migratory and non-migratory birds (Smith et al., 2019), but no study to date 

has undertaken a large-scale investigation into what clinically important and AMR 

bacteria present in Australian shorebirds. There are also no long-term studies 

investigating if migratory birds can introduce and disseminate bacteria into Australia. In 

order to properly prepare for any new disease emergence coming from our migratory 

birds, we need to have a better understand of what potential pathogens are circulating 

in our migratory populations. Such knowledge can be of benefit to both humans and 

migratory bird populations.  

 

1.6 Conclusion  

The prevalence of AMR bacteria in the environment is exacerbated by anthropological 

activities, and is spreading into isolated animal populations. Once a population of 

resistant bacteria is in a wild animal host such as migratory birds it is out of our control, 

and unable to be regulated through methods such as reducing antibiotic usage or 

utilizing combinations of antibiotics that slow the development of resistance.  Currently 

it is unknown what effect this spread is having on human and wild populations.   

 

AMR is a global problem, and should be tackled in a coordinated approach, rather than 

country by country. In the current age of globalisation, the world is so heavily 

interconnected that it no longer matters where a new bacterial strain originates. Within 

24 hours it can be carried to any corner of the globe and its dispersal will not be noticed 

until a patient is dying in hospital. Such has already been seen with the current COVID-

19 pandemic- and it will not be the last pandemic disease that the world will face. 

Conceivably, by way of example, farm run-off in China may result in a new strain of AMR 

E. coli in Australia; while habitat fragmentation along Australia’s shorelines may lead to 

mass mortality events in birds in Taiwan. In addition, the misuse of antibiotics, both in 

the clinical and agricultural sector, must be curbed. Antibiotic compounds, AMR bacteria 

and genes, and pathogenic bacteria leak from areas of use, thus it is vital that pollutants 

that may facilitate AMR are dealt with appropriately.   
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With these issues in mind, this study set out to determine what pathogenic and AMR E. 

coli, Enterococcus and Salmonella is present in a variety of wild Australian shorebirds. 

This study also aimed to investigate the genetics of the target bacteria recovered from 

these shorebird populations, to attempt to determine if Australian shorebirds can act as 

vectors for the introduction of disease and AMR into Australia.  
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Foreword to Chapter 2 
Chapter 2 consists of one data chapter that seeks to validate the methodology utilised in 

this research project.  

 

This manuscript investigated the potential impact of extended storage and fluctuating 

temperatures on the recovery of three bacterial target species – E. coli, Enterococcus 

sp., and Salmonella spp. Samples consisted of swabs spiked with target bacteria acting 

as controls, and swab samples taken from wild pest birds. In total, E. coli and Salmonella 

had survival rates of 100% and 87% respectively after storage for 6 weeks, while 

Enterococcus had a 20% survival rate. The effect of temperature on survival was much 

more variable, with 67% of Enterococcus surviving at 30°C compared to a 20% survival 

rate at room temperature (RT). 

 

This study ensures that the results displayed in later chapters have been collected using 

sound methodology that can be easily replicated by future researchers. 
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2. Evaluation of the impact of holding period and 

temperature of swabs before conducting bacterial culture 

2. 1 Introduction 
When considering the role of wild birds in the transmission of bacterial species, it is 

important to understand that carriage rates of bacteria are impacted by a number of 

variables, such as species, location, and age of the bird sampled (Benskin et al., 2009). In 

the past decade, there has been a growing appreciation for how diseases and disease 

management is affected by the interplay between human, animal and environmental 

health (Gortazar et al., 2015; Smith et al., 2017). Infectious diseases do not occur in 

isolated systems, and risk management strategies for disease control increasingly take 

into account the potential for pathogenic bacteria to be transmitted into human 

communities from wild animal populations (Borges et al., 2017; Smith et al., 2017; 

Wilharm et al., 2017). 

 

To determine the risk a certain population (such as migratory populations, or those 

residing in urban environments) pose in the dissemination of pathogenic bacteria, it is 

important to know the prevalence rate of that bacteria in the population. For example, a 

population that has a high carriage rate of bacteria of interest has a greater potential to 

transmit those pathogens than populations in which that pathogen occurs rarely 

(Boehm, Hutchings, & White, 2009; Dutta et al.,2012). 

 

For microbiological studies where detailed data are sought for individual bacterial 

isolates, culture remains a necessity as it allows for extensive testing on individual 

isolates that remain difficult to perform using (culture independent) genetic approaches. 

To obtain bacteria for culture, it is often necessary to collect the sample with a swab 

(Rishmawi et al., 2007). However, the use of swabs can affect the recovery rates of 

different bacterial species (Rishmawi et al., 2007), especially when there is an extended 

lag-time between initial sample collection and culture (Gästrin, Kallings, & Marcetic, 

1968).  
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The duration a swab is held prior to culture set-up, and the temperature the swab is 

stored, affect the viability of the bacteria on the swab. When plating up swabs it is 

generally regarded best practice to plate up the swabs within 24 hours, and depending 

on the organism/specimen, keep them stored below 5°C (Barry, Fay, & Sauer, 1972; 

Collee et al., 1974; Gnarpe, 1976; Hallander, Flodström, & Holmberg, 1975). Doing so 

minimises changes to the composition of the bacterial flora. However, some studies 

have found that extended storage and sub-optimal temperatures may have only a minor 

negative impact on bacterial flora (Bai et al., 2012; Lauber et al., 2010; Rubbo & 

Benjamin, 1951).  

 

While a sub-24hr transport/storage period is desired, it is not always possible. Studies 

that sample in remote areas, or in resource-poor settings with broken chains of 

transport, can see transport times extended to days or weeks. Such settings may lack 

access to refrigeration for samples, leading to non-continuous cold-chain transportation.  

 

When conducting microbiological studies on wild migratory birds (and similarly for many 

other species of wild animals) in remote locations, samples may need to be collected in 

batches and processed at the end of the sample expedition. Depending on the location 

of the field work, it might be 4 weeks or longer between collection of samples and 

culture, and access to refrigeration may be limited. It was therefore necessary to 

determine to what extent bacterial recovery was affected by variable storage conditions, 

and to what extent this might have impacted on the ability to measure bacterial 

prevalence rates in shorebirds. This chapter describes the potential impact of extended 

storage and fluctuating temperatures have on the recovery of three target bacterial 

species, namely E. coli, Enterococcus, and Salmonella.  

 

A study was established using cloacal swabs from birds. The effects of storage at 5 °C, 

room temperature (RT) and 30°C for 1 week was investigated.  Furthermore, the effects 

of storage at 5 °C for 1 hour, 3 weeks, and 6 weeks had on the recovery of bacteria were 

investigated. The results of this chapter were used to inform sampling procedures in 

subsequent chapters. 
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2.2 Materials and methods 
 To create control samples, three bacterial strains were used: E. coli ATCC 25922, 

Enterococcus faecalis ATCC 51299, and Salmonella Typhimurium ATCC 13311. Rayon-

tipped aluminium wire swabs (Copan) were used for all experiments. Selective agars 

used were MacConkey agar (Oxoid) for the detection of E. coli, MacConkey II agar 

(Oxoid) for the detection of Enterococcus, and Xylose-Lysine-Dextrose (XLD) agar 

(Becton Dickinson) for the detection of Salmonella. Biochemical testing was performed 

on bacterial isolates (including catalase, oxidase, indole, and Gram staining). Bacterial 

speciation was performed using polymerase chain reaction (PCR) on a Veriti 96-Well 

Thermal Cycler (Thermofisher). Presumptive E. coli isolates were confirmed by a PCR 

assay targeting a 450bp fragment in the Internal Transcribed Spacer (ITS) region (Khan et 

al., 2007). Presumptive Enterococcus isolates were confirmed by a PCR assay targeting 

the 16S rRNA gene (Ryu et al., 2013). Presumptive Salmonella isolates were confirmed 

by a PCR assay targeting the invA gene (Malorny et al., 2003). Data analysis was 

conducted using Microsoft Excel and SPSS (IBM). 

 

2.2.1 Creation and preparation of tested samples 
The birds used in this study were two European Starlings (Sturnus vulgaris), two Spotted 

Doves (Spilopelia chinensis), one Indian Myna (Acridotheres tristis), and one European 

Blackbird (Turdus merula). Age was unknown for all birds. The starlings, doves and myna 

were euthanized as part of a pest control program in the Latrobe Valley, VIC, Australia, 

and the blackbird was from a car strike. As all animals involved were euthanised prior to 

and separate from this study, and were introduced and invasive pests, no ethical 

permissions were required.  

 

Samples from wild birds (the ‘wild swabs’) were collected by dissecting the provided 

birds, and then rolling the swab in the contents of the cloaca and the lower intestines. 

These swabs were not spiked with bacteria: the only bacteria present on the swabs were 

directly from the gastrointestinal tract of the birds. These swabs were used to inform 

how prospective shorebird swabs might react under the field sampling conditions. In 

total, 36 swabs were collected from six individual birds (‘wild’ swabs). 
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A swab control group (the ‘spiked’ swabs) was created by adding the target bacteria (E. 

coli, Enterococcus faecalis and Salmonella Typhimurium) to sterile collection swabs. To 

create the control swabs (the ‘spiked’ group), swabs were placed in 500µl sterile saline, 

in 1.5ml Eppendorf tubes spiked with ~10 cells of E. coli, Enterococcus faecalis and 

Salmonella Typhimurium. For the following experiments (See Section 2.2.2 and 2.2.3), 

nine spiked swabs were used as a control to the cloacal swabs collected from wild birds. 

These spiked swabs were used to ensure that the results gained from this experiment 

were due to the effect of the trial conditions on the bacteria, and not due to any other 

confounding variables i.e. the effect of faecal matter on the swabs. Fifty-four ‘spiked’ 

swabs were created, resulting in a total of 90 swabs created for this experiment.  

 

2.2.2 Bacterial culture 
Six groups were created to test the effect of storage duration on bacterial viability. The 

groups and their associated variables are listed in Table 1 and 2. After exposure to the 

trial conditions, each swab was used to inoculate three separate plates. Each swab was 

swabbed onto the three agar plates in order of selectivity of the media (MacConkey, 

MacConkey II, and XLD). All plates were incubated at 35 °C for 24 – 48hr. Plates were 

then inspected for species-appropriate bacterial growth, and colonies underwent 

biochemical testing to presumptively identify isolates. Isolates were then subject to 

species-specific PCR assays (refer to Section 2.2.2 for details) to confirm the results of 

the biochemical testing. Results were recorded as either ‘positive’ (bacterial growth of 

the target species on the plate selecting for growth of that bacteria) or ‘negative’ (no 

growth, or growth of non-target bacteria).  

 

2.2.3 Statistical analysis 
Positive and negative counts of the target species were recorded for each variable, and 

these counts were tabulated with the percentages of positive recoveries for each group 

calculated. Chi Square testing was used to determine if the tested variables impacted 

the recovery of target species. 
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Table 1.  The time trial conditions and the number of swabs used for each experiment. All swabs 
for the time trials were stored at 5°C for the duration of their storage time.  

Time 

1 Hour 3 Weeks 6 Weeks 

Spiked swab 

(n=9) 

Spiked swab 

(n=9) 

Spiked swab 

(n=9) 

Wild bird swab 

(n=6) 

Wild bird swab 

(n=6) 

Wild bird swab 

(n=6) 

1 hour total 

(n=15) 

3 weeks total 

(n=15) 

6 weeks total 

(n=15) 

Total swabs (Time) 

(n=45) 

 

 

Table 2. The temperature trial conditions and the number of swabs used for each experiment. 
All swabs in the temperature trials were stored for 1 week at their respective temperatures. 

Temperature 

5°C Room Temperature 30°C 

Spiked swab 

(n=9) 

Spiked swab 

(n=9) 

Spiked swab 

(n=9) 

Wild bird swab 

(n=6) 

Wild bird swab 

(n=6) 

Wild bird swab 

(n=6) 

5°C total 

(n=15) 

Room temperature total 

(n=15) 

30°C total 

(n=15) 

Total swabs (Temperature) 

(n=45) 
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2.3 Results 
2.3.1 Effect of time spent in storage on bacterial viability 
Recovery rates (the number of swabs that returned growth of bacterial target species on 

media plates) varied between bacterial species for differing storage times, with no 

consistent trends across the three species over the three durations (Table 3). 

 

Table 3. The bacterial recovery rates of E. coli, Enterococcus and Salmonella for the Time trials. 
The number of swabs used for each swab category (Spiked vs Wild birds) is provided in 
parenthesis. The percentages provided are the percentage of swabs that returned positive 
growth of a bacterial target species.  

Swabs used 1 hour 3 weeks 6 weeks 

E. coli 

Spiked 78% (7/9) 55% (5/9) 100% (9/9) 

Wild birds 84% (5/6) 20% (2/6) 100% (6/6) 

Total 80% (12/15) 47% (7/15) 100% (15/15) 

Enterococcus 

Spiked 55% (5/9) 33% (3/9) 0% (0/9) 

Wild birds  20% (2/6) 50% (3/6) 50% (3/6) 

Total  47% (7/15) 40% (6/15) 20% (3/15) 

Salmonella 

Spiked  100% (9/9) 100% (9/9) 100% (9/9) 

Wild birds  84% (5/6) 50% (3/6) 66% (4/6) 

Total  93% (14/15) 80% (12/15) 87% (13/15) 

 

 

Overall, the length of time in storage had the greatest impact on the recovery of 

Enterococcus sp., with total recovery rates dropping from 47% after 1 hour storage to 

20% after 6 weeks. The total recovery rates of E. coli were more variable, ranging from 

47% (at 3 weeks) to 100% (at 6 weeks). Salmonella sp. recovery rates remained mostly 

stable, ranging from 80% to 93% over the different storage durations. 
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For the spiked samples, 1 hour of storage at 5°C had the greatest impact on the recovery 

of Enterococcus sp., with only 55% of the spiked swabs and 20% of the bird swabs 

returning a positive Enterococcal culture. E. coli recovery rates were also impacted, but 

not to the same extent, with an 80% total recovery rate. Salmonella sp. recovery was 

affected the least after 1 hour in storage, with a 93% recovery rate overall (100% 

recovery rate for spiked, 84% for experimental samples). 

 

After 3 weeks of storage there was a detrimental impact on Enterococcus sp. in the 

spiked samples, with a 33% recovery rate; halved from the 1 hour storage. However, the 

recovery rate for Enterococcus in the wild bird samples was 50%; in contrast to the 

spiked samples. E. coli was also impacted by 3 weeks of storage, with the recovery rates 

for both the spiked and experimental samples dropping (55% and 20% respectively). 

Salmonella sp. remained unaffected by storage time in the spiked samples (100% 

recovery rate) but were significantly impacted in the experimental samples (50% 

recovery rate).  

 

After 6 weeks of storage there was a large impact on Enterococcus sp., with there being 

no positive cultures recorded from the spiked samples. The experimental samples had 

the same recovery rate as at 3 weeks (50%), but in total for Enterococcus after 6 weeks 

in storage the recovery rate was only 20%. In contrast, the E. coli recovery rate was 

100% after 6 weeks for both spiked and experimental samples. The Salmonella spiked 

samples, likewise, were not affected by 6 weeks storage, with a 100% recovery rate; 

however the experimental samples only had a 66% recovery rate (87% total). 

 
2.3.2 Effect of temperature in storage on bacterial viability 
As with time, the impact of storage in differing temperatures on the recovery rates of 

the different bacterial species varied (Table 4). 
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Table 4. The bacterial recovery rates of E. coli, Enterococcus and Salmonella after storage at 
three different temperatures after 1 week of storage. The number of swabs used for each swab 
category (Spiked vs Wild birds) is provided in parenthesis. The percentages provided are the 
percentage of swabs that returned positive growth of a bacterial target species. 

Swabs used 5°C RT 30°C 

E. coli 

Spiked 66% (6/9) 100% (9/9) 88% (8/9) 

Wild birds  84% (5/6) 50% (3/6) 50% (3/6) 

Total 73% (11/15) 80% (12/15) 73% (11/15) 

Enterococcus 

Spiked 33% (3/9) 22% (2/9) 66% (6/9) 

Wild birds  16% (1/6) 16% (1/6) 50% (3/6) 

Total  27% (4/15) 20% (3/15) 67% (10/15) 

Salmonella 

Spiked 100% (9/9) 78% (7/9) 66% 6(/9) 

Wild birds  33% (2/6) 16% (1/6) 33% (2/6) 

Total  73% (11/15) 53% (8/15) 53% (8/15) 

 

 

Enterococcus sp. was adversely impacted by storage in different temperatures, though 

was more impacted after 1 week storage at 5 °C (27% total recovery rate) and RT (20%) 

than it was at 30 °C (67%). E. coli was tolerant of the differing temperatures, with 

recovery rates ranging from 73 – 80% in total. Salmonella sp. was negatively impacted 

by storage at any temperature, and more so at higher temperatures (73% recovery rate 

for 5 °C, compared to 53% for RT and 30 °C). 

 

After 1 week storage at 5 °C the number of positive Enterococcus swabs decreased the 

greatest (relative to other temperatures), with the total recovery rate 27%. The spiked 

samples had a greater recovery rate than the experimental samples (33% to 16%), but 

still displayed a negative impact from the storage. E. coli fared better, with a total 

recovery rate of 73% (66% spiked, 84% experimental). The recovery rates between the 

spiked and experimental Salmonella samples varied greatly- all of the spiked swabs 
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yielded positive bacterial culture, while the experimental swabs only had a 33% recovery 

rate.  

 

The recovery rate for Enterococcus was poor when kept at RT, with an overall recovery 

rate of 20%. Similar to the 5°C storage, E. coli was able to tolerate the variable RT to a 

greater extent than Enterococcus, with an 80% recovery rate in total; though there were 

large discrepancies between the spiked (100%) and experimental (50%) groups. A similar 

difference between groups was also seen in Salmonella recovery (78% spiked compared 

to 16% experimental). 

 

In contrast to every other storage condition, under the 30°C storage conditions 

Enterococcus had a majority positive recovery rate (67% total). E. coli had a similar total 

recovery rate of 73%, with marked difference between the spiked (88%) and 

experimental (50%).  Salmonella also exhibited a difference in recovery between 

experimental (33%) and spiked (66%) groups. 

 

2.3.2 Relationship between time, temperature and bacterial recovery 
 

The positive and negative recovery rates of the three targeted bacteria in each test 

condition were used to determine if there was a relationship between how the swabs 

were stored, and bacterial recovery. For this, only the results from the wild bird swabs 

were utilised (Table 5). 
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Table 5.  The chi square results of the temperature and time trial conditions. Only the samples 
taken from wild birds were used. Positive percentages refer to the percentage of swabs that 
returned target bacterial growth. Negative percentages refer to the percentage of swabs that 
returned either non-target bacterial growth, or no growth. 

Temperature 
 E. coli Enterococcus Salmonella 

 Positive 
% 

Negative 
% 

p Positive 
% 

Negative 
% 

p Positive 
% 

Negative 
% 

p 

5°C 84 16 
<0.05 

16 84 
<0.05 

33 67 
<0.05 RT 50 50 16 84 16 84 

30°C 50 50 50 50 33 67 
Time 

 E. coli Enterococcus Salmonella 
 Positive 

% 
Negative 

% 
p Positive 

 % 
Negative 

 % 
p Positive 

% 
Negative  

% 
p 

1 hour 84 16 
<0.05 

20 80 
<0.05 

84 16 
<0.05 3 weeks 20 80 50 50 50 50 

6 weeks 100 0 50 50 66 34 
 

2.4 Discussion 
The results of this study demonstrate the variability of survival of bacteria over storage 

duration and temperature, with the different bacteria investigated in this study 

exhibiting different rates of survival. 

 

Enterococcus was greatly affected by even short periods of storage, with bacteria on 

over 70% of the swabs losing viability, whereas E. coli and Salmonella were more stable 

over extended storage periods, with all E. coli swabs and ~90% of Salmonella swabs 

retaining viability. Similar findings were found for the temperature trials, with 50 – 70% 

of E. coli and Salmonella swabs retaining viability during each temperature testing 

condition, while Enterococcus was viable in ~20% of the swabs. The sole exception was 

seen in the 30°C trial, where Enterococcus was successfully recovered from 67% of the 

swabs after 1 week of storage.  

 

When looking at the survival of each species in detail, it appears that Enterococcus is 

adversely affected by as little as 1 hour in storage. This may be due to the temperature 

rather than the time: Enterococcus was also negatively impacted by storage at 5°C. 

Recovery was halved in the spiked swabs after no more than 1 hour on a swab, and 

halved again after 6 weeks storage. At 6 weeks, Enterococcus could no longer be 
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recovered from any of the spiked samples, and only half of the wild bird samples. 

Despite 5°C being considered the ‘optimum’ temperature for swab storage, these results 

show that for species such as Enterococcus this temperature has a marked negative 

impact on bacterial recovery with only 27% of swabs returning a positive result. In 

contrast, enterococci fared much better when stored at 30°C, with a 67% recovery rate 

compared to 27%. 

 

There are many potential reasons for why Enterococcus appeared to survive better in 

higher temperature conditions than in ‘ideal’ storage conditions of -5 – 5°C. It could be 

that enterococci are outcompeted by E. coli and Salmonella at higher temperatures, and 

are only able to begin to grow as other bacteria die off, though this seems unlikely as 

both E. coli and Salmonella were not overly affected by storage at higher temperatures. 

Another explanation may be that enterococci are more fastidious on selective and non-

enriched agars such as MacConkey than are E. coli (Reuter, 1992), i.e. they may have 

failed to thrive on the media used in this study. Recovery rates may improve if grown on 

more enterococci-permissive media such as blood-based media (Isenberg, Goldberg, & 

Sampson, 1970) or enterococci-specific enrichment media (Slanetz & Bartley, 1957). 

Despite differing conditions, recovery for Enterococcus was poor in all scenarios; such 

findings will have to be acknowledged when analysing recovery rates for Enterococcus in 

subsequent chapters. 

 

E. coli and Salmonella demonstrated higher recovery rates over long storage periods 

relative to Enterococcus sp., with a 100% total recovery rate after 6 weeks for E. coli, and 

an 87% recovery rate for Salmonella. Temperature had a greater impact on both 

bacterial species, with E. coli demonstrating a 73% total recovery rate after 1 week 

storage at 30°C, while Salmonella recovery dropped to 53% for both ambient and 30°C 

storage conditions. These results indicate that, in contrast to Enterococcus, Salmonella is 

more suited to the ‘gold standard’ storage temperature of 5°C. E. coli was affected little 

by any temperature differences, and (aside from a poor recovery rate in the 3 week 

sample) seemed to be affected less by differing storage conditions than either 

Salmonella or Enterococcus. 
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The results raise questions about how tolerant some bacterial species are of extended 

periods in transit on a swab, and whether longer storage time may introduce some 

unintentional bias due to the uneven recovery rates of different bacterial species. 

Species such as Salmonella and E. coli were able to tolerate storage on swabs for 

extended periods of time far better than Enterococcus, leading to the conclusion that, 

while theoretically possible to store bacterial swab samples for extended periods and 

still be able to recover viable bacteria, further steps would be needed to improve 

bacterial survivability between sample collection and culture, especially with regards to 

more potentially time-sensitive species such as Enterococcus.  

 

An interesting finding was the variation seen in the time trials. Recovery rates did not 

correlate as may have been expected, with E. coli and Salmonella both having higher 

recovery rates after 6 weeks storage than 3 weeks storage. There are multiple potential 

reasons for this; as mentioned, there may have been less bacterial competition on the 

sample swabs after six weeks storage, due to the majority of the viable Enterococcus 

isolates on the swab becoming non-viable after 6 weeks storage. Another reason may be 

that, despite best efforts, not all the swabs received equal bacteria loads when 

inoculated or swabbed. As such, there may have been less bacteria present in the 3 

week trial swabs than the 6 week and 1 hour swabs, unintentionally biasing the results. 

Lastly, variation seen in the wild bird swabs may be due to the sampling methodology; 

due to the small sizes of the birds utilised in this study, different parts of the 

gastrointestinal tract were swabbed to collect samples on all the swabs used in this 

experiment. This may have introduced different bacterial species onto the wild bid 

swabs, dependant on where they were sampling in the gastrointestinal tract; such 

variation in bacterial flora may have had an impact on the survival of the target species. 

While it is not possible to identify how many viable bacterial cells are collected on each 

swab, it is possible to ensure that collection methodologies used in future chapters are 

targeting the same collection site on the bird (the cloaca). As such, all swab samples 

collected in Chapters 3, 4 and 5 collected samples only from the cloaca of the bird, 

inserting the swabs at the same depth to reduce the chances of bacterial variation due 

to sampling site. 
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It is important to note the bacterial strains used in this study were laboratory derived 

ATCC strains; these strains were chosen to imitate potential pathogenic and AMR 

bacterial strains that may be present in the target shorebird species. However, they may 

not be representative of environmental strains of E. coli, Enterococcus, and Salmonella. 

There is the potential that environmental strains may be more tolerant of sub-optimal 

conditions than laboratory-derived strains. As such it may be prudent to repeat these 

trials with environmental strains to determine if they maintain viability on swabs to a 

greater degree than laboratory strains.  

 

It is also important to note that the species of birds used in this study differs from the 

target shorebird species of this thesis. The choice of pest and non-native birds in this 

study was due to the reliability of obtaining these birds from pest spiked operations, and 

the proximity of the collected birds to the laboratory; it was possible to ensure a <1 hour 

transit time for bacterial swabs collected. This ensured that the swabs were not in 

storage for extended periods outside of the indented testing parameters. In addition, 

the difference in target species between this study and subsequent chapters is not 

hypothesised to affect the recovery of target bacterial species; a study on E. coli in 

differing species of wild Australian birds found that E. coli communities were similar 

between birds sampled in suburban and wilderness areas (Blyton et al., 2015). As such, 

the results of this study are expected to be applicable to subsequent bacterial studies in 

shorebirds. 

 

While 30°C had the best recovery rates for enterococci, the negative effects such 

temperatures have on Salmonella recovery and the unfeasibility of storing samples at 

such a temperature (consistently without fluctuation) means it is an avenue that cannot 

be followed. However, this result does shows that variable temperatures may not have 

as large an impact on bacterial recovery as first feared. This is useful knowledge, as 

many expeditions to remote locations lack access to electricity to run temperature-

regulated storage units, or such locations may be carry in, carry out sites only; in such 

locations, it may be physically impossible to bring such devices into the field when 

sampling. 
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The poor recovery of Enterococcus does not mean that the use of microbial culture is 

inappropriate for investigations into bacterial species present in wild animals. As 

previously stated, microbial culture is necessary for the majority of in-depth analyses 

that are conducted on bacterial specimens. Such analyses cannot be performed on the 

low amounts of fragmentary bacterial DNA obtained from cloacal swabs only (Kemp et 

al., 2013). Studies that intend to investigate both presence and prevalence would work 

best with a two-pronged approach of both culture and sequencing, with metagenomic 

sequencing identifying the prevalence of specific bacterial species within a given sample, 

and culture enabling in-depth investigations into the genetic determinants of individual 

isolates (Jost et al., 2013). Existing literature regarding the prevalence of common 

clinically important bacteria circulating in wild bird populations in Australia is scarce; 

specific studies investigating the prevalence rate of such bacteria in migratory birds are 

rarer. Currently, studies exist for E. coli and Salmonella (Blyton et al., 2015; Dolejska et 

al., 2016; Epstein et al., 2006), but these studies do not investigate migratory 

populations. While these findings mean that it will not be possible to determine 

prevalence rates for Enterococcus in shorebirds, it may still be possible to do so for E. 

coli and Salmonella, providing a broad understanding of the carriage of these two 

bacteria in Australian shorebirds. 

 

As such, while it is possible to undertake studies into bacterial presence in wild birds, 

inferring prevalence data from swab cultures may not be possible for species such as 

Enterococcus and Salmonella. For these bacterial species, studies focusing instead on the 

antimicrobial resistance patterns, genetic relationships and virulence genes of the 

isolates may be better suited.  

 

The results demonstrate that for this study, it is still possible to detect the presence of 

certain, clinically relevant bacterial species, even after long periods in transit. This is of 

importance when planning for expeditions to Western Australia, which have a 3 week 

duration between collection of some swabs and culture set-up. 
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2.5 Conclusion 
The impact extended storage, or storage in adverse conditions has on the cultivability of 

bacteria seems to be dependent on the species of the bacteria in question, with E. coli 

and Salmonella tolerating long storage conditions far better than Enterococcus, which in 

turn tolerates higher storage temperatures to a greater extent than Salmonella. These 

results were used to inform research aims, culture methodology and data analysis for 

subsequent chapters. Based on results, it was decided to take extra steps to help 

increase bacterial recovery and survival. Swabs were transported in charcoal Aimes 

media (to reduce bacterial die-off and extend longevity), and swabs were subject to a 

24hr pre-enrichment step in brain heart infusion broth before undergoing culture to 

help bacterial populations recover before being subject to growth on selective media. 

 

While these results do show that it may not be possible to analyse prevalence rates in 

wild populations for bacteria such as Enterococcus, it may still be possible for E. coli. In 

addition, subsequent analysis for genetic traits, such as virulence factors and 

antimicrobial resistance genes, are still viable research options with such bacterial 

samples. Regardless, the most important finding is that bacteria can survive extremely 

extended durations in transit or storage, and still remain viable after even 6 weeks on 

the swab. Further enrichment steps, and using media designed to help support bacterial 

survival on the swab will most likely increase recovery rates further, enabling long-

duration expeditions to be performed during this project without too deleterious an 

impact upon the samples collected. 
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Foreword to Chapter 3 

Chapter 3 consists of one pre-publication manuscript that investigates the presence of 

AMR in Escherichia coli, Enterococcus, and Salmonella collected from wild Australian 

shorebirds. The impact that species, migratory habit, age and sex of the bird sampled 

had on the carriage of AMR bacteria was also investigated. 

 

This manuscript analyses the phenotypic resistance profiles of the target bacterial 

genera recovered from the shorebirds sampled in three Australian states (Victoria, South 

Australia, and Western Australia) over a 3 year period, from 2016-2019. Three bacterial 

species were targeted in this manuscript; E. coli, Enterococcus and Salmonella. Of 1022 

birds sampled, 206 E. coli, 266 Enterococcus, and 20 Salmonella isolates were recovered, 

with AMR detected in 42% of the E. coli, 85% of the Enterococcus, and 10% of the 

Salmonella.  Resistance was noted to clinically important antibiotics, such as colistin and 

ceftazidime (E. coli) and vancomycin (Enterococcus). Additionally, analysis of the results 

revealed that resident shorebirds were more likely to carry AMR Enterococcus than 

migratory shorebirds. 

 

To date, there has been no comprehensive study investigating the presence of antibiotic 

resistance (AMR) in the bacteria of wild Australian shorebirds. Previous studies have 

either looked at small populations, at birds heavily impacted by human activity, or have 

utilised broad-scale metagenomic approaches to investigate genes present in whole 

populations. This study provides a broad view of what AMR phenotypes are present in 

common enteric bacteria in Australian shorebirds, and future research can investigate 

how AMR may differ by shorebird species or location.  

 

1 
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3. Presence and antimicrobial resistance profiles of 

Escherichia coli, Enterococcus spp. and Salmonella sp. in 

12 species of wild Australian shorebirds. 
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3.1 Summary 
Antibiotic resistance is an ongoing threat to both human and animal health. Migratory 

birds are a potential vector for the spread of novel pathogens and antibiotic resistance 

genes. To date, there has been no comprehensive study investigating the presence of 

antibiotic resistance (AMR) in the bacteria of wild Australian shorebirds. In the current 

study, 1022 individual birds representing four species of non-migratory shorebird, six 

species of migratory shorebird and two coastal tern species were sampled across three 

states (Victoria, South Australia, and Western Australia) and tested for the presence of 

AMR strains of three bacteria that have the potential to be zoonotic pathogens; 

Escherichia coli, Enterococcus spp., and Salmonella sp. In total, 206 E. coli, 266 

Enterococcus spp., and 20 Salmonella sp. isolates were recovered, with AMR detected in 

42% of E. coli, 85% of Enterococcus spp., and 10% of Salmonella sp. Resistance was 

commonly detected to erythromycin (79% of Enterococcus spp. that were positive for 

AMR), ciprofloxacin (31% of Enterococcus spp.) and streptomycin (21% of E. coli). 

Investigations into the relationship between AMR carriage and the migratory habits of 
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the bird revealed that resident birds were more likely to carry AMR bacteria. This study 

acts as a broad baseline study into the carriage of AMR bacteria in wild Australian 

shorebirds. While it is common for bacteria isolated from shorebirds to have resistance 

to at least one antibiotic, this study did not detect emerging multi-drug resistant (MDR) 

bacteria in Australian shorebirds. With evidence that a suite of shorebird and tern 

species (some of which reside in remote locations during their breeding and non-

breeding seasons) harbour AMR bacteria, wild bird populations clearly serve as a 

potential reservoir and vector for this emerging threat to human and animal health.  

Keywords: AMR, enteric bacteria, migratory shorebirds, wildlife 

3.3 Impacts 
• The AMR profiles of zoonotic pathogens E. coli, Enterococcus spp. and Salmonella 

sp. isolated from wild Australian shorebirds were assessed over a three-year 

period (2016-2019). From 1066 individual bird samples, 266 Enterococcus spp., 

206 E. coli and 20 Salmonella sp. isolates were recovered. 

 

• AMR was detected in 61% of all recovered bacteria, with 42% of E. coli, 85% of 

Enterococcus spp., and 10% of Salmonella sp. demonstrating some level of AMR. 

Resistance to clinically important antibiotic classes, such as the quinolones and 

aminoglycosides, was detected. 

 

• Resident species of shorebird were more likely to carry AMR Enterococcus spp. 

than migrant species, however this pattern of occurrence was not noted for AMR 

E. coli and Salmonella sp. 

 

3.4 Introduction 
Antimicrobial resistance (AMR) is recognised as a critical threat to human health (Nesme 

et al., 2014), increasing the length of stay and mortality risks in patients hospitalised 

with drug-resistant infections (Heffernan et al., 2018). Through decades of selection 

pressures exerted by the misuse of antibiotics in clinical, community, and agricultural 

settings, AMR bacteria have become increasingly common (McGettigan et al., 2019; 
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Wright, 2010). Some bacteria are more capable of acquiring AMR genes than others and, 

as such, pose a significant risk in clinical settings (Gao, Howden, & Stinear, 2018). An 

extra 700,000 deaths annually are reported worldwide due to antibiotic resistance, and 

this is expected to rise to 10 million extra deaths annually by 2050 (O’Neill, 2014). 

 

Commensal organisms found in the gut have become an emerging clinical problem as 

they acquire AMR genes and become significant nosocomial pathogens (Gao et al., 

2018). Increasing attention is being paid to the presence of AMR bacteria in wild animals 

and in environmental settings (Arnold, Williams, & Bennett, 2016; Torres et al., 2019). 

The spread of resistant bacteria into these areas has many potential ramifications; 

increasing the chance of exposure of bacteria to AMR genes, providing new vectors for 

further spread of AMR genes, and hampering conservation efforts for threatened 

wildlife populations. Wild birds in particular have been investigated for their potential to 

act as disease vectors, due to their high movement potentials and for some species, 

their close interactions with humans and livestock (Allen et al., 2010). 

 

Wild birds are known vectors of zoonotic enteric pathogens that can potentially infect 

humans (Giacopello et al., 2016; Palmgren et al., 1997; Radhouani et al., 2012), and are 

reservoirs of enteric bacteria such as E. coli, Enterococcus spp., and Salmonella sp. 

(Blyton et al., 2015; Santos et al., 2013; Smith et al., 2020). Common commensal gut 

microbes play vital roles in digestion and host immune function, but some are capable of 

causing disease to the host and to other animals (Batt, Rutgers, & Sancak, 1996; 

Clemente et al., 2012). Enterococcus spp. have drawn considerable attention due to the 

impact species such as E. faecalis and E. faecium have had in clinical settings, being one 

of the most commonly isolated Gram-positive nosocomial pathogens in health settings 

globally (Gao et al., 2018). In addition, Salmonella is one of the most common causes of 

human morbidity and mortality associated with foodborne disease (Chlebicz & 

Slizewska, 2018). Increasing rates of AMR in enteric bacteria compound the problems 

they pose in clinical settings (Alvarez-Uria et al., 2018; Coombs et al., 2013; Gao et al., 

2018). 
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Migratory shorebirds are potentially an important vector of emerging diseases and AMR 

due to their highly mobile behaviour. Many Australian shorebird species routinely 

migrate between the northern and southern hemisphere each year, stopping over in 

regions that support approximately one-third of the global human population on their 

migrations (Yong et al., 2018). Millions of migrant birds make regular movements 

between the Artic and Australia (Oldland et al., 2009), and come into close contact with 

human activity as they do so. Encroaching human development at major stopover sites 

such as the Yellow Sea and hunting of shorebirds for food increase the amount of 

contact these migrating birds have with humans (Piersma et al., 2017; Studds et al., 

2017; Wauchope et al., 2017). This then increases the likelihood of the transfer of 

zoonotic diseases and AMR bacteria (Altizer, Bartel, & Han, 2011) between birds and 

humans. 

 

Information regarding the presence of bacterial species of clinical importance and 

associated AMR in Australian shorebirds is scarce. Globally, studies concerning 

shorebirds are lacking, with most investigating the presence of pathogenic 

Enterobacteriaceae (Keeler & Huffman, 2009; Santos et al., 2012). As such, it is 

important to develop baseline measures of AMR in shorebird communities, covering 

both migrant and resident species. Due to the high number of shorebird species present 

(37 species), Australia presents an exemplary study site for this purpose (Weller & Lee, 

2017).  

 

Here we investigate the presence and AMR profiles of E. coli, Enterococcus spp. and 

Salmonella sp. as three common commensal gut bacteria that occur in wild shorebirds. 

Our aim is to quantify the occurrence rates of AMR bacteria in a shorebird community 

that contains both migrant and resident species, and to explore factors that may 

influence AMR carriage in wild shorebirds. 

 

3.5 Materials and methods 
Shorebirds were captured by the Victorian Wader Study Group (VWSG), Australasian 

Wader Study Group (AWSG), and Friends of Shorebirds South East (FOSSE) from the 
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20/12/2016-18/02/2019, as part of ongoing scientific and conservation efforts these 

focal species throughout the East-Asian Australasian flyway. Birds were captured with 

the aid of cannon nets, handheld nets, or captured by hand, as appropriate for species.  

Birds were sampled in 22 different geographic locations, across the Australian states of 

Victoria, South Australia and Western Australia. The locations sampled were sites that 

were part of the VWSG or AWSG’s scientific research plan. Cloacal swabs were taken 

from each bird using Mini Tip Aimes with Charcoal specimen swabs (Copan). Transit time 

from sample collection to culture varied, ranging from 9-20 days due to the often-

remote nature of the fieldwork. During transit, swab samples were stored at ~5°C in a 

portable refrigeration unit.  

 

All research was conducted under animal ethics permits issued by Federation University 

Australia (permit no. 16-002), scientific research permits issued by the Department of 

Environment, Land, Water and Planning for Victoria (DELWP) (permit no. 10008032), the 

Department of Environment and Water (DEW) (permit no. 35/2016), and the 

Department of Parks and Water (DPaW) (permit no. 01-000179-1). 

 

3.5.1 Bacterial culture, antimicrobial susceptibility testing and statistical 
analysis 
In the laboratory, swabs were pre-enriched by removing tips aseptically and transferring 

to 5ml brain heart infusion broth (Oxoid) and incubated at 35°C for ~24 hours. Aliquots 

of 100µl were subsequently used to inoculate each of mannitol broth (Oxoid), azide 

dextrose broth (Oxoid) and selenite broth (Becton Dickinson [BD]). All selective 

enrichment broths were incubated at 35°C for 18-48 hours, and then plated onto 

MacConkey II agar (Oxoid) or xylose lysine deoxycholate (XLD) agar (BD) as appropriate.  

 

All plates were incubated at 35°C for 24-48 hours. Colonies were selected by choosing a 

single isolate that had the appropriate phenotypic characterisations. Suspect E. coli, 

Enterococcus spp. or Salmonella sp. isolates were sub-cultured for purity on the 

respective selective plates and preliminary testing included Gram reaction, catalase and 

oxidase testing. Presumptive E. coli isolates were confirmed by the indole test. 

Presumptive Salmonella sp. were confirmed by a PCR assay targeting the invA gene 
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(Malorny et al., 2003), and presumptive Enterococcus spp. were confirmed by a PCR 

assay targeting the 16s rRNA gene (Ryu et al., 2013). 

 

Confirmed isolates were tested for antimicrobial susceptibility using the Kirby-Bauer 

Disk Diffusion method (Clinical and Laboratory Standards Institute, 2012). The 

antimicrobials (Oxoid) tested were dependent upon the bacterial species in question 

(Table 5), and were chosen based on their importance to human and veterinary 

medicine. ATCC strains appropriate for each species as guided by the Clinical and 

Laboratory Standards were used as controls. Antimicrobial resistance (AMR) was defined 

as reduced susceptibility to at least one agent tested, while multi-drug resistance (MDR) 

was defined as reduced susceptibility to at least one agent in three or more 

antimicrobial classes (Magiorakos et al., 2012). 
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Table 6.  The antimicrobial agents used in the antimicrobial susceptibility tests. 

E. coli Enterococcus spp. Salmonella sp. 
Ampicillin / AMP (10µg) Ampicillin / AMP  

(10µg) 
Ampicillin / AMP (10µg) 

Amoxicillin-clavulanic acid / AMC 
(20/10µg) 

- 
Amoxicillin-clavulanic acid / AMC 

(20/10µg) 
Amikacin / AK (30µg) - - 

Chloramphenicol / C (30µg) Chloramphenicol / C (30µg) Chloramphenicol / C (30µg) 
Ceftazidime / CAZ (30µg) - Ceftazidime / CAZ (30µg) 
Cefotaxime / CTX (30µg) - Cefotaxime / CTX (30µg) 

- - Cefalothin / KF (30µg) 
- - Ceftiofur / EFT (30µg) 

Ciprofloxacin / CIP (5µg) Ciprofloxacin / CIP (5µg) Ciprofloxacin / CIP (5µg) 
Colistin / CT (10µg) - Colistin / CT (10µg) 

- Erythromycin / E (15µg) - 
Gentamicin / CN (10µg) Gentamicin / CN (120µg) Gentamicin / CN (10µg) 
Imipenem / IMP (10µg) - Imipenem / IMP (10µg) 

Nalidixic Acid / NA (30µg) - Nalidixic Acid / NA (30µg) 
Sulfamethoxazole-trimethoprim 

/ SXT (1.25/23.75µg) 
- 

Sulfamethoxazole-trimethoprim 
/ SXT (1.25/23.75µg) 

Streptomycin/ S (10µg) Streptomycin / S (300µg) Streptomycin / S (10µg) 
Tetracycline / T (30µg) Tetracycline / T (30µg) Tetracycline / T (30µg) 

- Vancomycin / VA (30µg) - 

 

 

3.5.2 Data analysis 
Chi-square analysis was used in tandem with observed vs expected counts to investigate 

potential relationships between variables. The proportion of antimicrobial resistant 

bacteria between the categories of each explanatory variable was tested to assess the 

relationship. For chi-square analysis, a p value of <0.05 was considered significant and 

indicates that the explanatory variable (e.g. the species of bird sampled, the migratory 

habits of the birds) correlated with the AMR profile of the bacteria recovered. All 

statistical analysis was performed using SPSS (IBM SPSS Statistics Version 25). 

 

3.6 Results 
3.6.1 Sample collection and bacterial recovery 
Between 20/12/16 – 18/02/19, 1022 swabs were collected from twelve species of 

shorebird. From these swabs, E. coli was isolated from 20% (206 of 1022), Salmonella sp. 
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isolated from 2% (20 of 1022), and Enterococcus spp. from 26% (266 of 1022), with all 12 

species of shorebird positive for one or more of the target bacteria species (Table 6).   

Table 7. Recovery rates of bacteria (E. coli, Salmonella sp., and Enterococcus spp.) from the 
twelve species of shorebird sampled. The proportion of birds tested that were positive for each 
bacterial species is provided in parenthesis.  

Species E. coli Salmonella sp. Enterococcus spp. 
Crested Tern Thalasseus bergii 
(n=95) 

68 (72%) 2 (2%) 68 (72%) 

Caspian Tern Hydroprogne caspia 
(n=89) 

78 (88%) 0 (0%) 78 (88%) 

Pied Oystercatcher Haematopus 
longirostris (n=31) 

4 (13%) 1 (3%) 18 (58%) 

Sooty Oystercatcher Haematopus 
fuliginosus (n=12) 

5 (42%) 0 (0%) 10 (83%) 

Sharp-tailed Sandpiper Calidris acuminata 
(n=131) 

22 (16%) 0 (0%) 23 (18%) 

Sanderling Calidris alba 
 (n=10) 

1 (10%) 0 (0%) 4 (40%) 

Red-necked Stint Calidris ruficollis  
(n=86) 

0 (0%) 0 (0%) 20 (23%) 

Curlew Sandpiper Calidris ferruginea  
(n=180) 

4 (2%) 0 (0%) 19 (11%) 

Ruddy Turnstone Arenaria interpres  
(n=37) 

1 (3%) 0 (0%) 3 (8%) 

Bar-tailed Godwit Limosa lapponica  
(n=264) 

4 (5%) 17 (6%) 17 (6%) 

Double-banded Plover Charadrius 
bicinctus (n=84) 

8 (10%) 0 (0%) 6 (7%) 

Red-capped Plover Charadrius ruficapillus 
(n=3) 

1 (33%) 0 (0%) 0 (0%) 

Total (n=1022) 206 (20%) 20 (2%) 266 (26%) 

 

 

The three species of bird from which E. coli was most commonly detected were Caspian 

Tern (88%), Crested Tern (72%) and Sooty Oystercatcher (42%). The same three bird 

species had the highest recovery rates of Enterococcus spp. (Caspian Terns 88%, Crested 

Terns 72%, and Sooty Oystercatcher 83%). By contrast, Salmonella sp. was only rarely 

detected in shorebirds. Of the Salmonella sp. isolates, 85% were identified as Salmonella 

enterica serovar Hvittingfoss (n=17, all from Bar-tailed Godwit, previously reported in 

Smith et al, 2020), 10% as Salmonella enterica serovar Typhimurium (n=2, one from a 
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Crested Tern and one from a Pied Oystercatcher), and 5% as Salmonella enterica serovar 

Bahrenfeld (n=1, from a Crested Tern). 

 

3.6.2 Antibiotic resistance among bacterial isolates 
Antibiotic susceptibility is shown for E. coli in Table 7. Because of lab restrictions due to 

the COVD-19 pandemic, not all enterococcal isolates had susceptibility testing 

performed: the data for 206/266 (77%) isolates are provided in Table 8. 

 

Overall, AMR was observed in 88 of 210 (42%) E. coli, 175 of 206 (85%) Enterococcus 

spp., and 2 of 20 (10%) Salmonella sp. In total, 265 of 436 isolates (61%) demonstrated 

AMR. For E. coli, AMR bacteria were detected in all focal bird species. The species with 

the highest recovery of AMR bacteria was the Caspian Tern, with 45% (n=35) of all E. coli 

isolated from this species demonstrating resistance to at least one of the agents tested. 

Colistin resistance was noted in four species (Caspian Tern, Pied Oystercatcher, Sooty 

Oystercatcher, and Curlew Sandpiper), and ciprofloxacin resistance was noted in two 

species (Caspian Tern and Bar-tailed Godwit) (Table 7).  

 

Two Salmonella sp. isolates demonstrated intermediate resistance against a single 

antibiotic (streptomycin). These isolates were recovered from a Bar-tailed Godwit and a 

Crested Tern. All other Salmonella sp. isolates were susceptible to all tested antibiotics 

as outlined in Table 5. 

 

AMR Enterococcus spp. were recovered from all species sampled bar the Red-capped 

Plover. Vancomycin-resistant Enterococcus (VRE) was isolated from three species 

(Crested Tern, Caspian Tern, and Double-banded Plover). The most commonly observed 

resistance was to the macrolide class to which >70% of enterococcal isolates were 

resistant. One-third (32%) of Enterococcus spp. demonstrated resistance to quinolones 

(Table 8).  
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Table 8. Antibiotic susceptibility of E. coli isolates recovered from Australian Shorebird species. For species with <10 isolates recovered, the total isolates 
recovered were as such: Pied Oystercatcher (n=4), Sooty Oystercatcher (n=5), Red-capped Plover (n=1), Curlew Sandpiper (n=4), Ruddy Turnstone (n=1), 
Sanderling (n=1), and Double-banded Plover (n=8). † denotes colistin, which had 203 isolates tested. Explanations for abbreviations of the antibiotics used can 
be found in Table 5. ‡Bird species for which less than 10 samples were collected.  

Bird species (No. birds positive)  AK AMC AMP CTX CAZ C CIP †CT CN IPM NA S SXT TE 

 Crested Tern 

 (n=68) 

Resistant 3 - 3 - - - - - - - 1 5 1 5 

Intermediate 5 1 2 - - - - - - - - 11 - 1 

Susceptible 60 67 63 68 68 68 68 68 68 68 67 52 67 62 

 Caspian Tern 

 (n=78) 

Resistant 2 1 14 - - - 1 2 - - - 6 3 13 

Intermediate 1 2 4 - - 1 - - - 1 - 18 - 1 

Susceptible 75 75 60 77 78 77 77 76 78 77 78 54 75 64 

 

 Bar Tailed Godwit (n=14) 

Resistant - 1 - - - - - - - - - - - - 

Intermediate - - 1 - - - - - - - - 1 - - 

Susceptible 14 13 13 14 14 14 14 14 14 14 14 13 14 14 

 Sharp-tailed Sandpiper  

(n=22) 

Resistant - - - - - - - - - - - - 1 1 

Intermediate - - 4 - - - - - - - - - - - 

Susceptible 22 22 18 22 22 22 22 †19 22 22 22 22 21 21 

 Other‡  

(n=24) 

Resistant 2 1 2 - 2 - - 3 - - 2 2 - - 

Intermediate - 7 - - - - 1 - - 1 - 1 - - 

Susceptible 22 16 22 24 22 24 23 21 24 23 22 21 24 24 

 Resistant 7 3 19 - 2 - 1 †5 - - 3 13 5 19 

Total (n= 206) Intermediate 6 10 11 - - 1 1 - - 2 - 31 - 2 

 Susceptible 193 193 176 206 204 205 204 †198 206 204 203 162 201 185 
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Table 9. Antibiotic susceptibility of Enterococcus spp. isolates recovered from Australian 
shorebird species. For species with <10 isolates recovered, the total isolates recovered were as 
such: Ruddy Turnstone (n=3), Sanderling (n=4), and Double-banded Plover (n=7). Explanations 
for abbreviations of the antibiotics used can be found in Table 5. ‡Bird species for which less 
than 10 samples were collected. 

Bird species (No. birds 
positive) 

 AMP C CIP E CN S TE VA 

 Crested Tern  

(n=49) 

Resistant 1 2 4 7 - - 15 1 

Intermedia
 

- 1 24 36 1 - - 12 

Susceptible 48 46 21 6 48 49 34 36 

 Caspian Tern  

(n=49) 

Resistant 11 2 1 1 - 1 4 - 

Intermedia
 

- 3 10 44 - - - 1 

Susceptible 38 44 38 4 49 48 45 48 

 Pied Oystercatcher 
(n=16) 

Resistant - - - 1 - - - - 

Intermedia
 

- - 3 11 - - - 1 

Susceptible 16 16 13 4 16 16 16 15 

 Sooty oystercatcher 
(n=10) 

Resistant - - - - - - - - 

Intermedia
 

- - - 7 - - - - 

Susceptible 10 10 10 3 10 10 10 10 

 Bar Tailed Godwit  

(n=16) 

Resistant - - - - - 1 - - 

Intermedia
 

- - 5 6 - 1 - - 

Susceptible 16 16 11 10 16 14 16 16 

 Red-necked Stint  

(n=20) 

Resistant 5 - - 1 - - 1 - 

Intermedia
 

- 2 4 15 - - - - 

Susceptible 15 18 16 4 20 20 19 20 

 Curlew Sandpiper  

(n=14) 

Resistant - - - - - - - - 

Intermedia
 

- - 7 11 - - - - 

Susceptible 14 14 7 3 14 14 14 14 

 Sharp-tailed Sandpiper 
(n=18) 

Resistant - - - 1 - - - - 

Intermedia
 

- - 4 13 - - - - 

Susceptible 18 18 14 4 18 18 18 18 

 Other‡ 

(n=14) 

Resistant - - - - - - - - 

Intermedia
 

- - 3 9 - - - 1 

Susceptible 14 14 11 5 14 14 14 13 

 Resistant 17 4 5 11 - 2 20 1 

Total (n=206) Intermedia
 

- 6 60 152 1 1 - 15 

 Susceptible 189 196 141 43 205 203 186 190 
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3.6.3 Bird species and antibiotic resistance 
A correlation was observed between species of bird and decreased antibiotic 

susceptibility (χ2=73.84, r=-0.291, df=22, p=≤0.001). Further analysis revealed that this 

relationship was only statistically significant for AMR Enterococcus spp. (χ2=56, r=-0.336 

df=20, p=≤0.001).  

 

The relationship between habitat preference and the recovery of AMR bacteria was 

investigated, with birds assigned to one of two habitat types. Obligate ‘Coastal’ birds 

were defined as species that exclusively utilised coastal habitats, while ‘Wetland’ birds 

were defined as species that utilise both coastal habitats and freshwater wetlands. 

‘Coastal’ birds included the Sanderling, the Bar-tailed Godwit, the Pied Oystercatcher, 

the Sooty Oystercatcher, the Ruddy Turnstone and the Crested Tern. ‘Wetland’ species 

included the Curlew Sandpiper, the Sharp-tailed Sandpiper, the Red-necked Stint, the 

Double-banded Plover, the Red-capped Plover and the Caspian Tern. . No statistically 

significant relationship was found between habitat preferenceand the recovery of AMR 

bacteria (of any species). 

 

The relationship between the movement ecology of each shorebird species and the 

recovery of AMR bacteria was also investigated. Birds were defined as ‘migratory’ if they 

undertake trans-equatorial migration on an annual basis between high Arctic breeding 

grounds and non-breeding grounds in Australia, and ‘resident’ otherwise. Resident birds 

were more likely to carry AMR Enterococcus spp. than migratory birds. Results indicated 

resident species had significantly higher rates of AMR bacteria resistance than migrant 

species relationship (χ2=19.723, df=2, p≤0.001) and closer investigation revealed this 

specifically applied to AMR Enterococcus spp. (χ2=8.801, df=2, p=0.012). No such 

relationship was detected for AMR E. coli (χ2=2.7, df=2, p=0.259) or Salmonella sp. 

Recovery (χ2=2.135, df=1, p=0.144).  

 

The number of multi-drug resistant (MDR) strains of bacteria was also investigated. No 

Salmonella sp. isolates were resistant to more than one class of antibiotic. Of 

Enterococcus spp., 17% (n=35) were resistant to ≥3 classes of antibiotics, 4% (n=8) to ≥4, 

and 1.5% (n=3) to ≥5 (Fig. 7). Of the E. coli isolates, 7% (n=15) were resistant to three or 
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more classes of antibiotics. One percent (n=2) of E. coli isolates were resistant to four or 

more classes of antibiotics (Fig. 7).  

 

Figure 7. The percentage of multi-drug resistant strains of E. coli and Enterococcus spp. isolates 
recovered from Australian shorebirds. Scale is capped at 20%. N equals the number of isolates 
that demonstrated multi-drug resistance. 

 

 

3.7 Discussion 
This study demonstrates that while AMR is present in wild Australian shorebirds, 

resistance to clinically important antibiotics and MDR is currently uncommon in these 

populations. Resistance to clinically important classes of antibiotics such as the 

glycopeptides and carbapenems was rare: less than 8% (n=16) of all Enterococcus spp. 

isolated were resistant to glycopeptides, and less than 1% (n=2) of all E. coli isolates 

were resistant to carbapenems. Notably, all resistance to carbapenems and >90% of 

glycopeptide resistance was intermediate, rather than complete resistance.  MIC testing 

would further clarify the phenotypic resistance profiles for these intermediate isolates. 

Multi-drug resistance was uncommon, with 17% of all Enterococcus spp. isolates 

resistant to three or more classes of antibiotics, and of those, 1.5% were resistant to five 
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or more classes. For E. coli, MDR was also uncommon, with 17% being resistant to three 

or more antibiotics and only 1% being resistant to four or more antibiotics. No MDR was 

detected in any of the Salmonella sp. recovered, and of those isolates, only 2 of 20 

demonstrated intermediate resistance to a single antibiotic (streptomycin).  

 

Resident birds were more likely to carry AMR Enterococcus spp. than migratory birds. 

This trend was not apparent in E. coli and Salmonella sp. There are two potential reasons 

for this finding; one may be due to the fact that Enterococcus spp. are able to acquire 

AMR genes with ease due to their malleable genomes, and as such may be picking up 

resistance genes from other gut bacteria or the environment to a higher degree than E. 

coli (Ramos et al., 2020). The second reason may be that Enterococcus spp. originating 

from faecal contamination (such as that from human sources) persist in environmental 

and aqueous environments to a greater degree than E. coli (Jin et al., 2004). Populations 

of both E. coli and Enterococcus are highly variable in wild bird populations (Fogarty et 

al., 2003) and further studies need to be conducted to confirm if this finding holds true 

across multiple species through different temporal periods. 

 

One explanation for reduced rates of AMR bacterial infection of migratory shorebirds as 

observed here may be due to migratory culling and migratory separation (Altizer et al., 

2011). These processes are theorised to curtail parasite and pathogen dispersal amongst 

migratory birds as infections negatively impact dispersal (migratory separation) and 

survival (migratory culling). Positive infection status in birds was associated with reduced 

movement and lowered survival rates (Risely, Klaassen, & Hoye, 2018). Previous studies 

have shown that enterococci cause disease in multiple bird species (Devriese et al., 

1992; Devriese et al., 1990; Herdt et al., 2009). This may be the cause of the potential 

relationship seen here - migratory birds carrying Enterococcus could be less likely to 

thrive in the long term, while resident birds that do not undergo the same yearly 

movements are able to tolerate potential infections to a greater degree. However, it 

must be noted that there may be bias inherent in this study due to the non-randomized 

sampling methodology used. 
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All three target bacterial species (E. coli, Enterococcus spp., and Salmonella sp.) were 

present in Australian shorebirds. Enterococcus spp. and E. coli were present in the 

majority of species sampled, though E. coli was not isolated from the Red-necked Stint. 

Salmonella sp. was present in only three species (Bar-Tailed Godwit, Crested Tern, and 

Pied Oystercatcher). The overall isolation rates of E. coli, Enterococcus spp. and 

Salmonella sp. in the tested shorebirds was 20%, 26% and 2% respectively. Previous 

studies have shown that extended storage times only have a minor negative impact on 

bacteria present in swab samples; albeit in different experimental settings – lower 

enterococcal detection rates were also noted in Chapter 2 (Bai et al., 2012; Lauber et al., 

2010). While it remains a possibility in our study that isolation rate was affected by 

transport times, it may not have had a major impact on detection rates. Other studies 

have also found low carriage rates of E. coli, Enterococcus spp., and Salmonella sp. in 

migratory birds, with E. coli having a carriage rate of 1-9% and Salmonella sp. having a 0-

2% carriage rate (Brittingham, Temple, & Duncan, 1988; Najdenski et al., 2018), similar 

to this study. While there are no studies that examine the prevalence of Enterococcus 

spp. in migratory birds, studies investigating wild bird populations (consisting of wild 

raptors and Coraciiforms) detected carriage levels of 74-84% (Marrow et al., 2009; 

Splichalova et al., 2015).  Despite the extended duration between sample collection and 

culture, the prevalence of target bacteria in this study was broadly comparable to those 

observed in other studies.  

 

Contrary to the findings of other studies on Australian birds, AMR in Australian 

shorebirds was far less prevalent than previously reported for some species. For 

Salmonella sp., phenotypic resistance was only noted to streptomycin in two of the 20 

(10%) isolates. Overall resistance rates were 42% in E. coli. Overall AMR rates were high 

in Enterococcus spp. at 85%, however resistance in Enterococcus spp. was confined 

mostly to older, broad-spectrum antibiotic classes such as the macrolides. Among E. coli, 

resistance was spread more evenly between both first-line and last-line antibiotic classes 

such as the penicillins and aminoglycosides, respectively. It must be noted that the 

colistin resistance detected was determined via disk-diffusion testing, a method that has 

known shortcomings when measuring values for colistin in the intermediate resistance 

range (Galani et al., 2008). Vancomycin resistance in Enterococcus spp. was found in 
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≤10% of all isolates, falling between previously reported rates of VRE in wild Australian 

birds; a study on Silver Gulls by Oravcova et al (2017) detected less than 1% of VRE in the 

sampled birds, while a study by Smith et al. detected VRE in 31% of recovered 

Enterococcus spp. (Oravcova, Svec, & Literak, 2017; Smith et al., 2019). 

 

These findings suggest Australian shorebirds harbour bacteria that are sensitive to many 

clinically important antibiotics. This may be due to the ecology of shorebirds (both 

migratory and non-migratory) when compared to other species; they do not have 

significant interactions with anthropogenic or livestock populations, and may only 

interact with AMR bacteria through environmental sources such as wetland and coastal 

substrates and water. However it is difficult to state with any certainty whether 

shorebirds acquire AMR bacteria from the environment, as microbiome studies have 

demonstrated conflicting results. Shorebirds were considered to have a low intake of 

environmental bacteria (around 2% transfer between environmental bacteria and bird 

gut microbiota) by Risely et al. (2017), but Grond (2017) suggested that sampling site is 

the main driver in variation of shorebird gut microbiota. Further studies investigating the 

genetics and origins of AMR bacteria in shorebird populations are needed to determine 

where shorebirds acquire AMR bacteria and to provide a more comprehensive 

assessment of the scope of this problem. Investigations that determine whether 

migratory shorebirds are capable of transferring AMR bacteria between their own 

populations, and between human and livestock populations would also be of value. 

 

3.8 Conclusion 
This study shows that shorebirds are a potential reservoir of AMR pathogens, and are 

capable of carrying bacteria that are resistant to clinically important antibiotics. This 

study also shows that migratory status may affect carriage of AMR bacteria, with 

resident shorebirds demonstrating higher rates of AMR Enterococcus spp. than migrant 

shorebirds. These populations have the potential to act as both hosts and vectors of 

AMR enteric bacteria. It is anticipated that habitat degradation and loss will place 

further pressures on these populations, which may increase contact with human 

populations and further increase the potential for zoonotic transfer. Further studies are 
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required to track AMR in shorebird populations, and to begin to determine how wild 

populations are acquiring these bacteria. 
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1 

Foreword to Chapter 4 

With the results of Chapter 3 providing valuable information into the AMR present in E. 

coli, Enterococcus and Salmonella recovered from wild Australian shorebirds, a detailed 

investigation into the genetics of one of the target bacterial species was conducted. 

Chapter 4 consists of one pre-publication manuscript that investigates the genetic 

diversity of E. coli isolated from wild Australian shorebirds. This study investigated the 

pool of virulence and AMR genes present in 16 E. coli isolates that had undergone WGS. 

These isolates had been investigated previously in Chapter 3, and were selected based 

on their AMR profiles, with a secondary consideration to sequence isolates from a 

variety of bird species that covered both state sampled in and whether the birds were 

migratory or sedentary. The Sequence Types (STs) were investigated to gain insights into 

potential sites of origin, other host species and potential pathogenicity of the isolates. 

 

A total of 33 virulence genes were identified, of which 22 were present in a single 

isolate. Two of the three most common virulence genes identified were associated with 

survival; gad conferred increased acid resistance, which is theorised to assist in survival 

in birds due to the high acidities of their stomachs, while iss conferred increased serum 

survival. lpfA, the third most common virulence gene, was an adhesive factor associated 

with enterohemorrhagic E. coli. There was a small pool of AMR genes present in the E. 

coli investigated, with one gene (mdfA) being found in all isolates. The resistance genes 

qnrB65 and dfrA5 were of interest- qnrB65 encodes for resistance to quinolones, and 

dfrA5 to trimethoprim, both of which are clinically important classes of antibiotics. The 

presence of these genes in shorebirds is of concern, as they descend from clinical 

settings; this indicates that shorebirds are coming into contact with anthropogenically 

associated bacteria in an unknown fashion. This was corroborated by the ST’s present; in 

particular, ST155 has been identified to frequently occur in avian pathogenic E. coli 

(APEC) and human extraintestinal pathogenic E. coli (ExPEC) lineages. ST analysis 

indicated that E. coli populations in shorebirds are diverse, with multiple different 

geographic origins and host species identified for the different STs. In addition, a novel 

ST was identified, ST11348. These findings indicate a wide range of genetic diversity in E. 
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coli populations present in shorebirds, and that some of these E. coli are potentially 

zoonotic pathogens. As such, the continued monitoring of shorebird populations is 

necessary to track how pathogenic bacteria may be spreading in the environment. 
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from migratory and sedentary wild Australian shorebirds 

Genetic characterisation of Escherichia coli isolated from 
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4.1 Abstract 
While most strains of Escherichia coli are commensals, some strains are clinically 

important, causing disease in humans and other animals. It is genetic determinants that 

dictate whether E. coli is a commensal or a pathogen. The diversity of E. coli in wild 

Australian shorebirds is relatively unknown, but shorebirds present a potential reservoir 

for lineages and genes of clinical importance. This study sought to gain further 

knowledge about strains of E. coli isolated from Australian shorebirds, by conducting 

genotyping and investigating virulence and genetic mechanisms of antimicrobial 

resistance (AMR) in isolates from ten species of Australian shorebird. Of a total of 206 E. 

coli isolated from wild Australian shorebirds, 16 isolates underwent whole genome 



91 
 

sequencing (WGS). They were then analysed for serotype, sequence type (ST), AMR 

genes and virulence genes. There was a diversity of STs present, with each isolate having 

a unique ST. One isolate belonged to ST155 and another to ST141, both of which are 

associated with disease in poultry. A total of 33 recognised virulence genes were 

detected, with 22 of these genes being present in a single isolate. The virulence genes 

most commonly detected were gad, lpfA and iss. A total of eight AMR genes were 

detected, with mdfA occurring in all isolates. Of note was the detection of the 

trimethoprim resistance gene dfrA5 and the quinolone resistance gene qnrB65. The 

diversity of E. coli present in wild shorebirds, and the presence of clinically important 

AMR genes indicates that wild populations are capable of harbouring E. coli that is 

potentially pathogenic and could play a role in the transmission of clinically important 

AMR and virulence genes. There is a need to monitor wild shorebirds to determine if 

these species play a role in the dissemination of E. coli of clinical importance. 

 

4.2 Introduction 
E. coli, a Gram negative enteric bacteria that colonises a wide range of hosts and persists 

in a multiplicity of environments, is an incredibly diverse species (Souza et al., 1999). 

While the majority of E. coli are commensal, some strains are pathogenic and are 

specialised to cause disease in specific hosts (Denton, 2007, Johnson, 1991). 
Characterisation of strains of E. coli in host species can help establish whether the 

bacteria belong to zoonotic or pathogenic lineages of concern, or are commensal 

organisms (Fratamico et al., 2016, Joensen et al., 2015). It is becoming more evident that 

the health of wildlife, the environment, and humans are all linked, with One Health 

approaches taking these intertwined factors into consideration when developing plans 

to address the increasing spread of AMR and disease in both the environment and the 

community (Marcelino et al., 2019). The lineages of E. coli present in wild animal 

populations in Australia and the broader Pacific region are not well known, and to date 

studies in Australia have focused on domestic animals or wild populations impacted by 

human activity (Gordon & Cowling 2003, Blyton et al., 2015). The potential virulence 

gene pool of E. coli in Australian wildlife has also been understudied (Blyton et al., 2015, 

Marcelino et al., 2019), leaving large gaps in our knowledge. It is important to 
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understand the distribution of potentially pathogenic or zoonotic strains in such 

populations, due to the risk these lineages may present to human populations, with 

consideration to human-associated E. coli. This risk also extends to livestock and wild 

populations, with some strains associated with specific hosts (Ewers et al., 2009). 

Along with the danger posed by pathogenic E. coli, the threat of antimicrobial resistance 

(AMR) is an increasing problem for both human and animal health. Infections caused by 

AMR bacteria are linked to increased mortality and economic burdens (Alvarez-Uria et 

al., 2018), and resistance continues to worsen despite improving management and 

surveillance (Kahn, 2017). There is increasing interest in the potential of wild birds, 

especially migratory birds, to disseminate antimicrobial resistance (AMR) through their 

travels. Global studies on migratory birds have shown that these populations can carry 

AMR bacteria (Foti et al., 2011, Baez et al., 2015, Raza et al., 2017).  The bacteria of 

Australian migratory bird populations (especially those in remote areas) remain 

understudied (Marcelino et al., 2019, Smith et al., 2019, Blyton et al., 2015). Further 

research is required to assess if migratory birds coming to Australia are acting as 

reservoirs for AMR and virulence genes, and if so, how they may be disseminating these 

genes into the wider environment (Keseler et al., 2005).  
 

The health of many wild animal species is under threat globally (Daszak, Cunningham, & 

Hyatt, 2000). Many shorebird species in Australia are negatively impacted by human 

activity through habitat loss, degradation (Studds et al., 2017) and climate change 

(Wauchope et al., 2017), and are exposed to pathogenic lineages and AMR genes that 

have arisen from anthropogenic activity (Marcelino et al., 2019). The potential for these 

populations to acquire and disseminate clinically important E. coli is a driving factor in 

our need to understand what potential pathogenic E. coli may be colonising Australian 

shorebird populations.  

 

We isolated and studied enteric bacteria, including E. coli, for presence of AMR (Smith et 

al., in review). We then selected 16 E. coli isolates, guided by phenotypic AMR 

observations, and conducted WGS on those isolates to look for genetic determinants of 

AMR, and genes associated with virulence in either humans or birds. As an observational 
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study, the aim was to conduct characterisation of E. coli from shorebirds in Australia to 

determine whether this niche harboured bacteria that could be a health risk to animals 

and/or humans. 

 

4.3 Materials and methods 
E. coli were isolated from bird cloacal swabs. Sample collection was conducted as 

described in Smith et al, 2021. This research was conducted under animal ethics permits 

issued by Federation University Australia (permit no. 16-002), scientific research permits 

issued by the Department of Environment, Land, Water and Planning for Victoria 

(DELWP) (permit no. 10008032), the Department of Environment and Water (DEW) 

(permit no. 35/2016), and the Department of Parks and Water (DPaW) (permit no. 01-

000179-1). 

 

4.3.1 Bacterial culture and antimicrobial susceptibility testing  
Swab tips were used to inoculate pre-enrichment media of Brain Heart Infusion broth 

(Oxoid) for 4 hr at 35°C. This pre-enrichment broth was used to inoculate Mannitol broth 

(Oxoid), incubated at 35°C for 24 hrs, for the isolation of E. coli. Broths were checked for 

turbidity and colour change, and those positive for colour change were plated onto 

MacConkey II (Oxoid) plates incubated at 35°C for 24-48 hrs. Suspected E. coli were 

confirmed by biochemical testing, consisting of Gram stain, catalase, oxidase and indole 

test. 

 

4.3.2 Whole genome sequencing, gene identification and data analysis 
DNA extraction was performed on 16 E. coli isolates. Isolates were chosen for diversity in 

host species, host sampling location, and phenotypic AMR results. DNA was collected 

from overnight colonies using a Qiagen DNeasy kit, and quantified using an Invitrogen 

Qubit 2. Sequencing was conducted at the Australian Genome Research Facility using 

the Illumina MiSeq, with library preparation being Illumina gDNA shotgun library 

preparation with bead size selection protocol, generating 150bp paired-end reads. 

Raw sequences were uploaded to the Galaxy web platform v 20.01 (Afgan et al., 2018). 

Genomes were assembled de novo using Unicycler (Wick et al., 2017), and genome 
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assembly quality was analysed using QUAST (Mikheenko et al., 2018). Online services 

hosted by the Centre for Genetic Epidemiology were then used to investigate the 

assembled genomes.  The virulence genes (Joensen et al., 2014) and antimicrobial 

resistance genes (Bortolaia et al., 2020) present in the isolates were identified, as well as 

the MLSTs of each isolate (Larsen et al., 2012). Isolates with novel STs were uploaded to 

Enterobase (Zhou et al., 2020) to assign a new ST. The E. coli ST of each isolate were 

then investigated using Enterobase and literature searches to determine their most 

likely host niche, their potential distribution, and whether they were, or were associated 

with, pathogenic E. coli strains. 

 

4.4 Results 
4.4.1 MLST profiles and serotypes 
All 16 E. coli isolates had unique STs, recorded in Table 9. All but one of the 16 STs have 

been found to be present in a wide range of niches (various animal hosts, food, and the 

environment), with global distributions. Specifically, 10 STs are commonly associated 

with birds, with seven previously detected in wild birds. Isolate 1239b was found to have 

a novel ST of 11348, as assigned by Enterobase. Isolate 626a belonged to ST86, a ST not 

recorded in Australia to date. Isolate 1158a belonged to ST155, which has been 

identified as frequently occurring in avian pathogenic E. coli (APEC) and human 

extraintestinal pathogenic E. coli (ExPEC) lineages (Maluta et al., 2014). 

 

Serotype analysis based on genomic data (Table 9) revealed that three isolates were 

serotype H6, two isolates H8, two isolates H10 and a further two isolates H20. Fourteen 

isolates had unique O antigens, with the remaining two isolates (1060a and 1158a) 

having no O antigens detected. While none of the H serogroups identified were 

associated with poultry or wild birds specifically, isolates 932a and 986a were part of the 

O2 serogroup, a serogroup that is associated with disease in humans and animals 

(Delannoy et al., 2017, Fratamico et al., 2010). Serotype O28ab:H9 has previously been 

identified as enterotoxigenic E. coli (ETEC) (Begaud, Mondet, & Germani, 1993), while 

serotypes O185:H16 (Furlan et al. 2019) and O116:H49 have been identified as shiga-

toxin-producing E. coli (STEC) (Furlan et al., 2019, Costa et al., 2020). 

1 
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Table 10. The host species, sampling location, MLST, serotype and accession number for the E. coli 2 
isolates recovered. * indicates no antigen was identified. 3 

Sample 
ID 

Host Species Latitude / Longitude MLST Accession 
Number 

Predicted 
Serotype 

516a Crested Tern 
(Thalasseus bergii) 

-38.277457, 144.768842 10 SAMN13884676 O28ab:H9 

626a Caspian Tern 
(Hydroprogne caspia) 

-38.71166667, 
46.70444444 

86 SAMN13884677 O86:H10 

709a Sanderling 
(Calidris alba) 

-19.212794, 121.434314 2520 SAMN13884678 O116:H49  

932a Pied Oystercatcher 
(Haematopus 
longirostris) 

-38.669456, 146.697359 1159 SAMN13884680 O2/O50:H6 

939b Sooty Oystercatcher 
(Haematopus 
fuliginosus) 

-38.656479, 146.727470 68 SAMN13884681 O1:H6 

942a Sooty Oystercatcher 
 

-38.656479, 146.727470 1611 SAMN13884682 O100:H19 

986a Pied Oystercatcher 
 

-38.675844, 146.595594 141 SAMN13884684 O2/O50:H6 

1023a Crested Tern -38.277457, 144.768842 372 SAMN13884686 O21:H14 

1060a Caspian Tern -38.277457, 144.768842 602 SAMN13884687 O-:H21 

1110b Sharp-tailed 
Sandpiper 
(Calidris acuminata) 

-38.003826, 144.596880 2280 SAMN13884689 O185:H16 

1113b Sharp-tailed 
Sandpiper 

-38.003826, 144.596880 1851 SAMN13884690 O19:H4 

1119a Curlew Sandpiper 
(Calidris ferruginea) 

-38.003826, 144.596880 711 SAMN13884691 O120:H10 

1156a Red-capped Plover 
(Charadrius 
ruficapillus) 

-38.276219, 145.313470 154 SAMN13884693 O142:H8 

1158a Bar-tailed Godwit 
(Limosa lapponica) 

-19.212794, 121.434314 155 SAMN13884694 O-:H20 

1232a Pied Oystercatcher -17.963887, 122.279828 
 
 
 

 

191 SAMN13884695 O150:H20 

1239b Ruddy Turnstone 
(Arenaria interpres) 

-17.979327, 122.336533 11348 SAMN13884696 O83:H8  

4 

https://www.ncbi.nlm.nih.gov/biosample/13884676
https://www.ncbi.nlm.nih.gov/biosample/13884677
https://www.ncbi.nlm.nih.gov/biosample/13884678
https://www.ncbi.nlm.nih.gov/biosample/13884680
https://www.ncbi.nlm.nih.gov/biosample/13884681
https://www.ncbi.nlm.nih.gov/biosample/13884682
https://www.ncbi.nlm.nih.gov/biosample/13884684
https://www.ncbi.nlm.nih.gov/biosample/13884686
https://www.ncbi.nlm.nih.gov/biosample/13884687
https://www.ncbi.nlm.nih.gov/biosample/13884689
https://www.ncbi.nlm.nih.gov/biosample/13884690
https://www.ncbi.nlm.nih.gov/biosample/13884691
https://www.ncbi.nlm.nih.gov/biosample/13884693
https://www.ncbi.nlm.nih.gov/biosample/13884694
https://www.ncbi.nlm.nih.gov/biosample/13884695
https://www.ncbi.nlm.nih.gov/biosample/13884696
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4.4.2 Virulence genes 
A total of 32 virulence genes were detected in the E. coli isolates. Table 10 displays all the genes 

that were present in more than one isolate. Twenty-four of these genes were present in 

individual isolates; these genes were pic, terC, papC, celb, f17A, f17G, air, eilA, tsh, cea, chuA, 

cfn1, focCsfaE, focG, focl, fyuA, hra, ibeA, irp2, ompT, papA_F13, sitA, usp and yfcV. One isolate, 

1023a, contained 22 of 33 virulence genes detected. The isolates with the next highest number 

of virulence genes were 626a and 986a, both of which contained ten virulence genes. Of the 

virulence genes present in multiple isolates, three (mchB, mchC, mcmA) are associated with the 

synthesis of inhibitory toxins against bacterial growth. Two of the genes present in eleven 

separate isolates (gad and iss) are associated with increased persistence in hosts.    

 

Table 11. The virulence genes present in E. coli isolates from wild birds. 

Virulence 
gene 

Name Role / Function No. 
isolates 
present in 

Reference 

gad Glutamate 
decarboxylase 

Confers increased acid 
resistance (up to pH 2.5) 

11 (Castanie-Cornet et 
al., 1999) 

iss Increased serum 
survival 

Increases complement 
resistance and virulence 

11 (Johnson, 
Wannemuehler, & 
Nolan, 2008) 

lpfA Long polar fimbriae Adhesive factor of 
enterohemorrhagic E. coli 

11 (Dogan et al., 2012) 

iroN Enterobactin 
siderophore receptor 
protein 

Contributes to invasion of 
urothelial cells 

4 (Feldmann et al., 
2007) 

vat Vacuolating 
autotransporter toxin 

Synthesis of an 
autotransporter serine 
protease toxin 

4 (Spurbeck et al., 
2012) 

mchC Bacteriocin synthesis  Synthesis of toxins to 
inhibit bacterial growth 

2 (Kurnick et al., 2019) 

mcmA Microcin M part of 
colicin H 

Synthesis of toxins to 
inhibit bacterial growth 

2 (Kurnick et al., 2019) 

mchB Microcin H47 part of 
colicin H 

Synthesis of toxins to 
inhibit bacterial growth 

2 (Kurnick et al., 2019) 

 
 

4.4.3 AMR genes and resistance profiles 
Eight antimicrobial resistance genes were identified in total. All 16 isolates contained at least 

one AMR gene, with the resistance gene mdfA present in all isolates (Table 11). All other AMR 

genes were present only in two isolates, 626a and 1060a. The phenotypical AMR profiles of the 

sequenced isolates can be found in Smith et al. (in review). Isolate 1060a demonstrated no 

phenotypic resistance patterns, while isolate 626a was phenotypically resistant to amoxycillin, 
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ampicillin, streptomycin, and sulfamethoxazole-trimethoprim. Eight of the 16 isolates displayed 

no phenotypic AMR patterns. Seven of the eight AMR genes identified were associated with 

antibiotic inactivation or target alteration, while the most commonly detected AMR gene mdfA 

is associated with drug efflux when upregulated. 
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Table 12. AMR genes present in the E. coli isolates recovered from wild Australian shorebirds.  

AMR Gene Resistance 
conferred 

Phenotypic resistance Resistance mechanism Isolates present in 

mdfA Multidrug resistance 626a: AMC, AMP, S, SXT 
1060a: None 

Multidrug transporter (Edgar & Bibi 1997) All isolates 

aph(3”)-lb Aminoglycosides 626a: S 
1060a: None 

Aminoglycoside-modifying Enzyme (Zeng & Jin 
2003) 

626a 

aph(6)-ld Aminoglycosides 626a: S 
1060a: None 

Streptomycin phosphotransferase (Ashenafi et 
al., 2014) 

626a 

blaTEM-1B Beta-lactams 626a: None 
1060a: None 

Cephalosporin hydrolysing enzyme (Peixe et 
al., 1997) 

626a 

sul2 Sulfanomides 626a: SXT 
1060a: None 

Targets the enzyme dihydropteroate synthase 
(DHPS) in the folic acid pathway (Sköld, 2000) 

626a 

dfrA5 Trimethoprim 626a: SXT 
1060a: None 

Antibiotic target replacement (McArthur et al., 
2013) 

626a 

blaCMY-98 Beta-lactams 626a: None 
1060a: None 

Serine beta-lactamase, specificity for 
cephalosporins (Consortium, 2019) 

1060a 

qnrB65 Quinolones 626a: None 
1060a: None 

Antibiotic target protection (McArthur et al., 
2013) 

1060a 

AMC=Amoxycillin, AMP=Ampicillin, S=Streptomycin, SXT=Sulfamethoxazole-trimethoprim.
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4.5 Discussion 
This study demonstrates that wild Australian shorebirds harbour a diversity of E. coli 

strains, including a newly identified serotype (ST 11348). Many of the STs detected 

colonize multiple host species and the environment, such as STs 1611, 68 and 154. 

However, some STs are associated with both domestic and wild birds, such as STs 155, 

141 and 2520. While the majority of strains identified in this study have no specific links 

with disease, isolates belonging to STs 155, 602 and 141 have been linked to disease in 

humans and livestock (ST602) or disease in poultry and birds (STs 155 and 141). All STs 

bar ST11348 are found globally. 

 

Each sequenced E. coli isolate was serotypically unique. This diversity is potentially 

indicative of a high degree of movement in the E. coli communities present in wild 

shorebirds, and for E. coli in wild populations in general. Shorebirds are renowned for 

their high movement potential, with millions of birds each year leaving Australia to 

migrate to breeding grounds scattered across India, Asia, and the high Artic (Yong et al., 

2018). As they migrate, these birds encounter selection pressures along their migratory 

route through the EAAF. For shorebirds that breed in the Artic, they pass over one-third 

of the human population and travel through heavily developed and degraded 

environments (Studds et al., 2017). Land reclamation, habitat destruction and pollution 

are present in this flyway (Zhu et al., 2016). Such human activity has the potential to 

expose the birds to bacteria with AMR resistance genes and/or virulence genes, thus 

shorebirds could act as vectors for further dissemination. Fortunately, this study did not 

reveal a widespread problem in this regard and does not suggest a site of origin of the E. 

coli strains or genetic mechanisms of virulence or AMR.  

 

Various genetic mechanisms of AMR were detected in E. coli isolates, and their presence 

did not always correlate with phenotypic resistance. While such observations are neither 

new nor surprising, it does demonstrate the potential for AMR genes to be much more 

widespread in wild populations than previously expected from traditional culture-based 

microbiology studies. Previous studies into the occurrence of AMR genes in non-

shorebird Australian species have found that AMR genes are present, including 
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resistance to critically important antibiotics, in birds exposed to anthropogenic activity 

such as Silver Gulls (Vangchhia et al., 2016, Mukerji et al., 2019), and in birds living in 

extremely remote areas (Marcelino et al. 2019, Smith et al., 2019, Smith et al., 2020).  
 

Some of the genes identified in this study, such as blaTEM, sul2 and dfrA5 have been 

previously detected in bacteria from Australian shorebirds (Marcelino et al., 2019), and 

blaCMY genes have been observed in bacteria from shorebirds in Europe (Veldman et 

al., 2013). Of interest is the presence of mdfA in all of the isolates sequenced. This gene 

was not present in any previous studies of wild Australian birds. While mdfA can 

contribute to antibiotic resistance, it must be upregulated to do so (Edgar & Bibi 1997). 
Considering this, when paired with the phenotypic AMR profiles of the isolates tested, it 

is possible that this gene is either inactive, or not upregulated to levels required for the 

efflux of antibiotics. As mentioned previously, this gene demonstrates the potential 

problem of spreading widely through different bird and animal populations. 

 

Of note is the detection of qnrB65 in one isolate; as a resistance gene to a chemically 

derived antibiotic, it is probable that this gene originated from use of quinolones in 

clinical settings rather than occurring naturally in the environment. The quinolone 

enrofloxacin has been used previously on injured wildlife in Australia (Blyton et al., 

2015), and this may explain its origin- however, it is still worrying to find quinolone 

resistance in bacteria from wild birds that have little direct human association. This 

resistance gene has not been noted in Australian shorebirds previously (Marcelino et al., 

2019), though it was identified in other Australian species (Blyton et al., 2015). These 

findings provide more evidence that AMR genes in E. coli- and potentially, all enteric 

bacteria- are persisting in animal populations in the absence of continued antibiotic 

pressure.  

 

The virulence genes gad, iss and lpfA were found in 11 of the 16 isolates sequenced, 

though in addition to contributing to virulence these genes play roles in general survival. 

In particular, gad confers increased acid resistance; this may be an adaptation by enteric 

E. coli living in birds due to the high acidity of their stomachs (anywhere from pH 1.2-3.0, 

dependant on species (Beasley et al., 2015). The majority of the isolates recovered 
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contained only a small number of virulence genes, which is a positive finding for the 

general health of the wild populations studied. A number of the virulence genes 

identified (ompT, sitA, iroN) have been previously identified in wild Australian bird 

populations (Blyton et al., 2015, Mukerji et al., 2019). 

 

One isolate, 1023a (isolated from a Crested Tern), contained 22 of all 33 virulence genes 

isolated. This isolate belonged to ST372, which is associated with infections in humans 

and domestic dogs (Melo et al., 2017, Valat et al., 2020), and its presence in wild birds 

could pose two threats. First, virulent, pathogenic E. coli strains of anthropogenic origin 

are entering wild bird populations. Secondly, shorebirds may act as vectors for the 

continued spread of such clinically important strains. Such strains could then potentially 

be re-introduced into livestock, domestic animals and community populations through 

interactions with shorebirds (Santos et al., 2012, Dusek et al., 2014). 

 

An isolate (986a, isolated from a Pied Oystercatcher) belonging to ST141, is also 

associated with disease. This lineage is zoonotic, with a wide range of hosts including 

seals in Antarctica (Mora et al., 2018). Of note is the host species of these isolates, Pied 

Oystercatcher and Crested Tern, both species are sedentary and have spatially restricted 

home ranges when compared to migrants. Crested Terns typically have foraging ranges 

of <40km (McLeay et al., 2010) while Pied Oystercatchers will typically remain within 

30km of their home territory with small movements between estuaries (Taylor et al., 

2014). It has been hypothesised that migratory birds are negatively impacted by the 

carriage of infectious or virulent bacteria, with migratory culling and migratory 

separation impacting bird survival (Risely, Klaassen, & Hoye, 2018, Altizer, Bartel, & Han 

2011). This leads to the act of migration itself lowering disease prevalence in migratory 

populations (Johns & Shaw, 2016); sedentary populations however, do not experience 

this reductive effect. This may be one reason for why these virulent strains of E. coli 

were found in sedentary birds, rather than migrants. 
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4.6 Conclusion 
This study shows that wild Australian shorebirds are capable of carrying a diverse range 

of E. coli, some of which carry AMR genes of clinical importance. While there was a 

relatively low number of AMR genes detected in these isolates, the presence of 

resistance genes that code against clinically important antibiotics (dfrA5, blaCMY-98, 

qnrB65) shows that resistance is still a concern in wild shorebird populations. The 

diversity of virulence genes recovered also points to a potentially large virulence pool 

circulating among E. coli in these populations which may impact the health of, and 

future conservation efforts for, these populations. Routine targeted surveillance 

programs are needed for Australian shorebird populations to monitor for new potential 

pathogenic E. coli lineages emerging in these wild populations. 
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Foreword to Chapter 5 

Chapter 5 consists of the final accepted manuscript of a published article that 

investigates the finding of a strain of Salmonella enterica serovar Hvittingfoss in a flock 

of Bar-tailed Godwits sampled in Roebuck Bay, Western Australia. The details of the 

publication are: 

Smith, H. G., Bean, D. C., Hawkey, J., Clarke, R. H., Loyn, R., Larkins, J. A., Hassell, C., 

Valcanis, M., Pitchers W. & Greenhill, A. R. (2020). Salmonella enterica serovar 

Hvittingfoss in Bar-Tailed Godwits (Limosa lapponica) from Roebuck Bay, Northwestern 

Australia. Applied and Environmental Microbiology, 86(19): e01312-20. doi: 

10.1128/AEM.01312-20. 

 

 These isolates were collected from a single flock of Bar-tailed Godwits that were 

sampled on the 01/03/19.  

WGS was performed on the isolated S. Hvittingfoss, and phylogenetic analysis revealed 

that these isolates were closely related to S. Hvittingfoss isolates that had previously 

caused an outbreak of salmonellosis in 2016. The S. Hvittingfoss from the Bar-tailed 

Godwits differed from the 2016 outbreak isolates by 68 Single Nucleotide Polymorpisms 

(SNP’s), and all 17 of the S. Hvittingfoss isolates recovered from the Bar-tailed Godwits 

were clonal, with 1 SNP difference at maximum.  

 

The 2016 salmonellosis outbreak occurred in all Australian states, and originated from a 

single farm in the Northern Territory. The original vector of S. Hvittingfoss onto the farm 

was never identified. While the current study was not designed to investigate that 

transmission event, it does demonstrate that wild birds do carry this important food-

borne strain. An outcome of this study is that wild birds cannot be discounted as a 

vector for Salmonella, an extremely important foodborne pathogen. The role of wild 

birds as a mechanism of transmission of Salmonella in foodborne outbreaks should be 

considered in the future if ecological parameters support such a route of transmission 

(i.e. for wild birds have access to the produce).   
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It is unknown where the Bar-tailed Godwits acquired the isolates; however, there was a 

large sewerage spill that occurred at the same time as the sampling event. This may 

have been responsible, but it is not possible to positively identify if this was indeed 

where the birds acquired S. Hvittingfoss.  

 

This paper shows that shorebirds can carry clinically important pathogens, and 

potentially can act as reservoirs for such bacteria. Further studies at a later time point 

would be required to assess whether Godwits are capable or persistent carriage of S. 

Hvittingfoss. The referencing in this text has been modified from the published 

manuscript due to the difference in citation practices between the journal and 

Federation University standards. 
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5.1 Abstract 
Salmonella enterica serovar Hvittingfoss is an important foodborne serotype of 

Salmonella, being detected in many countries where surveillance is conducted. 

Outbreaks can occur, including a recent multi-state foodborne outbreak in Australia. S. 
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Hvittingfoss can be found in animal populations, though a definitive animal host has not 

been established. Six species of birds were sampled at Roebuck Bay, a designated 

Ramsar site in north-western Australia, resulting in 326 cloacal swabs for bacterial 

culture. A single flock of 63 Bar-tailed Godwit (Limosa lapponica menzbieri) caught at 

Wader Spit, Roebuck Bay in 2018, resulted in 17 (27%) culture-positive for Salmonella 

spp. All other birds were negative for Salmonella. The isolates were identified as 

Salmonella enterica serovar Hvittingfoss. Phylogenetic analysis revealed a close 

relationship between isolates collected from godwits and the S. Hvittingfoss responsible 

for a 2016 multi-state foodborne outbreak originating from tainted cantaloupes (rock 

melons) in Australia. While it is not possible to determine how this strain of S. 

Hvittingfoss was introduced into the Bar-tailed Godwits, these findings show that wild 

Australian birds are capable of carrying Salmonella strains of public health importance. 

 

5.2 Importance 
Salmonella is a zoonotic pathogen that causes gastroenteritis and other disease 

presentations in both humans and animals. Serovars of S. enterica commonly cause 

foodborne disease in Australia, and globally. In 2016-17, S. Hvittingfoss was responsible 

for an outbreak in that resulted in 110 clinically confirmed human cases throughout 

Australia. The origins of the contamination that led to the outbreak was never 

definitively established. Here, we identify a migratory shorebird, the Bar-tailed Godwit, 

as an animal reservoir of S. Hvittingfoss. These birds were sampled in north-western 

Australia, during their non-breeding period. The presence of a genetically similar S. 

Hvittingfoss strain circulating in a wild bird population, two years after the 2016-17 

outbreak and ~1,500 km from the suspected source of the outbreak, demonstrates a 

potentially unidentified environmental reservoir of S. Hvittingfoss. While the birds 

cannot be implicated in the outbreak 2 years prior, this study does demonstrate the 

potential role for wild birds in the transmission of this important foodborne pathogen. 

 

5.3 Introduction 
Salmonellosis is a disease caused by bacteria of the genus Salmonella, and is a major 

public health concern worldwide (1). Salmonella are important zoonotic pathogens that 
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causes disease in humans, and both domestic and wild animal populations (2, 3). 

Globally, Salmonella spp. are estimated to cause 93.8 million cases of gastroenteritis 

each year (4), and are one of the most common causes of human mortality associated 

with foodborne disease (3). The largest burden of salmonellosis is in young children in 

low- and middle-income countries, with the greatest impacts in Africa, South-eastern 

Asia, and the Eastern Mediterranean (3). In Australia, an estimated 40,000 salmonellosis 

cases per year are attributed to contaminated food (5).  

 

The majority of foodborne disease outbreaks are associated with Salmonella enterica 

subsp. enterica; serovars of this subspecies are found predominantly in humans and 

animals and account for ~99% of Salmonella infections in humans (2). Globally, the three 

serovars most commonly isolated from infections in humans are S. Enteriditis, S. 

Typhimurium and S. Newport, which contribute to 65%, 12% and 4% of clinical isolates, 

respectively (6). 

 

Salmonella enterica serovar Hvittingfoss has caused outbreaks of salmonellosis in the 

USA (7), and over the past two decades has been responsible for several outbreaks in 

Australia, most recently an outbreak in 2016 caused by contaminated cantaloupes (8, 9). 

In Australia S. Hvittingfoss is isolated from human, animal and environmental sources in 

northern Australia (10, 5); but during outbreaks the organism can be disseminated 

through the distribution of fresh produce to all states, including as far south as Tasmania 

(9).  

 

Here we report a high incidence of S. Hvittingfoss recovered from pre-migratory Bar-

tailed Godwits (Limosa lapponica menzbieri) captured in Roebuck Bay, Broome, Western 

Australia, in March, 2018. The study was a part of broader research investigating 

pathogenic and antimicrobial-resistant bacteria in Australian shorebirds, and the high 

prevalence of Salmonella led to the further characterization of these isolates, and the 

determination of their genetic relationship to other isolates. 
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5.4 Methods 

5.4.1 Sample collection 

Shorebirds were captured by the Australasian Wader Study Group in two separate 

expeditions: 24 - 28 February 2017, and 23 February - 3 March 2018. These expeditions 

were conducted in a designated Ramsar site approximately 15 km from Broome 

township in the northern region of Western Australia, as part of ongoing scientific and 

conservation efforts involving shorebirds throughout the East-Asian Australasian flyway. 

Birds were captured with the aid of cannon nets and biometrics such as age and weight 

were recorded. Age was recorded according to moult. Focal species were subject to 

cloacal swabs before release. Cloacal swabs were taken from these birds on Mini Tip 

Aimes with Charcoal specimen swabs (Copan). Transit time from sample collection to 

culture varied, ranging from 9-20 days, due to the remote nature of the fieldwork. 

During transit, samples were stored at ~5°C in a portable refrigeration unit. This work 

was conducted under animal ethics permits issued by Federation University Australia 

(permit no. 16-002) and the Department of Parks and Water (permit no. 01-000179-1).  

 

5.4.1 Bacterial culture, antimicrobial susceptibility testing and statistical 
analysis 
In the laboratory, swab tips were aseptically transferred to 5ml of brain heart infusion 

broth and incubated at 35°C for 24 hours for pre-enrichment. Aliquots of 100µl were 

subsequently used to inoculate mannitol broth (Oxoid), azide dextrose broth (Oxoid) and 

selenite broth (Becton Dickinson [BD]). All selective enrichment broths were incubated 

at 35°C for 18-48 hours, then plated onto MacConkey II agar (Oxoid) or xylose lysine 

deoxycholate (XLD) agar (BD) as appropriate. All plates were incubated at 35°C for 24-48 

hours. Suspect Salmonella isolates were sub-cultured for purity on XLD and preliminary 

testing included Gram reaction, catalase and oxidase testing. Presumptive Salmonella 

were confirmed by a PCR assay targeting the invA gene (25).  

 

Confirmed Salmonella were tested for antimicrobial susceptibility using the Kirby-Bauer 

Disk Diffusion method (26). The antimicrobials (Oxoid) tested included: ampicillin (10µg), 

amoxicillin-clavulanic acid (20/10µg), ceftazidime (30µg), cephalothin (30µg), cefotaxime 
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(30µ), imipenem (10µg), chloramphenicol (30µg), tetracycline (30µg), gentamicin (10µg), 

streptomycin (10µg), sulphamethoxazole-trimethoprim (1.25/23.75µg), nalidixic acid 

(30µg), ciprofloxacin (5µg), and colistin (10µg). Statistical analysis was performed using 

SPSS (IBM SPSS Statistics Version 25).  

 

5.4.2 Serotyping, MLST and phylogenetics  
DNA extraction was performed on the seventeen positive Salmonella isolates, with DNA 

being collected from overnight colonies using a Qiagen DNeasy kit and quantified using 

an Invitrogen Qubit 2. The in silico serotype was inferred from WGS by the 

Microbiological Diagnostic Unit Public Health Laboratory, Doherty Institute at the 

University of Melbourne. Multi-locus sequence typing (MLST) was also conducted for the 

other Salmonella isolates via this service. Sequencing was conducted at the Australian 

Genome Research Facility using the Illumina MiSeq, with library preparation being 

Illumina gDNA shotgun library preparation with bead size selection protocol, generating 

150bp paired-end reads.  

 

Raw sequences were uploaded to the Galaxy web platform, and data were analyzed via 

the public server at usegalaxy.org (27). Genomes were assembled using Unicycler (28), 

and genome assembly quality was analyzed using QUAST (29). Online services hosted by 

the Centre for Genetic Epidemiology were used to determine antimicrobial resistance 

genes (30), pathogenicity islands (https://cge.cbs.dtu.dk/services/SPIFinder/), and 

sequence type for Multi-locus sequencing typing (31). Serotyping for the three 

sequenced isolates was determined using SeqSero (32). The newly determined genomes 

were uploaded to NCBI and made publically available under Bioproject PRJNA602163. 

 

Raw reads were also uploaded to Enterobase (33) for purposes of phylogenetic analysis. 

Phylogenetic trees were constructed in Enterobase, using their SNP Projects option. This 

method uses the maximum likelihood estimation to create phylogenies. The uploaded S. 

Hvittingfoss isolates were compared to a dataset of 183 additional S. Hvittingfoss 

publicly-available whole genome sequences in the database. Using the inbuilt 

dendrogram option, a phylogenetic tree of the genetic relationship between the 17 Bar-

tailed Godwits isolates, and all other global S. Hvittingfoss isolates was created (34). 

https://www.ncbi.nlm.nih.gov/bioproject/602163
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Trees were then visualized and edited in FigTree 1.4.2 (35), Microreact (36) and iTOL 

(37). Tree colour schemes were created by Color Brewer 2.0 (38).  

 

SNPs in the collected isolates were identified via ParSNP and visualized in Gingr 

(https://harvest.readthedocs.io/en/latest/content/harvest-tools.html). SNP analysis of 

the ST 2062 subgroup was performed using the alignment matrix generated by 

EnteroBase’s SNP Projects in IQtree v1.6.12 (39), using a GTR substitution model with 

100 bootstrap replicates. SNPpar (https://github.com/d-j-e/SNPPar) was used to map 

SNPs back onto the ST2062 tree. 

 

5.5 Results 
A total of 326 birds were sampled (190 in 2017, 136 in 2018), representing six species of 

wild Australian shorebirds: Ruddy Turnstone (Arenaria interpres) (n=23); Curlew 

Sandpiper (Calidris ferruginea, n=114); Pied Oystercatcher (Haematopus longirostris, 

n=9); Bar-tailed Godwit (n=130); Red-necked Stint (Calidris ruficollis, n=17) and Greater 

Sand Plover (Charadrius leschenaultia, n=33). All were screened for Salmonella spp. No 

individual from the 2017 expedition returned a positive Salmonella spp. culture. 

 

All but one of the Bar-tailed Godwits caught in 2018 (n=63) were caught from a single 

flock at Wader Spit, Roebuck Bay (-17.979327, 122.336533) on 1st March, 2018. 

Seventeen (27%) of these birds were positive for Salmonella as determined by culture, 

with isolates confirmed by PCR. None of the other sampled shorebirds (n=73) were 

positive for Salmonella. All 17 isolates were susceptible to the tested antibiotics. All 

isolates carried the aminoglycoside resistance gene aac(6’)-laa, which is conserved in all 

Salmonella but not normally expressed (11). There was no significant difference in 

Salmonella carriage rates in the godwits based on the sex (χ2=1.104, df=2, p=0.576), 

weight (χ2=8.456, df=8, p=0.390), or age (χ2=1.036, df=2, p=0.596) of the bird. Serotype 

prediction using Whole Genome Sequencing analysis revealed all isolates to be S. 

Hvittingfoss, and MLST showed all isolates belonged to the same sequence type (ST), 

ST2062.  
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The 17 sequenced isolates were determined to be closely related via SNP comparisons, 

with 0-1 SNPs between each of the 16 isolates, bar one. Isolate 1293a was noted to have 

23 SNPs different between it and all other godwit isolates, however these SNPs were 

likely to be due to recombination. The isolates obtained in this study were compared to 

198 publicly available S. Hvittingfoss genomes, which were from a variety of different 

sources of global origin (Fig. 8). 
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Figure 8. Maximum-likelihood phylogenetic tree showing the relationship between isolates 
collected from Bar-tailed Godwits (this study) and 198 globally-sourced and publicly-available S. 
Hvittingfoss genomes on Enterobase (11). Tree was outgroup rooted with S. Paratyphi ATCC 
9150 strain. Colour-coding of rings is based on geographic origin, source niche and sequence 
type of the isolates. Australian isolates are indicated within the wild animal section marked 
‘Godwits’. Tree scale represents the number of substitutions per site. The raw data for this tree 
can be viewed in Microreact at https://microreact.org/project/PB7XPUPsv/. 

 

 

https://microreact.org/project/PB7XPUPsv/
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Of the 198 S. Hvittingfoss genomes that were available, 186 were uploaded to 

Enterobase by the Centre for Infectious Diseases and Microbiology Public Health, 

University of Sydney. These publicly available Australian isolates were collected during 

the 2016 S. Hvittingfoss outbreak and formed a separate clade to all other global 

isolates. The genomes of isolates from the Bar-tailed Godwits collected in March 2018 

(this study) clustered with these outbreak genomes. One non-Australian S. Hvittingfoss 

isolate also occupied this same genetic clade. Nevertheless, diversity was noted among 

the Australian S. Hvittingfoss isolates, with three different ST’s identified (ST434, ST446 

and ST2062). No other genome sequence from an Australian S. Hvittingfoss isolate from 

any other year, nor from any other animal, was available for comparison.  

 

As all the Bar-tailed Godwit samples belonged to ST2062, a phylogenetic tree was 

constructed of all available ST2062 genomes. When examining only these isolates, SNP 

analysis showed two distinct linages; one associated with the 2016 S. Hvittingfoss 

outbreak in humans, and the other encompassing the 2018 godwit isolates. Sixty-eight 

SNPs separated the godwit isolates from the 2016 outbreaks at the nearest common 

ancestor (Fig. 9). 
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Figure 9. Maximum-likelihood phylogenetic tree of ST2062 S. Hvittingfoss isolates. The SNPs are 
noted on major branches of the tree. Colour coding is based on the source niche and 
geographical location of each isolate. Tree scale represents number of substitutions per site. 

5.6 Discussion 
This study demonstrates that S. Hvittingfoss can be present in shorebirds. We detected a 

high prevalence of S. Hvittingfoss in Bar-tailed Godwits during a sampling event at a 

single location in north-western Australia. These isolates were genetically similar to 

those causing a foodborne outbreak in humans who consumed tainted cantaloupes in 

2016. While no direct link between shorebirds and foodborne outbreaks has been 
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established in this study, the relatedness of the respective strains suggests there may be 

an as-yet unknown avenue of introduction of this pathogen into the wider environment. 

 

When the genomes of S. Hvittingfoss isolates collected from the godwits were compared 

pairwise, all except one genome were separated by at most a single SNP. A small 

amount of recombination was noted in a single isolate, resulting in a total of 23 SNPs; 

however, all isolates are considered clonal. This was based upon the findings of Octavia 

et al. (12), who determined a cutoff of four SNP’s for an outbreak caused by a single 

strain of Salmonella spp. The close relatedness of these isolates suggests a recent 

colonization event in the godwits, likely from a single source. 

 

Genetic analysis of the S. Hvittingfoss isolated from the Bar-tailed Godwits sampled in 

north-western Australia demonstrated that the isolates were related to isolates of S. 

Hvittingfoss responsible for the 2016-17 outbreak linked to contaminated cantaloupes in 

Australia. There were 68 SNPs to the most recent common ancestor. The foodborne 

outbreak of 2016-17 was traced back to a single farm in the Northern Territory, however 

no vector was identified that introduced S. Hvittingfoss onto the farm initially (13, 14). It 

is noteworthy that within the cantaloupe outbreak lineage there is some diversity (Fig. 

9). This may be due to other S. Hvittingfoss strains circulating independent of the 

outbreak strains during the 2016-17 timeframe, as is commonly the case in Australia and 

various other countries where surveillance is conducted. Nonetheless, there is a group 

of highly related S. Hvittingfoss linked to the cantaloupe outbreak, and those isolates are 

closely related to the godwit isolates detected in this study.  
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Figure 10. The location of the Broome North and South sewerage plants, and the location of the 
beach Wader Spit, where the flock of Bar-tailed Godwits was caught originally. Map adapted 
from OpenStreetMap. 

 

The godwit isolates clearly have a shared ancestry with the cantaloupe outbreak strains, 

but we are not suggesting a direct epidemiological link between wild birds and 

foodborne outbreaks. Rather, there is likely an unidentified common ancestor from 

which the 2016 and 2018 isolates descended. The S. Hvittingfoss from godwits were 

isolated after the 2016 outbreak, thus there is sufficient temporal and genetic difference 

to rule out a direct link. Despite the importance of the outbreak, the original source of 

the outbreak strain remains undetermined (i.e. how Salmonella got onto or into the 

cantaloupes) (8, 15). The presence of closely related S. Hvittingfoss in birds suggests 

there may be an as of yet unknown animal and/or environmental reservoir of this 

serotype.  

 

Outside of this study, the recovery of S. Hvittingfoss from wild animals has been rare. 

There have been only three previous reports of S. Hvittingfoss recovered from wild 

birds: a single species of waterfowl (two Plumed Whistling-duck, Dendrocygna eytoni, 
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out of 42 birds in total) in Australia (16) and in two migrating crane species (Hooded 

Crane, Grus monacha and White-naped Crane, Antigone vipio, nine birds of 359) in 

Japan (17). Within Australia, S. Hvittingfoss has also been recovered from reptiles (two 

positive of 97 sampled) and feral pigs (five of 139) (16, 18, 19).  

 

As previously mentioned, the close genetic relatedness of all isolates present in the 

godwits is suggestive of recent colonization from a single source. One possible source of 

contamination is wastewater spills that occurred in Roebuck Bay in January-February 

2018. During two separate events, both the Broome South and Broome North 

wastewater treatment plants overflowed. While the spills at Broome North were 

contained on-site, the Broome South wastewater treatment plant released 39.8 million 

litres of treated wastewater into Roebuck Bay (20). However, there is insufficient data to 

state with any certainty that these wastewater spills had an impact on the Salmonella 

carriage in Bar-tailed Godwits. A direct anthropogenic transmission is unlikely, as Bar-

tailed Godwits do not have regular human contact. They feed mainly on marine 

invertebrates from broad expanses of tidal mudflats in areas with low human 

populations (e.g. Roebuck Bay) (21). 

 

Salmonella infections can affect the health of avian populations, with higher mortality 

reported in infected birds relative to uninfected birds (21). Mass mortality events have 

been recorded due to Salmonella infections; one such event in New Zealand saw 

elevated mortality in many passerine (perching bird) species, from an outbreak of 

Salmonella Typhimurium DT160 (22). The menzbieri subspecies of the Bar-tailed Godwit 

is listed as nationally critically endangered (24) with a downward population trend. 

Although the birds in this study were considered healthy, there are potential negative 

impacts of Salmonella infection including the possibility of salmonellosis, which could 

hamper conservation and population recovery.  

 

S. Hvittingfoss is present in Australian Bar-tailed Godwits, suggesting godwits, and 

possibly other wild birds, are able to acquire infectious agents associated with human 

illness. It is possible that S. Hvittingfoss was present in other shorebird species sampled 

in the area, but it was not detected; with a contributing factor being that this study was 
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restricted to two short sampling events across two years. Long-term surveillance of 

shorebird populations, and their environment as a whole, is needed to better 

understand the ecology of S. Hvittingfoss and wild bird populations (particularly 

godwits), and determine the potential health threat for both wild bird populations and 

humans. 
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5.8 Data availability 
All sequences have been uploaded to NCBI. All isolates have been deposited in SRA 

under Bioproject PRJNA602163. Individual S. Hvittingfoss isolate data were deposited 

under accession numbers; SAMN13884698 (1243a), SAMN13884699 (1245b), 

SAMN13884700 (1247a), SAMN13884701 (1248a), SAMN13884702 (1249a), 

SAMN13884703 (1250a), SAMN13884704 (1251a), SAMN13884705 (1256a), 

SAMN13884706 (1259a), SAMN13884707 (1262a), SAMN13884708 (1266a), 

SAMN13884709 (1273a), SAMN13884711 (1275a), SAMN13884712 (1287a), 

SAMN13884713 (1290a), SAMN13884714 (1293a), and SAMN13884715 (1296a). 
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https://www.ncbi.nlm.nih.gov/biosample/SAMN13884698
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https://www.ncbi.nlm.nih.gov/biosample/SAMN13884700
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884701
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884702
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https://www.ncbi.nlm.nih.gov/biosample/SAMN13884708
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884709
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884711
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https://www.ncbi.nlm.nih.gov/biosample/SAMN13884715
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6. General Discussion 
The rapid increase in AMR bacteria is presenting a crisis for human health, and a 

multifaceted approach is required to combat the problem. While the most important 

factors are arguably the development of new antimicrobial agents and the prudent use 

of existing ones, there is also a need to monitor the spread of AMR bacteria, including in 

environments and hosts with little direct interactions with humans. AMR bacteria have 

been detected in remote habitats and isolated populations (Sjölund et al. 2008, Power et 

al. 2016, Guenther et al. 2012, Ramey et al. 2018). Mobile species such as birds can 

move disease between and across entire continents, and present a unique problem in 

the transmission and dissemination of both pathogenic bacteria and AMR. 

 

With the aforementioned risks in mind, this thesis was developed to address current 

gaps in our awareness and understanding of pathogenic enteric bacteria in wild 

Australian shorebirds, with a focus on identifying AMR bacteria present in these 

populations. This thesis aimed to investigate if wild shorebirds are importing pathogens 

and AMR into Australia, and to determine if shorebirds were a natural reservoir for 

pathogens and AMR bacteria. Specifically, this thesis investigated the presence, genetic 

diversity and AMR profiles of E. coli, Enterococcus and Salmonella. While some recent 

studies have looked at AMR in enteric bacteria in Australian birds, these studies have 

either focused on urban associated birds (Oravcova, Svec, and Literak 2017, Dolejska et 

al. 2016, Mukerji et al. 2019), or on small samples of wild birds (Blyton et al. 2015, Smith 

et al. 2019). This study draws on a sample size of 1022 birds to provide a more detailed 

insight into the dissemination of AMR into these wild bird populations, and while doing 

so explore the zoonotic and animal health risk of selected bacteria associated with the 

birds.  

 

In brief, the key findings of this study are: 1) shorebirds carry low levels of AMR bacteria, 

but clinically important AMR phenotypes and genes are present in Australian shorebird 

populations; 2) resident birds are more likely to carry AMR bacteria than migratory 

birds; 3) Australian shorebirds can carry (and potentially act as a reservoir for) 

pathogenic bacteria of human populations; and 4) Escherichia in Australian shorebirds 
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are diverse, and harbour a variety of E. coli associated with other animal species and 

geographic locations. These findings and their implications to future research are further 

explored below. 

 

6.1 Shorebirds carry low levels of AMR, but clinically important 
AMR is present in the populations studied. 
The main finding of this thesis has been that while AMR in the bacteria of Australian 

shorebirds is uncommon, resistance to clinically important antibiotics (such as 

ceftazidime, colistin and ciprofloxacin) is present and potentially circulating in these 

populations. Compared to numerous other studies (both Australian and overseas) used 

to compare against Australian shorebirds, AMR in Australian shorebirds is relatively 

uncommon, and resistance to clinically important last-line antibiotics such as 

glycopeptides and carbapenems was rare. However, these finding are not at complete 

odds with other published data. The AMR profiles obtained in this study are similar to 

studies that have also investigated birds that either have little contact with humans, or 

inhabit remote areas (Blyton et al., 2015, Oravcova, Svec & Literak, 2017).  

 

The apparent correlation between interaction with anthropogenic activity and carriage 

of AMR bacteria is one that has been noted before (Thaller et al. 2010, Navarro-

Gonzalez et al. 2012). Understanding that AMR, and the ‘severity’ of the AMR genes 

present is amplified by increased levels of human interactions, suggests that there is a 

growing risk for Australian shorebirds to become significant reservoirs of AMR bacteria- 

and potentially as vectors of dissemination for AMR bacteria back into human 

populations. As discussed in Chapter 1, shorebird habitat is under increasing pressure 

from human development and encroachment. This is particularly the case for habitat 

along the EAAF, which Australian shorebirds use, and is occurring at all stages along the 

flyway including in Australia. Even when habitat changes seem minor at the local scale, 

there is the risk of ‘death by a thousand cuts’ as loss of habitat continues to push 

shorebirds closer and closer to human activity (Milton & Harding 2011). If the trends 

reported in other studies of wild birds (Cizek et al. 2007, Ramey et al. 2018, Smith et al. 

2019) apply to Australian shorebirds (assuming continued habitat destruction and closer 
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wildlife-human interactions), migratory bird populations that visit Australia will likely 

continue to acquire AMR bacteria and associated genes. Wild animals are a potentially 

important, but often overlooked, component of the One Health concept. The flow-on 

effects could be significant, with the potential to be detrimental to other wildlife, 

agriculture and human health. 

 

6. 2 Resident birds are more likely to carry AMR than migratory 
birds 
An important finding from this study was that migratory birds were less likely to carry 

AMR bacteria than resident birds. Interestingly, this finding differs to at least one other 

study looking at non-shorebird migrants. Migratory Rooks (Corvus frugilegus) in the 

Czech Republic, for example, were more likely to carry AMR bacteria than resident 

Rooks (Loncaric et al. 2013). However, direct comparisons are difficult due to differing 

migration strategies, feeding ecologies and habitat preferences of shorebirds and 

corvids. Rooks generally have a closer association with anthropogenically impacted 

habitats than shorebirds.  

 

The higher likelihood of bacterial AMR carriage in resident shorebirds may be due to the 

much higher fitness requirements that migratory birds have for their annual migrations; 

a meta-analysis by Risely, Klaassen, and Hoye (2018) found that infected migrants were 

both less likely to migrate, and were less likely to survive migration, than non-infected 

migrants. This may also extend to the carriage of AMR bacteria, especially if such 

bacteria are pathogenic to the bird; as resident birds have much lower movement 

requirements and defined home ranges, they may be able to tolerate the carriage of 

potential pathogens and AMR bacteria to a greater degree than migrants. However, 

resistance does not necessarily correlate with pathogenicity, as discussed in Chapter 1, 

and so the presence of AMR bacteria alone may not have negative effects on the host.  

The finding that sedentary birds are more likely to harbour AMR bacteria than migratory 

birds was obtained using a sample size of 1022 birds (708 migratory and 314 non-

migratory), and achieved statistical significance. However, there may have been 

confounding factors that contributed to the finding. The finding may have been 
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influenced by the target bacteria and/or sampling approach. It is important to note that 

the difference between migratory and non-migratory birds hinged upon the detection of 

AMR Enterococcus spp. (Section 3.6.3). As addressed in Chapter 2, Enterococcus fared 

poorly in long-term storage trials; in this study, the majority of the samples from 

sedentary birds were collected on short-term, overnight expeditions that allowed for 

more immediate culture of the sample swabs . This fact may act as a confounding 

variable, and may make it appear that sedentary birds are more likely to harbour AMR 

bacteria than migrants. 

 

There are various potential approaches to overcome potential experimental bias 

speculated above. A future study could focus on a bacterial species less prone to loss of 

viability in storage. Alternatively, a culture independent approach could be taken, where 

metagenomic analysis seeks to detect AMR genes rather than AMR bacteria. The 

potential benefits and current impediments to metagenomic approaches are discussed 

below (Section 6.7). 

 

Due to the highly mobile nature of many long-distance migrants, designing and 

conducting studies to sample birds at multiple points along their migratory pathways is 

difficult due to the logistics involved. Performing detailed investigations on whether 

migratory bird populations are acquiring and disseminating AMR bacteria, and where 

acquisition and shedding occurs would be highly beneficial, but difficult to coordinate. 

Until such time that coordinated international studies can be conducted, studies such as 

the work presented in this thesis and other research that compares migratory and 

resident populations provide valuable information, and should continue to be conducted 

to further investigate how AMR carriage differs between migratory and resident 

populations.  

 

6. 3 Shorebirds can carry (and potentially act as a reservoir for) 
pathogenic bacteria of human populations 
While it is not possible to determine prevalence rates of target bacteria in wild 

shorebirds (due to the limitations investigated in Chapter 2), it is still possible to 
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determine presence of bacterial species in the wild birds. From this study, we have been 

able to confirm the presence of E. coli, Enterococcus, and Salmonella in wild shorebirds.  

The finding of a strain of S. Hvittingfoss in Bar-tailed Godwits that is genetically related 

to the isolates that caused a nationwide outbreak in 2016 illustrates beyond doubt the 

capacity of wild birds to harbour pathogens of zoonotic potential. By extension, these 

birds (and shorebirds and other wild birds in general) may be able to introduce 

foodborne and pathogenic bacteria into agricultural crops, irrigation water and/or the 

wider environment. 

 

Alongside finding diverse, AMR bacteria, finding a clinically important bacteria that had 

very recently caused a major outbreak of salmonellosis in a single flock of wild 

shorebirds highlights how important regular and systematic surveillance is of wild 

shorebirds. Wild birds have been responsible for outbreaks of salmonellosis before, 

including outbreaks from food (Alley et al., 2002, Lawson et al., 2014), and shorebirds 

have been identified as reservoirs of other clinically important diseases such as 

Staphylococcus (Keeler & Huffman, 2009) and Klebsiella (Raza et al., 2017). The finding 

that shorebirds can carry foodborne pathogens is of particular concern as this means 

that wild birds can be part of transmission routes to humans with no direct contact. The 

finding of S. Hvittingfoss in shorebirds also highlights how many diseases are potentially 

slipping under the radar with shorebirds due to a lack of consistent surveillance. 

Biosecurity is a major consideration for both the agricultural industry and the wider 

community, and Australia has some of the strictest biosecurity laws in the world to 

safeguard our various disease-free statuses. Yet despite the considerable effort put into 

biosecurity, the failure to establish consistent, effective wildlife testing for animals such 

as shorebirds (that regularly travel into and out of the country in great numbers) is a gap 

in our defences against disease introduction.   

 

During the sampling period, there was a large sewage spill into the nearby waterways 

that the Bar-tailed Godwits used to forage (Water Corporation, 2018). While it is not 

possible to directly link this sewage spill to the findings of S. Hvittingfoss in the birds, it is 

important to be aware that the only nearby township of Broome does not have access to 

rapid pathology testing. Potentially, S. Hvittingfoss could have been circulating in the 
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local population undetected and was therefore present in the sewerage during the spill. 

If this is the case, then it raises concerns for both the community in the area (the waters 

around Broome are often used for fishing) and for the fauna in the area (as Roebuck Bay 

is listed as a RAMSAR site). 

 

6. 4 Escherichia in shorebirds are diverse and harbour E. coli from 
many other organisms and locations. 
The results of Chapter 4 provide a greater understanding of the genetic diversity of E. 

coli in wild shorebirds. Birds carried a genetically diverse range of E. coli lineages 

including both zoonotic and avian-specific strains. Birds were also found to carry 

bacteria that either had, or were closely related to, E. coli lineages that have caused 

disease in humans, livestock and wild animals. The diversity present in these shorebirds 

suggest they are able to acquire and maintain bacteria from a wide range of sources. 

 

These findings have the potential to be extrapolated to other bacterial species and help 

provide insights into how shorebirds may act as reservoirs for a wide range of bacterial 

lineages of both pathogenic, zoonotic, and commensal organisms. As discussed earlier, 

the finding of AMR genes in some isolates shows there is the potential for previously 

susceptible bacterial strains to acquire AMR genes without ever being exposed directly 

to antibiotics. There is much evidence that the gut acts as a ‘melting pot’ of genetic 

determinants (Robinson, Bohannan, & Britton 2019), which poses the threat that wild 

birds may be able to introduce AMR genes into a wide variety of bacterial strains and 

then disseminate these further. 

 

In addition to identifying the genetic diversity in E. coli, other enteric bacteria were 

identified. A newly recognised Escherichia species, E. marmotae, was isolated and 

identified via analysis of WGS data. This species was first identified in 2016, and has only 

been detected in a limited number of species and environments, namely Himalayan 

Marmots (Marmota himalayana), cattle and wastewater. E. marmotae is closely related 

to Clade V E. coli, and further phylogenetic analysis is required to better understand 

what niches E. marmotae occupies and clarify the relationship between clade V E. coli 
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and E. marmotae. In addition, three Citrobacter species were isolated from shorebirds; 

C. freundii, C. braakii, and C. amalonaticus (Appendix 8.1). These species can play 

important roles in the dissemination of AMR genes, and can act as indicators of 

environmental contamination with AMR. Future surveillance of wild shorebird 

populations for AMR genes might consider targeting Citrobacter species as indicator 

organisms of AMR spread. 

 

6. 5 Extended transport may impact organism recovery, which 
impacts prevalence studies 
Traditional culture-based methodology was used in this study over newer, DNA-based 

approaches (that do not require viable bacteria). There was considerable deliberation 

over the most suitable approach to use during the design of this study; however, it was 

decided that culture-based methods remain the gold standard for AMR detection (see 

below for discussion on culture-independent genetic approaches). The decision to use 

culture led to a preliminary study to determine the impact of long-term storage of swabs 

prior to the setup of culture on viability of bacteria (Chapter 2). The rate of bacterial 

survival in transit differed according to species of the bacteria; however, there was 

survival of target bacteria over periods of up to 6 weeks. This finding meant that a 

culture-based study could be used to isolate bacteria from wild birds despite long field 

trips meaning culture setup was delayed for up to 1-month post sample collection. 

However, the variability in survival of bacterial means that determining the prevalence 

of a given bacterial species is not ideal in the current study.  

 

Research in remote wild populations is likely to remain important in the coming 

decades, as humans have an obligation to monitor the health of wild populations while 

there remains increasing anthropogenic pressures on wild animal populations and their 

habitat. In this study it has been demonstrated that if there is a need to gain a detailed 

understanding of bacteria colonising wild animals, culture can be used even if there is an 

extended period between sample collection and culture set up.  
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The ability to successfully culture target bacteria up to 6 weeks post ‘collection’ (as 

demonstrated in Chapter 2 in the preliminary experiment to determine viability of target 

organisms) enabled this study to conduct culture and thus determine AMR and conduct 

detailed genetic analysis on selected isolates. However, it is worth noting that it is not 

possible to appreciate what was ‘lost’ in that process. There is no evidence-based 

reasoning to my knowledge that suggests long-term survival of target organism would 

bias AMR results. However, it is likely to impact on the diversity of bacteria present, with 

some strains of bacteria likely to survive long-term storage than other strains. The 

heterogeneity of E. coli strains detected in this study (Chapter 4) could be interpreted as 

successfully capturing much of the genetic diversity present; however there is no way of 

knowing if indeed there could have been dominant strains present at the time of sample 

collection that were not detected due to limitations in experimental design.   

 

6. 6 Further consideration of AMR bacteria in wild birds 
AMR bacteria is present in populations with seemingly low selection pressures warrants 

further consideration. As discussed in Chapter 4, some AMR genes detected in this study 

had more functions than just antibiotic resistance. The gene mdfA is an efflux pump that 

can confer AMR when upregulated, but this may not be the main function of this gene. 

Many genes that confer antibiotic resistance do so as a side effect of their regular 

function (Beaber, Hochhut, & Waldor 2004, Gullberg et al. 2014). Resistance in wild 

populations may not be solely due to overconsumption of antibiotics in agricultural and 

human populations, and as such it may be found in future research that even with 

increased restrictions in human antibiotic use, AMR in wild populations is still 

widespread and persisting. This may also tie into how resistance genes seem to persist in 

populations, even after antibiotic usage stops (Hsu et al. 2014); there is no extra 

energetic ‘cost’ for essential genes in bacterial genomes, and so they are not lost upon 

the cessation of the selection pressure (in this case, antibiotic exposure). 

 

Nonetheless, a number of the genes detected in the shorebirds in this study specifically 

functioned as resistance mechanisms. The qnrB65 gene is an example of such a 

resistance gene (Jacoby et al. 2006), and was detected in one of the shorebirds tested. 
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The presence of this gene raises multiple questions regarding how it entered the 

shorebird population; the birds could have acquired this gene from environments 

contaminated with antibiotics, or by becoming colonised with a clinically derived isolate. 

The diversity of E. coli detected in shorebirds (Chapter 4), many with associations to 

other animal hosts, suggest it is possible that a clinically-associated isolates carrying this 

resistance gene has come into contact with the isolate detected with the qnrB65 gene. 

 

Many antibiotics are either wholly or partially derived from compounds produced by 

environmental bacteria and fungi. As such, even the bacteria of populations that are 

completely untouched by human activity are still likely to come into contact with 

antibiotic-like compounds, and so have an ecological need for AMR genes. The 

difference between antibiotic exposure under natural settings and antibiotic exposure 

from anthropogenic sources is often a matter of scale; clinical concentrations of 

antibiotics are many times higher than what is present in natural environments, and 

may result in AMR genes either being expressed far more than they would under natural 

circumstances. In addition, some of the antibiotics utilised in clinical and agricultural 

settings are entirely synthetic and have no environmental analogues- yet resistance 

genes to them are still present in the environment and in wild populations (Cizek et al. 

2007, Literak et al. 2010, Foti et al. 2011, Wilson et al. 2019). Resistance to synthetic 

antibiotics such as nalidixic acid was detected in the shorebirds in this study, indicating 

that Australian shorebirds are indeed either coming into contact with human-associated 

bacteria, or with AMR genes descended from human activity. 

 

6. 7 Genetic approaches to pathogen surveillance 
While this study intentionally used culture to isolate bacterial strain for further 

characterisation, much can be gained from a genomic-only research approach, and 

future studies are likely to be increasingly dependent on genomic detection and 

characterisation. Genomic approaches have been employed to investigate pathogens in 

Australian and other shorebirds to great effect (Power et al. 2016, Risely et al. 2018, 

Risely et al. 2017). To date approaches such as 16S RNA gene sequencing and 
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metagenomic approaches provide methods for investigating community composition, 

and in doing so can readily detect microbes of genus level. 

 

In the current study, DNA isolation was attempted in tandem with bacterial culture. In 

addition to a swab collected in transport media for subsequent culture, a dry swab was 

collected for potential application of genomic detection methods. However, preliminary 

attempts revealed challenges in obtaining sufficient DNA to enable meaningful genomic 

detection such as PCR to be conducted (data not shown). The collection of suitable 

volumes of DNA from these swabs proved to be unreliable, for which there may have 

been a multitude of reasons. The DNA swabs were all collected from shorebirds after 

swabbing for bacterial isolates, which may have reduced the available material for DNA 

isolation. In addition, the sizes of the shorebird species targeted varied greatly; the 

smallest species targeted (the Red-necked Stint) had an average weight of 20-50g. This 

impacted the ability to swab small birds twice due to ethical concerns. The process of 

DNA isolation itself also presented problems, despite multiple extraction methods being 

trialled; further research investigating how to collect appropriate DNA samples from 

such birds would be of great use in shorebird research, and indeed in wild bird research 

in general. Efficiency of DNA extraction continues to improve, with pursuits such as 

molecular forensics driving the need to be able to detect minute amounts of DNA. Thus, 

although direct genetic analysis was conducted in this study, there is no suggestion that 

it could not, or should not be applied to research investigating avian microbiomes, 

including bacterial zoonotic pathogens in wild birds in the future. 

 

PCR and other nucleic amplification techniques are rightfully considered highly sensitive 

and are likely to be the main approach used in most future studies like this one. 

However, one should not overlook the importance of obtaining adequate DNA for the 

amplification technique to be conducted, and if insufficient DNA is obtained from 

samples the results will be impacted upon to the detriment of the study. It is also worth 

considering the potential sensitivity of culture: one viable bacterial cell can result in 

successful culture of a target organisms. The chance of obtaining a specific organism can 

be further enhanced using enrichment media. Such an approach is commonplace in 

detection of foodborne pathogens and to a lesser extent clinically relevant pathogens. 
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Where initial numbers may be low an enrichment can enable viable bacteria to multiple 

to a point where they can be readily detected using molecular approaches. For future 

research, it would be prudent for traditional culture methodologies to be combined 

further with genomic and sequencing methodologies.  

 

While methods currently exist for direct genetic detection of bacteria (and other 

microorganisms) the widescale application of such approaches to studies with a large 

sample size remains expensive. In this study, conducting culture and then selecting 

bacteria for further genetic characterisation enabled the development of knowledge in a 

cost-efficient manner. This is often a limitation when conducting research on wild animal 

populations where the health and economic benefits to humans are often considered 

peripheral or not immediately threatening. The cost of conducting WGS has decreased 

considerable over the past ~10 years, and may continue to decrease as technologies 

develop. Thus it is anticipated that cost will become less of a critical consideration in 

experimental design in the future. 

 

Combining genetic and culture techniques to investigate whether birds can directly 

transmit clinically important or pathogenic bacteria into another bird, other animal or 

human population could help overcome some of the shortcomings of this study. Ideally, 

prevalence would be determined by direct genetic detection (notwithstanding the 

limitations outlined above), either through a metagenomic approach or by targeting 

specific species through PCR or other nucleic amplification technique. There may even 

be the potential to conduct some such analyses in the field in the future, with the 

development of portable approaches such as LAMP, field-PCR and MinION sequencing 

technology. Where further characterisation including AMR profiles are required, culture 

could later be conducted in the laboratory. 

 

6. 8 Implications of findings for wild bird conservation and human 
public health 
When considering migratory birds as potential disease vectors, it should be recognised 

that humans should not attempt to directly control the movements and behaviours of 
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the birds themselves. Birds have been migrating for millennia, and humans have no way 

of changing how the birds behave without massive impacts on bird populations and 

broader ecological webs. While monitoring the health of and tracking the movements of 

livestock or caged birds is possible (and often, is undertaken as part of routine 

biosecurity regulations in many countries) tracking the movement and health of wild 

birds is more challenging. This is especially the case for migratory birds; as mentioned in 

Chapter 1, migratory flyways such as the EAAF span two hemispheres and multiple 

countries. Coordinating long term monitoring programs between the many countries 

involved is difficult; though it remains a worthy goal and there have been successes in 

the past for such programs. For example, the East Asian-Australasian Flyway Partnership 

is a voluntary initiative to protect migratory shorebirds and their habitat, and has been 

adopted by 18 countries and 6 intergovernmental agencies (Szabo et al. 2016). Such a 

long term, interconnected operation is possible for monitoring shorebird populations for 

disease emergence, and would provide a deep understanding of disease transmission 

and AMR presence in the flyway as a whole, rather than in just individual countries. 

 

Effective control of AMR spread into the wild is not something that can be done by 

controlling the populations affected directly. What we can- and should- control, is how 

our antibiotic usage affects and enters the environment. We are aware of the main 

avenues of how antibiotic compounds and AMR bacteria pass from anthropogenic 

sources and out into the wider environment, but there is little done to curb this 

transmission. When designing sewerage treatment plants and planning where effluent 

will be expelled to, we need to take into concern what bacteria we are releasing as well 

as looking at what pollutants are being let out. When feeding livestock, we need to 

weigh up what is more important: the short-term economic gain produced through 

slightly higher product yields, or the long-term disadvantages that will face the entire 

population when AMR bacteria inevitably spreads out from the farm and into the wider 

community. While such measures may not remove all traces of AMR from wild 

populations, they will ensure that resistance is not widespread in wild populations, and 

that resistance to clinically important or synthetic antibiotics does not enter such 

populations at all. 
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With regards to public health, these findings show that although resistance to some 

clinically important antibiotics was detected, they were not common, and therefore 

Australian shorebirds do not appear to currently be significant reservoirs of AMR 

bacteria of clinical importance. This finding is promising for the continued protection of 

both wild populations and communities against the development and proliferation of 

AMR bacteria, and is something that needs to be protected against further intrusion. As 

demonstrated in multiple other studies, remoteness and lack of human interaction 

alone does not prevent AMR bacteria from colonising wild populations; it merely delays 

colonisation. The continued degradation and human encroachment into shorebird 

habitat increases the chances of these populations becoming reservoirs for AMR 

bacteria, to the detriment of both the community and the wild populations themselves. 

 

6. 9 Conclusions 
In summary, the results from this thesis show that Australian shorebirds are capable of 

carrying (and potentially transmitting) enteric pathogens of clinical importance. While 

prevalence data cannot be reliably calculated from sample swabs in extended transit, 

culturing these swabs for further characterisation of individual isolates can be 

conducted, and has provided insights into bacteria present in a difficult to sample group 

of animals. Shorebirds are capable of harbouring bacteria of human health importance, 

as demonstrated by Bar-tailed Godwits being shown for the first time to be a potential 

reservoir for the foodborne pathogen S. Hvittingfoss. Further surveillance is needed for 

these populations, to both determine bacterial prevalence and to understand what role 

shorebirds may play in the transmission of other pathogenic and AMR bacteria. 
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Foreword to Appendix 8.1 
During the analysis of E. coli WGS data in Chapter 4, four of the sequenced isolates were 

identified to be Citrobacter spp. These isolates were investigated for AMR genes and 

speciated, and genome assembly quality for all four isolates were investigated. 

These isolates were collected from three species of shorebird; the Curlew Sandpiper, 

Double-banded Plover and Bar-tailed Godwit. 

 

This accepted manuscript shows that the carriage of AMR genes in bacteria from 

shorebirds is not restricted only to potential pathogens such as E. coli, Enterococcus and 

Salmonella. Citrobacter are known commensal organisms, and have potential as 

indicator organisms of AMR contamination in environmental settings. Future studies 

may consider targeting Citrobacter species if undertaking surveillance studies in wild 

bird populations. 

 

 

Provided below is a copy of the accepted manuscript (re-formatted slightly to be 

consistent with the rest of this thesis). The details of the publication are as follows: 

 

Smith, H.G.P., Bean, D.C, Pitchers, W., Valcanis, W., Clarke, R.H., Loyn, R., Hassell, C.J., 

Greenhill, A.R. (In Press). Draft genome sequences of four Citrobacter isolates recovered 

from wild Australian shorebirds. Microbiology Resource Announcements. 9:e01113-20. 

doi.org/10.1128/MRA.01113-20. 
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8.1.1 Abstract 
Citrobacter spp. are a ubiquitous bacterial genus that inhabit a variety of niches. Some 

species are clinically important for both antimicrobial resistance (AMR) carriage and as 

the cause of nosocomial infections. Surveillance of Citrobacter species in the 

environment can provide indicators of the spread of AMR genes outside clinical spaces. 

In this study we present draft-genome sequences of four Citrobacter isolates obtained 

from three species of wild Australian shorebirds. 

 

mailto:andrew.greenhill@federation.edu.au
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8.1.2 Announcement 
The genus Citrobacter comprises 11 species. They occupy a broad range of habitats, play 

a key role in the nitrogen cycle, and are frequently found in food and in the gut of 

animals including humans (1). Citrobacter is an opportunistic pathogen of humans, most 

commonly associated with infant meningitis, urinary tract infections, sepsis and 

pneumonia (2). Species most commonly isolated from clinical specimens are C. koseri, C. 

freundii, C. youngae, C. braakii and C. amalonaticus (3). Citrobacter species can act as 

reservoirs for AMR genes, and can transfer these genes to other pathogenic bacteria (4, 

5). Citrobacter spp. have been isolated from both healthy (6) and diseased birds (7). 

We present here draft genomes of four Citrobacter isolates collected from Australian 

shorebirds through 2017-2018.  

 

Cloacal swabs collected from healthy Australian shorebirds recovered four Citrobacter 

isolates (Table 12). Cloacal swabs were pre-enriched by incubating overnight in Brain 

Heart Infusion broth at 35°C, followed by a secondary enrichment by transferring 100µl 

into Mannitol broth and again incubating overnight at 35°C. The broths were 

subsequently subcultured onto MacConkey II agar (Oxoid) and incubated overnight at 

35°C.  

 

Phenotypic testing of antimicrobial resistance was conducted using the disk diffusion 

method (8). For DNA extraction organisms were grown overnight on Nutrient Agar. 

Genomic DNA was extracted using a Qiagen DNeasy kit and quantified using an 

Invitrogen Qubit 2. Sequencing was conducted at the Australian Genome Research 

Facility using the Illumina MiSeq, with Illumina gDNA shotgun library preparation with 

bead size selection protocol generating 150bp paired-end reads.  

Raw reads were uploaded to the Galaxy web platform, and data were analyzed via the 

public server at usegalaxy.org, version 20.01 (9). Genomes were assembled de novo and 

read quality control performed using Unicycler Ver. 0.4.8.0 (10), and genome assembly 

quality was analyzed using QUAST Ver. 5.0.2+galaxy1 (11). Genomes were uploaded to 

NCBI and annotated by PGAP, version 4.12 (12). Further information on genome 

parameters is given in Table 12. 
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Table 13. Genotypic and phenotypic features of the Citrobacter sp. isolates. 

Isolate data 

Strain 966a 1120a 1241a 1273b 

Species Citrobacter 

amalonaticus 

Citrobacter braakii Citrobacter freundii Citrobacter freundii 

Sampling 

location 

38.324105 S 

145.517553 E 

38.003826 S 

144.596880 E 

17.979327 S 

122.336533 E 

17.979327 S 

122.336533 E 

Host Double-banded Plover 

(Charadrius bicinctus) 

Curlew Sandpiper 

(Calidris ferruginea) 

Bar-tailed Godwit 

(Limosa lapponica) 

Bar-tailed Godwit 

(Limosa lapponica) 

Year of isolation 2017  2017 2018 2018 

Phenotypic 

resistance 

Amoxicillin, Ampicillin Amoxicillin, 

Ampicillin 

Amoxicillin Amoxicillin, 

Ampicillin 

AMR1 genes None blaCMY-48 blaCMY-48 blaCMY-48 

No. of total raw 

paired reads 

753,330 617,160 728,982 493,188 

No. of contigs 91 34 48 54 

Total length (bp) 4,903,911 5,098,689 5,280,444 5,279,325 

N50 length 225,898 851,789 571,851 571,851 

Average depth 71.7x 71.7 71.7x 68,5x 

GC content (%) 53.35 51.49 51.35 54 

BioSample no. SAMN13884683 SAMN13884692 SAMN13884697 SAMN13884710 

Assembly no. ASM1433303v1 ASM1433294v1 ASM1433285v1 ASM1433283v1 

1Antimicrobial Resistance (AMR) 

 

ResFinder 3.2 (13) hosted by the Centre for Genetic Epidemiology 

(http://www.genomicepidemiology.org/) was used to identify AMR genes. The AMR 

gene identified can be seen in Table 12. This gene is thought to have originated in C. 

freundii (14).  

 

https://www.ncbi.nlm.nih.gov/biosample/SAMN13884683
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884692
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884697/
https://www.ncbi.nlm.nih.gov/biosample/SAMN13884710
https://www.ncbi.nlm.nih.gov/assembly/GCF_014333035.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_014332945.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_014332855.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_014332835.1
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8.1.3 Data availability  
Whole genome sequences, assemblies and raw reads for this project have been 

deposited in GenBank under the BioProject PRJNA602163. Raw reads are available 

under the SRA as SRR11613026 (C. braakii), SRR11613020 (C. freundii), SRR11613006 (C. 

freundii) and SRR11612996 (C. amalonaticus).  
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Foreword to Appendix 8.2 
The initial question behind this thesis- do wild Australian birds carry AMR bacteria- was 

conceived as an undergraduate student research project. This question was expanded 

further as an Honours research project, and provided the preliminary results that 

confirmed the validity of expanding research to surveying Australian shorebirds, looking 

at both migratory and non-migratory species.  

 

Most of the laboratory work for this publication was completed as part of the 

aforementioned Honours project, prior to commencement of this PhD. However, some 

laboratory analysis (such as confirmation of some AMR data and screening isolates for 

van genes), re-analysis of data and manuscript preparation was conducted during the 

early stages of this PhD. The findings of presented in this publication informed the aims 

of this research project, and the results guided the experimental design of this thesis. 

 

Approximately 33% of the work required to complete this work to the stage of 

publication was conducted as part of this PhD. Provided below is a copy of the accepted 

manuscript (re-formatted slightly to be consistent with the rest of this thesis). The 

details of the publication are as follows: 

 

Smith, H.G., Clarke, R.H., Larkins, J-A., Bean, D.C. & Greenhill, A.R. (2019). Wild 

Australian birds and drug-resistant bacteria: characterisation of antibiotic-

resistant Escherichia coli and Enterococcus spp. Emu – Austral Ornithology, 119(4): 384-

390. doi.org/10.1080/01584197.2019.1591162 
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8.2 Wild Australian birds and drug resistant bacteria: 

Characterisation of antibiotic resistant Escherichia coli and 

Enterococcus spp.  

 

Hannah G. SmithA,B, Rohan H. ClarkeC, Jo-Ann LarkinsA, David C. BeanA, Andrew R. GreenhillA 

 
A School of Health and Life Sciences, Federation University, Victoria, Australia.  
B Faculty of Science, Monash University, Australia. 
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Corresponding author: Andrew R. Greenhill. andrew.greenhill@federation.edu.au 

 

8.2.1 Abstract 
Birds can spread microorganisms through their movement; however it is still not fully 

understood how wild birds acquire and disperse antimicrobial resistant bacteria. We 

sampled wild Australian birds from three geographically distinct locations for the presence 

of AMR strains of two clinically important species of bacteria, Escherichia coli and 

Enterococcus spp. A total of 121 birds were sampled, representing 15 different species. 

Thirty E. coli and 54 Enterococcus isolates were tested for resistance to 12 and 8 different 

antibiotics, respectively. Resistance to at least one antibiotic was common, being detected 

in 96% of Enterococcus and 60% of E. coli isolates. The vancomycin resistance genes vanA 

and vanD were detected in 22% of enterococci (13% vanA, 9% vanD), while 9% displayed 

phenotypic resistance with no associated gene. Wild birds are a carrier of AMR bacteria in 

Australia, and are capable of harbouring a more diverse range of vancomycin resistance 

genes than is typically seen among Australian clinical isolates. 

 

Keywords: Zoonotic, AMR, antimicrobial, avian, van genes. 

 

8.2.2 Introduction 
Due to their highly mobile nature, birds have the potential to rapidly spread microorganisms 

between geographically distinct locations (Reed et al. 2003, Bauer & Hoye 2014). In addition 

mailto:andrew.greenhill@federation.edu.au
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to microorganisms, wild birds are also capable of carrying antimicrobial resistant (AMR) 

bacteria, which are recognised as a growing threat to global health (da Costa et al. 2013, 

Reed et al. 2003). At least 700,000 deaths are associated with AMR each year, and this is 

predicted to reach 10 million deaths by 2050 (Kahn 2017). AMR bacteria have been found in 

environments and animal populations not directly exposed to antibiotics (Allen et al. 2010), 

including wild animal populations (da Costa et al. 2013). The transmission of bacteria 

between wild animals and humans has been noted in areas of high human-wildlife contact, 

such as urban fringes (Blyton et al. 2015, Pesapane et al. 2013). Moreover, genetically 

similar bacteria have been detected both animal and human hosts (Clermont 2011). 

 

Enterococcus spp. and Escherichia coli are common gastrointestinal bacteria, and can be 

passed between wild birds and humans (Abulreesh et al. 2007, da Costa et al. 2013, 

Bonnedahl and Jarhult et al. 2014). Both are potential pathogens of humans and other 

animals, and are effective indicators of AMR in the environment due to the ease with which 

they acquire resistance genes (Radhouani et al. 2012). Enterococci are a serious concern in 

clinical settings, being ranked as the second most abundant healthcare-associated infection 

globally (Coombs et al. 2013). Of particular concern is resistance to the antibiotic 

vancomycin, a drug traditionally reserved for the treatment of severe Enterococcus and 

Staphylococcus infections in humans (Courvalin 2006). 

 

The first AMR bacteria isolated from wildlife was recovered from pigeons (Columba livia) in 

1975 (Bonnedahl and Jarhult 2014). Since then, AMR bacteria have been isolated in birds 

from every continent (Guenther et al. 2012, Bonnedahl and Jarhult, 2014, Blyton et al. 

2015). AMR bacteria have been isolated from a diversity of avian taxa including 

representatives in the families Laridae (Cizek et al. 2007), Passerines (Hernandez-Divers et 

al. 2008, LeJeune et al. 2008), Columbidae (Radimersky et al. 2010) and Accipitriformes 

(Radhouani et al. 2012). Three recent studies have investigated AMR in Australian birds: one 

investigated E. coli in wild and domestic birds (Blyton et al. 2015); while two looked at AMR 

Enterobacteriaceae and vancomycin-resistant Enterococcus (VRE) in Silver Gulls from New 

South Wales (Chroicocephalus novaehollandiae; Dolejska et al. 2015, Oravcova et al. 2017). 

Whilst these studies provide much-needed insight into how wild birds are affected by 

anthropogenic activity and location, there remains a gap in knowledge for how AMR and 

VRE carriage may differ at sites with little to no anthropogenic impact. 
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In the current study, we demonstrate that resistance to clinically important antibiotics is 

pervasive in wild avian populations, regardless of location or human impact. Furthermore, 

the study provides clarification on the impact anthropogenic contact has on AMR carriage in 

wild Australian birds, by investigating habitats with little to no anthropogenic impact.  

 

8.2.3 Methods 
8.2.3.1 Sample sites and species investigated 
Cloacal swabs were collected from three geographically distinct locations: Adele Island (15 

31' 28" S, 123 09' 20" E), NW Australia, Boigu Island (9 13' 59"S, 142 13' 00"E), Torres Strait, 

Queensland and the Gippsland Lakes (37 57' 52"S 147 46' 15" E), Victoria, where capture of 

wild free-flying birds was being conducted for ecological research (see Mott et al. 2017a). 

Birds were captured using canon nets, mist nets or hand nets, as appropriate to the target 

species. In all instances sampled birds appeared healthy, displaying no signs of illness or 

injury. Cloacal swabs were collected using routine bird handling and sample collection 

methods. Swabs were placed in Aimes transport media and stored at 4°C until bacterial 

culture could be conducted. Transit time between sample collection and culture varied, with 

a 5 day transit time for the Gippsland Lakes samples, 2-12 days for the Torres Strait samples, 

and 4-8 days for the Adele Island samples. This work was conducted under wildlife permits 

issued by Parks Australia, Victorian Department of Environment, Land, Water and Planning 

(DELWP) and Queensland Environment Protection Agency and animal ethics approvals 

administered through Monash University BSCI/2012/08 (Adele Island), BSCI/2012/15 

(Gippsland Lakes) and BSCI/2014/03 (Torres Strait). 

8.2.3.2 Bacterial culture and identification 
We selected two bacteria for our analysis: one Gram positive (Enterococcus spp.) and one 

Gram negative organism (E. coli). Each swab was used to inoculate duplicate Oxoid 

MacConkey II agar. Plates were incubated at 37°C and checked for growth at 24, 48 and 72 

hours.  

 

Suspected E. coli or Enterococcus were subcultured: up to six colonies were selected from 

each plate. Identification was conducted by biochemical tests (Catalase, Oxidase and Gram 

Stain) and PCR. Enterococcus isolates were identified to genus and species level by using 

established protocols that target the 16S rRNA gene (Ryu et al. 2013). Molecular 

confirmation of E. coli was conducted following protocols of Khan et al. (2007) that targeted 

a 450bp fragment in the Internal Transcribed Spacer (ITS) region.  
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Isolates were tested for AMR using the Kirby-Bauer disk diffusion test following CLSI 

guidelines. Antibiotics appropriate for the clinical treatment of each organism were chosen 

(Clinical and Laboratory Standards Institute 2012). 

 

8.2.3.3 Antimicrobial resistance testing and van gene detection 
E. coli isolates were tested for susceptibility to amikacin (10 µg), co-trimoxazole (1.25/23.75 

µg), streptomycin (10 µg), nalidixic acid (30 µg), imipenem (10 µg), ceftazidime (30 µg), 

ampicillin (10 µg), tetracycline (30 µg), gentamicin (10 µg), chloramphenicol (30 µg), 

amoxicillin-clavulanic acid (30 µg) and ciprofloxacin (5 µg). Enterococcus isolates were tested 

against erythromycin (15 µg), tetracycline (30 µg), chloramphenicol (30 µg), ampicillin (10 

µg), streptomycin (300 µg), gentamicin (120 µg), ciprofloxacin (5 µg) and vancomycin (30 

µg). If multiple isolates were obtained from a single swab, susceptibility testing was 

conducted on all isolates. The presence of the vancomycin resistance genes vanA, vanB, 

vanC and vanD in the Enterococcus isolates was determined by PCR (Depardieu et al., 2004).  

 

8.2.4 Results 
8.2.4.1 Bird species 
Samples were collected from 121 birds. In the Gippsland Lakes region of Victoria (a major 

human population centre) 26 Greater Crested Terns (Thalasseus bergii) were sampled. In 

the Torres Strait (a human population of 300-400 on the island), 46 individual birds were 

sampled, representing 10 species (two Coraciiformes, one Cuculiforme and seven 

Passeriformes; Table 13). From Adele Island (no permanent human population) 49 birds 

were sampled, representing four species of seabird (all Suliformes; Table 13). 

 

8.2.4.2 Bacterial isolates 
From 121 sampled birds, 15 (12%) were positive for E. coli (12 Greater Crested Tern, two 

Varied Honeyeater (Gavicalis versicolor), one Rainbow Bee-eater (Merops ornatus) and 14 

(11%) for Enterococcus (5 Greater Crested Tern, two Varied Honeyeater, two Sacred 

Kingfisher (Todiramphus sanctus), and one each of; Willie Wagtail (Rhipidura leucophrys), 

Horsfields Bronze-Cuckoo (Chrysococcyx basalis), Rainbow Bee-eater, Masked Booby (Sula 

dactylatra), and Lesser Frigatebird (Fregata ariel), Table 13). A total of 71 presumptive 

Enterococcus isolates and 73 presumptive E. coli isolates were obtained, all of which were 

confirmed by PCR.  
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Table 14. Australian bird species sampled, and the proportions of birds positive for bacterial 
carriage, and the proportions of birds positive for AMR carriage. 

Sampling 
location 

Bird species 
(common name) 

No. of 
birds 

sampled 

Number (%) birds 
positive* 

 Number of birds yielding bacteria resistant to a specific 
antibiotic (number; %#) 

E. coli Enterococcus 
spp. 

 E. coli Enterococcus spp. 

Gippsland Lakes Thalasseus bergii  
(Greater Crested Tern) 

26 12 
(46%) 

5 (19%)  Amikacin (1; 8%) 
Ceftazidime (1; 8%) 
Chloramphenicol (1; 

8%) 
Streptomycin (4; 

33%) 

Ciprofloxacin (3; 60%) 
Erythromycin (5; 100%) 
Gentamicin (5; 100%) 

Streptomycin (5; 100%) 
Vancomycin (2; 40%) 

Boigu Island Rhipidura leucophrys 
(Willie Wagtail) 

1 0 1 (100%)  - Ampicillin (1; 100%) 
Ciprofloxacin (1; 100%) 
Erythromycin (1; 100%) 
Gentamicin (1; 100%) 

Streptomycin (1; 100%) 
Vancomycin (1; 100%) 

Chrysococcyx basalis 
(Horsfields Bronze-Cuckoo) 

1 0 1 (100%)  - Ampicillin (1; 100%) 

Gavicalis versicolour 
(Varied Honeyeater) 

23 2 (9%) 2 (9%)  Amikacin (1; 50%) 
Amoxicillin (1; 50%) 
Ampicillin (2; 100%) 

Streptomycin (2; 
100%) 

Ampicillin (1; 50%) 
Ciprofloxacin (1; 50%) 

Chloramphenicol (1; 50%) 
Erythromycin (1; 50%) 
Gentamicin (1; 50%) 

Streptomycin (1; 50%) 
Vancomycin (1; 50%) 

Todiramphus sanctus 
(Sacred Kingfisher) 

2 0 2 (100%)  - Ampicillin (2; 100%) 
Ciprofloxacin (2; 100%) 

Chloramphenicol (1; 50%) 
Erythromycin (2; 100%) 
Gentamicin (2; 100%) 

Streptomycin (2; 100%) 
Tetracycline (1; 50%) 

Vancomycin (2; 100%) 
Merops ornatu 
(Rainbow Bee-eater) 

2 1 (50%) 1 (50%)  Ampicillin (1; 100%) 
Amoxicillin (1; 

100%) 
Gentamicin (1; 

100%) 
Streptomycin (1; 

100%) 
Tetracycline (1; 

100%) 

Ampicillin (1; 100%) 
Amoxicillin (1; 100%) 
Gentamicin (1; 100%) 

Streptomycin (1; 100%) 
Tetracycline (1; 100%) 

Myiagra Alecto 
(Shining Flycatcher) 

1 0 0  - - 

Ramsayornis modestus 
(Brown-backed Honeyeater) 

1 0 0  - - 

Conopophila albogularis 
(Rufous Banded Honeyeater) 

1 0 0  - - 

Xanthotis flaviventer 
(Tawny-breasted Honeyeater) 

12 0 0  - - 

Dicrurus bracteatus 
(Spangled Drongo) 

2 0 0  - - 

Adele Island Sula dactylatra 
(Masked Booby) 

9 0 1 (11%)  - Ciprofloxacin (1; 100%) 
Erythromycin (1; 100%) 
Gentamicin (1; 100%) 

Streptomycin (1; 100%) 
Vancomycin (1; 100%) 

Fregata ariel 
(Lesser Frigatebird) 

20 0 1 (5%)  - Erythromycin (1; 100%) 
Streptomycin (1; 100%) 
Vancomycin (1; 100%) 

Sula leucogaster 
(Brown Booby) 

16 0 0  - - 

Fregata minor 
(Great Frigatebird) 

4 0 0  - - 
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For both E. coli and Enterococcus spp., multiple bacterial isolates from a single bird with 

identical AMR phenotypes were excluded, on the assumption they were clonal. This resulted 

in 30 distinct E. coli isolates and 54 distinct isolates of Enterococcus spp. Enterococcus spp. 

were isolated from birds in all three study sites, while E. coli was recovered from birds in 

two study sites (Gippsland Lakes and Boigu Island). Of the Enterococcus isolates, 45 (83%) 

were identified as E. faecalis, 2 (4%) as E. faecium, and 7 (13%) could not be identified to 

species.  

 

8.2.4.3 Antimicrobial resistance and van genes 
Of the 15 birds from which E. coli was isolated, AMR bacteria were detected in nine (60%) 

birds (seven Greater Crested Terns, two Varied Honeyeaters and one Rainbow Bee-Eater, 

Table 13). Of the E. coli isolates, 34% demonstrated resistance to streptomycin, 34% to 

ampicillin, 7% to amikacin, 7% to amoxicillin, 7% to gentamicin, 4% to chloramphenicol, 4% 

to ceftazidime, and 4% to tetracycline. All isolates were sensitive to imipenem, nalidixic acid, 

co-trimoxazole and ciprofloxacin. Multi-drug resistance (resistance to >1 drug) was recorded 

in 23% of E. coli isolates, in both sites where E. coli was detected.  

 

Of the 14 individual birds from which Enterococcus spp. were isolated, AMR bacteria were 

detected in 13 (five Greater Crested Terns, two Sacred Kingfishers, and one each of Varied 

Honeyeater, Rainbow Bee-Eater, Willie Wagtail, Horsfields Bronze-Cuckoo, Lesser 

Frigatebird, and Masked Booby, Table 13). Ninety-six percent of Enterococcus isolates 

displayed AMR. Of these isolates, 83% demonstrated resistance to streptomycin, 50% to 

erythromycin, 48% to gentamicin, 31% to vancomycin, 26% to ciprofloxacin, 13% to 

ampicillin, 6% to chloramphenicol, and 2% to tetracycline. Resistance was observed to every 

antibiotic tested. Multi-drug resistance was recorded in 72% of Enterococcus isolates, and in 

all three sites. 

 

Seventeen (31%) VRE isolates in total were discovered. Van genes were detected in 22% of 

enterococci; 13% (n=7) isolates were vanA, 9% (n=5) were vanD, while three carried both 

vanA and vanD. Five isolates were VRE, but did not carry either vanA, B, C or D. 

No vanB or vanC genes were detected. VRE was isolated from six bird species, with vanA 

carried by two Sacred Kingfishers, one Willie Wagtail, one Masked Booby, and vanD carried 
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by one Willie Wagtail, one Sacred Kingfisher and one Greater Crested Tern (all of which also 

carried vanA). Vancomycin resistance was also present in one Greater Crested Tern, Varied 

Honeyeater and Lesser Frigatebird, but a van gene was not identified. Vancomycin 

resistance was detected in all three study sites. 

8.2.5 Discussion 
This study demonstrates that wild birds in three geographically distinct locations around the 

periphery of the Australian continent harbour AMR bacteria. Moreover, resistance was 

widespread across bird taxa, and was present in remote and isolated habitats. 

The proportion of AMR E. coli isolates was generally higher in this study (60% of isolates, 

with 7% of birds carrying AMR bacteria) than in similar studies conducted in countries such 

as the US (49% of isolates; though 23% of birds carried AMR bacteria, Gaukler et al. 2009) 

and the Czech Republic (1.5% of isolates, with 1% of birds carrying AMR bacteria; 

Radimersky et al. 2010). However, a study of Common Buzzards (Buteo buteo) in Portugal 

found 97% of E. coli isolates displayed AMR, with 83% of birds carrying AMR bacteria. 

(Radhouani et al. 2012).  

As was the case with E. coli, the prevalence of AMR enterococci was generally higher (96% 

of isolates carried drug resistance), though the prevalence of AMR enterococci in the overall 

population was lower (12% of birds carried AMR Enterococcus spp.) than in similar studies. 

For example, 31% of Enterococcus isolates in feral pigeons in the Czech Republic 

demonstrated AMR, with 18% of birds carrying AMR bacteria (Radimersky et al. 2010), and 

46% of enterococci from wild birds in the Azores Archipelago demonstrated AMR, with 29% 

of birds carrying AMR enterococci (Santos et al. 2013). However, direct comparisons to 

previous studies are limited due to the small sample size in the current study. Moreover, it is 

important to note that bacterial recovery may have been adversely affected by time in 

transit between swab collection and culture. 

Vancomycin resistance was investigated further due to its importance in human medicine. 

While vancomycin has never been available for use in livestock, a chemically similar 

antibiotic (Avoparcin) was used in Australian agriculture until 2007 (Barton 2010). VRE has 

only been described once in Australian birds, from Silver Gulls in both Sydney and Five 
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Islands, NSW (Oravcova et al. 2017). Our study isolated 17 VRE isolates, in six species, from 

all study sites. It is important to note that the culture methods used differed between this 

study and the Oravcova et al. study, which cultured for VRE isolates. Elsewhere, VRE have 

been reported in a number of avian species, including Rooks (Corvus frugilegus), and feral 

pigeons in Europe (Radimersky et al. 2010, Oravcova et al. 2013). Our findings compliment 

those of Oravcova et al. (2017), and demonstrate that VRE occurs in a range of 

taxonomically distinct Australian bird species that are geographically dispersed, and in 

association with both high and low human population densities. In addition to the vanA and 

vanB genotypes discovered by Oravcova et al., this study shows that vanD genotypes also 

are present in Australian birds. This genotype is not currently seen in the clinical population 

(Lee et al. 2018, Coombs et al. 2013). While Silver Gulls often live in close proximity to 

humans and may be exposed to clinically important bacteria through behaviour such as 

feeding on refuse (Smith et al. 1993), many of the identified carriers of VRE in this study are 

unlikely to have the same exposure due to habitat, foraging requirements or behavioural 

responses (Jackson et al. 1993, Mott et al. 2017a).   

 

It is possible that the birds acquired AMR bacteria from environmental contamination 

(Berglund et al. 2015), or through interactions with other wildlife that may interact with 

anthropogenic environments (Smith et al. 1993). In addition, some of the species sampled 

(such as the Passerines) may be acquiring AMR bacteria indirectly from anthropogenic 

sources through diet, by ingesting insects that have fed on refuse. This is of importance in 

areas of high anthropogenic activity, such as the Gippsland Lakes, or in areas with poorer 

access to adequate sanitation, such as Boigu Island (Bailie et al. 2004, Horwood and 

Greenhill 2012).  

 

This study clearly demonstrates that AMR bacteria are present in a diversity of wild bird 

species at distant points around Australia. Whilst acknowledging limited replication across 

just three sites, given that one of these sites (Adele Island) is remote from human 

population centres, and another (Boigu Island) is sparsely populated with a near complete 

absence of livestock, our results suggest that direct anthropogenic contact may only be one 

of a number of drivers of AMR and VRE at regional scales. It is possible that proximity to the 

Asia-Pacific is a contributing factor to this trend (Molton et al. 2013), especially given that 
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Torres Strait is recognised as an important migratory flyway (Draffan et al. 1986, Clarke 

2004) and that some seabirds from Adele Island are known to spend the non-breeding 

season in Indonesian waters where individuals also accumulate high loads of heavy metals 

(Mott et al. 2017b). 

 

Of particular interest is that vanA was detected in our isolates. In Australia vanB is most 

commonly associated with clinical VRE (Coombs et al 2013); whereas in China vanA has 

been shown to be common (Zhao et al. 2010). Four of the six vanA isolates were obtained 

from Boigu Island, Torres Strait. Although these particular species do not migrate to Asia, 

there is potential for crossover from migratory landbirds that breed as far afield as eastern 

Asia and travel through, or remain in, the Torres Strait during the non-breeding season (e.g 

Oriental Cuckoo, Cuculus optatus: Clarke 2004). Given the absence of direct AMR exposure 

pathways for the bird species assessed here, more work needs to be done to determine 

where and how such AMR bacteria are colonizing Australian birds.  
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 Completed        Completion date:      01 /    03  / 2019 

 

 Abandoned for the following reason: 

 

 

4. SPECIAL CONDITIONS: 
 

If this project was originally approved subject to certain conditions, have these been met? 

 

 

 N/A 
 

 

 Yes 

 

 No    * NB: If ‘no’, please provide an explanation:  

 

 

5. CHANGES TO PROJECT: 
 

5.1 Have any amendments been made to the originally approved project? 

 

 No  Yes    * NB: List all Amendment details:   

Provided further clarification of what capture methods would be used by the Victorian Wader 
Study  

Group to initially capture animals. 

Removed two species (Silver Gull, Chroicocephalus novaehollandiae, and Australian White Ibis,  

Threskiornis moluccus) from the list of species to be targeted. Added three more species 
(Double- 

banded Plover, Charadrius bicinctus, Red-Capped Plover, Charadrius ruficapillus, Ruddy 
Turnstone,  

Arenaria interpres) to the list of species to be targeted. 

Removed a species to be targeted- Banded Stilt, Cladorhynchus leucocephalus. 

Addition of locations in Western Australia (80 mile beach and Roebuck Bay) 

Addition of locations in South Australia (Adelaide and Mount Lofty Ranges, South Australian Murray-
Darling Basin, Eyre Peninsula, Northern and Yorke, South East, Piccannie Ponds Conservation Park, 
Little Dip Conservation Park, Beachport Conservation Park, Canunda National Park, Coorong National 
Park, Venus Bay Conservation Park, Bernouilli Conservation Reserve, Nene Valley Conservation Park, 
Guichen Bay Conservation Park, Baudin Rocks Conservation Park) 
Addition of locations in Tasmania (King Island) 

 

Addition of researchers Maureen Christie and Jeff Campbell 
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5.2 Do you propose to make further changes? 

 

 No 

 

 

 

 Yes    * NB: Submit an amendment request to the AEC for approval before implementing any 
changes.   

Note: Extensions cannot be granted retrospectively - submit them prior to expiry of approval 

 

 

6. TRAINING: 
 

Provide details of all training undertaken by members of the research team: 

 

 

Researcher Name: 

Andrew Greenhill 

 

Technique/Procedure 
undertaken: 

N/A – Did not take part in sample collection 

 

Trainer’s Name: 

N/A 

 

Trainer’s level of experience: 

N/A 

 

Advise when and how 
competency in the technique was 
tested: 
 

N/A Date of  

Training: 

N/A 

 

Researcher Name: 

David Bean 

 

Technique/Procedure 
undertaken: 

N/A – Did not take part in sample collection 

 

Trainer’s Name: 

N/A 

 

Trainer’s level of experience: 

N/A 

 N/A Date of  
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Advise when and how 
competency in the technique was 
tested: 
 

Training: 

N/A 

 

Researcher Name: 

Hannah Smith 

 

Technique/Procedure 
undertaken: 

Cloacal swabbing of birds 

 

Trainer’s Name: 

Rohan Clarke 

 

Trainer’s level of experience: 

Written training provided by Rohan Clarke in the method of cloacal 
swabbing 

2+ years’ experience handling, catching and banding shorebirds 

 

Advise when and how 
competency in the technique was 
tested: 
 

N/A Date of  

Training: 

N/A 

 

Researcher Name: 

Maureen Christie 

 

Technique/Procedure 
undertaken: 

Cloacal swabbing 

 

Trainer’s Name: 

Hannah Smith 

 

Trainer’s level of experience: 

A Class banding license 
20+ years’ experience handling, catching and banding shorebirds 
Training in sampling techniques provided by Hannah Smith 

 

Advise when and how 
competency in the technique was 
tested: 

 

N/A Date of  

Training: 

N/A 

 

Researcher Name: 

Jeff Campbell 

 

Technique/Procedure 
undertaken: 

Cloacal swabbing 
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Trainer’s Name: 

Maureen Christie 

 

Trainer’s level of experience: 
A Class banding license 
20+ years experience handling, catching and banding shorebirds 

 

Advise when and how 
competency in the technique was 
tested: 
 

N/A Date of  

Training: 

N/A 

 

 

7. STORAGE OF DATA: 
 

Please indicate where you are storing the data collected during the course of this project: 

 

 

 At my place of work. 

 

Details: Physical swabs, bacterial cultures, and DNA extractions are all kept in -80C storage. Using this 
storage method, samples can be preserved for a decade or more. 

Results gathered from this experiment are kept on paper and in an electronic format, which is backed up 
regularly onto external cloud-based servers hosted by Federation University (OneDrive) in case of computer 
malfunctions, as well as being held on personal external hard drives kept at Federation University. 

 

 

 Other location: 

 

Arrangements for material held in other locations should be documented (Australian Code for the Responsib  
Conduct of Research: 2.2.2) 

 

 

8. RESEARCH SUBJECTS: 
 

Have there been any events that might have had an adverse effect on the animal subjects OR unforeseen events that 
might affect continued ethical acceptability of the project? Please clearly differentiate between speculation and fact. 

(Please note it is AEC policy that all unexpected deaths or adverse events are reported) 

 

 No 
 
 

 
 Yes: Provide details: 
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Did the number of animals used vary from the number approved? 

(If reporting fauna surveys, please attach a list of all species and numbers surveyed) 

 

 

 No 
 

 Yes: Provide details: For some species, fewer birds than approved were sampled. This was 
due to fewer birds than expected being available for sample collection. 

 
 

 

 

9. PROJECT SUMMARY AND FINDINGS:   
 

9.1. Provide a complete summary of work done and findings (in lay terms) for the duration of this project. 

 

Sample collection began in December 2016, coinciding with the approval of DELWP permits and the 
resumption of the Victorian Wader Study Group (VWSG) expeditions. Since then, sampling expeditions have 
taken place at a number of sites in Victoria, South Australia, and Western Australia through the VWSG (with 
Australasian Wader Study Group partnership in Western Australia). Appropriate ethical approval and permits 
have been granted for all of these expeditions, and are all up to date.  

Data collection has processed to plan, and preliminary analyses have been conducted. To date, 1085 birds 
have been processed, providing roughly 1,280 samples for culture and DNA extraction. Of the 1087 birds 
sampled, 33 were collected by another researcher on a separate project and permit. 

Along with the preliminary analyses of the data, Whole Genome Sequencing has been performed on a select 
population of isolates. This process will provide large amounts of high-quality, in-depth data that will be used 
in both the final thesis and journal articles. 

 

 

  

9.2 FINAL REPORT: Provide details about how the aims of the project, as stated in the application for approval, were 
achieved (or not achieved).      

 

The stated aims of this project were as such: 

Determine the prevalence of pathogenic bacteria in wild Australian birds 

This aim has been achieved, with samples collected from 1087 birds in total. Bacteria have been cultured from 
all of these swabs, identified, and the prevalence rates recorded for both the overall prevalence rates, and the 
prevalence rates for each species. 

Determine the prevalence of AMR bacteria in wild Australian birds 

This aim has been achieved, with all bacteria isolated being subject to testing to determine AMR. In addition, 
Whole Genome Sequencing on a select number of isolates has provided detailed information on what AMR 
genes are present in bacteria carried by wild Australian birds. 

Determine what virulence genes are present in bacteria carried by wild Australian birds 
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This aim has been achieved. Similar to how AMR genes were identified, virulence genes were determined by 
Whole Genome Sequencing on a select number of isolates. 

Determine if migration has an affect on bacterial transmission 

This aim is in the process of being completed, with Whole Genome Sequencing data being analyzed to 
determine the origins of bacterial isolates, and to see if this differed between migratory and non-migratory 
birds. 

Determine if AMR carriage has an effect on bird gut microbiota 

This aim was discarded, due to failures in laboratory experiments. 

 

9.3 For Laboratory projects: Has the wellbeing of the animals been consistent with that anticipated in the project? 
(Then go to 8.6) 

 

 

 Yes 

 

 

 No: Provide details: 

 

 

9.4 For field studies list details of all animals involved (eg. handled/trapped) in the study this year. 

 

State where 
handled/ 

trapped 

eg. Vic 

Species name Common name Annual 
Number 
(handled/trapped 
during year) 

Cumulative 
Totals for 
project 

WA Haematopus longirostris Pied Oystercatcher 9 31 

VIC Charadrius ruficapillus Red-Capped Plover 2 3 

WA, VIC Limosa lapponica Bar-Tailed Godwit 191 275 

WA, VIC Calidris ferruginea Curlew Sandpiper 40 183 

WA Arenaria interpres Ruddy Turnstone 2 38 

WA Calidris alba Sanderling 5 12 

VIC Calidris acuminata Sharp-Tailed Sandpiper 117 131 

VIC Charadrius bicinctus Double-Banded Plover 51 84 

VIC Thalasseus bergii Greater Crested Tern 0 95 

VIC Hydroprogne caspia Caspian Tern 0 89 

VIC Haematopus fuliginosus Sooty Oystercatcher 0 12 

VIC, WA Calidris ruficola Red-Necked Stint 0 101 

 

9.5. Are any of the animals listed in 8.4 endangered species? 
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State where 
handled/ 

trapped 

eg. Vic 

Species name Common name Annual 
Number 
(handled/trapped 
during year) 

Cumulative 
Totals for 
project 

WA, VIC Calidris ferruginea Curlew Sandpiper 40 183 

10. INTENTIONAL / UNINTENTIONAL DEATH OF ANIMALS:

10.1 Have any animals died as a result of experimental procedures during the project? 

 No  Yes   * NB: Provide details: 

State 
eg.Vic 

Species name Common name Annual Number 

during year 

Cumulative 
Totals 

for project 

10.2 Have any animals been euthanised during the project? 

 No         Yes   * NB: Provide details of the process 

State 
eg. Vic 

Species name Common name Annual Number 

during year 

Cumulative 
Totals 

for project 

10.3 Have any animals been unintentionally killed during the project? 
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 No   Yes   * NB: Provide details: 

State 
eg. Vic 

Species name Common name Annual 
Number 

during year 

Cumulative 
Totals 

for project 

10.4 If unintentional deaths have occurred, what steps have you taken to ensure further deaths do not occur? 

N/A 

11. DISSEMINATION OF RESEARCH (Australian Code for the Responsible Conduct of Research
4.4-4.12) 

11.1 Provide details of research dissemination outcomes for the previous year resulting from this 
project: eg: Community seminars; Conference attendance; Government reports and/or research 
publications 

A research publication is currently in the final stages of editing for re-submission to the 
journal Emu: Austral Ornithology. In addition, the researcher Hannah Smith has attended 
three conferences held by Federation University- the HDR Research Conference, held 
annually. Ms Smith will also be attending the Australian Ornithological Conference in July, 
2019. 

Ms Smith has also provided a number of informal presentations with members of the public 
on voluntary expeditions with the Victorian Wader Study Group (VWSG). 

11.2 FINAL REPORT: How will research project findings be disseminated to peers, colleagues and 
the wider community? 

 Conference papers  Journal article(s) 
 Thesis  Book 
 Other – Ms Smith will provide talks on her 

project with other volunteers of the Victorian 
Wader Study Group and Australasian Wader 
Study Group. 

 None - Please explain 

12. FEEDBACK:

The AEC requires feedback on: 

• Difficulties experienced with carrying out the teaching/research project; and/ or
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• Appropriate suggestions which would lead to improvements in ethical clearance and monitoring of projects
involving animals.

No difficulties were experienced with carrying out the sample collection of this project, and as such no 
suggestions or recommendations can be provided. 

13. SIGNATURE/S: By signing the report you confirm that the research has been conducted in
compliance with the Act; the Code; FedUni Guidelines and Standard Conditions of AEC 
approval 

Principal Researcher: 

Print name: Andrew Greenhill 

Date: 

28/02/19 

Other/Student 
Researchers: 

Hannah Smith…………………. 

Print name:

Date: 

28/02/19 

……………………………………. 

Print name: 

Date: 
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8.4 Approved Animal Ethics Permit 

Principal 
Researcher: 

Ms Hannah Smith 

Student/Other 
Researcher/s: 

Dr Andrew Greenhill 
David Bean 

School/Section: School of Applied and Biomedical Sciences 
Faculty of Science & Technology 

Project Number: 16-002
Project Title: Zoonotic pathogens and the potential for antimicrobial resistance in the gut 

microbiota of wild Australian birds: the impact of migration on potential 
emerging diseases. 

For the period: 11/05/2016    to     01/03/2019 
Approved Location: Victoria 
Project Summary: There has been very little work done on antibiotic resistance in bacteria in wild bird populations in 

Australia, and determining the prevalence rate of many bacterial species in Australian birds. No work has 
been done on the risk migrating birds may play in the role of bringing new bacterial strains or diseases to 
Australia.  
This project aims to fill these gaps in our knowledge by determining:  
The prevalence of pathogenic (disease-causing) and zoonotic (transmits between species) diseases in wild 
Australian birds.  
The prevalence of antibiotic resistance and their associated genes in pathogenic bacteria from wild 
Australian birds.  
The presence and prevalence of virulence genes in bacteria from wild Australian birds.  
Determining the risk migrating birds play in transmitting new diseases to Australia.  
Determining if the carriage of antibiotic resistant bacteria, pathogenic bacteria or virulence genes has an 
effect on the composition of bird gut microbiota (the ecological community of bacteria in the gut). 

Please quote the Project No. 16-002 in all correspondence regarding this application. 

Amendment Approved with Comment: P9 which still refers to Ms Smith as the Principal 
applicant, despite Dr Andrew Greenhill being the Principal Researcher on this project. 

REPORTS TO AEC:  

An Annual Report must be submitted to the Ethics Officer prior to 15 January each year until 
the conclusion of the project. 

A final report for this project must be submitted to the Ethics Officer prior to: 
01/04/2019 
These forms can be found at: 
http://federation.edu.au/research-and-innovation/research-support/ethics/animal-
ethics/downloadforms  

Irene Hall 
Ethics Officer 
11 May 2016 
Please see attached ‘Conditions of Approval’. 

http://federation.edu.au/research-and-innovation/research-support/ethics/animal-ethics/downloadforms
http://federation.edu.au/research-and-innovation/research-support/ethics/animal-ethics/downloadforms
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CONDITIONS OF APPROVAL 

1. The project must be conducted in accordance with the approved application, including
any conditions and amendments that have been approved. You must comply with all of
the conditions imposed by the AEC, and any subsequent conditions that the AEC may
require.

2. You must report IMMEDIATELY anything which might affect ethical acceptance of your
project, including:

- Adverse effects on the welfare of animals;
- Unforeseen events/incidents;
- Other matters that might affect continued ethical acceptability of the project.

3. Proposed changes or amendments to the research must be applied for, using a ‘Request
for Amendments’ form, and approved by the AEC before these may be implemented.

4. If an extension is required beyond the approved end date of the project, a ‘Request for
Extension’ should be submitted, allowing sufficient time for its consideration by the
committee. Extensions cannot be granted retrospectively, and will not be approved
beyond four years, to ensure all projects meet current Code guidelines

5. If changes are to be made to the project’s personnel, a ‘Changes to Personnel’ form
should be submitted for approval.

6. An ‘Annual Report’ must be provided by the due date specified each year for the project
to have continuing approval.

7. A ‘Final Report’ must be provided at the conclusion of the project.

8. If, for any reason, the project does not proceed or is discontinued, you must advise the
committee in writing, using a ‘Final Report’ form.

9. You must advise the AEC immediately, in writing, if any complaint is made about the
conduct of the project.

10. You must notify the Ethics Office of any changes in contact details including address,
phone number and email address.

11. The AEC may conduct random audits and / or require additional reports concerning the
research project.

Failure to comply with the Australian code for the care and use of animals for scientific 
purposes (2013) and with the conditions of approval will result in 

suspension or withdrawal of approval. 
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