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Abstract  

 

In sub-Saharan Africa (sSA) there is a high prevelance of gut colonisation with antimicrobial resistant 

(AMR) bacteria and a high morbidity and mortality from drug-resistant infections. Given the reliance 

on third generation cephalosporins (3GCs) in human health, two of the most important AMR bacteria 

found in these settings include the extended-spectrum ß-lactamase (ESBL) producing 

Enterobacteriaceae, E. coli and K. pneumoniae. These bacteria are present in the guts of humans and 

animals and also within the wider environment. In LMICs, the key factors that lead to community ESBL 

colonisation are unclear, and I hypothesise that within low-income settings, ineffectual household 

water, sanitation and hygiene (WASH) practices and a paucity of WASH infrastructure contribute to 

ESBL contamination of the household environment and pollution of the riverine and community 

environment via inadequate management of faecal sludge. Interactions between humans, animals 

and environmental reservoirs of ESBL bacteria in these settings promotes the acquisition, 

maintenance and spread of ESBL E. coli and ESBL K. pneumoniae, ultimately resulting in increased 

levels of gut carriage of these drug-resistant organisms. To that end, in this thesis I present the results 

from two observational studies undertaken in southern Malawi designed to broadly assess key One-

Health risks for human carriage of ESBL E. coli and ESBL K. pneumoniae in Malawian communities.  

 

Firstly , within a large household-centred study I found a paucity of household WASH infrastructure 

and access to materials to enable safe toileting, adequate sanitation or effectual hand-hygiene and 

waste management in urban, peri-urban and rural communities, paralleled by behavioural proxies 

that may increase the risk of bacterial transmission, such as household attitudes to water usage, food-

hygiene, open defaecation, and handwashing. Microbiological surveillance of the households 

illustrated a staggeringly high prevalence of ESBL colonisation in humans and animals, alongside ESBL 

contamination of the household and broader environment (i.e. rivers and drains). Risk factor analysis 

highlighted the importance of the wet season alongside differences in WASH and animal factors 

between urban, peri-urban and rural settings that lead to differing AMR prevelance and regional risk 

profiles. Lastly, in addition to the high levels of ESBL bacteria found within the river networks, I 

identified elevated levels of antibiotics and other resistance driving chemicals within urban rivers, 

suggesting that the riverine system may be a key ecological niche for AMR in this setting. 

 

In summary, within this thesis, I highlight the key role that WASH infrastructure and behaviours play 

in driving human carriage of ESBL bacteria in communities of southern Malawi and identify key 

differences in risks of ESBL colonisation from urban, peri-urban and rural settings. Therefore, I propose 

that future interventions and policy designed to interrupt ESBL AMR transmission should adopt a One-

Health approach, consider the integration of community-based WASH interventions, and be cognisant 

of regional differences in AMR-prevalence, making adaptions wherever possible which are tailored to 

the local population for maximal effect.  
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Chapter 1: 

Introduction 

 

“Whoever wishes to investigate medicine properly, should proceed thus: in the first place to consider 

the seasons of the year, and what effects each of them produces for they are not at all alike, but differ 

much from themselves in regard to their changes. Then the winds, the hot and the cold, especially such 

as are common to all countries, and then such as are peculiar to each locality. We must also consider 

the qualities of the waters, for as they differ from one another in taste and weight, so also do they 

differ much in their qualities.” 

Hippocrates 4 Century AD 

 

1.0.  Chapter summary 

 

Within this chapter I review the public health challenge of antimicrobial resistance (AMR) through a 

“One-Health” lens, with a focus on low-and middle-income countries (LMICs), specifically African ones. 

I then evaluate the importance of water, sanitation and hygiene (WASH) and environmental hygiene 

in contributing to the acquisition, maintenance and transmission of AMR, concentrating on the 

extended-spectrum beta-lactamase (ESBL) producing Enterobacteriaceae E. coli and K. pneumoniae. 

Lastly, I draw this information together to provide a conceptual framework that forms the rationale 

for my thesis and explain my hypothesis and how it will be tested throughout this thesis.  

 

My contributions to this chapter and those of others are included in Table 1.0.  

 

Table 1.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted by the PhD 

candidate. 
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Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborator, Tracy Morse.  

 

 

1.1.  AMR and antibiotic usage 

 

Bacterial AMR occurs due to changes to bacterial structure or function, resulting in the drugs used to 

treat infections becoming less effective (1). This is a natural phenomenon, whereby changes arise from 

mutations generated in response to host or environmental selection pressures, and has been well 

documented since the introduction of penicillin in the 1940s (2). The majority of antibiotics available 

are derived from chemicals produced by bacteria or fungi to protect themselves from microbes in the 

ecosystem, with only a small minority synthetically derived in the laboratory (3). After the “golden 

antibiotic era” few novel antibiotics have been produced and currently there are limited antibiotics in 

the clinical (4) or the pre-clinical pipeline (5), leaving us with a finite number of antibiotics available 

for use. There are many mechanisms in which bacteria have evolved to become resistant to antibiotics 

(6–9), and resistance mechanisms exist for all currently available antibiotics (10). This is compounded 

by accumulation of resistance mechanisms in the same organism, rendering bacteria resistant to 

multiple antimicrobials (11,12).  

 

Effective antimicrobials are required in human and animal heath for the prevention and treatment of 

bacterial disease and to help safeguard the practice of routine surgery or chemotherapy (13,14). This 

places antimicrobials firmly at the core of modern medicine. Therefore, global rises in AMR are starting 

to greatly impact on morbidity and mortality, especially in low income settings (15–18). In this regard, 

it is estimated that without efforts to curb the rising trend in antimicrobial resistance, up to 10 million 

people annually will die from AMR causes by 2050, most profoundly impacting LMICs, with an 

associated economic impact comparable to the 2008/9 financial crisis (13). While these estimates are 

disputed, the magnitude of the threat posed by antibiotic resistance is well accepted, and novel 

methods are currently being used to better determine the true burden of disease (19–22). Estimates 

of the AMR disease burden in animals are unavailable because of a lag in global animal health 

surveillance metrics alongside a complexity in inferring outcomes from resistance. Nevertheless, it 

was estimated that 131,109 tons of antibiotics were used in animals in 2013, and this figure is 

expected to rise to 200,235 tons by 2030 (23–25). The true effect of antibiotic usage in animals on 

human health is uncertain, however there is a consensus that antimicrobial use contributes to the 
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overall burden of AMR (26,27), and hence there has been a recent drive for policies that streamline 

antibiotic use in animals for the health and wellbeing of both animals and humans (14,28–31). Reasons 

for ABU in animals commonly includes growth promotion as well as disease prevention and treatment 

(25,32–34), although the use of antibiotics as growth promoters in livestock has been banned in the 

European Union since 2006 (34). Antibiotics consumed by animals and humans reach the environment 

through the excretion of waste (urine or faeces), and this leads to contamination of groundwater, soil, 

crops and plants, which is in turn fed back into the human and animal chain through a variety of 

mechanisms (35–37).  

 

Antibiotic usage is only one of several factors that drive AMR and given the importance of antibiotic 

prescription in the treatment of bacterial disease there is an ethical balance to be struck between 

access and restriction (38–43). Within humans, 3rd-generation cephalosporins (3GCs) are frequently 

the first line antimicrobial agent of choice in the treatment of severe gram-negative bacterial 

infections, especially in LMICs (44). 3GC resistant (3GC-R) enteric bacteria have rapidly emerged, 

largely due to acquisition of ESBL-producing enzymes, resulting in infections that are frequently 

untreatable in low-income countries, due to unavailability of carbapenems or other reserve antibiotics 

(21,22,45,46). As a result of the expansion of ESBL and carbapenem resistance, Enterobacteriaceae 

such as E. coli and K. pneumoniae have been labelled as critical on the WHO priority pathogen list (47). 

Within this thesis I will be focussing on ESBL AMR within these two key organisms, in the low-income 

country setting of Malawi.  

 

1.2. International AMR policy 

 

Due to overwhelming evidence of the threat posed by AMR, in 2014 the UK government 

commissioned the first report on global issue of rising AMR, commonly referred to as the O’Neill report 

(13,48). This was a hugely impactful piece of work which contributed to increased international 

support for action and has been accompanied by responses from the World Health Organization 

(WHO) (14) the Food and Agricultural Organization (FAO) of the United Nations (30), the World 

Organisation for Animal Health (OIE) (31), and the European Union (49). A global action plan was 

developed by WHO in 2015 (14), which stated that all member states should have a national action 

plan within 2 years, and while this ambitious timeframe has not been achieved, to date there has been 

the creation of over a 100 national action plans by a range of high income, middle income and low 

income countries (50).  
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There has, however, been criticism of the governance, strategy, and scope of these documents, 

particularly in relation to adoption of One-Health goals and a lack of consideration for health inequities 

in low-income settings (51,52). Despite the acceptance of the importance of human, animal and 

environmental health there is still a focus on human health, with limited targets or goals in the animal 

sector, and rarely any meaningful incorporation of environmental targets or actors (53). It has been 

proposed that this is, in part, a consequence of chronic underfunding in environmental microbiology 

capacity and research, leading to a lack of understanding of AMR in the environment and resulting in 

an absence of evidence-based mitigation strategies (36). Funding issues are also pertinent to AMR 

strategies in LMICs, and without external financial support or a global focus on capacity strengthening, 

LMICs are unable to effectively implement action across the human, animal and environmental sectors 

(51,54). A better understanding of how humans, animals and the environment interact to facilitate 

AMR transmission in LMICs is clearly needed and this begins with the generation of microbiological 

surveillance data on key priority pathogens, embedded within a framework that contextualises the 

specific risks of life in low-income settings.  

 

1.3. The role of One-Health in AMR 

 

One-Health is a modern phrase for an ancient concept that recognises that the health of people is 

strongly interconnected with the health of animals and the shared environment (55–57). Since 

Hippocratic times there has been a historical precedent in the need for physician advocacy within the 

realm of One-Health, and texts taken from “On airs, waters, places” advises the doctor to serve his 

patient best by paying attention to the environment including the quality of the waters and the soils 

(58,59). Recently, there has been an evolving use of the term “One-Health”, from the integration of 

animal and human medicine to the current day incorporation of human and animal health within the 

framework of environmental health (55,60,61). Changes to the definition have resulted from a 

heightened awareness within the scientific and political community in the need for interdisciplinarity 

and a holistic response to understanding complex systems, to enable effective solutions for a range of 

critical global health issues. These efforts have been largely focused on new and emerging zoonotic 

diseases, due to the prominence of recent viral epidemics (i.e. Ebola, Zika and SARS-CoV2), historical 

collaborations between human and animal health sectors and the absence of an environmental voice 

within the political narrative (60,62,63). However, One-Health has now become broader in its scope, 

and is widely accepted to incorporate other global health threats such as antimicrobial resistance, 

food safety and environmental contamination, alongside non-communicable diseases such as mental 

health, ecotoxicology and the effects of urbanisation (49,60,64–67).    
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AMR is one of the issues which is considered most likely to benefit from a One-Health approach, given 

that it has clear connections to human, animal and environmental health domains, and solutions 

requires collective action from a range of specialists and authorities (13,68,69). Therefore One-Health 

approaches are now the foundation on which a number of AMR research activities, policies and 

international action plans are built (14,50). 

 

1.4. Current knowledge of ESBL carriage and disease epidemiology in sub-Saharan Africa from 

a One-Health perspective. 

 

1.4.1. The microbial context 

 

Enterobacteriaceae are a family of gram-negative facultative anaerobes, which includes the species E. 

coli and K. pneumoniae. These are nearly ubiquitous bacteria, and can be responsible for a broad range 

of intestinal and extraintestinal infections in humans and animals (70). These bacteria have been 

selected as they often share AMR phenotypes, however E. coli is typically considered to be both 

community-acquired and nosocomial, whereas K. pneumoniae is more often judged to be the 

archetypal nosocomial AMR pathogen (71). However, these bacteria are also present within the 

broader environment, including surface waters such as lakes, rivers and groundwater, soil and plants, 

and these ecological niches provide a gene pool with a far greater diversity than that of the human or 

animal microbiota (72). 

 

Bacterial classification is complex; for example, E. coli can separated into >190 serogroups based on 

its surface antigens (73) or seven broad phylogenetic groups (A0, A1, B1, B22, B23, D1 and D2) (74). 

Given the propensity for these bacteria to adapt to a range of host and environmental conditions, 

several highly adapted E. coli or K. pneumoniae clones have emerged, with specific virulence factors 

that produce pathogenic E. coli or hypervirulent K. pneumoniae (75). These virulence attributes may 

either be encoded on genetic elements that can be mobilised into other strains to create novel 

combinations or be locked into the chromosome. In E. coli, the most evolutionary successful 

combinations of these virulence factors form “pathotypes” which can cause specific disease in healthy 

individuals (76), and within K. pneumoniae, alterations to the thick polysaccharide coat can facilitate 

evasion of the host defences and can change the propensity for disease leading to hypervirulent 

strains (77). These adaptions highlight some of the mechanisms by which these bacteria can become 

pathogens.  
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E. coli and K. pneumoniae infections are commonly treated with antibiotics, including, but not limited 

to, ß-lactams (penicillins, cephalosporins or carbapenems), fluoroquinolones and aminoglycosides. 

They have evolved many mechanisms to survive the toxic effects of antibiotics, including decreased 

uptake or removal of antibiotics through alterations in efflux or membrane permeability, target 

modification or replacement, and inactivation, frequently via enzymatic methods (7,8). ß-lactamases 

are the enzymes that hydrolyse the active ß-lactam ring of ß-lactam antibiotics, and the production of 

these enzymes is the most common mechanism for ß-lactam resistance identified in gram negative 

bacteria, including Enterobacteriaceae (78). Extended-spectrum ß-lactamases are widely defined as 

ß-lactamases that confer resistance to penicillins, first-, second- and third-generation cephalosporins 

and aztreonam and can be inhibited by ß-lactamase inhibitors such as clavulanic acid (79).  

 

Characterisation of ß-lactamases is made on the basis of functional (Bush-Jacoby) or structural 

(Ambler) information (80,81) (Table 1.1).  The Ambler system sorts ß-lactamases into classes A, B, C 

and D based on protein homology, with class A, C and D denoting serine-ß-lactamases and class B 

denoting  metallo-ß-lactamases (78). The Bush-Jacoby system sorts ß-lactamases into four main 

groups, with other multiple subgroups according to functional similarities. In the Bush-Jacoby system 

ESBLs belong to group 2be (Ambler group A) or 2d (Ambler group D). These include the enzyme 

families TEM, SHV, CTX-M, PER, VEB or in the case of 2d, OXA (80). Amp-C ß-lactamases, located in 

Bush-Jacoby group 1 (Amber group C) can also confer resistance to ß-lactam antibiotics, but they are 

not inhibited by clavulanic acid (82). Within this thesis, I will focus on third generation cephalosporin 

resistance (3GC-R) caused by ESBL-production of group 2be and 2d enzymes within the 

Enterobacteriaceae species E. coli and K. pneumoniae.  
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Table 1.1. Enzymatic classification of ESBLs. Adapted from (78,80) 

Representative enzymes 
Bush Jacoby 

group (2009) 

Ambler 

class 
Distinctive substrates 

E. coli AmpC, P99, ACT-1, CMY-2, 
FOX-1, MIR-1 

1 C Cephalosporins 

GC1, CMY-37 1e C Cephalosporins 

PC1 2a A Penicillins 

TEM-1, TEM-2, SHV-1 2b A Penicillins, early 
cephalosporins 

TEM-3, SHV-2, CTX-M-15, PER-1, 
VEB-1 

2be A Extended-spectrum 
cephalosporins, 
monobactams 

TEM-30, SHV-10 2br A Penicillins 

TEM-50 2ber A Extended-spectrum 
cephalosporins, 
monobactams 

PSE-1, CARB-3 2c A Carbenicillin 

RTG-4 2ce A Carbenicillin, cefepime 

OXA-1, OXA-10 2d D Cloxacillin 

OXA-11, OXA-15 2de D Extended-spectrum 
cephalosporins 

OXA-23, OXA-48 2df D Carbapenems 

CepA 2e A Extended-spectrum 
cephalosporins 

KPC-2, IMI-1, SME-1 2f A Carbapenems 

IMP-1, VIM-1, CcrA, IND-1 L1, 
CAU-1, GOB-1, FEZ-1 

3a B (B1/B3) Carbapenems 

CphA, Sfh-1 3b B (B2) Carbapenems 

 

E. coli and K. pneumoniae can acquire ESBL resistance vertically or horizontally through transfer of 

mobile genetic elements (MGEs) independently of cell division, and this can occur in a variety of 

intestinal and extraintestinal environments (83). A globally important example of this is the rise of 

ESBL-E. coli (ESBL-E) infections due the acquisition of IncFI, IncI, and IncK plasmids associated with 

CTX-M enzymes, often in E. coli ST131 (39,84,85). Resistance genes can be transferred between 
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chromosomes and plasmids and between different plasmids, and therefore it is important to consider 

the degree to which AMR is a problem of movement of ESBL genes, MGEs, or bacteria species and 

subtype, and the degree to which the relative importance differs between bacteria.  

 

Whole genome sequencing (WGS) data offer unprecedented resolution when attempting to type 

bacteria in order to investigate transmission of bacteria or MGEs between bacteria circulating in the 

human and animal guts and the environment and shines a light on the degree to which these 

compartments are interconnected (86). Therefore, it will ultimately be important to large scale 

sequencing of isolates collected in this study to add granularity to the findings. 

 

Despite the propensity for bacteria to share genetic information, there are variations seen in the 

epidemiology of ESBL-E and ESBL-resistance K. pneumoniae (ESBL-K) in terms of species cross-over, 

carriage rates, disease burden and associated risk factors (38,41,87–89). In the next sections I explore 

the epidemiological landscape of ESBL-E and ESBL-K in more detail.  

 

1.4.2. The human context. 

 

The global burden of disease from AMR is vast, and depending on the measurement index used is 

either the third or twelfth leading cause of death annually in humans; with 929,000 deaths 

attributable, and 3·57 million deaths associated with AMR (90). Within this, 50,000-100,000 deaths 

are attributed to 3GC-resistant E. coli, and 25,000-50,000 deaths are attributed to 3GC-resistant K. 

pneumoniae (90). Contributing factors include a person’s age and geographical location, with infants 

and the elderly most at risk, and the highest all-age death rates seen in low income settings (90,91). 

Estimation of the burden of disease attributed to ESBL-E and ESBL-K in sub-Saharan Africa (sSA) is 

hampered by inadequate clinical and microbiological surveillance and inadequate data reporting 

frameworks (46,90). Nevertheless, recent estimates place the prevalence of ESBL in blood stream 

infections (BSIs) in sSA at 18.4% for ESBL-E and 54.4% for ESBL-K (46). Locally in Malawi, 61.9% of BSIs 

are either 3GC or fluroquinolone resistant, and there has been an increasing trend of ESBL resistance 

seen in E. coli and Klebsiella spp. BSI isolates, with 30.3% of E. coli, and 90.5% of Klebsiella spp. now 

3GC resistant (16). ESBL-producing bacteria are implicated in a range of other conditions including 

adult and neonatal sepsis (92–95), urinary tract infections (UTIs) (96,97) and intrabdominal infections 

(98) amongst others, however, there is even less clinical data for these syndromes in the African 

context.  
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Gut mucosal colonisation with ESBL Enterobacteriaceae is thought to precede invasive infection 

(88,99,100), and the prevalence of ESBL gut colonisation varies widely between geographical location 

(46,101). Global estimates range between 3-8% in Europe, 3-4% in North America, and are as high as 

46% in SE Asia (101). In sSA ESBL carriage rates have been reported between 5-84%, with a median of 

31% (101). However, the prevelance of colonisation also depends on the setting (i.e. community vs 

hospital), and this information is rarely captured. These data are key if we are to quantify the 

interrelationship between community and hospital ESBL transmission. Current figures of the 

community carriage rate with ESBL bacteria from sSA populations range between 5-59%, with a 

pooled estimate of 18%. This increases to 32% for samples taken at hospital admission and up to 55% 

for hospitalised inpatients (101). Longitudinal community-based studies are needed to evaluate 

community prevelance more accurately, with a focus on the role of different community structures 

and the effects of urbanisation.    

 

An important factor within AMR transmission is the spread from person to person and transmission 

of ESBL-K between hospitalised patients in close proximity, whereas ESBL-E has shown less propensity 

for transmission between patients (102,103). This is contrasted in the community setting, where 

evidence exists that both ESBL-E and ESBL-K transmission occurs within households, and that this in 

turn is influenced by household density (87). This highlights the importance of within-household 

transmission in the community setting and that ESBL-E and ESBL-K may have different ecological 

niches (87,104–106). The dynamic interaction between healthcare settings and the community is less 

well described, especially in Africa. 

 

Other than hospital exposure, risk factors for community ESBL colonisation include previous antibiotic 

usage, indwelling devices (i.e. catheters), foreign travel, prior colonization, increasing age, chronic 

disease, living in overcrowded households and contact with animal and environmental sources (38–

40,87,107–110). Whilst there has been a great deal of focus on the risk from antibiotic usage, there is 

less data to quantify the risks associated with animal and environmental exposures, especially within 

LMIC settings. These factors are likely to play an important role in the acquisition, maintenance and 

transmission of ESBL resistance within the community and deserving of future research.  

 

1.4.3. The animal context. 

 

In HICs, human-human transmission is estimated to account for two thirds of community ESBL-E, with 

the other third coming from non-human causes, such as animals and the environment (83).  Given 
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these estimates, community ESBL-E transmission may not be self-maintaining without transmission to 

and from non-human sources (83). The role of animals in the transmission of ESBL in LMICs is likely to 

be distinct to high-income settings. In Africa, 250–300 million people depend on livestock for their 

income and livelihood (111), and given this precarity, antibiotics are often used for growth promotion 

and treatment of disease, with rates up to 97% having been reported (112). Within LMICs the 

proportion of transmission of ESBL bacteria that is from animals and the environment to humans has 

not been modelled, but this is expected to be significantly higher than in high income settings, due to 

the complex and close relationship between animals and humans and the shared environment.  

 

Akin to human health, antimicrobial use in animals is directly linked to higher rates of AMR 

(23,26,32,113). Antibiotic usage in animals is often unregulated, particularly in LMICs (28,111), and 

global antibiotic consumption in animals, including sSA is expected to rise substantially by 2030 

(114,115), fuelled by the demand for meat production. ABU in these settings is dependent on access, 

cost, local veterinary services and socio-cultural choices (111,116). Currently there is no standardized 

framework for animal ABU within LMICs (117) and despite efforts to improve monitoring, regulation 

and stewardship, governmental action is still lagging in this sector (117–119). Development of 

macroeconomic approaches (120) and regulation of AMU in animals is required to address the wider 

issue of AMU, although it is recognised that implementation will be difficult in LMICs. 

 

The close proximity of animals and humans is important for transmission, and in sSA, animals 

frequently live inside the household or compound (121). Frequent exposures to animal faeces have 

been reported in these settings (121), and this in turn leads to faecal-oral transmission of ESBL bacteria 

through direct contact with faecal matter or contamination of hands, food, and water sources. 

Subsistence farmers have reported to be colonised with the same bacteria as their animals (122), and 

it is likely that community members that share their household environments with animals would also 

be colonised with the same bacteria, however data on this is lacking from LMICs. 

 

In HIC settings, livestock animals including cattle (86,123), pigs (124,125) and poultry (86,126) 

alongside domestic animals such as cats (127,128) and dogs (127–129) are shown to be colonised with 

ESBL bacteria to varying levels, depending on the country and context (i.e. abattoir works, farmers or 

retailers). In livestock, sequence types (STs) 131, 10 and 88 are commonly found, with CTX-M-1 / CTX-

M-15 genes detected (86), especially in chickens (130,131) and pigs (86,132). These STs and ESBL 

genes have also been identified in other livestock species and domestic animals (127,133). Clonal 

complexes such as ST131 blaCTX-M-15 are of global importance to human ESBL-associated disease, 
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and the presence of these in animal populations demonstrates that the animals may serve as a 

reservoir for human AMR (134). However, a large number of other STs and ESBL genes have been 

reported in animals (86,125), and the true relationship between animal and human colonisation is the 

subject of extensive ongoing research, with many citing host-specific niches and minimal transmission 

between the animal-human axis. Examples of this include pooled analysis from an extensive collection 

of ESBL-E isolates in the Netherlands (135) and sequencing on livestock samples from the UK (136,137) 

which both failed to demonstrate any close epidemiological linkage between the genes or plasmid 

replicon types in human and animal populations. Equally, in relation to ESBL-K, the biggest One-Health 

study to date found no link between circulating clades of ESBL-K in humans and animals (138). It is 

important to note that these studies are all from HICs, and the prevelance of ESBL in livestock and 

domestic animals from LMICs, and sSA in particular is less well known. As evidence grows for the 

prevelance of ESBL-producing bacteria in animals, and genomic libraries increase, better assessment 

of the importance of animal-human transmission will be possible.  

 

In the African context, the CTX-M group predominates, especially in poultry (139). Evidence from East 

Africa illustrates widespread pan-species ESBL-E colonisation in domestic and farm animals, including 

CTX-M-15 genes and plasmids of international concern; with the highest rates found in dogs (39.2%) 

and pigs (33.1%) (140,141). ESBL-E colonisation in poultry has been reported from many sites, 

including Ghana (142), Nigeria (143), Tanzania (140) Kenya (144) Uganda (145) and Zambia (146). 

Colonisation rates vary by setting and low sample numbers and methodological inconsistencies 

between the studies hamper us from making meaningful comparisons. Currently there are no 

published ESBL rates amongst poultry, livestock or domestic animals in Malawi.  

 

Close proximity of humans and animals is important for transmission, but so is the species, the nature 

of the interaction and shared environment. For example, in abattoir workers in South Africa and 

Cameroon who slaughtered pigs, the greatest risk for ESBL colonisation came from external contact 

with poultry, not pigs (147), illustrating the differences in risks to human health posed by individual 

animal species. Poultry are a species of particularly concern, because they have the highest prevelance 

of ESBL colonisation globally (148), share the same clones that are found in human disease (149) and 

frequently co-habit with people in a shared household environment (150). Furthermore, they are 

regularly given antibiotics for growth promotion or disease prevention (113,148), especially in LMICs 

(117), and consume animal feed that contains antibiotics (151) or heavy metals (148), which co-select 

for AMR (36,152). When considering the impacts of animals in LMICs attention should be drawn to 
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the species in question, ABU and husbandry practices, the frequency and nature of interactions and 

the role of sanitation and hygiene measures governing animal waste management. 

 

 

 

1.4.4. The environmental context.  

 

Research and policy have long focussed on healthcare facilities and human or animal antibiotic 

exposures (1), whilst the environmental component has until recently been overlooked (153). 

Contamination of water, soil, food and household environments by AMR organisms may allow for the 

maintenance and spread of AMR, however the degree to which this is the case is unknown (36,154). 

Environmental contamination with ARB (i.e. ESBL-E and ESBL-K) that are able to colonise both humans 

and animals pose the highest overall risk (155), and specific environments can themselves serve as 

reservoirs for ARB or ARG (36,156). ESBL-E, ESBL-K and ESBL ARGs are frequently found in the 

environment, particularly surface waters such as lakes (157–160) or rivers (36,161–167). Evidence of 

their presence in these environments exists in LMICs (168–174), including sSA countries (32,140,175–

177), but the rates reported vary substantially by site and source type, and to date, there is no 

documentation of environmental ESBL-E or ESBL-K rates from Malawi. There is also a dearth of studies 

reporting epidemiological and temporally linked clinical ESBL isolates with environmental samples. 

Where they do exist, they frequently employ a wide range of study designs and have very low sample 

numbers (168,178–181). So, although the high prevalence of ARB and ARG in the environment is well 

documented, the precise role that environmental niches play in the transmission and stable 

acquisition of AMR pathogens to humans still remains uncertain.  

 

Metagenomic analysis has been undertaken to better determine the inter-relationship between AMR 

in humans and the environmental resistome (182–184). The resistome comprises of all the AMR genes 

and their precursors that are present in an environment, whether from pathogenic or non-pathogenic 

bacteria (185). Studies from high-income and low-and-middle income sites show that environmental 

resistomes are structured by ecological gradients, and ARGs in LMICs have been shown to cross 

habitat boundaries, most likely due to the excreta management strategies employed (183). Whilst 

these metagenomic studies provide information on the relative abundance and diversity of AMR in 

various habitats and permit broad-level assessment of the relationships between the human 

microbiota and environmental resistomes, they are unable to delineate the bacterial species which 

harbour specific ARG, and therefore how these environments relate to clinical disease. So, although 
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functional metagenomics is an excellent research tool, it does not provide us with the information 

needed to link the environment to human AMR-associated disease epidemiology (161,182,186–191). 

One-Health studies that capture temporally and geographically linked human, animal and 

environmental metadata are urgently needed, that undergo a range of short-read, long-read and 

metagenomic analyses. 

 

The origin of AMR is ancient, evidenced by the presence of ARGs in permafrost predating the 

Anthropocene epoch and perhaps relates to mechanisms designed to evade destruction by toxic 

substances, such as antibiotic release by environmental bacteria in response to competition for 

nutrients (192). Antibiotics are not the only toxic substance to bacteria, and genetic mutations that 

confer advantages to specific environmental conditions such as the presence of heavy metals lead to 

indirect co-selection for AMR (72). Resistance genes are, however, commonly associated with a fitness 

cost, thus ARGs are prone to de-selection in nature (193). Within the aquatic environment, such as 

rivers or surface waters, the drivers of AMR selection include antibiotics, metals and biocides (36). The 

presence of antibiotics, alongside other key resistance-driving chemicals (i.e. biocides and heavy 

metals) in these aquatic environments promotes HGT and alters microbial communities, contributing 

to the dissemination of ARGs and subsequently poses downstream risks to human and ecological 

health (194–196). In certain settings, this is compounded by pollution from inadequate treatment of 

industrial, domestic, and agricultural waste, enhancing the resistome in the environment (197). 

Research on the distribution and ecological risks of resistance-driving chemicals in urban rivers from 

LMICs is scarce, particularly in sSA. A key knowledge gap is therefore the baseline metrics and seasonal 

trends in the presence and continuum of antibiotic residues from waterways within these settings to 

start to quantify these risks. 

 

When considering potential environmental reservoirs of ARG, it is important to contextualise site-

specific human and animal exposures and key WASH factors. For example, LMICs often have 

inadequate sanitation facilities and sub-optimal waste management practices (198), which leads to 

increased contamination of river and surface waters by human and animal faeces (199). Interactions 

with these types of environments are enhanced in LMICs due to paucity of WASH infrastructure (200), 

and exposures to untreated sewerage from surface waters put the local population at risk of AMR 

transmission (201). It will be crucial to study these key environmental niches in LMIC settings and the 

sanitation factors that drive the dissemination of ARB and ARG if we are to develop contextualised 

solutions to combating antimicrobial resistance. 
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Seasonal effects on the environment are of particular importance in LMICs. Alterations to water supply 

can drive behavioural changes that stimulate the use of unprotected water sources such as rivers, 

thereby placing the local population at increased risk of transmission (202–204). Increased rainfall in 

the wet season leads to the overflow of human and animal sewerage into the riverine environment 

(205,206). This is compounded by poor drainage systems which further heightens the susceptibility to 

flooding, thereby increasing the frequency of these events (207,208). Urban settings in sSA are 

particularly vulnerable to these threats, with dense populations and a paucity of WASH infrastructure, 

leading many to highlight them as potential hotspots for environmental AMR (209). The advent of 

open drain flooding in urban areas has been shown to parallel with increased rates of enteric 

infections, especially in children (210). Interactions with rivers are also known to increase rates of non-

AMR enteric disease. River water use and exposures have been noted to be  a risk factor for Typhoid 

disease in Nepal (211), Vietnam (212) and locally in Blantyre, Malawi (213). This in turn leads to an 

increase in antibiotic usage and further selects for AMR. With the advancement of climate change, 

flooding events are expected to increase in frequency and intensity (214) and LMICs will suffer the 

highest burden of effects as a result of climate insecurity (215). 

 

1.5. Water, Sanitation and Hygiene and AMR 

 

There has been international support linking the AMR agenda to WASH priorities (209,216), including 

most recently via WHO guidance on WASH and AMR published in 2020 (198). WASH infrastructure is 

a key barrier to unfettered interaction between human, animals and the environment. WASH 

inadequacies, whether infrastructural or behavioural increase these interactions. Globally, WASH 

inadequacies are heavily concentrated in LMICs. Currently, 2 billion people are estimated to lack 

access to basic sanitation such as improved pit latrines or private toilets, and over 600 million people 

practice open defecation (198). Poor sanitation levels directly correlate with higher levels of AMR 

(217), and increased prevelance of diarrhoea (218). Diarrhoeal disease is frequently treated with 

antibiotics and it is estimated that a 40% reduction in WASH-associated ABU would be achieved by 

implementing safe WASH practices and infrastructure in LMIC communities (13).  

 

From the 3.4 billion people who have safely managed sanitation (as defined by WHO and Joint 

Monitoring Program [JMP]), only 2/3 have toilets connected to sewerage networks where waste is 

treated, and ~1/3 use toilets where excreta are managed in situ (219). The management of sewerage 

in situ impacts household exposure routes through direct contamination of faecal material (220) or 

sludge management issues including bioaerosol dispersal of enteric pathogens from pit emptying 
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(221,222) or soil and groundwater contamination from bacterial and chemical pollutants (223). Waste 

streams, particularly in urban slums can also be influenced by the use and disposal of grey water 

(defined as wastewater of domestic use, excluding that pertaining to toilets), and in peri-urban regions 

of LMICs grey water accounts for ~75% of the total domestic water consumption (224). Grey water is 

frequently contaminated by human faeces, most notably from households that are washing nappies 

(223–225), and where evidence exists, it commonly contains ESBL enterobacteriaceae (225). Leaching 

of grey water and pit latrine excreta into the groundwater and rivers subsequently contaminates 

drinking water and can lead to faecal-oral ingestion of AMR bacteria. Within the WASH community, 

faecal-oral exposure routes are commonly described in an F-diagram (121,226). When considering the 

routes from acquisition of AMR bacteria in our setting, adaptions are likely to be needed that 

incorporate the importance of animal faecal risks and environmental exposures (Figure 1.1).  

 

 

Figure 1.1. Adapted F-diagram, illustrating the routes of household faecal exposures from humans, 

animals and the environment (121,226).  
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Drinking water provides a key risk if not managed effectively, and unsafe water use is associated with 

an increase in the transmission of faecal oral pathogens (219,227). Safe water is in short supply, and 

at present 2 billion people consume water from a source contaminated with faeces (198,219). 785 

million people do not have access to a basic drinking water service (defined as an improved water 

source accessible in 30mins) and 144 million people are dependent on surface water, such as lakes or 

rivers (198,219). However, unsafe water usage is considered to be highly prevalent in sSA, and JMP 

estimates that within Malawi 86% of people have basic water access, with the rest having either 

limited, unimproved or use surface water as a primary drinking water source (228). Unsafe water 

sources frequently have E. coli contamination (229) and many examples of ESBL-E contamination in 

water sources exist, especially from low-income settings or displaced populations where water 

insecurities are an everyday threat (211,230–232). There are differences noted in the regional 

qualities and risks of water sources from country-country and between urban vs rural settings, 

especially in sSA (209,229,233,234), so it will be important to contextualise these risks based on local 

infrastructure, socio-cultural practices and access.  

 

In sSA, where water insecurities are common, drinking water is typically collected from non-household 

sites (i.e. boreholes or public kiosks), brought back in containers and stored on premises. Post-

collection contamination of source water by E. coli and ESBL-E is commonly identified (235–237), and 

the levels of contamination reported in the literature fluctuate by site (237) and are subject to 

seasonal changes (235). The mode of contamination is thought to be related to inadequate hand-

hygiene alongside contact with animal or environmental sources, and some benefits have been 

identified by covering water storage containers, thereby limiting environmental contamination 

(237,238).   

 

Hand-hygiene plays an important role in safe water and sanitation and is frequently suboptimal in sSA. 

Globally, 3 billion people lack basic handwashing facilities at home, 1.6 billion have limited facilities 

lacking soap or water, and 1.4 billion have no facility at all. Rural areas in countries like Malawi have 

substantially less hand-washing facilities that those in urban settings, and this reiterates the 

importance of regional contextualisation (228). Hand-hygiene interventions in LMICs have been 

modelled for their impact on community ESBL carriage and early findings suggests that, targeted 

household hand-hygiene interventions could help prevent transmission of ESBL-E to a greater degree 

that alterations to local ABU (106). In practice, hand-hygiene interventions have been difficult to 

implement effectively. Work undertaken in Malawi found that a high level of knowledge on 
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appropriate hygiene practices was not reflected in observed habits (239) and observed levels of hand-

hygiene are frequently lower than those that are reported (240). Therefore, we should consider the 

local barriers to key practices and psychosocial factors that influence decision-making in these 

contexts (239,241).  

 

Food can be another source for AMR transmission. Food and water purchased from local vendors in 

these settings often are contaminated with ESBL bacteria (242,243). If safe produce is obtained, food 

prepared in the household under unhygienic conditions, with inadequate hand-hygiene can become 

contaminated with pathogens (244) or AMR bacteria including ESBL-E (135,137,245,246). This is 

further compounded by faecal contamination of kitchen utensils, water and other items used in 

cooking practices as a result of inadequate hand-hygiene, especially in LMICs (241,247,248). Animal 

contact with food items and utensils adds an additional risk for AMR transmission, and non-human 

contaminations should be evaluated in these settings (121).  

 

Lastly, contaminated raw and ready to eat foods that are uncooked prior to eating (245), or post-

cooked food contamination (249) are common sources of bacteria that lead to diarrhoeal disease. This 

is of particularly concern for children in low-income settings (250), where in the under 5s up to 70% 

of diarrhoea-inducing pathogens are thought to be acquired from food produce (241). In this cohort, 

epidemiological data indicates that food is more important than water for transmitting bacteria that 

leads to diarrheal disease (251). Together, vendor-associated food-hygiene and household practices 

can lead to direct risks of ESBL acquisition or pathogens that cause diarrhoea and subsequent 

antibiotic prescription. Whilst benefits from WASH interventions on diarrhoeal disease are still unclear 

(252–255) it is likely that measures that reduce bacterial transmission of faecal-oral pathogens would 

also reduce transmission of AMR bacteria.  

 

1.6. Conceptual framework for the community transmission of AMR in Malawi. 

 

Various drivers of AMR have been postulated and these have been framed within clinical, 

epidemiological, social, political and environmental narratives (1,3,256). From the evidence reviewed 

in this chapter we can see that the community setting is an important site for ESBL AMR transmission 

in LMICs such as Malawi. It is likely that in low-income settings, WASH factors play a central role in 

environmental ESBL contamination that leads to onward risks for the local population.  
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I therefore hypothesise that in Malawi, ineffectual household WASH practices and a paucity of WASH 

infrastructure leads to ESBL contamination of the household environment along with pollution of the 

riverine and community environments from faecal sludge containing ESBL bacteria. Human and animal 

interactions with these environmental reservoirs promotes the acquisition, maintenance and spread 

of ARB and ARGs, thereby facilitating the transmission of AMR-pathogens including ESBL-E and ESBL-

K to humans, ultimately resulting in gut carriage of drug resistant organisms in these settings. 

Furthermore, variations between urban, peri-urban and rural infrastructure and behavioural practices 

are likely to result in regional differences in ESBL prevelance within humans, animals and the 

environment as a result of individual-level and household-level factors. Therefore, it will be important 

to describe the household-level risks associated with ESBL carriage from these unique geographic 

perspectives to look for key similarities and differences in WASH, animal husbandry and 

environmental exposures in parallel with assessments of individual-level factors such as age, sex, co-

morbidities, ABU and healthcare exposure.  

 

To interrogate this hypothesis, I will undertake a One-Health study in households from urban, peri-

urban and rural Malawi that assesses the prevelance of ESBL-E and ESBL-K colonisation of humans, 

co-located animals and the household environments, in conjunction with ESBL-E and ESBL-K 

contamination of the broader local environment including the drainage and riverine networks. This 

will be augmented by individual-level and household-level datasets that capture a broad range of 

potential risk factors for ESBL AMR transmission, and a river water study in urban Blantyre to evaluate 

the key drivers and ecological risks within the aquatic environment.  

 

These data will later be input into agent-based models and undergo genomic analysis to further 

characterise the drivers of ESBL AMR in our setting, but these analysis will not be included as part of 

this thesis. Details of the study design and methods are discussed in Chapter 2, and broad-level site 

descriptions including population demographics, healthcare and common disease epidemiology are 

contained in Appendix i. 

 

This work is nested within the DRUM Consortium, an MRC “AMR in a Global Context” award and thus 

able to incorporate interdisciplinary approaches and opinions within the study design, data capture 

and analysis. This has enabled me to work with specialists in the relevant disciplines to select 

appropriate analysis plans and contextualise the findings, in an effort to maximise the validity of the 

interpretations made from a One-Health context.  
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1.7.  Thesis structure and overview 

 

Below I briefly describe the overview of the thesis and summarise the methodologies used and high-

level findings in each chapter as an aide memoire (Figure 1.2).  
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Appendix  

 

Appendix 1i. Detailed setting description including population demographics, healthcare and 

common disease epidemiology in southern Malawi. 

 

Malawi has a population of 18 million, is split into 3 regions (north, central and southern) and has a 

life expectancy of 64 years. With an estimated population of 7,750,629, southern Malawi comprises 

of a few dense urban conurbations surrounded by rural areas (257). Malawi is less urbanised than 

similar African nations, with 83% of people living in rural areas (2). The city boundaries of Blantyre 

encompass 26 administrative wards and has a population of 800,264 (259).  

 

Medical care in Blantyre is provided by health centres in the community and through a large tertiary 

hospital, Queen Elizabeth Central hospital (QECH). In Blantyre the HIV prevalence is 18% (260). The 

majority of adult admissions to QECH are HIV positive, with up to 34% newly diagnosed at presenting 

admission. A study of 892 sequential adult patients admitted to QECH in June-December 2014 showed 

a 69% prevalence rate for HIV (261). Trends in medical admissions have reflected the outcome of ART 

rollout, with fewer HIV related complications and the advent of increased presentation of non-

communicable diseases (NCDs) and their complications (262,263). High levels of TB bacteraemia (264), 

pulmonary and extrapulmonary TB, Typhoid and enteric diseases have also been noted (265,266).  

 

Whilst the incidence of BSIs has reduced since the rollout of ART in 2004, a study at QECH in 2009-

2010 illustrated that 90% of patients presenting with BSIs were HIV positive (267). In adult attendees 

at QECH, the incidence of sepsis was 1772 per 100,000 person years and inpatient mortality for 

patients admitted with sepsis and severe sepsis was 23.7%  (95% CI, 22.7-24.7%) and 28.1% (95% CI, 

26.1-30.0%) respectively (268). The prevalence of ESBL BSIs in sSA is high, yet an accurate 

understanding of the burden of morbidity and mortality is unknown (46). A recent systematic review 

of 40 studies across 12 countries indicated the prevalence of 3GC resistance in E. coli BSIs was 18.4% 

(IQR 10.5-35.2) and K. pneumoniae of 54.4% (IQR 24.3-81.2) (46). In 2014, there was an ESBL K. 

pneumoniae outbreak identified on Chatinka ward (93). From February to November 2014, 75% of all 

paediatric K. pneumoniae BSIs were from neonates admitted to this ward. A retrospective WGS 

investigation of isolates obtained from 2010-2015 identified a discreet outbreak of the MDR ST340 

clone (93).  
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Reliance on Ceftriaxone and other 3GCs at QECH is high (44). Historically there has been limited 

antimicrobial stewardship (AMS) or infection prevention and control (IPC) measures, and while 

success was noted following introduction in a pragmatic AMS campaign at QECH in 2016-2018, even 

after a reduction of 26.5% in 3GC prescribing, there was still a 53.6% rate of use (44). At present there 

is no AMS or IPC support, and in the absence of ongoing efforts it is unclear whether rates of 3GC 

remain low. Our anecdotal experience is that, in QECH, 3GCs are widely prescribed for both 

appropriate and inappropriate indications.  
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Chapter 2: 

Methods for a One-Health observational study of ESBL prevalence in Malawi, focussing on 

households and the broader environment. 

 

 

2.0. Chapter Aim 

 

In this chapter I provide an overview of the Malawian sites, and illustrate the methodological 

approaches taken to household selection and recruitment, alongside a detailed description of the 

sampling frame, microbiological methods, data collection tools and SOPs.  

 

2.1. Outline and contributions 

 

This has been written in the format of a protocol paper, accepted by Wellcome Open, which takes an 

interdisciplinary One-Health approach to identifying the key drivers of AMR within Malawi. The 

detailed microbiological methods were adapted from previously published SOPs and methods 

provided by the UK National Institute for Health Protection Food Water and Environment (FWE) 

laboratory and have been locally adapted.  

 

This manuscript summarises the combined work of work strands 2,5 and 6 of the DRUM consortium 

(https://www.drumconsortium.org/). It therefore describes the recruitment in Uganda, alongside 

genomic analysis and agent-based modelling approaches that will not be included in my thesis. The 

modelling and genomic sections provide a framework for how the Malawian data obtained within this 

thesis will be developed by other members of DRUM, consequently these sections were not primarily 

written by myself (Table 2.0). I wrote all other sections and undertook laboratory optimisation 

including implementing quality assurance from sample to bench, to incorporation of result in the 

DRUM database (see Chapter 5). Within the manuscript I have included links to the detailed 

microbiological methods and questionnaires used, and these are accessible online via Zenodo, on 

https://doi.org/10.5281/zenodo.5855774 (269), and  https://doi.org/10.5281/zenodo.5855820 (270) 

respectively. References cited in the text of the manuscript have been placed at the end of the thesis.  

 

One of the key successes to this project has been its truly interdisciplinary approach, and throughout 

the conceptualisation and iterative methodological processes, advice and opinion was sought from 

experts in human health, animal health, food, water and environmental microbiology, WASH & 

https://www.drumconsortium.org/
https://doi.org/10.5281/zenodo.5855774
https://doi.org/10.5281/zenodo.5855820
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environmental health, and medical anthropology from within the DRUM consortium. This manuscript 

is a culmination of those efforts, and I would like to both thank and acknowledge them for their 

contributions.  

 

Chapter-specific statistical modelling techniques (Chapters 6 and 7), and antibiotic residue analysis 

(Chapter 8) will be covered in more detail within the relevant chapters.  

 

Table 2.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution Sections of this paper that are primarily drafted by the PhD 

candidate include: 

 Abstract, introduction, aim, site selection,  methods 

(apart from household selection and DNA 

extraction), data management and analysis, 

community engagement, ethics, study status, 

conclusion and extended data.  

 

The included SOPs and CRFs were primarily written and 

optimised by the PhD candidate. 

Contributions from external 

partners and DRUM consortium 

collaborators 

Sections not primarily written by the PhD candidate include 

household selection, DNA extraction and spatial analysis.  

 The section on household selection was primarily 

written by Melodie Sammaro.  

 The section on DNA extraction and sequencing was 

primarily written by Patrick Musicha.  

 The section on spatial analysis and agent-based 

modelling was primarily written by Chris Jewell. 

 

Document review was provided by all authors.   

 

Laboratory flow and processing was conceptualised by a 

DRUM laboratory working group, including: Nicola Elviss, 

Henry Kajumbula, Nicholas Feasey, Patrick Musicha and the 
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PhD candidate. Specific guidance for details of the laboratory 

processing SOPs was sought from Nicola Elviss (UKHSA), and 

for the HRM PCR SOP from Rachel Byrne (LSTM). Rachel 

Byrne also completed optimisation of HRM PCR techniques 

within her MSc and these results assisted with the 

development of microbiological pipeline.  

 

The SOPs were reviewed by all listed SOP co-authors.  

 

The DRUM CRF working group contributed to the generation 

of the CRFs, and this included: Melodie Sammarro, Kondwani 

Chidziwisano, Shevin Jacob, Henry Kajumbula, Lawrence 

Mugisha, David Musoke, Andrew Singer, Rebecca Lester,  

Catherine Wilson, Chris Jewell, Tracy Morse, Clair Chandler, 

Eleanor MacPherson, Simon Alderton, Barry Rowlingson 

Rachel Tolhurst, Nicholas Feasey and the PhD candidate. 

 

Data management and quality assurance pipelines alongside 

electronic CRFs were generated by Barry Rowlingson, 

Lumbani Makhasa, Clemens Masasa, Stevie Amos and 

(primarily) the PhD candidate. 

 

Conceptualisation of the study was a culmination of all 

members of the DRUM consortium listed as authors. 

 

2.2. Overview of microbiological methodologies and rationale  

 

Water, food, environmental and stool samples were obtained using different equipment, dependant 

on the sample type. Water was collected in 1L Nalgene containers, food was collected in Whirl-pac 

bags, environmental samples were collected using 3M swabs and stool was collected either with a 

rectal/cloacal swab or a 30ml stool container. Samples were then processed according to their type 

(i.e. water, food, environmental or stool) and these methods are detailed in the paper (section: 

Microbiological methodology) and expanded on within the SOPs. A pre-enrichment step in buffered 

peptone water (BPW) was then undertaken to increase the chance of recovery of gram-negative 
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bacteria, followed by plating and growth on ESBL CHROMagarTM media to select for ESBL bacteria. 

ESBL E. coli was determined by chromogenic agar and indole testing, and ESBL K. pneumoniae was 

determined by chromogenic agar and high-resolution melt-curve (HRM) PCR. DNA was extracted on 

all isolates in conjunction with a selection of plate sweeps (chromogenic agar) and BPW samples for 

onward genomic analysis which is not included in this thesis.   

 

Prior to the start of the study considerations were made in the microbiological pipeline for (a) the 

benefit of pooling and screening of samples vs individual sample screening, (b) the use of HRM PCR 

techniques (either via ESBL gene or bacterial species) vs ESBL culture as a first step after enrichment, 

and (c) the choice of ESBL media. In relation to pooling, given the high degree of ESBL positivity seen 

on piloting, pooling was not identified as a pragmatic or financially sensible option, therefore, 

individual sample testing was opted for. In relation to the use of HRM PCR vs ESBL culture on 

chromogenic agar, given the absence of pooling and the need for bacterial isolates for onward 

genomic testing, as a consortium we opted for culture-based techniques as the step after enrichment. 

It should also be highlighted that on piloting the screening of samples with ESBL genes (TEM/SHV/CTX-

M) using HRM PCR methods, these were found to be less sensitive than ESBL culture (CHROMagarTM 

media), particularly on environmental samples (personal comms, Rachel Byrne). Lastly, in relation to 

the choice of ESBL media, CHROMagarTM media was chosen given its high reported sensitivity for ESBL 

E. coli and ESBL K. pneumoniae (362,363), its cost, simplicity, the absence of the need for quantitative 

data, and because we had previous local experience of using this media to good effect (300).  
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Abstract 

In sub-Saharan Africa (sSA), there is high morbidity and mortality from severe bacterial infection, and 

this is compounded by antimicrobial resistance, in particular, resistance to 3rd-generation 

cephalosporins. This resistance is typically mediated by extended-spectrum beta lactamases (ESBLs). 

To interrupt ESBL transmission it will be important to investigate how human behaviour, water, 

sanitation, and hygiene (WASH) practices, environmental contamination, and antibiotic usage in both 

urban and rural settings interact to contribute to transmission of ESBL E. coli and ESBL K. pneumoniae 

between humans, animals, and the environment. 

 

Here we present the protocol for the Drivers of Resistance in Uganda and Malawi (DRUM) Consortium, 

in which we will collect demographic, geospatial, clinical, animal husbandry and WASH data from a 

total of 400 households in Uganda and Malawi. Longitudinal human, animal and environmental 

sampling at each household will be used to isolate ESBL E. coli and ESBL K. pneumoniae. This will be 

complimented by a Risks, Attitudes, Norms, Abilities and Self-Regulation (RANAS) survey and 

structured observations to understand the contextual and psychosocial drivers of regional WASH 

practices. 

 

Bacterial isolates and plate sweeps will be further characterised using a mixture of short-, long-read 

and metagenomic whole-genome sequencing. These datasets will be integrated into agent-based 

models to describe the transmission of EBSL resistance in Uganda and Malawi and allow us to inform 

the design of interventions for interrupting transmission of ESBL-bacteria. 

 

Introduction 

  

Antimicrobial resistance (AMR) is a huge and complex global public health problem (13). It is a threat 

to health that reflects both the interconnectedness of humans, animals and the environment and 

humanity’s dependence on antimicrobials (14). In sub-Saharan Africa (sSA), there is a high incidence 

of severe bacterial infection, frequently inadequate health system infrastructure to diagnose and treat 

bacterial disease, and widespread and uncontrolled availability of antimicrobials, which drives 

antibiotic use (ABU) in both human and animal sectors (16,271). There is also inadequate water, 

sanitation and hygiene (WASH) infrastructure to mitigate spread of environmentally dependent 
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bacteria between humans, animals, and the environment (198). This situation favours the 

transmission of AMR-bacteria, but the relative contribution of these different factors is uncertain.  

 

The 3rd-generation cephalosporin (3GC) ceftriaxone is frequently the antimicrobial agent of first and 

last resort across much of sSA. 3GC resistant (3GC-R) enteric bacteria have rapidly emerged, largely 

due to acquisition of extended-spectrum beta lactamase (ESBL)-producing enzymes, resulting in 

infections that are frequently locally untreatable, due to unavailability of carbapenems or other 

reserve antibiotics (272). ESBL-producing Escherichia coli and Klebsiella pneumoniae are key examples 

of this. As low-income countries (LIC) in Africa have poor access to watch and reserve agents, it is 

critical to define the relative importance of different transmission routes of ESBL-producing enteric 

bacteria in order to develop interventions that will interrupt pathogen transmission and ultimately 

prevent drug resistant infections (DRI). 

  

Uganda and Malawi are LIC with high incidence of neonatal sepsis and malaria, high prevalence of HIV, 

poorly regulated antimicrobial markets, and inadequate WASH infrastructure (92,198,273,274). Here, 

we present the protocol developed by the Drivers of Resistance in Uganda and Malawi (DRUM) 

Consortium. DRUM will work in urban, peri-urban, and rural settings in Uganda and Malawi and focus 

on ESBL producing E. coli (ESBL-E) and K. pneumoniae (ESBL-K). These bacteria were selected as they 

belong to the same family and often share AMR phenotypes, however E. coli is typically considered to 

be both community-acquired and nosocomial, whereas K. pneumoniae is more often judged to be the 

archetypal nosocomial AMR pathogen (71). 

  

We will take an interdisciplinary, One-Health approach to assess how human behaviour, WASH 

practices, environmental contamination, and ABU in urban and rural locations within Uganda and 

Malawi contribute to the transmission of ESBL-E and ESBL-K between humans, animals, and the 

environment and how this transmission relates to strains isolated from the blood of humans with 

drug-resistant infection (DRI). We will collect demographic, geospatial, WASH, longitudinal clinical and 

molecular microbiological data, and integrate these data into agent-based models designed to 

estimate the impact of putative interventions on interrupting transmission. 

 

Aim 

  

In order to determine the critical points at which efforts to interrupt human AMR acquisition are likely 

to have the greatest impact in Eastern Africa and beyond, we hypothesise that the household is a key 

https://www.drumconsortium.org/
https://www.drumconsortium.org/


 57 

setting in which ESBL enteric bacteria are transmitted. We therefore aim to identify risk factors for 

and infer drivers of ESBL-E and ESBL-K transmission in Uganda and Malawi at the household level. This 

is summarised in Figure 1, created following a stakeholder meeting in Uganda in 2018 by Design 

Without Borders. 

 

 

Figure 1. Hypothetical model of related behaviours and the movement of AMR-bacteria in Uganda 

and Malawi. The schematic situates the household at the heart of the model, in which humans act in 

response to their environment within which bacteria are evolving in response to selective pressures 

around them. 

Site selection 

  

DRUM consortium members identified sites representing urban, peri-urban, and rural settings to 

enable variations in WASH behaviours, animal practices, ABU, and contamination with ESBL-producing 

bacteria to be contrasted. Additionally, sites were considered based on perceived acceptability of 

research within the communities and existing research capacity. Therefore, in Malawi, Ndirande 

(urban) and Chikwawa (rural) were selected because of the opportunity to utilize data from previous 

studies (i.e. detailed censuses) and prior research engagement, and Chileka (peri-urban) was selected 

due to local prior knowledge. We sought to achieve a comparable mixture in Uganda with varied 

https://www.designwithoutborders.com/
https://www.designwithoutborders.com/
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socioeconomic status in Kampala (urban) and Hoima District (peri-urban and rural). Within these sites, 

recruitment polygons were drawn from local administrative wards (Figure 2).  

 

Figure 2. Diagram of DRUM study sites. (a) We selected two geographic areas within Uganda including 

Kampala (red) and Hoima District (green).  From these areas, polygons were created that mapped an 

urban setting (Kampala) and urban/rural setting (Hoima District). (b) We selected sites in two regions 

within southern Malawi including Blantyre (red) and Chikwawa District (green). Polygons were created 

and mapped for urban (Ndirande) and peri-urban (Chileka) settings within Blantyre and a rural setting 

within Chikwawa District. 

 

Malawian site descriptions: 

  

Healthcare is free at the point of delivery in Uganda and Malawi, and this should be assumed unless 

otherwise stated. 

  

Site 1: Ndirande, Blantyre, Malawi (Urban) 

  

Ndirande is a large urban settlement with high-density housing 4 km from the geographical centre of 

Blantyre, the second city of Malawi (259,275) and where 15% (109,164) of the Blantyre population 
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resides (276). Ndirande is geographically situated on a mountainside directly next to the city centre, 

supplied by 2 main rivers that run from the top of the mountain through the centre of the district and 

converge into the Mudi. Open drains flow directly into the rivers, which are frequently contaminated 

with plastic waste. Healthcare is provided by one large, government Health Centre (Ndirande Health 

Centre) and by the tertiary referral hospital for the Southern region, Queen Elizabeth Central Hospital 

(QECH), 2-6 km away (275,277). HIV prevalence in adults aged 15-65 is 18% and there is a high burden 

of typhoid and tuberculosis (260,278). The study polygon is 3 km2, and our initial survey in April-May 

2019 identified 8 secondary schools, 46 primary (or nursery) schools, 52 places of worship, 15 markets, 

1 farm and 9 pharmacies within it.  

  

Site 2: Chileka, Blantyre, Malawi (Peri-Urban) 

  

Chileka is a peri-urban administrative ward on the northern outskirts of Blantyre city. Chileka is a flat 

area with a mixture of households, light industry and farms (beef/pig/poultry).  Household plots are 

typically larger in size than Ndirande, and the river system is formed of a complex network of small 

tributaries that flow into a main river which feeds back into the Shire downstream of Blantyre city. 

Akin to Ndirande, open drains also flow directly into the river network.  Healthcare is provided by a 

government Health Centre (Chileka Health Centre), a small local private hospital (Mtengo-Umodzi) or 

admission to QECH 10-16 km away. The study polygon is 14 km2, and our initial survey in April-May 

2019 identified 3 secondary schools, 20 primary (or nursery) schools, 14 places of worship, 4 large 

farms and 6 pharmacies within it.  

  

Site 3: Chikwawa, Malawi (Rural) 

  

Chikwawa is a large district with a population of ~450,000, situated in the southern Shire valley and 

its border is 50 km from Blantyre (279). It is a rural area, including a mixture of subsistence and large-

scale sugar farming, and given its low-lying situation is historically prone to flooding (280). It is supplied 

by the large Shire river and is hotter than Blantyre, with a less developed sewerage network (T Morse 

personal comms). Healthcare is provided by Chikwawa District hospital, 14 health centres and 26 

community health care worker outposts (279). We identified a 71 km2 study polygon readily accessible 

from Blantyre by road, including villages engaged in research activity on the edge of Chikwawa town. 

The polygon is directly next to Chikwawa boma, and therefore the local hospital (Chikwawa District 

hospital) is located 300m from the southern-east tip of the polygon. Furthermore, given the  climactic 

conditions, smaller rivers are only present in the wet season, and therefore, few rivers were included 
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within the polygon. Our survey in April-May 2019 identified 2 secondary schools, 9 primary (or 

nursery) schools, 29 places of worship, 3 markets, 11 farms and 1 pharmacy within the polygon. 

 

Ugandan site descriptions: 

  

Site 4: Kampala, Uganda (Urban) 

Kampala, the capital and largest city of Uganda has a metropolitan area population of 3.3 million 

people. Adult HIV prevalence is 6.9% (281). The sampling frame comprises of 3 contiguous areas 

drawn in wedge shape (measuring 3.4 km2 x 2.7 km2 x 1 km2) with a spectrum of population density 

areas. These areas were loosely stratified relative to each other as being of low, medium or high 

socioeconomic status based on local knowledge. The smallest polygon closest to the centre is 

considered low, whilst the one furthest from the centre as medium and the middle one as high 

socioeconomic status. 

  

Site 5: Hoima, Uganda (Rural and Urban)  

Hoima, in the Western Region of Uganda, is the main municipal, administrative, and commercial 

centre of Hoima District and has a population of 122,700 people (282). HIV prevalence among adults 

aged 15-64yrs in the Mid-West Region of Uganda where Hoima is located is 5.7% (281). The sampling 

frame comprises of two non-contiguous polygons of 3.6 km2 and 7.6 km2, the former incorporating 

Hoima town (peri-urban) and the latter (rural) being a few kilometres away from Hoima town and 

which has more animal and human cohabitation. 

 

Methods  

  

Household selection process 

As DRUM will investigate AMR transmission at the household level, we chose a spatial design based 

on the “inhibitory with close pairs” approach (283). This enables us to distribute primary sampling 

sites across the study area evenly, avoiding systematic biases that may occur when sampling on a 

regular grid. Secondly, “close-pair” points are added to the design to allow localised comparison of 

sample sites and therefore measurement of close-range correlation in AMR status. Thus, seventy 

percent of households will be sampled at a minimum inhibitory distance (MID) from all other points 

(284) Using one inhibitory point at a time, the rest of the points, called close pairs, are randomly 

selected within a circle with a pre-determined close-pairs radius (CPR). The minimum distance for our 

design is 100 meters and the radius for each close pair is 30 meters. These values were chosen based 
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on results from a spatial investigation of enteric pathogen Salmonella Typhi in Blantyre that showed 

a spatial correlation up to approximately 150 meters (213). 

Depending on the richness of existing geospatial data within each study area, we will implement 

different versions of the algorithm in each area. In Ndirande (Malawi), where all households had 

previously been geolocated, direct random sampling of households subject to the spatial constraints 

above is possible (275). In Hoima (Uganda), where OpenStreetMap (OSM) data appears complete, 

OSM-derived building locations can be chosen to identify potential households. In Chikwawa (Malawi), 

WorldPop population density rasters allow us to preferentially (though not exclusively) propose 

sampling sites in high population density areas thus avoiding field teams visiting vacant sites 

(www.worldpop.org/). In Kampala (Uganda) and Chileka (Malawi), apparent uniformity of the 

population density across the study area allows a simple spatially uniform proposal to be used. Two 

practical site-specific considerations are necessary. Firstly, for Chileka, the MID and CPR must be 

doubled due to the sparse population. In Kampala, the availability of a marked socioeconomic gradient 

within the study region allows stratification of the population by socioeconomic status, with 

households randomised within strata, but respecting our spatial design constraints across strata 

borders. 

Proposed sampling locations are then translated into households by the data collection field teams. 

For instances where either no suitable household exists at the location or in the event that a 

household declines to participate in the study, a random direction is selected by the field team, and 

the closest consenting household in that direction is chosen. 

  

Recruitment of households 

  

We aim to enrol up to 100 households in each of the five sites. Households will be grouped into either 

“intensive” or “sparse”, with 15 intensive households pre-selected at random within each polygon, 

and all others allocated as sparse (Figure 3). Intensive households will undergo extensive WASH 

observations at the first and last visit, whereas “sparse” households will not undergo any WASH 

observations (Figure 3). 

  

All households will be followed up at 3-4 time points over a period up to 6 months to provide 

longitudinal microbiological and WASH data. Household recruitment will be staggered over 12 months 

to assess seasonality of transmission of ESBL-bacteria. At each visit, households will be asked to 

respond to questionnaires to provide information at the individual and household level on ABU, health 
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seeking behaviour and WASH behavioural practices. Microbiological sampling will be undertaken to 

determine the presence of ESBL E. coli and ESBL K. pneumoniae from human, animal and 

environmental samples. 

 

 

Figure 3: DRUM household study design. 

 

Participant eligibility 

  

Eligibility will be considered at the level of the household and individuals. Households will be required 

to exist within the boundaries of the study polygon and be able to provide a minimum of 12 samples 

at the baseline visit, inclusive of a minimum of 2 human stool samples from household members. 

Individuals will be required to speak either the predominant local language (Chichewa in Malawi or 

Luganda or Runyoro in Uganda) or English to provide informed consent, and not have confirmed or 

suspected acute infection at the time of recruitment. 
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Data collection 

 

1. Case Report Forms (CRFs) 

  

Study CRFs have been designed by an interdisciplinary working group of the DRUM consortium that 

included specialists in human health, animal health, food, water and environmental microbiology, 

WASH & Environmental health and medical anthropology. Questions were selected from pre-tested 

tools evaluating regional demographics, human and animal health, WASH infrastructure and 

behavioural practices, humans and animal ABU determinants and environmental exposures (213,285). 

These questions were inputted into CRFs that were tailored to the resident population, structured into 

either individual or household level, thematically separated into key drivers of AMR and translated 

into local languages (Table 1).  

At the baseline visit, these CRFs will be completed to provide information at the individual and 

household level on human health, ABU, health seeking behaviour, structural and behavioural WASH 

practices and animal husbandry (Extended data). At each follow-up visit, changes to human health, 

household practices and antibiotic exposure will be assessed (Extended data). 

 

  Individual Level Data Household Level Data 

Demographic ·       Participant 
Demographics 

·    Household Demographics 
·    Socio-Economic Information 
·    Household Head Information  

Health ·       Health Status and 
Comorbidities 

·       Regular Medication Use 
·       Recent Illness 

·    Household Health Seeking Behaviour 
  

Exposure Risk ·       Healthcare Exposure 
·       Travel and Residency 
·       Health Seeking 

Behaviour 

·    Visitors into the household 
  

Antibiotic Usage 
  

·       Antibiotic Usage ·    Household Experience of Illness and 
Antibiotics 

WASH ·       Hand-Washing Data 
  

·    Household WASH Infrastructure 
·    Toileting Behaviour 
·    Waste Management 
·    Water Usage and Management 
·    Washing and Bathing Practices 
·    Food Preparation and Hygiene 

Information. 
·       Hand-Washing Data 

Environmental   ·    Household Infrastructure 
·    Household Environment 
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Animal   ·    Household Animal Husbandry 
·    Animal Health and Disease Prevention 
·       Drug Usage in Household Animals 

(including antibiotics) 

Table 1: DRUM CRF themes and data capture. 
 

 

2. Longitudinal microbiological sampling 

  

The consortium was asked to consider priorities for household sampling at the kick-off meeting at 

Liverpool School of Tropical Medicine (LSTM), UK (23/09/2018). We decided to focus on areas 

identified as hand-contact zones or where food handling occurred and also to include broader 

environmental sites that serve as important reservoirs of ESBL AMR. We established a consensus 

opinion for the microbiological sampling strategy based on a maximum of 20 samples per visit, 

inclusive of human and animal stool samples and environmental samples (see Figure 4).  

 

 

Figure 4. DRUM microbiological sampling frame, used at household visits. Samples are inclusive of 

human stool, animal stool, and a selection of household environment and the broader external 

environment. 

 

        2.1   Field sampling methods 

  

Human stool will be self-collected in a 30 mL stool pot by participants. Animal stool samples will either 

be collected using rectal/ cloacal swabs (for poultry) or taken directly from the ground. Food samples 
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will be placed in sterile Whirl-Pak® bags, and all water samples will be collected using sterile 500 ml 

Nalgene® BPA-free, polypropylene bottles. 

  

Household environmental sampling will be informed by the WASH observations to determine high-

risk areas of environmental contamination. Environmental contact-surface samples and clothing 

samples will be collected with 3M™ Sponge-Sticks containing 10 ml sterile buffered peptone water 

(BPW) broth, and floor samples will be collected with the use of boot socks. Drain samples (defined as 

water in motion either in a constructed drain (dug or built) or moving on a surface) will be collected 

in a 30 ml universal container from within the household compound. Detailed descriptions of the 

sampling processes are included in the study SOPs (Extended material) 

  

All samples will be issued a unique identification code, labelled, stored in ice chests at 2-8oC in the 

dark and transported to the laboratory, for processing within 24 hours, where possible. 

  

      2.2  Microbiological Methodology 

  

Consistent with practice at the UK Health Security Agency Food Water and Environment (FWE) 

Microbiology Services, samples will initially be cultured in enrichment broth (BPW) to improve the 

recovery of Gram-negative organisms. The volumes of BPW added will depend on sample type and 

will be determined by either the manufacturer’s advice (3M™ Swab-Samplers), expert opinion and 

SOPs from FWE (3M™ Sponge-Sticks, water filtration methods, food processing methods), previous 

local experience (stool processing) or from pre-testing and optimisation in the piloting phase of the 

study (river water processing, drain sample processing, boot socks). 

  

Human stool, animal stool and environmental swabs will not require pre-processing steps. BPW will 

be directly added to the sample upon reception. Water and food samples will be pre-processed as 

follows: 

●   Water samples will be filtered through a sterile 0.45 µm cellulose-ester gridded 

membrane (VWR™) using a vacuum-based manifold, before adding to universal 

containers with 20 ml of BPW. In river water samples, a second sample will be processed 

in parallel, and the filter membrane will be stored at -80°C without the addition of BPW. 

●   Fruit will have enough BPW added to the Whirl-Pak® bag to cover before being massaged 

for a period of 30 sec to 3 min. The fruit will then be aseptically removed from the bag 

prior to incubation. 
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●   Green leafy vegetables will be weighed and have nine times the weight of the food added 

in BPW to obtain a sample-to-diluent volume of 1:9, before being manually stomached 

for 30 sec to 3 min. Vegetables will be left inside the Whirl-Pac® bag while incubated. 

  

Once the enrichment broth (BPW) has been added, all samples will be placed in an aerobic incubator 

at 37 ± 1oC for 18-24 hours. After incubation a 1.8 ml aliquot of the culture BPW will be stored at -

80°C, and the remaining sample will be plated onto ESBL CHROMagar™ chromogenic agar 

(CHROMagar™, France). Plates will be placed in an aerobic incubator at 37 ± 1oC for 18-24 hrs and 

read for growth of ESBL bacteria, via the presence of either pink, blue or white colonies. Pink colonies 

and (indole positive) white colonies will be categorised as ESBL E. coli while blue colonies will undergo 

speciation for K. pneumoniae, using high resolution melt-curve (HRM) PCR, to identify ESBL K. 

pneumoniae isolates (286). ESBL isolates and plate sweeps of all positive samples will be stored at -

80°C. 

  

Samples will be stored at intervals during the microbiological processing to facilitate subsequent 

whole genome sequencing (WGS), including aliquots of the original sample (shotgun metagenomics); 

samples pre-enriched with BPW (limited-diversity metagenomics via mSWEEP/mGEMS), 

CHROMagar™ plate sweeps (limited-diversity metagenomics) and single colony picks (short-read and 

long-read sequencing) (287). 

  

      2.3 DNA extraction and Sequencing 

  

DNA will be extracted from all ESBL-positive and a selection of ESBL-negative isolates, plate sweeps 

and pre-enriched BPW ESBL positive samples using the QIASymphony DSP Virus/Pathogen mini-kit® 

on the QIASymphony® (QIAGEN, USA) automated DNA extraction platform or manually extracted 

using the DNeasy® blood and tissue kit (QIAGEN, USA). Extracted DNA will be shipped to the Wellcome 

Sanger Institute (WSI, UK) under export licences issued following signature of Access and Benefit 

Sharing agreements in accordance with the Nagoya protocol.   

 

DNA from single colony pick isolates and plate sweep samples will be whole genome sequenced on 

the Illumina X10 platform (Illumina Inc, California, USA) to produce 150bp paired end short reads. 

Preliminary analysis of these short-read WGS data will inform the identification of clusters from which 

representative isolates will be selected for long read sequencing on the MinION platform (Oxford 

Nanopore Technologies, UK) in order to generate hybrid, improved draft assemblies, and thus 

https://www.sanger.ac.uk/
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characterise mobile genetic elements (MGEs). Finally, shotgun metagenomic sequencing will be 

performed on up to 420 pre-enriched BPW samples on the Illumina HiSeq 4000 platform (Illumina Inc, 

California, USA) to investigate the microbial community composition and AMR gene pool or 

“resistome”. 

 

3. WASH Evaluations 

  

3.1 Household WASH, environmental health and food safety evaluations 

  

Each recruited household will be asked to engage with a range of qualitative and quantitative data 

collection methods to gain an understanding of the contextual and psychosocial elements of their 

household, individual and habitual WASH practices as outlined in IBM-WASH (288). Questions will be 

asked of household members at the baseline assessment (combined with the household and 

individual CRFs), and a checklist and sanitation inspection form will be completed by a member of the 

study team at each visit to evaluate WASH infrastructure. Lastly, a household plan will be completed 

at baseline to contextualise the household infrastructure where specific activities take place (including 

perceived high-risk areas) and aid in analysis. 

  

WASH practices will be assessed via checklist and structured observations at households and identified 

for “intensive surveillance”, at both the baseline and fourth visit. Observations will be undertaken on 

3 consecutive days, for a period of 6 hours per day, with two morning sessions (6am-12pm) and one 

afternoon session (12pm-6pm) to describe WASH practice over the period of a day. The focus on early 

sessions has been chosen due to previous studies illustrating that key WASH activities occurred mainly 

in the mornings (239). Observations will be recorded by research staff and summarised in a structured 

format for content analysis to enable the identification of critical control points around WASH 

behaviours for faecal and environmental exposure. 

  

3.2   Understanding WASH behavioural drivers 

  

Psychosocial drivers of WASH practices will be explored using the Risks, Attitudes, Norms, Abilities 

and Self-Regulation (RANAS) Model, undertaken at up to 100 households in each region (241,289). 

The RANAS questionnaire design will be informed by the structured observations in intensive 

households and focus on hand hygiene, food preparation, waste management, water usage and 

environmental exposure. The RANAS survey will be conducted with 2 household members in each 
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household, and where possible, will be directed to the household head (e.g. father) and one 

household worker (household staff member). RANAS data will be analysed using an ANOVA mean 

comparison to determine the differences between doer and non-doer contextual and psychosocial 

factors for potential targeted behaviours. The data from this survey will be used to inform potential 

behaviour change techniques which could be used to tackle high risk transmission areas identified in 

the agent-based model. 

  

4.  Assessment of broader environmental exposure 

  

Transect walks of each region will be undertaken using an integrated approach to the collection and 

evaluation of environmental, WASH and microbiological data to understand the wider context in 

which household members are living. Based on the principles of the SaniPath method, walks will be 

undertaken with community leaders using walking interviews, while collecting video footage and 

photographs and geolocating walk routes and sampling sites. Reference will be made to specific Shit 

Flow Diagrams (SFD), where available, which visually describe excreta flow in urban and rural settings, 

and data will be mapped to provide a spatial outline of potential pathways for faecal exposure (290–

292). Wherever feasible, longitudinal data will be collected on study sites to assess the effects of 

seasonality. This novel adaption of the SaniPath tool will enable us to integrate environmental AMR 

data into urban and rural WASH exposure pathways. 

  

Observations and structured checklists will be completed at 10 public and institutional settings within 

each of the five sites (n=50). This will be complemented by Focus Group Discussions (FGDs) and In-

depth interviews (IDIs) with key informants (heads of household, primary caregivers, school children, 

market vendors, etc.) to explore perceptions of barriers and challenges to WASH posed by 

circumstances of daily life. 

 

5.  Spatial analysis and integration of datasets into an agent-based model 

  

The initial approach will be to determine variables (as described above) that have strong associations 

with ESBL status using model-based statistical analysis. Spatial and temporal correlations will be 

accounted for using both geostatistical and agent-based modelling techniques to increase the 

precision of our inference, and hence insight into the main demographic and environmental drivers 

of transmission and carriage. Geostatistical models will initially be used as a phenomenological way 

of detecting such associations in the quantitative elements of our data. Findings from our qualitative 

https://www.sanipath.org/
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components will then be used to inform the structure of an agent-based model. This will allow us to 

test different systems models of social and behavioural features of the population that may contribute 

to ESBL emergence, transmission, and colonisation/decolonisation of individuals. 

  

Data management and analysis 

  

In Uganda CRF data and laboratory data will be collected using REDCap (version 10.0.25). In Malawi 

CRF data will be collected using tablets with Open Data Kit software (ODK, 1.4.10) and laboratory data 

will be collected using Teleform Data Capture software (10.7). Initial transcription (where needed) and 

data cleaning will be performed within the local data centres in Uganda and Malawi, close to the data 

collection context. These data will then be pulled nightly from the local data centres to the University 

of Lancaster (UoL), UK and formalised into an SQL database to facilitate full record linking with RANAS 

and WASH study data, extract query construction, and final quality assurance (Figure 5). All data will 

be securely stored with restricted access to the study PIs and database administrators at Malawi-

Liverpool Wellcome Trust (MLW, Malawi), IDI (Infectious Diseases Institute, Uganda) and Lancaster, 

and shared where required with specific members of the DRUM project team using a secured instance 

of Dataverse hosted on UoL servers. 

 

 

Figure 5. DRUM data management workflow. 
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Community engagement and involvement 

 

Prior to study initiation and at regular intervals throughout the study, programme-wide community 

engagement and involvement will be held at study sites in Uganda and Malawi, including the 

convening of community advisory groups and meetings with the local leadership, district health offices 

and district executive councils. Findings will be shared with participants, communities and local 

government, including key stakeholders such as the Malawian Ministry of Health AMR technical 

working group, the University of Malawi and the Uganda National One-Health Platform’s national 

AMR Sub-committee of the One-Health Technical Working Group within Makerere University College 

of Health Sciences (CHS) and College of Veterinary, Animal resources and Biosecurity (COVAB). 

  

Ethics statement, regulatory approvals and governance 

  

The protocol, participant information sheets, consent forms and data collection tools have been 

approved by the LSTM Research and Ethics Committee (REC, #18-090), College of Medicine REC, 

Malawi (#P.11/18/2541), Institutional Animal Care and Use Committee (IACUC), Uganda (Ref: 

SVARREC/18/2018), Joint Clinical Research Centre (JCRC) REC, Uganda (#JC3818) and Uganda National 

Council for Science and Technology (UNCST, #HS489ES). 

  

In addition, administrative permissions have been granted from community leaders and support 

obtained from local community advisory groups. Sensitizations of study areas will be conducted prior 

to initiation and full informed written consent will be obtained from all participants recruited into the 

study, in their local language when required. 

 

Study status 

 

In Uganda and Malawi, household recruitment and follow-ups have been completed in line with this 

protocol. Observational, CRF and microbiological data have been collected, cleaned, and integrated 

into the SQL database. RANAS questionaries and transect walks have been undertaken, and genomic 

and spatial analysis is underway. The available data has been fed into agent-based models, which are 

underdoing iterative developments and optimisation. 
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Conclusion 

  

In settings where there is a high incidence of severe bacterial infection and inadequate WASH 

infrastructure, we will identify risk factors and infer drivers of ESBL-E and ESBL-K transmission in 

Uganda and Malawi at the household level. 

  

This One-Health study will also provide insights on how human behaviour, WASH practices, 

environmental contamination, and ABU in urban and rural locations within Malawi and Uganda 

contribute to the transmission of ESBL-E and ESBL-K between humans, animals, and the environment. 

By integrating this high-quality data into agent-based transmission models, we will be able to 

determine critical points at which efforts to interrupt human ESBL acquisition are likely to have the 

greatest impact in sSA and share this information with policymakers to co-produce future intervention 

strategies. 
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Data availability 

Underlying data 

 No data are associated with this article. 

 

Extended data 

 Zenodo: Case report forms (CRFs) used for the publication: Drivers of Resistance in Uganda and 

Malawi (DRUM): A protocol for the evaluation of One-Health drivers of Extended Spectrum Beta 

Lactamase (ESBL) resistance in Low-Middle Income Countries (LMICs), 

https://doi.org/10.5281/zenodo.5855820 (270). 

 

This project contains the following extended data: 

 

- DRUM01 Participant Enrolement CRF.pdf 

- DRUM02 Household Enrolement CRF.pdf 

- DRUM03 Household WASH CRF.pdf 

- DRUM04 Participant Follow-up CRF.pdf 

- DRUM05 Household Follow-up CRF.pdf 

- DRUM06 Human Stool Sample Collection CRF.pdf 

- DRUM07 Animal Stool Sample Collection CRF.pdf 

- DRUM08 Household Food Sample Collection CRF.pdf 

- DRUM09 Household Environmental Sample Collection CRF.pdf 

- DRUM10 Household Floor Sample Collection CRF.pdf 

- DRUM11 Household Clothing Sample Collection CRF.pdf 

- DRUM12 Household Water Sample Collection CRF.pdf 

- DRUM13 River Water Sample Collection CRF.pdf 

- DRUM14 Household Hand-Hygiene Audit CRF.pdf 

 

Zenodo: Laboratory standard operating procedures (SOPs) used for the publication: Drivers of 

Resistance in Uganda and Malawi (DRUM): A protocol for the evaluation of One-Health drivers of 

Extended Spectrum Beta Lactamase (ESBL) resistance in Low-Middle Income Countries (LMICs), 

https://doi.org/10.5281/zenodo.5855774 (269). 

 

This project contains the following extended data: 

- DRUM_SOP1_V2 Human and animal stool processing.pdf 

https://doi.org/10.5281/zenodo.5855820
https://doi.org/10.5281/zenodo.5855774
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- DRUM_SOP2_V2 Environmental sample processing .pdf 

- DRUM_SOP3_V2 ESBL culture.pdf 

- DRUM_SOP4_V2 K. pneumoniae identification.pdf 

- DRUM_SOP5_V2 Storage.pdf 

 

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-

BY 4.0).  
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Chapter 3: 

Comparison of demographic, health, antibiotic usage and health seeking behaviour data from 

study households in urban, peri-urban and rural Malawi. 

  

 

3.0. Chapter summary 

 

Within this chapter I have outlined the selection process of households recruited into the household 

study in Malawi, evidencing that they are representative of urban, peri-urban and rural settings. Using 

data obtained from the CRFs, I have provided a detailed description of the household characteristics 

and participant demographics, evaluating regional differences in household density, age composition 

and socioeconomic status that could serve as confounders in future analysis and assessed whether 

there are regional differences in the underlying health status of household individuals, which may 

impact on human antibiotic exposure. This is followed by an evaluation of the regional attitudes to 

antibiotic usage and health seeking behaviour, alongside a description of recent antibiotic usage 

within household participants. Finally, given the scarcity of available animal data in LMIC settings, I 

have assessed whether there are regional differences in animal ownership, husbandry practices, 

access to animal healthcare services and antibiotic use in animals co-located at study households, 

which may be important when assessing antimicrobial resistance rates seen in animals, humans and 

the household environment.  

 

Data from the 300 households recruited illustrates similar household density between the regions 

(mean 4.5), with households in the rural setting on average poorer than those in the urban or peri-

urban setting. The median age of household members was 18yrs, and participants were invariably in 

good health with few co-morbidities or recent hospital admissions; with an adjusted HIV prevalence 

of 14.0% across the study cohort. Antibiotic exposure in the study cohort was predominantly limited 

to oral amoxicillin, co-trimoxazole and metronidazole and associated with episodes of illness, 

irrespective of diagnosis. ABU was higher in the rural site compared to other regions and in children 

under 5, as an age group. 

 

Animal ownership was commonplace, with 58.7% of households owning an animal, highest in the rural 

site. Poultry was the most frequently owned animal, and the species present at households varied by 

setting, with larger livestock animals more often seen in the rural area, and domestic animals seen in 

the urban and peri-urban sites. Preventative measures were employed to reduce episodes of animal 
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illness, and when animals became unwell households would rarely seek specialist advice or give 

medication, and therefore I found limited recent ABU exposure in animals included within the study.  

 

My contributions to this chapter and those of others are included in Table 3.0.  

 

Table 3.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted and analysed by the 

PhD candidate 

Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborator, Tracy Morse. 

 

Statistical advice was sought from Chris Jewell. 

 

Data collection was aided by study staff, including: 

 Witness Mtambo, Gladys Namancha, Suzgo 

Mkandawire, Steria Chisesele, Dyson Rashid, Odetta 

Duwa, Lughano Ghambi, Chiyembekeso Palije and 

Fletcher Nangupeta 

 

 

3.1. Polygon derivation and household recruitment 

 

As described in Chapter 2, the study was designed to focus on the level of the household and obtain 

a representative sample of urban (Ndirande), peri-urban (Chileka) and rural (Chikwawa) households 

from within Malawi. An outline of the polygons, and key structures within them are included in 

appendix 3.i. From the pre-selected 100 household geolocations in each site, 15 were characterised 

into “intensive” households and 85 into “sparse” households. 50 households within the 85 “sparse” 

households were prioritised for longitudinal follow-up. The minimal acceptable numbers of 

households recruited was 65 households in each region, inclusive of 15 intensive and 50 sparse, with 

an ideal recruitment of 100 households, inclusive of 15 intensive and 85 sparse (Figure 3.0). Due to a 

COVID-19 enforced institutional shutdown on studies operating at MLW, the study was paused from 

May 2020 to August 2020. During this period household follow-ups were suspended and resumed 
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once COVID safety measures had been deployed, and local agreements were in place. As a result of 

these delays, in each region, only the 65 households originally prioritised for longitudinal follow-ups 

(15 “intensive” and 50 “sparse”) were able to have the full complement of 4 visits (1 baseline and 3 

follow-up), and the other 35 households underwent a single baseline visit. Below we describe the 

selection process, geolocation, and recruitment of these households in each region. 

 

 

Figure 3.1. Schematic of acceptable household recruitment numbers of sparse and intensive 

households for each region.  

 

3.2. Urban, peri-urban and rural household recruitment and geolocation 

 

Between May 2018 and October 2020, 263 households in Ndirande (Figure 3.1), 229 households in 

Chileka (Figure 3.2) and 119 households in Chikwawa (Figure 3.3) were screened, to enable to the 

recruitment of 100 households into the study from each site. In each region, households were 

classified into either “intensive” or “sparse”, as per the study protocol (Chapter 2), and geolocated 

within the study boundaries (Figures 3.4-3.6).  

 

In Ndirande, 137 households screened did not consent to take part in the study and 26 households 

did not meet the inclusion criteria (needing at least 2 household members). A total of 5 households (1 

“intensive” and 4 “sparse”) were lost to follow-up during the study period, all of which were due to 

relocation. This provided us with baseline data for the urban 100 households and microbiological 

sampling from 277 visits (57 at “intensive” households and 220 at “sparse” households) within the 
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urban region (Figure 3.1). In Chileka, 114 households screened did not consent to take part in the 

study and 15 households did not meet the inclusion criteria. A total of 9 households (1 “intensive” and 

8 “sparse”) were lost to follow-up during the study period. 1 household withdrew consent and the 

other 7 households relocated outside of the study boundaries. This provided us with baseline data in 

each of the urban 100 households recruited and microbiological sampling from 278 visits (59 at 

“intensive” households and 219 at “sparse” households) within the peri-urban region (Figure 3.2). In 

Chikwawa, 9 households that were screened did not consent to take part in the study and 2 

households did not meet the inclusion criteria. A total of 2 households (1 “intensive” and 1 “sparse”) 

were lost to follow-up during the study period, both related to relocation outside the study boundary. 

This provided us with baseline data in each of the rural 100 households recruited and microbiological 

sampling from 286 visits (56 at “intensive” households and 230 at “sparse” households) in the rural 

region (Figure 3.3). Due to COVID associated logistical restraints and reduced staff numbers, in the 

rural region individual level CRFs were not completed at the final 35 households, which represents 

individual-level data loss on 135 participants. 

 

 *COVID-19 safety concerns led to 35 sparse households only undergoing a baseline visit. 

Figure 3.2. CONSORT chart for urban households, classified into “sparse” or “intensive”, and 

illustrating loss to follow-up and total visits. 
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*COVID-19 safety concerns led to 35 sparse households only undergoing a baseline visit. 

Figure 3.3. CONSORT chart for peri-urban households, classified into “sparse” or “intensive”, and 

illustrating loss to follow-up and total visits. 
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*COVID-19 safety concerns led to 35 sparse households only undergoing a baseline visit. These 35 households 

were also not able to complete individual level CRFs. 

Figure 3.4. CONSORT chart for rural households, classified into “sparse” or “intensive”, and 

illustrating loss to follow-up and total visits. 
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Figure 3.5. Map of urban polygon detailing the GPS selection process and allocation of sparse or 

intensive households. (a) Boundaries of urban polygon. (b) Geolocation of 100 GPS points [black] for 

household identification, using pairwise design within the urban polygon. (c) Random selection of 65 

GPS points [red] chosen within the initial 100 allocated to have longitudinal follow-up (minimum of 4 

visits). (d) Random selection of 15 households [white] within the 65 households allocated to 

“intensive” households (where WASH observations will be performed). (d) Final GPS point selection 

for household recruitment, categorised into “intensive” (white) and “sparse” (red or black) 

households, with sparse households sub-categorised for priory to longitudinal follow-up (red), and 

longitudinal follow-up if possible (black). (e) The GPS locations of “actual” households recruited into 

the study, including 15 “intensive” (yellow) households and 85 “sparse” (purple) households. 
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Figure 3.6. Map of peri-urban polygon detailing the GPS selection process and allocation of sparse or 

intensive households. (a) Boundaries of urban polygon. (b) Geolocation of 100 GPS points [black] for 

household identification, using pairwise design within the urban polygon. (c) Random selection of 65 

GPS points [red] chosen within the initial 100 allocated to have longitudinal follow-up (minimum of 4 

visits). (d) Random selection of 15 households [white] within the 65 households allocated to 

“intensive” households (where WASH observations will be performed). (d) Final GPS point selection 

for household recruitment, categorised into “intensive” (white) and “sparse” (red or black) 

households, with sparse households sub-categorised for priory to longitudinal follow-up (red), and 

longitudinal follow-up if possible (black). (e) The GPS locations of “actual” households recruited into 

the study, including 15 “intensive” (yellow) households and 85 “sparse” (purple) households. 
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Figure 3.7. Map of rural polygon detailing the GPS selection process and allocation of sparse or 

intensive households. (a) Boundaries of urban polygon. (b) Geolocation of 100 GPS points [black] for 

household identification, using pairwise design within the urban polygon. (c) Random selection of 65 

GPS points [red] chosen within the initial 100 allocated to have longitudinal follow-up (minimum of 4 

visits). (d) Random selection of 15 households [white] within the 65 households allocated to 

“intensive” households (where WASH observations will be performed). (d) Final GPS point selection 

for household recruitment, categorised into “intensive” (white) and “sparse” (red or black) 

households, with sparse households sub-categorised for priory to longitudinal follow-up (red), and 

longitudinal follow-up if possible (black). (e) The GPS locations of “actual” households recruited into 

the study, including 15 “intensive” (yellow) households and 85 “sparse” (purple) households. 
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3.3. Household and participant characteristics 

 

Within the 300 households recruited, there was a total of 1351 household members, 71.4% 

(n=965/1351) of whom consented to individualised questionnaires at baseline and again at each 

follow-up. This represented 67.9% (n=312/459) of the available household members from the urban 

site, 82.0% (383/467) of available household members from the peri-urban site and 63.5% (270/425) 

of the available household members from the rural site answering individual-level questions. The low 

response rate in the rural region is consequent upon COVID interruptions to the 35 sparse households, 

whereby 134 consented participants did not provide individual-level data. All 300 households 

provided baseline and follow-up data. The following results are descriptive summaries obtained from 

these data, pertaining to household and participant demographics, inclusive of health status, ABU and 

health seeking behaviour from each of the study sites (urban, peri-urban and rural).  

 

3.4. Household demographics 

 

The mean (SD) number of residents per household across the study was 4.5 (1.9), with the urban, peri-

urban and rural sites having a 4.6 (1.9), 4.6 (1.9) and 4.2 (1.5) members per household respectively, 

illustrating limited variations in household density between the regions (Table 3.1). Households had 

between 2-13 household members, with little variation in the ranges seen between the regions (range 

= 2-13 in the urban site, 2-11 in the peri-urban site, and 2-12 in the rural site). Most households 

comprised of a mix of adults and children, with 2.5 (1.0) adults, 1.4 (1.2) adolescents, 0.4 (0.6) children 

and 0.3 (0.5) infants per household, and other than a predominance of adults at urban/peri-urban 

sites there was a limited difference between the regional composition of household age groupings 

(Table 3.1).  

 

School attendance was high within the total study population, with 70.0% (n=70), 63.0% (n=63) and 

69.0% (n=69) of households reporting 1 or more children attending primary school in the urban peri-

urban and rural sites respectively, and 22.0% (n=22), 24.0% (n=24) and 20.0% (n=20) of households 

reporting 1 or more children attending a secondary school in the urban, peri-urban and rural sites 

(Table 3.1). 

 

It was common for households in all three regions to live in “absolute poverty” as defined by the 

United Nations (293) and World Bank (294), with participants in the rural site more frequently earning 

less, having food insecurity, and conceptualising themselves as poor. Using the World bank metric of 
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the international poverty line, each individual would need to earn ≥45,600 MK /month (equivalent to 

$1.90/day at the time of the study) to be considered above the threshold for absolute poverty 

(294,295). Household income was evaluated as a crude estimate of poverty in this study, and here I 

found that in the urban, peri-urban and rural regions, 74.0% (n=74), 68.0% (n=68) and 95.0% (n=95) 

of households had an average total income of <50,000 MK /per month for the entire household. When 

adjusting monthly household income for the number of household members, only 2.3% (n=7) of 

households [1 urban, 4 peri-urban and 2 rural] therefore lie above the absolute poverty threshold per 

individual. Using food supply metrics as a proxy measure for poverty, 39.0% (n=39) of urban 

households, 50.0% (n=50) of peri-urban households and 75.0% (n=75) of rural households reported 

food shortages on a monthly basis, and 31.0% (n=31) of urban households, 45.0% (n=45) of peri-urban 

households and 59.0% (n=59) of rural households reported food shortages on a weekly basis. Lastly, 

when household members were approached directly to conceptualise how poor they felt using a 

poverty scale, they consistently placed themselves living on the lower steps (1-3) in all three study 

areas, with those living in the rural site describing themselves as on the poorer steps (1-2) more often 

than in the urban and peri-urban regions (Figure 3.7). 

 

 

Figure 3.8. Poverty step response amongst households in urban, peri-urban and rural sites. The step 

scale is from 1-6, with 1 being poor and 6 being rich. Column n represents the number of households 

that responded to where they felt they sat on the scale. 

 

Despite the low household income, mobile phone ownership was common, with 64.7% (n=194) of 

households, 56.1% (n=270) of adults, and 40.0% (n=386) of total participants in the study owning a 
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phone. There was a regional difference though, as we found less access or ownership of a phone in 

the rural site comparted to the urban and peri-urban site. (Table. 3.2). 

 

Table 3.1. Characteristics of households in the urban, peri-urban and rural sites. 

Household characteristic 
 

n (%) unless otherwise indicated 
 

 Total Urban Peri-urban Rural p^ 

Average number of household 
members 

mean =4.5  
(SD=1.8) 

range 2-13 

mean = 4.6 
(SD=1.9) 

range 2-13 

mean = 4.6 
(SD=1.9) 

range 2-11 

mean = 4.2 
(SD=1.5) 

range 2-12 

.281 

Number of people living in each household 

    1-2 n=27 (9.0%) n=7 (7.0%) n=14 (14.0%) n=6 (6.0%) .127 

    3-4 n=151 (50.3%) n=44 (44.0%) n=45 (45.0%) n=62 (62.0%) .017 

   ≥5 n=122 (40.7%) n=49 (49.0%) n=41 (41.0%) n=32 (32.0%) .053 

Age ranges of household 
members 

     

    Number of Adults (>18yrs) mean =2.5 
(SD=1.0) 

mean = 2.5 
(SD=1.0) 

mean = 2.7 
(SD=1.2) 

mean = 2.2 
(SD=0.8) 

.012 

    Number of Adolescents (14-
17yrs) 

mean =1.4 
(SD=1.2) 

mean = 1.4 
(SD=1.2) 

mean = 1.4 
(SD=1.2) 

mean = 1.4 
(SD=1.2) 

.998 

    Number of Children (1-14yrs) mean =0.4 
(SD=0.6) 

mean = 0.4 
(SD=0.6) 

mean = 0.4 
(SD=0.6) 

mean = 0.4 
(SD=0.5) 

.953 

     Number of Infant/Neonate 
(>1yr) 

mean =0.3 
(SD=0.5) 

mean = 0.3 
(SD=0.5) 

mean = 0.2 
(SD=0.4) 

mean = 0.3 
(SD=0.5) 

.081 

How many members of the household attend primary school? 

    0 n=98 (32.7%) n=30 (30.0%) n=37 (37.0%) n=31 (31.0%) .549 

    1-2 n=166 (55.3%) n=58 (58.0%) n=53 (53.0%) n=53 (53.0%) .765 

    3 or more n=38 (12.7%) n=12 (12.0%) n=10 (10.0%) n=16 (16.0%) .477 

How many members of the household attend secondary school? 

    0 n=229 (76.3%) n=71 (71.0%) n=76 (76.0%) n=80 (80.0%) .537 

   1-2 n=65 (21.7%) n=22 (22.0%) n=23 (23.0%) n=20 (20.0%) .908 

   3 or more n=1 (0.3%) n=0 (0.0%) n=1 (1.0%) n=0 (0.0%) 1.00 

Average household Income 
(MK/month)  

mean = 45,462 
(SD=48,256) 

mean = 50,818 
SD (40,647) 

mean = 56,111 
SD (55,528) 

mean = 29,615  
SD (43,839) 

>.001 

Household Income (MK/month) groupings 

    0-50,000 n=237 (79.0%) n=74 (74.0%) n=67 (67.0%) n=94 (94.0%) >.001 

    51,000-100,000 n=39 (13.0%) n=19 (19.0%) n=19 (19.0%) n=1 (1.0%) >.001 

    101,000-150,000 n=13 (4.3%) n=4 (4.0%) n=8 (8.0%) n=1 (1.0%) .055 

    151,000-300,000 n=9 (3.0%) n=1 (1.0%) n=4 (4.0%) n=4 (4.0%) .405 

    >301,000 n=4 (1.3%) n=2 (2.0%) n=2 (2.0%) n=0 (0.0%) .551 

Job status of the head of the household 

    Paid employee n=80 (26.7%) n=35 (35.0%) n=35 (35.0%) n=10 (10.0%) >.001 

    Paid domestic worker n=14 (4.7%) n=0 (0.0%) n=6 (6.0%) n=8 (8.0%) .008 

    Self employed n=115 (38.3%) n=48 (48.0%) n=43 (43.0%) n=24 (24.0%) >.001 

    Unemployed n=89 (29.7%) n=16 (16.0%) n=15 (15.0%) n=58 (58.0%) >.001 

    Other n=5 (1.7%) n=1 (1.0%) n=3 (3.0%) n=1 (1.0%) .625 

Occupation of the head of the household* 
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    Agriculture n=7 (3.3%) n=1 (1.2%) n=4 (4.7%) n= 2 (4.8%) .414 

    Domestic service n=6 (2.8%) n=0 (0.0%) n=3 (3.5%) n=3 (7.1%) .042 

    Unskilled manual n=47 (22.1%) n=11 (13.1%) n=17 (19.8%) n=19 (45.2%) >.001 

    Skilled manual n=81 (38.2%) n=35 (41.07%) n=30 (34.9%) n=16 (38.1%) .667 

    Sales and service n=50 (23.6%) n=30 (35.7%) n=19 (22.1%) n=1 (2.4%) >.001 

    Clerical Technical / managerial n=13 (6.1%) n=4 (4.8%) n=9 (10.5%) n=0 (0.0%) .049 

    Healthcare n=2 (0.9%) n=1 (1.2%) n=1 (1.2%) n=0 (0.0%) 1.00 

   Other n=6 (2.8%) n=2 (2.4%) n=3 (3.5%) n=1 (2.4%) 1.00 

*Number of employed household head (urban = 84, peri-urban = 86 and rural = 42). 
^p-values obtained by fisher’s exact test for categorical and Kruskal-Wallis for continuous data 

 

3.5. Participant demographics 

 

The median age of the study population was 18yrs (IQR 7-34); 15yrs (IQR 7-32) in the urban region, 

20yrs (IQR 9-37) in the peri-urban region and 17yrs (IQR 7-32) in the rural region (Table 3.1). This 

young average age is best illustrated by the population pyramids of each site showing a predominance 

of younger age groupings (Figure 3.8) and is consistent with the 2018 Malawi census. The age of 

participants ranged from 1 month to 102 years old (Table 3.2). There were more female respondents 

than men at households from all sites (190:122 in the urban region, 213:170 in the peri-urban and 

142:128 in the rural region), with little regional difference, and this is likely to be related to women 

being more present at the households during the daytime to undertake questionnaires and perhaps 

more willing to take part in research.  

 

Most participants reported to belong to the Christian faith, with 92.1% (n=889) of the total population 

reporting practicing Christianity, and the remaining respondents either practicing Islam or preferred 

not to say. Understandably, due to geographic reasons there were differences seen in the tribal 

makeup of the urban/peri-urban households compared with the rural households, with urban and 

peri-urban respondents predominately identifying themselves as either Lomwe (urban: 33.7%, peri-

urban: 23.8%) or Ngoni (urban: 24.4%, peri-urban: 43.1%), whereas rural respondents identified 

themselves as either Nyanja (44.1%) or Sena (25.6%) (Table 3.1). Tribal affiliations may lead to cultural 

differences in WASH practices, although limited evidence for this exists within the Malawian context 

(296).  

 

In terms of schooling, 38.5% (n= 372) of the total study participants were enrolled in some form of 

education with limited differences seen between the regions. 39.3% (n=379) of the total study 

population was unemployed, and paid employment for those above the working age (>15) was 43% 

(n=66/154) in the urban site, 51.4% (n=111/216) in the peri-urban site and 20.6% (n=29/141) in the 

rural site, further evidencing the differences in income and poverty between rural and urban settings 
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(Table 3.2). On direct questioning of the household head, 84.0% (n=84), 85.0% (n=85) and 42.0% 

(n=42) of them in the urban, peri-urban and rural regions reported having a job, and the type of 

employment differed between setting, with household heads employed in either skilled manual roles 

(urban: 42%, peri-urban: 35%) and sales sector (urban: 36%, peri-urban: 22%) in the urban sites, 

whereas they were predominantly employed in unskilled (45%) or skilled manual (38%) jobs in the 

rural site (Table 3.1).   
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Table 3.2. Household participant demographics of the urban, peri-urban and rural sites. 

Characteristic  n (%) unless otherwise indicated  

 Total Urban Peri-urban Rural  p 

Household members 
   Number of household 
members 

 
n=1348 

 
n=459 

 
n=467 

 
n=422 

 

   Number of participants 
recruited 

n=965 (71.6%) n=312 (68.0%) n=383 (82.0%) n=270* (64.0%) >.001 

Age median = 18yrs 
(IQR = 7-34) 

range = 1 month 
to 102yrs 

median = 15yrs 
(IQR = 7-32) 

range = 1 month 
to 87yrs 

median = 20yrs 
(IQR = 9-37) 

range = 1 month 
to 102yrs 

median = 17yrs 
(IQR = 7-32) 

range = 1 month 
to 88yrs 

.031 

Sex       
    Male n=420 (43.5%) n=122 (39.1%) n=170 (44.4%) n=128 (47.4%) .121 

Religion       
    Christianity n=889 (92.1%) n=285 (91%) n=341 (89.0%) n=263 (97.4%) >.001 
    Islam  n=59 (6.1%) n=22 (7%) n=34 (8.9%) n=3 (1.1%) >.001 

    Other / prefer not to say n=17 (1.8%) n=5 (2%) n=8 (2.1%) n=4 (1.5%) .864 

Tribe       
    Chewa n=60 (6.2%) n=32 (10.3%) n=25 (6.5%) n=3 (1.1%) >.001 

    Lomwe n=214 (22.2%) n=105 (33.7%) n=91 (23.8%) n=18 (6.7%) >.001 

    Ngoni n=251 (26.0%) n=76 (24.4%) n=165 (43.1%) n=10 (3.7%) >.001 

    Nyanja n=133 (13.8%) n=12 (3.8%) n=2 (0.5%) n=119 (44.1%) >.001 

    Sena n=106 (11.0%) n=19 (6.1%) n=18 (4.7%) n=69 (25.6%) >.001 

    Tonga n=7 (0.7%) n=6 (1.9%) n=1 (0.3%) n=0 (0.0%) .010 

    Tumbuka n=33 (3.4%) n=17 (5.4%) n=16 (4.2%) n=0 (0.0%) >.001 

    Yao n=106 (11.0%) n=40 (12.8%) n=64 (16.7%) n=2 (0.7%) >.001 

    Other / prefer not to say n=55 (5.7%) n=5 (1.6%) n=1 (0.3%) n=49 (18.1%) >.001 

Job Status       

    Student n=372 (38.5%) n=137 (43.9%) n=140 (36.6%) n=95 (35.2%) .059 
    Unemployed n=379 (39.3%) n=107 (34.3%) n=129 (33.7%) n=143 (53.0%) >.001 
    Unpaid family forker n=4 (0.4%) n=0 (0%) n=1 (0.3%) n=3 (1.1%) .100 
    Paid domestic worker n=17 (1.8%) n=0 (0%) n=11 (2.9%) n=6 (2.2%) .003 
    Paid employee n=68 (7.0%) n=19 (6.1%) n=40 (10.4%) n=9 (3.3%) >.001 
    Self employed n=125 (13.0%) n=49 (15.7%) n=62 (16.2%) n=14 (5.2%) >.001 

Occupational Exposure 
    Number of participants who 
work in education (i.e. school) 

n=9 (0.9%) n=5 (1.6%) n=4 (1.0%) n=0 (0.0%) .029 

    Number of participants who 
work in healthcare (i.e. 
hospital) 

n=4 (0.4%) n=2 (0.6%) n=1 (0.3%) n=1 (0.4%) .828 

Phone Ownership      
    Yes (all ages) n=386 (40.0%) n=94 (30.1%) n=243 (63.4%) n=49 (18.1%) >.001 
    Yes (adjusted for age >17)^ n=270 (56.1%) n=89 (61.8%) n=135 (65.5%) n=46 (35.1%) >.001 

*Due to COVID interruptions individual CRF data collected on 65/100 rural households. 291 individuals at the first 
65 households, representing 92.8% of participants recruited from within these households.  
^Regional numbers of adults: (n=144) urban, (n=206) peri-urban, and (n=131) rural 
p values generated by Fishers exact (categorical variable), and Kruskal-Wallis (continuous variable) tests. 
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3.6. Participant health status 

 

An overall HIV prevalence rate of 6.8% was seen in the study cohort [urban: 6.1%, peri-urban: 6.8%, 

rural: 7.8%. However, 51% (n=492) of the study population did not know their HIV status, with 

participants in the rural households less likely to report a positive or negative test result. This could 

represent an underreporting of true HIV prevelance. Therefore, we can also adjust the HIV prevelance 

rate to include only those participants who knew their HIV status (i.e. proportion of participants with 

a positive HIV test result from the total number of participants who had a test). This (adjusted) HIV 

prevalence rate for those who knew their status was 14.0% (n=66), and this is more consistent with 

national data (Table 3.3). There were some differences seen in the (adjusted) HIV prevalence rate 

between study sites, with the highest HIV rate seen in the peri-urban [23.6% (n=26/110)] households 

compared to the urban [10.5% (n=19/177)] or rural 11.3% (n=21/186) households (p=.026). Anti-

retroviral therapy (ARV) uptake was good amongst HIV positive participants, with 93.9% (n=66) of HIV 

individuals on treatment, and 90.9% (n=60) on CPT (Table 3.3). There was no data within the survey 

to assess ARV adherence, and a poor knowledge and documentation of CD4 count and viral load to 

determine participant’s level of immunosuppression or co-infection risk.   

 

There were no cases of active TB diagnosed in the cohort, and only 12 participants had ever been 

treated for TB in the past, all of whom completed a full course of anti-tuberculous therapy. Non-

infectious comorbidities were infrequently diagnosed, with 6.8% (n=66) of the cohort reporting 

conditions such as hypertension, peptic ulcer disease and COPD (for full list, see Table 3.3), reflecting 

a broadly healthy population. However, it should be noted that there was a higher prevalence of 

comorbidities diagnosed within the rural participants compared to those in the urban or peri-urban 

settings (p=.003) (Table 3.3).  

 

Only 2.9% (n=28) of the total population took any form of regular medication other than for HIV, and 

there were no differences seen in medication use regionally (Table 3.3).  

 

Table 3.3. Participant health status of the urban, peri-urban and rural sites. 

Health Characteristic 
 

n (%) 
 

 Total Urban Peri-urban Rural^ p 

HIV Status      

   HIV reactive (adj) $ n=66 (14.0%) n=19 (10.5%) n=26 (23.6%) n=21 (11.3%) .026 

   HIV reactive n=66 (6.8%) n=19 (6.1%) n=26 (6.8%) n=21 (7.8%) .723 

   HIV non-reactive n=407 (42.2%) n=158 (50.6%) n=84 (21.9%) n=165 (61.1%)  
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   HIV status unknown n=492 (51.0%) n=135 (43.3%) n=273 (71.3%) n=84 (31.1%)  

Co-morbidities (Any non-communicable disease) 

   Yes n=66 (6.8%) n=12 (4.0%) n=24 (6.3%) n=30 (11.1%) .003 

 
 
Co-morbidities (% of those reporting any) 
   Diabetes n=4 (0.4%) n=2 (16.7%) n=2 (8.3%) n=0 (0.0%) .568 

   Chronic obstructive      
pulmonary 
disease/Asthma 

n=15 (1.6%) n=3 (25.0%) n=5 (20.8%) n=7 (23.3%) .308 

   Malignancy n=1 (0.1%) n=0 (0.0%) n=0 (0.0%) n=1 (3.3%) .280 

   Chronic kidney disease n=0 (0.0%) n=0 (0.0%) n=0 (0.0%) n=0 (0.0%) 1.00 

   Stroke n=3 (0.3%) n=0 (0.0%) n=3 (12.5%) n=0 (0.0%) .118 

   Hypertension n=14 (1.5%) n=2 (16.7%) n=10 (41.7%) n=2 (6.6%) .063 

   Chronic anaemia n=2 (0.2%) n=0 (0.0%) n=1 (4.2%) n=1 (3.3%) .743 

   Mental health n=3 (0.3%) n=0 (0.0%) n=1 (4.2%) n=2 (6.6%) .374 

   Rheumatic disease n=2 (0.2%) n=0 (0.0%) n=0 (0.0%) n=2 (6.6%) .078 

   Ischemic heart disease n=2 (0.2%) n=0 (0.0%) n=1 (4.2%) n=1 (3.3%) .743 

   Gastritis/Peptic ulcer n=9 (0.9%) n=2 (16.7%) n=3 (12.5%) n=4 (13.3%) .637 

   Epilepsy or other 
primary central nervous 
disease 

n=2 (0.2%) n=1 (8.3%) n=0 (0.0%) n=1 (3.3%) .521 

   Ear nose or throat 
disease 

n=3 (0.3%) n=0 (0.0%) n=0 (0.0%) n=3 (10.0%) .022 

   Other n=8 (0.8%) n=2 (16.7%) n=0 (0.0%) n=6 (20.0%) .005 

TB status      

   Previous TB n=12 (1.2%) n=5 (2.0%) n=4 (1.0%) n=3 (1.1%) .765 

   Active TB n=0 (0.0%) n=0 (0.0%) n=0 (0.0%) n=0 (0.0%) 1.00 

Regular medications      

Non-communicable 
disease medications 

n=28 (2.9%) n=12 (3.8%) n=6 (1.6%) n=10 (3.7%) .120 

Antiretroviral therapy* n=62 (93.9%) n=17 (89.5%) n=25 (96.2%) n=20 (95.2%) .263 

     Regimen 1p/2p n=2 (3.2%) n=1 (5.9%) n=1 (4.0%) n=0 (0.0%)  

     Regimen 5 n=19 (30.6%) n=12 (70.6%) n=0 (0.0%) n=7 (35.0%)  

     Regimen 13A n=39 (62.9%) n=3 (17.6%) n=24 (96.0%) n=12 (60.0%)  

     Another regimen n=2 (3.2%) n=1 (5.9%) n=0 (0.0%) n=1 (5.0%)  

Co-trimoxazole 
preventative therapy* 

n=60 (90.9%) n=16 (84.2%) n=24 (92.3%) n=20 (95.2%) .105 

$ Numbers of participants with known HIV result = n=177 urban, 110 peri-urban and 186 in the rural site. 

* Adjusted for HIV individuals in each site (urban (n=19), peri-urban (n=26) and rural (n=21)) 
^ 35 rural households did not complete individual CRFs, so information available for 270 out of 422 participants. 
p values generated by Fishers exact (categorical variable), and Kruskal-Wallis (continuous variable) test. 

 

3.7. Recent health care exposure, health seeking behaviours and antibiotic usage (ABU) 

 

At baseline, hospital attendance and healthcare exposure in the preceding 6 months was low across 

all sites, with 1.9% (n=6) of urban, 1.6% (n=10) of peri-urban and 3.3% (n=9) of rural participants 

reporting having stayed overnight at a healthcare facility, due to a range of antenatal, infectious and 
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non-infectious causes (Table 3.4). 1.9% (n=6) of urban, 2.1% (n=8) of per-urban and 5.2% (n=14) of 

rural participants reported having attended healthcare as a guardian over the same period.  

 

Periods of acute illness were separated into recent (with 1 month) and distant (1-3 months), with 

episodes of illness >3 months ago not captured other than through hospital admissions (up until 6 

months). Episodes of illness not resulting in hospital admission were common, with 154 (16.0%) 

individuals recounting being unwell 4 weeks preceding recruitment, and 98 individuals (10.2%) 

reported being unwell 1-3-months prior to recruitment. Infection related symptoms such as fever, 

cough and malaria were more common than non-infectious diseases, and illness of any cause was 

more frequently reported amongst the rural population than the urban or peri-urban population 

(Table 3.4). Antibiotic usage was frequently linked to periods of illness, irrespective of confirmed or 

presumed diagnosis, with 59.0% (n=36) of people reporting a preceding illness having received an 

antibiotic, broken down into 45.7% (n=16) of people who had been recently unwell (in the preceding 

month), and 76.9% (n=20/26) of people unwell in the preceding 1-3-month period.  
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Table 3.4. Participant illness metrics in urban, peri-urban and rural sites within the preceding 6 

months 

 Reported illness n (%)  

 Total Urban Peri-urban Rural p 

Healthcare exposure as patient* n=25 (2.6%) n=6 (1.9%) n=10 (2.6%) n=9 (3.3%) .541 

Reason for hospital admission      

   Fever (unknown aetiology) n=2 (8.0%) n=1 (16.7%) n=0 (0.0%) n=1 (11.1%)  

   Cough / CAP n=5 (20.0%) n=2 (33.3%) n=0 (0.0%) n=3 (33.3%)  

   Skin infection n=1 (4.0%) n=0 (0.0%) n=1 (10.0%) n=0 (0.0%)  

   Malaria (RDT confirmed) n=1 (4.0%) n=0 (0.0%) n=1 (10.0%) n=0 (0.0%)  

   BSI n=1 (4.0%) n=0 (0.0%) n=1 (10.0%) n=0 (0.0%)  

   Non-infectious cause n=5 (20.0%) n=0 (0.0%) n=3 (30.0%) n=2 (22.2%)  

   Pregnancy / birth episode n=10 (40.0%) n=3 (50.0%) n=4 (40.0%) n=3 (33.3%)  

Healthcare exposure (guardian)* n=28 (2.9%) n=6 (1.9%) n=8 (2.1%) n=14 (5.2%) .046 

Recent illness reported      

Household participant unwell in 
last 0-1 month 

n=154 (16.0%) n=35 (11.2%) n=65 (17.0%) n=54 (20.0%) .011 

Household participant unwell in 
last 1-3 months 

n=98 (10.2%) n=26 (8.3%) n=22 (5.7%) n=50 (18.5%) >.001 

Illness (any in last 0-3 months) n=252 (26.1%) n=61 (19.5%) n=87 (22.7%) n=104 (38.5%) >.001 

   Fever (unknown aetiology) n=95 (37.7%) n=12 (19.7%) n=24 (27.6%) n=59 (56.7%)  

   Diarrhoea n= 17(6.7%) n=3 (4.9%) n=4 (4.6%) n=10 (9.6%)  

   Cough / CAP n=99 (39.3%) n=27 (44.3%) n=42 (48.3%) n=30 (28.8%)  

   Malaria (RDT confirmed) n=41 (16.3%) n=8 (13.1%) n=16 (18.4%) n=17 (16.3%)  

   Skin infection n=5 (2.0%) n=3 (4.9%) n=0 (0.0%) n=2 (1.9%)  

   UTI n=1 (0.4%) n=0 (0.0%) n=0 (0.0%) n=1 (1.0%)  

   ENT infection n=10 (4.0%) n=0 (0.0%) n=3 (3.4%) n=7 (6.7%)  

   Non-infectious cause n=42 (16.7%) n=20 (32.8%) n=8 (9.2%) n=14 (13.5%)  

* Response time period = 6 months 
^p values generated by Fishers exact test 

 

Overall antibiotic usage was 15.2% (n=147) amongst participants within the preceding 6 months, and 

there was higher antibiotic usage in rural residents compared to the urban or peri-urban residents 

(Table 3.5). This may relate to the frequency of illness episodes, overall health of the rural population, 

the type of illnesses encountered or local prescribing practices. In the urban population, 16.3% 

(n=51/312) of the total participants received an antibiotic in the last 6 months, with 13.1% (n=19/144) 

of adults, 12.9% (n=15/116) of children aged 5-17yrs and 32.7% (n=17/52) of children <5 receiving 

antibiotics. In the peri-urban site 9.1% (n=35/383) of the total participants received an antibiotic in 

the last 6 months, with 6.2% (n=13/210) of adults, 9.0% (n=11/122) of children aged 5-17yrs and 21.6% 

(n=11/51) of children <5 receiving antibiotics. In the rural site 22.6% (n=61/270) of total participants 

received an antibiotic in the last 6 months, with 20.6% (n=27/131) of adults, 14.3% (n=13/91) of 

children aged 5-17yrs and 43.8% (n=21/48) of children <5 receiving antibiotics. To note, across the 

study cohort, the age group of a participant was associated with antibiotic exposure at baseline, with 

children aged <5 more likely to receive an antibiotic than any other age group (Table 3.5).  
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Table 3.5. Participant antimicrobial usage metrics in urban, peri-urban and rural sites 

 
Reported ABU n (%) 

 

 Total Urban Peri-urban Rural p 

Antibiotic usage* n=147 (15.2%) n=51 (16.3%) n=35 (9.1%) n=61 (22.6%) >.001 

Antibiotics used in the last 4 

weeks (due to presumed 
infection/ illness) 

n=64 (6.6%) n=16 (5.1%) n=21 (5.5%) n=27 (10.0%) .038 

Antibiotics used in the last 3 
months (due to presumed 
infection/ illness) 

n=58 (6.0%) n=20 (6.4%) n=8 (2.1%) n=30 (11.1%) >.001 

Antibiotics used in hospital in last 
6 months 

n=31 (3.2%) n=14 (4.5%) n=3 (0.8%) n=14 (5.2%) >.001 

On antibiotics at baseline 

recruitment (other reasons) 
n=9 (0.9%) n=3 (1.0%) n=5 (1.3%) n=1 (0.4%) 0.491 

Antibiotic use by age group      

   Child (<5) n=49 (32.5%) n=17 (32.7%) n=11 (21.6%) n=21 (43.8%)  

   Adolescent (5-17) n=39 (11.9%) n=15 (12.9%) n=11 (9.0%) n=13 (14.3%)  

   Adult (>17) n=59 (12.2%) n=19 (13.1%) n=13 (6.2%) n=27 (20.6%)  

Antibiotic use by age group$  Child Adolescent Adult  

Antibiotic usage (total all regions) NA n=49 (32.5%) n=39 (11.9%) n=59 (12.2%) >.001 

* A composite of antibiotic per participant at or prior to baseline visit (with multiple episodes of antibiotic used 
1/3/6 months in the same participant counted as 1), thereby representing the number of participants receiving 
1 or more antibiotics prior to recruitment, not during study period.  
^p values generated by Fishers exact test 
$Total Adult (>17) = 485, Adolescents (5-17) = 329, and Children <5 = 151 

 

The most frequent antibiotics used in all ages, were co-trimoxazole (35.9% n=65/181), amoxicillin 

(35.4% n=64/181) or metronidazole (12.7% n=23/181) accounting for 84% of the total antibiotics 

received, with the use of 3GC or fluoroquinolones uncommon (Table 3.6). There were no differences 

in the antibiotic class received in hospital vs the community setting, and limited sample size precluded 

a more in-depth analysis of these data. There were regional differences in the choice of antibiotic 

prescription, but again, given the limited overall use of antibiotics within the cohort, wide variations 

in reason for antibiotic prescription, and absence of antibiotic availability data, I was unable to explore 

whether these regional differences were related to appropriateness or determined by access. 

Nevertheless, there was clearly a reliance on the three main antibiotics used in (HIV/TB) vertical 

campaigns in all three sites.  
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Table 3.6. Household (baseline) antibiotic choice from urban, peri-urban and rural sites. 

Variable Site Antibiotic choice^ 
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Antibiotic 
usage in 
household 
participants 

Urban n=63 
n=24 

(38.1%) 
n=2 

(3.2%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(3.2%) 
n=20 

(31.7%) 
n=0 

(0.0%) 
n=2 

(3.2%) 
n=3 

(4.8%) 
n=7 

(11.1%) 
n=3 

(4.8%) 

Peri-urban n=40 
n=9 

(22.5%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=3 

(7.5%) 
n=17 

(42.5%) 
n=0 

(0.0%) 
n=1 

(2.5%) 
n=1 

(2.5%) 
n=8 

(20.0%) 
n=1 

(2.5%) 

Rural n=78 
n=31 

(39.7%) 
n=1 

(1.3%) 
n=1 

(1.3%) 
n=1 

(1.3%) 
n=2 

(2.6%) 
n=28 

(35.9%) 
n=2 

(2.6%) 
n=1 

(1.3%) 
n=2 

(2.6%) 
n=8 

(10.3%) 
n=1 

(1.3%) 

 

Antibiotic 
used in last 
4 weeks 

Urban n=21 
n=5 

(23.8%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(4.8%) 
n=10 

(47.6%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(4.8%) 
n=2 

(9.5%) 
n=2 

(9.5%) 

Peri-urban n=24 
n=4 

(16.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(4.2%) 
n=12 

(50.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(4.2%) 
n=5 

(20.8%) 
n=1 

(4.2%) 

Rural n=29 
n=12 

(41.4%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(3.4%) 
n=12 

(41.4%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=3 

(10.3%) 
n=1 

(3.4%) 

 

Antibiotic 
used in last 
3 months 

Urban n=24 
n=8 

(33.3%) 
n=1 

(4.2%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(4.2%) 
n=6 

(25.0%) 
n=0 

(0.0%) 
n=2 

(8.3%) 
n=1 

(4.2%) 
n=4 

(16.7%) 
n=1 

(4.2%) 

Peri-urban n=8 
n=3 

(32.5%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(12.5%) 
n=2 

(25.0%) 
n=0 

(0.0%) 
n=1 

(12.5%) 
n=0 

(0.0%) 
n=1 

(12.5%) 
n=0 

(0.0%) 

Rural n=33 
n=12 

(36.4%) 
n=1 

(3.0%) 
n=1 

(3.0%) 
n=0 

(0.0%) 
n=1 

(3.0%) 
n=11 

(33.3%) 
n=2 

(6.0%) 
n=0 

(0.0%) 
n=2 

(6.0%) 
n=3 

(9.1%) 
n=0 

(0.0%) 

 

Antibiotic 
used in last 
6 months 
(healthcare) 

Urban n=15 
n=9 

(60.0%) 
n=1 

(6.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=3 

(20.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(6.7%) 
n=1 

(6.7%) 
n=0 

(0.0%) 

Peri-urban n=3 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(33.3%) 
n=1 

(33.3%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(33.3%) 
n=0 

(0.0%) 

Rural n=15 
n=7 

(46.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(6.7%) 
n=0 

(0.0%) 
n=4 

(26.7%) 
n=0 

(0.0%) 
n=1 

(6.7%) 
n=0 

(0.0%) 
n=2 

(13.3%) 
n=0 

(0.0%) 

 

Antibiotic 
used at 
baseline 

Urban n=3 
n=2 

(66.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(33.3%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 

Peri-urban n=5 
n=2 

(40.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(40.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(20.0%) 
n=0 

(0.0%) 

Rural n=1 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(100%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 

^Grey = Total usage, where antibiotics were selected by ≥1 households in region. Blue = cumulative total of 
antibiotics used. Yellow  = antibiotic selected by ≥1 households in region. White = antibiotic not selected. 
 

3.8. Human health seeking behaviour  

 

A limited assessment of health care utilization was made based on response to self-reported 

symptoms and self-reported symptom severity in each region (Table 3.7 [urban], Table 3.8 [per-

urban], Table 3.9 [rural]). Respondents from the urban region reported a heavy reliance on the local 

governmental health centres when they had a fever (82.7%), cough (84.6%), or diarrhoea (83.7%). 

Occasionally urban household members would choose to attend a governmental hospital (8.3-8.7%) 
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or self-treat with medications they owned (2.2-3.2%), but they would rarely attend a local pharmacy 

(0.3-1.9%). If urban participants felt “severely ill”, they would be more likely to visit a public or private 

hospital (26.6%), than if they reported a specific symptom or felt “ill”, but again there was a heavy 

reliance on the local health centre (72.7%) as a primary access point for healthcare in the urban 

setting. Akin to the urban site, participants from the peri-urban site also relied on the government 

health care centres when they had a fever (76.7%), cough (82.7%), or diarrhoea (76.7%), and if they 

were “severely ill”. They would be less likely to attend the governmental hospital than urban residents 

for all causes and instead visited private pharmacies, especially if they had a fever (11.5%) or diarrhoea 

(12.8%). When they felt “severely ill”, participants in the urban settings would rely on governmental 

health centres more than in the rural site but would also consider attending a public or private hospital 

facility (Table 3.6). Reasons for facility choice were not captured in the survey, however, they could 

be influenced by cost, access, household location or personal preference. In the rural setting, there 

was a difference in heath seeking behaviour relating to the choice of facility used, as most participants 

in this setting would utilise the local governmental hospital (Chikwawa District hospital) if they had 

fever (84.4%), cough (85.9%) or diarrhoea (80.4%), rather than a health centre. This may be due to the 

close proximity of Chikwawa District hospital in comparison to other governmental health facilities, 

and the geographic sparsity of alternative health centres. Alternatively, rural participants would visit 

a range of places including governmental health centres, private pharmacies, traditional healers or 

consider self-treatment/nothing. To note, there was no reported use of traditional medicines or 

visiting traditional healers from respondents in the urban or peri-urban regions, and the reliance on 

the local hospital and heterogeneity of alternative choices set the rural site apart from the urban and 

peri-urban sites.  
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Table 3.7. Health seeking behaviour of urban households 

Healthcare choice Reported symptom Self-reported illness severity 

 Fever Cough Diarrhoea Felt ill? Felt severely ill? 

Health centre governmental 
n=258 

(82.7%) 
n=264  

(84.6%) 
n=261  

(83.7%) 
n=268  

(85.9%) 
n=215  

(68.9%) 

 private 
n=13  

(4.2%) 
n=12  

(3.8%) 
n=13  

(4.2%) 
n=12  

(3.8%) 
n=12  

(3.8%) 

Hospital governmental 
n=27  

(8.7%) 
n=27 

(8.7%) 
n=26  

(8.3%) 
n=28  

(9.0%) 
n=69  

(22.1%) 

 private 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=14  

(4.5%) 

Pharmacy  governmental 
n=1  

(0.3%) 
n=0  

(0.0%) 
n=1  

(0.3%) 
n=3  

(1.0%) 
n=0  

(0.0%) 

 private 
n=6  

(1.9%) 
n=1  

(0.3%) 
n=1  

(0.3%) 
n=0  

(0.0%) 
n=1  

(0.3%) 

Self-treat or 
do nothing 

 n=7  
(2.2%) 

n=8  
(2.6%) 

n=10  
(3.2%) 

n=1  
(0.3%) 

n=1  
(0.3%) 

*Number of residents completing survey = 312 
^Yellow = Highest option selected, Blue = >5% of participants selected, Grey = <5% of participants selected, 
White = not selected 

 

Table 3.8. Health seeking behaviour of peri-urban households 

Healthcare choice Reported symptom Reported perception 

 Fever Cough Diarrhoea Felt ill? Felt severely ill? 

Health centre governmental n=293 
(76.7%) 

n=316  
(82.7%) 

n=293  
(76.7%) 

n=318  
(83.2%) 

n=286  
(74.9%) 

 private n=20  
(5.2%) 

n=19 
 (5.0%) 

n=16  
(4.2%) 

n=20  
(5.2%) 

n=13  
(3.4%) 

Hospital governmental n=8  
(2.1%) 

n=14  
(3.7%) 

n=8  
(2.1%) 

n=12  
(3.1%) 

n=49  
(12.8%) 

 private n=12  
(3.1%) 

n=10  
(2.6%) 

n=9  
(2.4%) 

n=11  
(2.9%) 

n=19  
(5.0%) 

CHAM facility  n=3  
(0.8%) 

n=4  
(1.0%) 

n=3  
(0.8%) 

n=3  
(0.8%) 

n=5  
(1.3%) 

Pharmacy  governmental n=1  
(0.3%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

 private n=44  
(11.5%) 

n=17  
(4.5%) 

n=49  
(12.8%) 

n=17  
(4.5%) 

n=10  
(2.6%) 

Self-treat or 
do nothing 

 n=1  
(0.3%) 

n=2  
(0.5%) 

n=4  
(1.0%) 

n=1  
(0.3%) 

n=0  
(0.0%) 

*Number of residents completing survey = 382 
^Yellow = Highest option selected, Blue = >5% of participants selected, Grey = <5% of participants selected, 
White = not selected 
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Table. 3.9. Health seeking behaviour of rural households 

Healthcare choice Reported symptom Reported perception 

 Fever Cough Diarrhoea Felt ill? Felt severely ill? 

Health centre governmental n=30  
(11.1%) 

n=29  
(10.7%) 

n=30  
(11.1%) 

n=31  
(11.4%) 

n=3  
(1.1%) 

 private n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

Hospital governmental n=228  
(84.4%) 

n=232  
(85.9%) 

n=217  
(80.4%) 

n=235  
(87.0%) 

n=259  
(95.9%) 

 private n=1  
(0.4%) 

n=1  
(0.4%) 

n=0  
(0.0%) 

n=1  
(0.4%) 

n=8  
(3.0%) 

Pharmacy  governmental n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

 private n=3  
(1.1%) 

n=0  
(0.0%) 

n=4  
(1.5%) 

n=1  
(0.4%) 

n=0  
(0.0%) 

Traditional 
healer 

 n=3  
(1.1%) 

n=0  
(0.0%) 

n=2  
(0.7%) 

n=2  
(0.7%) 

n=0  
(0.0%) 

Self-treat or 
do nothing 

 n=5  
(1.9%) 

n=8  
(3.0%) 

n=17  
(6.3%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

*Number of residents completing survey = 270 
^Yellow = Highest option selected, Blue = >5% of participants selected, Grey = <5% of participants selected, 
White = not selected 

 

3.9. Animal ownership and husbandry 

 

58.7% (n=176) of households reported co-habitation with domestic or livestock animals, with 36% 

(n=36), 59% (n=59) and, 81% (n=81) of households in the urban, peri-urban and rural sites owning ≥1 

animal respectively (Table 3.10). A total of n=2169 animals were linked to a study household at 

baseline, and both the composition of species and number of animals present per households varied 

by region (Table 3.10). Companion animals (i.e. cats and dogs) were located in low numbers per house 

and made up a large proportion of the animal species owned in urban (n=23/36) and peri-urban 

(n=25/59) households. Poultry (i.e. chickens, doves, ducks) was associated with low-level household 

farming practices, and chickens were both the most owned and numerous animals within the study; 

present at 18% (n=18), 39% (n=39) and, 59% (n=59) of households in the urban, peri-urban and rural 

sites respectively. Larger animals requiring bigger plots of land to sustain daily food requirements (i.e. 

pigs, goats, cattle) were seen at fewer households, primarily located in the rural or peri-urban setting 

(Table 3.10). The reason for animal ownership was not fully captured in the study, but animals at 

several households were specifically reared for breeding and selling purposes, with 8.3% (n=3/36) of 

urban, 42.4% (n=25/59) of peri-urban, and 60.5% (n=49/81) of rural households reporting owning 

animals to sell or trade (Table 3.10).   
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Table. 3.10. Domestic animal and livestock husbandry of urban, peri-urban and rural households. 

Household ownership 
 

n (%) 
 

 Total Urban Peri-urban Rural p 

Households with animal 
ownership 

n=176 (58.7%) n=36 (36%) n=59 (59%) n=81 (81%) >.001 

    Total number of animals 
owned  

n=2169 n=213 n=704 n=1252  

Species of animals owned^      

Households with chickens 
   Number of chickens owned 

n=116 (38.7%) 

n=919 

n=18 (18.0%) 

n=152  

n=39 (39.0%) 

n=315 

n=59 (59.0%) 

n=452  
>.001 

Households with doves 
   Number of doves owned 

n=13 (4.3%) 

n=442 

n=1 (1.0%) 

n=10  

n=5 (5.0%) 

250  

n=7 (7.0%) 

n=182 
.092 

Households with ducks 
   Number of ducks owned 

n=14 (4.7%) 

n=67 

n=2 (2.0%) 

n=14  

n=2 (2.0%) 

8  

n=10 (10.0%) 

n=45  
.017 

Households with guinea fowl 

  Number of guinea fowl owned 

n=3 (1.0%) 

n=34 

n=0 (0.0%) 

n=0 

n=0 (0.0%) 

n=0 

n=3 (3.0%) 

n=34  
.109 

Households with turkeys 
   Number of turkeys owned 

n=2 (0.7%) 

n=8 

n=0 (0.0%) 

n=0 

n=2 (2.0%) 

8  

n=0 (0.0%) 

n=0 
.331 

Households with dogs 
   Number of dogs owned 

n=43 (14.3%) 

n=100 

n=14 (14.0%) 

n=27  

n=19 (19.0%) 

44  

n=10 (10.0%) 

n=29  
.212 

Households with cats 

   Number of cats owned 

n=24 (8.0%) 

n=31 

n=9 (9.0%) 

n=10  

n=6 (6.0%) 

11  

n=7 (7.0%) 

n=10  
.790 

Households with cattle 
   Number of cattle owned 

n=23 (7.7%) 

n=23 

n=0 (0.0%) 

n=0 

n=0 (0.0%) 

n=0 

n=23 (23.0%) 

n=74  
NA 

Households with pigs 
   Number of pigs owned 

n=17 (5.7%) 

n=17 

n=0 (0.0%) 

n=0 

n=5 (5.0%) 

20  

n=12 (12.0%) 

n=55  
>.001 

Households with goats 
   Number of goats owned 

n=49 (16.3%) 

n=419 

n=0 (0.0%) 

n=0 

n=12 (12.0%) 

48  

n=37 (37.0%) 

n=371  
>.001 

^ Total percentage (%) is taken from number of households in all regions (n=300), whereas regional 
percentage (%) is taken from number of households that owned per region (n=100).  
*p values generated by Fishers exact test 

 

In terms of co-habitation and husbandry techniques, a high proportion of households with poultry or 

goats kept them inside the house, especially in the urban or peri-urban setting, posing a risk of 

environmental contamination (Table 3.11). In rural households, while this practice was seen, they 

preferred to keep chickens or goats inside or outside the household compound instead of inside the 

house. Where owned, companion animals, were allowed to roam free, and this was consistent 

amongst settings, and cattle were kept within shelters / bomas (a term used in eastern Africa for an 

enclosure, especially for animals) inside or outside the household compound (rural site only) (Table 

3.11). 
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Table 3.11. Animal location and livestock production systems in urban, peri-urban and rural 

households.  

Husbandry characteristic  n (%)   

 Total Urban Peri-urban Rural p 

Where are animals kept?      

Chickens In the house n=70 (60.3%) n=15 (83.3%) n=25 (64.1%) n=30 (50.8%) .041 

Shelter /Boma within 
household compound 

n=33 (28.4%) n=2 (11.1%) n=12 (30.8%) n=19 (32.2%) .213 

Shelter /Boma outside the 
household compound 

n=9 (7.8%) n=1 (5.6%) n=1 (2.6%) n=7 (11.9%) .190 

Other n=4 (3.4%) n=0 (0.0%) n=1 (2.6%) n=3 (5.1%) 1.00 

Dogs Free roaming n=34 (79.1%) n=9 (64.3%) n=15 (78.9%) n=10 (100.0%) .110 

Shelter /Boma outside the 
household compound 

n=1 (2.3%) n=1 (7.1%)  n=0 (0.0%) n=0 (0.0%) .558 

Shelter /Boma within 
household compound 

n=8 (18.6%) n=4 (28.6%) n=4 (21.1%) n=0 (0.0%) .242 

Cattle Shelter /Boma within 
household compound 

n=11 (47.8%) NA NA n=11 (47.8%) NA 

Shelter /Boma outside the 
household compound 

n=11 (47.8%) NA NA n=11 (47.8%) NA 

Other n=1 (4.4%) NA NA n=1 (4.2%) NA 

Goats In the house n=8 (16.3%) NA n=5 (41.7%) n=3 (8.1%) .015 

Shelter /Boma within 
household compound 

n=28 (57.1%) NA n=6 (50.0%) n=22 (59.5%) .739 

Shelter /Boma outside the 
household compound 

n=12 (24.5%) NA n=1 (8.3%) n=11 (29.7%) .247 

Free roaming n=1 (2.0%) NA  n=0 (0.0%) n=1 (2.7%) 1.00 

Pigs Shelter /Boma within 
household compound 

n=10 (58.8%) NA n=5 (100.0%) n=5 (41.7%) .044 

Shelter /Boma outside the 
household compound 

n=6 (35.3%) NA n=0 (0.0%) n=6 (50.0%) .102 

Free roaming n=1 (5.9%) NA n=0 (0.0%) n=1 (8.3%) 1.00 

Livestock production system  

Beef cattle Zero Grazing n=2 (%) NA NA n=2 (10.0%) NA 

 Communal Grazing n=15 (%) NA NA n=15 (75.0%) NA 

 Pastoral n=3 (%) NA NA n=3 (15.0%) NA 

Dairy cattle Pastoral n=4 (%) NA NA n=4 (100.0%) NA 

Small ruminants Zero Grazing n=8 (%) NA n=6 (50.0%) n=2 (5.4%) .001 

 Communal Grazing n=26 (%) NA n=6 (50.0%) n=20 (54.1%) 1.00 

 Pastoral n=15 (%) NA n=0 (0.0%) n=15 (40.5%) .010 

Households that rear animals to 
sell? 

n=77 (%) n=3 (3.0%) n=25 (25.0%) n=49 (49.0%) >.001 

*p values generated by Fishers exact test 
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3.10. Animal health metrics, access to veterinary services, ABU in animals and health seeking 

behaviour. 

 

At baseline, most animals co-located at households were reported as being in good health, however, 

several households recounted episodes of animal illness or disease seen within the preceding year 

(Table 3.12). Chickens were the species most likely to be ill, with 44.4% (n=8) of urban, 44.7% (n=17) 

of peri-urban, and 44.0% (n=26) of rural households reporting disease in chickens over the last 12 

months. Chickens were not the only unwell animal, and disease symptoms were noted in pigs, cattle 

and goats (Table 3.12). The types of symptoms differed by species, with the main problem being 

neurological symptoms (or confirmed Newcastle disease) in poultry and pigs, skin disease in cattle and 

digestive complaints in goats (Table 3.12). 

 

Table 3.12. Animal disease characteristics in urban, peri-urban and rural households 

Animal disease characteristic  n (%)  

  Total Urban Peri-urban Rural 

Any disease noted in last 12 months? 
    Cattle  n=8 (34.8%) NA NA n=8 (34.8%) 

    Poultry   n=51 (44.3%) n=8 (44.4%) n=17 (44.7%) n=26 (44.0%) 

    Goats  n=11(22.4%) NA n=1 (8.3%) n=10 (27.0%) 

    Pigs  n=4 (23.5%) NA n=0 (0.0%) n=4 (33.3%) 

Main animal condition or symptom noted 
 
Cattle Skin disease n=3 (37.5%) NA NA n=3 (37.5%) 
 Digestive disease n=2 (25.0%) NA NA n=2 (25.0%) 
 Respiratory disease n=1 (12.5%) NA NA n=1 (12.5%) 
 Other / unknown n=2 (25.0%) NA NA n=2 (25.0%) 
Poultry Neurological n=41 (80.4%) n=7* (87.5%) n=16 (94.1%) n=18* (69.2%) 
 Sudden death n=4 (7.8%) n=1 (12.5%) n=0 (0.0%) n=3 (11.5%) 
 Digestive disease n=3 (5.9%) n=0 (0.0%) n=0 (0.0%) n=3 (11.5%) 
 Respiratory disease n=2 (3.9%) n=0 (0.0%) n=1 (5.9%) n=1 (3.9%) 
 Skin disease n=1 (2.0%) n=0 (0.0%) n=0 (0.0%) n=1 (3.9%) 
Goats Digestive disease n=4 (36.4%) NA n=0 (0.0%) n=4 (40.0%) 
 Respiratory disease n=3 (27.3%) NA n=1 (100.0%) n=2 (20.0%) 
 Neurological n=2 (18.2%) NA n=0 (0.0%) n=2 (20.0%) 
 Sudden death n=2 (18.2%) NA n=0 (0.0%) n=2 (20.0%) 
Pigs Neurological n=3 (75.0%) NA n=0 (0.0%) n=3 (75.0%) 

 Skin disease n=1 (25.0%) NA n=0 (0.0%) n=1 (25.0%) 

*Newcastle disease confirmed in 8 animals in rural setting, and 5 in urban setting. 
^Given low numbers of animals, no statistics were performed on regional differences in animal illness  

 
If animals became unwell, only 26.9% (n=47) of households reported access to animal healthcare 

supported by local veterinarians, and this healthcare was more available to rural households than 

urban or peri-urban households (Table 3.13). State funded animal healthcare was the predominant 
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service available, but there was variation seen between the regions, with urban or peri-urban 

households more likely to have the option of access to private practice.  

 

Table 3.13. Access and usage of animal services in urban, peri-urban and rural households. 

Access to animal health services  n (% of households that own animals) 

 Total Urban Peri-urban Rural p 

Access to professional animal health services^ 
n=47 

(26.9%) 
n=7 

(19.4%) 
n=11 

 (19.0%) 
n=29 

(35.8%) 
0.054 

    State or Government 
n=38 

(80.9%) 
n=4 

(57.1%) 
n=8  

(72.7%) 
n=26 

(89.7%) 

 

    Private 
n=6 

(12.8%) 
n=2 

(28.6%) 
n=2  

(18.2%) 
n=2 

(6.9%) 
 

    Both State/ Private 
n=3 

(6.6%) 
n=1 

(14.3%) 
n=1  

(9.1%) 
n=1 

(3.4%) 
 

Access to veterinarian as part of animal health 
service* 

n=47 
(100%) 

n=7 
(100%) 

n=11  
(100%) 

n=29 
(100%) 

 

Access to laboratory testing as part of animal 
health service 

n=3 

(6.4%) 
n=1 

(14.3%) 
n=2  

(18.2%) 
n=0 

(0.0%) 

 

Is the household involved in a regular animal 
health program (i.e. NGO rabies vaccination)? 

n=7 

(2.3%) 
n=1 

(1.0%) 
n=4  

(4.0%) 
n=2 

(2.0%) 

 

^Information from 36 urban, 58 peri-urban and 81 rural households with animals.  
*In 3 rural households and 1 urban household the level of practitioner qualifications was unknown, so these 
have been classified as presumed veterinarian.  

 
When households were surveyed about what they would do in the advent of animal disease, the 

responses varied by species and setting (Table 3.14). Most frequently households would do nothing 

(35.8% n=57), or alternatively purchase medication (13.2% n=21) or use traditional remedies (13.8% 

n=22) instead of seeking a consultation from an animal healthcare specialist. Both the use of self-

purchased medication and traditional remedies were more frequently used in chickens or poultry than 

in other species, and households rarely would use out of date medication. It was common for 

households to implement preventative measures to stop other animals from becoming unwell, 

including fencing, vaccination, or the separation of the sick animals from the rest of the herd rather 

than relying on treating sick animals (Table 3.15). Therefore, there was very little reported recent 

medication use in animals (within the preceding 2 months), and so medication usage data in animals 

was limited (Table 3.16). Where available, it showed that antibiotics including tetracyclines, penicillin 

and macrolides were used, alongside regular vaccinations, and feed supplements.  
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Table 3.14. Response to animal illness in urban, peri-urban and rural households, stratified by species. 

  
Response to sickness in household animals (n) 

Animal Site 
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Cattle Urban NA NA NA NA NA NA NA NA 
Peri-urban NA NA NA NA NA NA NA NA 

Rural n=6 n=1 n=1 n=1 n=1 n=0 n=0 n=9 

Goats Urban NA NA NA NA NA NA NA NA 

Peri-urban n=2 n=1 n=0 n=1 n=0 n=4 n=0 n=3 

Rural n=9 n=2 n=4 n=2 n=0 n=1 n=0 n=9 

Pigs Urban NA NA NA NA NA NA NA NA 

Peri-urban n=1 n=1 n=1 n=0 n=0 n=0 n=0 n=1 

Rural n=2 n=0 n=1 n=0 n=0 n=1 n=0 n=6 

Poultry Urban n=0 n=1 n=3 n=0 n=0 n=3 n=1 n=6 

Peri-urban n=7 n=1 n=4 n=2 n=0 n=8 n=1 n=6 

Rural n=7 n=2 n=7 n=2 n=0 n=5 n=5 n=17 

All 
animals 

All regions n=34 
(21.4%) 

n=9 
(5.6%) 

n=21 
(13.2%) 

n=8 
(5.0%) 

n=1 
(0.6%) 

n=22 
(13.8%) 

n=7 
(4.4%) 

n=57 
(35.8%) 

^ Yellow = selected by ≥1 households in region. White = not selected. Grey = NA. 
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Table 3.15. Preventative measures and response to animal sickness in urban, peri-urban and rural 

households, stratified by species.  

 Preventative measures used at households (n) 

Animal Site 
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Cows Urban NA NA NA NA NA NA 

Peri-urban NA NA NA NA NA NA 

Rural n=10 n=0 n=0 n=9 n=0 n=5 

Goats Urban NA NA NA NA NA NA 

Peri-urban n=0 n=4 n=0 n=3 n=0 n=5 

Rural n=11 n=2 n=2 n=6 n=0 n=17 

Pigs Urban NA NA NA NA NA NA 

Peri-urban n=1 n=0 n=0 n=3 n=0 n=2 

Rural n=5 n=0 n=0 n=1 n=0 n=6 

Poultry Urban n=1 n=3 n=3 n=1 n=2 n=12 

Peri-urban n=3 n=8 n=0 n=11 n=2 n=17 

Rural n=12 n=0 n=0 n=9 n=3 n=36 

^ Yellow = selected by ≥1 households in region. White = not selected. Grey = NA. 
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Table 3.16. Animal medication usage (within the 2 months preceding recruitment), stratified by 

species and region.  

 Medication used by households (n households) 

Animal Site V
ac
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Cattle 
Urban NA NA NA NA NA NA NA NA NA NA 

Peri-urban NA NA NA NA NA NA NA NA NA NA 

Rural n=1 n=0 n=1 n=1 n=0 n=0 n=0 n=0 n=0 n=1 

Goats 
Urban NA NA NA NA NA NA NA NA NA NA 
Peri-urban n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 

Rural n=1 n=0 n=0 n=1 n=0 n=0 n=0 n=0 n=0 n=1 

Pigs 
Urban NA NA NA NA NA NA NA NA NA NA 

Peri-urban n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=1 

Rural n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 n=0 

Poultry 
Urban n=2 n=0 n=0 n=0 n=0 n=1 n=0 n=0 n=0 n=0 

Peri-urban n=0 n=0 n=0 n=1 n=0 n=0 n=0 n=1 n=0 n=0 

Rural n=2 n=0 n=1 n=0 n=0 n=0 n=0 n=0 n=0 n=1 

^ Yellow = selected by ≥1 households in region. White = not selected. Grey = NA. 
 

There were variations in how households would seek advice when selecting or using medication in 

animals, with 32.7% (n=98) of households relying on their own judgment for both the length of 

treatment and drug dose, and urban or peri-urban households likely to rely on their own judgement 

more so than rural households, whether through choice or necessity (i.e. cost or access to services) 

(Table 3.17). 
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Table 3.17. Attitudes to medication practices in urban, peri-urban and rural households.  

Animal medication choice and disposal  n (%) of total households 

 Total Urban Peri-urban Rural p 

If households were to use animal drugs, whose 
instructions would they follow for medication, 
dose, and length of treatment? 

     

    Vet’s 
n=110 

(36.7%) 
n=28 

(28.0%) 
n=54 

(54.0%) 
n=28 

(28.0%) 
>.001 

    Animal health worker’s (non-vet) 
n=9 

(3.0%) 
n=7 

(7.0%) 
n=0  

(0.0%) 
n=2 

(2.0%) 
.012 

    Pharmacy’s 
n=1 

(0.3%) 
n=0 

(0.0%) 
n=1  

(1.0%) 
n=0 

(0.0%) 
1.00 

    Farmers or other households 
n=3 

(1.0%) 
n=0 

(0.0%) 
n=2  

(2.0%) 
n=1 

(1.0%) 
.776 

    Their own judgement 
n=98 

(32.7%) 
n=42 

(42.0%) 
n=42 

(42.0%) 
n=14 

(14.0%) 
>.001 

    Don’t know / unknown 
n=79 

(26.3%) 
n=23 

(23.0%) 
n=1  

(1.0%) 
n=55 

(55.0%) 
>.001 

What would you do with animal drugs that 
have passed their expiry date? ^ 

     

    Dispose of them 
n=82  

(46.9%) 
n=9 

(30.8%) 
n=29 

(50.0%) 
n=44 

(54.3%) 
 

    Return to pharmacy 
n=6  

(3.4%) 
n=0 

(0.0%) 
n=3  

(5.2%) 
n=3 

(3.7%) 
 

    Give to another household or farmer 
n=1  

(0.6%) 
n=0 

(0.0%) 
n=1  

(1.7%) 
n=0 

(0.0%) 
 

    Use for intended treatment 
n=4  

(2.3%) 
n=0 

(0.0%) 
n=0  

(0.0%) 
n=4 

(4.9%) 
 

    Sell 
n=0  

(0.0%) 
n=0 

(0.0%) 
n=0  

(0.0%) 
n=0 

(0.0%) 
 

    Nothing 
n=83  

(47.4%) 
n=27 

(69.2%) 
n=25 

(43.1%) 
n=31 

(38.3%) 
 

^Information from 36 urban, 58 peri-urban and 81 rural households with animals.  
*p values generated by Fishers exact test 

 

Given the reliance on preventative measures and limited experience of animal medication, all 

households were asked what they thought the purpose of antibiotics and vaccinations were in 

animals. While there was uncertainty about their use within a large proportion of households, those 

that answered affirmatively thought that vaccinations were used to prevent sickness (45.3%), rather 

than treat sickness (14.3%), and antibiotics which were used to treat illness (45.7%), or both treat and 

prevent illness (5.0%) rather than purely used for prevention (4.0%).  
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Table 3.18. Knowledge of vaccine and antibiotic function in animals, stratified by region 

Reason for use  n (%) of households 

 Total Urban Peri-urban Rural p 

What do households think vaccines are used 
for in animals?      

Cure sick animals 
n=43 

(14.3%) 
n=21 

(21.0%) 
n=7  

(7.0%) 
n=15  

(15.0%) 
.016 

Prevent animals from becoming sick 
n=136 

(45.3%) 
n=35 

(35.0%) 
n=56  

(56.0%) 
n=45  

(45.0%) 
.012 

Cure sick animals and prevent them from 
becoming sick 

n=11 
(3.7%) 

n=1  
(1.0%) 

n=8  
(8.0%) 

n=2  
(2.0%) 

.048 

Fattening / increased growth 
n=1 

(0.3%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=1  

(1.0%) 
1.00 

Unsure 
n=109 

(36.3%) 
n=43 

(43.0%) 
n=29  

(29.0%) 
n=37  

(37.0%) 
.036 

What do households think antibiotics are used 
for in animals?      

Cure sick animals 
n=137 

(45.7%) 
n=49 

(49.0%) 
n=55  

(55.0%) 
n=33  

(33.0%) 
 

Prevent animals from becoming sick 
n=12 

(4.0%) 
n=4  

(4.0%) 
n=4  

(4.0%) 
n=4  

(4.0%) 
 

Cure sick animals and prevent sickness 
n=15 

(5.0%) 
n=2  

(2.0%) 
n=9  

(9.0%) 
n=4  

(4.0%) 
 

Fattening / increased growth 
n=3 

(1.7%) 
n=0  

(0.0%) 
n=3  

(3.0%) 
n=0  

(0.0%) 
 

Unsure 
n=133 

(44.3%) 
n=45 

(45.0%) 
n=29  

(29.0%) 
n=59  

(59.0%) 
 

*p values generated by Fishers exact test 
 

3.11. Discussion and limitations 

 

Random-geolocation approaches were used to select 300 spatially diverse households within the 

study regions and where pre-existing data is available, these households had similar baseline metrics. 

An example of this was the household density for urban and rural households, whereby, at the urban 

and peri-urban sites the average number of household members was 4.6 and 4.2 respectively, and a 

previous large sero-surveillance study in Ndirande (STRATAA, unpublished) and community based 

malaria study in Chikwawa reported the average household density at 4.36 and 4.5 members per 

house respectively, indicating that urban and rural households in this study are likely to be 

representative of the typical household densities (275,297,298). In terms of age composition and tribal 

affiliation, these households tally with data from the 2018 Malawian population census (257). In this 

census Blantyre city and Chikwawa are broadly categorised, and both the age-grouped pyramids 

highlighting a predominance of a younger population and the common tribal affiliations (Lomwe and 

Ngoni in Blantyre, and Sena in Chikwawa) are reflected at study households. I should state that one 
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area that is not consistent with what we would expect to find, is the predominance of female 

respondents in the individual dataset. Data from the 2018 census illustrated a female: male ratio in 

Blantyre city of ~1:1, and due to the reduced consent from males within households the ratio of 

females: males was ~3:2 amongst household respondents. Therefore, females are overrepresented in 

the individual dataset, and this could bias some of the results in terms of underlying health status, 

attitudes to health seeking behaviour and antibiotic usage. However, health seeking behaviours can 

often be led by the household head, and the female:male ratio of household heads in Malawi is ~1:3, 

which replicates the same sex ratio found in household head respondents (257). So, while information 

was not always captured from all males at the households, it was adequately captured from male 

household heads.  

 

In terms of poverty metrics, a high percentage of households lived in absolute poverty, with the rural 

site being the poorest, and this correlates to estimates for expected population income and 

comparable differences between urban and rural settings (257,295). The median age of household 

members was low (median 18yrs), and participants were frequently in full time education. 

Unemployment was high at 39.3%, with the rural region having more unemployment that the urban 

or peri-urban setting. The employment rate for Malawi is estimated to be 79.6%, and ~65% of people 

in Malawi are employed work in the agriculture, forestry and fisheries sectors (295). This was not 

reflected in this study, predominately because 82% of Malawians live in rural areas, and these figures 

represent the job types commonly found in the rural setting alone (258). Therefore, the 

unemployment rate and job roles (sales based or service sector) seen in household members from 

Ndirande and Chileka are likely to reflect the true nature of urbanised settings in Malawi. Overall, 

given the random geospatial selection process and the similarity between households in this study 

and those in previous local datasets, it is likely that there was no selection bias introduced, and 

recruited households broadly represent those found at urban, peri-urban and rural settings in Malawi.   

 

The baseline findings from the study cohort and regional comparisons identified that household 

participants were predominantly in good health, but that underlying co-morbidities and episodes of 

illness were higher in the rural population than the peri-urban setting. Health status, including 

immunosuppression and episodes of recent illnesses can play a role in healthcare exposure and 

antibiotic use, which may in turn drive the selection pressure for gut colonisation with ESBL-producing 

bacteria (97,99,299–301). The adjusted HIV prevalence of 14.0% in the cohort was slightly lower than 

previous regional estimates and there were more HIV diagnosed participants in the peri-urban site, 

compared to the urban or rural site. Irrespective of these regional variances I did not find that 
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individuals from rural or peri-urban households had a greater chance of hospital admission but did 

see a difference in ABU between the regions, with the rural population more likely to have taken an 

antibiotic in the last 6 months compared to the other settings. The higher ABU in the rural setting 

correlated with a greater frequency of reported symptoms such as fever over the same timeframe, 

suggesting that either infectious conditions requiring antibiotics are more prevalent in the rural 

setting, or alternatively, that infectious symptoms and/or attitudes to ABU differ in this setting to the 

other regions, lead to a higher frequency of antibiotic consumption. Importantly, the age of 

participants correlated with the chance of having received an antibiotic with children under 5 having 

the highest antibiotic exposure. Children and immunosuppressed individuals (i.e. HIV) are likely to 

have different infection risks, healthcare seeking behaviours and rates of ABU compared to the adult 

population, so will be important group to consider separately.  

 

The most commonly used antibiotics were co-trimoxazole, amoxicillin or metronidazole at all sites, 

which is consistent with previous descriptions from community-focussed ABU research undertaken in 

Chikwawa (116). These antibiotics are commonly available in our setting, and comparatively cheap 

compared to injectable medicines. They have a broad spectrum of activity which is likely to make them 

appropriate as first line therapy for several locally prevalent infectious diseases and have been 

integrated into international essential medicine lists for treatment of a number of conditions (302–

304). In addition to the above, 90.9% (n=60) of HIV infected individuals were on CPT in line with 

international and local guidance (305). I did not assess antibiotic appropriateness or the reasons for 

antibiotic use, but community members rarely if ever relied on the use of 3GC or fluoroquinolones for 

treatment of infectious symptoms. It is therefore likely that exposure to these classes of antibiotic is 

limited to admissions to local hospitals, where they are highly utilised, and that sociocultural and 

economic factors shape the way antibiotics are accessed in the community (116)  

 

Another limitation is that survey-based data can be subject to recall bias, and information on antibiotic 

usage and medications taken came directly from respondents in the study. This was mitigated where 

possible, using corroborative information from health passports, and implementing an adapted 

version of the drug-bag method to prompt participants to accurately recognise previously used 

antibiotics from a list of those that are locally available (306). If we assume that this data is accurate, 

and there is limited use of 3GCs or other agents, alongside low rates of hospital admissions or hospital 

exposures, this could point towards other factors other than human-ABU selection pressures driving 

colonisation of ESBL-producing bacteria in this cohort. Alternatively, distant 3GC usage or co-

habitation with other household members or animals colonised with ESBL bacteria may be an 
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important factor in participants, as it is known that the persistence of ESBL gut colonisation is not 

always dependant on timing of antibiotic consumption, and co-habitation with other household 

members is associated with a risk of colonisation (300,307). 

 

Where healthcare was sought, choices of healthcare facility accessed differed between settings, with 

the urban and peri-urban regions relying on health centres. It has been evidenced elsewhere that 

community healthcare facilities have limited microbiological support and knowledge of national action 

plans on IPC practices, and this is likely replicated in our setting (308). Therefore, there may be 

intrafacility or interfacility variations in the class or timing of antibiotic use leading to regional 

differences in antibiotic prescribing practices. As stated previously, however, this study constituted of 

primarily healthy participants, and as such there was low accounts of antibiotic usage and 

homogeneity of antibiotic classes prescribed, so further community-based health centre research will 

be needed to identify the role of physical and structural factors in these settings.  

 

Animal co-habitation has previously been highlighted as an important factor in the acquisition, 

maintenance and transmission of ESBL-producing bacteria, often through contamination of the shared 

environment (69,307,309). Research undertaken in HIC has identified similar strains of ESBL E. coli or 

K. pneumoniae in pets and owners from the same household, inclusive of clonal lineages associated 

with infections (UTIs) in both humans and animals (307,310–313), with evidence in LMICs for shared 

clonal lineages and sequence types of ESBL-producing bacteria between the gut of subsistence 

farmers and their animals used in small-scale farming practices, such as chickens, goats and cattle 

(122,314). This is most critical in chickens, as the practice of household-level poultry farming is 

increasingly being reported in Malawi and other LMICs and is associated with high rates of AMR 

including ESBL E. coli (28–30). In terms of animal co-habitation, animal ownership was found to be 

commonplace across the study, with 58.7% of households owning an animal, highest in the rural site. 

The species present at households varied by setting, with larger livestock animals that required 

additional land (cattle, pigs, goats) more frequently seen in the rural settings, and domestic animals 

(cats, dogs) seen in the urban and peri-urban setting. Poultry was the most owned animal by 

households in all regions, present at 38.7% of the total households. Given the co-habitation rates of 

poultry, companion or livestock animals with humans in Malawian households, the role of animals 

should be further investigated to determine whether shared lineages exist between animals and 

household members in our setting, with a focus on whether there are any species specific, regional or 

husbandry associated factors.  
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Specific animal husbandry practices could play a role in ESBL transmission including the proximity and 

location of animal co-habitation, alongside household attitudes to animal waste management aimed 

at controlling contamination of the shared environment. Within the conceptual framework of ESBL 

transmission and acquisition the shared environment is important, and in this study poultry was the 

most commonly owned animal, and frequently kept inside urban households (36,315–318). Therefore, 

if waste management practices of these animals are inadequate or rarely employed this may drive the 

maintenance and transmission for ESBL-producing bacteria within the urban setting. Equally, the same 

applies to examining the role of livestock animal co-habitation at rural or peri-urban households. 

 

ABU amongst animals is increasing globally, particularly within the livestock sector, and this has been 

highlighted by the many authorities as an important driver of ESBL-resistance in LMIC settings, that 

will require adaptive local solutions rather than universal standardisation (256,319). There is limited 

information available on antibiotic use in animals within our setting and low levels of ABU exposure 

in animals were identified within the cohort. However, ABU information was only recovered within 

the preceding 2 months, and animal sickness was commonplace over the preceding year, particularly 

in poultry. As stated previously, given the role of distant antibiotic use on ESBL colonisation, animals 

that were unwell over the preceding 12 months may have been exposed to antibiotics not captured 

in the questionnaires, and this could underrepresent the role of animal ABU in the dataset.   

 

The choice of whether an animal receives an antibiotic, or the selection of which antibiotic is used are 

governed by human factors such as the attitudes to combating animal sickness, alongside the local 

availability, access and cost of medications and animal healthcare services. Within the households, if 

animals became unwell, often nothing would be done, instead preventative measures were 

preferentially employed to reduce the chance of animal illness. What was evident however, is where 

treatment was given, advice was rarely sought from veterinarians beforehand, and households would 

either purchase medication from a local drug store or use traditional remedies. It therefore will be 

important to better understand the attitudes to animal health and ABU through in-depth 

ethnographic studies in our settings.   

 

Given the absence of ABU amongst animals in this study, I cannot ascribe a clear determination as to 

the antibiotics of first choice for animals at urban, peri-urban or rural households, nor can I state that 

recent ABU is likely to be a driver of local animal ESBL-colonisation, should ESBL-producing bacteria 

be identified. This last point is key, because if animals are found to have high levels of ESBL-

colonisation it would indicate that this has been selected for, or acquired by a different means, such 
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as interaction with a contaminated environment; driven by the absence of adequate hygiene and 

sanitation practices. Human and animal ABU may not be the leading driver of ESBL acquisition or 

maintenance in this community study, and the role of animal cohabitation and WASH factors are 

potentially one of the biggest features that differ by setting. If we are to develop putative intervention 

strategies, a One-Health approach should be considered with takes into consideration the role of 

animals and their shared environment. Therefore, in forthcoming chapters, I will identify the baseline 

WASH infrastructure and practices at households, including an exploration of regional differences.  

 

 

3.12. Appendices 

 

Appendix 3.i. Maps of the polygon surveys (May 2018) for (a) Ndirande, (b) Chileka and (c) Chikwawa. 

Images generated with QGIS (V3.22.5) software.  

 

a) Ndirande 
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b) Chileka 

 
 

 

c) Chikwawa 
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Chapter 4: 

Comparison of Water, Sanitation and Hygiene infrastructure and practices between urban, peri-

urban and rural households in Malawi. 

  

  

 

4.0. Chapter summary 

 

There is prior knowledge of household WASH infrastructure and human behaviours impacting on the 

likelihood of faecal contamination and subsequent acquisition of pathogens including protozoa and 

bacteria (209,320). However, detailed risk profiling on the contamination and acquisition of 

Enterobacteriaceae, in particular ESBL-producing Enterobacteriaceae, is often lacking, especially 

within LMICs (198).  I hypothesise that the transmission of antimicrobial resistant AMR enteric bacteria 

in Malawi is dependent on numerous factors, including exposure to faecal waste, and that these 

factors are contextualised by key regional differences. Therefore, in Chapter 4, I have made a detailed 

comparison between WASH infrastructure and practices in urban, peri-urban and rural households in 

Malawi, and evaluated the prevalence of key WASH factors that may influence a household’s ability 

to limit its exposure to faecal contamination both directly and from the environment. I have 

subsequently quantified the behavioural practices and attitudes to water storage, toileting, 

handwashing, food-hygiene and waste management at households, which may impact upon the risk 

of faecal-oral acquisition of Enterobacteriaceae leading to increased transmission of ESBL-producing 

bacteria. I have also compared differences in prevalences between settings and evaluated regional 

variances in human and animal interactions with the broader environment to describe how these 

interfaces may contribute to the ecological niches of AMR. 

 

Overall, I found a paucity of household WASH infrastructure and access to materials that would enable 

safe toileting, adequate sanitation, effectual hand-hygiene or waste management across all sites. This 

was paralleled by behavioural factors that may increase the risk of bacterial transmission, such as 

household attitudes to water usage, food-hygiene, open defaecation, and handwashing. Finally, 

interactions were identified between household participants and key environmental sites likely to be 

contaminated with faecal material of human or animal origin, particularly within the urban setting. 

The frequency and nature of these interactions may be contributors to the acquisition, maintenance 

and transmission of ESBL bacteria in humans and animals within our setting. 
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My contributions to this chapter and those of others are included in Table 4.0.  

 

Table 4.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted and analysed by the 

PhD candidate. 

Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team  and DRUM collaborators, Tracy Morse and 

Kondwani Chidziwisano. 

 

Statistical advice was sought from Chris Jewell. 

 

Data collection was aided by study staff, including: 

 Witness Mtambo, Gladys Namancha, Suzgo 

Mkandawire, Steria Chisesele, Dyson Rashid, Odetta 

Duwa, Lughano Ghambi, Chiyembekeso Palije, 

Fletcher Nangupeta and Taonga Mphasa 

 

4.1 Regional household descriptions 

 

All 300 households recruited into the study had baseline WASH infrastructure, food-hygiene and 

sanitation data obtained through a household enrolment CRF. WASH checklists which included a 

mixture of questions and observational data on toileting, handwashing, and environmental 

interactions were completed at baseline for 299 households (n=100 urban, n=100 peri-urban, n=99 

rural) and at follow-up for pre-selected households. As stated in Chapter 3, COVID-associated 

interruptions reduced the number of households with longitudinal follow-up, and here I present the 

results of WASH data for 814 visits (n=263 urban, n=265 peri-urban, n=286 rural) at 300 households.  

  

4.2. Household construction 

 

The majority of houses in the study were constructed with baked bricks (n=224, 74.7%), had metal 

roofs (n=269, 89.7%) and cement flooring (n=189, 63.0%). Regional differences were seen in 

household construction, with unbaked bricks and metal roofs found in urban settings, and baked 
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bricks and thatched roofs seen in the rural setting (Table 4.1). Rural households were also more likely 

to have a floor made from soil or sand.  

 

Table 4.1. Household construction in urban, peri-urban and rural sites. 

Household characteristic 
Region: n (%) 

Total Urban Peri-urban Rural p 

Household wall construction      

Unbaked Bricks 
n=67 

(22.3%) 
n=39  

(39.0%) 
n=23 

(23.0%) 
n=5 

(5.0%) 
<.001 

Baked Bricks 
n=224 

(74.7%) 
n=58  

(58.0%) 
n=75 

(75.0%) 
n=91  

(91.0%) 
<.001 

Cement / Concrete / Other 
n=6 

(2.0%) 
n=0 

(0.0%) 
n=2 

(2.0%) 
n=4 

(4.0%) 
.172 

Other 
n=3 

(1.0%) 
n=3 

(3.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
.109 

Household roof construction      

Metal 
n=269 

(89.7%) 
n=99  

(99.0%) 
n=96 

(96.0%) 
n=74  

(73.0%) 
<.001 

Thatch 
n=30 

(10.0%) 
n=1 

(1.0%) 
n=4 

(4.0%) 
n=25 

(25.0%) 
<.001 

Other 
n=2 

(0.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(2.0%) 
.331 

Household floor construction      

Cement 
n=189 

(63.0%) 
n=85  

(85.0%) 
n=71 

(70.0%) 
n=33  

(31.0%) 
<.001 

Tile 
n=6 

(2.0%) 
n=4 

(4.0%) 
n=2 

(2.0%) 
n=0 

(0.0%) 
.172 

Sand/soil 
n=105 

(35.0%) 
n=11  

(11.0%) 
n=27 

(28.0%) 
n=67  

(67.0%) 
<.001 

*99 households WASH baseline data in Chikwawa. p values obtained through fisher’s exact test 

 

4.3. Water usage  

 

The primary source for drinking water at households was from communal distribution points such as 

tube well / boreholes (48.7%, n=153) and water kiosks (25.2%, n=79), or from piped water, either 

inside (7.6%, n=24) or outside (16.9%, n=53) the household compound (Table 4.2 & Figure 4.1). The 

use of unprotected wells (0.6%, n=2) or surface waters such as rivers or ponds (0.3%, n=1) was 

reported in a low number of households (Table 4.2). There were regional differences in the primary 

water source used, with boreholes frequented by rural (84.3%, n=86) or peri-urban households 

(56.1%, n=60) and municipal kiosks utilized by urban households (61.0%, n=64). Water piped directly 

into the household compound was predominately seen at the urban sites, with 30.5% (n=32) of urban 

households and 29.9% (n=32) of peri-urban households receiving water supplied by Blantyre water 

board, versus 12.8% (n=13) of rural households supplied by Southern Region Water Board (SRWB). 
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Table 4.2. Drinking water sources utilised in urban, peri-urban and rural households. 

Water source 
Region: n (%) 

Total Urban Peri-urban Rural* p 

Drinking water source^      

Bottled 
n=1 

(0.3%) 
n=0 

(0.0%) 
n=1 

(0.9%) 
n=0 

(0.0%) 
1.00 

Piped into dwelling 
n=24 

(7.6%) 
n=10 

(9.5%) 
n=12 

(11.2%) 
n=2 

(2.0%) 
.015 

Piped outside dwelling 
n=53 

(16.9%) 
n=22 

(21.0%) 
n=20 

(18.7%) 
n=11 

(10.8%) 
.036 

Public tap/ standpipe 
n=79 

(25.2%) 
n=64 

(61.0%) 
n=12 

(11.2%) 
n=3 

(2.9%) 
<.001 

Tube well/ Borehole 
n=153 

(48.7%) 
n=7 

(6.7%) 
n=60 

(56.1%) 
n=86 

(84.3%) 
<.001 

Tube well with powered pump 
n=1 

(0.3%) 
n=0 

(0.0%) 
n=1 

(0.9%) 
n=0 

(0.0%) 
1.00 

Unprotected well /spring 
n=2 

(0.6%) 
n=1 

(1.0%) 
n=1 

(0.9%) 
n=0 

(0.0%) 
1.00 

Surface water from river, lake or pond 
n=1 

(0.3%) 
n=1 

(1.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
1.00 

*n=99/100 households had baseline WASH CRF completed in Chikwawa (rural). All 300 households 

completed a baseline household enrolment CRF. p values obtained through fisher’s exact test 

 
 
 
 
 
 
 



 118 

 
Figure 4.1. Pictures of water sources used by households. a) water kiosk, b) household tap [in yard], 

c) public unprotected well, d) borehole, e) line of people waiting for urban kiosk water, showing 

standing water in the street, f) que for peri-urban borehole water and g) public tap [locked]. Photo 

credit = Thoko Chikondi, collected as part of Wellcome Trust funded DRUM photojournalism project, 

June 2021.  

 

There is a balance between need for water (quantity and quality), its cost, and the logistical constraints 

of accessing it. The weight of carrying it by hand and the distance from household to water sources 

can be deciding factors in which water source is chosen for drinking (235). In terms of water access, 

100% (n=100) of urban households and 93% (n=93) of peri-urban households could access water 

within 30 mins of their house (inclusive of travel time, queuing and payment if required), whereas in 

the rural site, 22.0% (n=22) of households took more than 30 mins to obtain water (Table 4.3). 

Drinking water was treated prior to consumption by 8.3% (n=25) of households, with chlorination 

being the most frequently practiced method (80.0%, n=20). Chlorination of drinking water occurred 

more often at the rural site; however, water treatment of any kind was uncommonly undertaken, 

especially at the urban and peri-urban settings. When households were asked whether they believed 

that water was safe to drink, irrespective of treatment, 90.3% (n=271) of the total households 

responded that it was, with people in the rural setting most concerned about its safety profile (86.0%, 

n=86).    
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Overall, the majority of study households have access to basic drinking water (defined as improved 

water source available within 30 mins), with limited drinking water (defined as improved water source 

that takes longer than 30 mins to collect) seen in the rural and peri-urban regions (Figure 4.2). 

 

Table 4.3. Household drinking water characteristics in urban, peri-urban and rural sites. 

Drinking water characteristic 
Region: n (%) 

Total Urban Peri-urban Rural* p 

Drinking water treatment 
n=25 

(8.3%) 
n=4 

(4.0%) 
n=4 

(4.0%) 
n=17 

(17.0%) 
<.001 

Method of drinking water treatment (if 
applicable)? 

     

   Boiled 
n=5 

(20.0%) 
n=3 

(75.0%) 
n=1 

(25.0%) 
n=1 

(5.9%) 
 

   Chlorination 
n=20 

(80.0%) 
n=1 

(25.0%) 
n=3 

(75.0%) 
n=16 

(94.1%) 
 

Households that think their water is safe to 
drink, irrespective of treatment? 

n=271 
(90.3%) 

n=96 
(96.0%) 

n=89 
(89.0%) 

n=86 
(86.0%) 

.039 

How long does it take the household to 
access drinking water? 

     

   On premises 
n=56 

(18.7%) 
n=20 

(20.0%) 
n=28 

(28.0%) 
n=8 

(8.0%) 
 

   Less than 30mins 
n=215 

(71.7%) 
n=80 

(80.0%) 
n=65 

(65.0%) 
n=70 

(70.0%) 
 

   More than 30mins 
n=29 

(9.7%) 
n=0 

(0.0%) 
n=7 

(7.0%) 
n=22 

(22.0%) 
 

What age do children in your house start 
drinking water? 

     

   Less than 3 months 
n=8  

(2.7%) 
n= 6 

(6.0%) 
n=2  

(2.0%) 
n=0  

(0.0%) 
 

   3 – 6 months 
n=62  

(20.7%) 
n= 35 

(35.0%) 
n=13 

(13.0%) 
n=14  

(14.0%) 
 

   over 6 months 
n=230  

(76.7%) 
n= 59 

(59.0%) 
n=85 

(85.0%) 
n=86 

(86.0%) 
 

*n=99/100 households had baseline WASH CRF completed in Chikwawa (rural). All 300 households 
completed a baseline household enrolment CRF. P values obtained through fisher’s exact test 
^ Households can acquire water from a variety of water sources, and there was at n=105 (urban), 
n=107 (peri-urban) and n=102 (rural) responses recorded at the 299 households. 
$ Households can store water in various receptacles, and there was n=193 (urban), n=137 (peri-
urban) and n=118 (rural) responses recorded at the 299 households. 
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4.3.1. Water storage 

 

To combat water insecurities and reduce the need for repeated travel, households frequently store 

water on premises (235,239).  99.7% (n=298) of households in this study stored water inside the house 

and only 1 household in the peri-urban setting with piped mains water did not store any. The choice 

of receptacle, its placement and use of a cover impacts on the risk of bacterial contamination through 

animal or external environmental exposures in conjunction with inadequate hand-hygiene practices 

(239,321,322). Plastic buckets (with or without lids) were commonly used at all study sites, alongside 

(covered or uncovered) jerry cans (Table 4.4). 22.9% (n=27) of households in the rural setting stored 

their drinking water in (covered) clay pots, and there was occasional use of other receptacles such as 

plastic buckets with taps, uncovered metal buckets, drums or plastic bottles across the various settings 

(Figure 4.3). Drinking water was only covered 68.1% (n=305) of the time, and there were regional 

differences noted, with rural households more likely to protect their water than urban (62.2%, n=120) 

or peri-urban (62.0%, n=85) households. The reasons for household’s choice of storage container, 

whether water was covered with a protective lid or why drinking water was not separated from other 

water were not explored in this study. 

 

Table 4.4. Drinking water storage in urban, peri-urban and rural households. 

Stored water characteristic 

Region: n (%) 

Total Urban Peri-urban Rural* p 

Households that store water inside the 
house 

n=298 
(99.7%) 

n=100 
(100.0%) 

n=99 
(99.0%) 

n=99 
(100.0%) 

1.00 

How is household drinking water stored? $      

Plastic bucket (no lid) 
n=112 

(25.0%) 
n=56  

(29.0%) 
n=45  

(32.8%) 
n=11  

(9.3%) 
 

Plastic bucket (lid) 
n=217 

(48.4%) 
n=91  

(47.2%) 
n=71  

(51.8%) 
n=55  

(46.6%) 
 

Plastic bucket with tap (no lid) 
n=2  

(0.4%) 
n=1  

(0.5%) 
n=0  

(0.0%) 
n=1  

(0.8%) 
 

Plastic bucket with tap (lid) 
n=3  

(0.7%) 
n=1  

(0.5%) 
n=2  

(1.4%) 
n=0  

(0.0%) 
 

Metal bucket (covered) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
 

Metal bucket (uncovered) 
n=3  

(0.7%) 
n=1  

(0.5%) 
n=2  

(1.4%) 
n=0  

(0.0%) 
 

Clay pot (covered) 
n=30 

(6.7%) 
n=1  

(0.5%) 
n=2  

(1.4%) 
n=27  

(22.9%) 
 

Clay pot (uncovered) 
n=1  

(0.2%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=1  

(0.8%) 
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Jerry can (covered) 
n=33 

(7.4%) 
n=15  

(7.8%) 
n=3  

(2.2%) 
n=15  

(12.7%) 
 

Jerry can (uncovered) 
n=14 

(3.1%) 
n=6  

(3.1%) 
n=3  

(2.2%) 
n=5  

(4.2%) 
 

Drum (covered) 
n=16 

(3.6%) 
n=11  

(5.7%) 
n=2  

(1.4%) 
n=3  

(2.5%) 
 

Drum (uncovered) 
n=11 

(2.5%) 
n=9  

(4.7%) 
n=2  

(1.4%) 
n=0  

(0.0%) 
 

Plastic bottles 
n=6  

(1.3%) 
n=1  

(0.5%) 
n=5  

(3.6%) 
n=0  

(0.0%) 
 

Is household drinking water covered? 
n=305 

(68.1%) 
n=120  

(62.2%) 
n=85  

(62.0%) 
n=100  

(84.7%) 
<.001 

Was visible separation seen in water used 
for drinking and water for household 
activities 

n=225  
(75.5%) 

n=74  
(74.0%) 

n=70  
(70.7%) 

n=81  
(81.8%) 

.072 

*n=99/100 households had baseline WASH CRF completed in Chikwawa (rural). All 300 households 
completed a baseline household enrolment CRF. P values obtained through fisher’s exact test 
^ Households can acquire water from a variety of water sources, and there was at n=105 (urban), 
n=107 (peri-urban) and n=102 (rural) responses recorded at the 299 households. 
$ Households can store water in various receptacles, and there was n=193 (urban), n=137 (peri-
urban) and n=118 (rural) responses recorded at the 299 households. 
 
Water is also needed for other purposes, such as cleaning or bathing, and households sometimes 

obtain water for these activities from a different source to their drinking water (Figure 4.3). In this 

study, 17.3% (n=52) of households used a different water source for the purpose of cleaning compared 

to drinking, and participants in the urban setting (29.0%, n=29) were more likely to choose an 

alternative water source than those in peri-urban or rural households (Table 4.5). In households where 

a different water source was used for washing items such as cooking utensils, they were less likely to 

use water kiosks which they had to pay for water. Instead, cheaper alternatives such as boreholes 

(38.5%, n=20) were used. Furthermore, there were examples of water being obtained from 

unprotected wells (3.8%, n=2) and surface waters (7.7%, n=4) which pose a risk of contamination with 

faecal material.  
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Figure 4.3. Pictures of household water storage and usage. a) household water stored in plastic 

buckets (without lids), for drinking purposes, b) household water used for cleaning of food utensils c) 

household water used for cleaning clothes, and d) use of river water for cleaning household clothes. 

Photo credit = Thoko Chikondi, collected as part of Wellcome Trust funded DRUM photojournalism 

project, June 2021.  

 

In relation to bathing, most households had an external (81.7%, n= 245) or internal (10.7%, n=32) 

bathroom. Those households that did not have a bathroom were primarily located in the rural area, 

and bathing options reported in these households occasionally included the use of local rivers. The 

water sources used in co-located bathrooms were similar to those used for cleaning water, and 

households relied on the use of boreholes (50.0%, n=150), or piped systems (47.3%, n=142) with the 

occasional use of surface water (2.3%, n=7).  
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Table 4.5. Water usage for bathing and cleaning in urban, peri-urban and rural households. 

Alternative water usage and source 
Region: n (%) 

Total Urban Peri-urban Rural p 

Houses that use an alternative water source 
for cleaning than for drinking 

n=52 
(17.3%) 

n=29 
(29.0%) 

n=12 
(12.0%) 

n=11 
(11.9%) 

.001 

What is the water source used for cleaning 
cooking utensils?  

 

   Piped into dwelling 
n=5 

(9.6%) 
n=4 

(13.8%) 
n=1 

(8.3%) 
n=0 

(0.0%) 
 

   Piped outside dwelling 
n=11 

(21.2%) 
n=10 

(34.5%) 
n=0 

(0.0%) 
n=1 

(8.3%) 
 

   Public tap / Standpipe 
n=10 

(19.2%) 
n=9 

(31.0%) 
n=1 

(8.3%) 
n=0 

(0.0%) 
 

   Tube well / borehole 
n=20 

(38.5%) 
n=4 

(13.8%) 
n=6  

(50.0%) 
n=10 

(91.7%) 
 

   Unprotected well / spring 
n=2 

(3.8%) 
n=2 

(6.9%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
 

   Surface water from river, lake or pond 
n=4 

(7.7%) 
n=0 

(0.0%) 
n=4  

(33.3%) 
n=0 

(0.0%) 
 

What is the water source used for bathing?   
 

 
 

 
 

 

   Piped into dwelling 
n=25 

(8.3%) 
n=12 

(12.0%) 
n=11 

(11.0%) 
n=2 

(2.0%) 
 

   Piped outside dwelling 
n=54 

(18.0%) 
n=27 

(27.0%) 
n=17 

(17.0%) 
n=10 

(10.0%) 
 

   Public tap / Standpipe 
n=63 

(21.0%) 
n=54 

(54.0%) 
n=6 

(6.0%) 
n=3 

(3.0%) 
 

   Tube well / borehole 
n=150 

(50.0%) 
n=6 

(6.0%) 
n=59 

(59.0%) 
n=85 

(85.0%) 
 

   Unprotected well / spring 
n=1 

(0.3%) 
n=0 

(0.0%) 
n=1 

(1.0%) 
n=0 

(0.0%) 
 

   Surface water from river, lake or pond 
n=7 

(2.3%) 
n=1 

(1.0%) 
n=6 

(6.0%) 
n=0 

(0.0%) 
 

Where do household members’ bath?      

   Bathing room (exterior) 
n=245 

(81.7%) 
n=90 

(90.0%) 
n=76 

(76.0%) 
n=79 

(79.2%) 
 

   Bathing room (interior) 
n=32 

(10.7%) 
n=8 

(8.0%) 
n=21 

(21.0%) 
n=3 

(3.0%) 
 

   No bathroom 
n=21 

(7.0%) 
n=2 

(2.0%) 
n=3 

(3.0%) 
n=16 

(15.8%) 
 

   River or outside the house 
n=2 

(0.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(2.0%) 
 

p values obtained through fisher’s exact test 
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4.4. Sanitation and waste management practices 

 

Overall, there was a lack of access to key sanitation infrastructure and absence of effective waste 

management practices at households. Most notably these included the sharing of household toilets 

or the practice of open defecation, and inappropriate disposal of human and animal waste.  

 

89.0% (n=267) of households in the study had a toilet present at the household or within the 

household compound; 88.8% (n=237) of which were pit latrines (Table 4.6). Toilets were more 

frequently seen at urban (n=95, 95.0%) or peri-urban (n=97, 97.0%) households compared to those at 

the rural setting (n=75, 75.8%), and the use of flush toilets, whether septic tank or mains integrated 

were only seen at the urban settings. Toilet construction broadly paralleled household construction 

with walls made from baked bricks and metal roofs, however there was often a soil floor and no roof 

found at peri-urban or rural toilets (Table 4.6. & Figure 4.4). Drophole covers which are employed to 

reduce flies and prevent disease transmission were present at 34.5% (n=92) of toilets and were more 

often found at rural toilets (48.0%, n=36) compared to those at peri-urban (35.4%, n=35) or urban 

(22.1%, n=21) households.  

 

Table 4.6. Toilet presence and construction in urban, peri-urban and rural sites. 

Toilet characteristic 
Region: n (%)  

Total Urban Peri-urban Rural* p 

Toilet present at household 
n=267 

(89.0%) 
n=95  

(95.0%) 
n=97  

(97.0%) 
n=75  

(75.8%) 
<.001 

Toilet type used by household  

Flush/pour flush toilet to mains 
n=7 

(2.6%) 
n=1  

(1.1%) 
n=6 

(6.2%) 
n=0  

(0.0%) 
.030 

Flush/pour flush toilet to septic tank 
n=15 

(5.6%) 
n=4  

(4.2%) 
n=9 

(9.3%) 
n=0  

(0.0%) 
.013 

Pit latrine 
n=237 

(88.8%) 
n=90  

(94.7%) 
n=73  

(75.3%) 
n=74  

(98.7%) 
<.001 

Shared toilet (as stated by household) 
n=10 

(3.7%) 
n=0  

(0.0%) 
n=9 

(9.3%) 
n=1 

(1.3%) 
<.001 

Toilet wall construction      

Concrete 
n=1 

(0.4%) 
n=0  

(0.0%) 
n=1 

(1.0%) 
n=0  

(0.0%) 
 

Baked bricks 
n=172 

(64.4%) 
n=64 

(67.4%) 
n=55  

(56.7%) 
n=53  

(70.7%) 
 

Unbaked bricks 
n=74 

(27.7%) 
n=21 

(22.1%) 
n=33  

(34.0%) 
n=20  

(26.7%) 
 

Metal sheets 
n=6 

(2.2%) 
n=5  

(5.3%) 
n=0  

(0.0%) 
n=1  

(1.3%) 
 

Plastic / maize sheets 
n=9 

(3.4%) 
n=4  

(4.2%) 
n=5  

(5.2%) 
n=0  

(0.0%) 
 

Reed mats 
n=3 

(1.1%) 
n=1  

(1.1%) 
n=1  

(1.0%) 
n=1  

(1.3%) 
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No wall 
n=2 

(0.7%) 
n=0  

(0.0%) 
n=2  

(2.1%) 
n=0  

(0.0%) 
 

Toilet Floor construction      

Concrete 
n=114 

(42.7%) 
n=67  

(70.5%) 
n=40  

(41.2%) 
n=7  

(9.3%) 
 

Wood/tile 
n=10 

(3.7%) 
n=6  

(6.3%) 
n=3  

(3.1%) 
n=1  

(1.3%) 
 

Soil 
n=143 

(53.6%) 
n=22  

(23.2%) 
n=54  

(55.7%) 
n=67  

(89.3%) 
 

Toilet roof construction      

Metal sheets 
n=130 

(48.7%) 
n=69  

(72.6%) 
n=48  

(49.5%) 
n=13  

(17.3%) 
 

Plastic sheets 
n=12 

(4.5%) 
n=5  

(5.3%) 
n=2  

(2.1%) 
n=4  

(5.3%) 
 

Thatched 
n=61 

(22.8%) 
n=5  

(5.3%) 
n=18  

(18.6%) 
n=38  

(50.7%) 
 

No roof 
n=65 

(24.3%) 
n=16  

(16.8%) 
n=29  

(29.9%) 
n=20  

(26.7%) 
 

*n=99/100 households had baseline WASH CRF completed in Chikwawa (rural). All 300 households 

completed a baseline household enrolment CRF. p values obtained through fisher’s exact test 
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Figure 4.4. Pictures of typical pit latrines used by households. a) external structure of pit latrine in the 

[urban], b) internal structure of pit latrine [urban], without drophole cover in place, c) external 

structure of pit latrine [peri-urban] and d) internal structure of pit latrine [peri-urban], without 

drophole cover in place. Photo credit = Thoko Chikondi, collected as part of Wellcome Trust funded 

DRUM photojournalism project, June 2021.  

 

Toilets can be communal, and 41.9% (n=112) of total households reported sharing toileting facilities 

with other households within the compound or wider community (Table 4.7). Given the nature of 

high-density housing this practice was more often identified at the urban site, with 62.1% (n=59) of 

urban households sharing their toilet with a median of 3 (IQR=2-5) other households. Public toilets 

were not commonly in close proximity to households in this study but were more frequently available 

at the urban setting. 37.1% of households who had access to a public toilet nearby would consider 

using them for daily toileting activities. However, when participants were away from their house and 

needed to urinate/defecate they would invariably ask to use another household toilet nearby (52.0%, 

n=156) or wait until they returned home (27.3%, n=82) rather than use a public toilet or openly 
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defaecate. The examples where open defaecation in public were reported was limited to the rural 

setting and qualified by household members as when they were completing agricultural work in the 

fields and far away from the village.  

 

Table 4.7. Household toileting practices at urban, peri-urban and rural sites 

Toilet sharing practices 
Region: n (%) unless otherwise indicated 

Total Urban Peri-urban Rural p 

Households who share their toilet 
with non-household members? 

n=112  
(41.9%) 

n=59  
(62.1%) 

n=30 
(30.9%) 

n=23 
(30.7%) 

<.001 

Number of households the toilet is 
shared with? 

median=3 
(IQR=2-4) 

median=3 
(IQR=2-5) 

median=2 
(IQR=2-3) 

median=2 
(IQR=1-2) 

 

Public toilet available near house 
n=35  

(11.7%) 
n=24  

(24.0%) 
n=7  

(7.0%) 
n=4  

(4.0%) 
 

Public toilet ever used by households 
n=13  

(37.1%) 
n=8  

(33.3%) 
n=3  

(42.9%) 
n=2  

(50.0%) 
 

If away from home, where would 
household’s toilet? 

     

Would wait until home 
n=82  

(27.3%) 
n=44  

(44.0%) 
n=31  

(31.0%) 
n=7  

(7.0%) 
 

Use public toilet 
n=42  

(14.0%) 
n=13  

(13.0%) 
n=20  

(20.0%) 
n=9  

(9.0%) 
 

Urinate / defecate in the open 
n=20  

(6.7%) 
n=0  

(0.0%) 
n=0  

(0.0%) 
n=20  

(20.0%) 
 

Borrow a household toilet nearby 
n=156  

(52.0%) 
n=43  

(43.0%) 
n=49  

(49.0%) 
n=64  

(64.0%) 
 

How do households dispose of 
rubbish$ 

     

In a household bin collected from 
residence 

n=6  
(1.9%) 

n=5  
(4.9%) 

n=1  
(1.0%) 

n=0  
(0.0%) 

 

Deposited in communal bins and 
collected 

n=18  
(5.8%) 

n=15  
(14.6%) 

n=2  
(1.9%) 

n=1  
(1.0%) 

 

Placed in a rubbish pit next to house 
n=63  

(20.5%) 
n=14  

(13.6%) 
n=21  

(20.4%) 
n=28  

(27.5%) 
 

Placed in a communal rubbish pit 
n=31  

(10.1%) 
n=16  

(15.5%) 
n=10  

(9.7%) 
n=5  

(4.9%) 
 

Burned 
n=2  

(0.6%) 
n=0  

(0.0%) 
n=2  

(1.9%) 
n=0  

(0.0%) 
 

Thrown in a drain/open area 
n=188  

(61.0%) 
n=53  

(51.5%) 
n=67  

(65.0%) 
n=68  

(66.7%) 
 

$ Multiple ways of disposing of rubbish. Urban=103, peri-urban=103 and rural=102. P values 

obtained through fisher’s exact test 

 

In terms of toileting behaviours and human waste management at home, despite the availability of a 

toilet on site, 28.7% (n=86) of households reported open defaecation being practiced by one of more 

household members at some point each month, with no regional differences seen (Table 4.8). There 

were also examples of peri-urban and rural households that used human waste as “night soil” or crop 

fertiliser. When the study team looked for human faeces in the house or external compound they 
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were present 8.1% (n=66) of the time. Human faecal contamination of the household environment 

was identified more often at rural households than at urban settings.  

 

Table 4.8. Household human waste management practices at urban, peri-urban and rural sites 

Human waste management practice 
Region: n (%)  

Total Urban Peri-urban Rural p 

Do households have children who wear 
nappies/cloths? 

n=83  
(24.0%) 

n=34  
(41.0%) 

n=27  
(32.5%) 

n=22 
(26.5%) 

 

Where do households dispose of the 
cloths/nappies? 

     

Disposable nappies (collected) 
n=7  

(8.4%) 
n=6  

(17.6%) 
n=1  

(3.7%) 
n=0  

(0.0%) 
 

Disposable nappies (burned) 
n=5  

(6.0%) 
n=2  

(5.9%) 
n=3  

(11.1%) 
n=0  

(0.0%) 
 

Disposable nappies (thrown in pit or 
elsewhere) 

n=6 
(7.2%) 

n=2  
(5.9%) 

n=2  
(7.4%) 

n=2  
(9.1%) 

 

Washable nappies/cloth (faeces in toilet) 
n=39  

(47.0%) 
n=17  

(50.0%) 
n=13  

(48.1%) 
n=9 

(41.0%) 
 

Washable nappies/cloth (faeces washed 
off in bucket) 

n=25  
(30.1%) 

n=7  
(20.6%) 

n=8  
(29.6%) 

n=10 
(45.5%) 

 

Washable nappies/cloth (faeces washed 
in river) 

n=1  
(1.2%) 

n=0  
(0.0%) 

n=0  
(0.0%) 

n=1  
(4.5%) 

 

Households where ≥1 member 
practices open defecation? 

N=86  
(28.7%) 

n=25 
(25.0%) 

n=28 
(28.0%) 

n=33 
(33.0%) 

.485 

Do households ever use human manure 
to fertilise their own crops? 

N=8  
(2.7%) 

n=0  
(0.0%) 

n=6  
(6.0%) 

n=2  
(2.0%) 

.031 

Human faeces present in / around the 
household compound? ^ 

n=66  
(8.1%) 

n=18 
(6.8%) 

n=6  
(2.3%) 

n=42  
(14.7%) 

<.001 

^ Observational WASH data from a total of 814 longitudinal visits at 300 households. p values 

obtained through fisher’s exact test 

 

I collected observational data from household toilets including the presence of anal cleansing 

materials, flies, use of drophole covers and visible faecal contamination. At these household visits, 

anal cleansing materials were identified at 18.9% (n=133) of toilets, and these were more frequently 

seen at urban (10.7%, n=26) and peri-urban (33.4%, n=88) households compared to those in the rural 

(9.3%, n=19) setting. Paper, whether toilet paper or newspaper, was the only cleansing material 

found. As stated previously, drophole covers were present at 34.5% of households, but they were only 

observed to be in place at 73% (n=92) of toilet visits, with the rural region having the least chance of 

seeing correct placement (68.3%, n=71).   

 

Flies were visible at 61.5% (n=432) of toilets and there was a strong or unbearable smell noted by field 

staff at 24.2% (n=170) of toilet visits (Table 4.9).  When the study team looked for the presence of 
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faecal contamination on the floor or the walls, this was identified at 8.7% (n=62) of total visits; 

proportionately more at the urban toilets (18.9%, n=46) than at the other sites.   

 

Table 4.9. Observed toileting materials and toilet hygiene at urban, peri-urban and rural households. 

Toileting characteristic 
Region: n (%) 

Total Urban Peri-urban Rural p 

Signs of faecal contamination on the 
toilet walls or floor? ^ 

n=62  
(8.8%) 

n=46  
(18.9%) 

n=14  
(5.5%) 

n=2  
(1.0%) 

<.001 

Anal cleansing materials present at 
toilet ^ 

n=133  
(18.9%) 

n=26  
(10.7%) 

n=88  
(33.4%) 

n=19  
(9.3%) 

<.001 

Which cleansing materials present? ^      

Toilet paper 
n=71  

(53.4%) 
n=12  

(66.2%) 
n=57  

(64.8%) 
n=2  

(10.5%) 
 

Newspaper / other paper 
n=34  

(46.6%) 
n=14  

(53.8%) 
n=31  

(35.2%) 
n=17  

(89.5%) 
 

Flies visible in the toilet^ 
n=432  

(61.5%) 
n=160  

(65.8%) 
n=155  

(60.5%) 
n=117  

(57.4%) 
 

Drophole cover present at toilet 
n=92 

(34.5%) 
n=21  

(22.1%) 
n=35  

(35.4%) 
n=36  

(48.0%) 
.002 

Drophole cover in place (where 
available) ^ 

n=184  
(73.0%) 

n=44/48 
(91.7%) 

n=69/100  
(69.0%) 

n=71/104  
(68.3%) 

.003 

Toilet smell^      

No smell 
n=110  

(15.6%) 
n=36  

(14.8%) 
n=42  

(16.4%) 
n=32  

(15.7%) 
 

Slight smell 
n=423  

(60.2%) 
n=166  

(68.3%) 
n=137  

(53.5%) 
n=120  

(58.8%) 
 

Strong smell 
n=166  

(23.6%) 
n=40  

(16.5%) 
n=77  

(30.1%) 
n=49  

(24.0%) 
 

Unbearable smell 
n=4  

(0.6%) 
n=1  

(0.4%) 
n=0  

(0.0%) 
n=3  

(1.5%) 
 

^ observational WASH data from a total of 814 longitudinal visits at 300 households. A total of 703 
visits where toilets are present: n=243 (urban), n=256 (peri-urban) and n=204 (rural) and 252 visits 
where toilet drophole covers are present n=48 (urban), n=100 (peri-urban) and n=104 (rural). P 
values obtained through fisher’s exact test 
 
Household rubbish was typically thrown into an open drain or placed into a rubbish pit near the house, 

with household collection or disposal in a collection bin only present at urban settings and infrequently 

utilised (Table 4.10 & Figure 4.5). With regard to management of child faecal waste, 24% (n=72) of 

households used nappies, and these were most frequently washable nappies (for multiple uses) rather 

than disposal versions for single use. 47.0% (n=39) of households surveyed reported washing the 

nappies and disposing of the faeces in the toilet, with 30.1% (n=25) of households choosing to wash 

the nappies and dispose of the faeces in a bucket, and 1.2% (n=1) washing them in river water (Table 

4.8). The rest of the nappies were single use, and either discarded into rubbish collection areas (8.4%, 

n=7), burned (6.0%, n=5) or thrown directly into the pit/toilet (7.2%, n=6). 
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Figure 4.5. Pictures of household waste management. a) sweeping away rubbish from household 

entrance, b) use of a pit next to the house for burning rubbish c) throwing rubbish into communal 

areas (peri-urban), and d) putting liquid and solid waste into the local rivers (urban). Photo credit = 

Thoko Chikondi, collected as part of Wellcome Trust funded DRUM photojournalism project, June 2021.  
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Table 4.10. Household animal waste management practices at urban, peri-urban and rural sites 

Waste management practices 
Region: n (%)  

Total Urban Peri-urban Rural p 

Households that have an adequate 
system to manage their animal waste? 

n=13  
(4.3%) 

n=1  
(1.0%) 

n=8  
(8.0%) 

n=4  
(4.0%) 

.055 

What would households do with animal 
waste? 

     

Nothing 
n=181  

(60.3%) 
n=92  

(92.0%) 
n=50  

(50.0%) 
n=39 

(39.0%) 
 

Use it as manure (by self or sold) 
n=69  

(23.0%) 
n=2  

(2.0%) 
n=32  

(32.0%) 
n=35 

(35.0%) 
 

Put it in the refuse pit 
n=13  

(4.3%) 
n=1  

(1.0%) 
n=8  

(8.0%) 
n=4  

(4.0%) 
 

Sweep it into the bush 
n=37  

(12.3%) 
n=5  

(5.0%) 
n=10  

(10.0%) 
n=22 

(22.0%) 
 

Do households use animal manure to 
fertilise their own crops? 

N=82 
(27.3%) 

n=5  
(5.0%) 

n=36  
(36.0%) 

n=41  
(41.0%) 

<.001 

Animal faeces present in / around the 
household compound? ^ 

n=433  
(53.2%) 

n=65  
(24.7%) 

n=135  
(50.9%) 

n=233  
(81.5%) 

<.001 

Are animals near the household or 
inside the household complex? ^ 

n=372  
(45.7%) 

n=58 
(22.1%) 

n=150 
(56.6%) 

n=164 
(57.3%) 

<.001 

^ Observational WASH data from a total of 814 longitudinal visits at 300 households. p values 

obtained through fisher’s exact test 

 

We classified animal waste (both domestic and companion) practices into common modalities and 

defined adequate waste management as its removal from the premises, and subsequent contained 

disposal away from human contact. By this standard, only 4.3% (n=13) of households reported an 

adequate system to manage animal waste, with 60.3% (n=181) of households doing nothing at all with 

animal faeces found on site; instead leaving them in situ. Alternativity households would manage 

animal waste by sweeping it into nearby bushes (12.3%, n=37, Figure 4.5) or selling/using as manure 

for crops (23.0%, n=69). In general, animal manure usage was low in the urban setting (2.0%, n=2), 

but higher in the peri-urban (36.0%, n=36) and rural (41.0%, n=41) settings, at households that grew 

their own produce.  

 

When looking for the presence of animal faeces in or around the household compound, they were 

seen at a very high number of households (Table 4.10). In total, animal faeces were seen at 53.2% 

(n=433) of visits, with those in the peri-urban (50.9%, n=139) and rural (81.5%, n=233) settings having 

the highest environmental animal faecal-contamination. This tallied with the presence of animals seen 

in and around the households, with rural and peri-urban households having animals seen in the 

household complex more often than in the urban setting (Table 4.10). 
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4.5. Household access to handwashing facilities and attitudes to hand-hygiene practices 

 

Access to handwashing facilities (HWFs) and adjunctive cleansing materials at key household locations 

was captured, illustrating deficits in infrastructure and availability of cleansing materials in all regions 

(Table 4.11). At baseline, HWFs were present at 41.0% (n=123) of total households, with the peri-

urban site having ≥1 HWF at 63.0% (n=63) of recruited households. HWFs were present at low 

numbers per house, with toilets having dedicated HWFs at 12.4% (n=37) of households and food 

preparation areas having dedicated HWFs at 7.4% (n=22) of households. Instead, there was often a 

preference for generic HWFs either inside the house (15.4%, n=46) or in the yard (16.1%, n=48). 

Regionally, peri-urban households had the highest level of HWF access, with a notable exception of 

rural households’ access to toilet HWFs (Table 4.11). 

 

Water was present and visibly clear at most household HWFs, but soap was only identified at between 

43.6-67.5% of HWFs, depending on their location and region. Soap and water were more frequently 

available at peri-urban households than in the other settings, and the lowest availability of soap was 

seen at the rural site.  

  

Table 4.11. Hand washing facilities at urban, peri-urban and rural households. 

Hand washing facility 
characteristic 

n (%) 

Total Urban Peri-urban Rural p 

Facilities for hand washing 
available at households (any)* 

n=123  
(41.0%) 

n=37 
(37.0%) 

n=63  
(63.0%) 

n=23  
(23.2%) 

<.001 

Specific hand washing facilities available 

Facilities for hand washing 
available at toilet 

n=37  
(12.4%) 

n=6  
(6.0%) 

n=15 
(15.0%) 

n=16 
(16.2%) 

.050 

Facilities for hand washing 
available at kitchen/food 
preparation area 

n=22  
(7.4%) 

n=5  
(5.0%) 

n=14 
(14.0%) 

n=3  
(3.0%) 

.009 

Facilities for hand washing 
available at household yard 

n=48  
(16.1%) 

n=19 
(19.0%) 

n=25 
(25.0%) 

n=4  
(4.0%) 

<.001 

Facilities for hand washing 
available inside the house 

n=46  
(15.4%) 

n=14 
(14.0%) 

n=30 
(30.0%) 

n=2  
(2.0%) 

<.001 

Soap (liquid/bar/powder) 
present at HWFs^ 

n=166 
(49.0%) 

n=28 
(43.1%) 

n=130 
(58.8%) 

n=8 
(15.1%) 

<.001 

At baseline visit is soap (liquid/bar/powder) present at the HWF? 

   Toilet 
n=14 

(50.0%) 
n=3 

(57.1%) 
n=11 

(72.2%) 
n=0 

(0.0%) 
 

   Kitchen/food preparation area 
n=13 

(61.9%) 
n=2 

(33.3%) 
n=10 

(84.6%) 
n=1 

(33.3%) 
 

   Household yard 
n=17 

(43.6%) 
n=5 

(43.7%) 
n=11 

(67.6%) 
n=1 

(25.0%) 
 

   Inside house 
n=27 

(67.5%) 
n=11 

(86.7%) 
n=16 

(60.9%) 
n=0 

(0.0%) 
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Water present at HWFs^ 
n=349 

(85.5%) 
n=65 

(71.4%) 
n=231 

(94.3%) 
n=53 

(73.6%) 
<.001 

At baseline visit is water present at the HWF? 

   Toilet 
n=29 

(78.4%) 
n=5 

(87.5%) 
n=14 

(90.0%) 
n=10 

(62.5%) 
 

   Kitchen/food preparation area 
n=21 

(95.5%) 
n=5 

(100.0%) 
n=13 

(100.0%) 
n=3 

(100.0%) 
 

   Household yard 
n=39 

(81.3%) 
n=11 

(66.7%) 
n=24 

(97.1%) 
n=4 

(100.0%) 
 

   Inside house 
n=40 

(87.0%) 
n=12 

(78.9%) 
n=28 

(95.8%) 
n=0/2 
(0.0%) 

 

Is the water visibly dirty at the HWF? 

   Toilet 
n=2 

(6.9%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(20.0%) 
 

   Kitchen/food preparation area 
n=1 

(4.8%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(33.3%) 
 

   Household yard 
n=5 

(12.8%) 
n=1 

(9.1%) 
n=3 

(12.5%) 
n=1 

(25.0%) 
 

   Inside house 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
NA  

* Combination of 1 or more HWFs seen at a household. p values obtained through fisher’s exact test 

^ 339 HWF visits where soap was documented as present/absent (urban = 65, peri-urban = 221, rural 

= 53) and 408 HWFs where water was documented as present/absent (urban=91, peri-urban=245, 

rural=72) 

 

The type of HWF utilised varied by region and household location (Table 4.12). Buckets were the most 

common HWFs, identified at 53.9% (n=82) of locations, and these rarely had an integrated tap. Tippy 

taps (Figure 4.8c) were used at HWFs next to rural toilets or at a selection of peri-urban household 

locations, and taps connected to piped water were seen at the few urban sites that had HWFs or 

within the peri-urban setting.  
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Table 4.12. Handwashing facilities available within key areas at urban, peri-urban and rural 

households. 

Facility 
household 

location 
Region 

Hand Washing Facility: n (%) 

Tippy 
Tap 

Mug Bucket 
Bucket 

with tap 
Jerry 
can 

Tap with 
running 
water 

Toilet 

Urban 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(33.3%) 
n=0 

(0.0%) 
n=2 

(33.3%) 
n=2 

(33.3%) 

Peri-
urban 

n=9 
(60.0%) 

n=0 
(0.0%) 

n=2 
(13.3%) 

n=0 
(0.0%) 

n=0 
(0.0%) 

n=4 
(26.7%) 

Rural 
n=14 

(87.4%) 
n=1 

(6.3%) 
n=0 

(0.0%) 
n=1 

(6.3%) 
n=0 

(0.0%) 
n=0 

(0.0%) 

Kitchen 
area 

Urban 
n=0 

(0.0%) 
n=1 

(20.0%) 
n=0 

(0.0%) 
n=1 

(20.0%) 
n=0 

(0.0%) 
n=3 

(60.0%) 

Peri-
urban 

n=4 
(28.6%) 

n=0 
(0.0%) 

n=5 
(35.7%) 

n=0 
(0.0%) 

n=0 
(0.0%) 

n=5 
(35.7%) 

Rural 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(66.7%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(33.3%) 

Yard 

Urban 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=16 

(88.9%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(11.1%) 

Peri-
urban 

n=6 
(24.0%) 

n=0 
(0.0%) 

n=13 
(52.0%) 

n=0 
(0.0%) 

n=0 
(0.0%) 

n=6 
(24.0%) 

Rural 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=3 

(75.0%) 
n=0 

(0.0%) 
n=1 

(25.0%) 
n=0 

(0.0%) 

Inside 
house 

Urban 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=13 

(92.9%) 
n=1 

(7.1%) 
n=0 

(0.0%) 
n=0 

(0.0%) 

Peri-
urban 

n=5 
(16.7%) 

n=0 
(0.0%) 

n=24 
(80.0%) 

n=0 
(0.0%) 

n=0 
(0.0%) 

n=1 
(3.3%) 

Rural 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=2 

(100.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=0 

(0.0%) 

All 
locations 

All 
regions 

n=38 
(25.0%) 

n=2 
(1.3%) 

n=82 
(53.9%) 

n=3 
(2.0%) 

n=3 
(2.0%) 

n=24 
(15.8%) 

Highlighted panels represent the most common selected option for urban (blue), peri-urban (grey) and 

rural (yellow) sites.  

152 handwashing facilities (urban=43, peri-urban-84, rural=25) located at 123 households (urban=37, 

peri-urban-63, rural=23). 

 

Overall, the availability of handwashing facilities across all sites was either limited or basic, as per the 

JMP guidance (Figure 4.7). Household members would typically report washing their hands before 

eating (89.7%, n=269) or after toileting (89.7%, n=269). Some members would also wash their hands 

after eating (45.7%, n=137), before preparing food (36.7%, n=110) when they looked dirty (46.3%, 

n=139) or after cleaning nappies (22.3%, n=67). There were no regional differences seen in the 

reported frequencies of hand washing practices related to toileting, food consumption or in child 

waste management (Table 4.13). Where handwashing occurred, participants reported that they 

primarily used either a hand-dipping technique in a basin of water (47.3%, n=142) or would pour a jug 
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of water over their hands (48.3%, n=145), and very few individuals would use tippy-taps, or run their 

hands under piped water (Table 4.13 & Figure 4.8).  

 

Table 4.13. Household hand-hygiene practices of urban, peri-urban and rural sites. 

Hand-hygiene practices 
Region: n (%) 

Total Urban Peri-urban Rural p 

When do household members normally 
wash their hands? 

     

   Before eating 
n=269 

(89.7%) 
n=90 

(90.0%) 
n=88 

(88.0%) 
n=91 

(91.0%) 
.840 

   Before feeding child$ 
n=52 

(17.3%) 
n=27 

(27.0%) 
n=12 

(12.0%) 
n=13 

(13.0%) 
<.001 

   Before preparing food 
n=110 

(36.7%) 
n=52 

(52.0%) 
n=24 

(24.0%) 
n=34 

(33.0%) 
<.001 

   After toilet 
n=269 

(89.7%) 
n=89 

(89.0%) 
n=89 

(89.0%) 
n=91 

(91.0%) 
.916 

   After cleaning child nappy 
n=67 

(22.3%) 
n=28 

(28.0%) 
n=18 

(18.0%) 
n=21 

(21.0%) 
.219 

   After eating 
n=137 

(45.7%) 
n=74 

(74.0%) 
n=39 

(39.0%) 
n=24 

(24.0%) 
<.001 

   After working outside 
n=62 

(20.7%) 
n=24 

(24.0%) 
n=12 

(12.0%) 
n=26 

(26.0%) 
.027 

   When they look dirty 
n=139 

(46.3%) 
n=39 

(39.0%) 
n=64 

(64.0%) 
n=36 

(36.0%) 
<.001 

Where do they wash their hands at these 
times? 

     

   At tap inside house with piped water 
n=17 

(5.7%) 
n=5 

(5.0%) 
n=11 

(11.0%) 
n=1 

(1.0%) 
 

   At tap outside house with piped water 
n=17 

(5.7%) 
n=6 

(6.0%) 
n=8 

(8.0%) 
n=3 

(3.0%) 
 

   Bottle/tippy tap next to toilet  
n=15 

(5.0%) 
n=4 

(4.0%) 
n=2 

(2.0%) 
n=9 

(9.0%) 
 

   Bottle/tippy tap next to kitchen/cooking 
area 

n=2 
(0.7%) 

n=0 
(0.0%) 

n=1 
(1.0%) 

n=1 
(1.0%) 

 

   Basin with water (hand dipping) at house 
n=142 

(47.3%) 
n=46 

(46.0%) 
n=46 

(46.0%) 
n=50 

(50.0%) 
 

   Jug with water (pouring over hands) at 
house 

n=145 
(48.3%) 

n=53 
(53.0%) 

n=43 
(43.0%) 

n=49 
(49.0%) 

 

p values obtained through fisher’s exact test 
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Figure 4.8. Pictures of typical methods of hand washing by households. a) poured water and use of 

soap (urban), b) dip method into a bowl, c) tippy tap outside pit latrine, with no soap (rural) d) use of 

water for mixed purposes (including animal) with no soap (rural). Photo credit = Thoko Chikondi, 

collected as part of Wellcome Trust funded DRUM photojournalism project, June 2021.  

 

4.6. Food hygiene 

 

Food consumed within study households commonly consisted of nsima (porridge made out of maize 

flour and water) and vegetables, supplemented with occasional meat. This was not designed as an in-

depth study of dietary intake; however, there were regional differences seen in choice and availability 

of meat, with beef more often eaten in the urban and peri-urban setting and pork more often eaten 

by rural households (Table 4.14). Chicken and beef were the most consumed meats overall, and ~47% 

of households consumed milk or dairy products (Table 4.14).  
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Table 4.14. Household food consumption, stratified by region 

Food product Region Frequency of product consumption by households (%) 

  Never 
Less than 

once a 
week 

About 
once a 
week 

Several 
times a 
week 

Daily 

Beef 

Urban 11.0% 44.0% 29.0% 16.0% 0.0% 

Peri-urban 4.0% 66.0% 19.0% 11.0% 0.0% 

Rural 36.0% 51.0% 13.0% 0.0% 0.0% 

Pork 

Urban 81.0% 14.0% 4.0% 1.0% 0.0% 

Peri-urban 72.0% 21.0% 6.0% 1.0% 0.0% 

Rural 54.0% 31.0% 11.0% 3.0% 1.0% 

Chicken 

Urban 2.0% 43.0% 44.0% 11.0% 0.0% 

Peri-urban 1.0% 62.0% 21.0% 16.0% 0.0% 

Rural 9.0% 68.0% 20.0% 3.0% 0.0% 

Other meat 
(inc. dried fish) 

Urban 33.0% 41.0% 23.0% 3.0% 0.0% 

Peri-urban 7.0% 77.0% 9.0% 6.0% 1.0% 

Rural 25.0% 52.0% 20.0% 3.0% 0.0% 

Salad /raw 
vegetables 
(Garden) 

Urban 89.0% 5.0% 1.0% 5.0% 0.0% 

Peri-urban 67.0% 9.0% 5.0% 7.0% 12.0% 

Rural 75.0% 8.0% 7.0% 8.0% 2.0% 

Salad /raw 
vegetables 

(Local market) 

Urban 2.0% 34.0% 16.0% 46.0% 2.0% 

Peri-urban 8.0% 39.0% 8.0% 20.0% 25.0% 

Rural 30.0% 32.0% 8.0% 30.0% 0.0% 

fruit 
(Garden) 

Urban 87.0% 6.0% 4.0% 3.0% 0.0% 

Peri-urban 42.0% 30.0% 5.0% 20.0% 3.0% 

Rural 72.0% 13.0% 6.0% 6.0% 0.0% 

fruit 
(Local market) 

Urban 5.0% 25.0% 22.0% 45.0% 3.0% 

Peri-urban 4.0% 40.0% 17.0% 29.0% 10.0% 

Rural 7.0% 42.0% 43.0% 8.0% 0.0% 

fresh milk from 
cow/sheep/goat 

Urban 54.0% 21.0% 11.0% 14.0% 0.0% 

Peri-urban 52.0% 37.0% 3.0% 5.0% 3.0% 

Rural 54.0% 31.0% 12.0% 3.0% 0.0% 

Street food 

Urban 7.0% 10.0% 4.0% 71.0% 8.0% 

Peri-urban 11.0% 18.0% 14.0% 49.0% 8.0% 

Rural 15.0% 31.0% 33.0% 21.0% 0.0% 

Highlighted panels represent the most common selected option for urban (blue), peri-urban (grey) 

and rural (yellow) sites. 
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There was a reliance on purchasing fruit (94.7%, n=284) and vegetables (86.7%, n=260) from local 

markets, especially in the urban or peri-urban settings, with most households not able to grow their 

own produce (Table 4.15). However, even households that grew their own produce still used the 

markets, and 70.0% (n=70) of rural households relied on local markets for either supplementing their 

own vegetables or as the primary source of vegetables. Meat, like fruit and vegetables were most 

frequently obtained from local markets. Lastly, in study households, 89.0% (n=267) of families 

reported eating street food at least once a week, with 71% (n=71) of urban households eating street 

food several times a week (Table 4.15). 

 

Most people washed raw food obtained from the market in drinking water prior to eating (75.0%, 

n=225) (Table 4.15). Other households would prefer to wash their hands first (15.7% n=47), peel away 

the outside surface (7.3%, n=22) or in some cases do nothing (2.0%, n=6). Cooked food was not part 

of the microbiological sampling frame, given the propensity for bacteria to be destroyed in the heating 

process, but contamination of cooked food left out to eat later in the day is a possible route of 

household transmission. Uneaten cooked food was identified at 38.1% (n=310) of the household visits, 

however, this was frequently covered (92.3%, n=286) to protect it from flies and other animals.  

 

Given that food in Malawi is often eaten by hand, the acquisition of faecal-oral pathogens can be 

related to poor hand-hygiene and the sharing of food. In households, 43.0% (n=129) reported eating 

from shared plates (Figure 4.9), with the use of shared plates being more common at rural households 

than at urban or peri-urban sites.  
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Table 4.15. Household food-hygiene practices at urban, peri-urban and rural sites 

Food hygiene practices 
Region: n (%) 

Total Urban Peri-urban Rural p 

Method of food preparation      

Eat straight from the market 
n=6 

(2.0%) 
n=1 

(1.0%) 
n=0 

(0.0%) 
n=5 

(5.0%) 
 

Wash with drinking water before 
eating 

n=225 
(75.0%) 

n=76 
(76.0%) 

n=65 
(65.0%) 

n=84 
(84.0%) 

 

Peel skin before eating 
n=22 

(7.3%) 
n=13 

(13.0%) 
n=6 

(6.0%) 
n=3 

(3.0%) 
 

Wash hands before eating 
n=47 

(15.7%) 
n=10 

(10.0%) 
n=29 

(29.0%) 
n=8 

(8.0%) 
 

Use of shared plates 
n=129 

(43.0%) 
n=28 

(28.0%) 
n=36 

(36.0%) 
n=65 

(65.0%) 
<.001 

Consumption of street food 
n=267 

(89.0%) 
n=93 

(93.0%) 
n=89 

(89.0%) 
n=85 

(85.0%) 
.213 

Consumption of market produce 
(vegetable) 

n=260 
(86.7%) 

n=98 
(98.0%) 

n=92 
(92.0%) 

n=70 
(70.0%) 

<.001 

Consumption of market produce 
(fruit) 

n=284 
(94.7%) 

n=95 
(95.0%) 

n=96 
(96.0%) 

n=93 
(93.0%) 

.730 

Cooked food seen at the house 
n=310 

(38.1%) 
n=130 

(47.1%) 
n=80 

(30.2%) 
n=100 

(35.0%) 
<.001 

Was the cooked food covered 
n=286 

(92.3%) 
n=124 

(95.4%) 
n=77 

(96.3%) 
n=85 

(85.0%) 
.007 

Animals in the cooking area 
n=196 

(24.1%) 
n=30 

(10.9%) 
n=70 

(26.4%) 
n=96 

(33.6%) 
<.001 

Animals in contact with food$ 
n=123 

(62.8%) 
n=24 

(80.0%) 
n=32 

(45.7%) 
n=67 

(69.8%) 
<.001 

*Total of 827 observed fruit or vegetable storage at 814 visits. Urban=272/263, peri-urban=268/265, 

rural=287/286. P values obtained through fisher’s exact test 
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Figure 4.9. Pictures of household food-hygiene and storage of utensils. a) preparation of maise and 

storage of cooking utensils, b) clean (stored) and dirty utensils with animal exposures c) shared plates 

and d) cooking utensils clean and stored utensils with visible animal interactions. Photo credit = Thoko 

Chikondi, collected as part of Wellcome Trust funded DRUM photojournalism project, June 2021.  

 

4.6.1. Direct and indirect interactions of food with animals 

 

Interactions with animals has the potential to play an important role in the transmission of bacteria 

within the household environment, especially in areas that food is stored or prepared. In the study, 

animals were observed to be present in and around the food preparation areas at 24.1% (n=196) of 

household visits (Figure 4.9), with a greater likelihood of observing this in the rural than the peri-urban 

or urban households. Furthermore, when located at food-preparation areas animals were observed 

to be in contact with food 62.8% (n=123) of the time.  

 

Food storage methods and environmental hygiene in food-preparation equipment and areas can 

impact the likelihood of contamination, either through human or animal contact. Overall, rural sites 

were less likely to cover their utensils or food to protect them from animals (Table 4.16). Utensils used 

to cook food were found to be primarily kept in uncovered basins (51.8%, n=421) or on a shelf/rack 



 144 

(30.0%, n=244) rather than stored in a cupboard or covered basin. Fresh fruit and vegetables are also 

stored in uncovered basins (54%, n=181), but are more frequently placed in covered basins (23.3%, 

n=77) or fridges (12.4%, n=41) and meat is often stored in covered basins (39.1%, n=70) or 

fridge/freezers (41.9%, n=75) away from animals.  

 

Table 4.16. Household food storage at urban, peri-urban and rural sites 

Food and utensil storage methods 
Region: n (%) 

Total Urban Peri-urban Rural^ p 

Utensils (covered) 
n=129 

(15.9%) 
n=68 

(25.9%) 
n=53 

(20.0%) 
n=8 

(2.8%) 
<.001 

Fresh fruit and vegetables (covered) 
n=131 

(38.1%) 
n=86/171 
(50.3%) 

n=36/103 
(35.0%) 

n=9/70 
(12.9%) 

<.001 

Meat (covered) 
n=145 

(84.3%) 
n=79/108 
(73.1%) 

n=52/52 
(100.0%) 

n=8/12 
(66.7%) 

<.001 

Where are clean utensils stored      

Basin (covered) 
n=88 

(10.8%) 
n=63 

(24.0%) 
n=19 

(7.2%) 
n=6 

(2.1%) 
 

Basin (uncovered) 
n=421 

(51.8%) 
n=85 

(32.3%) 
n=137 

(51.7%) 
n=199 

(70.1%) 
 

Shelf / rack 
n=244 

(30.0%) 
n=110 

(41.8%) 
n=60 

(22.6%) 
n=74 

(26.1%) 
 

In cupboard 
n=41 

(5.0%) 
n=5 

(1.9%) 
n=34 

(12.8%) 
n=2 

(0.7%) 
 

On floor 
n=18 

(2.2%) 
n=0 

(0.0%) 
n=15 

(5.7%) 
n=3 

(1.1%) 
 

Where are fresh fruit and vegetables 
stored* 

    
 

Basin (covered) 
n=77 

(23.3%) 
n=61 

(35.7%) 
n=12 

(11.7%) 
n=4 

(5.7%) 
 

Basin (uncovered) 
n=181 

(54.7%) 
n=76 

(44.4%) 
n=55 

(53.4%) 
n=50 

(71.4%) 
 

Shelf / rack 
n=13 

(3.9%) 
n=4 

(2.3%) 
n=9 

(8.7%) 
n=0 

(0.0%) 
 

In cupboard 
n=13 

(3.9%) 
n=10 

(5.8%) 
n=0 

(0.0%) 
n=3 

(4.3%) 
 

Fridge 
n=41 

(12.4%) 
n=15 

(8.8%) 
n=24 

(23.3%) 
n=2 

(2.9%) 
 

On floor 
n=8 

(2.4%) 
n=0 

(0.0%) 
n=1 

(1.0%) 
n=7 

(10.0%) 
 

On table surface or in a plastic bag 
n=11 

(3.3%) 
n=5 

(2.9%) 
n=2 

(1.9%) 
n=4 

(5.7%) 
 

No fruit or vegetables seen n=483 n=101 n=165 n=217  

Where is meat stored$      

Basin (covered) 
n=70 

(39.1%) 
n=54 

(50.0%) 
n=8 

(15.4%) 
n=1 

(8.3%) 
 

Basin (uncovered) 
n=32 

(17.9%) 
n=29 

(26.9%) 
n=0 

(0.0%) 
n=3 

(25.0%) 
 

In cupboard 
n=1 

(0.6%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(8.3%) 
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Fridge 
n=28 

(15.6%) 
n=7 

(6.5%) 
n=18 

(34.6%) 
n=3 

(25.0%) 
 

In freezer 
n=47 

(26.3%) 
n=18 

(16.7%) 
n=26 

(50.0%) 
n=3 

(25.0%) 
 

On floor 
n=1 

(0.6%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
n=1 

(8.3%) 
 

No meat seen n=648 n=159 n=214 n=275  

^ household data for n=99 in rural location 

*Total of 827 observed fruit or vegetable storage at 814 visits. Urban=272/263, peri-urban=268/265, 

rural=287/286. P values obtained through fisher’s exact test 

 

4.7. Household interactions with the broader environment 

 

Standing water and rivers are potential reservoirs for ESBL-producing bacteria, and household 

interactions with these key sites were evaluated (Figure 4.10). Initially, I looked at the frequency of 

flooding events and presence of standing water surrounding the households (Table 4.17). Here, 7.0% 

(n=21) of families recounted widespread flooding of the compound; standing water was present at 

8.7% (n=26) of households. There was a greater likelihood of standing water being reported at the 

urban site (18.0%, n=18) compared to the peri-urban or rural site, and this was corroborated through 

observational analysis. 50.0% of households that had the presence of standing water reported that 

their children interacted with it, and 42.3% reported that they had seen animals interacting with it, 

providing a potential conduit for AMR transmission between animals and humans (Table 4.17). When 

the regions flood, the drains fill with water, are at these events 38.1% (n=8) of households reported 

their children would interact with the drains and 7.3% (n=22) reported their adults would. It is 

important to state here that there was a very low response rate in returning the questions pertaining 

to flooded drains, so these results are hampered by limited data capture.  

 

To improve the understanding of the frequency of these interactions the study team performed brief 

observations at the 814 household visits. Standing water and open drains were seen surrounding 8.0% 

(n=65) and 16.8% (n=137) of households, respectively, with more chance of them being present in the 

urban areas. Where standing water existed, the study team observed children interacting with it 

24.6% (n=16) of the time, and animals interacting with it 50.8% (n=33) of the time. No variations in 

the frequency of interactions between children or animals and standing water were identified 

between the regions. Children and animals were also observed interacting with open drains, at 20.4% 

(n=28), and 43.8% (n=60), respectively. Again, there were no differences in the frequency of 

interactions between children or animals and the drainage systems of the three regions. Limited 

temporal data precluded a detailed seasonal analysis of drain exposures; however this may be an 

important contributor to the risk profile of interactions with these environments.   
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Figure 4.10. Pictures of urban waterways and key interactions. a) standing water in communal 

settings, b) animals interacting with standing water surrounding households, c) typical river in urban 

site d) children interacting with river in urban site. Photo credit = Thoko Chikondi, collected as part of 

Wellcome Trust funded DRUM photojournalism project, June 2021.  
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Table 4.17. Broader environmental interactions at urban, peri-urban and rural households 

Standing water and drain interactions 
Region: n (%) 

Total Urban Peri-urban Rural p 

Does the area around the household ever 
flood 

n=21 
(7.0%) 

n=4 
(4.0%) 

n=7 
(7.0%) 

n=10 
(10.0%) 

.273 

If so, how often does it flood?      

   Once a year 
n=7 

(33.3%) 
n=3 

(75.0%) 
n=0 

(0.0%) 
n=4 

(40.0%) 
 

   Every time it rains 
n=8 

(38.1%) 
n=1 

(25.0%) 
n=5 

(71.4%) 
n=2 

(20.0%) 
 

   Only after heavy rains 
n=6 

(28.6%) 
n=0 

(0.0%) 
n=2 

(28.6%) 
n=4 

(40.0%) 
 

Households reporting their children interact 
with the flooded drains around the 
household area $ 

n=8 
(38.1%) 

n=2 
(50%) 

n=2 
(28.6%) 

n=4 
(40.0%) 

 

Households reporting their adults interact 
with the drains around the household area? 

n=22 
(7.3%) 

n=10 
(10.0%) 

n=7 
(7.0%) 

n=5 
(5.0%) 

 

Is standing water present around the 
household? 

n=26 
(8.7%) 

n=18 
(18.0%) 

n=7 
(7.0%) 

n=1 
(1.0%) 

<.001 

Do children interact with the standing water? 
* 

n=13 
(50.0%) 

n=10 
(55.6%) 

n=2 
(28.6%) 

n=1 
(100.0%) 

.378 

Do animals interact with the standing water? 
* 

n=11 
(42.3%) 

n=9 
(50.0%) 

n=1 
(14.3%) 

n=1 
(100.0%) 

.128 

Observed behaviours^      

Standing water seen near the household 
n=65 

(8.0%) 
n=36 

(13.7%) 
n=26 

(9.8%) 
n=3 

(1.0%) 
<.001 

Children observed interacting with standing 
water 

n=16 
(24.6%) 

n=11 
(30.6%) 

n=4 
(15.4%) 

n=1 
(33.3%) 

.350 

Animals observed interacting with standing 
water 

n=33 
(50.8%) 

n=18 
(50.0%) 

n=14 
(53.8%) 

n=1 
(33.3%) 

.847 

Open drains seen near the household 
n=137 

(16.8%) 
n=41 

(15.6%) 
n=89 

(33.6%) 
n=7 

(2.4%) 
<.001 

Children observed interacting with drains 
n=28 

(20.4%) 
n=11 

(26.8%) 
n=17 

(19.1%) 
n=0 

(0.0%) 
.304 

Animals observed interacting with drains 
n=60 

(43.8%) 
n=20 

(48.8%) 
n=35 

(39.3%) 
n=5 

(71.4%) 
.205 

*Percentages obtained from 26 households where standing water was found (urban=18, peri-urban=7, 

rural=1). p values obtained through fisher’s exact test 
$21 responses (urban=4, peri-urban-7, rural=10) 

^ observational WASH data from a total of 814 longitudinal visits at 300 households. 263,265,286 

 

Next, we asked whether there were interactions with the riverine environments external to the house. 

From this approach, 33.0% (n=99) of households reported their adults would interact with the rivers 

and 22.0% (n=66) of households would report their children would interact with the rivers. The reason 

for the riverine interactions in adults included washing clothes (51.4%, n=73), commuting to work 
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(19.0%, n=27) or bathing (12.7%, n=18), and washing clothes (33.0%, n=36), playing (32.1%, n=35), 

bathing (21.1%, n=23) or commuting to school (13.8%, n=15) in the case of children (Table 4.18).  

 

Table 4.18. River interactions at urban, peri-urban and rural households 

River water interactions 
Region: n (%) 

Total Urban Peri-urban Rural p 

Households reporting their children 
interacting with river water? 

n=66 
(22.0%) 

n=18 
(18.0%) 

n=34 
(34.0%) 

n=14 
(14.0%) 

.001 

Households reporting their adults interacting 
with river water? 

n=99 
(33.0%) 

n=26 
(26.0%) 

n=56 
(56.0%) 

n=17 
(17.0%) 

<.001 

Reasons stated for children interacting with 
river water^ 

     

   Walking to school 
n=15 

(13.8%) 
n=5 

(20.0%) 
n=6 

(9.7%) 
n=4 

(9.1%) 
 

   Playing with friends  
n=35 

(32.1%) 
n=11 

(44.0%) 
n=14 

(22.6%) 
n=10 

(45.5%) 
 

   Bathing 
n=23 

(21.1%) 
n=2 

(8.0%) 
n=15 

(24.2%) 
n=6 

(27.3%) 
 

   Washing clothes or housework 
n=36 

(33.0%) 
n=7 

(28.0%) 
n=27 

(43.5%) 
n=2 

(9.1%) 
 

Reasons stated for adults interacting with 
river water^ 

     

   Walking 
n=27 

(19.0%) 
n=9 

(25.0%) 
n=13 

(15.7%) 
n=5 

(21.7%) 
 

   Bathing 
n=18 

(12.7%) 
n=1 

(2.8%) 
n=11 

(13.3%) 

n=6 
(26.1%) 
6.1%) 

 

   Washing clothes or utensils 
n=73 

(51.4%) 
n=20 

(55.6%) 
n=46 

(55.4%) 
n=7 

(30.4%) 
 

   Water for household usage 
n=10 

(7.0%) 
n=3 

(8.3%) 
n=7 

(8.4%) 
n=0 

(0.0%) 
 

   Irrigation for crops 
n=9 

(6.3%) 
n=0 

(0.0%) 
n=4 

(4.8%) 
n=5 

(21.7%) 
 

   Use of sand/soil for business or other 
purposes 

n=5 
(3.5%) 

n=3 
(8.3%) 

n=2 
(2.4%) 

n=0 
(0.0%) 

 

^Multiple responses possible for river interactions per households. Total of 251 responses; with n=109 

for children (urban=25, peri-urban=62, rural=22), and n=142 for adults (urban=36, peri-urban=83, 

rural=23). p values obtained through fisher’s exact test 
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4.8. Discussion 

 

There are many routes for the faecal-oral acquisition of AMR bacteria, as seen in the adapted F-

diagram in Chapter 1, including fluids, fields, flies, fingers, fomites and food. Each of these pose 

barriers or risks for bacterial transmission, and within this chapter I have systematically evaluated 

them in urban, peri-urban and rural households. Broadly I identify widespread deficiencies across all 

WASH proxies, with regional variations in the specific WASH factors sites were more or less deficient. 

Households in all regions frequently lacked the infrastructure to enable safe toileting, adequate 

sanitation (faeces disposal and containment), effectual hand-hygiene or waste management and there 

were self-reported practices identified that may increase the risk of bacterial transmission, such as 

water usage, food-hygiene, open defaecation, and handwashing. Furthermore, there was a high 

frequency of interactions seen between household participants and environmental sites likely to be 

contaminated with faecal material of human or animal origin, potentially supporting the maintenance, 

acquisition and transmission of AMR in our setting, and contributing to key ecological niches for AMR. 

 

Households recruited were typically constructed with baked or unbaked bricks, metal roofs, and 

concrete or soil floors. Within the household, concrete floors are easier to clean effectively compared 

to other permeable surface types such as soil or wood, and thereby reduce the risk of bacterial 

contamination (323). This may put households in the rural or peri-urban areas at a greater risk, as the 

floors in their homes and toilets are more frequently constructed with materials such as soil. Other 

construction differences included the absence of a roof in 24.3% of household toilets which can lead 

to rainwater entry causing flooding of latrines, and the ingress of flies which in turn spread AMR faecal 

material (324,325).  

 

The presence of a toilet on-site is important to both enable household privacy and provide access to 

sanitation close by the home (326,327). Toilet access has been recognised as a factor that reduces the 

chance of protozoal or bacterial enteric infections at households in low-income settings; within this 

study 89.0% of households owned a toilet (320,328). The rural area once again had reduced 

availability, with only 75.8% of households possessing a toilet. In relation to the type of toilet available, 

88.8% of households had access to a pit latrine, with the rest of households having access to a flush 

pour toilet that deposited into the mains sewerage networks or household sewerage tanks. There is 

little known difference in the risk of ESBL contamination from various toilet types, and given that 

aerosolization can be a modality of transfer in either flush toilets or when emptying pit latrines, future 

studies may wish should consider whether having a pit latrine or flush toilet provide a protective 



 150 

benefit to AMR bacterial transmission (221,329). This is compounded by inadequate siting and poor 

construction of pit latrines, leading to overflow in times of heavy rainfall and their breakdown; with 

subsequent dissemination of faecal matter into the surrounding environment (291,330). Furthermore, 

while the operational effectiveness of sewerage systems, and downstream sanitations systems in 

urban Malawi is not fully described in the literature, it is widely considered to be poor (291). 

Ineffectual sewerage management leads to the deposition of human, animal and solid waste into 

rivers, farmlands and groundwaters, especially in urban settings (175,209,331–333), and this 

widespread dispersal of AMR bacteria into the broader environment provides a key conduit for 

transmission risk, especially in the urban settings.  

 

Toilet hygiene is important given the presence of faecal bacteria and pathogens including ESBL E. coli 

have long been known to contaminate and persist on uncleaned toilet surfaces including handles, 

seats, floors and walls (334–336). Access to HWFs with soap and water and anal cleaning materials at 

toilets promotes good toilet-hygiene (239,322,337); here, it was identified that only 18.9% of toilets 

had anal cleaning materials and 12.4% of toilets had dedicated handwashing facilities. Where they 

existed, 78.4% of toilet HWFs had water and 50.0% were noted to have the presence of soap. Visible 

faecal contamination was found on the walls or floor at 8.4% of toilet visits, and flies were seen at 

61.5% of household toilets. Drophole covers can mitigate the quantity of flies and smells from the 

toilet that attract further flies (338), and these were present at 34.5% of households, more often in 

the rural site. However, at the visits, they were only in position 73.0% of the time, highlighting, as with 

hand-hygiene equipment, that access does not indicate usage (241). These data suggest that 

household members are at risk of faecal-oral acquisition of AMR bacteria via reduced access to 

appropriate materials and facilities associated with toileting. The reasons for the observed 

discrepancies in cleansing material and HWF access were not explored in this data, and these may be 

related to household preference, sociocultural, risk perception or economic factors.  

 

The Millennium Development Goals (MDG) and the subsequent Sustainable Development Goal (SDG) 

section 6.2 recommends the use of “improved” pit latrines and does not allow for shared toilets. There 

are contrasting opinions as to whether the sharing of toilets provides a risk to faecal-oral exposure, 

with one Tanzanian study illustrating that sharing of toilets was actually protective against faecal 

exposure (336,339). Nevertheless, should appropriate toilet hygiene not be maintained, sharing of 

toilets could be a transmission point for mixing between households and thus transmission of ESBL 

bacteria. In this study, 41.9% of households shared their toilet with a median of 3 other households, 

with toilet sharing particularly common in the urban setting. Public toilets are often only available to 
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households in urban areas, and where they are present nearby, households would utilise them 37.1% 

of the time. When individuals needed to defaecate while away from the home, they would prefer to 

seek the use of another household’s toilet rather than use a public one. Therefore, due to the practice 

of sharing household toileting facilities, we should consider the household toilet as a potential focal 

point for household-household transmission.  

 

Waste management practices for human and animal faeces and household rubbish can influence the 

transmission of ESBL bacteria within the household and the broader community (321,340). Children 

would wear re-usable nappies, and child faeces were either washed off in buckets, thrown into the 

toilet or in the case of disposable nappies thrown into a pit nearby the house. It is estimated that 946 

million people worldwide practice open defaecation, and 28.7% of the households reported one or 

more member openly defaecating on a monthly basis, with no regional differences identified. The 

motivations for this toileting choice were not explored, but previous local research has identified 

social vulnerabilities, including educational and economic aspects that play a role in the decision to 

openly defaecate (341). When the team visited households, they identified human waste visible on 

the ground surrounding the house 8.1% of the time. This was compounded by seeing animal waste at 

53.2% of visits, more frequently at the rural site. 2.7% of households would consider using human 

stool as nightsoil and 27.3% of households would use animal manure on their gardens or crops. When 

asked how animal waste was managed, households rarely had an effective system and would often 

either do nothing or sweep it into nearby bushes. Reports of contaminated drinking water, through 

improper waste management of animal faeces has been reported in comparable urban settings (321). 

Household rubbish was thrown into open drains or pits at 61.0% of households, and this can 

contaminate the broader environment. Poor waste management and the presence of environmental 

contamination with human and animal waste poses a clear risk for transmission of bacteria between 

household members and between humans and animals.  

 

AMR bacteria can also be transmitted via ingestion of water or food contaminated prior to entry into  

the household, or via subsequent contamination of these items through improper storage or handling 

within the household (235,342). Therefore, I evaluated WASH factors pertaining to these areas at the 

households. There were clear regional differences in the sources that households used to obtain their 

drinking water, with water kiosks utilised in the urban households, boreholes almost exclusively used 

in the rural settings and a combination of various sources used at peri-urban households. Drinking 

water was sometimes acquired from unsafe sources such as unprotected wells, springs and surface 

waters, although this was uncommon. Water was rarely treated prior to consumption, despite 
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households’ perception of its safety, and all except one house stored drinking water for future use. 

Contamination of stored drinking water with E. coli has been well documented, and international 

guidance (WHO) on water protection states that drinking water should be stored in a clean container 

with a cover, away from water used for domestic purposes (235,343,344) Water in the households 

was stored in a variety of receptacles, but only 68.1% had a cover to protect them from animal or 

environmental contamination and 75.5% had a visible separation from water used in other domestic 

activities. Here, urban and peri-urban households had less overall water protection and separation 

than rural households, providing a potentially important regional difference.  

 

Water is integral for other sanitation and hygiene activities, including cleaning of household 

equipment, particularly food preparation equipment, and bathing. These activities are often 

considered as less of a risk for faecal oral acquisition, and so households will consider an alternative, 

cheaper water source (200), with previous research having demonstrated that multiple water sources 

were used by a single household for varying tasks (345). We identified that 17.3% of households would 

use an alternative water source for cleaning or bathing, and this was more frequently the case in the 

urban setting. Where households obtained water from a secondary source, they would frequently 

choose a cheaper form of water such as borehole or tube-well water, and 11.5% of households would 

consider utilising water obtained from unprotected sites such as wells, springs, or rivers. 51% of adults 

and 33% of children who reported interactions with river water did so for the purpose of washing 

clothes. These types of water sites have frequently been found in other studies to be contaminated 

with gut enterics (such as E. coli) and are not recommended for household use (177,343,344,346).  

 

There was a wide range of diets seen, with regional variations in household meat intake. Households 

acquire food produce from a number of sources including local markets and street vendors alongside 

their own gardens. Given the cost and availability of physical space, rural households had access to 

personal gardens and a more regular source of household produce than urban settings. However, in 

the survey, a total of 94.7% of households would obtain fruit, and 86.7% of households would obtain 

vegetables from the market on a regular basis. Given the variations in food-handling practices and 

environmental health measures seen at marketplaces in LMICs the reliance on purchasing goods from 

local markets could serve as a possible entry point for acquisition of AMR bacteria (20). Furthermore, 

89.0% of households would supplement home-cooked meals with street food, especially in the urban 

settings. Akin to marketplaces, street food is widely reported as a high risk for acquisition with enteric 

bacteria and AMR pathogens, so this entry point into the household warrants further detailed 

evaluation in future studies (21,22).  
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Food handling and storage practices were assessed to determine whether there were key behaviours 

that could promote the contamination of food between purchase and ingestion. Some ready to eat 

raw foods do not undergo a cooking process, and inadequate cooking of contaminated food can 

enable bacteria to be ingested  (347–350). It was found that stored fruit and vegetables, and meat 

were covered for protection from animals and environmental exposures 38.1% and 84.3% of the time, 

respectively. 15.9% of cooking utensils were stored in a secure space, with alternative water sources 

often used to clean them, as previously mentioned. Cooked high risk food was commonly seen, and 

regularly covered, but nevertheless, animals were present in and around food preparation areas at 

24.1% of visits and were frequently witnessed to be in contact with the food at these times. These 

examples indicate that household practices pertaining to food and utensil storage is often inadequate 

and enables animal and environmental contamination that could allow for the transmission of ESBL 

bacteria.  

 

Households reported washing  ready to eat raw food prior to cooking and/or would wash their hands 

first, but the availability of HWFs at food preparation areas was limited to only 7.4% of households, 

and soap and water were not always present at these HWFs. Food is eaten by hand, and sharing of 

prepared food was common, especially in the rural site. 43.0% of total households consumed food 

from shared plates; 65.0% in rural households. 89.7% of participants from all regions stated they 

washed their hands prior to eating; however, the most common choice of handwashing technique 

was hand dipping in a communal basin or pouring water over hands using a jug of water. Given the 

absence of soap at households, these methods may be ineffectual to reduce bacterial contamination 

from dirty hands. While reported hand hygiene was high among participants, it is well documented 

that stated practice and observed practice differ, with actual handwashing frequently substantially 

lower than that reported (240).  In this regard, some of the WASH behavioural factors described in 

this chapter should be considered as proxies for true behaviour, indicating what we think may happen 

or not alongside self-reported actions. 

 

Hand hygiene and cleaning of contaminated surfaces is an important factor in reducing bacterial 

transmission between members of the same household (16–18,23,24). In this study HWFs were only 

present at 41.0% of households, located primarily at either the yard or inside the house, and that only 

49.0% of HWFs had soap available. The absence of access to suitable, convenient and functional HWF 

to facilitate hand washing with soap in our settings may drive contamination of the home environment 

and promote faecal oral acquisition of AMR pathogens. The finding of increased HWFs at toilets in the 
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rural site could be influenced by community-led total sanitation (CLTS) programs that exist in the rural 

areas aimed at eliminating open defaecation (351). Notably however these programs do not 

necessarily relate to a behaviour change and their long-term sustainability has been questioned (352–

354).    

 

There are many locations in the broader environment that have been shown to harbour ESBL bacteria; 

notably the riverine network, comprising of surface waters and rivers, alongside the sanitation 

network, particularly open drains (158,162,177,210,292,355–358). It was identified that study 

participants of all ages had regular interactions with these sites. These exposures were more prevalent 

in the urban settings, with children and animals frequently found to interact with drains and standing 

water. Household members also frequently came into contact with the river, and there were age-

dependant reasons for these exchanges. Typical activities that led to river interactions included 

washing clothes, commuting, bathing or in the case of children, playing.  Animals also encountered 

these environments and were frequently observed by the study team interacting with drains, rivers 

and standing water, again most commonly in the urban setting. Interactions between urban residents, 

animals  and the broader environment are potentially important in the acquisition and transmission 

of ESBL bacteria (36,342,359). These broader environmental exposures depend on water availability 

and are subject to seasonal changes in rainfall. There are previous reports of potential contamination 

events from pit latrines flooding in response to rainfall with the potential to contaminate surface and 

groundwater (333,360). There were no differences identified in the regional frequency of flooding 

events seen in this study; however, it was not possible to fully assess the level of rainfall, nor the ability 

of household water and sanitation infrastructure to cope with rains (203,208,333,360,361). This 

highlights a clear limitation with this study, in that we did not incorporate seasonal effects into the 

analysis of responses on household WASH practices or interactions with the broader environment.  

 

Other limitations of this descriptive analysis include the possibility of participant recall bias, and 

discrepancies between reported and actual behaviours that could impact the validity of the survey 

findings. However, as part of ongoing work by the DRUM consortium, a Risks, Attitudes, Norms, 

Abilities and Self-regulation (RANAS) survey (not included in this thesis) will be able to identify these 

divergences and allow us to adjust for them. Furthermore, financial and time restrictions constrained 

the numbers of households recruited and ability to undertake WASH checklist observations at follow-

ups, so we should be mindful that the sample size may not provide the accuracy necessary to make 

definitive assumptions on regional WASH practices. Also, activities such as handwashing and food-

preparation involve complex behaviours and motivations, and it will be important to assess these 
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aspects through other methodologies. It will be important to contextualise the findings in relation to 

the detailed observations and hand-hygiene audits undertaken at households in each region. These 

hand-hygiene audits and unstructured observations have been completed and will be evaluated to 

assess missed opportunities for practice, however they are included within the observational dataset 

and therefore are not included in this thesis.  

 

This chapter has reported the key regional and household differences in access and availability to 

WASH infrastructure, alongside a basic understanding of the common household WASH practices 

surrounding water usage, toileting, waste management, food-preparation and hand-hygiene. I have 

incorporated a One-Health approach into the descriptive analysis, presenting results on human and 

animal interactions and the critical environments that form a nexus at which humans and animals 

interact. In forthcoming chapters I will continue to assess whether ESBL bacteria are present within 

the guts of humans and animals, the food and water that they drink, and the household and broader 

environment in which they inhabit. Together, these data will inform models to determine whether 

there are WASH-specific risk factors for human ESBL colonisation using a selection of key variables 

identified from this data. 
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Chapter 5: 

A comparison of ESBL-colonisation of humans and animals and ESBL-contamination of their 

households and broader environment 

  

 

5.0. Chapter summary 

  

To understand the transmission dynamics of antimicrobial resistant enteric bacteria between humans, 

animals and the environment in Malawi I have made a longitudinal description of ESBL-colonisation 

of humans and co-located animals and their surroundings. Specifically, in Chapter 5, I make a detailed 

microbiological summary of the urban, peri-urban and rural landscape of ESBL E. coli and ESBL K. 

pneumoniae at both a household and broader environmental level. These have been stratified into 

ESBL presence and absence, and E. coli and K. pneumoniae specific.   

 

The phenotypic results illustrated a very high level of ESBL colonisation in humans, animals and the 

environments of southern Malawi; especially those with inadequate WASH infrastructure or poorly 

governed waste management systems (i.e. dumping of waste in rivers, open drains). A higher rate of 

ESBL colonisation was identified in the urban setting compared to the other regions, for both human 

and animal stool, and this was compounded by a high prevalence in food, household surfaces, floors 

and the external environment. Other than urbanisation, seasonality was identified as a key factor 

pertaining to ESBL colonisation and environmental contamination, with the highest rates seen in the 

wet season.  

 

Here, I have undertaken genuine One-Health approach to the surveillance of ESBL E. coli and ESBL K. 

pneumoniae addressing key knowledge gaps. This will enable us to build a more detailed 

understanding of the drivers and ecological niches for ESBL E. coli and ESBL K. pneumoniae AMR within 

this setting through the broader DRUM consortium.   

 

My contributions to this chapter and those of others are included in Table 5.0.  
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Table 5.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted and analysed by the 

PhD candidate 

Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborator, Tracy Morse. 

 

Statistical advice was sought from Chris Jewell and Marc 

Henrion. 

 

Laboratory analysis was aided by study staff, including: 

 Madalitso Mphasa, Mary Charles, Tamandani 

Mandula, Winnie Bakali, Rachel Banda, Chifundo 

Salife, Allan Zuza and Victor Maiden. 

 

5.1. Phenotypic ESBL results from the household study 

 

All households underwent a microbiological survey at baseline and again at each follow-up visit. The 

following results are descriptive summaries obtained from these household visits, stratified by sample 

type, bacterial species, region and season. Regional comparisons were analysed using Fisher’s exact 

test for categorical variables and Kruskal-Wallis test for continuous variables, and differences in ESBL 

presence between sample types and animal species were evaluated using Chi-squared testing.  

 

As previously stated, only 195/300 households had longitudinal visits and for the 105 remaining 

households a baseline visit was undertaken where only human stool samples were collected. 

  

5.2. Overview of human colonisation, animal colonisation, household and broader environment 

contamination with ESBL E. coli or K. pneumoniae 

  

Between May 2018 and October 2020, a total of 11,975 samples were screened for the presence of 

ESBL bacteria, inclusive of 2845 (23.8%) human stool, 973 (8.1%) animal stool and 8157 (68.1%) 

household or broader environmental samples (Table 5.1). Sample numbers were similar between 
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urban (n=3675, 30.7%), peri-urban (n=4018, 33.6%) and rural (n=4282, 35.8%) sites. 43 samples were 

collected but not processed, due to inaccurate labelling (urban; n=13, peri-urban; n=15, rural; n=15). 

 

Table 5.1. Numbers of samples screened for ESBL E. coli and ESBL K. pneumoniae, stratified by sample 

type and region.   

Broad sample type Sample number n (%) 

  Total Urban Peri-urban Rural 

Human stool 
 n=2845 

(23.8%) 
n=821  

(22.3%) 
n=982  

(24.4%) 
n=1042  
(24.3%) 

Animal stool 
 n=973  

(8.1%) 
n=118  
(3.2%) 

n=229  
(5.7%) 

n=626  
(14.6%) 

Environment  n=8157 
(68.1%) 

n=2736  
(74.5%) 

n=2807 
(69.9%) 

n=2614  
(60.1%) 

 Food n=1168  
(9.8%) 

n=333  
(9.1%) 

n=440  
(11.0%) 

n=395  
(9.2%) 

 Drinking water n=1254 
(10.5%) 

n=532  
(14.5%) 

n=449  
(11.2%) 

n=273  
(6.4%) 

 Source water n=527  
(4.4%) 

n=79  
(2.1%) 

n=216  
(5.4%) 

n=232  
(5.4%) 

 Household surfaces n=2458 
(20.5%) 

n=766  
(20.8%) 

n=744  
(18.5%) 

n=948  
(22.1%) 

 Household floor n=745  
(6.2%) 

n=247  
(6.7%) 

n=244  
(6.1%) 

n=254  
(5.9%) 

 Clothing n=742  
(6.2%) 

n=245  
(6.7%) 

n=242  
(6.0%) 

n=255  
(5.9%) 

 Hand-contact samples n=451  
(3.8%) 

n=129  
(3.5%) 

n=69  
(1.7%) 

n=253  
(5.9%) 

 Household drains n=300  
(2.5%) 

n=151  
(4.1%) 

n=149  
(3.7%) 

n=0  
(0.0%) 

 River water n=512  
(4.3%) 

n=254  
(6.9%) 

n=254  
(6.3%) 

n=4  
(0.1%) 

TOTAL  11975 3675 4018 4282 

 

Samples were pre-enriched in buffered peptone water and visible growth was present in 94.1% 

(n=2581) of human stool, 92.3% (n=898) of animal stool and 92.5% (n=7548) of environmental samples 

(appendix 5i). Subsequent growth on chromogenic agar identified pink (ESBL E. coli), white (possible 

ESBL E. coli) and blue (possible ESBL K. pneumoniae) colonies. White colonies were tested with indole, 

and indole-positive were re-classified as ESBL E. coli. Blue colonies underwent HRM PCR testing to 

identify K. pneumoniae genes, and PCR-positive isolates were classified as ESBL K. pneumoniae 

(appendix 5i). Non- K. pneumoniae colonies are likely to represent Citrobacter spp, Enterobacter spp 

or other Klebsiella species (i.e. K. oxytoca). No further speciation or antimicrobial sensitivity testing 

was undertaken.  
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A total of 2293 ESBL-E isolates and 1091 ESBL-K isolates were identified from the study samples via 

growth on ESBL ChromAgar in conjunction with indole and HRM PCR testing (Figure 5.2). 1063 non-

ESBL K. pneumoniae blue colonies were also recovered, are these are likely to represent other species 

that have intrinsic or acquired 3GC resistance, as mentioned above.  

Table 5.2. Overview of bacterial isolates recovered from ESBL ChromAgar, stratified by sample type.   

Broad sample type 

ESBL ChromAgar growth 

Total 
isolates 

ESBL bacteria  
n (% total isolates) 

Other bacterial colonies 
n (% total isolates) 

ESBL 
E. coli 

ESBL 
K. pneumoniae 

White 
(non- E. coli) 

Blue 
(non- K. pneumoniae) 

Human stool n=1674 
n=1065  
(63.6%) 

n=341  
(20.4%) 

n=92  
(5.5%) 

n=176 
(10.5%) 

Animal stool n=394 
n=274  
69.5%) 

n=53  
15.9%) 

n=63  
(19.0%) 

n=52  
(15.7%) 

Environment n=5176  
n=954  

(18.4%) 
n=697 

(13.4%) 
n=2690  
(51.9%) 

n=835  
(16.1%) 

 Food 
n=937 

n=80  
(8.5%) 

n=108  
(11.5%) 

n=649  
(69.3%) 

n=100 
(10.7%) 

 Drinking water 
n=730 

n=155  
(21.2%) 

n=160  
(21.9%) 

n=225  
(30.8%) 

n=190  
(26.0%) 

 Source water 
n=159 

n=25  
(15.7%) 

n=19  
(11.9%) 

n=80  
(50.3%) 

n=35  
(22.0%) 

 Household surfaces 
n=1199 

n=106  
(8.8%) 

n=93  
(7.8%) 

n=874  
(72.9%) 

n=126 
(10.5%) 

 Household floor 
n=384 

n=57  
(14.8%) 

n=25  
(6.5%) 

n=236  
(61.5%) 

n=66 
(17.2%) 

 Clothing 
n=465 

n=33  
(7.1%) 

n=27  
(5.8%) 

n=363  
78.1%) 

n=42 
(9.0%) 

 Hand-contact 
samples 

n=276 
n=65  

(23.6%) 
n=47  

(17.0%) 
n=101  

(36.6%) 
n=63 

(22.8%) 

 Household drains 
n=311 

n=123  
(39.5%) 

n=58  
(18.6%) 

n=59  
(19.0%) 

n=71 
(22.8%) 

 River water 
n=721  

n=310  
(43.0%) 

n=160  
(22.2%) 

n=103  
(14.3%) 

n=148 
(20.5%) 

 

The findings from the microbiological analysis indicated a high rate of gut colonisation with ESBL-E or 

ESBL-K across the cohort, with 41.8% (n=1190) of human stool samples positive for ESBL (Figure 5.1). 

There was high prevelance of ESBL-E or ESBL ESBL-K colonisation in animal stool (29.8%) and high 

levels of ESBL-E or ESBL-K contamination of household environments (11.5%), food (13.4%), and 

external environmental samples (38.5%) (Figure 5.1). Within the household environment the sample 

types with the highest return of ESBL positivity were stored water and rinse water (~21.3%). In study 

households, 5.5% of the source water (i.e. borehole or kiosk) was contaminated with ESBL-E or ESBL-

K prior to consumption. Within the external environment the highest proportion of ESBL was 

identified in river water samples (66.2%), particularly at the urban setting (74.0%).  
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Household hand-hygiene samples (rinse water) were often contaminated with ESBL-E or ESBL-K 

(21.3%), alongside contamination of clothing (7.4%), household floors (9.1%), and household surfaces 

(6.8%) (Figure 5.1). The differences in ESBL prevelance seen between sample types was significant (X2, 

p = <.001). 

 

Figure 5.1. Proportion of total household samples that were positive for ESBL E. coli or ESBL K. 

pneumoniae, inclusive of human stool, animal stool, household and broader environmental samples; 

coloured by category and stratified by sample type 

 

5.3. ESBL E. coli and ESBL K. pneumoniae composition within human, animal, household and 

broader environment samples 

 

In total, 61.6% (n=1733) of positive samples yielded ESBL-E isolates alone, 20.4% (n=573) yielded ESBL-

K isolates alone, and both were isolated from 18.0% (n=508) (Figure 5.2). ESBL E. coli was more 

common from stool samples (human or animal), whereas ESBL-K was more common in food (Figure 

5.3). Drinking water, source water, household surfaces, clothes and hand-hygiene samples had similar 
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proportions of E. coli or K. pneumoniae, and river water had the highest frequency of detection of 

both species (Figure 5.3).  

 

 

Figure 5.2. Proportion of the total household human stool, animal stool and environmental samples 

that were positive for ESBL E. coli, ESBL K. pneumoniae or both ESBL E. coli & ESBL K. pneumoniae, 

stratified by sample type and coloured by bacterial species.  

 

5.4. Regional differences in human colonisation, animal colonisation, household contamination 

and broader environment contamination with ESBL E. coli or K. pneumoniae 

 

There were regional differences seen in the ESBL colonisation in household members (Figure 5.3), 

with those in the urban setting having the highest overall ESBL colonisation rate (47.1%), compared 

to those in the peri-urban (34.5%) or rural (35.4%) region (p = <.001, Fishers exact).  
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The urban region returned the highest prevelance of ESBL bacteria in animal stool (55.1%), and this 

may be related in part to the species present at households (Section 5.5). Regional differences in ESBL 

prevelance were also noted in food, household floors and surfaces, alongside river and drains, with 

no statistical difference seen in the presence of ESBL in source water, drinking water, clothing, or 

hand-hygiene samples (Figure 5.3 & Table 5.3). Of note, no drain samples were returned from the 

rural region, but differences were seen in the presence of ESBL between the urban and peri-urban 

setting (X2, p = <.001).  

 

Table 5.3. Household ESBL (E. coli or ESBL K. pneumoniae) results, stratified by sample type and region.   

Broad sample type 
Urban ESBL  

n (%) 
Peri-urban ESBL  

n (%) 
Rural ESBL  

n (%) 
p 

Human stool 
 n=384 

(47.1%) 
n=377  

(38.6%) 
n=429 

(41.5%) 
.002 

Animal stool 
 n=65 

(55.1%) 
n=70  

(30.6%) 
n=155  

(24.8%) 
<.001 

Environment      

 Food n=71 
(21.3%) 

n=46 
(10.5%) 

n=39 
(9.9%) 

<.001 

 Drinking water n=112 
(21.1%) 

n=94 
(20.9%) 

n=59 
(21.7%) 

.967 

 Source water n=10  
(12.7%) 

n=18 
(8.3%) 

n=12  
(5.2%) 

.076 

 Household surfaces n=94  
(12.3%) 

n=32 
(4.3%) 

n=40 
(4.2%) 

<.001 

 Household floor n=34 
(13.8%) 

n=18 
(7.4%) 

n=16 
(6.3%) 

.010 

 Clothing n=17  
(6.9%) 

n=15 
(6.2%) 

n=23  
(9.0%) 

.501 

 Hand-contact samples n=27 
(20.9%) 

n=11 
(15.9%) 

n=58 
(22.9%) 

.467 

 Household drains n=107  
(70.9%) 

n=31  
(20.8%) 

n=0 
(0.0%) 

<.001 

 River water n=188 
(74.0%) 

n=149 
(58.7%) 

n=2 
(50.0%) 

<.001 

^p values generated by Fishers exact test 

 
There were differences in the proportions of ESBL-E (X2, p = <.001) and ESBL-K (X2, p = <.001) seen 

between sample types, and regional differences in the presence of ESBL-E and ESBL-K (Figure 5.4 & 

Table 5.4). The urban region had the highest prevelance of ESBL-E (52.5%) and ESBL-K (11.9%) in 

animal stool. When I assessed for the regional differences in ESBL-E by sample type, I found that there 

were variations in the presence of E. coli in human stool, animal stool, food, floor, drains and river 
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samples (Table 5.4). The total number of ESBL-K was lower than E. coli, which precluded a detailed 

analysis (Table 5.5). 
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Table 5.4. ESBL E. coli results, stratified by sample type and region.   

Broad sample type 
Urban  

ESBL E. coli 
n (%) 

Peri-urban  
ESBL E. coli 

n (%) 

Rural 
ESBL E. coli 

n (%) 
p 

Human stool 
 n=347 

(42.3%) 
n=339 

(34.5%) 
n=365 

(35.4%) 
<.001 

Animal stool 
 n=62  

(52.5%) 
n=65  

(28.4%) 
n=142 

(22.7%) 
<.001 

Environment      

 Food n=38  
(11.4%) 

n=17  
(3.9%) 

n=16  
(4.1%) 

<.001 

 Drinking water n=69  
(12.3%) 

n=48  
(10.7%) 

n=35  
(12.8%) 

.510 

 Source water n=7 
(8.9%) 

n=9 
 (4.2%) 

n=8 
 (3.4%) 

.145 

 Household surfaces n=63  
(8.2%) 

n=11  
(1.5%) 

n=24  
(2.5%) 

<.001 

 Household floor n=30 
(12.1%) 

n=12  
(4.9%) 

n=12  
(4.7%) 

.002 

 Clothing n=12  
(4.9%) 

n=5 
 (2.1%) 

n=16  
(6.3%) 

.058 

 Hand-contact samples n=16  
(12.4%) 

n=7 
(10.1%) 

n=41  
(16.2%) 

.406 

 Household drains n=96  
(63.6%) 

n=24  
(16.1%) 

n=0  
(0.0%) 

<.001 

 River water n=173 
(68.1%) 

n=130 
(51.2%) 

n=2  
(50.0%) 

<.001 

^p values generated by Fishers exact test 
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Table 5.5. ESBL K. pneumoniae results, stratified by sample type and region.   

Broad sample type 
Urban  

ESBL KPN 
n (%) 

Peri-urban  
ESBL KPN 

n (%) 

Rural 
ESBL KPN 

n (%) 
p 

Human stool 
 n=96  

(11.7%) 
n=106 

(10.8%) 
n=137 

(13.1%) 
.261 

Animal stool 
 n=14 

(11.9%) 
n=10  

(4.4%) 
n=29 

(4.6%) 
.011 

Environment      

 Food n=43  
(12.9%) 

n=36  
(8.2%) 

n=27  
(6.8%) 

.015 

 Drinking water n=65  
(11.5%) 

n=60 
(13.4%) 

n=33 
(12.1%) 

.838 

 Source water n=4 
(5.1%) 

n=11  
(5.1%) 

n=4 
 (1.7%) 

.088 

 Household surfaces n=47  
(6.1%) 

n=23  
(3.1%) 

n=22  
(2.3%) 

<.001 

 Household floor n=9 
(3.6%) 

n=9 
 (3.7%) 

n=7 
 (2.8%) 

.819 

 Clothing n=5 
(2.0%) 

n=11  
(4.6%) 

n=10  
(3.9%) 

.279 

 Hand-contact samples n=14  
(10.9%) 

n=5 
(7.2%) 

n=28  
(11.1%) 

.701 

 Household drains n=44 
(29.1%) 

n=14  
(9.4%) 

n=0  
(0.0%) 

<.001 

 River water n=88  
(34.6%) 

n=68  
(26.8%) 

n=2  
(50.0%) 

.077 

^p values generated by Fishers exact test 

 

5.5.  Flux in human ESBL colonisation  

 

Only 4 households in the longitudinal cohort (i.e. 195/300 households, 65 per region) did not return 

at least one ESBL-E or ESBL-K human stool result over the total study period, with the other 191 

households having ≥1 ESBL colonised individual at some point. There were no ESBL-free households 

in the urban setting (Figure 5.5), 3 ESBL-free households in the peri-urban setting (Figure 5.6) and 1 

ESBL-free household in the rural setting (Figure 5.7). It was evident that amongst household 

participants the ESBL colonisation status regularly fluctuated and 78.9% (n=585/741) of participants 

returned at least 1 ESBL result over the ~6-month timeframe. This was particularly high in the urban 

setting, where 84.1% (n=175/208) of participants returned ≥1 ESBL result, compared with 76.3% 

(n=206/270) in the peri-urban setting and 77.6% (n=204/263) in the rural setting. However, there were 

no statistical differences between the flux in ESBL status depending on the region (p = .086, Fishers 

exact). 
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Figure 5.5. Facet Plot showing flux of human ESBL (E. coli or K. pneumoniae) colonisation amongst 

urban household members over time, grouped by the 65 households recruited. Each row represents 

a participant, each column represents a visit, and each small square is a sample coloured by EBSL 

status (positive or negative). Where no sample was returned for an individual at a visit the square 

remains blank. 
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Figure 5.6. Facet Plot showing flux of human ESBL colonisation (E. coli or K. pneumoniae) amongst 

peri-urban household members over time, grouped by the 65 households recruited. Each row 

represents a participant, each column represents a visit, and each small square is a sample coloured 

by EBSL status (positive or negative). Where no sample was returned for an individual at a visit the 

square remains blank. 
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Figure 5.7. Facet Plot showing flux of human ESBL (E. coli or K. pneumoniae) colonisation amongst 

rural household members over time, grouped by the 65 households recruited. Each row represents a 

participant, each column represents a visit, and each small square is a sample coloured by EBSL status 

(positive or negative). Where no sample was returned for an individual at a visit the square remains 

blank. 

 

78.9% of people were colonised at some point with either ESBL-E or ESBL-K, illustrating that ESBL 

status is likely to be both transient and the norm. 9.3% (n=69) of participants are always ESBL 

colonised, 21.1% (n=156) are uncolonised and 69.6% (n=516) are ESBL colonised “sometimes”, 

equating to a ratio of 2.3: 7.5: 1.0 (never:sometimes:always) (Table 5.6). Little difference was 

identified between the regions (Figure 5.8 & Table 5.6). In relation to colonisation with ESBL-E, 6.9% 

(n=51) of participants are always colonised, and 66.5% (n=493) colonised only “sometimes” (Figure 
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5.9 & Table 5.6). ESBL-K colonisation is far less frequent, with 1.2% (n=9) of participants always 

colonised and 32.1% (n=238) colonised only “sometimes” (Figure 5.10 & Table 5.6).  

 

Table 5.6. Flux of ESBL, ESBL-E and ESBL-K colonisation status expressed as ratios 

Region Ratio ESBL-E colonisation 

(never:sometimes:always) 

Ratio ESBL-K colonisation 

(never:sometimes:always) 

Ratio ESBL colonisation 

(never:sometimes:always) 

Urban 2.3: 7.1: 1.0 47.7: 20.7: 1.0 1.2: 5.5: 1.0 

Peri-urban 4.2: 9.8: 1.0 46.5: 20.0: 1.0 3.0: 8.8: 1.0 

Rural 5.8: 13.5: 1.0 82.5: 46.0: 1.0 2.8: 8.7: 1.0 

Total 3.9 : 9.7 : 1.0 54.9 : 26.4: 1.0 2.3: 7.5: 1.0 

 
 

 
Figure 5.8. Plot of human ESBL (E. coli or K. pneumoniae) colonisation status, categorised into always 

(all stool samples returned a positive result from the same individual), never (all stool samples returned 

a negative result from the same individual) and sometimes (stool samples returned both a positive and 

negative result from the same individual), stratified by region. 
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Figure 5.9. Plot of human ESBL E. coli colonisation status, categorised into always (all stool samples 

returned a positive result from the same individual), never (all stool samples returned a negative result 

from the same individual) and sometimes (stool samples returned both a positive and negative result 

from the same individual), stratified by region. 
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Figure 5.10. Plot of human ESBL K. pneumoniae colonisation status, categorised into always (all stool 

samples returned a positive result from the same individual), never (all stool samples returned a 

negative result from the same individual) and sometimes (stool samples returned both a positive and 

negative result from the same individual), stratified by region. 

 

5.6.  ESBL colonisation in animals 

  

29.8% (n=290) of animal samples from 9/13 species were ESBL positive. Only geckos, rabbits, wild 

birds and dairy cattle were not identified as being ESBL colonised (Figure 5.11). There was a clear 

difference in the prevelance of ESBL colonisation between the animal species (X2, p = <.001), with pigs 

most commonly colonised (56.8%), followed by companion animals (46.6%), poultry (32.5%), goats 

(27.1%), cattle (17.1%) and wild animals (3.8%) (Table 5.7). No pig or cattle samples were obtained 

from the urban region, and no cattle samples obtained from the peri-urban region for assessment. 

Poultry, consisting of chickens, doves and ducks, provided the greatest number of EBSL positive animal 

samples (n=148), due in part to the high numbers of these animals owned at households, and returned 

ESBL prevalence rates of 32.7%, 33.3%, and 29.2% respectively (Figure 5.11).  
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Figure 5.11. Bubble plot of ESBL (E. coli or K. pneumoniae) prevalence in stool samples obtained from 

a composite of urban, peri-urban and rural animals, stratified by species, and categorised by animal 

type. The volume of the circle represents the number of samples processed for each species. 

 

There were regional differences seen in the prevelance of ESBL colonisation amongst poultry, goats 

and companion animals, with urban households having the highest ESBL rates for these species, at 

64.7%, 100.0% and 65.8% respectively (Table 5.7). No regional differences existed between the 

prevelance of ESBL colonisation amongst pigs or wild animals.  
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Table 5.7. Regional comparison of ESBL (E. coli or K. pneumoniae) prevalence in stool samples 

obtained from animals, stratified by animal grouping. 

  Region n (%)  

Animal group Total Urban Peri-urban Rural p 

Cattle* 
n=18 

(17.1%) 
NA NA 

n=18 
(17.1%) 

NA 

Companion 
n=34 

(46.6%) 
n=25 

(65.8%) 
n=6 

(22.2%) 
n=3 

(37.5%) 
.002 

Goat 
n=59 

(27.1%) 
n=2 

(100.0%) 
n=10 

(18.5%) 
n=47 

(29.0%) 
.023 

Pig* 
n=21 

(56.8%) 
NA 

n=5 
(50.0%) 

n=16 
(59.3%) 

.716 

Poultry 
n=148 

(32.5%) 
n=33 

(64.7%) 
n=48 

(39.0%) 
n=67 

(23.8%) 
<.001 

Wild animal* 
n=2 

(3.8%) 
n=2 

(10.5%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
.314 

^p values generated by Fishers exact test. * Low species number in study (less than 5% of total animals). 

 

There were regional differences in ESBL-E colonisation rates amongst companion animals and poultry, 

where the urban setting has substantially higher rates of ESBL colonisation in poultry (62.7%) and pets 

(63.2%) than the other regions (Table 5.8.). For ESBL-K, limited returns in animals did not allow for a 

detailed analysis (Table 5.9) 

 

Table 5.8. Regional comparison of ESBL E. coli prevalence in stool samples obtained from animals, 

stratified by animal grouping. 

 Region n (%)  

Animal group Urban Peri-urban Rural p 

Cattle* NA NA 
n=15 

(14.3%) 
NA 

Companion 
n=24 

(63.2%) 
n=5 

(18.5%) 
n=2 

(25.0%) 
<.001 

Goat 
n=1 

(50.0%) 
n=10 

(18.5%) 
n=43 

(26.5%) 
. 246 

Pig* NA 
n=5 

(50.0%) 
n=16 

(59.3%) 
. 715 

Poultry 
n=32 

(62.7%) 
n=44 

(35.8%) 
n=62 

(22.0%) 
<.001 

Wild animal* 
n=2 

(10.5%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
.314 

^p values generated by Fishers exact test. * Low species number in study (less than 5% of total animals). 
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Table 5.9. Regional comparison of ESBL K. pneumoniae prevalence in stool samples obtained from 

animals, stratified by animal grouping. 

 Region n (%)  

Animal group Urban Peri-urban Rural p 

Cattle* NA NA 
n=7 

(6.7%) 
NA 

Companion 
n=6 

(15.8%) 
n=1 

(3.7%) 
n=1 

(12.5%) 
.245 

Goat 
n=1 

(50.0%) 
n=2 

(3.7%) 
n=7 

(4.3%) 
.106 

Pig* NA 
n=0 

(0.0%) 
n=2 

(7.4%) 
1.00 

Poultry 
n=5 

(9.8%) 
n=7 

(5.7%) 
n=12 

(4.3%) 
.249 

Wild animal* 
n=2 

(10.5%) 
n=0 

(0.0%) 
n=0 

(0.0%) 
.314 

^p values generated by Fishers exact test. * Low species number in study (less than 5% of total animals). 

 

Overall, ESBL E. coli were more prevalent than ESBL K. pneumoniae, with 83.1% (n=261) of the total 

ESBL animal samples yielded E. coli compared to 16.9% (n=52) K. pneumoniae; 81.7% (n=237) of 

animal samples returned ESBL E. coli only, and 7.2% (n=21) returned ESBL K. pneumoniae only, with 

11.1% (n=32) having both bacteria. There were some differences in animal species, with pigs rarely 

having ESBL-K, and wild animals invariably having the presence of both ESBL-E and ESBL-K (Figure 

5.12). 
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Figure 5.12. Proportion of the total household human stool, animal stool and environmental samples 

that were positive for ESBL E. coli, ESBL K. pneumoniae or both ESBL E. coli & ESBL K. pneumoniae, 

stratified by sample type and bacterial species. 

  

There was no difference between the rates of ESBL colonisation in humans whether households 

reported owning animals or not (p=.842); this held true for poultry and companion animal ownership 

(p=.819 and p=.929). 

  

5.7. Variations in ESBL contamination within the household environment. 

 

ESBL-E or ESBL-K were detected on 6.8% (n=166) of the household environmental surfaces sampled, 

and 45.6% (n=89/195) of households had ESBL surface contamination at some point during the study. 

A broad range of internal household sampling points were selected, based on information from the 

WASH observations, and ESBL bacteria were found at 22/26 location types (Figure 5.13). The samples 

with the highest ESBL contamination were those relating to household waste management (i.e. 

drainage), items that had regular hand-contact (i.e. winnowers and implement handles) and surfaces 

or items associated with food-hygiene (cleaning area or rags/wasters). 9.1% (n=68) of the household 

floor samples were positive for ESBL-E or ESBL-K, and 29.2% (n=57/195) of households had ESBL 

contamination of the floors at some point during the study. 
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Figure 5.13. Plot of the ESBL (E. coli or K. pneumoniae) prevalence in household environmental 

samples, stratified by WASH category. 

 

5.8. Variations in ESBL contamination within household food and drinking water. 

 

There were variations in the ESBL contamination of fruit and vegetables, with 10.8% (n=59) of fruit 

and 15.7 % (n=96) of vegetables shown to be ESBL contaminated (p=.016). However, no difference in 

ESBL contamination was found between food that was cooked 14.3% (n=2) or uncooked 13.4% 

(n=153) (p=1.00), and there was little variance in the proportions of ESBL contamination of specific 

food produce (Figure 5.14.) 
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Figure 5.14. Plot of ESBL (E. coli or K. pneumoniae) identified in household food samples. The numbers 

of samples are expressed at end of columns.  

 

21.3% of household drinking water was contaminated with ESBL-E or ESBL-K. There was a difference 

in the rates of ESBL identified in drinking water samples, depending on the primary water source used 

(X2, p = .003), with the lowest contamination found in samples using tap or bottled water (Figure 

5.15a). However, there was no statistical difference between the rates of ESBL contamination found 

in storage vessels that were uncovered compared to those that were covered (X2, p = .578) (Figure 

5.15b).  
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Figure 5.15. Plot of proportion of household drinking water samples positive for ESBL (E. coli or K. 

pneumoniae) classified by (a) primary source of drinking water used, and (b) storage vessel used. 

Numbers of samples expressed at end of columns.  
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5.9. ESBL contamination within the external environment. 

 

88.7% (n=266) of wastewater samples collected were from open drains surrounding the house, with 

visible faecal effluent present at 11.3% (n=34) and plastic rubbish present at 41.7% (n=125) of the 

sampling sites. In total, 46.0% (n=138) of these drain samples yielded ESBL bacteria. 

 

River water was collected from the points at which households interacted with the watercourse, or 

alternatively, for households that reported no river interactions, the nearest river site to households 

(Chapter 2). River water in the urban and peri-urban regions had the highest overall ESBL prevalence 

at  66.2% (n=338). There was a higher presence of ESBL-E (59.6%, n=305) compared to ESBL-K (30.9%, 

n=158) in river samples (Figure 5.4), however it should be noted that river water had the highest 

presence of either species in any of the sample types included in the study. There was a relationship 

between the physical properties of the rivers and the prevelance of ESBL bacteria, with increased 

turbidity and fast flow associated with higher levels of ESBL contamination (Table 5.10).  

 

20.9% (n=52) of urban households and 37.0% (n=90) of peri-urban households reported using the river 

water that was sampled, and the most common reasons for river usage were cleaning clothes (59.9%, 

n=85) and interactions relating the commute to work (28.9%, n=41) or school (21.8%, n=31). No 

geospatial analysis was completed as part of this thesis.  
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Table. 5.10. Relationship between the physical properties of urban and peri-urban rivers and ESBL 

contamination  

River water variable Category p 

River water colour* Absent Present 
(light) 

Present 
(moderate) 

Present 
(dark) 

 

ESBL (any) n=21 
(53.8%) 

n=81 
(67.5%) 

n=159 
(64.1%) 

n=65 
(73.9%) 

.139 

ESBL-E n=16 
(41.0%) 

n=73 
(60.8%) 

n=143 
(57.7%) 

n=60 
(68.2%) 

 

ESBL-K n=13 
(33.3%) 

n=38 
(31.7%) 

n=70 
(28.2%) 

n=30 
(34.1%) 

 

River water turbidity* Clear Cloudy  
(mild) 

Cloudy 
(moderate) 

Cloudy 
(severe) 

 

ESBL (any) n=29 
(67.4%) 

n=93 
(56.0%) 

n=145 
(71.1%) 

n=59 
(72.0%) 

.012 

ESBL-E n=23 
(53.5%) 

n=83 
(50.0%) 

n=131 
(64.2%) 

n=55 
(67.1%) 

 

ESBL-K n=16 
(37.2%) 

n=42 
(25.3%) 

n=68 
(33.3%) 

n=25 
(30.5%) 

 

River water flow* Slow Medium Fast  

ESBL (any) n=174 
(61.9%) 

n=85 
(66.4%) 

n=67 
(77.9%) 

.023 

ESBL-E n=161 
(57.3%) 

n=73 
(57.0%) 

n=58 
(67.4%) 

 

ESBL-K n=76 
(27.0%) 

n=37 
(28.7%) 

n=37 
(43.0%) 

 

*17/512 river samples missing metadata. p values obtained using X2 test. Qualitative measurements. Detailed 
descriptions in the study SOPs (Chapter 2) 

 

5.10. Seasonal effects on ESBL prevalence 

 

In Malawi the wet season falls sometime between Nov-Apr, with peaks rainfall in January and February 

and the dry season is between May-Oct. There was an apparent ESBL peak at the end of the wet 

season (Figure 5.16), and both ESBL-E and ESBL-K in the wet (26.1%, SD=43.9) compared to the dry 

(19.4%, SD=0.40) season across all samples collected (p=<.001). This was particularly true of ESBL 

carriage in both human and animal stool (Table 5.11). Furthermore, alongside this increased ESBL 

carriage, there is an associated higher presence of ESBL contamination in the household drinking 

water, floors and surfaces during the wet season (Table 5.11). No seasonal effects in ESBL prevelance 

are seen within household food items or the broader environments, inclusive of drains and rivers. 
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Figure 5.16. Monthly trend in ESBL (E. coli or K. pneumoniae) prevelance in human and animal stool, 

illustrating seasonal peaks and troughs.  

 

Table 5.11. Seasonal variations in ESBL prevelance of household samples.  

 ESBL prevelance by season (%, SD)  

Sample Type Wet Dry p 

Human stool 47.2% (SD=49.9) 36.6% (SD=48.2) <.001 

Animal stool 33.3% (SD=47.2) 25.5% (SD=43.6) .010 

Food 14.4% (SD=35.1) 12.3% (SD=32.9) .338 

Drinking water 26.2% (SD=44.0) 15.2% (SD=35.9) <.001 

Source water 6.5% (SD=24.7) 8.8% (SD=28.3) .413 

Household surfaces 8.8% (SD=28.3) 4.5% (SD=20.8) <.001 

Household floor 11.5% (SD=31.9) 6.6% (SD=24.9) .031 

Clothing 9.1% (SD=28.9) 5.6% (SD=23.0) .087 

Hand-contact samples 25.8% (SD=43.9) 17.9% (SD=38.4) .057 

Household drains 44.7% (SD=49.9) 48.2% (SD=50.2) .648 

River water 69.1% (SD=46.3) 62.9% (SD=48.4) .164 

Environmental survey 55.6% (SD=49.7) 52.9% (SD=50.0) .173 

^p values generated by X2 test 
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5.11. Discussion   

 

I have identified extremely high levels of ESBL E. coli and ESBL K. pneumoniae gut colonisation in 

humans and animals, alongside extensive ESBL contamination of the household and broader 

environments within urban, peri-urban and rural communities in southern Malawi. ESBL prevelance 

was found to be highest overall in the urban setting, particularly in the riverine network and in co-

located animals, and there was a seasonal effect seen on the rates of human and animal ESBL carriage. 

These urban and seasonal effects are likely to result from interactions with a contaminated shared 

environment, which are in turn influenced by a deficiency of WASH infrastructure alongside key WASH 

behaviours pertaining to water usage, food-hygiene sanitation and waste management (Chapter 4).  

 

Human ESBL (E. coli and K. pneumoniae) gut colonisation in southern Malawi is high. Previous reports 

of human ESBL colonisation from sub Saharan Africa (sSA) populations have ranged between 5-59%, 

with a pooled community ESBL E. coli colonisation estimate of 18% (99). Therefore, Malawian 

communities have a higher prevalence of ESBL colonisation than is typically seen across comparable 

sSA settings and is substantially higher than those rates seen in Europe (3-8%) or North America 

(3.4%), and on par with those reported is SE Asia (46%) (99).   

 

There is a high degree of flux in the ESBL colonisation status of individuals over a 6-month period, 

which may, in turn, impact the accuracy of prevalence estimates. This phenomenon has previously 

been ascribed to ABU driving selection pressures in the gut (300). However, given the low ABU seen 

in the cohort (chapter 3), these findings may indicate that flux is a result of transmission between 

human-human or human to non-human sources. Equally, given the high levels of ESBL colonisation 

and flux seen within the cohort, we should remain open to the concept that ESBL is present in the 

microbiome of community participants most of the time, and this flux is stimulated by an absence of 

selection pressures combined with the insensitivity of phenotypic culture-based methods to identify 

ESBL bacteria.  

 

A pre-enrichment step was employed to increase the chance of recovery of gram-negative bacteria, 

followed by CHROMagarTM media to select for ESBL bacteria. The manufactures documentation states 

CHROMagarTM has a 98% sensitivity, and independent evaluation against other commercially available 

ESBL medias has reported a 100% sensitivity for the detection of ESBL bacteria (362,363), however, 

there is less data on specificity of CHROMagarTM agar for speciating bacteria, and reports have ranged 

from 72-97% (363,364). In this regard, the microbiological results may under-report the presence of 
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ESBL bacteria, and CHROMagarTM has not been optimised for other classes of beta-lactamases i.e. 

AmpC.  

 

Within the human and animal stool samples, I found a higher proportion of ESBL-E compared to ESBL-

K (Human stool ESBL-E:ESBL-K ratio = 1.0:0.3). This ratio was not seen in environmental samples, 

where there was either a similar proportion of ESBL-E and ESBL-K (ESBL-E: ESBL-K = 1.0:0.9), or in the 

case of food and stored water an abundance of ESBL-K (Food ESBL-E:ESBL-K ratio = 1:0:1.5). This could 

be explained by differences in the ecological niches of ESBL-E and ESBL-K within our setting, and 

identification of clonal lineages via WGS will allow us to better characterise the niches for both ESBL 

E. coli and ESBL K. pneumoniae, the interconnections that exist between human, animal and 

environmental compartments and the relation to isolates from bloodstream infection.   

 

ESBL prevalence in animals was between 0-56.8% depending on the species. In LMICs, E. coli ST131 

containing blaCTX-M-15 have been identified in the guts of subsistence farmers and their food-

production animals (122). I found a high rate of ESBL E. coli and K. pneumoniae in poultry samples, 

which are the most frequently owned animals in the study population, often sharing the household 

environment with participants (Chapter 3 & 4). Furthermore, poultry are often kept inside the 

household, whilst other food-production animals were kept in the household compound, nearby to 

the house, and high ESBL rates were seen in pigs (56.8%), goats (27.1%), and cattle (17.1%). Sharing 

of ESBL genes and bacteria between these animal species and humans has been documented 

(122,141,314,365).  

 

Fewer data are available on companion animals in LMICs, however, pets have been shown to carry 

blaCTX-M genes on plasmids found in humans (i.e. IncF and IncI1), indicating that in HIC settings 

companion animals may be a source of plasmid-mediated ESBL resistance in humans (311,366). Here, 

I discovered ESBL colonisation rates of 46.6% in companion animals, and ESBL colonisation of this 

animal group has been shown in the literature to correlate with owner colonisation (39,367,368). Pets, 

in particular dogs, are not always kept inside the house. The role of companion and livestock animals 

that do not share the same living space, but shared nearby environments and have regular human 

contact may well be an important contributor to ESBL household transmission. Wild animals had the 

lowest prevelance of ESBL (3.8%), and this may be related to low sample numbers, the methodologies 

used for sampling or a true reflection of the ESBL prevelance in species with less human contact.  
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A limitation within the sampling method was that only poultry samples were taken directly from the 

animal, whilst others were obtained from the ground, and therefore spent varying lengths of time in 

contact with the external environment. This may have led to contamination of stool samples with 

environmental ESBL-E or ESBL-K. I chose to prioritise sampling from within the stool, to minimise 

contamination of the outer surface; however, there may have been some false positives, explaining 

some of the differences seen between poultry and other animal species. 

 

Environmental reservoirs of ESBL-producing Enterobacteriaceae supplied by food-producing or 

companion animals regularly exchange clones and MGEs with the human reservoir by transposition 

or transduction, leading to clonal and epidemic plasmid spread within the community (122,369). Key 

factors in this process are the frequency and load to which these environments are contaminated with 

AMR bacteria of human and animal origin; a feature governed, in part, by local waste management 

practices. These results show that whilst the prevalence of ESBL-E or ESBL-K varies by environment, 

ESBL bacteria were found to some extent in all areas sampled, including 9.1% of household floors, 

6.8% of household surfaces and 38.5% of external environmental samples. Given the absence of WASH 

infrastructure and variations in WASH behavioural practices seen within households, improper waste 

management may lead to environmental contamination, posing a risk for ongoing ESBL transmission 

within the household, which warrants further evaluation (Chapter 6). In this descriptive chapter, I 

cannot determine the direction of travel of ESBL bacteria, and the higher ESBL contamination rates 

seen in environmental samples where faecal contamination is highest (i.e. drains and rivers) may only 

represent a terminal sump, however, the paucity of WASH infrastructure and waste management 

practices raises the strong possibility that ESBL bacteria make their way back into humans from these 

reservoirs. Framing the environmental contexts into potential “sources” and “sinks” of AMR may be a 

useful approach in future analysis to contextualise the impacts of key environmental reservoirs on 

human transmission and infection/re-infection with ARB. 

 

The relevance of EBSL bacteria in these sites and the role the riverine and drainage systems play in 

the ongoing transmission are complex and difficult to quantify due to dynamics in exposure routes 

and times, along with fluctuations in AMR bacterial load. An example of this complexity is the finding 

of similar ESBL bacterial prevelance rates in rivers from both the wet and dry season. Given rivers in 

Malawi undergo dramatic changes in water volumes between the wet and dry seasons (370,371) this 

seemingly similar prevelance in spot sampling may represent a huge difference in absolute bacterial 

load, leading to widespread dispersal across the environment. In this regard, dilution of AMR from 

rainwater highlights the scale of, rather than the solution to faecal pollution. Given that drainage 
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systems and rivers contain high levels of ESBL bacteria, and households frequently report human and 

animal interactions with these sites, I hypothesise that these sites serve as important reservoirs for 

the spread, maintenance and acquisition of ESBL bacteria; this will be evaluated through ongoing 

genomic analysis being undertaken by the DRUM consortium. Using phenotypic results alone, I cannot 

identify whether ESBL rates in these samples are related to human ESBL colonisation or are due to 

anthropogenic causes.  

 

Another entry point into the household for ESBL bacteria is through contaminated food and water 

(181,349,350,372,373). ESBL contamination of drinking water sources has been previously seen in 

displaced populations and areas with reduced access to safe WASH infrastructure or adequate 

surveillance systems (181,230,243,374). Within southern Malawi, several sources of water are used, 

with some households using piped or bottled water, but ordinarily, participants utilise communal 

kiosks and boreholes located outside the household compound. According to the World Health 

Organization, a zero count of E. coli per 100 ml of water is considered safe for drinking (344). A count 

of 1–10 MPN/100 ml is regarded as low risk; 11–100 MPN/100 ml is medium risk. Safe drinking water 

should be free from E. coli, and while there are no recommended targets for AMR bacterial levels, 

clearly a zero count for ESBL (if not many other ARGs) in drinking water would be appropriate (344). 

In this study 5.5% of drinking water was contaminated with ESBL bacteria at source and 21.3% of 

stored drinking water had ESBL-E or ESBL-K present. I was unable to find a difference between the 

contamination rates of drinking water depending on the storage vessel used or whether it was covered 

but did see that the primary source of water used impacted on the probability of contamination. Given 

it has already been identified that drinking water is not treated prior to ingestion, this worrying finding 

highlights a daily entry point for ESBL acquisition, and potentially key reservoir within the household 

that is amenable to intervention.  

 

Food can be contaminated with ESBL bacteria at any point from farming to ingestion, with the type of 

food impacting on the risk of contamination. Therefore, I focussed on green leafy vegetables and fruit, 

as these foods are handled by local market vendors and household participants and often eaten 

uncooked but recognise that this is a limitation. Here, I found 13.4% of the total food samples were 

contaminated with ESBL-E or ESBL-K, 15.7% of green leafy vegetables and 10.8% of fruits. There were 

only a few food items obtained that had been cooked, and there were no statistical differences in the 

presence of bacteria between the cooked and raw foods sampled. A market study is currently 

underway in Malawi to better evaluate the role of ESBL contamination in purchased goods.  
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Food and water are contaminated via ineffectual hygiene, especially hand hygiene (373,375,376). 

Recent modelling studies have suggested that hand hygiene improvements will have more impact on 

the reduction of household ESBL transmission than a reduction in ABU (106). Rinse water samples 

collected from the hands of household members in the study illustrate the contamination of people’s 

hands and serve as a proxy for ineffectual hand hygiene. Here, 21.3% of samples from participants 

hands were found to be contaminated with ESBL E. coli or ESBL K. pneumoniae.  

 

Previously I highlighted regional differences in WASH practices, with the poorest sanitation found in 

the urban setting. Informal urban sSA settlements have been proposed as hotspots of gram-negative 

AMR, and there is great interest in establishing the role of WASH and the broader environment (209). 

In this analysis, I identified a higher rate of ESBL colonisation in the urban setting compared to the 

other regions in both human and animal stool, food, household surfaces, floors and the external 

environment of the urban region compared to the peri-urban and rural sites. This was predicted based 

on the findings presented in Chapter 3 and 4.  

 

In terms of urban WASH infrastructure, sanitation and food-hygiene practices, households often share 

their toilet with other households, and participants occasionally practice open defecation. Sharing of 

toilets with improper hygiene methods increases the risk of faecal-oral acquisition of ESBL bacteria 

between households, and between household members, as it does in other pathogens (377,378). 

Furthermore, the absence of space for home-grown crops leads to urban households relying on local 

markets for fresh fruit and vegetables and the regular purchasing of street food. Poor environmental 

health standards at urban street vendors and markets could be a regional driver of food 

contamination.  

 

Animal ownership, and co-habitation is high amongst urban households, and urban households rarely 

dispose of animal waste appropriately, and this cycle of poor sanitation practices and high levels of 

contamination could maintain high levels of ESBL carriage in animals and humans. Modelling 

approaches will be undertaken on this dataset to determine the effects of animal co-habitation on 

ESBL carriage from the total dataset, adjusting for regional covariates and sample numbers. It should 

be noted that animals do not have to be owned by the household to share the same space. The nature 

of dense urbanisation permits environments where animals are free to roam between household 

compounds, and an illustration of this is evident from the households where animal stool has been 

found at the compound premises, but the household does not report owning any animals 

(observational data not included in thesis).  



 188 

 

Within the framework of transmission and acquisition of AMR bacteria a shared environment is 

important (194,315–318). In the urban setting interactions with the broader environment, in 

particular rivers and drains are commonplace, and these are the areas which have the highest rates 

of ESBL seen in the study, at 74.0% and 70.9% respectively. The risks and role of the riverine network 

on human ESBL colonisation have not been fully described in sSA settings, but there is evidence from 

HIC settings of their importance, and therefore this could be an important local driver in the urban 

setting (53–56). The absence of a functioning sewerage network, poor investment in WASH 

infrastructure, the proximity of household toilets and drains all likely contribute.  

 

A seasonal effect in ESBL colonisation of humans and animals was identified, with a higher likelihood 

of ESBL-E or ESBL-K colonisation in the wet season. Alongside increased ESBL carriage, there was an 

associated higher presence of ESBL contamination in the household drinking water, floors and 

surfaces during the wet season with no seasonal effects seen in ESBL contamination of food items or 

the broader environment. Drinking water safety in Malawi is known to alter with the season; E. coli 

contamination was shown to be higher in the wet season, reflecting a reduction in water quality from 

the point of collection to the point of consumption during the period (235).  

 

The carriage of specific ESBL bacterial clades and ESBL genes between the shared human, animal, and 

environmental compartments in HICs has previously exhibited limited crossover (138). The DRUM 

consortium will therefore build on this dataset by using WGS techniques to determine the clonal 

strains of ESBL-E and ESBL-K in our setting and evaluate the interconnection between these 

compartments. Pairwise SNP distributions will then establish the level to which these bacteria are 

related. Further genomic analysis will be undertaken to assess the diversity of AMR genes in various 

sample types and between settings and identify whether human ESBL colonisation in healthy 

participants or non-human sources relate to those found in locally circulating blood stream infections. 

Lastly, given the inherent difficulty in inferring directionality, the DRUM consortium will input the 

genomic information obtained from these samples into agent-based models, along with key WASH 

data (Chapters 4 & 6), to better understand the specific role of humans, animals and the environment 

in ESBL transmission and the key sites at which WASH interventions would have the greatest impact.  

 

All of the data included within this chapter will be integrated into ABMs to test different systems 

models of social and behavioural features of the population that may contribute to ESBL emergence, 

transmission, and colonisation/decolonisation of individuals, as described in the methods section 
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(Chapter 2). Here, I have made a detailed One-Health microbiological summary of the urban, peri-

urban and rural landscape for ESBL-E and ESBL-K at both a household and broader environmental 

level, evidencing the importance of urbanisation, seasonality and the contamination of key household 

and broader environments. In the next chapter, I will assess the role of individual-level and WASH 

factors on the rates of human ESBL colonisation.  
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Appendices 

 

Appendix 5i.  Overview of processing results for ESBL ChromAgar, indole and HRM-PCR, stratified by 

sample type.   

Broad sample type Broth Chromogenic Agar Additional tests 

 
Visible growth 

in BPW^  
n (%) 

Pink 
colony 
n (%) 

White 
colony 
n (%) 

Blue 
colony 
n (%) 

Indole 
positive 

n (% white) 

PCR positive 
n (% blue) 

Human stool 
n=2581  
(91.4%) 

n=1046 
(36.8%) 

n=111 
(3.9%) 

n=517 
(18.2%) 

n=19 
(17.1%) 

n=341 
(66.0%) 

Animal stool 
n=898 

(92.3%) 
n=266 

(27.3%) 
n=71 

(7.3%) 
n=105 

(10.8%) 
n=8  

(11.3%) 
n=53 

(50.5%) 

Environment 
n=7548  
(92.5%) 

n=888  
(10.9%) 

n=2756  
(33.8%) 

n=1532  
(18.8%) 

n=66  
(2.4%) 

n=697 
(45.5%) 

 Food n=1093 
(93.6%) 

n=63 
(5.4%) 

n=666 
(57.0%) 

n=208 
(17.8%) 

n=17  
(2.6%) 

n=108 
(51.9%) 

 Drinking water n=1159 
(92.4%) 

n=145 
(11.6%) 

n=235 
(17.6%) 

n=350 
(26.3%) 

n=10  
(2.4%) 

n=160 
(45.7%) 

 Source water n=482 
(91.3%) 

n=21 
(4.0%) 

n=84 
(15.9%) 

n=54 
(10.2%) 

n=4  
(4.8%) 

n=19 
(35.2%) 

 Household surfaces n=2273 
(92.5%) 

n=90 
(3.7%) 

n=890 
(36.2%) 

n=219 
(8.9%) 

n=16  
(1.8%) 

n=93 
(42.5%) 

 Household floor n=696 
(93.4%) 

n=54 
(7.2%) 

n=239 
(32.1%) 

n=91 
(12.2%) 

n=3  
(1.3%) 

n=25 
(27.5%) 

 Clothing n=689 
(94.1%) 

n=28 
(0.13%) 

n=368 
(49.6%) 

n=69 
(9.3%) 

n=5 
(1.4%) 

n=27 
(39.1%) 

 Hand-contact samples n=409  
(90.7%) 

n=62 
(13.7%) 

n=104 
(23.1%) 

n=110 
(24.4%) 

n=3  
(2.9%) 

n=47 
(42.7%) 

 Household drains n=281  
(94.0%) 

n=120 
(40.0%) 

n=62 
(20.7%) 

n=129 
(43.0%) 

n=3 
(4.8%) 

n=58 
(45.0%) 

 River water n=466  
(91.0%) 

n=305 
(59.6%) 

n=108 
(21.1%) 

n=308 
(60.2%) 

n=5  
(4.6%) 

n=160 
(51.9%) 

^ Missing data for broth results from 20 human samples and 1 drain sample.  
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Chapter 6: 

Results from PCA & mixed-effects modelling of individual, household and laboratory datasets 

delineating the key risks for ESBL colonisation. 

  

  

6.0. Chapter Summary 

 

In this chapter I use principal component analysis (PCA) to explore how individual-level, household-

level and sample-level variables broadly interact to explain the microbiological findings described in 

Chapter 5 and have inputted these PCAs into multivariate models to assess for associations with a) 

ESBL colonisation (with either ESBL E. coli or ESBL K. pneumoniae) and b) separately for ESBL E. coli 

and ESBL K. pneumoniae colonisation.   

 

ESBL colonisation has been shown to be dependent on a number of interlinked factors and have 

species specific (i.e. E. coli vs K. pneumoniae) associations. The outputs of the modelling illustrate a 

strong seasonal association with ESBL colonisation, and a trend towards an increased risk from 

household contamination, piped-water usage and in the case of K. pneumoniae, poor hand-hygiene, 

increased household density and drain-water exposure. There are independent effects from WASH 

and environmental factors, adding to the complexity of designing future interventions. Nevertheless, 

predictions made from these models suggest that future WASH interventions to curb ESBL 

transmission should consider integrating water management, hand-hygiene and environmental 

measures as part of their strategy for maximal effect.   

 

My contributions to this chapter and those of others are included in Table 6.0.  

 

Table 6.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted and analysed by the 

PhD candidate 

Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborators, Tracy Morse and 

Chris Jewell. 
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Statistical advice and coding help was sought from Chris 

Jewell, Barry Rowlingson and Joe Lewis. 

 

 

6.1. Rationale and overview 

 

There is limited evidence in the literature describing the effect of household factors and WASH 

practices on ESBL colonisation in LMIC communities (198). In Chapters 3, 4 and 5 I described individual-

level, household-level and microbiological data of ESBL prevalence within urban, peri-urban and rural 

sites across southern Malawi. In this chapter, I will bring these data together to determine the effect 

of individual, household and independent (i.e. season) factors on human colonisation with ESBL 

bacteria.  

 

Given the complexity and breadth of the dataset, I have initially used PCA to reduce the dimensionality 

of the data and then selected PCAs for inclusion into ESBL, ESBL-E and ESBL-K mixed-effects models 

through ANOVA testing and stepwise selection of model fit using Akaike information criteria (AIC). 

Within the mixed-effect models PCAs have been input as covariates alongside within-household and 

within-participant random effects to determine key risks for ESBL, ESBL-E and ESBL-K colonisation.  

 

To evaluate the success of putative WASH interventions I have compared these models with and 

without sample-level data to determine whether environmental contamination is independent or 

dependant on WASH factors within the causal pathway for ESBL colonisation and made predictions of 

ESBL colonisation rates in response to alterations of pre-selected WASH parameters.  

 

6.2. Variable selection process and rationalisation 

 

There was a total of 41 individual questions and 167 (132/35) household/WASH questions within the 

database. These were refined a priori by members of the DRUM consortium including D Cocker, T 

Morse, K Chidwisano and N Feasey to determine key variables of interest, accounting for pre-existing 

knowledge on AMR risk factors and critical control points for faecal-oral transmission (Chapters 2 & 

4). The household and WASH questions were ordered into WASH categories encompassing high-level 

sanitation, water usage, food-hygiene, hand-hygiene, animal and environmental factors alongside 

household specific factors (i.e. density and income). These were then classified as either reported or 
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observed depending on whether the variable outcome was witnessed by the study team or reported 

by a household member. Finally, microbiological samples (i.e. drinking water, animal stool, 

environmental surface) were assigned into the WASH or household categories depending on where 

they conceptually fit best. Household and WASH variables were predominantly obtained from the 

baseline questionnaire and linked to each of the 300 households. 8 observed WASH variables were 

obtained via the WASH checklists, and unlike the household questionaries completed at baseline, 

these were undertaken at up to 4 timepoints during the study period at the same house. Occasionally 

there were fluctuations in the response to these outcomes (i.e. households would not always have 

the presence of cleaning materials) and therefore aggregated values were used for these variables, 

assigned to each of the 300 households. ESBL microbiological data was collated from the laboratory 

records of all households, each of which had data for human stool, and 195 households had paired 

animal and environmental samples.  

 

In total this generated a list of 19 individual variables (Table 6.1.), 29 household/WASH variables 

(Table 6.2.) and 10 sampling variables (Table 6.2.). Each variable response was converted into binary 

(or continuous) functions. Categorical answers were grouped into binary outcomes if necessary and 

the variable names were altered (i.e. ABU; Yes/No included a composite of any antibiotics in last 6 

months). Details of these changes are included in the descriptions within Table 6.1 and Table 6.2. 

Continuous variables were transformed log(x) to provide normalized distributions where possible. The 

tested outcome was human ESBL colonization status (positive / negative), and each episode was 

evaluated independently, to account for flux in colonization status (Table 6.3.). For animal and 

environmental samples, a binary classification of positive (at any point) or negative (at all points) was 

implemented and linked to each household. Region and season (wet/dry) were determined for each 

stool sample result dependent on the household location and date of collection respectively (Table 

6.3.).  
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Table 6.1. Individual-level variables selected from the CRFs for analysis, including any groupings, 

outputs and transformations undertaken. 

Variable name Description 

Age Continuous, age at enrolment (years)  

Male Binary, {1 = male, 0 = female} 
Religion (Christianity) Binary, {1 = faith reported as Christianity, 0 = other religion practiced} 

School (attendance) Binary, {1 = attend school, 0 = do not attend school} 

School (work) Binary, {1 = work in/at school, 0 = do not work in/at school} 

Healthcare (work) Binary, {1 = work in/at hospital, 0 = do not work in/at hospital} 

Hospital admission Binary, {1 = admitted overnight to hospital in last 6 months, 0 = not admitted 
over last 6 months} 

Hospital guardian Binary, {1 = been a guardian at hospital in last 6 months, 0 = not been a 
guardian at hospital in last 6 months) 

Employed* Binary, {1 = have regular job at recruitment, 0 = no job at recruitment} 

Residency Binary, {1 = resident for year or more at household, 0 = not resident for year} 

Travel 
(Outside region) 

Binary, {1 = travel outside region (any purpose in last 6 months, 0 = no travel 
outside area in last 6 months} 

HIV status* Binary, {1 = HIV reactive, 0 = HIV non-reactive or unknown} 

TB history Binary, {1 = ever had diagnosis of TB, 0 = never had TB} 

Comorbidities Binary, {1 = 1 or more comorbidities, 0 = no comorbidities} 

Medication Binary, {1 = take any prescribed regular medication, 0 = do not take any 
regular medication} 

Unwell 4 weeks Binary, {1 = 1 or more unwell episodes in last 4 weeks, 0 = no illness episodes 
in last 4 weeks} 

Unwell 3 months Binary, {1 = 1 or more unwell episodes in last 3 months, 0 = no illness 
episodes in last 3 months} 

ABU 
 

Binary, {1 = 1 or more antibiotic courses taken in the last 6 months, 0 = no 
antibiotics taken in last 6 months} 

*log-transformed 
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Table 6.2. Household, WASH and sampling variables selected from the CRFs for analysis, including any 

outputs and transformations undertaken. Variables are grouped into reported, observed and 

laboratory categories and stratified by factor type. 

  Variable  Description 

H
o

u
se

h
o

ld
 F

ac
to

rs
 

R
e

p
o

rt
e

d
 Number of people living in 

house* 
Continuous, number of people cohabiting at baseline.  

Household income* Continuous, household income (MK) at baseline. 

La
b

 Share household with ESBL 
colonised humans 

Binary, {1 = yes [share with 1 or more ESBL colonised 
individuals within the same household], 0 = no [Do not share 
with ESBL colonised household members ]} 

Sa
n

it
at

io
n

 F
ac

to
rs

 

O
b

se
rv

ed
 

Presence of drop hole cover  Binary, {1 = drop hole cover present, 0 = drop hole cover 
absent} 

Cleansing materials at toilet Binary, {1 = cleansing material [any type] present, 0 = cleansing 
material [any type] absent} 

Visible human defecation Binary, {1 = visible human stool [adult or child], 0 = no visible 
human stool} 

R
ep

o
rt

ed
 

Use of pit latrine Binary, {1 = use pit latrine, 0 = use other toilet type, or do not 
have toilet} 

Toilet presence (any) at 
household 

Binary, {1 = toilet present, 0 = toilet absent} 

Open human defecation Binary, {1 = open defecation reported [by 1 or more household 
members], 0 = no open defecation reported [by all household 
member]} 

Sharing household toilet with 
non-household members 

Binary, {1 = shared toilet used, 0 = do not share their toilet 
external to the household} 

Absence of disposal 
mechanism for animal waste 

Binary, {1 = no disposal mechanism for animal faeces, 0 = 
dispose of animal faeces by either sweeping them away, 
putting into a refuse pit or re-using as manure} 

La
b

 Household environmental 
ESBL contamination 

Binary, {1 = yes [at any point in the household during study], 0 
= no [at all points during study]} 

H
yg

ie
n

e 
fa

ct
o

rs
 

R
e

p
o

rt
ed

 Facilities for hand washing (all 
areas) at household 

Binary, {1 = yes [present at one or more place within the 
household], 0 = no [present at no places within the household]} 

O
b

se
rv

ed
 Presence of soap at (any) HWF Binary, {1 = yes [present at one or more HWFs within the 

household], 0 = no [present at no HWFs within the household]} 

La
b

 Household rinse water ESBL 
contamination 

Binary, {1 = yes [at any point in the household during study], 0 
= no [at all points during study]} 

Fo
o

d
 F

ac
to

rs
 

R
ep

o
rt

ed
 

Eat street food Binary, {1 = yes [supplement diet with street food at some 
points], 0 = no [never buy street food]} 

Eat from shared plates Binary, {1 = yes [use shared plates], 0 = no [do not use shared 
plates]} 

Buy vegetables or fruit from 
the market 

Binary, {1 = yes [use vegetables or fruit from the market on any 
occasion], 0 = no [do not use market food or fruit]} 
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La
b

 Household food ESBL 
contamination 

Binary, {1 = yes [at any point in the household during study], 0 
= no [at all points during study]} 

W
at

e
r 

Fa
ct

o
rs

 

O
b

se
rv

ed
 Is water stored in the house 

covered? 
 

Binary, {1 = yes [water stored at the house covered], 0 = no 
[water not stored at the house covered]} 

R
e

p
o

rt
e

d
 

Is water stored in the house? Binary, {1 = yes [water stored at the house], 0 = no [water not 
stored at the house]} 

Drinking water source piped 
into household 

Binary, {1 = yes [water source from outside the household], 0 = 
no [water source from pipe inside or directly outside the 
household]} 

Drinking water source kiosk Binary, {1 = yes [water source from outside the household], 0 = 
no [water source from pipe inside or directly outside the 
household]} 

Drinking water source 
tubewell 

Binary, {1 = yes [water source from outside the household], 0 = 
no [water source from pipe inside or directly outside the 
household]} 

Alternative water used for 
cleaning utensils 

Binary, {1 = yes [different water used for cleaning utensils than 
for drinking], 0 = no [same water used for cleaning utensils as 
drinking]} 

La
b

 

Household source water ESBL 
contamination 

Binary, {1 = yes [at any point in the household during study], 0 
= no [at all points during study]} 

Household stored water ESBL 
contamination 

Binary, {1 = yes [at any point in the household during study], 0 
= no [at all points during study]} 

A
n

im
al

 F
ac

to
rs

 

O
b

se
rv

ed
 

Animal faeces seen around the 
area  

Binary, {1 = yes [any animal faeces seen around the household 
at any point], 0 = no [no animal faeces ever seen around the 
household]} 

Evidence of animal contact 
with food  

Binary, {1 = yes [animal seen in contact with food], 0 = no [no 
animal seen in contact with food]} 

R
ep

o
rt

e
d

 

Does the household own any 
animals? 

Binary, {1 = yes [household owns 1 or more animals], 0 = no [no 
animals owned by household]} 

Own cattle or ruminant Binary, {1 = yes [household owns 1 or more animals], 0 = no [no 
animals owned by household]} 

Own poultry Binary, {1 = yes [household owns 1 or more animals], 0 = no [no 
animals owned by household]} 

Own pet / companion animal Binary, {1 = yes [household owns 1 or more animals], 0 = no [no 
animals owned by household]} 

Own pigs Binary, {1 = yes [household owns 1 or more animals], 0 = no [no 
animals owned by household]} 

Animals (any species) kept 
inside the house? 

Binary, {1 = yes [if animals owned - they kept inside the house], 
0 = no [if animals owned - they are not kept inside the house]} 

La
b

 Household animal ESBL 
contamination 

Binary, {1 = yes [at any point in the household animals during 
study], 0 = no [at all points during study]} 

B
ro

ad
er

 

En
vi

ro
n

m
en

t 

O
b

se
rv

ed
 Accumulation of water / 

wastewater (household 
environment) 

Binary, {1 = yes [water seen external to the household], 0 = no 
[water not seen external to the household]} 

R
e

p
o

r

te
d

 Household member 
interaction with river water 

Binary, {1 = yes [any adult or child at the household reportedly 
interact with river water], 0 = no [no adult or child at the 
household even interact with river water]} 
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Household member 
interaction with drains 

Binary, {1 = yes [any adult or child at the household reportedly 
interact with drains], 0 = no [no adult or child at the household 
even interact with drains]} 

La
b

 
Drain ESBL contamination Binary, {1 = yes [at any point during study], 0 = no [at all points 

during study]} 

River ESBL contamination Binary, {1 = yes [at any point during study], 0 = no [at all points 
during study]} 

*log-transformed 

 
Table 6.3. Outcome variables and covariates. 

Dependant variable Description 

ESBL  
(positive) 

Binary, {1 = ESBL positive at single episode [with either KPN or EC], 0 = ESBL 
negative at single episode [with either KPN or EC]} 

ESBL-E 
(positive) 

Binary, {1 = ESBL E. coli positive at single episode, 0 = ESBL E. coli negative at 
single episode} 

ESBL-K 
(positive) 

Binary, {1 = ESBL K. pneumoniae positive at single episode, 0 = ESBL K. 
pneumoniae negative at single episode} 

Covariates  

Region Categorical, {Urban / Peri-urban / rural} 

Season Binary, {1 = wet (October-April), 0 = dry (May-September)} 

 

6.3. Handling missing data and homogeneity of responses 

 

There was minimal missing data from the individual, household/WASH and laboratory datasets (Figure 

6.1). It should be noted that antibiotic usage and illness responses were not captured for every 

individual due to participants either not having episodes of illness or of antibiotic prescriptions. 

Further, HIV status was not known by 51% (n=492) of participants, although this is not missing data 

per se (Figure 6.1A).  A total of 9 household or WASH variables had no responses for specific animal 

metrics, because these questions are only asked when the households reported animals present. In 

relation to the laboratory data, some households did not have a linked river water or animal sample, 

due to recruitment occurring during the dry season or the absence of animal faeces available at 

household visits (Figure 6.1B-C). Lastly, rinse water and source water were not always obtained from 

each household, and these 4 sample types have been interpreted as missing data at the household 

level.  

 

The distribution of individual and household variables was evaluated through density plots (appendix 

6i/ii) highlighting that most variables exhibited skewed data. Near zero variance predictors were used 

to assess variables with a high degree of homogeneity in response outcomes, and these were found 

in the individual (appendix 6iii) and household (appendix 6iv) dataset. No near zero variance 
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predictors were identified in the laboratory dataset. The variables identified either had limited unique 

values or high frequency ratios between the first and second response outcome and would not be 

useful to model as they will tend towards zero, so they were removed from the dataset prior to further 

analysis.  

 

 

Figure 6.1. Missing data from individual, laboratory and household variables 

 

6.4. Correlation between variables (either individual or household) 

 

Associations between variables were calculated using Pearson correlation coefficients and expressed 

as a coloured matrix (heatmap) of correlations amongst individual (Figure 6.2), household (Figure 6.3) 

or microbiological (Figure 6.4) variables.  
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A high degree of correlation was found between unemployment and school attendance, and antibiotic 

usage and periods of illness in the individual dataset. These finding are consistent with associations 

that we would expect to see. In the household dataset associations were found between household 

toilet presence and pit latrine toilets, reflecting the predominance of pit latrines used in these settings, 

and hand washing facilities and either clean toilets, or drophole cover and cleansing material 

presence. This is likely to suggest that households that have a hand washing facility also own or use 

other forms of household sanitation equipment.  

 

Animal ownership was correlated with manure usage or the presence of animal faeces seen in the 

household compound, and this is again consistent with what we would expect to find as linked 

outcomes from owning animals. Shared plates, owning cattle and accessing a tube well are all 

associated because the practice of sharing plates is common in the rural district, which is the only area 

in our study where cattle were owned and also where the predominant water source is from 

boreholes. There was little correlation between the microbiological sampling types, other than a weak 

effect seen between environmental surface and floor contamination.  

 

 

Figure 6.2. Heatmap of variables relating to individuals using Pearson’s coefficient to identify variables 

that are associated 
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Figure 6.3. Heatmap of variables relating to the household and household WASH using Pearson’s 

coefficient to identify variables that are associated 
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Figure 6.4. Heatmap of variables relating to microbiological sampling results using Pearson’s 

coefficient to identify variables that are associated 

 

6.5. Principal component analysis 

 

Given the large number of variables, 3 PCAs were undertaken to reduce the dimensionality of the 

data, including one at the individual-level, another on the household-level, and a third one at the 

microbiology sampling-level. PCAs were performed using the FactoMine package in R (v4.1.2) for both 

analysis and visualization, and inbuilt scaling within the package meant that no preceding scaling of 

variables was required.  

 

The proportion of variances (eigenvalues) for the individual-level PCA show that 94.0% of the data can 

be described by 10 principal components and the first 2 principal components describe 30.5% of the 

data (Figure 6.5). Quality of representation (Cos2) of the 10 dimensions is shown on the correlation 

plot in Figure 6.5, indicating the dimensions in which variables of interest lie, and a full list of variable 

contributions for PCAs 1-10 are included in appendix 6v. The factor map of the first 2 PCAs 

demonstrates that PCA1 defines an axis of age (school attendance, employment, and age) and PCA2 

defines an axis of antibiotic exposure (illness episodes and ABU). In the household-level PCA, the 

eigenvalues show that 72.0% of the data can be described by 10 principal components and the first 2 
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principal components describes 27.2% of the data (Figure 6.6). Again, contributions of the variables 

are shown within the correlation plot in Figure 6.6, and a full list of the variable contributions for each 

PCA are included in appendix 6vi. A factor map of the first 2 principal components of the household 

data illustrates PCA1 defining an axis of animal ownership and household water usage, and PCA2 

describing an axis of sanitation and food-hygiene (Figure 6.6). Within the sample-level PCA analysis, 2 

principal components described 38.7% of the data, and here is evident that river water, hand-hygiene 

samples (i.e. rinse water) and household environment are important contributors within the dataset. 

(Figure 6.7 & appendix 6vii). 

 

 

Figure 6.5. PCA analysis of individual variables, including a scree plot of the eigenvalues (top left), 

weighting of the variables by PCA (bottom left), and factor map (right).  
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Figure 6.6. PCA analysis of household variables, including a scree plot of the eigenvalues (top left), 

weighting of the variables by PCA (bottom left), and factor map (right).  

 

Figure 6.7. PCA analysis of laboratory variables, including a scree plot of the eigenvalues (top left), 

weighting of the variables by PCA (bottom left), and factor map (right).  



 204 

 

6.6.  Determining PCA selection for input into multivariate models 

 

To select individual, household and sample PCAs to input into logistic regression models evaluating 

ESBL colonisation, 2543 stools from 745 participants at 195 households were attached to PCA vectors, 

and ANOVA testing against a null reference was used to determine which PCAs should be included. 

179 stool returns from 178 participants at 105 households were excluded given incomplete metadata 

(Section 6.4). This method highlighted that PCAs 1, 5 and 7 for the individual-level variables, PCAs 2, 

3, 4, 5, 6, 7, 8 and 9 from the household-level variables and PCAs 1, 2, 6, 7 and 9 from the sample-level 

variables best fit to models of ESBL colonisation, as determined by the lowest AIC value, and these 

results were validated by comparing them to results of other methods of determining model fit, 

including manual plotting of the AIC and automated (backwards) stepwise selection process using the 

stepAIC function in the Mass package in R (v4.1.2). 

 

6.7.  Bayesian multivariate models of ESBL colonisation  

  

A mixed-effects model was constructed using the brm package in R (v4.1.2) and included within-

household and within-participant random effects and season and site (urban / peri-urban / rural) fixed 

effects alongside the PCAs selected in section 6.6.  

 

Caterpillar plots were generated for the random effects using posterior estimates, and here, I found a 

limited contribution of within-participant level effects on ESBL colonisation, and more within-

household effects (Figure 6.8c). Parameter estimations of the fixed effects were expressed as odds 

ratios (ORs) with a point estimate (posterior median) and 95% credible intervals (CrI). Trace plots were 

run to test for convergence (appendix 6viii).  

 

From this analysis it was identified that household environmental, stored water and hand 

contamination alongside piped-water usage and the season (wet) were strongly associated with ESBL 

colonisation (Figure 6.9). Participant (younger) age had a protective effect and there were no other 

WASH or individual-level factors that had a relationship to ESBL colonisation. 
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Figure 6.8. Caterpillar plot of random effects in Bayesian models of (a) ESBL-E colonisation, (b) ESBL-K 

colonisation, and (c) ESBL colonisation.   
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Figure 6.9. Parameter estimates for the fixed-effects used in a multivariate model of ESBL colonisation, 

including individual, household and laboratory datasets, expressed as odds ratios with 95% CrI (top).  

Examples of key PCA contributions with increased (a/b/c) and decreased (d) odds for ESBL colonisation 

(bottom).   
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6.8. Bayesian multivariate models for PCA associations with either ESBL E. coli or ESBL K. 

pneumoniae colonisation  

 

The processes in Section 6.7 were repeated with the outcome of interest set as either colonisation 

with ESBL E. coli or colonisation with ESBL K. pneumoniae to look for species specific factors. The 

selection process illustrated that PCAs 1, 5 and 7 from the individual-level, PCAs 2, 3, 5 and 8 from the 

household-level and PCAs 1, 2, and 7 from the sample-level best fit to models of ESBL E. coli 

colonisation, and PCAs 2, 3 and 6 from the individual-level, PCAs 6 and 8 from the household-level and 

PCAs 2, 3 and 9 from the sample-level best fit to models of ESBL K. pneumoniae colonisation. Models 

were constructed using the same approach as previously set out for ESBL colonisation and accounted 

for within-household and within-participant random effects and season and site (urban / peri-urban / 

rural) fixed effects. Trace plots again exhibited convergence (appendix 6ix-x). Akin to ESBL 

colonisation I found a limited contribution of within-participant level effects and higher within-

household-level effects on ESBL E. coli (Figure 6.8a) and ESBL K. pneumoniae (Figure 6.8b) 

colonisation. 

 

Parameter estimations for ESBL E. coli mirrored those for all ESBL, and showed that contaminated 

hand and household environments, piped-water usage and the wet season were associated with ESBL 

E. coli colonisation (Figure 6.10). Young age had a protective effect on ESBL colonisation, as did WASH 

PCA8. WASH PCA8 could not easily be classified into a single conceptual category as it was composed 

of assumed negative and positive factors for ESBL acquisition, such as drain water exposure/ animal 

food interaction vs coverage of stored water/ shared plates (independent protective factor Chapter 

7). Nevertheless, lower odds of ESBL colonisation were associated with this principal component.  

 

For ESBL K. pneumoniae a slightly different spectrum of risk profiling was identified compared to ESBL 

E. coli or ESBL. Again, the wet season and poor hand-hygiene were strongly associated with gut 

colonisation, however, there was an association with increased household density and PCA8 

(comprising of drain water exposure and coverage of stored water) and there was a reduced chance 

of ESBL K. pneumoniae colonisation if the household environment was contaminated with the ESBL 

bacteria. (Figure 6.11). 

 

In the models of ESBL, ESBL E. coli and ESBL K. pneumoniae colonisation it is evident that there are 

regional effects. These have not been explored in detail here but will be subject to testing in Chapter 

7, where I look for similarities and differences in risk factors between the regions. 
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Figure 6.10. Parameter estimates for the fixed-effects used in a multivariate model of ESBL E. coli 

colonisation, including individual, household and laboratory datasets, expressed as odds ratios with 

95% CrI (top).  Examples of key PCAs with increased (a/b/d) and decreased (c/e) odds for ESBL E. coli 

colonisation (bottom).   
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Figure 6.11. Parameter estimates for the fixed-effects used in a multivariate model of ESBL K. 

pneumoniae colonisation, including individual, household and laboratory datasets, expressed as odds 

ratios with 95% CrI (top). Examples of key PCAs with increased (a/b/c/d) odds for ESBL K. pneumoniae 

colonisation (bottom).  
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6.9. Independent effects of WASH and environmental contamination. 

 

From the models of ESBL, ESBL E. coli and ESBL K. pneumoniae colonisation specific WASH and 

environmental factors were associated with EBSL colonisation. To test whether these were 

independent (Figure 6.12a) or dependant (Figure 6.12b) on each other in the causal chain, models 

were tested with and without integration of environmental contamination data (Figure 6.13).   

 

Within these models I found that removal of the environmental data had limited effect on the odds 

of ESBL, ESBL E. coli and ESBL K. pneumoniae colonisation. This finding is consistent with WASH and 

environmental contamination having independent effects on the causal pathway (Model A, Figure 

6.12) and illustrates the value that microbiological surveillance data adds.  

 

 

Figure 6.12. Theoretical causal frameworks for ESBL colonisation considering WASH factors and 

environmental contamination as independent (a) and dependant (b) effects. 
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Figure 6.13. Parameter estimates for the fixed-effects in multivariate models of (a) ESBL E. coli, (b) 

ESBL K. pneumoniae and (c) ESBL colonisation, expressed as odds ratios with 95% CrI, for models with 

and without integration of environmental level contamination data. Red = Model 1 (original model, 

inclusive of environmental factors) and turquoise = Model 2 (original model ran without 

environmental factors).   

 

6.10. Predicting rates of ESBL in response to changes in WASH infrastructure and 

behaviours 

 

To determine whether variations in WASH practices would alter ESBL prevelance within our cohort, 

predictions were made from the posterior distributions of the ESBL model. To enable this, WASH 

variables within the dataset were selected a priori by consensus opinion of a panel of WASH specialists 
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which were considered to pose protective effects (i.e. use of drophole covers) or potential risks (i.e. 

use of shared toilet) for faecal-oral acquisition of ESBL bacteria; streamlined to include only those 

which could pragmatically be interrupted by future WASH interventions or policy interventions. WASH 

variables were grouped by category, as in Table 6.2 and binary outcomes were assigned for the desired 

optimal and suboptimal outcome responses (Table 6.4 & appendix 6xi). A typical individual was then 

generated using response variable means from within the dataset and average response outcomes 

were plotted against the individual and household principal components (appendix 6xii). Hypothetical 

“dummy” data of optimal and sub-optimal WASH practices were fed into the ESBL model for each 

WASH category, and the predicted probabilities of ESBL colonisation were generated (Figure 6.14).  

 

The output of this approach illustrates that there is maximal difference seen in the predicted 

probability of ESBL colonisation with optimal changes made to water usage, household environmental 

and to a lesser extent hand-hygiene parameters. Little difference in the predicted probability of ESBL 

colonisation is seen in alterations in food-hygiene, animal management or sanitation factors.  
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Table 6.4. Optimal and suboptimal WASH variable settings, stratified by category 

WASH category Classification Variables of interest 

Water management 

Optimal 

Source water samples free from ESBL bacteria 

Drinking water samples free from ESBL bacteria 

Covered stored water 

Sub-optimal 
Source water samples contamination with ESBL bacteria 

Drinking water samples contamination with ESBL bacteria 

Uncovered stored water 

Sanitation 

Optimal 

Human defecation not practiced 

Toilet not shared 

Drophole cover present 

Toilet cleansing materials present 
Human or animal faeces seen 

Sub-optimal 

Human defecation practiced 

Toilet shared 

Drophole cover absent 

Toilet cleansing materials absent 

Human or animal faeces not seen 

Hand hygiene 

Optimal 
HWF available 

Soap available 

Hand samples not contaminated with ESBL bacteria 

Sub-optimal 
HWF unavailable 

Soap unavailable 

Hand samples contaminated with ESBL bacteria 

Food hygiene 

Optimal 
Street food not consumed 

Shared plates not used 

Food samples not contaminated with ESBL bacteria 

Sub-optimal 
Street food consumed 

Shared plates used 

Food samples contaminated with ESBL bacteria 

Environmental hygiene 

Optimal 

No interaction with river water 
No interaction with drains 

No standing water present 

No ESBL contamination of household environment 

No ESBL contamination of household floor 

Sub-optimal 

Interaction with river water 

Interaction with drains 

Standing water present 

ESBL contamination of household environment 

ESBL contamination of household floor 

Animal management 

Optimal 

No animals owned by household 

No animals interacting with food 

No animals kept inside the house 

No ESBL animal stool identified at household 

Sub-optimal 

Animals owned by household 

Animals interacting with food 

Animals kept inside household 

ESBL identified in household animal stool 
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Figure 6.14. Plot of the predicted probability of ESBL colonisation attributed to alterations in key 

optimal (red) and suboptimal (blue) WASH parameters, adapted from posterior estimates of the ESBL 

Bayesian multivariate model.  

 

6.11. Discussion 

 

The results of the PCA analysis illustrated the variables which broadly describe the individual-level, 

household-level and sample level data. Age and antibiotic usage describe the individual level, animal 

co-habitation (its affiliated effects) and WASH practices on household water usage, sanitation and 

food hygiene describe the household-level, and environmental contamination describes the sample-

level data. There was some degree of collinearity in responses for animal parameters in households 

that own animals and for sanitation materials in households that had access to hand washing facilities. 

Otherwise, the relationships between the variables, as determined by Pearson’s coefficients were 
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small. Pragmatic selection of PCAs for inclusion into regression models was completed using sensitivity 

analysis against model fit (AIC) (379,380).   

 

PCAs identified by this method were input into Bayesian mixed-effect models, which allow us to 

consider the probability of a parameter, permit a priori knowledge to be incorporated and enable us 

to fit models that include both constant (fixed) and varying (random) effects (381). This is particularly 

useful within this dataset, as it allows us to generalize the results and enables nested longitudinal 

measurements of the repeated sampling of participants and households (381).  

 

Using this method, I found a very strong association with ESBL colonisation and the wet season (aOR 

= 1.96, 95% CI 1.60 - 2.34), and that season was the highest independent risk. When broken down into 

species-specific data, this seasonal risk is found with ESBL K. pneumoniae (aOR =2.32, 95% CI 1.75-

2.98), and to a lesser extent with ESBL E. coli (aOR =1.74, 95% CI 1.48-2.10), highlighting that the 

seasonal effect is a key risk factor which is more pronounced with ESBL-K than ESBL-E. Within Malawi, 

the role of the wet season has been documented previously, with increased ESBL-E colonisation noted 

in unselected patients admitted to the QECH hospital in the wet season (aOR 2.21, 95% CI 1.07-8.75) 

(300). Increased ESBL gut colonisation in the wet season has also been reported in One-Health studies 

elsewhere in the world (382), including higher prevalence of ESBL-E colonisation in the wet season in 

community members from Bangladesh (383) and Madagascar (384,385). Furthermore, higher 

environmental contamination of ESBL-E have been reported in the wet season than the dry season, 

most recently from the WHO tricycle (pilot) study in Indonesia (386).  

 

Seasonal variations are seen in particular with diarrhoeal pathogens that are faecal-orally acquired, 

including cryptosporidium, enterotoxigenic E. coli (ETEC) and Salmonella spp. (211,213,382,387–389). 

ESBL E. coli and K. pneumoniae are also faecal-orally acquired, and therefore it is likely that wet season 

corresponds with alterations in WASH risks factors that promote the faecal-oral acquisition of gut 

bacteria. Temperature and rainfall are the two components that are likely to be of greatest impact 

(390). Malawi has a sub-tropical climate, with high average temperatures (28oC) and a warm wet 

season between November and April (391,392). Higher temperatures in the environment promote 

the growth of enteric bacteria and increases the rate of cell-cell plasmid conjugation, thereby 

increasing the risk of HGT, and subsequently, ARB (393,394). High temperatures are also associated 

with increases in the prevelance of diarrheal disease, and globally it is reported that for every 1°C 

increase in temperature there is an 8% increase in the incidence of diarrheagenic E. coli (390), 

influencing both antibiotic usage and household transmission risks. In relation to precipitation, the 
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annual rainfall in Malawi fluctuates year-to-year, but is consistently at its highest levels between 

November and March (392). The average precipitation during this period is 225mm per month, falling 

to just 12mm per month between the period June and September (392). In Malawi, this heavy period 

of rainfall puts pressure on fragile WASH infrastructure, particularly in urban settings, and flooding 

events during this time promote the spread and transmission of faecal-oral bacteria (395). Poor 

drainage systems, and the flooding of open drains in in the wet season has been shown elsewhere to 

lead to increased risks of bacterial colonisation and diarrhoeal disease (210,395–397), and transient 

drain flooding events in the urban environment have been linked to increased numbers of paediatric 

infections (210). The effects of climate change are likely be most keenly felt in countries like Malawi 

(392,394,398), and given the seasonal effects seen in this data, we might expect this will only be 

exacerbated with time. We may therefore consider classifying AMR colonisation alongside malaria 

and enteric fever (398) as a climate sensitive condition.   

 

Waste management and sanitation in LMICs presents a major challenge to public health, given the 

absence of piped waste services and reliance on pit latrines. For example, whilst owning a toilet leads 

to less diarrheal disease overall (320), accumulated faecal sludge still requires management (399,400). 

Effective sewerage and sludge management has been shown to reduce the incidence of diarrhoeal 

disease in flood-prone areas (401). Improvements in waste management should be a key focus of 

policymakers in LMIC settings, when considering the immediate and downstream risks to health. 

Discharge of sewerage into aquatic environments, such as rivers has been shown to lead to high 

amounts of recoverable ARGs and ARB (402), and this is further compounded by the expelling of 

resistance driving chemicals such as antibiotics, pesticides and heavy metals (194,403,404). Human 

interactions with these contaminated waterways increases the acquisition of resistant bacteria, and 

has been shown to increase the rates of gut colonisation with ESBL E. coli (405). Urban environments 

in Malawi provide the perfect storm for acquisition of ESBL bacteria during the wet season, given the 

paucity of WASH infrastructure and inadequate waste management practices (Chapter 4), the high 

circulating levels of ESBL gut colonisation in humans and animals (Chapter 5), and the high frequency 

of human interactions with urban rivers (Chapter 3).   

 

Seasonal effects vary from place to place; for example, in some settings, including Blantyre there is an 

increase in the incidence of diarrhoeal disease in the dry season, especially following a short episode 

of heavy rainfall (406,407). This suggests that accumulation of faecal contamination occurs during dry 

periods, which is then followed by a “flushing” effect, and this in turn provides a strong environmental 

risk factor of bacterial acquisition. This effect is most prominently shown in urban areas with dense 
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populations and impervious surfaces; illustrating how the rural-urban geography can alter climate-

associated risks (407). For example, in Ecuador, heavy rainfall in the wet season has been shown to 

increases the risk of diarrhoea in households that use unimproved water sources and in the dry season 

low rainfall provides an increased risk of diarrhoeal disease in households that have unimproved 

sanitation (408). This opposing seasonal risk illustrates the importance of accounting for unique 

household and regional-specific factors and supports the use of complex multifaceted interventions 

that are tailored to each setting, when designing interventions that combat the effects of climate 

insecurity.  

 

A greater risk of ESBL carriage was seen with increased household density (denominated by “count” 

in figures 6.9-6.11 & 6.13), predominantly as a result of ESBL K. pneumoniae carriage. Within 

household transmission is a well-recognised driver of AMR spread within the community (105,409). In 

fact, human-human transmission directly as a result of household density is thought to be the 

predominate route attributed to community carriage of ESBL E. coli in LMIC and HIC settings 

(83,87,104–106). The greater effect of household density on ESBL K. pneumoniae carriage is a novel 

observation and requires further investigation (410). The other household effect evaluated was 

income. Here, no change was seen in ESBL colonisation risk associated with differences in household 

income, although it is worth noting that the average household income across all sites was well below 

the internally accepted poverty line, and so small differences in low income may not be wide enough 

to determine an effect size.  

 

Non-modifiable individual risk factors including age and sex were assessed in PCAs 1, 2 and 3, 

alongside the modifiable risk factors ABU and healthcare exposure. Factors associated with young age 

(Ind1 PCA) were somewhat protective against ESBL colonisation in our cohort (aOR=0.86, 95% CI 0.80-

0.92), whilst sex was not a factor in ESBL, ESBL-E or ESBL-K colonisation via this analysis. Hospital and 

healthcare admission has been shown to increase colonisation in community households (411), 

however there was a low frequency of healthcare exposure in our cohort and determining the effect 

of healthcare exposure would require an alternative study design. ABU was more frequent, with 15.2% 

(n=147) of people receiving an antibiotic within 6 months of baseline (Chapter 3), here no link to ESBL 

colonisation is seen, other than a small increase in risk with ESBL-K colonisation. This is supported by 

recent modelling data where reduction in ABU makes little difference to ESBL colonisation in the 

community and better success obtained from modifying household WASH factors such as hand-

hygiene measures (106).   
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Overall, there were minimal effects seen in association with most household-level WASH factors, apart 

from tap water usage (WASH PCA9), and variations in the risks of drain water exposure (WASH PCA8) 

between ESBL-E and ESBL-K. This may seem counter-intuitive, however when water is intermittently 

piped to taps as is often the case in Blantyre, there can be environmental ingress of faecal-

contaminated groundwater into cracked pipes (398,412,413). Equally these results might reflect post-

collection contamination within households that use and store tap water. A detailed analysis of 

household source water and drinking water storage in the future might unpick some of the factors 

leading to this finding. Lastly, the variations in risk from drain water most likely reflect the regional 

differences in drain water exposures, and regional variations are explored in the next chapter. 

 

I have highlighted the significance of environmental contamination, particularly the association of 

ESBL colonisation with contaminated household surfaces and floors (Cont PCA1). The modelling 

approaches undertaken in this chapter do not assess the directionality, and additional modelling or 

experimental designs would be needed to assess for directionality. However, it was possible to run 

models with and without environmental contamination. These results illustrated minimal change in 

risk difference and are suggestive that environmental data provides additional information external 

to WASH. Therefore, management of WASH in the absence of improved environmental hygiene may 

not alter community ESBL colonisation rates, and this finding promotes the incorporation of 

environmental AMR surveillance within local and national AMR surveillance campaigns.  

 

In the models used, WASH factors may not have been associated with risks in ESBL colonisation, but 

this could be related to the combination and weighted contributions of WASH factors in each PCA, or 

a reduction in effect size due to associations between WASH and seasonal effects. This illustrates a 

clear limitation of the use of PCAs for interpretating risks in multivariate models. An example of this is 

WASH PCA8, which comprises of drain water exposure and coverage of stored water. By condensing 

the dataset through PCAs, these unlinked, non-complimentary variables may cancel out positive and 

negative effects on ESBL colonisation, and falsely illustrate the absence of their individual impact. A 

more nuanced approach would be preferable that expresses them independently, rather than non-

real-world scenarios generated by PCA groupings, and this has been undertaken in Chapter 7.  

 

Here, I used Bayesian models to unpack some of the complexity of WASH by predicting changes in 

ESBL colonisation from dummy data, using hypothetical individuals. Whilst dummy data are artificially 

generated for maximal worst case and best-case scenarios, and predictions are subject to intrinsic 

biases from model fitting, these simulations predict the greatest change in ESBL colonisation status 
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following optimisation of environmental, water management and hand-hygiene factors. This 

corroborates the findings of independent effects from environmental interactions, and stresses the 

importance of addressing contaminated water and hand hygiene measures, as previously reported by 

models exploring community ESBL colonisation risks in LMICs (106). 

 

This exploratory analysis is subject to a number of limitations. Firstly, the use of PCAs to reduce the 

dimensionality of the data groups variables together in combinations that are sometimes difficult to 

attach real-world meaning to. In the next chapter I will perform a univariate and multivariate analysis 

of the variables, to unpack some of these complexities. The definition of ESBL colonisation status I 

used in these models also warrants consideration when interpretating the results. ESBL colonisation 

status was determined for each stool sample independently. This pragmatic choice was made because 

multiple samples were obtained from each individual and often included both positive and negative 

results. Given the high degree of intra-individual flux in ESBL status described, it could be argued that 

colonisation should be assessed from the household level, or alternatively from a weighted composite 

at the individual level. While these are possible, this pragmatic choice allowed me to account for 

independent events and adjust for within-participant and within-household factors by including them 

as random effects. Next, the models I used have some degree of intrinsic biases and therefore I cannot 

determine a causal chain for ESBL colonisation. So, while I have identified individual, household and 

sample level associated risks, I am unable to determine the causality or directionality of these 

relationships. Future analysis of this dataset may be performed using models designed to delineate 

the causal chain, or alternatively, prospective studies could be undertaken which are designed to 

explore the route of ESBL acquisition within this setting. Dovetailed with this, phenotypic data alone 

is not precise enough to directly link transmission events between human, animal and environmental 

compartments, nor can it assess for inter-household transmission. Bacterial genomic analysis will 

better explore this relationship and modelling of ARGs, or ARG-ARB combinations may provide unique 

insights into the risks of ESBL transmission.  

 

Within this chapter I have identified the key role of seasonal, environmental and specific WASH factors 

on ESBL, ESBL-E and ESBL-K colonisation using Bayesian mixed-effects models. In the next chapter I 

will explore further whether regional differences in the environment, infrastructure, animal co-

habitation or behavioural practices provide alterations in the risks of ESBL colonisation. 
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Appendices 

 

Appendix 6i. Density plots for individual variables, including those that are transformed. 
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Appendix 6ii. Density plots for household variables, including those that are transformed. 
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Appendix 6iii. Non-zero-sum table of individual variables illustrating homogeneity in the dataset 

 
 
 
 
 
 
 
 
 

 

 

 



 223 

Appendix 6iv. Non-zero-sum table for household-level variables illustrating homogeneity in the 

dataset 
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Appendix 6v. Individual PCA contributions. 
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Appendix 6vi. Household PCA contributions. 
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Appendix 6vii. Laboratory PCA contributions. 
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Appendix 6viii. Trace plots for ESBL model. Model was fit with Stan v2.21.0 via the R brms v2.13.5 

package with 4 chains per dataset each with 2000 iterations in total, with 1000 warm up iterations. 
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Appendix 6ix. Trace plots for ESBL E. coli model. Model was fit with Stan v2.21.0 via the R brms v2.13.5 

package with 4 chains per dataset each with 2000 iterations in total, with 1000 warm up iterations. 
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Appendix 6x. Trace plots for ESBL K. pneumoniae model. Model was fit with Stan v2.21.0 via the R 

brms v2.13.5 package with 4 chains per dataset each with 2000 iterations in total, with 1000 warm up 

iterations. 
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Appendix 6xi. Optimal and suboptimal WASH variable settings, stratified by category, including 

outcome response settings used in prediction modelling. 

WASH 
category 

Classification Variables of interest Set outcome response 

Water 
management 

Optimal 
Source water samples 0 = Source water free from ESBL bacteria 

Drinking water samples 0 = Drinking water free from ESBL bacteria 
Covered stored water 1 = Drinking water covered when stored 

Sub-optimal 

Source water samples 1 = Source water has contamination with ESBL 
bacteria 

Drinking water samples 1 = Drinking water has contamination with 
ESBL bacteria 

Covered stored water 0 = Drinking water not covered when stored 

Sanitation 

Optimal 

Human defecation practice 0 = Human defecation not practiced 

Toilet sharing 0 = Toilet not shared 

Drophole cover 1 = Drophole cover present 

Toilet cleansing materials 1 = Toilet cleansing materials present 

Human or animal faeces seen 0 = Human or animal faeces not seen in the 
household environment 

Sub-optimal 

Human defecation practice 1 = Human defecation practiced 
Toilet sharing 1 = Toilet shared 

Drophole cover 0 = Drophole cover not present 

Toilet cleansing materials 0 = Toilet cleansing materials not present 

Human or animal faeces seen 1 = Human or animal faeces seen in the 
household environment 

Hand hygiene 

Optimal 

HWF availability 1 = HWF available 
Soap availability 1 = Soap available 

Hand hygiene samples 0 = Hand samples not contaminated with 
ESBL bacteria 

Sub-optimal 

HWF availability 0 = HWF unavailable 

Soap availability 0 = Soap unavailable 

Hand hygiene samples 1 = Hand samples contaminated with ESBL 
bacteria 

Food hygiene 

Optimal 
Street food 0 = Street food not consumed 

Shared plates 0 =  Shared plates not used 

Food samples 0 = Food not contaminated with ESBL bacteria 

Sub-optimal 
Street food 1 = Street food consumed 

Shared plates 1 = Shared plates used 

Food samples 1 = Food contaminated with ESBL bacteria 

Environmental 
hygiene 

Optimal 

River water interactions 0 = No interaction with river water 

Drain water interactions 0 = No interaction with drains 

Standing water 0 = No standing water present 

Household environment  0 = No ESBL contamination of household 
environment 

Household floor 0 = No ESBL contamination of household floor 

Sub-optimal 

River water interactions 1 = Interaction with river water 
Drain water interactions 1 = Interaction with drains 

Standing water 1 = Standing water present 

Household environment  1 = ESBL contamination of household 
environment 

Household floor 1 = ESBL contamination of household floor 

Animal 
management 

Optimal 

Animal ownership 0 = No animals owned by household 
Animal interactions with food 0 = No animals interacting with food 

Animals kept inside the house 0 = No animals kept inside the house 

Animal stool samples 0 = No ESBL animal stool identified at 
household 

Sub-optimal 

Animal ownership 1 = Animals owned by household 

Animal interactions with food 1 = Animals interacting with food 

Animals kept inside the house 1 = Animals kept inside household 
Animal stool samples 1 = ESBL identified in household animal stool 
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Appendix 6xii. Scatter plot of (a) individual (b) household and (c) laboratory parameters for the first 2 

principal component dimensions with new “dummy data” for baseline individual WASH and 

laboratory-level parameters included (coloured by WASH category type). 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 



 232 

Chapter 7: 

Regional contrasts between individual-level and household-level parameters on risks of ESBL 

colonisation. 

  

 

7.0. Chapter Summary 

 

A key question I have sought to address, is what are the similarities and differences in risk for ESBL 

colonisation between regions? Here I evaluate regional-specific variations in ESBL, ESBL-E and ESBL-K 

colonisation risks related to season, animal-cohabitation, environmental exposures and WASH 

infrastructure, access and behaviours.  

 

Seasonal effects varied between setting, with the peri-urban site being the most climate sensitive and 

having the highest odds of ESBL colonisation in the wet season. Animal-associated risks were 

dependant on the combination of the site, species and bacteria. Individual-level differences were 

minimal between the regions, however household infrastructure, WASH practices and environmental 

exposures provided distinct regional-risks for ESBL colonisation. Site-dependant water management, 

sanitation and hand-hygiene practices influenced ESBL colonisation status and across all regions there 

were risks associated with sharing toilets, river water exposures and with regards to ESBL-K, increased 

household density. 

 

These results indicate that the geographic location and associated variations in regional WASH 

infrastructure, practices and environmental exposures impact upon ESBL, ESBL-E and ESBL-K 

colonisation risk. Future interventions and policy designed to interrupt AMR transmission should be 

cognisant of these differences, and adaptions made wherever possible which are tailored to the local 

population for maximal effect. 

 

My contributions to this chapter and those of others are included in Table 7.0.  

 

Table 7.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted and analysed by the 

PhD candidate 
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Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborators, Tracy Morse and 

Chris Jewell. 

 

Statistical advice and coding help was sought from Chris 

Jewell, Barry Rowlingson and Joe Lewis. 

 

7.1 Rationale and methodological overview 

 

In Chapter 6 I identified key individual-level, WASH, environmental and seasonal factors associated 

with ESBL E. coli and ESBL K. pneumoniae colonisation across the study cohort. Given the clear 

differences in the physical landscapes and variations in WASH infrastructure and practices seen 

between urban, peri-urban and rural Malawi (Chapters 3 & 4), it is important to consider what the 

regional similarities and differences in risk of ESBL carriage are. 

 

To do this, I have re-analysed outputs of the PCA and multivariate models in Chapter 6 to visualise 

regional differences and have performed univariate analysis of the variables stratified by region. 

Variables that were significantly associated with ESBL colonisation by univariate analysis (p<0.05) 

were placed in a regional context via likelihood ratio tests of model fit and included in a multivariate 

analysis as either independent or regionally adjusted covariates. A value of p <0.05 was used in 

preference to 0.1 or alternatives as these less stringent values failed to reduce the number of 

covariates included in the model. Models were fit with Stan v2.21.0 via the R brms v2.13.5 package 

with 4 chains per dataset each with 2000 iterations in total, with 1000 warm up iterations. Outputs 

have been expressed as odds ratios (OR) with 95% CrI.  

 

7.2 Regional differences in the individual-level, household-level and sample-level data. 

 

PCA on the study dataset was completed as described in Chapter 6, and outputs were stratified by 

setting (urban, peri-urban and rural). Confidence ellipses were drawn on the first 2 principal-

component dimensions to evaluate broad regional differences in the individual-level, household-level, 

and sampling-level data (Figure 7.1). This approach highlighted that there was little variation in the 

individual-level data between regions (Figure 7.1a), but regional differences were seen in the 

household-level (Figure 7.1b) and sample-level (Figure 7.1c) data. These results imply that regional 

variations amongst participants are small, but that regional differences in WASH factors and ESBL 
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contamination are large, corroborating what was identified in the descriptions from Chapters 4 & 5 

and emphasising the importance of site stratification when evaluating WASH and household ESBL 

contamination. 

 

 

Figure 7.1. Confidence ellipses of regional effects exhibited by the (a) individual-level dataset, (b) 

household level dataset and (c) sample level dataset, from the first 2 PCAs.   

 

7.3  Regional effects on ESBL colonisation from outputs of mixed effects models 

 

To determine the regional contributions to ESBL colonisation from individual, household and sample-

level data I repeated the multivariate models for ESBL, ESBL E. coli and ESBL K. pneumoniae 

colonisation in Chapter 6, and plotted kernel density estimates and intervals for the posterior 

distributions of each PCA or independent variable, stratified by region (Figures 7.2, 7.3 & 7.4).  

 

This approach identified that regional differences in the risk of ESBL colonisation were seen by season 

(Figure 7.2, season) and within household environmental or food contamination (Figure 7.2, 
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Contamination PCA1), with the greatest regional difference noted in the effect of ESBL colonisation 

in the wet season (Figure 7.2). Wet season has already been identified as a risk for ESBL colonisation 

(Chapter 6), however, a higher odds of colonisation was seen in the peri-urban region compared to 

the other two regions during the wet season. Smaller regional effects were identified in risks of ESBL 

colonisation associated with household environmental and food contamination, with the highest risk 

being in the rural area.  There were limited differences seen in the effect of region on the rest of the 

components tested, inclusive of WASH, participant (i.e. Ind1, Ind2, Ind3) or independent (i.e. income 

or household density) factors. 

 

Regional effects on ESBL E. coli colonisation were similar to those represented in the ESBL model, with 

site being important in relation to wet season or environmental and food contamination risk (Figure 

7.3). Again, the peri-urban site showed a higher chance of ESBL colonisation in the wet season 

compared to the other sites and the rural site had an increased risk associated with contamination of 

the household environment or food. There were similarities seen in the effect on WASH, participant, 

or independent factors across the regions. Regional effects of ESBL K. pneumoniae colonisation were 

less notable, and similarities were seen across all covariates tested, inclusive of season (Figure 7.4).  

 

These results highlight that region is likely to be important in relation to ESBL E. coli colonisation, but 

less so with ESBL K. pneumoniae colonisation, and that the greatest effects of region are felt 

seasonally. I was unable to determine regional effects on WASH associated risk factors from this 

approach and it will be necessary to consider the WASH variables independently rather than as 

composites within principal components (section 7.4).  
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Figure 7.2. Half-eye plot of the Bayesian posterior distributions from principal components of the ESBL 

model, stratified by region. The shaded regions illustrate the kernel density estimations for urban 

(blue) peri-urban (orange) and rural (green) regions. Below this, the dot represents the median, with 

the thick and thin lines representing the 95% and 99% values of each posterior distribution. 
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Figure 7.3. Half-eye plot of the Bayesian posterior distributions from principal components of the 

ESBL-E model, stratified by region. The shaded regions illustrate the kernel density estimations for 

urban (blue) peri-urban (orange) and rural (green) regions. Below this, the dot represents the median, 

with the thick and thin lines representing the 95% and 99% values of each posterior distribution.  
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Figure 7.4. Half-eye plot of the Bayesian posterior distributions from principal components of the 

ESBL-K model, stratified by region. The shaded regions illustrate the kernel density estimations for 

urban (blue) peri-urban (orange) and rural (green) regions. Below this, the dot represents the median, 

with the thick and thin lines representing the 95% and 99% values of each posterior distribution.  
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7.4. Univariate analysis of regional risks in ESBL colonisation 

 

To screen for regional risks of ESBL colonisation, a univariate analysis was performed on the variables 

identified in Chapter 6 for ESBL (Table 7.1), ESBL E. coli (Table 7.2), and ESBL K. pneumoniae (Table 

7.3).   

 

From this analysis, regional variations in the risks of ESBL colonisation were seen. In the urban site 

there was an increased risk of ESBL colonisation associated with any animal ownership (OR =1.55, 

95%CrI =1.20,2.09, p = 0.001), especially poultry (OR = 1.85, 95%CrI:1.30,2.62, p = <0.001), and from 

households that choose to keep animals inside the house rather than outside (OR = 1.59, 95%CrI: 

1.20,2.09 p = 0.011). The relationship to animal co-habitation within the other settings was not as 

strong, with animal ownership not posing a risk in the peri-urban site and potentially providing a 

protective effect in the rural setting. Only co-habitation with ruminants in the peri-urban region was 

associated with a species-specific risk, and there were examples of animal ownership being seemingly 

protective, such as owning pigs in the peri-urban region. One of the potential reasons why animals 

may pose a risk is through contamination of the household food or environment. Here, it was 

identified that in households where animals were visualised interacting with food items there was a 

higher chance of ESBL colonisation, especially in the urban setting (OR =1.48, 95%CrI: 1.06-2.07 p 

=0.023).  

 

Water management was also important in the urban site, and individuals that used tube well 

(borehole) water as their primary source of drinking water had higher odds of ESBL colonisation (OR 

=2.05, 95%CrI: 1.17-3.68 p =0.013). Tube well water also provided a small increase in risk within the 

peri-urban region (OR =1.33, 95%CrI: 1.01-1.75 p =0.041), and in this setting, communal piped water 

(i.e. kiosk) usage was associated with a protective effect (OR =0.66, 95%CrI: 0.49-0.90 p =0.008). The 

other less common source of water used at households is from a private tap inside or outside the 

house, and this was identified in the PCA contributions of Chapter 6 as a possible risk factor for ESBL 

colonisation. In this analysis, no clear association with ESBL colonisation was seen, but a trend towards 

an increased risk within the rural setting was identified, which may be related to species-specific risks 

(see section 7.5). Using a different (secondary) water source for cleaning utensils was shown to 

provide no additional risk, and in relation to coverage of stored drinking water, fluctuations in 

regional-associated differences were identified, with coverage of stored water in the rural setting 

providing a strong benefit (OR =0.69, 95%CrI: 0.53-0.90 p =0.006), but coverage of stored water in the 

urban site associate with an increased risk (OR =1.79, 95%CrI: 1.17-2.78 p =0.008).  
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Peri-urban risks were more typically associated with seasonal, sanitation and hand-hygiene factors. 

While seasonality was noted in Chapters 5 and 6 as an important factor across the study, I found higher 

odds of ESBL colonisation in the wet season within the peri-urban site (OR =2.14, 95%CrI: 1.64-2.79 p 

= <0.001) compared to the other two regions, highlighting that seasonal effects may be more keenly 

felt in households residing in this area.  Sanitation and hand-hygiene factors had varying degrees of 

effect in the urban and rural areas, but in the peri-urban site households that shared a toilet (OR =1.38, 

95%CrI: 1.05-1.80 p =0.021) or had visible human faecal contamination (OR =1.44, 95%CrI: 1.06-1.96 

p =0.019) had a higher risk of colonisation, and households that had a hand washing facility (OR =0.67, 

95%CrI: 0.48-0.96 p =0.026), access to soap (OR =0.72, 95%CrI: 0.55-0.95 p =0.018) or toilet cleansing 

materials (OR =0.70, 95%CrI: 0.54-0.90 p =0.006) and owned a drophole cover (OR =0.63, 95%CrI: 0.47-

0.83 p =0.001) had a lower risk of colonisation.  

 

Other than season, the rural risks were predominately associated with food-hygiene and 

environmental factors. I found an increased risk in ESBL colonisation associated with households that 

ate street food on a regular basis (OR =1.53, 95%CrI: 1.13-2.09 p =0.007) and a protective effect 

amongst individuals that used shared plates (OR =0.68, 95%CrI: 0.52-0.90 p =0.006). The protective 

effect of shared plates is limited to the rural site, and risks associated with the consumption of street 

food differ by setting. Interestingly higher risks in street food from the rural or peri-urban regions were 

seen, and the opposite in the urban site. There were no differences associated with the use of market 

produce in any setting.  

 

The key interactions with river and sewerage environments were explored. Participants who regularly 

interacted with local rivers (i.e for washing clothes) had a higher risk of ESBL colonisation, particularly 

in the peri-urban (OR =1.38, 95%CrI: 1.04-1.83 p =0.024) and rural (OR =1.41, 95%CrI: 1.04-1.90 p 

=0.027) sites. I did not find any association in increased ESBL presence from household individuals 

who reported contact with drains.  

 

Finally, the individual-level factors of ABU (in the last 6 months) or HIV status did not have a significant 

effect on the risk of ESBL colonisation in any region.   
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Table 7.1. Regional univariate analysis of key WASH and individual variables against ESBL colonisation 

Characteristic Region n OR 95% CI p value 
Model 

inclusion 

Season (wet) 

Urban 813 1.25 0.95,1.66 0.11 

Yes Peri 971 2.14 1.64,2.79 <0.001 

Rural 938 1.35 1.04,1.75 0.025 

Male sex 

Urban 813 0.74 0.56,0.99 0.042 

Yes Peri 971 0.89 0.69,1.15 0.4 

Rural 938 0.82 0.63,1.07 0.14 

Age (log) 

Urban 813 1.14 1.01,1.28 0.035 

Yes Peri 971 1.06 0.94,1.20 0.3 

Rural 938 1.05 0.93,1.17 0.4 

ABU  

(Last 6 months) 

Urban 813 1.07 0.75,1.53 0.7 

No Peri 971 0.96 0.63,1.45 0.8 

Rural 938 1.11 0.81,1.51 0.5 

HIV reactive 

Urban 813 0.89 0.50,1.54 0.7 

No Peri 971 1.02 0.60,1.70 >0.9 

Rural 938 0.98 0.61,1.54 >0.9 

Household density (log) 

Urban 813 1.43 1.00,2.03 0.049 

Yes Peri 971 1.12 0.80,1.55 0.5 

Rural 938 0.97 0.67,1.39 0.8 

Income  

(>40,000MK/month) 

Urban 813 0.95 0.72,1.25 0.7 

No Peri 971 1.16 0.89,1.50 0.3 

Rural 938 0.85 0.65,1.10 0.2 

Shared Toilet 

Urban 813 1.12 0.85,1.48 0.4 

Yes Peri 971 1.38 1.05,1.80 0.021 

Rural 938 1.07 0.79,1.44 0.7 

Drophole Present 

Urban 813 0.83 0.58,1.48 0.3 

Yes Peri 971 0.63 0.47,0.83 0.001 

Rural 938 1.09 0.83,1.43 0.6 

Cleaning Materials 

available 

Urban 813 1.07 0.77,1.47 0.7 

Yes Peri 971 0.70 0.54,0.90 0.006 

Rural 938 0.80 0.52,1.20 0.3 

Human Faeces visible 

Urban 813 1.11 0.84,1.46 0.5 

Yes Peri 971 1.44 1.06,1.96 0.019 

Rural 938 0.86 0.66,1.12 0.3 

Human defecation 

practiced 

Urban 813 1.37 0.67,2.87 0.4 

No Peri 971 1.02 0.68,1.50 >0.9 

Rural 938 0.57 0.36,0.86 0.009 

HWF present 

Urban 813 1.19 0.90,1.57 0.2 

Yes Peri 971 0.67 0.48,0.96 0.026 

Rural 938 1.14 0.87,1.48 0.3 

Soap present Urban 813 1.62 1.00,2.65 0.051 Yes 
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Peri 971 0.72 0.55,0.95 0.018 

Rural 938 0.36 0.16,0.71 0.006 

Stored water covered 

Urban 813 1.79 1.17,2.78 0.008 

Yes Peri 971 1.25 0.94,1.66 0.13 

Rural 938 0.69 0.53,0.90 0.006 

Stored water covered 

and tap 

Urban 813 0.82 0.62,1.09 0.2 

No Peri 971 1.25 0.46,1.16 0.13 

Rural 938 0.86 0.66,1.13 0.3 

Utensil water  

Urban 813 0.96 0.72,1.29 0.8 

No Peri 971 1.33 0.87,2.03 0.2 

Rural 938 1.09 0.76,1.55 0.6 

Piped water (i.e. kiosk) 

Urban 813 1.09 0.83,1.45 0.5 

Yes Peri 971 0.66 0.49,0.90 0.008 

Rural 938 0.85 0.60,1.19 0.3 

Tap water (i.e. 

household tap) 

Urban 813 0.81 0.61,1.07 0.13 

No Peri 971 1.14 0.76,1.72 0.5 

Rural 938 1.82 0.90,3.70 0.094 

Tube well water 

Urban 813 2.05 1.17,3.68 0.013 

Yes Peri 971 1.33 1.01,1.75 0.041 

Rural 938 1.11 0.80,1.54 0.5 

Animal owned by 

household 

Urban 813 1.58 1.20,2.09 0.001 

Yes Peri 971 0.99 0.76,1.29 >0.9 

Rural 938 0.51 0.35,0.74 <0.001 

Cattle or ruminant 

owned 

Urban 813 NA NA NA 

Yes Peri 971 2.17 1.53,3.09 <0001 

Rural 938 0.91 0.70,1.18 0.5 

Poultry owned 

Urban 813 1.85 1.32,2.60 <0.001 

Yes Peri 971 0.83 0.63,1.08 0.2 

Rural 938 1.04 0.77,1.39 0.8 

Pet owned 

Urban 813 1.13 0.83,1.55 0.4 

No Peri 971 0.93 0.68,1.27 0.7 

Rural 938 0.91 0.67,1.22 0.5 

Pig owned 

Urban 813 NA NA NA 

Yes Peri 971 0.25 0.07,0.64 0.010 

Rural 938 1.00 0.71,1.39 >0.9 

Animal kept inside house 

Urban 813 1.59 1.12,2.28 0.011 

Yes Peri 971 1.07 0.80,1.42 0.6 

Rural 938 1.26 0.97,1.63 0.089 

Animal interacting with 

food 

Urban 813 1.48 1.06,2.07 0.023 

Yes Peri 971 1.29 0.99,1.68 0.063 

Rural 938 1.24 0.95,1.61 0.11 

Animal faeces seen 
Urban 813 0.95 0.72,1.25 0.7 

No 
Peri 971 1.13 0.81,1.59 0.5 
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Rural 938 NA NA NA 

River water exposure 

Urban 813 1.06 0.78,1.44 0.7 

Yes Peri 971 1.38 1.04,1.83 0.024 

Rural 938 1.41 1.04,1.90 0.027 

Drain water exposure 

Urban 813 0.77 0.45,1.29 0.3 

No Peri 971 1.24 0.83,1.85 0.3 

Rural 938 1.08 0.67,1.74 0.7 

Street food use 

Urban 813 0.48 0.31,0.74 <0.001 

Yes Peri 971 1.57 1.02,2.45 0.043 

Rural 938 1.53 1.13,2.09 0.007 

Shared plates 

Urban 813 0.80 0.59,1.09 0.2 

Yes Peri 971 1.07 0.82,1.39 0.6 

Rural 938 0.68 0.52,0.90 0.006 

Market produce used 

Urban 813 0.72 0.44,1.16 0.2 

No Peri 971 0.81 0.54,1.23 0.3 

Rural 938 1.04 0.79,1.37 0.8 

 

7.5. Univariate analysis of regional risks in ESBL E. coli and ESBL K. pneumoniae colonisation 

 

Univariate analysis was undertaken to evaluate the individual and WASH factors associated with ESBL 

colonisation with either ESBL E. coli (Table 7.2) or ESBL K. pneumoniae (Table 7.3), to determine 

whether there are species-specific risks across the regions. I broadly found that ESBL E. coli risks 

paralleled those in the ESBL analysis from section 7.4, with notable differences in the importance of 

drinking water sources, animal interactions, sex and HWF presence. ESBL K. pneumoniae had a slightly 

different pattern of risk, with a focus more on individual level factors (i.e. ABU or HIV status) and the 

management of human waste.   

 

For ESBL E. coli colonisation, sanitation factors were crucial, particularly in the peri-urban region with 

use of drophole covers (OR =0.59, 95%CrI: 0.44-0.79 p =<0.001), access to cleansing materials (OR 

=0.65, 95%CrI: 0.49-0.84 p =0.001) and soap (OR =0.74, 95%CrI: 0.56-0.98 p =0.034) important in 

reducing ESBL E. coli colonisation. In contrast to the overall analysis of ESBL, there were no differences 

in risk associated with sex and a protective benefit from having a hand washing facility. Furthermore, 

there was a high risk associated with animal-food interactions in all regions and a change in the 

spectrum of animal co-habitation risks dependant on species.  With regards to drinking water sources, 

a benefit was identified from using piped (kiosk) water in all regions and a higher risk from using tube-

well water. The use of tap water was associated with a very high odds of ESBL E. coli colonisation in 

the rural region only (OR =2.38, 95%CrI: 1.19-4.86 p =0.015). 
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For ESBL K. pneumoniae colonisation, the presence of human faecal contamination of the urban 

household environment (OR =1.58, 95%CrI: 1.03-2.44 p =0.039) and interaction with drains in the rural 

site (OR =2.82, 95%CrI: 1.59-4.83 p = <0.001) were associated with a higher risk of ESBL K. pneumoniae 

colonisation. Also, unlike the ESBL E. coli analysis there was increased risk of colonisation associated 

with antibiotic exposure in the rural region (OR =1.54, 95%CrI: 0.99-2.35 p =0.048) and a positive HIV 

status in the peri-urban participants (OR =2.29, 95%CrI: 1.32-3.99 p =0.003).  

 

Table 7.2. Regional univariate analysis of key WASH and individual variables against ESBL E. coli 

colonisation 

Characteristic Region n OR 95% CI p value 
Model 

inclusion 

Season (wet) 

Urban 813 1.11 0.84,1.47 0.5 

Yes Peri 971 1.92 1.47,2.53 <0.001 

Rural 938 1.29 0.98,1.69 0.067 

Male sex 

Urban 813 0.82 0.61,1.09 0.2 

No Peri 971 0.93 0.71,1.22 0.6 

Rural 938 0.97 0.66,1.14 0.3 

Age (log) 

Urban 813 1.14 1.01,1.29 0.030 

Yes Peri 971 1.07 0.94,1.21 0.3 

Rural 938 1.07 0.95,1.21 0.3 

ABU  
(Last 6 months) 

Urban 813 1.01 0.71,1.45 >0.9 

No Peri 971 0.89 0.57,1.37 0.6 

Rural 938 1.15 0.83,1.57 0.4 

HIV reactive 

Urban 813 0.85 0.48,1.49 0.6 

No Peri 971 0.86 0.49,1.47 0.6 

Rural 938 1.23 0.77,1.94 0.4 

Household density (log) 

Urban 813 1.17 0.82,1.67 0.4 

Yes Peri 971 0.99 0.71,1.39 >0.9 

Rural 938 0.66 0.45,0.97 0.034 

Income  
(>40,000MK/month) 

Urban 813 0.91 0.69,1.21 0.5 

No Peri 971 1.04 0.8,1.37 0.8 

Rural 938 0.84 0.64,1.11 0.2 

Shared Toilet 

Urban 813 1.02 0.77,1.35 0.9 

Yes Peri 971 1.37 1.04, 1.81 0.026 

Rural 938 0.86 0.63,1.18 0.4 

Drophole Present 

Urban 813 0.80 0.55, 1.15 0.2 

Yes Peri 971 0.59 0.44,0.79 <0.001 

Rural 938 1.08 0.81,1.44 0.6 

Cleaning Materials 
available 

Urban 813 1.17 0.84,1.62 0.3 

Yes Peri 971 0.65 0.49,0.84 0.001 

Rural 938 0.80 0.51,1.23 0.3 

Human Faeces visible 

Urban 813 0.95 0.72,1.25 0.7 

Yes Peri 971 1.47 1.08.2.01 0.015 

Rural 938 0.82 0.63,1.08 0.2 

Human defecation 
practiced 

Urban 813 1.47 0.71,3.04 0.3 
Yes 

Peri 971 1.02 0.68,1.52 >0.9 
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Rural 938 0.59 0.37,0.91 0.021 

HWF present 

Urban 813 1.15 0.87,1.52 0.3 

No Peri 971 0.74 0.53,1.06 0.1 

Rural 938 1.07 0.82,1.40 0.6 

Soap present 

Urban 813 1.89 1.17,3.08 0.010 

Yes Peri 971 0.74 0.56,0.98 0.034 

Rural 938 0.47 0.21,0.94 0.044 

Stored water covered 

Urban 813 2.16 1.38,3.47 <0.001 

Yes Peri 971 1.30 0.97,1.75 0.082 

Rural 938 0.62 0.46,0.81 <0.001 

Stored water covered 
and tap 

Urban 813 0.83 0.62,1.10 0.2 

No Peri 971 0.76 0.46,1.21 0.3 

Rural 938 0.76 0.57,1.01 0.056 

Utensil water  

Urban 813 0.95 0.71,1.27 0.7 

No Peri 971 1.43 0.93,2.18 0.10 

Rural 938 1.22 0.84,1.74 0.3 

Piped water (i.e. kiosk) 

Urban 813 0.97 0.73,1.29 0.9 

Yes Peri 971 0.64 0.47,0.88 0.006 

Rural 938 0.68 0.47,0.97 0.036 

Tap water (i.e. 
household tap) 

Urban 813 0.87 0.66,1.15 0.3 

Yes Peri 971 0.98 0.64,1.50 >0.9 

Rural 938 2.38 1.19,4.86 0.015 

Tube well water 

Urban 813 2.53 1.45,4.54 0.001 

Yes Peri 971 1.37 1.04,1.82 0.027 

Rural 938 1.31 0.93,1.86 0.12 

Animal owned by 
household 

Urban 813 1.55 1.17,2.06 0.002 

Yes Peri 971 0.99 0.75,1.30 >0.9 

Rural 938 0.54 0.37,0.78 0.001 

Cattle or ruminant 
owned 

Urban 813 NA NA NA 

No Peri 971 2.33 1.64,1.11 0.2 

Rural 938 0.89 0.68,1.17 0.4 

Poultry owned 

Urban 813 1.61 1.15,2.26 0.005 

Yes Peri 971 0.85 0.64,1.11 0.2 

Rural 938 0.98 0.72,1.32 0.9 

Pet owned 

Urban 813 1.24 0.90,1.69 0.2 

Yes Peri 971 0.85 0.62,1.17 0.3 

Rural 938 0.66 0.48,0.91 0.012 

Pig owned 

Urban 813 NA NA NA 

Yes Peri 971 0.30 0.09,0.78 0.026 

Rural 938 0.93 0.66,1.31 0.7 

Animal kept inside house 

Urban 813 1.50 1.05,2.15 0.024 

Yes Peri 971 1.26 0.94,1.67 0.12 

Rural 938 1.16 1.18,2.19 0.003 

Animal interacting with 
food 

Urban 813 1.69 1.21,2.36 0.002 

Yes Peri 971 1.38 1.05,1.81 0.020 

Rural 938 1.41 1.07,1.85 0.014 

Animal faeces seen 

Urban 813 1.02 0.77,1.34 >0.9 

No Peri 971 1.08 0.77,1.52 0.7 

Rural 938 NA NA NA 

River water exposure Urban 813 0.89 0.65,1.21 0.5 Yes 
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Peri 971 1.33 1.00,1.78 0.054 

Rural 938 1.61 1.18,2.19 0.003 

Drain water exposure 

Urban 813 0.76 0.44,1.29 0.3 

Yes Peri 971 1.30 0.86,1.94 0.2 

Rural 938 0.49 0.27,0.84 0.013 

Street food use 

Urban 813 0.51 0.33,1.09 0.2 

Yes Peri 971 1.56 1.01,2.49 0.053 

Rural 938 1.65 1.19,2.29 0.003 

Shared plates 

Urban 813 0.79 0.58,1.09 0.2 

Yes Peri 971 1.12 0.85,1.47 0.4 

Rural 938 0.71 0.54,0.94 0.016 

Market produce used 

Urban 813 0.65 0.40,1.05 0.08 

No Peri 971 0.69 0.45,1.05 0.078 

Rural 938 0.95 0.72,1.26 0.7 

 

 

Table 7.3. Regional univariate analysis of key WASH and individual variables against ESBL K. 

pneumoniae colonisation 

Characteristic Region n OR 95% CI p value 
Model 

inclusion 

Season (wet) 

Urban 813 1.30 0.85,2.00 0.2 

Yes Peri 971 1.94 1.27,3.02 0.003 

Rural 938 2.19 1.47,3.31 <0.001 

Male sex 

Urban 813 0.69 0.43,1.09 0.12 

No Peri 971 1.12 0.74,1.68 0.6 

Rural 938 0.84 0.56,1.23 0.4 

Age (log) 

Urban 813 0.97 0.82,1.17 0.8 

No Peri 971 0.98 0.82,2.60 0.2 

Rural 938 1.02 0.86,1.21 0.8 

ABU  
(Last 6 months) 

Urban 813 1.28 0.74,2.11 0.4 

Yes Peri 971 0.75 0.34,1.46 0.4 

Rural 938 1.54 0.99,2.35 0.048 

HIV reactive 

Urban 813 1.12 0.45,2.41 0.8 

Yes Peri 971 2.29 1.15,4.24 0.012 

Rural 938 0.52 0.20,1.13 0.14 

Household density (log) 

Urban 813 2.29 1.32,3.99 0.003 

Yes Peri 971 0.95 0.57,1.60 0.8 

Rural 938 2.12 1.24,3.60 0.006 

Income  
(>40,000MK/month) 

Urban 813 1.16 0.76,1.78 0.5 

No Peri 971 1.10 0.73,1.67 0.7 

Rural 938 1.04 0.71,1.54 0.8 

Shared Toilet 

Urban 813 1.39 0.91,2.16 0.13 

No Peri 971 0.87 0.55, 1.34 0.5 

Rural 938 1.32 0.85,2.00 0.2 

Drophole Present 

Urban 813 1.07 0.60,1.81 0.8 

No Peri 971 0.96 0.61, 1.47 0.9 

Rural 938 1.33 0.89, 1.98 0.2 

Cleaning Materials 
available 

Urban 813 1.07 0.64,1.73 0.8 
No 

Peri 971 1.06 0.70,1.59 0.8 
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Rural 938 0.78 0.39,1.45 0.5 

Human Faeces visible 

Urban 813 1.58 1.03,2.44 0.039 

Yes Peri 971 1.44 0.90,2.25 0.12 

Rural 938 1.01 0.68,1.49 >0.9 

Human defecation 
practiced 

Urban 813 0.79 0.19,2.30 0.7 

No Peri 971 0.75 0.36,1.41 0.4 

Rural 938 0.64 0.31,1.21 0.2 

HWF present 

Urban 813 1.55 1.00,2.42 0.053 

No Peri 971 1.02 0.60,1.86 >0.9 

Rural 938 1.29 0.88,1.93 0.2 

Soap present 

Urban 813 1.19 0.56,2.30 0.6 

No Peri 971 0.72 0.46,1.10 0.13 

Rural 938 0.31 0.05,1.04 0.11 

Stored water covered 

Urban 813 0.83 0.46,1.58 0.5 

No Peri 971 0.73 0.48,1.12 0.14 

Rural 938 1.08 0.73,1.60 0.7 

Stored water covered 
and tap 

Urban 813 0.84 0.54,1.31 0.5 

No Peri 971 0.68 0.28,1.42 0.3 

Rural 938 1.06 0.71,1.58 0.8 

Utensil water  

Urban 813 0.80 0.50,1.26 0.3 

No Peri 971 0.62 0.25,1.28 0.2 

Rural 938 0.88 0.49,1.48 0.6 

Piped water (i.e. kiosk) 

Urban 813 1.53 1.00,2.34 0.052 

No Peri 971 0.85 0.52,1.36 0.5 

Rural 938 1.36 0.84,2.15 0.2 

Tap water (i.e. 
household tap) 

Urban 813 0.66 0.43,1.02 0.061 

No Peri 971 1.31 0.69,2.33 0.4 

Rural 938 0.21 0.01, 1.00 0.13 

Tube well water 

Urban 813 0.91 0.34,2.03 0.8 

No Peri 971 1.08 0.71,1.67 0.7 

Rural 938 0.80 0.51, 1.28 0.3 

Animal owned by 
household 

Urban 813 1.39 0.91,2.13 0.13 

No Peri 971 0.81 0.53,1.22 0.3 

Rural 938 0.70 0.43, 1.20 0.2 

Cattle or ruminant 
owned 

Urban 813 NA NA NA 

No Peri 971 1.06 0.59,1.80 0.8 

Rural 938 1.22 0.83,1.80 0.3 

Poultry owned 

Urban 813 1.46 1.12,2.87 0.013 

Yes Peri 971 1.12 0.74,1.69 0.6 

Rural 938 1.37 0.88,2.21 0.2 

Pet owned 

Urban 813 1.33 0.55,1.47 0.7 

Yes Peri 971 1.01 0.61,1.62 >0.9 

Rural 938 1.59 1.05,2.39 0.027 

Pig owned 

Urban 813 NA NA NA 

No Peri 971 NA NA NA 

Rural 938 1.56 0.98,2.42 0.055 

Animal kept inside house 

Urban 813 1.46 0.87,2.40 0.14 

Yes Peri 971 0.52 0.30,0.86 0.014 

Rural 938 1.48 1.00,2.19 0.048 

Urban 813 1.33 0.80,2.15 0.3 No 
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Animal interacting with 
food 

Peri 971 0.92 0.60,1.40 0.7 

Rural 938 0.69 0.46,1.01 0.058 

Animal faeces seen 

Urban 813 0.63 0.40,0.96 0.036 

Yes Peri 971 1.42 0.82,2.60 0.2 

Rural 938 NA NA NA 

River water exposure 

Urban 813 1.48 0.94,2.30 0.088 

No Peri 971 1.28 0.82,2.04 0.3 

Rural 938 0.81 0.49,1.28 >0.9 

Drain water exposure 

Urban 813 1.46 0.68,2.85 0.3 

Yes Peri 971 0.91 0.45,1.68 0.8 

Rural 938 2.82 1.59,4.83 <0.001 

Street food use 

Urban 813 0.52 0.30,0.92 0.036 

Yes Peri 971 0.86 0.48,1.67 0.6 

Rural 938 0.90 0.59,1.41 0.6 

Shared plates 

Urban 813 0.71 0.42,1.16 0.2 

Yes Peri 971 0.84 0.54,1.27 0.4 

Rural 938 0.64 0.43,0.95 0.025 

Market produce used 

Urban 813 1.13 0.56,2.63 0.7 

No Peri 971 0.80 0.44,1.55 0.5 

Rural 938 1.13 0.75,1.71 0.6 

 

7.6. Multivariate models of risks associated with ESBL, ESBL-E and ESBL-K colonisation  

 

To further explore the results of the univariate analysis, multivariate models were constructed to 

assess the risks associated with ESBL, ESBL E. coli and ESBL K. pneumoniae colonisation. Variables were 

screened, and those which were significantly associated (p<0.05) with colonisation by univariate 

analysis in any region were considered for inclusion and those which were not significantly associated 

(p<0.05) with colonisation or where data was unavailable for at least one region were not included. 

Variables not used due missing regional data included the ownership of pigs or cattle, which were only 

present at households in the rural and peri-urban sites. The remaining covariates were then evaluated 

for regional effects using likelihood-test comparisons of model fit with and without regional effects 

for ESBL, ESBL E. coli and ESBL K. pneumoniae (appendix 7i,7ii & 7iii). Regionally adjusted and 

independent covariates were input into models with within household and within participant random 

effects, and these were fit with Stan v2.21.0 via the R brms v2.13.5 package with 4 chains per dataset 

each with 2000 iterations in total, with 1000 warm up iterations. Convergence was seen on the model 

trace plots (appendix 7iv, 7v & 7vi), and outputs were generated that expressed risk of colonisation 

as odds ratios (OR) with 95% CrI for ESBL (Figure 7.5), ESBL E. coli (Figure 7.6) and ESBL K. pneumoniae 

(Figure 7.7) colonisation.  

 

The first model (Figure 7.5) highlighted higher odds of ESBL colonisation associated with increased 

household density (aOR =1.26, 95%CrI:0.85-1.86), or from households that used a shared toilet (aOR 
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=1.19, 95%CrI: 0.87-1.64), reported interacting with the local rivers (aOR =1.29, 95%CrI: 0.94-1.76) or 

where animal-food interactions were observed (aOR =1.42, 95%CrI: 1.03-1.97). Regionally specific 

ESBL colonisation risks were seen in households in the urban (aOR =1.71, 95%CrI: 0.77-4.06) and rural 

(aOR =1.55, 95%CrI: 0.68-3.54) regions who owned poultry, alongside most notably, the wet season 

in the peri-urban region (aOR =3.01, 95%CrI: 2.19-4.16).   

 

Species-specific risks were noted for both regionally adjusted and unadjusted factors. From the 

unadjusted covariates, ESBL E. coli colonisation was associated with advanced age (aOR =1.15, 95%CrI: 

1.05-1.26) and animal food interaction (aOR =1.56, 95%CrI: 1.10-2.20) (Figure 7.6). In contrast, ESBL 

K. pneumoniae colonisation was associated with the wet season (aOR =2.13, 95%CrI: 1.63-2.81) 

alongside households that had human faecal contamination seen in the environment (aOR =1.64, 

95%CrI: 1.12-2.46) and in those owned poultry (aOR =1.49, 95%CrI: 0.85-2.60) (Figure 7.7). To a lesser 

extent, ESBL K. pneumoniae colonisation was also associated with ABU (aOR =1.22, 95%CrI: 0.86-1.71).  

 

Key regionally-specific ESBL E. coli colonisation risks were seen with households that owned animals 

(aOR =2.57, 95%CrI: 0.62-10.89)  in the urban region, used tap water (aOR =4.34, 95%CrI 0.95-20.08), 

owned poultry (aOR =1.35, 95%CrI: 0.54-3.39) or reported river water exposure (aOR =1.58, 95%CrI: 

0.80-3.07) in the rural region, and in households that reported drain water exposure (aOR =1.73, 

95%CrI: 0.73-4.01) in the peri-urban region (Figure 7.6). Lastly the wet season was a very high risk for 

ESBL E. coli colonisation in the wet season (aOR =2.66, 95%CrI: 1.93-3.67). Regionally-specific ESBL K. 

pneumoniae colonisation risks were seen in urban households that kept animals inside the house (aOR 

=1.54, 95%CrI: 0.61-3.97) or reported drain water exposure (aOR =2.29, 95%CrI: 0.81-6.23), in peri-

urban households with HIV positive participants in (aOR =2.65, 95%CrI: 1.10-5.87) and within rural 

households that reported drain water exposure (aOR =3.44, 95%CrI: 1.11-10.75) (Figure 7.7). Finally, 

increased household density was associated with a higher risk of ESBL K. pneumoniae colonisation, 

and here the risk varied slightly between each region (Figure 7.7).  
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Figure 7.5. Parameter estimates for the fixed-effects used in a multivariate model of ESBL colonisation, 

expressed as odds ratios with 95% CrI. Covariates were either regionally adjusted (red=peri-urban, 

green=rural or blue=urban) or regionally unadjusted (black), dependant on likelihood ratio test results.  
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Figure 7.6. Parameter estimates for the fixed-effects used in a multivariate model of ESBL E. coli 

colonisation, expressed as odds ratios with 95% CrI. Covariates were either regionally adjusted 

(red=peri-urban, green=rural or blue=urban) or regionally unadjusted (black), dependant on likelihood 

ratio test results.  
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Figure 7.7. Parameter estimates for the fixed-effects used in a multivariate model of ESBL K. 

pneumoniae colonisation, expressed as odds ratios with 95% CrI. Covariates were either regionally 

adjusted (red=peri-urban, green=rural or blue=urban) or regionally unadjusted (black), dependant on 

likelihood ratio test results. 
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7.7. Discussion 

 

Within this chapter, I first calculated the regional estimates from the Bayesian models in Chapter 6 

illustrating key regional similarities and differences within the PCs. This was augmented by regional 

univariate analysis and mixed-effect multivariate models (MEMs) on individual variables, enabling the 

selection of factors permissible to targeted interventions and providing a greater interpretability from 

a WASH perspective. Individual factors such as age and sex were minimally seen to alter the chance 

of ESBL-E or ESBL-K colonisation within the cohort, with women and people of advancing age having 

a slightly higher risk of ESBL colonisation overall. 

 

Wet season remained the largest risk factor for ESBL colonisation, however the analysis in this chapter 

illustrated that seasonal risk varied by setting, with peri-urban inhabitants more likely to be ESBL 

colonised in the wet season (aOR =3.01, 95%CrI: 2.19-4.16) compared with those in the urban (aOR 

=1.53, 95%CrI: 1.11-2.12) and rural (aOR = 1.41, 95%CrI: 1.06-1.92) regions. This was seen in both the 

analysis of the posterior estimates from mixed-effects models on PCs and the MEMs on individual 

variables. This finding suggests that the peri-urban areas of Malawi are more climate sensitive, and 

reasons for this may include differences in the geographic landscape or WASH infrastructure, 

variations in behavioural practices or distinct effects from key environmental or animal factors. Given 

that individual-level differences were small, and household densities and compositions were similar 

between the regions (Chapter 3) it is unlikely that household demographics or ABU are driving factors 

for seasonal risk.  

 

Regional differences in the seasonal effect were seen to be greater with ESBL-E than ESBL-K, and this 

may be reflective of differences in the ecological niches of these bacteria. Non-human factors, such as 

the environment or animal co-habitation could be of less importance in ESBL-K colonisation compared 

to ESBL-E colonisation. K. pneumoniae is ubiquitous, but as a pathogen, is typically associated with 

hospital environments (414). However, environmental ESBL-K are very similar to clinical isolates (415) 

and this is thought to be as a result of mismanaged human effluent. Here, the data suggests 

asymptomatic community carriage may be driven primarily by human-human transmission rather 

than from environmental or animal sources, based on the association with household density and 

hand-hygiene factors (i.e. human factors) having increased odds of ESBL-K colonisation, but not ESBL-

E colonisation. A recent large One-Health study from Italy evaluating AMR K. pneumoniae transmission 

found that less than 1% of clinical isolates were of non-human origins and this pointed to ecological 
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barriers limiting AMR transmission (138). In low-income settings this may be different, and it is 

anticipated that genomic analysis will resolve this question. 

 

There was regional variation in risk of ESBL colonisation associated with animal ownership (univariate 

analysis: Tables 7.1-7.3). Given I have previously shown that the frequency and species of animal 

ownership, alongside animal management practices (i.e. waste management) differ by setting 

(Chapter 1 & 2), these data suggest that animal-associated risks are related to regional differences in 

animal husbandry together with variations in the species present at households. Poultry are the 

species that provided the highest risk, especially in the urban site, and this may be associated with 

keeping them inside the house. It is well documented in other LMICs that individuals who have regular 

contact with poultry are at higher risk of ESBL-E colonisation (416–418). Rates of ESBL colonisation 

differ by species (Chapter 5) and variations in the use of antibiotics are dependent on the animal 

species and setting (Chapter 3). Allowing animals of any species to interact with food was a risk factor 

across all regions. 

 

There was little difference in the proportion of ESBL colonisation in covered vs uncovered receptacles 

(Chapter 5) and I found no overall effect from coverage of stored water (Chapter 6). However, in this 

chapter I observed that coverage of drinking water in the rural setting provided a strong benefit (OR 

=0.69, 95%CrI: 0.53,0.90 p =0.006), and coverage of drinking water in the urban site led to increased 

risk (OR =1.79, 95%CrI: 1.17-2.78 p =0.008). This may indicate that regional fluctuations in hand-

hygiene measures, the choice of the storage methods and the role of animal interactions are 

important in governing safe water management, and regional adaptations should be considered when 

implementing water management campaigns in southern Malawi. As set out in the SDGs, ideally an 

improved drinking water source should be used, whereby water is piped into the premises and free 

from contamination (345,419). In our setting household-controlled tap water had a varying effect on 

risk depending on the region and bacterial species, with tap water in the rural setting having a higher 

associated risk of ESBL-E colonisation (aOR =4.28, 95%CrI:0.96-19.72) than in the other settings. 

Together, these results illustrate that the risks of ESBL colonisation are related to choices of household 

water source and storage that are geographically specific and interlinked with other regionally-

associated WASH factors, highlighting the complexity and importance of providing regional context 

when considering WASH risks.   

 

Sanitation and hygiene practices vary by region (Chapter 4), and there are regional differences in risks 

associated with their implementation. In the MEMs, I found variations in the protective effects of 
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drophole covers and soap by region. This is likely to be related to the difference between access and 

usage. For example, soap is often prioritised for bathing, laundry or other purposes over hand 

washing, particularly in the urban setting (241). Therefore, having soap at a household does not always 

indicate that hand-hygiene is improved (240). Equally owning a drophole cover doesn’t infer its use or 

an automatic improvement to household sanitation or fly reduction (360,420). In the MEMs, having a 

shared toilet increases your chance of being ESBL colonised across all regions (aOR =1.19, 95%CrI: 

0.87-1.64), and this is consistent with the literature showing a reduced safety profile from the use of 

shared toilets (378,421,422). Open defecation is reportedly practiced at all 3 sites. However, the 

presence of visible human faeces was a hazard associated with ESBL-K only (aOR =1.64, 95%CrI: 1.12-

2.46) and I did not find increased ESBL colonisation rates associated with households that report open 

defecation (aOR =0.88, 95%CrI: 0.51-1.53).  

 

There was a trend in the peri-urban and rural regions towards a reduction in ESBL-E colonisation from 

access to hand-hygiene measures (such as cleansing materials, soap and HWF presence) although the 

effects from access to hand-hygiene measures overall were non-significant. Again, this can relate to 

the regional differences between access and usage. Nevertheless, taken into consideration alongside 

sanitation factors, the peri-urban region is most responsive to improvements in sanitation and hand-

hygiene measures, and future research should be undertaken to assess the reasons for these regional 

differences and sanitation interventions at the peri-urban setting should be considered for greatest 

impact.  

 

Household food-hygiene and eating practices vary by site, and regional fluctuations in ESBL 

colonisation associated with the use of shared plates and street food were identified. Street food was 

not a clear risk factor in any region, and interestingly the use of shared plates was protective overall 

(aOR =0.71, 95%CrI: 0.51-0.99), most notably in the rural region (OR =0.68, 95%CrI: 0.52-0.90 p 

=0.006). The reasons for shared plates being protective is unclear, as this is counter what we would 

expect to find, so further evaluation this finding is warranted in future studies.  

 

Risks from environmental exposures were assessed, and here I found that households that interacted 

with the local rivers had higher odds of ESBL colonisation (aOR =1.29, 95%CrI: 0.95-1.75). This risk was 

present across all regions (when accounting for ESBL-E and ESBL-K), but most notably evident in the 

peri-urban (OR =1.38, 95%CrI: 1.04-1.83 p =0.024) and rural (OR =1.41, 95%CrI: 1.04-1.90 p =0.027) 

sites. Households that reported exposures to drain water also had higher odds of ESBL colonisation, 

but this was dependant on the bacteria-site combination, with higher risks of ESBL-E colonisation 
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associated with exposures at the peri-urban site (aOR =1.72, 95%CrI: 0.74-4.26) and higher risks of 

ESBL-K colonisation associated with exposures at the rural (aOR =3.44, 95%CrI: 1.05-11.19) and urban 

(aOR =2.27, 95%CrI: 0.82-6.25) sites. River and drains are likely to be of critical importance given the 

frequency of household interactions and high prevelance of ESBL bacteria. Specific drivers for the 

extraordinary levels of ESBL found in the river systems of southern Malawi are likely to relate to 

inadequate waste management and infrastructure to contain human effluent in conjunction with the 

presence and effects of resistance driving chemicals. 

 

There are a number of limitations in the analysis undertaken in this chapter. Firstly, the PCs are non-

quantifiable and while I broadly identified household-level and sample-level differences, independent 

logistic regressions for each level, including the top contributing covariates of each PC would better 

delineate the relative differences in the data. In relation to the MEMs, these were constructed by 

sensitivity screening of the univariates, which may introduce biases from inappropriate selection and 

deselection (423,424). Lastly, despite regional adjustments and considerations of colinearly, the 

interrelationship of AMR in a One-Health context is complex, and we should be cautious when drawing 

inference from these results alone.  

 

In summary, within this chapter I identified that geographic location and associated variations in 

regional WASH infrastructure, practices and environmental exposures were shown to impact upon 

ESBL, ESBL-E and ESBL-K colonisation risk. Individual factors were less important than household 

related factors, and the wet season provided the greatest risk, most notably in the peri-urban site. 

Water management risks were dependant on the source and region, and across all sites there were 

increased risks associated with sharing toilets, river water exposure and with regards to ESBL-K in 

particular, increased household density. Animal-associated risks were dependant on the combination 

of the site, species and bacteria, with owning poultry being the animal associated with the highest risk 

to human gut colonisation, most notably in the urban setting. This exploratory work highlights crucial 

areas where future prospective research should be undertaken that evaluates the effect of WASH and 

environmental factors on community ESBL colonisation and takes into consideration nuances of the 

setting. 
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7.8. Appendix 

 

Appendix 7.i. Table of parameter testing for regional adjustment of variables included in the ESBL 

mixed effects model 

Variable Likelihood ratio test Adjust for Region* 

Season 𝜒2 (2)= 9.01, 𝑝 = 0.011 Yes 

Male 𝜒2 (2)= 0.84, 𝑝 = 0.657 No 

Age 𝜒2 (2)= 1.07, 𝑝 = 0.583 No 

ABU NA  

HIV reactive NA  

Household density 𝜒2 (2)= 2.35, 𝑝 =0.309 No 

Income >40,000MK/month NA  

Shared Toilet 𝜒2 (2)= 1.76, 𝑝 = 0.416 No 

Drophole Present 𝜒2 (2)=7.52, 𝑝 = 0.023 Yes 

Cleaning Materials available 𝜒2 (2)= 4.09, 𝑝 = 0.129 No 

Human Faeces visible 𝜒2 (2)= 6.25, 𝑝 = 0.044 Yes 

Human defecation practiced 𝜒2 (2)= 6.10 𝑝 = 0.057 No 

HWF present 𝜒2 (2)= 7.21, 𝑝 = 0.027 Yes 

Soap present 𝜒2 (2)= 14.09, 𝑝 = <0.001 Yes 

Stored water covered 𝜒2 (2)= 17.1, 𝑝 = <0.001 Yes 

Stored water covered and tap NA  

Utensil water  NA  

Piped water (i.e. kiosk) 𝜒2 (2)= 5.67, 𝑝 = 0.059 No 

Tap water (i.e. household tap) NA  

Tube well water 𝜒2 (2)= 3.48, 𝑝 = 0.175 No 

Animal owned by household 𝜒2 (2)= 22.87, 𝑝 = <0.001 Yes 

Cattle or ruminant owned 𝜒2 (2)= 15.18, 𝑝 = <0.001 No (not in Urban 

region) 

Poultry owned 𝜒2 (2)= 13.71, 𝑝 = <0.001 Yes 

Pet owned NA  

Pig owned NA  

Animal kept inside house 𝜒2 (2)= 2.90, 𝑝 = 0.234 No 

Animal interacting with food 𝜒2 (2)= 0.69, 𝑝 = 0.707 No 

Animal faeces seen NA  

River water exposure 𝜒2 (2)= 2.14, 𝑝 = 0.344 No 

Drain water exposure NA  

Street food use 𝜒2 (2)= 21.57, 𝑝 = <0.001 Yes 

Shared plates 𝜒2 (2)= 5.37, 𝑝 = 0.068 No 

Market produce used NA  

*An alpha level 0.05 has been used as a cut off for the decision to adjust for regional effects in the final 

mixed effect model. 
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Appendix 7.ii. Table of parameter testing for regional adjustment of variables included in the ESBL E. 

coli mixed effects model 

Characteristic Likelihood ratio test Adjust for Region* 

Season 𝜒2 (2)= 8.33, 𝑝 = 0.0155 Yes 

Male NA  

Age 𝜒2 (2)= 0.80, 𝑝 =0.67 No 

ABU NA  

HIV reactive NA  

Household density 𝜒2 (2)= 4.82, 𝑝 =0.090 No 

Income >40,000MK/month NA  

Shared Toilet 𝜒2 (2)= 4.93, 𝑝 = 0.085 No 

Drophole Present 𝜒2 (2)= 8.51, 𝑝 = 0.014 Yes 

Cleaning Materials available 𝜒2 (2)= 7.66, 𝑝 = 0.022 Yes 

Human Faeces visible 𝜒2 (2)= 7.88, 𝑝 = 0.019 Yes 

Human defecation practiced 𝜒2 (2)= 5.64, 𝑝 = 0.059 No 

HWF present NA  

Soap present 𝜒2 (2)= 14.32, 𝑝 = <0.001 Yes 

Stored water covered 𝜒2 (2)= 26.52, 𝑝 = <0.001 Yes 

Stored water covered and tap NA  

Utensil water  NA  

Piped water (i.e. kiosk) 𝜒2 (2)= 4.39, 𝑝 =0.111 No 

Tap water (i.e. household tap) 𝜒2 (2)= 6.92, 𝑝 =0.031 Yes 

Tube well water 𝜒2 (2)= 4.28, 𝑝 =0.117 No 

Animal owned by household 𝜒2 (2)= 19.61, 𝑝 = <0.001 Yes 

Cattle or ruminant owned NA  

Poultry owned 𝜒2 (2)= 8.91, 𝑝 =0.011 Yes 

Pet owned 𝜒2 (2)= 7.63, 𝑝 =0.022 Yes 

Pig owned NA  

Animal kept inside house 𝜒2 (2)= 1.34, 𝑝 = 0.510 No 

Animal interacting with food 𝜒2 (2)= 0.94, 𝑝 = 0.624 No 

Animal faeces seen NA  

River water exposure 𝜒2 (2)= 7.36, 𝑝 = 0.025 Yes 

Drain water exposure 𝜒2 (2)= 8.23, 𝑝 = 0.016 Yes 

Street food use 𝜒2 (2)= 20.84, 𝑝 = <0.001 Yes 

Shared plates 𝜒2 (2)= 5.72, 𝑝 = 0.057 No 

Market produce used NA  

*An alpha level 0.05 has been used as a cut off for the decision to adjust for regional effects in the final 

mixed effect model. 
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Appendix 7.iii. Table of parameter testing for regional adjustment of variables included in the ESBL K. 

pneumoniae mixed effects model 

Variable Likelihood ratio test Adjust for Region* 

Season 𝜒2 (2)= 3.25, 𝑝 =0.197 No 

Male NA  

Age NA No 

ABU 𝜒2 (2)= 3.08, 𝑝 =0.215 No 

HIV reactive 𝜒2 (2)= 7.87, 𝑝 =0.020 Yes 

Household density 𝜒2 (2)= 6.53 , 𝑝 = 0.038 Yes 

Income >40,000MK/month NA  

Shared Toilet NA  

Drophole Present NA  

Cleaning Materials available NA  

Human Faeces visible 𝜒2 (2)= 2.56, 𝑝 =0.278 No 

Human defecation practiced NA  

HWF present NA  

Soap present NA  

Stored water covered NA  

Stored water covered and tap NA  

Utensil water  NA  

Piped water (i.e. kiosk) NA  

Tap water (i.e. household tap) NA  

Tube well water NA  

Animal owned by household NA  

Cattle or ruminant owned NA  

Poultry owned 𝜒2 (2)= 2.24, 𝑝 =0.327 No 

Pet owned 𝜒2 (2)= 3.46, 𝑝 =0.177 No 

Pig owned NA  

Animal kept inside house 𝜒2 (2)= 12.39, 𝑝 =0.002 Yes 

Animal interacting with food NA  

Animal faeces seen 𝜒2 (2)= 5.56, 𝑝 =0.062 No 

River water exposure NA  

Drain water exposure 𝜒2 (2)= 7.02, 𝑝 =0.030 Yes 

Street food use 𝜒2 (2)= 2.54, 𝑝 =0.281 No 

Shared plates 𝜒2 (2)= 0.81, 𝑝 =0.665 No 

Market produce used NA  

*An alpha level 0.05 has been used as a cut off for the decision to adjust for regional effects in the final 

mixed effect model. 
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Appendix 7.iv. Random effects from Bayesian multivariate models of (a) ESBL-E, (b) ESBL-K and (c) 

ESBL colonisation. 
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Appendix 7.v. Trace plots of ESBL-K model 
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Appendix 7.vi. Trace plots of ESBL-E model 
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Appendix 7.vii. Trace plots of ESBL model. 
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Chapter 8: 

Prevelance and risks of antibiotics and resistance-driving chemicals in riverine networks of urban 

sub-Saharan Africa. A One-Health focussed case study from Blantyre, Malawi. 

 

 

8.0. Chapter Summary 

 

There is a paucity of evidence for the presence of antibiotics and resistance-driving chemicals (i.e. 

antibiotics, pesticides and heavy metals) in rivers from sub-Saharan African cities. These chemicals 

promote and maintain antimicrobial resistance in the environment and pose onward risks to human, 

animal and ecological health. In this chapter I describe the prevelance of key antibiotics and 

resistance-driving chemicals over a 15-month period in urban Blantyre, Malawi. Ecological risks have 

been quantified, based on chemical concentrations, and these illustrate that, in particular, antibiotic 

usage in the local population alongside waste management play a key role in the wider dissemination 

of resistance-driving chemicals into the aquatic environments within these settings. Future AMR 

research and surveillance strategies in LMICs should include assessments of antibiotics, pesticides, 

and heavy metals in the aquatic environment, and policymakers should adopt a One-Health approach 

to mitigation strategies that includes water sanitation and hygiene expertise. 

 

8.1. Outline and contributions 

 

This Chapter has been written in the format of a scientific manuscript, that is planned for submission 

to Lancet Planetary Health, which takes a One-Health approach to identifying the key resistance-

driving chemicals in urban waterways in Malawi and evaluates the associated ecological risks. The 

chemical analyte, heavy metal and microbiological methods used have been published previously 

(425,426). Ultra-performance liquid chromatography coupled with tandem mass spectrometry (UPLC, 

LC-MS/MS), alongside non-targeted chemical residue identification was performed by Dr Grabic’s 

team in the Czech Republic and inductively coupled plasma mass spectrometry (IPC-MS) was 

completed at the UK centre for ecology and hydrology (CEH), under the guidance of Dr Singer. 

 

This manuscript summarises the environmental work undertaken within DRUM Workstrand 2, 

supported by Andrew Singer and Nicholas Feasey. I co-developed the study design, oversaw sampling 

and site selection, performed the statistical analysis and wrote the first draft of all sections of the 

manuscript. The identification of heavy metal and antibiotics, pesticides, herbicides and fungicides 
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from the samples collected in Malawi were completed by the teams at CEH (United Kingdom) and the 

University of South Bohemia (Czech Republic). Subsequent editing of the manuscript was undertaken 

by all authors. My contributions to this chapter and those of others are included in Table 8.0. 

References cited in the text of the manuscript have been placed at the end of the thesis.  

 

Table 8.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter/paper were primarily drafted by 

the PhD candidate. 

 

All statistical analysis (other than the non-targeted chemical 

analysis) were performed by the PhD candidate.  

 

All graphicalisations (other than the non-targeted chemical 

analysis) were completed by the PhD candidate. 

Contributions from external 

partners and DRUM consortium 

collaborators 

Conceptualisation was a combination of Andrew Singer, 

Nicholas Feasey and the PhD candidate.  

 

The chemical analysis of water samples (UPLC, LC-MS/MS) 

was performed by Roman Grabic and Katerina Grabicova’s 

team in the University of South Bohemia. The IPC-MS of 

water samples was performed by Andrew Singer and 

colleagues at CEH. 

 

Collection of samples in the field were primarily undertaken 

by Taonga Mwapasa and Gladys Namancha, with assistance 

from Tracy Morse, Kondwani Chidziwisano Witness Mtambo, 

Steria Chisesele, Dyson Rashid, Odetta Duwa, Lughano 

Ghambi, and Chiyembekeso Palije. No laboratory processing 

occurred in Malawi.  

 

Document review was provided by all authors.   
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Within this project, I had hoped to collect a range of data to augment that which has been discussed 

in the paper. This included a more extensive analysis of the physical properties of the river at each 

visit, in the form of (i) dissolved oxygen measurements, and (ii) pH measurements, alongside 

paralleled water sampling to identify the presence of ESBL bacteria, using the methodologies 

described in chapter 2. However, technical issues with the device that measured dissolved oxygen in 

combination with supply issues in pH strips precluded the inclusion of these measurements in this 

chapter. Furthermore, due to COVID-associated workflow prioritisation and a subsequent miss-

communication led to a substantial period of data loss in the microbiological results. The absence of 

a continuous microbiological dataset meant that ESBL presence/absence was no longer permissible 

for inclusion in the thesis. 
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Prevelance and risks of antibiotics and resistance-driving chemicals in riverine networks of urban 

sub-Saharan Africa. A One-Health focused case study from Blantyre, Malawi. 
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Abstract  

 

Background:  

Low and middle-income countries (LMICs) have high morbidity and mortality from drug-resistant 

infections and a high prevelance of carriage of antimicrobial resistant (AMR) bacteria amongst 

community members. These settings have high levels of human and animal antibiotic usage, limited 

waste-water treatment facilities and poor waste management systems to control excreta, leading to 

dispersal of AMR bacteria, AMR genes and antimicrobials into the local rivers. The ecological drivers 

of AMR in the aquatic environments of urban rivers have not been fully elucidated and limited 

evidence exists for the presence of antibiotics and resistance-driving chemicals in rivers from sub-

Saharan African (sSA) cities. Evaluating the role of the riverine system in these sites will be important 

to determine the ecological niches and reservoirs of AMR within LMICs. 
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Methods:  

River sites were longitudinally evaluated for a 15-month period between February 2020 and April 2021 

in Blantyre, southern Malawi downstream of dense urban conurbations, light industry and a large 

tertiary hospital. Resistance-driving chemicals including antibiotics, antivirals, antifungals, pesticides, 

herbicides and fungicides were determined by ultra-performance liquid chromatography coupled with 

tandem mass spectrometry (UPLC, LC-MS/MS) and heavy metals were identified via inductively 

coupled plasma mass spectrometry (ICP-MS). Concentrations were compared to predicted no-effect 

concentrations (PNECs) from internationally agreed standards for antimicrobial resistance selection. 

 

Findings:  

A total of 25 antibiotics, 4 antiretrovirals, 3 antifungals and 2 antiparasitics commonly used in human 

medicine, alongside 30 pesticides, 7 herbicides and 8 fungicides used in agriculture were recovered 

from river water samplers in urban communities throughout the period. Twenty-five metals were also 

quantified, and were within allowable WHO limits; however, antibiotic concentrations of 

sulfamethoxazole, trimethoprim and metronidazole were consistently above PNECs.  

 

Interpretation:  

In urban sSA, antibiotics used in human health are found ubiquitously across time and space in our 

sample set. The levels present in excess of PNECs that are considered the lower threshold above which 

antimicrobial resistance selection is expected to occur. This is likely to result from a combination of 

inadequate WASH infrastructure in densely populated urban environments and human antimicrobial 

usage in HIV, TB, gastrointestinal and respiratory disease; highlighting that the riverine network may 

be an important ecological niche for the acquisition, maintenance, and transmission of AMR in LMIC 

community settings. 

 

Funding:  

Medical research council and Wellcome Trust 

 

Research in context 

 

Evidence before this study 

There is a paucity of evidence for the presence of antibiotics and resistance-driving chemicals (i.e. 

antibiotics, pesticides and heavy metals) in rivers from sub-Saharan African cities. These chemicals 
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promote and maintain antimicrobial resistance (AMR) in the environment and pose onward risks to 

human, animal and ecological health.   

 

Added value of this study 

This One-Health study describes the prevelance of key antibiotics and resistance-driving chemicals 

continuously over a 6-month period from a dense urban city in Malawi. Ecological risks have been 

quantified, based on chemical concentrations, and illustrated that antibiotic usage in the local 

population alongside waste management play a key role in the wider dissemination of antibiotics into 

the aquatic environments within these settings. 

 

Implications of all the available evidence 

Within urban sSA communities it is critical to preserve good waste management of human and animal 

faeces to curb the spread of antibiotics and resistance-driving chemicals into the riverine 

environment. Future AMR research and surveillance strategies in LMICs should include assessments 

of antibiotics, pesticides, and heavy metals in the aquatic environment, and policymakers should 

adopt a One-Health approach to mitigation strategies that includes water sanitation and hygiene 

(WASH) expertise. 

 

Introduction 

 

Antibiotics are primarily used in the treatment and prevention of disease in humans and animals, 

alongside the promotion of growth within the animal sector (32). Antibiotic resistance (AMR) is 

annually associated with 3.57 million human deaths and will lead to an economic loss of $100 trillion 

every year by 2050 if urgent action is not taken (13,90). Global health inequities and the absence of 

access to reserve antibiotics means that the greatest burden of AMR will be felt in low and middle-

income countries (LMICs) (90,91). Furthermore, in these settings, AMR is also a threat to the livestock 

sector and thus to the livelihoods of millions who raise animals for subsistence (427). 

 

The role of the environment as a reservoir for AMR is growing with a growing evidence base for its 

relevance to human health. As such, it is critical to adopt a One-Health approach when considering 

interventions that tackle AMR on a global scale (153,194,428). Around 40-90% of antibiotics consumed 

by humans and animals are excreted in an active form, and these can be dispersed into groundwater 

and the wider riverine network (35,194). The presence of antibiotics, alongside other key resistance-

driving chemicals (i.e. pesticides and heavy metals) in these aquatic environments promotes 
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horizontal gene transfer (HGT) and alters microbial communities, contributing to the dissemination of 

antibiotic resistance genes (ARGs) and subsequently poses downstream risks to human health (194–

196). In certain settings, this is compounded by pollution from inadequate treatment of industrial, 

domestic, and agricultural waste, enhancing the resistome in the environment (197).  

 

Within LMICs, there is a paucity of adequate water, sanitation and hygiene (WASH) infrastructure and 

the adoption of WASH behavioural practices that lead to high levels of faecal contamination of local 

rivers (209,343,429). Increasing urbanisation within LMICs additionally compromises ecological health 

via the pooling of domestic sewerage and agricultural run-off from subsistence and small-scale 

farming (209,430). Furthermore, a high proportion of LMICs are located in sub-tropical areas of sub-

Saharan Africa (sSA) or Asia, which are frequently prone to seasonal changes in rainfall and 

temperature. These settings permit hydrological and growth conditions that both promote the 

development of AMR bacteria in sewerage and provide seasonal variations in the concentrations of 

antibiotic residues in waterways; which in turn contributes to dynamics in AMR selection pressures 

within the riverine environment (431). Research on the distribution and ecological risks of resistance-

driving chemicals in urban rivers from these settings is scarce, particularly in sSA (404). Therefore, it is 

important to establish a baseline for the presence of antibiotic residues and co-selecting agents (e.g., 

pesticides, metals), from waterways. This understanding could be used to gauge the success of future 

interventions/stewardship efforts to reduce the AMR burden in LMICs. 

 

Within this study we establish the presence of antimicrobial resistance-driving chemicals at key sites 

within the riverine network of Blantyre, Malawi. Blantyre has a population of ~830,000 people, is 

served by a single 1350-bed tertiary hospital, and has basic citywide sanitation infrastructure, with 

only 1 operational wastewater treatment plant (WWTP). The waterways selected are fed by dense 

urban and peri-urban communities and are included alongside a city centre site downstream of the 

hospital. Longitudinal sampling over a 1-year period permitted assessment of the fluctuations in 

chemical concentrations, and ecological risks were determined in line with predicted no-effect 

concentration (PNEC) limits that are putative targets agreed by the AMR Industry Alliance for 

antibiotic discharge to the river environment (195).  
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Methods 

 

Site selection, study design and sampling methods 

 

This study was embedded within the drivers of resistance in Uganda and Malawi (DRUM) research 

portfolio, and river water sites were selected from within polygons of the urban and peri-urban 

boundaries of Blantyre, southern Malawi (Figure 1) (432). Site selection was informed by transect 

walks undertaken in the urban (Ndirande) and peri-urban (Chileka) districts, and a pragmatic approach 

was taken to site selection which accounted for logistical challenges, staff safety and local permissions 

(appendix i). 5 sites were identified which demarcated upper and lower sections of the riverine 

networks of Ndirande and Chileka (appendix ii & iii). 

 

 

Figure 1. Study setting, riverine network and sampling sites. Water was obtained from rivers in 

Blantyre city in southern Malawi (a), across 5 sites within urban (1,2 & 3) and peri-urban (4,5) wards 

(orange) within the city boundaries (b). All sites were sampled during the pilot phase, and 2 sites (1 & 

2) were enrolled into the continuation phase (b). Decisions on sites included in the continuation phase 

were made based on consistent year-round flow, logistics and safety profiling. A typical sampling site 

(site 2) has been shown in panel C. 
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River water sampling for chemical analytes was undertaken between February 2020 and November 

2021, separated into a 9-month pilot phase (between February 2020 and October 2020) and a 6-

month continuous phase (between November 2020 - April 2021). River water sampling for heavy 

metals was completed between May and November 2021. During the pilot phase, river water was 

purposively collected, and the utility of each site was assessed. Given logistical challenges, primarily 

due to theft and mechanical loss encountered in the pilot phase (appendix i), we focussed on 2 key 

urban sites (1&2) for the continuous phase, and these underwent uninterrupted sampling over a 6-

month period.  

 

Polar organic chemical integrative samplers (POCIS) [Nya Exposmeter AB, Trehorningen 34, SE-92266 

Tavelsjo, Sweden, www.exposmeter.com] were sited in the urban rivers and replaced at 2 weekly 

intervals (appendix i). POCIS consist of a sorbent sandwiched between two polyethersulfone (PES) 

membranes, fixed into a porous metal cage, and the membrane allows for the passage of analytes 

such as antibiotics onto the sorbent, where they become sequestered (433–436). Samplers were 

placed at a depth of 20-100cm at the fastest portion of the river and attached via metal wire to a stake 

on the riverbank, hidden from view. On removal, the sampler cage was detached, and the membrane 

was washed with deionised water to remove any heavy soiling, before being placed in an aluminium 

bag, sealed, and transported to the laboratory within 2hrs, whereupon it was stored at -80oC. 

Longitudinal metadata of river water parameters were collected alongside citing of the samplers. 

 

A grab sample of river water was collected in a 30ml universal container for metal analysis. Samples 

were transported to the laboratory within 2 hours, stored at ambient temperature in the dark. 

 

Chemical and heavy metal analysis 

 

A suite of antimicrobials, metabolites, pesticides and metals were analysed on the basis of evidence 

in the literature for their role in the selection or co-selection of antibiotic resistance genes and to 

examine a priori assumptions about antimicrobial use in Blantyre (Tables 1, 2 & 3). POCIS samplers 

were extracted using standard procedures as described previously (425), and chemical analysis was 

performed using ultra performance liquid chromatography coupled with tandem mass spectrometry 

(UPLC, LC-MS/MS; TSQ Quantum Ultra or Quantiva mass spectrometers, Accela 1250 pump, both 

Thermo Fisher Scientific; PAL autosampler, CTC Switzerland) (426,436). Limits of quantification (LOQ) 

were calculated from the instrumental limit of quantification by correcting to the internal standard 

response, for the matrix effect, for internal standard response, and aliquot/volume of individual 

http://www.exposmeter.com/
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samples (436). Non-targeted screening of LC-MS/MS results was performed using compound 

discoverer 3.3 software to permit identification of chemical compounds that were present, but not 

included in the initial selection, including antiretrovirals (ARVs), antibiotics, antifungals and 

antiprotozoals. Principle component analysis (PCA) of POCIS LC-MS/MS compounds determined site-

based differences in chemical compositions. Metals were identified through inductively coupled 

plasma mass spectrometry (IPC-MS). 

 

Table.1. List of antibiotics and their metabolites screened in river water samples. 

Antibiotic Class Antibiotic Name Acronym 

β-lactams  
(β-Ls)  

Amoxicillin 
Ampicillin 
Cloxacillin  
Flucloxacillin 
Penicillin G 
Penicillin V 

AMX 
AMP 
CLX 
FLX 

PENG 
PENV 

Cefalexin 
Cefixime 
Cefotaxime 
Cefuroxime 

CEF 
CFX 
CTX 
CXM 

Quinolones (QNs) 

Ciprofloxacin 
Difloxacin 
Enoxacin 
Enrofloxacin 
Levofloxacin + Ofloxacin 
Lomefloxacin 
Norfloxacin 
Perfloxacin 
Roxithromycin 

CIP 
DIF 
ENX 
EFX 
LEV 

LOM 
NOR 
PER 
ROX 

MLS drugs 
(MLS) 

Azithromycin 
Clarithromycin 
Clindamycin 
Clindamycin sulfoxide 
Erythromycin 
Tylosin 

AZM 
CLR 
CLI 
CLS 
ERY 
TYL 

Sulphonamides 
(SAs) 

Sulfadiazine 
Sulfamerazine 
Sulfamethazine 
Sulfamethizole 
Sulfamethoxazole 
Sulfamethoxine 
Sulfamethoxypyridine 
Sulfamoxole 
Sulfaphenazole 
Sulfapyridine 
Sulfaquinoxaline 
N1 Acetyl SMX 
N4 Acetyl SMX 
Sulfathiazole 

SFD 
SFD 
SFT 
SFZ 
SMX 
SMI 
SMP 
SML 
SPZ 
SPY 
SFQ 
NA1 
NA4 
STZ 

Tetracyclines 
(TCs) 

Chlortetracycline 
Doxycycline 
Oxytetracycline 
Tetracycline 

CLT 
DOX 
OXY 
TET 
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Other antibiotics 
(Other) 
 

Chloramphenicol 
Metronidazole 
Rifampicin 
Trimethoprim 

CHL 
MET 
RIF 
TRI 

Antifungals and Antiprotozoals 
(Fung) 

Ornidazole  ORN  

Miconazole 
Terbinafine 

MIC 
TER 

 

 

Table 2. List of pesticides, herbicides and fungicides screened in river water samples. 

 Class Acronym Chemical names 

Pesticides 

Chloroacetanilides CHLA Acetoclor, Acetoclor_ESA, Metazachlor, Metalachlor, Metalachlor_ESA 

Organochlorine ORGC Chloridazon_methyl_desphenyl, Chloridazon_desphenyl, Chloridazon 

Neonicotinoid NEON Thiamethoxam, Imidacloprid 

ß-methoxyacrylates ß-MET Azoxystrobin 

Carbamate CARB Pirimicarb, Carbofuran-3-hydroxy 

Benzonitrile BENZ Ioxynil 

Urea UREA 1-(3.4-Dichlorophenyl)_urea, Atraton, Bensulfuron_methyl, 
Chlorotoluron, Chlorotoluron_desmethyl, Fenuron, Foramsulfuron, 
Isoproturon, Isoproturon_didemethyl, Isoproturon_monodemethyl, 
Linuron, Methabenzthiazuron,Metobromuron, Metoxuron, 
Metsulfuron_methyl, Monolinuron. 

Triazine TRIZ Terbuthylazine_hydroxy, Terbuthylazine_desethyl-2-hydroxy, 
Terbuthylazine_desethyl, Terbuthylazine, Simazine_hydroxy, Simazine, 
Sebuthylazine, Propazine_hydroxy, Propazine, Prometryn, 
Metribuzin_desamino, Metribuzin, Atrazine_desisopropyl, 
Atrazine_desethyl-desisopropyl, Atrazine_desethyl-2-hydroxy, 
Atrazine_desethyl, Atrazine_2-hydroxy, Atrazine, Ametryn 

Organophosphate ORGP Chlorpyrifos, Diazinon, Dimethoate, Malathion, Pirimiphos_ethyl, 
Pirimiphos_methyl 

DEET DEET Imazamox, Imidazolinone 

Starlicide STAR 3-chloro-4-methylaniline 

Ryanoid RYAN Chlorantraniliprole 

Herbicides 

2.4.5-trichlorophenoxyacetic_acid, 2.4-D, 2.4-
Dichlorphenoxypropionic_acid, 4-Isopropylaniline, Bentazone, 
Clomazone, Desmetryn, Dimethenamid_ESA, Diuron, Diuron_desmethyl, 
Florasulam, Hexazinone, Imazamethabenz_methyl, Lenacil, MCPA, 
MCPP, Picloram, Terbutryn, Triallat 

Fungicides 
Carbendazim, Cyproconazole, Dimethomorph, Epoxiconazole, 
Flusilazole, Metalaxyl, Metconazole, Propiconazole, Pyrimethanil, 
Tebuconazole, Triadimenol, Triticonazole 
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Table 3. List of metals screened in river water samples. 

Metal Acronym Metal Acronym 

Aluminium 
Arsenic 
Barium 
Beryllium 
Cadmium 
Cerium 
Cobalt 
Chromium 
Caesium 
Copper 
Iron 
Lanthanum 
Lithium 
Manganese 

Al 
As 
Ba 
Be 
Cd 
Ce 
Co 
Cr 
Cs 
Cu 
Fe 
La 
Li 

Mn 

Molybdenum 
Nickel 
Lead 
Rubidium 
Antimony 
Selenium 
Tin 
Strontium 
Titanium 
Uranium 
Vanadium 
Tungsten 
Zinc 
 

Mo 
Ni 
Pb 
Rb 
Sb 
Se 
Sn 
Sr 
Ti 
U 
V 
W 
Zn 

 
Statistical analysis 

 

Predicted no-effect concentrations (PNECs) were obtained from international guidance (appendix iv) 

(195). Statistical analysis and graphic visualisations including means +/- standard deviation (SD), 

boxplots, Pearson’s coefficient matrix, PCA and PNEC tables were performed using R studio (Version 

1.4.11). Sampling site maps were drawn using QGIS (Version 3.4). Wet season was classified as 

samples obtained between Nov-Apr and dry season was classified as samples obtained between May-

Oct.  

 

Results  

 

A total of 25 antibiotics, 4 antiretrovirals (ARVs), 3 antifungals, 2 antiparasitics used in human and 

animal medicine, alongside 30 unique pesticides, 7 herbicides and 8 fungicides used in agriculture 

were recovered from 54 river water samplers in urban communities throughout the period between 

February 2020 and April 2021 (Table 4 & Figure 2). Antibiotics were found in every river sample (100%, 

n=54), and we identified the presence of 8 sulphonamides (SFD, SFT, SMX, SMI, SPY, SFQ, STZ, NA4), 

6 macrolide 5(AZM, CLR, CLI, CLS, ERY, TYL), 5 β-lactam, including 3 cephalosporin (PENG, CLX, CEF, 

CFX, CXM) and 4 unclassified (CHL, MET, RIF, TRI) antibiotics, alongside 1 antifungal (MIC) and 1 

antiprotozoal (ORN) through the selected analysis (Table 4). Results from non-targeted screening also 

identified the presence of ARVs (Lopinavir, Efavirenz, Atazanavir, Nevirapine), antifungals 

(Griseofulvin) antiparasitics (Praziquantel) and the carbapenem antibiotic Imipenem (IMI) (appendix 

v). SMX, NA1, TRI, MET, ERY, SFT, SPY, IMI and AVRs were found in all locations and CXM, CHL, CLI, 

SFD, STZ and ORN were found in 4/5 locations (appendix vi). The concentrations of antibiotics ranged 



 276 

from 0.19-15,000 (ng/L), and sulfamethoxazole (it’s metabolite NA1), trimethoprim, metronidazole 

and erythromycin were the dominant compounds found in river water, constituting 83.1%, 10.5%, 

3.4% and 2.0% of the total analytes respectively (appendix vi). In addition to this, we consistently 

identified the macrolides AZM (n=28, 51.9%), CLR (n=23, 42.6%), CLI (n=27, 50.0%), CLS (n=11, 20.4%), 

ERY (n=51, 94.4%), TYL (n=1, 1.9%) and 3GCs, such as CXM (n=24, 44.4%) in river water samples 

(appendix vi).  

 

Variations in antibiotic concentrations were identified, and these were dependant on antibiotic class 

and river site (appendix vii). In the dense urban community (sites 2 &3) we typically found higher 

levels of sulphonamides and metronidazole (Figure 3a & 3d), in the city centre (site 1) we found higher 

levels of macrolides (Figure 3b), and in the peri-urban region (sites 4 & 5) we found increased 

concentrations of the injectable cephalosporins (Figure 3c). 

 

The relationship between recovered antibiotic concentrations illustrated that sulfamethoxazole, its 

metabolite NA1, and trimethoprim were closely associated (Figure 4). This reflects the similarity in 

chemical structures, in conjunction with widespread reliance on co-trimoxazole (CTX) for the 

treatment of bacterial disease in the local population and co-trimoxazole preventive therapy (CPT) in 

the context of HIV. CTX was in turn associated with rifampacin, pointing towards a role in tuberculosis 

therapy, and other related antibiotics included metronidazole and cefixime, and erythromycin and 

azithromycin, which are used as broad-spectrum treatments in a range of gastrointestinal and 

respiratory infections in humans and animals.  

 

In the continuation phase we assessed the flux of antibiotic presence and concentrations at 2 sites (1 

& 2) over the wet season (Figure 5). Within this period, we regularly recovered TRI, SMX, MET and RIF 

residues from the river water of both sites.  Furthermore, antibiotics were either consistently present 

or absent, with 62.2% (n= 28/45) of the antibiotics discovered at least once, found for ≥4 consecutive 

months. There were, however, marked fluctuations in the concentrations of antibiotics seen on a 

month-month basis at both sites, and this in turn impacts upon the selection pressures within the 

riverine environment (Figure 5 & Table 5). PCA highlighted that chemical composition differed 

substantially between sites, and this is likely to reflect differences in the geography upstream (light 

industry and tertiary hospital effluent vs dense conurbation) (appendix vi). 

 

To determine whether antibiotic residues in the urban sites were likely to impact on antimicrobial 

selection in the aquatic environment, we compared measured concentrations to PNECs set out in the 
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in guidance from the AMR industry alliance (Figure 6). Using this approach, we identified that 

antibiotic concentrations in urban rivers within Blantyre are typically lower than the PNEC values, and 

only SMX, TRI and MET were at levels above the upper limit of PNEC. TRI and MET were often <2 times 

the limit of advised PNECs, however SMX was frequently seen at much higher levels, and was 

recovered up to >10 times the PNEC.   

 

Other than Be and Sn, all metals were detected in the water samples. Metal concentrations varied by 

site and element, with neither site showing an increased presence of all metals tested (Table 6). Heavy 

metal concentrations for Cu, Cr, Fe, Ni, S and Zn were higher in the central urban river system 

downstream of light industry (site 1) and metal concentrations of As, Li, Mn, Rb and Sr were higher in 

the river system downstream of a dense urban conurbation (site 2) (appendix viii). None of the mean 

metal concentrations were above the WHO or United States Environmental Protection Agency 

(USEPA) reference standards (437), although individually, high levels of Ni (>20µg/L) Mg (>100µg/L) 

and Fe (>300µg/L) were found in excess of WHO reference standards (appendix ix). 

 

 

Table 4.  Antibiotics (and their metabolites) antifungals and antiparasitics identified at river sites, 

presented with their mean (SD) concentrations (ng/L). 
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Figure 2. Panel plots of the presence and absence of pesticides (a), herbicides (b) and fungicides (c) 

identified at river sites over the study period. Pesticides have been grouped by class, and presence 

has been coloured as absent (at all timepoints) or present (at ≥ 1 timepoint).  

 

 

Figure 3a. Boxplots of sulpha antibiotic concentrations (ng/L) at each site over the total study period, 

inclusive of the pilot and continuation phase, separated by antibiotic class.  
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Figure 3b. Boxplots of MLS antibiotic concentrations (ng/L) at each site over the total study period, 

inclusive of the pilot and continuation phase, separated by antibiotic class.  

 

 

 

 

Figure 3c. Boxplots of ß-lactam antibiotic concentrations (ng/L) at each site over the total study 

period, inclusive of the pilot and continuation phase, separated by antibiotic class.  
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Figure 3d. Boxplots of antibiotic (unattached class) and antiprotozoal concentrations (ng/L) at each 

site over the total study period, inclusive of the pilot and continuation phase, separated by antibiotic 

class.  

 

 

Figure 4. Pearson’s correlation matrix of antibiotics in river water across all 5 study sites. Correlation 

coefficients are illustrated on a colour spectrum, with those in red and orange showing the highest 

degree of relationship. 
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Figure 5. Monthly presence and concentration (ng/L) of antibiotics in river water from sites 1 and 2 

during the continuous phase, stratified by antibiotic class. Antibiotics below the LOQ and are not 

detected are highlighted in yellow. 
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Figure 6. Monthly presence of antibiotics in river water from sites 1 and 2 during the continuous phase, 

stratified into values that are within safe (green, <PNEC) and unsafe (red, >PNEC) PNEC levels. Values 

inside the cells describe the ratio of analyte:PNEC, and a value of 0 illustrates where an antibiotic was 

identified above the LOQ but below 0.01% of the agreed PNEC target. Where antibiotics were identified 

but no agreed PENC definitions exist, these have been coloured in light green and where no antibiotic 

was found these have been coloured white.  
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Table 5. Antibiotic mean (SD) concentrations at the 5 sites sampled. 

Antibiotic Site 1 
n=22 

Site 2 
n=24 

Site 3 
n=3 

Site 4 
n=1 

Site5 
n=4 

AMX      

AMP      

AZM 2.70 (3.66) 0.24 (0.48)  0.27 0.05 (0.10) 

CEF 0.09 (0.29) 0.05 (0.24)    

CFX 0.02 (0.11) 0.02 (0.08) 0.29 (0.24)   

CTX      

CXM 35.73 (43.61) 23.13 (73.25) 19.00 (32.90)  120.00 (88.31) 

CHL 0.37 (1.20) 3.64 (5.91) 13.43 (5.52)  3.63 (4.45) 

CIP      

CLR 1.51 (1.52) 0.98 (2.18)    

CLI 0.31 (0.48) 0.23 (0.35) 0.35 (0.37)  0.48 (0.39) 

CLS 0.04 (0.10) 0.18 (0.46)   0.37 (0.26) 

CLX 1.05 (2.00) 3.29 (3.33) 2.86 (3.31)   

DIF      

DOX      

ENX      

EFX      

ERY 188.68 (267.59) 78.70 (89.20) 6.86 (1.17) 3.10 78.75 (57.78) 

FLX      

LEV      

LOM      

MET 268.96 (718.45) 162.96 (162.76) 234.00 (176.71) 3.00 44.65 (58.79) 

MIC  0.02 (0.07)    

NOR      

ORN 0.51 (0.95) 1.30 (2.11) 0.75 (0.71)  0.66 (0.82) 

OXY      

PENG 0.06 (0.20)     

PENV      

PER      

RIF 2.75 (3.35) 5.36 (6.13) 21.00 (5.57)   

ROX      

SFD 1.39 (4.42) 2.35 (3.03) 1.90 (0.30)  1.12 (0.95) 

SFM      

SFT 1.29 (1.16) 2.05 (2.91) 3.2 (0.10) 0.29 2.18 (2.19) 

SFZ      

SMX 1892.64 (1926) 4042.91 (3341) 7533.33 (305) 7.00 2427.50 (2023) 

NA1      

NA4 876.13 (898) 2200.54 (1547) 4033.33 (1159) 33.00 1040.25 (922) 

SMI   0.18 (0.31)   

SMP      

SML      

SPY 3.37 (3.55) 4.47 (3.80) 2.75 (2.29) 0.29 0.90 (0.80) 

SFQ 0.01 (0.07) 0.04 (0.16)    

STZ 2.09 (3.41) 2.18 (2.00) 3.97 (4.11)  0.98 (1.95) 

TER      

TET      

TRI 344.20 (290.02) 740.12 (566.54) 1666.67 (152.75) 30.00 656.75 (455.90) 

TYL  0.02    

*Blacked out boxes indicate antibiotic presence undetected (below limit of detection).  
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Table 6. Mean (SD) concentrations (µg/L) of antibiotics identified from sites 1 and 2 in urban Blantyre. 
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Discussion 

 

Within this study we illustrate that resistance-driving chemicals are consistently recovered from urban 

waterways in a large sSA city, posing risks to human, animal, and ecological health. We identified 

higher levels of sulfamethoxazole than any other antibiotic, followed by metronidazole, rifampacin 

and macrolides. This spectrum of antibiotics reflects those that are typically used locally in human 

medicine to treat a broad range of bacterial diseases (SMX), including TB (Rif), gastrointestinal and 

respiratory infections (MET/macrolides), and the prevention of opportunistic infections in HIV (CTX). 

Evidence for the presence of antibiotic residues in urban rivers from LMICs, particularly sSA is limited 

(438). Where data exists, sulphonamides predominate, and are ubiquitous to tropical rivers across 

Asia (439) and sulfamethoxazole is the most commonly detected antibiotic in African surface waters; 

frequently reported at concentrations ranging between 0.00027 – 39 μg/L-1 (404,438). Given the 

absence of antibiotic manufacturing plants, and no functioning WWTP upstream of any of the included 

river sites, along with the high reported levels of faecal contamination of urban rivers in these settings 

(213,440), these results suggest that ineffectual waste management of human effluent leads to the 

widespread dissemination of antibiotics in the urban riverine environment. 

 

Human antibiotic usage in Malawi is complex, and influenced by vulnerabilities of access and cost, 

alongside intrinsic health system constraints (441). This leads to a narrow spectrum of typically oral 

antibiotics used (116), and these are the same compounds that we frequently encountered in urban 

surface waters. While campaigns to reduce community antibiotic prescribing are ongoing, we should 

remain cognisant that antibiotics provide a large positive benefit to population health, and a priority 

focus should be on improvements of waste management and environmental removal of antibiotics, 

instead of a reduction in potentially life-saving antimicrobial therapy.   

 

Within animal health, fewer antibiotics are used in low-income settings compared to high-income 

settings, but there is limited accurate data on specific ABU metrics from LMICs. Here, the antibiotics 

we found at the highest concentrations are not those routinely used by local veterinarian services or 

purchased over-the counter for treating sick animals. Nevertheless, without accurate prescription 

data, it is unclear what percentage of antibiotic in the river system are present as a direct result of 

animal health.  

 

The selection risk from antibiotics were derived from PNECs proposed for use by the AMR Industry 

Alliance as discharge limits from manufacturing facilities, and these have been endorsed by several 
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industrial partners and countries, (195). When we compared antibiotic concentrations found in urban 

Malawian rivers to these targets, we see that SMX, TRI and MET are consistently reported above 

recommended limits, over extended periods of time. To survive in toxic conditions, bacteria, in 

particular Enterobacteriaceae develop resistance via intrinsic mutations or through acquisition of 

genetic determinates (6). The elevated presence of antibiotics in the environment is believed to 

increase the rate of selection for antibiotic resistance, which may allow the environment to form a 

key niche for the maintenance and evolution of AMR (194,430).  

 

We frequently also found pesticides, herbicides and fungicides in the rivers sampled. Due to the 

absence of available eco-toxicology data, there are currently no internationally agreed targets for 

PNEC of these chemicals in surface waters. Nevertheless, their role has been widely reported to 

influence selection pressures on bacteria in the aquatic environment (442–444), and agrochemicals 

are frequently used by households and subsistence farmers in LMICs, including Malawi, and have been 

found in local surface waters previously (445–447). Therefore their role in this setting may be uniquely 

placed, given pressures on farmers to maintain crop growth (448) alongside inadequate resources to 

effectively regulate the importation, production, sale and use of these chemicals (449).  

 

Metals have previously been identified in the river systems (450) and drinking water (234) of Blantyre 

through point prevelance studies. Longitudinal data within this study illustrates a consistent presence 

of metals in urban waterways, with occasional concentrations above recommended WHO or USEFA 

limits. The continued presence of antibiotics, pesticides and heavy metals in these sites may well serve 

as an important driving factor in the high levels of reported antibiotic resistant bacteria (ARB) and 

antibiotic resistant genes (ARGs) in urban sSA rivers including those found in Blantyre waterways 

(451).  

 

The prevelance of ARB in sub-tropical rivers, like those seen in Malawi, are likely to be influenced by 

seasonal trends in rainfall. Increased rainfall leads to widespread flooding and overflowing of pit 

latrines into local rivers and groundwater. Floodwaters elsewhere have been shown to have higher 

amounts of E. coli and ARGs [sul1, IntI1], leading to increased exposure to pathogens and AMR risks 

in these scenarios (206). The paucity of adequate sanitation infrastructure in urban settings intensified 

the effects of these events and could lead to seasonal fluctuations in effluent and antibiotics in local 

river systems.  
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There are several limitations to this study. Firstly, there are multiple factors that alter the levels of 

antibiotics in the aquatic environment including photodegradation, biodegradation and river flow 

rates. Photodegradation and biodegradation differ depending on the chemical structure and river flow 

rates fluctuate substantially over small timescales and between the wet and dry season. Furthermore, 

although rivers were sampled continuously, the frequency of 2-weekly sampling does not permit the 

assessment of risks on a daily or weekly basis, and alterations in the concentrations on these 

timescales cannot be determined. Logistical challenges and financial constraints meant that we 

sampled for one year at 2 sites and citywide and seasonal risks have been made as extrapolations 

from these timescales. Ideally surveillance would be continuous at a greater number of river sites, 

over a number of seasons, alongside the collection of population-level and meteorological metadata. 

Lastly, given the high morbidity and mortality from drug-resistant bloodstream infections in sSA, 

alongside the relationship we found to human health prescribing, ideally, we would have targeted 

screening for chemical residues including ceftriaxone, carbapenems and colistin to determine 

antibiotic residues that may be of greatest local concern. 

 

While the risks of resistance-driving chemicals in the aquatic environment have not been quantified 

for human or animal health, in urban Blantyre we find that antibiotics in excess of PNECs that are 

considered safe for ecological health. This is directly linked to inadequate WASH infrastructure in 

densely populated urban environments and human antimicrobial usage, and highlights that the 

riverine network may be an important ecological niche for the acquisition, maintenance, and 

transmission of AMR in LMIC settings. 
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Appendices 

 

Appendix i. Logistical challenges at sampler sites, and community engagement activities.  

 

A pilot phase between February 2020 and April 2020 to assess for logistical challenges. The majority 

of the sites faced significant challenges from theft and the unsuccessful recovery of filters after either 

a 7 day or 14-day period. In downstream sites, high fluctuations in rainfall during the “rainy” season 

led to flash flooding and mechanical destruction of samplers, while sites in dense urban environments 

had high levels of theft. An important component of the success of this project was as a result of 

ongoing local engagement activities. Local chiefs and community leaders were surveyed for the 

acceptance of samplers and verbal permissions were granted. Where sites fell on private property, 

verbal agreements were drafted for placement of samplers prior to siting. However, theft in particular 

was hampering any meaningful longitudinal sampling in the urban community sites and mechanical 

loss was problematic in the central city site, situated at the golf course.  

 

At the golf course, working in partnership with the head groundsman the team found a suitable site 

on the river which was away from public walkways (reduced theft), in a wider part of the river (less 

prone to mechanical loss) and safe to access by the field team. At the urban site in Ndirande, local 

leaders suggested discussing with businesses and households that worked nearby or lived next to the 

river whether they could become guardians or local champions, assisting with the success of the 

project.  The field teams then undertook a survey alongside the river edge, and 3 individuals who lived 

nearby highlighted that they would like to take part. After consultations with these individuals, a 

number of recommendations were implemented. Firstly, 2 suitable areas were identified where filters 

could be positioned away from people. Secondly, filters would be sited at less busy times of the day 

by members of the local population (i.e. not MLW field teams) so as to not raise suspicion. Lastly, 

regular checks (by local residents) were made every 2-3 days to ensure filters were not removed or 

had become visible. All of these measures were successfully employed, and the 3 individuals became 
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guardians who assisted us throughout the study, in return for remuneration of their time. This led to 

no further loss of the filters via theft or mechanical destruction at the urban site. Within Chileka, we 

attempted siting filters at the local school, however this was unsuccessful due to mechanical 

destruction and no local champions were identified. 

 

The intention of the study was to be operational for the period of 1 year, and have continuous 

sampling, to allow for the assessment of antibiotic presence monthly, accounting for seasonality. 

Before efforts were implemented to address the logistical challenges identified in the pilot phase, the 

study was required to stop due to COVID-19 restrictions. The study was not active from the period of 

April 2020 to October 2020 due to Malawi Ministry of Health and MLW community based COVID-19 

restrictions. Due to logistical and financial constraints, once re-operational in November 2020 a 

rational approach to sampling was undertaken, with a reduction of sites to 2, which focussed on the 

presence of antibiotics in urban riverine environments alone (see Figure 1).  

 

For the continuation phase, the samplers were placed into a small surrounding cage to reduce the risk 

of mechanical destruction (picture below, adapted from “Instillation of POCIS samplers” by R Grabic, 

University of South Bohemia), and then submerged into the river. Samplers were attached via a wire 

and secondary rope to metal posts drilled into the edge of the riverbank at points out of view from 

the public. The length of wire was ~20cm long to enable continuous submersal and limited movement. 

Collection and replacement of samplers were undertaken at times of reduced footfall, by members of 

the community known to the study team, in an effort to reduce the chance of filter discovery and 

theft.  

 

a) outside cage  b) internal PES membrane.        c) completed POCIS with wire 
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Appendix ii. Detailed maps of the riverine network of Blantyre, including (a) Blantyre city (b) Ndirande 

and (c) Chileka. DRUM study polygons have been demarcated in orange. Sampling sites have been 

geolocated (site 1: star, site 2: triangle, site 3: square, site 4: circle, site 5: diamond) alongside the key 

rivers (black = Mudi river, red = Nasolo river, blue = unnamed river).   

 

(a)  

(b)  (c)  
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Appendix iii. Photos of the sampling sites at study initiation. Local approvals and permissions were 

granted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 292 

Appendix iv. List of PNEC values adapted from the AMR industrial alliance discharge targets. 

Antibiotic PNEC Antibiotic PNEC Antibiotic PNEC 

Amikacin 16 Cloxacillin 0.13 Oxytetracycline 0.5 

Amoxicillin 0.25 Colistin 2.0 Pefloxacin 8.0 

Amphotericin B 0.02 Daptomycin 1.0 Phenoxymethylpenicillin 0.06 

Ampicillin 0.25 Delamanid 0.03 Piperacillin 0.5 

Anidulafungin 0.02 Doripenem 0.11 Polymixin B 0.06 

Avibactam 200 Doxycycline 2.0 Retapamulin 0.06 

Avilamycin 8.0 Enramycin 4.8 Rifampicin 0.06 

Azithromycin 0.02 Enrofloxacin 0.06 Roxithromycin 1.0 

Aztreonam 0.5 Ertapenem 0.13 Secnidazole 1.0 

Bacitracin 8.0 Erythromycin 0.5 Sparfloxacin 0.06 

Bedaquiline 0.08 Ethambutol 2.0 Spectinomycin 32 

Benzylpenicillin 0.25 Faropenem 0.02 Spiramycin 0.5 

Capreomycin 2.0 Fidaxomicin 0.02 Streptomycin 16 

Cefaclor 0.50 Florfenicol 2.0 Sulbactam 16 

Cefadroxil 2.0 Fluconazole 0.25 Sulfadiazine 13 

Cefalonium 21 Flumequine 0.25 Sulfamethoxazole 0.6 

Cefaloridine 4.0 Fosfomycin 2.0 Tedizolid 3.2 

Cefalothin 2.0 Fusidic acid 0.5 Teicoplanin 0.5 

Cefazolin 1.0 Gatifloxacin 0.13 Telithromycin 0.06 

Cefdinir 0.25 Gemifloxacin 0.06 Tetracycline 1.0 

Cefepime 0.5 Gentamicin 0.15 Thiamphenicol 1.0 

Cefixime 0.06 Imipenem 0.13 Tiamulin 1.0 

Cefoperazone 0.5 Isoniazid 0.13 Ticarcillin 8.0 

Cefotaxime 0.1 Itraconazole 0.01 Tigecycline 1.0 

Cefoxitin 8.0 Kanamycin 1.0 Tildipirosin 0.42 

Cefpirome 0.06 Levofloxacin 0.25 Tilmicosin 1.0 

Cefpodoxime 0.25 Lincomycin 0.81 Tobramycin 1.0 

Cefquinome 1.6 Linezolid 6.7 Trimethoprim 0.5 

Ceftaroline 0.06 Loracarbef 2.0 Trovafloxacin 0.03 

Ceftazidime 0.5 Mecillinam 1.0 Tylosin 1.0 

Ceftibuten 0.25 Meropenem 0.06 Vancomycin 8.0 

Ceftiofur 0.06 Metronidazole 0.13 Viomycin 2.0 

Ceftobiprole 0.23 Minocycline 1.0 Virginiamycin 2.0 

Ceftolozane 1.9 Moxifloxacin 0.13   

Ceftriaxone 0.03 Mupirocin 0.25   

Cefuroxime 0.5 Nalidixic acid 16   

Cephalexin 0.08 Narasin 0.5   

Cephradine N/A Neomycin 0.03   

Chloramphenicol 8.0 Netilmicin 0.5   

Ciprofloxacin 0.06 Nitrofurantoin 64   

Clarithromycin 0.08 Norfloxacin 0.5   

Clinafloxacin 0.5 Ofloxacin 0.5   

Clindamycin 0.1 Oxacillin 1.0   
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Appendix v. Non-targeted chemical analysis results. (a) PCA analysis of chemical compounds in site 1 

and site 2, (b) concentration of novel antibiotics identified through non-targeted method, (c) 

concentration of ARVs, antiprotozoals and antifungals identified. 
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Appendix vi. Cumulative total of antibiotics identified from each sample, stratified by site and 

coloured by antibiotic class.  
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Appendix vii. Spatiotemporal variations in antibiotic compositions in the 54 samples collected, 

stratified by site and coloured by antibiotic class. 
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Appendix viii Violin plots of metal concentrations (µg/L) by site  
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Appendix ix. Maximum concentrations (µg/L) of metals identified at site 1 & 2.  

Heavy metal Maximum 
concentration µg/L 

(site 1) 

Maximum 
concentration µg/L 

(site 2) 

WHO reference 
values 

USEFA reference 
values 

Al 66.32 67.90 200 200 

As 3.57 6.92 10 10 

Ba 174.00 218.00 - - 

Be Not found Not found - - 

Cd 0.04 0.01 3 5 

Ce 0.04 0.04 - - 

Co 2.66 3.35 - - 

Cr 15.40 3.52 50 100 

Cs 0.06 0.07 - - 

Cu 13.64 12.91 2000 1300 

Fe 366.00 49.00 300 300 

La 0.01 0.01 - - 

Li 1.50 3.98 - - 

Mn 814.00 602.00 100 50 

Mo 11.50 11.00 - - 

Ni 25.20 5.78 20 - 

Pb 0.61 0.04 10 15 

Rb 47.60 97.60 - - 

Sb 19.70 1.38 - - 

Se 0.74 0.96 40 - 

Sr 776.00 1250.00 - - 

Sn Not found Not found - - 

Ti 30.60 38.00 - - 

U 0.34 0.28 30 - 

V 10.00 3.72 - - 

W 0.21 Not found - - 

Zn 156.62 23.15 1000 1000 
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Chapter 9: 

Conclusions and future directions 

 

 

9.0 Introduction 

 

In this thesis I have presented the results from two observational studies undertaken in southern 

Malawi, which were designed to broadly assess key risks for carriage of ESBL-E and ESBL-K in Malawian 

communities. In Chapter 1 I presented a hypothesis that within low-income settings, ineffectual 

household WASH practices and a paucity of WASH infrastructure contribute to ESBL contamination of 

the household environment and pollution of the riverine and community environment via inadequate 

management of faecal sludge. Interactions between humans, animals and environmental reservoirs 

of ESBL bacteria in these settings promote the acquisition, maintenance and spread of ESBL-E and 

ESBL-K, ultimately resulting in increased levels of gut carriage of these drug resistant organisms. In 

this chapter I summarise my findings and suggest future research priorities and important next steps.  

 

My contributions to this chapter and those of others are included in Table 9.0.  

 

Table 9.0. Chapter contributions made by the PhD candidate, alongside those from external partners 

and DRUM consortium collaborators 

 Listed chapter contributions 

Personal contribution All sections of this chapter were drafted by the PhD 

candidate 

Contributions from external 

partners and DRUM consortium 

collaborators 

Guidance and document review was provided by the PhD 

supervisory team and DRUM collaborator, Tracy Morse. 

 

9.1. Summary of findings 

 

A large, longitudinal, household-centred study was undertaken in urban, peri-urban and rural 

communities of southern Malawi, which collected demographic, WASH and microbiological data from 

humans, co-located animals and the household environment. The methods for this study were 

described in Chapter 2. In Chapter 3 I outlined the approach to random household selection and 

describe similarities between the baseline metrics in households from this study compared with other 



 299 

studies in our setting. This illustrated that the households recruited are likely to be representative of 

urban, peri-urban and rural sites within Malawi, allowing us to make generalisable estimates from the 

findings obtained, and determine regionally-related differences in ESBL-E and ESBL-K risks.  

 

In Chapters 3 and 4 I found a similar household density between the regions (mean 4.5), with 

households in the rural setting on average poorer than those in the urban or peri-urban setting. The 

median age of household members was 18yrs, and participants were invariably in good health with 

few co-morbidities or recent hospital admissions; with an adjusted HIV prevalence of 14.0% across 

the study cohort. Antibiotic exposure in the study cohort was predominantly limited to oral 

amoxicillin, co-trimoxazole and metronidazole and associated with episodes of illness, irrespective of 

diagnosis. ABU was higher in the rural site compared to other regions, and in children under 5. Animal 

ownership was commonplace (58.7% households) and highest in the rural site, with poultry the most 

frequently owned animal type. The animal species present at households varied by setting, with larger 

livestock animals more often seen in the rural area, and domestic animals seen in the urban and peri-

urban sites. Preventative measures were employed to reduce episodes of animal illness, and when 

animals became unwell households would only occasionally seek specialist advice or give medication, 

and therefore there was limited ABU exposure seen in household-owned animals.  

 

There was a paucity of household WASH infrastructure and access to materials that enable safe 

toileting, adequate sanitation or effectual hand-hygiene and waste management was limited across 

all sites. This was paralleled by behavioural proxies that may increase the risk of bacterial transmission, 

such as household attitudes to water usage, food-hygiene, open defaecation, and handwashing. 

Finally, I noted interactions between household participants and key environmental sites including 

rivers and drains, which were found in Chapter 5 to be heavily contaminated with ESBL bacteria, 

particularly within the urban setting.  

 

In Chapter 5, I made a detailed microbiological description of the landscape of ESBL-E and ESBL-K at 

the study households and in the broader environments that these households interact with. The 

phenotypic results illustrated a very high level of ESBL colonisation in humans, animals and key 

environments, especially those with inadequate WASH infrastructure or poorly governed waste 

management systems (i.e. dumping of waste in rivers and open drains). This fits with the hypothesis 

that WASH inadequacies contributes to widespread human and animal faecal contamination of the 

environment, and the high levels of ESBL-E found in humans, animals and the environment 

demonstrate that these compartments are interconnected. I also identified that there are bacterial 
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species-specific differences, with the ratio of ESBL-E: ESBL-K differing by sample type. In human and 

animal stool, there was a higher proportion of ESBL-E compared to ESBL-K, whereas in environmental 

samples there was a similar proportion of ESBL-E and ESBL-K, excepting food and stored water where 

ESBL-K were more common, indicating different ecological niches for the respective bacteria. Lastly in 

Chapter 5, I identified a higher rate of ESBL colonisation in the urban setting compared to the other 

regions, for both human and animal stool, but also in food, household surfaces, floors and the external 

environment.  

 

In Chapters 6 and 7, I explored how the individual-level, household-level and sample-level information 

broadly explained the microbiological findings described in Chapter 5 through PCA and mixed-effect 

models designed to assess for associations with human ESBL, ESBL-E and ESBL-K gut colonisation and 

evaluate regional similarities and differences in risk. The outputs of the modelling illustrated that there 

was a trend towards an increased risk from household contamination, piped-water usage and in the 

case of ESBL-K, poor hand-hygiene, increased household density and drain-water exposure. Site-

dependant water management, sanitation and hand-hygiene practices influenced ESBL colonisation 

status and across all regions there were risks associated with sharing toilets and river water exposure.  

Alongside this, there was a strong seasonal association with ESBL colonisation, likely to be consequent 

upon the ability of neither the environment nor WASH infrastructure to cope with seasonal heavy 

rainfall, flushing human and animal waste through the environment. Predictions made from these 

models therefore suggested that future WASH interventions to curb ESBL transmission should 

consider integrating water management, hand-hygiene and environmental-hygiene measures as part 

of their strategy for maximal effect.   

 

There were regional differences in risks, with the peri-urban site being the most climate sensitive and 

having the highest odds of ESBL colonisation in the wet season. Animal-associated risks were 

dependant on the combination of the site, animal species and bacterial species, and individual-level 

differences were minimal between the regions. These results indicate that geographic location and 

associated variations in regional WASH infrastructure, practices and environmental exposures, does 

impact upon ESBL, ESBL-E and ESBL-K colonisation risks differentially.  

 

Lastly, in Chapter 8 I assessed the prevalence of key antibiotics and resistance-driving chemicals in 

urban waterways of Blantyre that could be contributing to the creation of an ecological niche 

supportive of ESBL-E. Here, a total of 25 antibiotics, 4 antiretrovirals, 3 antifungals and 2 antiparasitics 

commonly used in human medicine were identified, alongside 30 pesticides, 7 herbicides and 8 
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fungicides used in agriculture, and 25 heavy metals were recovered from river water samplers in urban 

communities. The heavy metals were all within allowable WHO limits; however, antibiotic 

concentrations of sulfamethoxazole, trimethoprim and metronidazole were consistently above 

PNECs; highlighting that in urban Malawian rivers, antibiotics used in human health are consistently 

found across time and space, at levels that can drive and sustain the emergence of AMR-harbouring 

bacteria.  

 

9.2. Conclusions and future research priorities 

 

I found a staggeringly high prevalence of ESBL colonisation in humans and animals, alongside ESBL 

contamination of the households and broader environment (i.e. rivers and drains) in southern Malawi. 

I have highlighted the key role that WASH infrastructure and behavioural proxies have on driving 

human community carriage of ESBL bacteria in southern Malawi and propose that without adequate 

efforts to reduce ESBL contamination of the shared environment, both at a household level and 

community level, we are unlikely to control ESBL transmission in this setting. Furthermore, future 

interventions and policy designed to interrupt AMR transmission should be cognisant of regional 

differences in AMR-prevalence that are likely consequent upon different WASH infrastructure, and 

adaptions made wherever possible which are tailored to the local population for maximal effect.  

 

9.2.1. Next steps in the data analysis 

 

9.2.1.1. Short-read sequencing of isolates  

 

The AMR data presented in this thesis are solely phenotypic. To accurately determine the relationship 

between isolates cultured from humans, animals and the environmental and assess the flux between 

these compartments, bacterial typing based on whole genome sequence data will be imperative. This 

approach will also enable us to go beyond the associations identified in this thesis and infer 

directionality of ESBL transmission. Lastly, WGS will allow us to track if clones of local or global clinical 

importance (i.e. ST131 E. coli containing blaCTX-M-15) are present in healthy community members, 

animals or community environments within this study, and compare these findings to those obtained 

from other settings.  

 

This work has been held up for nearly 2 years by issues arising from the need for a Nagoya Protocol 

compliant contract. This has now been issued by the government of Malawi. DNA has been extracted 
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from all ESBL-E and ESBL-K isolates obtained in the study (1 pick per plate for each ESBL-E and ESBL-

K). These will be whole genome sequenced on the Illumina X10 platform (Illumina Inc, California, USA) 

at the Wellcome Sanger Centre (UK) to produce 150bp paired end short reads as part of the DRUM 

consortium and will be augmented with long read sequencing on the MinION platform (Oxford 

Nanopore Technologies, UK) for a select number of isolates; enabling the characterisation of MGEs 

and evidencing the extent to which HGT is occurring.  

 

9.2.1.2. Metagenomic genomic analysis to determine the diversity of ESBL bacteria and 

better identify the ecological niche of ESBL AMR.  

 

Shotgun metagenomic analysis of enriched samples not under antibiotic selection pressures (i.e. BPW) 

will be undertaken to identify the relative abundance of bacterial species and spread of ARGs present 

in human, animal and environmental samples. This will allow us to better understand the biology of 

within-host and within-compartment ESBL-E and ESBL-K diversity and investigate the human, animal 

and environmental resistomes in an effort to more accurately determine where the ecological niche 

of ESBL-E and ESBL-K lies.   

 

Total DNA had been extracted from human and animal stool and river water samples obtained from 

households in the study, alongside DNA from plate sweeps of the ESBL ChromAgar media from stool 

and environmental samples. These will be sequenced on the Illumina HiSeq 4000 platform (Illumina 

Inc, California, USA) and Illumina X10 platform (Illumina Inc, California, USA) respectively, at the 

Wellcome Trust Sanger Centre (UK) and will be complimented by the sequencing outlined above.  

 

9.2.1.3. Incorporation of observational and genomic datasets into models of ESBL risk 

within our setting, to better refine potential interventions and areas for future 

research. 

 

Here, I use self-reported WASH data by household participants. Detailed observations of WASH 

practices were undertaken in parallel by DRUM, and these will provide more accurate behavioural 

insights. This data will be important if we are to propose future WASH interventions, as observational 

data is frequently missing from studies, hampering the intended effects of interventions on outcomes 

of interest (i.e. hand-washing interventions on frequency of diarrheal episodes). The frequency and 

nature of these interactions may be contributors to the acquisition, maintenance and transmission of 

ESBL bacteria in humans and animals within our setting.  
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Therefore, to develop our understanding of the key drivers of ESBL AMR, the DRUM consortium will 

take an agent-based modelling approach which permits the incorporation of qualitative (i.e. 

observational) and quantitative information alongside genomic data into models that describes AMR 

movement between humans, animals, and the environment. This will allow us to test different 

systems models of social and behavioural features of the population that may contribute to ESBL 

emergence, transmission, and colonisation/decolonisation of individuals; ultimately enabling us to 

inform the design of interventions aimed at interrupting ESBL transmission in our setting.  

 

9.2.2. Ongoing research within DRUM 

  

9.2.2.1. Analysis of sub-studies designed to evaluate the role of the local environment and 

food chain on community ESBL colonisation 

 

Given the high levels of ESBL present in the local drain and river environments, a better evaluation of 

the risk pathways alongside environmental mapping within the urban settings is required. Within the 

wider DRUM consortium we have completed transect walks of the regional polygons alongside year-

long longitudinal microbiological sampling of areas of key risks, as determined by the SaniPath tool. 

The methods for this sub-study have been broadly outlined in Chapter 2, and from this we will be able 

to identify the urban sites where ESBL bacteria are most prevalent alongside key human and animal 

interactions. The aim of this will be to refine the urban hotspots and behavioural risks that may be 

permissible to educational or interventional campaigns.  

 

Secondly, considering the high level of food contamination, it will be important to consider the risks 

of AMR transmission along the food chain, from farm to fork. A large number of households rely on 

local vendors for daily food supplies, and therefore, determining the risk pathways and prevelance of 

AMR bacteria in local markets will allow us to better understand food-hygiene factors that drive local 

AMR. Here, within the DRUM consortium I have been involved with the WASH team on development 

of a market project in urban Blantyre that focuses on a combination of observational and 

microbiological data collection, to highlight the role that local marketplace plays on ESBL transmission.  

 

Both of these sub-studies have completed baseline data collection and are undergoing initial statistical 

analysis by members of the DRUM consortium. Total DNA has been extracted from pre-enriched 

media (buffered peptone water) of ESBL positive samples obtained from these projects and shotgun 
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metagenomic sequencing of these samples will detail the local environmental resistomes and add to 

our understanding of environmental ESBL diversity.  

 

9.2.2.2. Clinical blood-stream infection study, assessing the relationship between the 

diversity of ESBL Enterobacteriaceae seen in BSIs compared with those obtained 

from patient stool and households of patients with BSIs. 

 

To understand the biology of within-host and within-household ESBL diversity, we have developed a 

clinical cohort study recruiting ESBL Enterobacteriaceae BSI patients from the local hospital (QECH). 

Patients who are blood culture positive for Enterobacteriaceae are separated into community 

acquired infections (CAIs) and hospital acquired infections (HAIs) and a household follow-up is 

undertaken at patients with community-acquired ESBL BSIs. The microbiological sampling strategy and 

CRFs parallel those undertaken in the community study within this thesis, and via a mixture of short-

read sequencing, mSweep and shotgun metagenomics we will be able to compare the diversity of 

AMR genes found in the microbiome of BSI patients alongside their family members and household 

environments, contextualising them within the broader community and environment of Blantyre. 

Ultimately this study might identify household ESBL transmission risks within BSI individuals and 

provide a platform for future research priorities and the development of targeted interventions to 

interrupt transmission of AMR-pathogens that are tailored to Malawi’s needs.  

 

9.2.3. Future research priorities 

 

9.2.3.1. Evaluate effects of climate change on ESBL transmission 

 

Analysis of temporal and spatial AMR data obtained in this study alongside available meteorological, 

hydrographic and sanitation (shit-flow) data may provide insights into the role of different 

components of seasonality in driving the seasonal effects on ESBL colonisation reported here. 

Modelling of climate forecasts might then be integrated with AMR data to determine whether climate 

change will lead to increased dissemination of ARB and ARGs into the broader environment, or 

enhance the transmission of AMR, and subsequent burden of AMR disease.  
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9.2.3.2. Understand the local environmental and animal drivers of antibiotic and biocide 

use, alongside continued microbiological surveillance of ESBL ARG and ARB  

 

High levels of antibiotics above PNECs and faecal contamination of the riverine network may highlight 

why the river environment is an important ecological niche for the acquisition, maintenance, and 

transmission of AMR in LMIC community settings. While I postulate that this is a result of the 

combination of densely populated urban environments with inadequate WASH infrastructure to 

control excreta and routine antimicrobial use in the local population (i.e. HIV, TB, gastrointestinal and 

respiratory infections), more information is required on the use of antibiotics and resistance-driving 

chemicals in local agricultural and animal practices. Research in this area will allow us to discern the 

key sources responsible for the dissemination of antibiotics and biocides into the riverine network and 

illuminate areas for future policy development.  

 

Furthermore, the high levels of antibiotics and ESBL bacteria found in the rivers described within this 

thesis promotes the integration of riverine surveillance of resistance-driving chemicals, ARGs and ARB 

within future AMR research undertaken in LIC settings. This would also ideally be accompanied by 

inclusion of broader environmental surveillance into national action plans and international 

surveillance campaigns to better enable the evaluation of One-Health drivers of ESBL AMR.  

 

9.2.3.3. A trial of complex WASH interventions to interrupt household ESBL transmission.  

 

Modelling ESBL carriage in our communities predicted reductions in ESBL-carriage following the 

adoption of improved WASH practices. We should therefore consider a trial of complex WASH 

interventions aimed at water management, hand-hygiene and environmental-hygiene infrastructure 

and practices to reduce household ESBL transmission, and ultimately the outcome of human ESBL 

colonisation. This would be a novel method for reducing AMR in LIC settings, in that it is not reliant 

solely on restriction of antibiotic consumption and is likely to have added health benefits for the local 

population.  

 

 

 

 

 

 

 



 306 

References 

 

1.  Holmes AH, Moore LSP, Sundsfjord A, Steinbakk M, Regmi S, Karkey A, et al. Understanding the 
mechanisms and drivers of antimicrobial resistance. The Lancet. 2016 Jan;387(10014):176–87.  

2.  Lobanovska M, Pilla G. Penicillin’s Discovery and Antibiotic Resistance: Lessons for the Future? 
Yale J Biol Med. 2017 Mar;90(1):135–45.  

3.  Vikesland P, Garner E, Gupta S, Kang S, Maile-Moskowitz A, Zhu N. Differential Drivers of 
Antimicrobial Resistance across the World. Acc Chem Res. 2019 Apr 16;52(4):916–24.  

4.  Butler MS, Paterson DL. Antibiotics in the clinical pipeline in October 2019. J Antibiot (Tokyo). 
2020 Jun;73(6):329–64.  

5.  Theuretzbacher U, Outterson K, Engel A, Karlén A. The global preclinical antibacterial pipeline. Nat 
Rev Microbiol. 2020 May;18(5):275–85.  

6.  Munita JM, Arias CA. Mechanisms of Antibiotic Resistance. Microbiol Spectr. 2016 
Apr;4(2):10.1128.  

7.  Mc Dermott PF, Walker RD, White DG. Antimicrobials: Modes of Action and Mechanisms of 
Resistance. Int J Toxicol. 2003 Mar 1;22(2):135–43.  

8.  Frye J, Jackson C. Genetic mechanisms of antimicrobial resistance identified in Salmonella 
enterica, Escherichia coli, and Enteroccocus spp. isolated from U.S. food animals. Front 
Microbiol. 2013;4.  

9.  Peterson E, Kaur P. Antibiotic Resistance Mechanisms in Bacteria: Relationships Between 
Resistance Determinants of Antibiotic Producers, Environmental Bacteria, and Clinical 
Pathogens. Front Microbiol. 2018;9.  

10.  Blair JMA, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJV. Molecular mechanisms of antibiotic 
resistance. Nat Rev Microbiol. 2015 Jan;13(1):42–51.  

11.  Logan LK, Weinstein RA. The Epidemiology of Carbapenem-Resistant Enterobacteriaceae: The 
Impact and Evolution of a Global Menace. J Infect Dis. 2017 Feb 15;215(Suppl 1):S28–36.  

12.  Nikaido H. Multidrug Resistance in Bacteria. Annu Rev Biochem. 2009;78:119–46.  

13.  O’neill J. Tackling drug-resistant infections globally: Final report and recommendations. Lond HM 
Gov Wellcome Trust. 2016;  

14.  WHO. World Health Organization. Global Action Plan on Antimicrobial Resistance. 2015;(ISBN 
9789241509763).  

15.  Coates AR, Halls G, Hu Y. Novel classes of antibiotics or more of the same? Br J Pharmacol. 2011 
May;163(1):184–94.  

16.  Musicha P, Cornick JE, Bar-Zeev N, French N, Masesa C, Denis B, et al. Trends in antimicrobial 
resistance in bloodstream infection isolates at a large urban hospital in Malawi (1998–2016): a 
surveillance study. Lancet Infect Dis. 2017;17(10):1042–52.  



 307 

17.  Public Health England. English surveillance programme for antimicrobial utilisation and resistance 
(ESPAUR); 2014. p. 1–143.  

18.  Alvarez-Uria G, Gandra S, Laxminarayan R. Poverty and prevalence of antimicrobial resistance in 
invasive isolates. Int J Infect Dis IJID Off Publ Int Soc Infect Dis. 2016 Nov;52:59–61.  

19.  Naylor NR, Atun R, Zhu N, Kulasabanathan K, Silva S, Chatterjee A, et al. Estimating the burden of 
antimicrobial resistance: a systematic literature review. Antimicrob Resist Infect Control. 2018 
Apr 25;7(1):58.  

20.  Kraker MEA de, Stewardson AJ, Harbarth S. Will 10 Million People Die a Year due to Antimicrobial 
Resistance by 2050? PLOS Med. 2016 Nov 29;13(11):e1002184.  

21.  Kraker MEA de, Davey PG, Grundmann H, Group  on behalf of the B study. Mortality and Hospital 
Stay Associated with Resistant Staphylococcus aureus and Escherichia coli Bacteremia: 
Estimating the Burden of Antibiotic Resistance in Europe. PLOS Med. 2011 Oct 
11;8(10):e1001104.  

22.  World Health Organization. (2020) .GLASS method for estimating attributable mortality 

of antimicrobial resistant bloodstream infections. World Health Organization.  

23.  Pokharel S, Shrestha P, Adhikari B. Antimicrobial use in food animals and human health: time to 
implement ‘One Health’ approach. Antimicrob Resist Infect Control. 2020 Nov 7;9(1):181.  

24.  Van Boeckel TP, Glennon EE, Chen D, Gilbert M, Robinson TP, Grenfell BT, et al. Reducing 
antimicrobial use in food animals. Science. 2017 Sep 29;357(6358):1350–2.  

25.  McEwen SA, Fedorka-Cray PJ. Antimicrobial use and resistance in animals. Clin Infect Dis Off Publ 
Infect Dis Soc Am. 2002 Jun 1;34 Suppl 3:S93–106.  

26.  Hoelzer K, Wong N, Thomas J, Talkington K, Jungman E, Coukell A. Antimicrobial drug use in food-
producing animals and associated human health risks: what, and how strong, is the evidence? 
BMC Vet Res. 2017 Jul;13.  

27.  Marshall BM, Levy SB. Food animals and antimicrobials: impacts on human health. Clin Microbiol 
Rev. 2011 Oct;24(4):718–33.  

28.  Landers TF, Cohen B, Wittum TE, Larson EL. A Review of Antibiotic Use in Food Animals: 
Perspective, Policy, and Potential. Public Health Rep. 2012;127(1):4–22.  

29.  Wall, B. A., et al. Drivers, dynamics and epidemiology of antimicrobial resistance in animal 
production. Food and Agriculture Organization of the United Nations, 2016.  

30.  Food and Agriculture Organization of the United Nations (FAO). ‘The FAO action plan on 
antimicrobial resistance 2016–2020.’ Rome. Available online at (2016).  

31.  OIE. OIE Strategy on Antimicrobial Resistance and the Prudent Use of Antimicrobials. (2016). 
Available online at: 
http://www.oie.int/fileadmin/Home/eng/Media_Center/docs/pdf/PortailAMR/EN_OIE-
AMRstrategy.pdf.  



 308 

32.  Kimera ZI, Mshana SE, Rweyemamu MM, Mboera LEG, Matee MIN. Antimicrobial use and 
resistance in food-producing animals and the environment: an African perspective. Antimicrob 
Resist Infect Control. 2020 Mar 3;9(1):37.  

33.  European Medicines Agency. Sales of Veterinary Antimicrobial Agents in 30 European Countries 
in 2015; 2017. 
https://www.ema.europa.eu/docs/en_GB/document_library/Report/2017/10/WC500236750
.pdf.  

34.  Cogliani, C., Goossens, H. and Greko, C. (2011). Restricting Antimicrobial Use in Food Animals: 
Lessons from Europe. Microbe, 6(6), 274−279.  

35.  Polianciuc SI, Gurzău AE, Kiss B, Ştefan MG, Loghin F. Antibiotics in the environment: causes and 
consequences. Med Pharm Rep. 2020 Jul;93(3):231–40.  

36.  Singer AC, Shaw H, Rhodes V, Hart A. Review of antimicrobial resistance in the environment and 
its relevance to environmental regulators. Front Microbiol. 2016;7(Nov):1–22.  

37.  Davies J, Davies D. Origins and Evolution of Antibiotic Resistance. Microbiol Mol Biol Rev MMBR. 
2010 Sep;74(3):417–33.  

38.  Karanika S, Karantanos T, Arvanitis M, Grigoras C, Mylonakis E. Fecal Colonization With Extended-
spectrum Beta-lactamase-Producing Enterobacteriaceae and Risk Factors Among Healthy 
Individuals: A Systematic Review and Metaanalysis. Clin Infect Dis Off Publ Infect Dis Soc Am. 
2016 Aug 1;63(3):310–8.  

39.  Meyer E, Gastmeier P, Kola A, Schwab F. Pet animals and foreign travel are risk factors for 
colonisation with extended-spectrum β-lactamase-producing Escherichia coli. Infection. 2012 
Dec;40(6):685–7.  

40.  Søraas A, Sundsfjord A, Sandven I, Brunborg C, Jenum PA. Risk factors for community-acquired 
urinary tract infections caused by ESBL-producing enterobacteriaceae--a case-control study in 
a low prevalence country. PloS One. 2013;8(7):e69581.  

41.  Omulo S, Lofgren ET, Lockwood S, Thumbi SM, Bigogo G, Ouma A, et al. Carriage of antimicrobial-
resistant bacteria in a high-density informal settlement in Kenya is associated with 
environmental risk-factors. Antimicrob Resist Infect Control. 2021 Jan 22;10(1):18.  

42.  Obolski U, Stein GY, Hadany L. Antibiotic Restriction Might Facilitate the Emergence of Multi-drug 
Resistance. PLoS Comput Biol. 2015 Jun 25;11(6):e1004340.  

43.  Schuts EC, Boyd A, Muller AE, Mouton JW, Prins JM. The Effect of Antibiotic Restriction Programs 
on Prevalence of Antimicrobial Resistance: A Systematic Review and Meta-Analysis. Open 
Forum Infect Dis. 2021 Apr 1;8(4):ofab070.  

44.  Lester R, Haigh K, Wood A, MacPherson EE, Maheswaran H, Bogue P, et al. Sustained Reduction 
in Third-generation Cephalosporin Usage in Adult Inpatients Following Introduction of an 
Antimicrobial Stewardship Program in a Large, Urban Hospital in Malawi. Clin Infect Dis. 2020 
Dec 3;71(9):e478–86.  

45.  Essack SY, Desta AT, Abotsi RE, Agoba EE. Antimicrobial resistance in the WHO African region: 
current status and roadmap for action. J Public Health Oxf Engl. 2017 Mar;39(1):8–13.  



 309 

46.  Lester R, Musicha P, van Ginneken N, Dramowski A, Hamer DH, Garner P, et al. Prevalence and 
outcome of bloodstream infections due to third-generation cephalosporin-resistant 
Enterobacteriaceae in sub-Saharan Africa: a systematic review. J Antimicrob Chemother. 2020 
Mar 1;75(3):492–507.  

47.  Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, et al. Discovery, research, 
and development of new antibiotics: the WHO priority list of antibiotic-resistant bacteria and 
tuberculosis. Lancet Infect Dis. 2018 Mar;18(3):318–27.  

48.  Laxminarayan R, Duse A, Wattal C, Zaidi AKM, Wertheim HFL, Sumpradit N, et al. Antibiotic 
resistance—the need for global solutions. Lancet Infect Dis. 2013 Dec 1;13(12):1057–98.  

49.  EC. European Commission. A European One Health Action Plan Against Antimicrobial Resistance 
(AMR). https://ec.europa.eu/health/amr/sites/amr/files/amr_action_plan_2017_en.pdf. 
2017;  

50.  WHO. Library of AMR national action plans. https://www.who.int/teams/surveillance-
prevention-control-AMR/national-action-plan-monitoring-evaluation/library-of-national-
action-plans.  

51.  Wellcome (2020). “The Global Response to AMR: Momentum, success, and critical gaps”.  

52.  Chua AQ, Verma M, Hsu LY, Legido-Quigley H. An analysis of national action plans on antimicrobial 
resistance in Southeast Asia using a governance framework approach. Lancet Reg Health – 
West Pac. 2021 Feb 1;7.  

53.  Ogyu A, Chan O, Littmann J, Pang HH, Lining X, Liu P, et al. National action to combat AMR: a One-
Health approach to assess policy priorities in action plans. BMJ Glob Health. 2020 Jul 
13;5(7):e002427.  

54.  Samuel F Orubu E, Sutradhar I, Zaman MH, Wirtz VJ. Benchmarking national action plans on 
antimicrobial resistance in eight selected LMICs: Focus on the veterinary sector strategies. J 
Glob Health. 10(2):020414.  

55.  Atlas RM. One Health: its origins and future. Curr Top Microbiol Immunol. 2013;365:1–13.  

56.  Evans BR, Leighton FA. A history of One Health. Rev Sci Tech Int Off Epizoot. 2014 Aug;33(2):413–
20.  

57.  Schwabe CW. Veterinary Medicine and Human Health. Vet Med Hum Health. 1964; 

58.  Dunk JH, Jones DS, Capon A, Anderson WH. Human Health on an Ailing Planet — Historical 
Perspectives on Our Future. N Engl J Med. 2019 Aug 22;381(8):778–82.  

59.  Hippocrates. Hippocrates on airs, waters, and places. ’Ipparchou Ton ’Aratou Kai Eu’doxou 
Phainoménon ’exegéseos Biblia Tria. Vol. 1. London: Printed by Wyman & Sons.; 1881.  

60.  Destoumieux-Garzón D, Mavingui P, Boetsch G, Boissier J, Darriet F, Duboz P, et al. The One Health 
Concept: 10 Years Old and a Long Road Ahead. Front Vet Sci. 2018;5.  

61.  One Health | CDC [Internet]. 2021 [cited 2022 Jan 18]. Available from: 
https://www.cdc.gov/onehealth/index.html 



 310 

62.  Lebov J, Grieger K, Womack D, Zaccaro D, Whitehead N, Kowalcyk B, et al. A framework for One 
Health research. One Health Amst Neth. 2017 Jun;3:44–50.  

63.  Hemida MG, Ba Abduallah MM. The SARS-CoV-2 outbreak from a one health perspective. One 
Health. 2020 Mar 16;10:100127.  

64.  Zinsstag J, Crump L, Schelling E, Hattendorf J, Maidane YO, Ali KO, et al. Climate change and One 
Health. FEMS Microbiol Lett. 2018 Apr 4;365(11):fny085.  

65.  Beasley V. ‘One toxicology’, ‘ecosystem health’ and ‘one health’. Vet Ital. 2009 Mar;45(1):97–110.  

66.  Brymer E, Freeman E, Richardson M. Editorial: One Health: The Well-being Impacts of Human-
Nature Relationships. Front Psychol. 2019;10.  

67.  Connolly J. Global Crisis Leadership for Disease-Induced Threats: One Health and Urbanisation. 
Glob Policy. 2020;11(3):283–92.  

68.  Kahn LH. Antimicrobial resistance: a One Health perspective. Trans R Soc Trop Med Hyg. 2017 Jun 
1;111(6):255–60.  

69.  Robinson TP, Bu DP, Carrique-Mas J, Fèvre EM, Gilbert M, Grace D, et al. Antibiotic resistance is 
the quintessential One Health issue. Trans R Soc Trop Med Hyg. 2016 05 06/20/received 
06/28/revised 06/30/accepted;110(7):377–80.  

70.  Tenaillon O, Skurnik D, Picard B, Denamur E. The population genetics of commensal Escherichia 
coli. Nat Rev Microbiol. 2010 Mar;8(3):207–17.  

71.  Podschun R, Ullmann U. Klebsiella spp. as Nosocomial Pathogens: Epidemiology, Taxonomy, 
Typing Methods, and Pathogenicity Factors. Clin Microbiol Rev. 1998 Oct;11(4):589–603.  

72.  Larsson DGJ, Flach C-F. Antibiotic resistance in the environment. Nat Rev Microbiol. 2021 Nov 4;1–
13.  

73.  Orskov F, Orskov I. Escherichia coli serotyping and disease in man and animals. Can J Microbiol. 
1992 Jul;38(7):699–704.  

74.  Carlos C, Pires MM, Stoppe NC, Hachich EM, Sato MI, Gomes TA, et al. Escherichia coli 
phylogenetic group determination and its application in the identification of the major animal 
source of fecal contamination. BMC Microbiol. 2010 Jun 1;10:161.  

75.  Russo TA, Marr CM. Hypervirulent Klebsiella pneumoniae. Clin Microbiol Rev. 32(3):e00001-19.  

76.  Kaper JB, Nataro JP, Mobley HLT. Pathogenic Escherichia coli. Nat Rev Microbiol. 2004 
Feb;2(2):123–40.  

77.  Struve C, Krogfelt KA. Role of capsule in Klebsiella pneumoniae virulence: lack of correlation 
between in vitro and in vivo studies. FEMS Microbiol Lett. 2003 Jan 1;218(1):149–54.  

78.  Rawat D, Nair D. Extended-spectrum β-lactamases in Gram Negative Bacteria. J Glob Infect Dis. 
2010;2(3):263–74.  

79.  Paterson DL, Bonomo RA. Extended-spectrum beta-lactamases: a clinical update. Clin Microbiol 
Rev. 2005 Oct;18(4):657–86.  



 311 

80.  Bush K, Jacoby GA. Updated functional classification of beta-lactamases. Antimicrob Agents 
Chemother. 2010 Mar;54(3):969–76.  

81.  Ambler RP. The structure of beta-lactamases. Philos Trans R Soc Lond B Biol Sci. 1980 May 
16;289(1036):321–31.  

82.  Busani L, Graziani C, Battisti A, Franco A, Ricci A, Vio D, et al. Antibiotic resistance in Salmonella 
enterica serotypes Typhimurium, Enteritidis and Infantis from human infections, foodstuffs and 
farm animals in Italy. Epidemiol Infect. 2004 Apr;132(2):245–51.  

83.  Mughini-Gras L, Dorado-Garcia A, ESBL Attribution Consortium. Attributable sources of 
community-acquired carriage of Escherichia coli containing β-lactam antibiotic resistance 
genes: a population-based modelling study. Lancet Plan Health. 2019. Aug;3(8):e357-e369  

84.  Zhao W-H, Hu Z-Q. Epidemiology and genetics of CTX-M extended-spectrum β-lactamases in 
Gram-negative bacteria. Crit Rev Microbiol. 2013 15 03/02/received 04/19/revised 
05/03/accepted;39(1):79–101.  

85.  Petty NK, Zakour NLB, Stanton-Cook M, Skippington E, Totsika M, Forde BM, et al. Global 
dissemination of a multidrug resistant Escherichia coli clone. Proc Natl Acad Sci. 2014 Apr 
15;111(15):5694–9.  

86.  Day MJ, Rodríguez I, van Essen-Zandbergen A, Dierikx C, Kadlec K, Schink A-K, et al. Diversity of 
STs, plasmids and ESBL genes among Escherichia coli from humans, animals and food in 
Germany, the Netherlands and the UK. J Antimicrob Chemother. 2016 May;71(5):1178–82.  

87.  Otter JA, Natale A, Batra R, Auguet OT, Dyakova E, Goldenberg SD, et al. Individual- and 
community-level risk factors for ESBL Enterobacteriaceae colonization identified by universal 
admission screening in London. Clin Microbiol Infect. 2019 Oct 1;25(10):1259–65.  

88.  Denis B, Lafaurie M, Donay J-L, Fontaine J-P, Oksenhendler E, Raffoux E, et al. Prevalence, risk 
factors, and impact on clinical outcome of extended-spectrum beta-lactamase-producing 
Escherichia coli bacteraemia: a five-year study. Int J Infect Dis IJID Off Publ Int Soc Infect Dis. 
2015 Oct;39:1–6.  

89.  Freeman JT, Rubin J, McAuliffe GN, Peirano G, Roberts SA, Drinković D, et al. Differences in risk-
factor profiles between patients with ESBL-producing Escherichia coli and Klebsiella 
pneumoniae: a multicentre case-case comparison study. Antimicrob Resist Infect Control. 2014 
Sep 1;3(1):27.  

90.  Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A, et al. Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. The Lancet. 2022 Jan 19;0(0).  

91.  Cassini A, Högberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen GS, et al. Attributable 
deaths and disability-adjusted life-years caused by infections with antibiotic-resistant bacteria 
in the EU and the European Economic Area in 2015: a population-level modelling analysis. 
Lancet Infect Dis. 2019 Jan 1;19(1):56–66.  

92.  Seale AC, Mwaniki M, Newton CRJC, Berkley JA. Maternal and early onset neonatal bacterial 
sepsis: burden and strategies for prevention in sub-Saharan Africa. Lancet Infect Dis. 2009 
Jul;9(7):428–38.  



 312 

93.  Cornick J, Musicha P, Peno C, Saeger E, Toh PI, Bennett A, et al. Genomic investigation of a 
suspected multi-drug resistant Klebsiella pneumoniae outbreak in a neonatal care unit in sub-
Saharan Africa. bioRxiv. 2020 Aug 7;2020.08.06.236117.  

94.  Okomo U, Akpalu ENK, Doare KL, Roca A, Cousens S, Jarde A, et al. Aetiology of invasive bacterial 
infection and antimicrobial resistance in neonates in sub-Saharan Africa: a systematic review 
and meta-analysis in line with the STROBE-NI reporting guidelines. Lancet Infect Dis. 2019 Nov 
1;19(11):1219–34.  

95.  Iroh Tam P-Y, Musicha P, Kawaza K, Cornick J, Denis B, Freyne B, et al. Emerging Resistance to 
Empiric Antimicrobial Regimens for Pediatric Bloodstream Infections in Malawi (1998–2017). 
Clin Infect Dis. 2019 Jun 18;69(1):61–8.  

96.  Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. Urinary tract infections: epidemiology, 
mechanisms of infection and treatment options. Nat Rev Microbiol. 2015 May;13(5):269–84.  

97.  Olaru ID, Ferrand RA, Chisenga M, Yeung S, Macrae B, Chonzi P, et al. Prevalence of ESBL-
producing Escherichia coli in adults with and without HIV presenting with urinary tract 
infections to primary care clinics in Zimbabwe. JAC-Antimicrob Resist. 2021 Jun 1;3(2):dlab082.  

98.  Boontham P, Soontomrak R. Intra-Abdominal Infections: Prevalence and Risk Factors of ESBLs 
Infections. J Med Assoc Thail Chotmaihet Thangphaet. 2015 Nov;98(11):1097–103.  

99.  Lewis JM, Lester R, Garner P, Feasey NA. Gut mucosal colonisation with extended-spectrum beta-
lactamase producing Enterobacteriaceae in sub-Saharan Africa: a systematic review and meta-
analysis. Wellcome Open Res. 2020 Jan 24;4:160.  

100.  Gorrie CL, Mirceta M, Wick RR, Judd LM, Wyres KL, Thomson NR, et al. Antimicrobial-Resistant 
Klebsiella pneumoniae Carriage and Infection in Specialized Geriatric Care Wards Linked to 
Acquisition in the Referring Hospital. Clin Infect Dis Off Publ Infect Dis Soc Am. 2018 Jul 
2;67(2):161–70.  

101.  Lewis JM, Lester R, Garner P, Feasey NA. Gut mucosal colonisation with extended-spectrum 
beta-lactamase producing Enterobacteriaceae in sub-Saharan Africa: a systematic review and 
meta-analysis. Wellcome Open Res. 2020 Jan 24;4:160.  

102.  Cholley P, Thouverez M, Gbaguidi-Haore H, Sauget M, Slekovec C, Bertrand X, et al. Hospital 
cross-transmission of extended-spectrum β-lactamase producing Escherichia coli and Klebsiella 
pneumoniae. Med Mal Infect. 2013 Aug;43(8):331–6.  

103.  A D, T O, Py B, E F, Jl H, D G, et al. Close proximity interactions support transmission of ESBL-K. 
pneumoniae but not ESBL-E. coli in healthcare settings. PLoS Comput Biol. 2019 May 30;15(5).  

104.  Haverkate MR, Platteel TN, Fluit AC, Cohen Stuart JW, Leverstein-van Hall MA, Thijsen SFT, et 
al. Quantifying within-household transmission of extended-spectrum β-lactamase-producing 
bacteria. Clin Microbiol Infect. 2017 Jan 1;23(1):46.e1-46.e7.  

105.  Martischang R, Riccio ME, Abbas M, Stewardson AJ, Kluytmans JAJW, Harbarth S. Household 
carriage and acquisition of extended-spectrum β-lactamase-producing Enterobacteriaceae: A 
systematic review. Infect Control Hosp Epidemiol. 2020 Mar;41(3):286–94.  

106.  Kardaś-Słoma L, Yazdanpanah Y, Perozziello A, Zahar J-R, Lescure F-X, Cousien A, et al. Hand 
hygiene improvement or antibiotic restriction to control the household transmission of 



 313 

extended-spectrum β-lactamase-producing Escherichia coli: a mathematical modelling study. 
Antimicrob Resist Infect Control. 2020 Aug 21;9(1):139.  

107.  Harris AD, McGregor JC, Johnson JA, Strauss SM, Moore AC, Standiford HC, et al. Risk Factors 
for Colonization with Extended-Spectrum β-Lactamase–producing Bacteria and Intensive Care 
Unit Admission. Emerg Infect Dis. 2007 Aug;13(8):1144–9.  

108.  Massart N, Camus C, Benezit F, Moriconi M, Fillatre P, Le Tulzo Y. Incidence and risk factors for 
acquired colonization and infection due to extended-spectrum beta-lactamase-producing 
Gram-negative bacilli: a retrospective analysis in three ICUs with low multidrug resistance rate. 
Eur J Clin Microbiol Infect Dis. 2020 May 1;39(5):889–95.  

109.  Wadepohl K, Müller A, Seinige D, Rohn K, Blaha T, Meemken D, et al. Association of intestinal 
colonization of ESBL-producing Enterobacteriaceae in poultry slaughterhouse workers with 
occupational exposure—A German pilot study. PLoS ONE. 2020 Jun 4;15(6):e0232326.  

110.  Onduru OG, Mkakosya RS, Aboud S, Rumisha SF. Genetic Determinants of Resistance among 
ESBL-Producing Enterobacteriaceae in Community and Hospital Settings in East, Central, and 
Southern Africa: A Systematic Review and Meta-Analysis of Prevalence. Can J Infect Dis Med 
Microbiol J Can Mal Infect Microbiol Médicale. 2021 Jun 2;2021:5153237.  

111.  Van TTH, Yidana Z, Smooker PM, Coloe PJ. Antibiotic use in food animals worldwide, with a 
focus on Africa: Pluses and minuses. J Glob Antimicrob Resist. 2020 Mar 1;20:170–7.  

112.  Manishimwe R, Nishimwe K, Ojok L. Assessment of antibiotic use in farm animals in Rwanda. 
Trop Anim Health Prod. 2017 Aug;49(6):1101–6.  

113.  Chantziaras I, Boyen F, Callens B, Dewulf J. Correlation between veterinary antimicrobial use 
and antimicrobial resistance in food-producing animals: a report on seven countries. J 
Antimicrob Chemother. 2014 Mar;69(3):827–34.  

114.  Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, et al. Global trends in 
antimicrobial use in food animals. Proc Natl Acad Sci U S A. 2015 May 5;112(18):5649–54.  

115.  Tiseo K, Huber L, Gilbert M, Robinson TP, Van Boeckel TP. Global Trends in Antimicrobial Use 
in Food Animals from 2017 to 2030. Antibiotics. 2020 Dec 17;9(12):918.  

116.  MacPherson E, Reynolds J, Sanudi E, Nkaombe A, Mankhomwa J, Dixon J, et al. Understanding 
antimicrobial use in subsistence farmers in Chikwawa District Malawi, implications for public 
awareness campaigns. SocArXiv; 2021.  

117.  Schar D, Sommanustweechai A, Laxminarayan R, Tangcharoensathien V. Surveillance of 
antimicrobial consumption in animal production sectors of low- and middle-income countries: 
Optimizing use and addressing antimicrobial resistance. PLoS Med. 2018 Mar 
1;15(3):e1002521.  

118.  FAO Antimicrobial Resistance (On-Going Projects) [(accessed on 22 Feb 2022)]; Available 
online: http://www.fao.org/antimicrobial-resistance/projects/ongoing/project-2/en/.  

119.  Laxminarayan R, Chaudhury RR. Antibiotic Resistance in India: Drivers and Opportunities for 
Action. PLOS Med. 2016 Mar 2;13(3):e1001974.  



 314 

120.  Raboisson D, Ferchiou A, Sans P, Lhermie G, Dervillé M. The economics of antimicrobial 
resistance in veterinary medicine: Optimizing societal benefits through mesoeconomic 
approaches from public and private perspectives. One Health. 2020 Jun 5;10:100145.  

121.  Penakalapati G, Swarthout J, Delahoy MJ, McAliley L, Wodnik B, Levy K, et al. Exposure to 
Animal Feces and Human Health: A Systematic Review and Proposed Research Priorities. 
Environ Sci Technol. 2017 Oct 17;51(20):11537–52.  

122.  Subramanya SH, Bairy I, Metok Y, Baral BP, Gautam D, Nayak N. Detection and characterization 
of ESBL-producing Enterobacteriaceae from the gut of subsistence farmers, their livestock, and 
the surrounding environment in rural Nepal. Sci Rep. 2021 Jan 22;11(1):2091.  

123.  Dahms C, Hübner N-O, Kossow A, Mellmann A, Dittmann K, Kramer A. Occurrence of ESBL-
Producing Escherichia coli in Livestock and Farm Workers in Mecklenburg-Western Pomerania, 
Germany. PloS One. 2015;10(11):e0143326.  

124.  Hansen KH, Damborg P, Andreasen M, Nielsen SS, Guardabassi L. Carriage and Fecal Counts of 
Cefotaxime M-Producing Escherichia coli in Pigs: a Longitudinal Study. Appl Environ Microbiol. 
2013 Feb;79(3):794–8.  

125.  Lee S, An J-U, Guk J-H, Song H, Yi S, Kim W-H, et al. Prevalence, Characteristics and Clonal 
Distribution of Extended-Spectrum β-Lactamase- and AmpC β-Lactamase-Producing 
Escherichia coli Following the Swine Production Stages, and Potential Risks to Humans. Front 
Microbiol. 2021 Jul 21;12:710747.  

126.  Ewers C, Bethe A, Semmler T, Guenther S, Wieler LH. Extended-spectrum β-lactamase-
producing and AmpC-producing Escherichia coli from livestock and companion animals, and 
their putative impact on public health: a global perspective. Clin Microbiol Infect Off Publ Eur 
Soc Clin Microbiol Infect Dis. 2012 Jul;18(7):646–55.  

127.  Zogg AL, Simmen S, Zurfluh K, Stephan R, Schmitt SN, Nüesch-Inderbinen M. High Prevalence 
of Extended-Spectrum β-Lactamase Producing Enterobacteriaceae Among Clinical Isolates 
From Cats and Dogs Admitted to a Veterinary Hospital in Switzerland. Front Vet Sci. 2018  

128.  van den Bunt G, Fluit AC, Spaninks MP, Timmerman AJ, Geurts Y, Kant A, et al. Faecal carriage, 
risk factors, acquisition and persistence of ESBL-producing Enterobacteriaceae in dogs and cats 
and co-carriage with humans belonging to the same household. J Antimicrob Chemother. 2020 
Feb 1;75(2):342–50.  

129.  Hordijk J, Schoormans A, Kwakernaak M, Duim B, Broens E, Dierikx C, et al. High prevalence of 
fecal carriage of extended spectrum β-lactamase/AmpC-producing Enterobacteriaceae in cats 
and dogs. Front Microbiol. 2013 Aug 16;4:242.  

130.  Reich F, Atanassova V, Klein G. Extended-Spectrum β-Lactamase– and AmpC-Producing 
Enterobacteria in Healthy Broiler Chickens, Germany. Emerg Infect Dis. 2013 Aug;19(8):1253–
9.  

131.  Johnson JR, Porter SB, Johnston B, Thuras P, Clock S, Crupain M, et al. Extraintestinal Pathogenic 
and Antimicrobial-Resistant Escherichia coli, Including Sequence Type 131 (ST131), from Retail 
Chicken Breasts in the United States in 2013. Appl Env Microbiol. 2017 Mar 15;83(6).  



 315 

132.  Fournier C, Aires-de-Sousa M, Nordmann P, Poirel L. Occurrence of CTX-M-15- and MCR-1-
producing Enterobacterales in pigs in Portugal: Evidence of direct links with antibiotic selective 
pressure. Int J Antimicrob Agents. 2020 Feb;55(2):105802.  

133.  Bogaerts P, Huang T-D, Bouchahrouf W, Bauraing C, Berhin C, El Garch F, et al. Characterization 
of ESBL- and AmpC-Producing Enterobacteriaceae from Diseased Companion Animals in 
Europe. Microb Drug Resist. 2015 Dec;21(6):643–50.  

134.  Carattoli A. Animal reservoirs for extended spectrum β-lactamase producers. Clin Microbiol 
Infect. 2008 Jan 1;14:117–23.  

135.  Dorado-García A, Smid JH, van Pelt W, Bonten MJM, Fluit AC, van den Bunt G, et al. Molecular 
relatedness of ESBL/AmpC-producing Escherichia coli from humans, animals, food and the 
environment: a pooled analysis. J Antimicrob Chemother. 2018 Feb 1;73(2):339–47.  

136.  Ludden C, Raven KE, Jamrozy D, Gouliouris T, Blane B, Coll F, et al. One Health Genomic 
Surveillance of Escherichia coli Demonstrates Distinct Lineages and Mobile Genetic Elements 
in Isolates from Humans versus Livestock. mBio. 10(1):e02693-18.  

137.  Day MJ, Hopkins KL, Wareham DW, Toleman MA, Elviss N, Randall L, et al. Extended-spectrum 
β-lactamase-producing Escherichia coli in human-derived and foodchain-derived samples from 
England, Wales, and Scotland: an epidemiological surveillance and typing study. Lancet Infect 
Dis. 2019 Dec;19(12):1325–35.  

138.  Thorpe H, Booton R, Kallonen T, Gibbon MJ, Couto N, Passet V, et al. One Health or Three? 
Transmission modelling of Klebsiella isolates reveals ecological barriers to transmission 
between humans, animals and the environment. 2021 Aug  p. 2021.08.05.455249.  

139.  Alonso C a., Zarazaga M, Ben Sallem R, Jouini A, Ben Slama K, Torres C. Antibiotic resistance in 
Escherichia coli in husbandry animals: the African perspective. Lett Appl Microbiol. 
2017;64(5):318–34.  

140.  Kimera ZI, Mgaya FX, Misinzo G, Mshana SE, Moremi N, Matee MIN. Multidrug-Resistant, 
Including Extended-Spectrum Beta Lactamase-Producing and Quinolone-Resistant, Escherichia 
coli Isolated from Poultry and Domestic Pigs in Dar es Salaam, Tanzania. Antibiotics. 2021 Apr 
9;10(4):406.  

141.  Seni J, Falgenhauer L, Simeo N, Mirambo MM, Imirzalioglu C, Matee M, et al. Multiple ESBL-
Producing Escherichia coli Sequence Types Carrying Quinolone and Aminoglycoside Resistance 
Genes Circulating in Companion and Domestic Farm Animals in Mwanza, Tanzania, Harbor 
Commonly Occurring Plasmids. Front Microbiol. 2016;7:142.  

142.  Falgenhauer L, Imirzalioglu C, Oppong K, Akenten CW, Hogan B, Krumkamp R, et al. Detection 
and Characterization of ESBL-Producing Escherichia coli From Humans and Poultry in Ghana. 
Front Microbiol. 2019;9.  

143.  Adelowo OO, Fagade OE, Agersø Y. Antibiotic resistance and resistance genes in Escherichia 
coli from poultry farms, southwest Nigeria. J Infect Dev Ctries. 2014;8(9):1103–12.  

144.  Langata LM, Maingi JM, Musonye HA, Kiiru J, Nyamache AK. Antimicrobial resistance genes in 
Salmonella and Escherichia coli isolates from chicken droppings in Nairobi, Kenya. BMC Res 
Notes. 2019 Jan 14;12(1):22.  



 316 

145.  Kakooza S, Muwonge A, Nabatta E, Eneku W, Ndoboli D, Wampande E, et al. A retrospective 
analysis of antimicrobial resistance in pathogenic Escherichia coli and Salmonella spp. isolates 
from poultry in Uganda. Int J Vet Sci Med. 9(1):11–21.  

146.  Chishimba K, Hang’ombe BM, Muzandu K, Mshana SE, Matee MI, Nakajima C, et al. Detection 
of Extended-Spectrum Beta-Lactamase-Producing Escherichia coli in Market-Ready Chickens in 
Zambia. Int J Microbiol. 2016 Apr 17;2016:e5275724.  

147.  Founou LL, Founou RC, Ntshobeni N, Govinden U, Bester LA, Chenia HY, et al. Emergence and 
Spread of Extended Spectrum β-Lactamase Producing Enterobacteriaceae (ESBL-PE) in Pigs and 
Exposed Workers: A Multicentre Comparative Study between Cameroon and South Africa. 
Pathogens. 2019 Jan 16;8(1):10.  

148.  Saliu E-M, Vahjen W, Zentek J. Types and prevalence of extended–spectrum beta–lactamase 
producing Enterobacteriaceae in poultry. Anim Health Res Rev. 2017 Jun;18(1):46–57.  

149.  Falgenhauer L, Imirzalioglu C, Ghosh H, Gwozdzinski K, Schmiedel J, Gentil K, et al. Circulation 
of clonal populations of fluoroquinolone-resistant CTX-M-15-producing Escherichia coli ST410 
in humans and animals in Germany. Int J Antimicrob Agents. 2016 Jun;47(6):457–65.  

150.  Hedman HD, Vasco KA, Zhang L. A Review of Antimicrobial Resistance in Poultry Farming within 
Low-Resource Settings. Animals. 2020 Aug;10(8):1264.  

151.  Mehdi Y, Létourneau-Montminy M-P, Gaucher M-L, Chorfi Y, Suresh G, Rouissi T, et al. Use of 
antibiotics in broiler production: Global impacts and alternatives. Anim Nutr. 2018 Jun 
1;4(2):170–8.  

152.  Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Co-occurrence of resistance genes to 
antibiotics, biocides and metals reveals novel insights into their co-selection potential. BMC 
Genomics. 2015 Nov 17;16(1):964.  

153.  Lancet Planetary Health T. The natural environment and emergence of antibiotic resistance. 
2018;2.  

154.  Wellington EM, Boxall AB, Cross P, Feil EJ, Gaze WH, Hawkey PM, et al. The role of the natural 
environment in the emergence of antibiotic resistance in Gram-negative bacteria. Lancet Infect 
Dis. 2013 Feb;13(2):155–65.  

155.  Manaia CM. Assessing the Risk of Antioiotic Resistance Transmission from the Environment to 
Humans: Non-Direct Proportionality between Abundance and Risk. Trends Microbiol. 2017 
Mar;25(3):173–81.  

156.  Singer RS, Ward MP, Maldonado G. Opinion - Can landscape ecology untangle the complexity 
of antibiotic resistance? Nat Rev Microbiol. 2006 Dec;4(12):943–52.  

157.  Czekalski N, Sigdel R, Birtel J, Matthews B, Burgmann H. Does human activity impact the natural 
antibiotic resistance background? Abundance of antibiotic resistance genes in 21 Swiss lakes. 
Env Int. 2015 Aug;81:45–55.  

158.  Liu H, Zhou H, Li Q, Peng Q, Zhao Q, Wang J, et al. Molecular characteristics of extended-
spectrum β-lactamase-producing Escherichia coli isolated from the rivers and lakes in 
Northwest China. BMC Microbiol. 2018 Oct 4;18:125.  



 317 

159.  Nascimento T, Cantamessa R, Melo L, Fernandes MR, Fraga E, Dropa M, et al. International 
high-risk clones of Klebsiella pneumoniae KPC-2/CC258 and Escherichia coli CTX-M-15/CC10 in 
urban lake waters. Sci Total Environ. 2017 Nov;598:910–5.  

160.  Zhang SH, Lv XY, Han B, Gu XC, Wang PF, Wang C, et al. Prevalence of antibiotic resistance genes 
in antibiotic-resistant Escherichia coli isolates in surface water of Taihu Lake Basin, China. 
Environ Sci Pollut Res. 2015 Aug;22(15):11412–21.  

161.  Kristiansson E, Fick J, Janzon A, Grabic R, Rutgersson C, Weijdegard B, et al. Pyrosequencing of 
antibiotic-contaminated river sediments reveals high levels of resistance and gene transfer 
elements. PLoS One. 2011 Feb 16;6(2):e17038.  

162.  Amos GCA, Ploumakis S, Zhang L, Hawkey PM, Gaze WH, Wellington EMH. The widespread 
dissemination of integrons throughout bacterial communities in a riverine system. ISME J. 2018 
Mar;12(3):681–91.  

163.  Caltagirone M, Nucleo E, Spalla M, Zara F, Novazzi F, Marchetti VM, et al. Occurrence of 
Extended Spectrum beta-Lactamases, KPC-Type, and MCR-1.2-Producing Enterobacteriaceae 
from Wells, River Water, and Wastewater Treatment Plants in Oltrepo Pavese Area, Northern 
Italy. Front Microbiol. 2017;8:2232.  

164.  Gao LL, Hu JQ, Zhang XD, Ma RH, Gao J, Li S, et al. Dissemination of ESBL-Producing Escherichia 
coli of Chicken Origin to the Nearby River Water. J Mol Microbiol Biotechnol. 2014;24(4):279–
85.  

165.  Garcia-Armisen T, Vercammen K, Passerat J, Triest D, Servais P, Cornelis P. Antimicrobial 
resistance of heterotrophic bacteria in sewage-contaminated rivers. Water Res. 2011 
Jan;45(2):788–96.  

166.  Hes S, Luddeke F, Gallert C. Concentration of facultative pathogenic bacteria and antibiotic 
resistance genes during sewage treatment and in receiving rivers. Water Sci Technol. 
2016;74(8):1753–63.  

167.  Koczura R, Mokracka J, Jablonska L, Gozdecka E, Kubek M, Kaznowski A. Antimicrobial 
resistance of integron-harboring Escherichia coli isolates from clinical samples, wastewater 
treatment plant and river water. Sci Total Environ. 2012 Jan;414:680–5.  

168.  Runcharoen C, Raven KE, Reuter S, Kallonen T, Paksanont S, Thammachote J, et al. Whole 
genome sequencing of ESBL-producing Escherichia coli isolated from patients, farm waste and 
canals in Thailand. Genome Med. 2017 Sep 6;9(1):81.  

169.  Ramirez Castillo FY, Avelar Gonzalez FJ, Garneau P, Marquez Diaz F, Guerrero Barrera AL, Harel 
J. Presence of multi-drug resistant pathogenic Escherichia coli in the San Pedro River located in 
the State of Aguascalientes, Mexico. Front Microbiol. 2013;4:147.  

170.  Rosas I, Salinas E, Martínez L, Cruz-Còrdova A, Gonzàlez-Pedrajo B, Espinosa N, et al. 
Characterization of Escherichia coli isolates from an urban lake receiving water from a 
wastewater treatment plant in Mexico city: Fecal pollution and antibiotic resistance. Curr 
Microbiol. 2015;71(4):490–5.  

171.  Khan GA, Berglund B, Khan KM, Lindgren PE, Fick J. Occurrence and abundance of antibiotics 
and resistance genes in rivers, canal and near drug formulation facilities--a study in Pakistan. 
PLoS One. 2013;8(6):e62712.  



 318 

172.  Shah M, Eppinger M, Ahmed S, Shah A, Hameed A, Hasan F. Flooding adds pathogenic 
Escherichia coli strains to the water sources in southern Khyber Pakhtunkhwa, Pakistan. Indian 
J Med Microbiol. 2016;34(4):483–8.  

173.  Diwan V, Hanna N, Purohit M, Chandran S, Riggi E, Parashar V, et al. Seasonal Variations in 
Water-Quality, Antibiotic Residues, Resistant Bacteria and Antibiotic Resistance Genes of 
Escherichia coli Isolates from Water and Sediments of the Kshipra River in Central India. Int J 
Environ Res Public Health. 2018 Jun 17;15(6):1281.  

174.  Siriphap A, Leekitcharoenphon P, Kaas RS, Theethakaew C, Aarestrup FM, Sutheinkul O, et al. 
Characterization and Genetic Variation of Vibrio cholerae Isolated from Clinical and 
Environmental Sources in Thailand. PLoS One. 2017 Jan;12(1).  

175.  Adefisoye MA, Okoh AI. Identification and antimicrobial resistance prevalence of pathogenic 
Escherichia coli strains from treated wastewater effluents in Eastern Cape, South Africa. 
Microbiologyopen. 2016 Feb;5(1):143–51.  

176.  Moremi, N., Manda, E. V., Falgenhauer, L., Ghosh, H., Imirzalioglu, C., Matee, M., Chakraborty, 
T., & Mshana, S. E. Predominance of CTX-M-15 among ESBL Producers from Environment and 
Fish Gut from the Shores of Lake Victoria in Mwanza, Tanzania. Frontiers in microbiology, 7, 
1862.  

177.  Banu RA, Alvarez JM, Reid AJ, Enbiale W, Labi A-K, Ansa EDO, et al. Extended Spectrum Beta-
Lactamase Escherichia coli in River Waters Collected from Two Cities in Ghana, 2018-2020. Trop 
Med Infect Dis. 2021 Jun 20;6(2):105.  

178.  Runcharoen C, Moradigaravand D, Blane B, Paksanont S, Thammachote J, Anun S, et al. Whole 
genome sequencing reveals high-resolution epidemiological links between clinical and 
environmental Klebsiella pneumoniae. Genome Med. 2017 Jan 24;9(1):6.  

179.  Hu Y-Y, Cai J-C, Zhou H-W, Chi D, Zhang X-F, Chen W-L, et al. Molecular typing of CTX-M-
producing escherichia coli isolates from environmental water, swine feces, specimens from 
healthy humans, and human patients. Appl Env Microbiol. 2013;79(19):5988–96.  

180.  Selim SA, Ahmed SF, Aziz MHA, Zakaria AM, Klena JD, Pangallo D. Prevalence and 
characterization of shiga-toxin 0157:H7 and non 0157:H7 EHEC isolated from different sources. 
Biotechnol Biotechnol Equip. 2013 Jun;27(3):3834–42.  

181.  Abera B, Kibret M, Mulu W. Extended-spectrum beta (β)-lactamases and antibiogram in 
enterobacteriaceae from clinical and drinking water sources from bahir dar city, Ethiopia. PLoS 
One. 2016;11(11).  

182.  Bengtsson-Palme J, Larsson DGJ, Kristiansson E. Using metagenomics to investigate human and 
environmental resistomes. J Antimicrob Chemother. 2017 Oct 1;72(10):2690–703.  

183.  Pehrsson EC, Tsukayama P, Patel S, Mejía-Bautista M, Sosa-Soto G, Navarrete KM, et al. 
Interconnected microbiomes and resistomes in low-income human habitats. Nature. 2016;  

184.  Su JQ, An XL, Li B, Chen QL, Gillings MR, Chen H, et al. Metagenomics of urban sewage identifies 
an extensively shared antibiotic resistome in China. Microbiome. 2017 Jul 19;5(1):84.  

185.  Wright GD. The antibiotic resistome: the nexus of chemical and genetic diversity. Nat Rev 
Microbiol. 2007 01/online;5:175.  



 319 

186.  Anjum MF, Zankari E, Hasman H. Molecular methods for detection of antimicrobial resistance. 
Microbiol Spectr. 2017;5(6).  

187.  Bengtsson-Palme J, Hammaren R, Pal C, Ostman M, Bjorlenius B, Flach CF, et al. Elucidating 
selection processes for antibiotic resisitance in sewage treatment plants using metagenomics. 
Sci Total Environ. 2016 Dec;572:697–712.  

188.  Chen B, Yuan K, Chen X, Yang Y, Zhang T, Wang Y, et al. Metagenomic Analysis Revealing 
Antibiotic Resistance Genes (ARGs) and Their Genetic Compartments in the Tibetan 
Environment. Env Sci Technol. 2016 Jul 5;50(13):6670–9.  

189.  Dos Santos DF, Istvan P, Quirino BF, Kruger RH. Functional Metagenomics as a Tool for 
Identification of New Antibiotic Resistance Genes from Natural Environments. Microb Ecol. 
2017 Feb;73(2):479–91.  

190.  Martinez JL, Coque TM, Lanza VF, de la Cruz F, Baquero F. Genomic and metagenomic 
technologies to explore the antibiotic resistance mobilome. Ann N Acad Sci. 2017 
Jan;1388(1):26–41.  

191.  Pehrsson EC, Forsberg KJ, Gibson MK, Ahmadi S, Dantas G. Novel resistance functions 
uncovered using functional metagenomic investigations of resistance reservoirs. Front 
Microbiol. 2013;4:145.  

192.  D’Costa VM, King CE, Kalan L, Morar M, Sung WWL, Schwarz C, et al. Antibiotic resistance is 
ancient. Nature. 2011;477(7365):457–61.  

193.  Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Environmental factors influencing the 
development and spread of antibiotic resistance. FEMS Microbiol Rev. 2018 Jan 1;42(1).  

194.  Singer AC, Shaw H, Rhodes V, Hart A. Review of Antimicrobial Resistance in the Environment 
and Its Relevance to Environmental Regulators. Front Microbiol. 2016 Nov 1;7.  

195.  Tell J, Caldwell DJ, Häner A, Hellstern J, Hoeger B, Journel R, et al. Science-based Targets for 
Antibiotics in Receiving Waters from Pharmaceutical Manufacturing Operations. Integr Environ 
Assess Manag. 2019;15(3):312–9.  

196.  Grenni P, Ancona V, Barra Caracciolo A. Ecological effects of antibiotics on natural ecosystems: 
A review. Microchem J. 2018;136:25–39.  

197.  McEwen SA, Collignon PJ. Antimicrobial Resistance: a One Health Perspective. Microbiol Spectr. 
2018 Mar;6(2).  

198.  WHO | Technical brief on water, sanitation, hygiene (WASH) and wastewater management to 
prevent infections and reduce the spread of antimicrobial resistance (AMR). WHO. World 
Health Organization;2021  

199.  Berendes D, Kirby A, Brown J, Wester AL. Human faeces-associated extended-spectrum β-
lactamase-producing Escherichia coli discharge into sanitation systems in 2015 and 2030: a 
global and regional analysis. Lancet Planet Health. 2020 Jun 1;4(6):e246–55.  

200.  Daly SW, Lowe J, Hornsby GM, Harris AR. Multiple water source use in low- and middle-income 
countries: a systematic review. J Water Health. 2021 Apr 8;19(3):370–92.  



 320 

201.  Leonard AFC, Zhang L, Balfour AJ, Garside R, Hawkey PM, Murray AK, et al. Exposure to and 
colonisation by antibiotic-resistant E. coli in UK coastal water users: Environmental 
surveillance, exposure assessment, and epidemiological study (Beach Bum Survey). Env Int. 
2018 May;114:326–33.  

202.  Dos Santos S, Adams EA, Neville G, Wada Y, de Sherbinin A, Mullin Bernhardt E, et al. Urban 
growth and water access in sub-Saharan Africa: Progress, challenges, and emerging research 
directions. Sci Total Environ. 2017 Dec 31;607–608:497–508.  

203.  Aondoakaa SC, Jewitt S. Effects of seasonality on access to improved water in Benue State, 
Nigeria. Environ Monit Assess. 2021 Dec 22;194(1):40.  

204.  Lal A, Hales S, French N, Baker MG. Seasonality in Human Zoonotic Enteric Diseases: A 
Systematic Review. PLoS One. 2012:7(4);e31883 

205.  Johannessen GS, Wennberg AC, Nesheim I, Tryland I. Diverse Land Use and the Impact on 
(Irrigation) Water Quality and Need for Measures — A Case Study of a Norwegian River. Int J 
Environ Res Public Health. 2015 Jun;12(6):6979–7001.  

206.  Yu P, Zalinski A. Elevated Levels of Pathogenic Indicator Bacteria and Antibiotic Resistance 
Genes after Hurricane Harvey’s Flooding in Houston. Environmental Science & Technology 
Letters. 2018. 5 (8), 481-486  

207.  Rashid H, Hunt LM, Haider W. Urban flood problems in Dhaka, Bangladesh: slum residents’ 
choices for relocation to flood-free areas. Environ Manage. 2007 Jul;40(1):95–104.  

208.  Sakijege T, Lupala J, Sheuya S. Flooding, flood risks and coping strategies in urban informal 
residential areas : the case of Keko Machungwa, Dar es Salaam, Tanzania : original research. 
Journal of Disaster Risk Studies. 2012. 

209.  Nadimpalli ML, Marks SJ, Montealegre MC, Gilman RH, Pajuelo MJ, Saito M, et al. Urban 
informal settlements as hotspots of antimicrobial resistance and the need to curb 
environmental transmission. Nat Microbiol. 2020 Jun;5(6):787–95.  

210.  Berendes DM, Leon JS, Kirby AE, Clennon JA, Raj SJ, Yakubu H, et al. Associations between open 
drain flooding and pediatric enteric infections in the MAL-ED cohort in a low-income, urban 
neighborhood in Vellore, India. BMC Public Health. 2019 Jul 10;19(1):926.  

211.  Karkey A, Jombart T, Walker AW, Thompson CN, Torres A, Dongol S, et al. The Ecological 
Dynamics of Fecal Contamination and Salmonella Typhi and Salmonella Paratyphi A in 
Municipal Kathmandu Drinking Water. PLoS Negl Trop Dis. 2016;10(1):1–18.  

212.  Gasem MH, Dolmans WMVWMV, Keuter MM, Djokomoeljanto RR. Poor food hygiene and 
housing as risk factors for typhoid fever in Semarang, Indonesia. Trop Med Int Health. 
2001;6(6):484–90.  

213.  Gauld JS, Olgemoeller F, Nkhata R, Li C, Chirambo A, Morse T, et al. Domestic River Water Use 
and Risk of Typhoid Fever: Results From a Case-control Study in Blantyre, Malawi. Clin Infect 
Dis Off Publ Infect Dis Soc Am. 2020 Mar 17;70(7):1278–84.  

214.  Fowler AM, Hennessy KJ. Potential impacts of global warming on the frequency and magnitude 
of heavy precipitation. Nat Hazards. 1995 May 1;11(3):283–303.  



 321 

215.  Byers E, Gidden M, Leclère D, Balkovic J, Burek P, Ebi K, et al. Global exposure and vulnerability 
to multi-sector development and climate change hotspots. Environ Res Lett. 2018 
May;13(5):055012.  

216.  Wuijts S, van den Berg HH, Miller J, Abebe L, Sobsey M, Andremont A, et al. Towards a research 
agenda for water, sanitation and antimicrobial resistance. J Water Health. 2017 Apr;15(2):175–
84.  

217.  Verburg I, García-Cobos S, Hernández Leal L, Waar K, Friedrich AW, Schmitt H. Abundance and 
Antimicrobial Resistance of Three Bacterial Species along a Complete Wastewater Pathway. 
Microorganisms. 2019 Sep 3;7(9):E312.  

218.  Baker KK, O’Reilly CE, Levine MM, Kotloff KL, Nataro JP, Ayers TL, et al. Sanitation and Hygiene-
Specific Risk Factors for Moderate-to-Severe Diarrhea in Young Children in the Global Enteric 
Multicenter Study, 2007–2011: Case-Control Study. PLOS Med. 2016 May 3;13(5):e1002010.  

219.  Progress on household drinking water, sanitation and hygiene: 2000-2017. Special focus on 
inequalities. New York: United Nations Children’s Fund (UNICEF) and Geneva: World Health 
Organization; 2019 (https://washdata.org/sites/default/files/documents/reports/2019-
07/jmp-2019-wash-households.pdf, accessed 25 february 2022).  

220.  Chunga RM, Ensink JHJ, Jenkins MW, Brown J. Adopt or Adapt: Sanitation Technology Choices 
in Urbanizing Malawi. PLOS ONE. 2016 Aug 17;11(8):e0161262.  

221.  Farling S, Rogers T, Knee JS, Tilley EA, Brown J, Deshusses MA. Bioaerosol emissions associated 
with pit latrine emptying operations. Sci Total Environ. 2019 Jan 15;648:1082–6.  

222.  Jenkins MW, Cumming O, Cairncross S. Pit Latrine Emptying Behavior and Demand for 
Sanitation Services in Dar Es Salaam, Tanzania. Int J Environ Res Public Health. 2015 
Mar;12(3):2588–611.  

223.  Katukiza AY, Ronteltap M, Niwagaba CB, Foppen JWA, Kansiime F, Lens PNL. Sustainable 
sanitation technology options for urban slums. Biotechnol Adv. 2012 Sep 1;30(5):964–78.  

224.  Li F, Wichmann K, Otterpohl R. Review of the technological approaches for grey water 
treatment and reuses. Sci Total Environ. 2009 May 15;407(11):3439–49.  

225.  Troiano E, Beneduce L, Gross A, Ronen Z. Antibiotic-Resistant Bacteria in Greywater and 
Greywater-Irrigated Soils. Front Microbiol. 2018 Nov 6;9:2666.  

226.  Wagner EG, Lanoix JN. Excreta disposal for rural areas and small communities. Monogr Ser 
World Health Organ. 1958;39:1–182.  

227.  Brown J, Cairncross S, Ensink JHJ. Water, sanitation, hygiene and enteric infections in children. 
Arch Dis Child. 2013 Aug;98(8):629–34.  

228.  JMP [Internet]. [cited 2022 Feb 28]. Available from: 
https://washdata.org/data/household#!/mwi 

229.  Bain R, Cronk R, Hossain R, Bonjour S, Onda K, Wright J, et al. Global assessment of exposure 
to faecal contamination through drinking water based on a systematic review. Trop Med Int 
Health. 2014 Aug;19(8):917–27.  



 322 

230.  Mahmud ZH, Kabir MH, Ali S, Moniruzzaman M, Imran KM, Nafiz TN, et al. Extended-Spectrum 
Beta-Lactamase-Producing Escherichia coli in Drinking Water Samples From a Forcibly 
Displaced, Densely Populated Community Setting in Bangladesh. Front Public Health. 
2020;8:228.  

231.  Talukdar PK, Rahman M, Rahman M, Nabi A, Islam Z, Hoque MM, et al. Antimicrobial 
Resistance, Virulence Factors and Genetic Diversity of Escherichia coli Isolates from Household 
Water Supply in Dhaka, Bangladesh. PLOS ONE. 2013 Apr 3;8(4):e61090.  

232.  Pathak SP, Gopal K. Prevalence of bacterial contamination with antibiotic-resistant and 
enterotoxigenic fecal coliforms in treated drinking water. J Toxicol Environ Health A. 
2008;71(7):427–33.  

233.  Takizawa S, Tran TV, Fu L. Health risks of rural water supply due to lack of proper sanitation in 
southeast Asian countries. Schriftenr Ver Wasser Boden Lufthyg. 2000;105:399–404.  

234.  Kamanula JF, Zambasa OJ, Masamba WRL. Quality of drinking water and cholera prevalence in 
Ndirande Township, City of Blantyre, Malawi. Phys Chem Earth Parts ABC. 2014 Jan 1;72–
75:61–7.  

235.  Cassivi A, Tilley E, Waygood EOD, Dorea C. Household practices in accessing drinking water and 
post collection contamination: A seasonal cohort study in Malawi. Water Res. 2021 Feb 
1;189:116607.  

236.  Rufener S, Mäusezahl D, Mosler H-J, Weingartner R. Quality of Drinking-water at Source and 
Point-of-consumption—Drinking Cup As a High Potential Recontamination Risk: A Field Study 
in Bolivia. J Health Popul Nutr. 2010 Feb;28(1):34–41.  

237.  Wright J, Gundry S, Conroy R. Household drinking water in developing countries: a systematic 
review of microbiological contamination between source and point-of-use. Trop Med Int 
Health. 2004;9(1):106–17.  

238.  Mazengia E, Chidavaenzi MT, Bradley M, Jere M, Nhandara C, Chigunduru D, et al. Effective and 
culturally acceptable water storage in Zimbabwe: Maintaining the quality of water abstracted 
from upgraded family wells. (Features). J Environ Health. 2002 Apr 1;64(8):15–9.  

239.  Morse T, Chidziwisano K, Tilley E, Malolo R, Kumwenda S, Musaya J, et al. Developing a 
Contextually Appropriate Integrated Hygiene Intervention to Achieve Sustained Reductions in 
Diarrheal Diseases. Sustainability. 2019 Jan;11(17):4656.  

240.  Chidziwisano K, Tilley E, Morse T. Self-Reported Versus Observed Measures: Validation of Child 
Caregiver Food Hygiene Practices in Rural Malawi. Int J Environ Res Public Health. 2020 
Jun;17(12):4498.  

241.  Chidziwisano K, Slekiene J, Kumwenda S, Mosler H-J, Morse T. Toward Complementary Food 
Hygiene Practices among Child Caregivers in Rural Malawi. Am J Trop Med Hyg. 2019 
Aug;101(2):294–303.  

242.  Sivakumar M, Abass G, Vivekanandhan R, Anukampa  null, Singh DK, Bhilegaonkar K, et al. 
Extended-spectrum beta-lactamase (ESBL) producing and multidrug-resistant Escherichia coli 
in street foods: a public health concern. J Food Sci Technol. 2021 Apr;58(4):1247–61.  



 323 

243.  De Boeck H, Miwanda B, Lunguya-Metila O, Muyembe-Tamfum J-J, Stobberingh E, Glupczynski 
Y, et al. ESBL-Positive Enterobacteria Isolates in Drinking Water. Emerg Infect Dis. 2012 
Jun;18(6):1019–20.  

244.  Ejemot‐Nwadiaro RI, Ehiri JE, Arikpo D, Meremikwu MM, Critchley JA. Hand washing promotion 
for preventing diarrhoea. Cochrane Database Syst Rev. 2015 Sep 8;2015(9):CD004265.  

245.  Zurita J, Yánez F, Sevillano G, Ortega-Paredes D, Paz Y Miño A. Ready-to-eat street food: a 
potential source for dissemination of multidrug-resistant Escherichia coli epidemic clones in 
Quito, Ecuador. Lett Appl Microbiol. 2020 Mar;70(3):203–9.  

246.  Alegría Á, Arias-Temprano M, Fernández-Natal I, Rodríguez-Calleja JM, García-López M-L, 
Santos JA. Molecular Diversity of ESBL-Producing Escherichia coli from Foods of Animal Origin 
and Human Patients. Int J Environ Res Public Health. 2020 Feb;17(4):1312.  

247.  Gil AI, Lanata CF, Hartinger SM, Mäusezahl D, Padilla B, Ochoa TJ, et al. Fecal contamination of 
food, water, hands, and kitchen utensils at the household level in rural areas of Peru. J Environ 
Health. 2014 Feb;76(6):102–6.  

248.  Taulo S, Wetlesen A, Abrahamsen RK, Narvhus JA, Mkakosya R. Quantification and variability 
of Escherichia coli and Staphylococcus aureus cross-contamination during serving and 
consumption of cooked thick porridge in Lungwena rural households, Malawi. Food Control. 
2009 Dec 1;20(12):1158–66.  

249.  Touré O, Coulibaly S, Arby A, Maiga F, Cairncross S. Improving microbiological food Safety in 
peri-urban Mali; an experimental study. Food Control. 2011 Oct 1;22(10):1565–72.  

250.  World Health Organization, 2005. WHO Estimates of Global Burden of Foodborne Diseases: 
Foodborne Disease Burden Epidemiology Reference Group 2007–2015. Geneva, Switzerland: 
WHO.  

251.  Käferstein F. Foodborne diseases in developing countries: aetiology, epidemiology and 
strategies for prevention. Int J Environ Health Res. 2003 Jun;13 Suppl 1:S161-168.  

252.  Null C, Stewart CP, Pickering AJ, Dentz HN, Arnold BF, Arnold CD, et al. Effects of water quality, 
sanitation, handwashing, and nutritional interventions on diarrhoea and child growth in rural 
Kenya: a cluster-randomised controlled trial. Lancet Glob Health. 2018 Jan 29;6(3):e316–29.  

253.  Pickering AJ, Null C, Winch PJ, Mangwadu G, Arnold BF, Prendergast AJ, et al. The WASH 
Benefits and SHINE trials: interpretation of WASH intervention effects on linear growth and 
diarrhoea. Lancet Glob Health. 2019 Aug 1;7(8):e1139–46.  

254.  Luby SP, Rahman M, Arnold BF, Unicomb L, Ashraf S, Winch PJ, et al. Effects of water quality, 
sanitation, handwashing, and nutritional interventions on diarrhoea and child growth in rural 
Bangladesh: a cluster randomised controlled trial. Lancet Glob Health. 2018 Mar 1;6(3):e302–
15.  

255.  Humphrey JH, Mbuya MNN, Ntozini R, Moulton LH, Stoltzfus RJ, Tavengwa NV, et al. 
Independent and combined effects of improved water, sanitation, and hygiene, and improved 
complementary feeding, on child stunting and anaemia in rural Zimbabwe: a cluster-
randomised trial. Lancet Glob Health. 2019 Jan 1;7(1):e132–47.  



 324 

256.  Booton RD, Meeyai A, Alhusein N, Buller H, Feil E, Lambert H, et al. One Health drivers of 
antibacterial resistance: Quantifying the relative impacts of human, animal and environmental 
use and transmission. One Health. 2021 Jun 1;12:100220.  

257.  2018 Malawi Population and Housing Census [Internet]. [cited 2020 Dec 11]. Available from: 
http://www.nsomalawi.mw/index.php?option=com_content&view=article&id=226:2018-
malawi-population-and-housing-census&catid=8:reports&Itemid=6 

258.  Rural population (% of total population) - Malawi | Data [Internet]. [cited 2020 Dec 15]. 
Available from: https://data.worldbank.org/indicator/SP.RUR.TOTL.ZS?locations=MW 

259.  MacPherson P, Lalloo DG, Webb EL, Maheswaran H, Choko AT, Makombe SD, et al. Effect of 
Optional Home Initiation of HIV Care Following HIV Self-testing on Antiretroviral Therapy 
Initiation Among Adults in Malawi: A Randomized Clinical Trial. JAMA. 2014 Jul 23;312(4):372.  

260.  Choko AT, Desmond N, Webb EL, Chavula K, Napierala-Mavedzenge S, Gaydos CA, et al. The 
uptake and accuracy of oral kits for HIV self-testing in high HIV prevalence setting: a cross-
sectional feasibility study in Blantyre, Malawi. PLoS Med. 2011 Oct;8(10):e1001102.  

261.  Maheswaran H, Petrou S, Cohen D, MacPherson P, Kumwenda F, Lalloo DG, et al. Economic 
costs and health-related quality of life outcomes of hospitalised patients with high HIV 
prevalence: A prospective hospital cohort study in Malawi. PLOS ONE. 2018 Mar 
15;13(3):e0192991.  

262.  Gadama Y. The significant gap between international standards and stroke management 
practices at Queen Elizabeth Central Hospital (Malawi): An audit report. Malawi Med J. 2019 
Dec 31;31(4):249–55.  

263.  Morton B, Banda NP, Nsomba E, Ngoliwa C, Antoine S, Gondwe J, et al. Establishment of a high-
dependency unit in Malawi. BMJ Glob Health. 2020 Nov 1;5(11):e004041.  

264.  Barr DA, Lewis JM, Feasey N, Schutz C, Kerkhoff AD, Jacob ST, et al. Mycobacterium tuberculosis 
bloodstream infection prevalence, diagnosis, and mortality risk in seriously ill adults with HIV: 
a systematic review and meta-analysis of individual patient data. Lancet Infect Dis. 2020 Jun 
1;20(6):742–52.  

265.  Feasey NA, Banada PP, Howson W, Sloan DJ, Mdolo A, Boehme C, et al. Evaluation of Xpert 
MTB/RIF for detection of tuberculosis from blood samples of HIV-infected adults confirms 
Mycobacterium tuberculosis bacteremia as an indicator of poor prognosis. J Clin Microbiol. 
2013 Jul;51(7):2311–6.  

266.  Cohen DB, Mbendera K, Maheswaran H, Mukaka M, Mangochi H, Phiri L, et al. Delivery of long-
term-injectable agents for TB by lay carers: pragmatic randomised trial. Thorax. 2020 Jan 
1;75(1):64–71.  

267.  Feasey NA, Houston A, Mukaka M, Komrower D, Mwalukomo T, Tenthani L, et al. A Reduction 
in Adult Blood Stream Infection and Case Fatality at a Large African Hospital following 
Antiretroviral Therapy Roll-Out. PLOS ONE. 2014 Mar 18;9(3):e92226.  

268.  Lewis JM, Abouyannis M, Katha G, Nyirenda M, Chatsika G, Feasey NA, et al. Population 
Incidence and Mortality of Sepsis in an Urban African Setting, 2013–2016. Clin Infect Dis. 2020 
Dec 11];  



 325 

269.  Derek Cocker, Madalitso Mphasa, Fiona Oruru, Rachel Louise Byrne, Chifundo Salifu, & Nicholas 
Feasey. (2022). Laboratory standard operating procedures (SOPs) used for the publication: 
Drivers of Resistance in Uganda and Malawi (DRUM): A protocol for the evaluation of One-
Health drivers of Extended Spectrum Beta Lactamase (ESBL) resistance in Low-Middle Income 
Countries (LMICs) (2.0). Zenodo. https://doi.org/10.5281/zenodo.5855774.  

270.  Derek Cocker, Kondwani Chidziwisano, DRUM consortium CRF working group, Shevin T. Jacob, 
Tracy Morse, & Nicholas Feasey. (2022). Case report forms (CRFs) used for the publication: 
Drivers of Resistance in Uganda and Malawi (DRUM): A protocol for the evaluation of One-
Health drivers of Extended Spectrum Beta Lactamase (ESBL) resistance in Low-Middle Income 
Countries (LMICs) (Version 1). Zenodo. https://doi.org/10.5281/zenodo.5855820.  

271.  Mendelson M, Røttingen J-A, Gopinathan U, Hamer DH, Wertheim H, Basnyat B, et al. 
Maximising access to achieve appropriate human antimicrobial use in low-income and middle-
income countries. Lancet Lond Engl. 2016 Jan 9;387(10014):188–98.  

272.  Laxminarayan R, Matsoso P, Pant S, Brower C, Røttingen J-A, Klugman K, et al. Access to 
effective antimicrobials: a worldwide challenge. The Lancet. 2016 Jan 9;387(10014):168–75.  

273.  Dwyer-Lindgren L, Cork MA, Sligar A, Steuben KM, Wilson KF, Provost NR, et al. Mapping HIV 
prevalence in sub-Saharan Africa between 2000 and 2017. Nature. 2019 Jun;570(7760):189–
93.  

274.  WHO. World Malaria report. Geneva, World Health Organization, Global Malaria Programme; 
2018.  

275.  Darton TC, Meiring JE, Tonks S, Khan MA, Khanam F, Shakya M, et al. The STRATAA study 
protocol: a programme to assess the burden of enteric fever in Bangladesh, Malawi and Nepal 
using prospective population census, passive surveillance, serological studies and healthcare 
utilisation surveys. BMJ Open. 2017 Jul 2;7(6).  

276.  Kazembe LN, Mathanga DP. Estimating risk factors of urban malaria in Blantyre, Malawi: A 
spatial regression analysis. Asian Pac J Trop Biomed. 2016 May 1;6(5):376–81.  

277.  Bates MJ, Mphwatiwa T, Ardrey J, Desmond N, Niessen LW, Squire SB. Household concepts of 
wellbeing and the contribution of palliative care in the context of advanced cancer: A 
Photovoice study from Blantyre, Malawi. PLoS ONE. 2018 Aug 22;13(8).  

278.  Ministry of Health, Malawi. Malawi Population-Based HIV Impact Assessment (MPHIA) 2015-
2016: Final Report. Lilongwe, Ministry of Health. October 2018.  

279.  Ewing VL, Tolhurst R, Kapinda A, Richards E, Terlouw DJ, Lalloo DG. Increasing understanding 
of the relationship between geographic access and gendered decision-making power for 
treatment-seeking for febrile children in the Chikwawa district of Malawi. Malar J. 2016 Oct 
24;15(1):521.  

280.  Nightingale R, Lesosky M, Flitz G, Rylance SJ, Meghji J, Burney P, et al. Noncommunicable 
Respiratory Disease and Air Pollution Exposure in Malawi (CAPS). A Cross-Sectional Study. Am 
J Respir Crit Care Med. 2019 Mar 1;199(5):613–21.  

281.  Ministry of Health, Uganda. Uganda Population-based HIV Impact Assessment (UPHIA) 2016-
2017: Final Report. Kampala: Ministry of Health; July, 2019.  



 326 

282.  http://www.citypopulation.de/en/uganda/cities/. Accessed 27th May 2021.  

283.  Chipeta M, Terlouw D, Phiri K, Diggle P. Inhibitory geostatistical designs for spatial prediction 
taking account of uncertain covariance structure. Environmetrics. 2017;28(1):e2425.  

284.  Diggle, P. J. and Giorgi, E. Model-based Geostatistics for Global Public Health: Methods and 
Applications. Chapman & Hall/CRC Interdisciplinary Statistics, Chapman and Hall/CRC Press, 
London; 2019.  

285.  Wieland, B., Dione, M., Alemu, B., Fevre, E., Grace, D., Omoya, L., Ström, G., Roesel, K., 
Wenemark, M., Muneri, C., Lindahl, E. and Magnusson, U. 2019. AMUSE Livestock, version 
2―Antimicrobial use in livestock production: A tool to harmonise data collection on 
knowledge, attitude and practices. Nairobi, Kenya: ILRI. 2019.  

286.  Edwards T, Sasaki S, Williams C, Hobbs G, Feasey NA, Evans K, et al. Speciation of common 
Gram-negative pathogens using a highly multiplexed high resolution melt curve assay. Sci Rep. 
2018 Jan 18;8(1):1114.  

287.  Mäklin T, Kallonen T, Alanko J, Samuelsen Ø, Hegstad K, Mäkinen V, et al. Bacterial genomic 
epidemiology with mixed samples. Microb Genomics. 7(11):000691.  

288.  Dreibelbis R, Winch PJ, Leontsini E, Hulland KR, Ram PK, Unicomb L, et al. The Integrated 
Behavioural Model for Water, Sanitation, and Hygiene: a systematic review of behavioural 
models and a framework for designing and evaluating behaviour change interventions in 
infrastructure-restricted settings. BMC Public Health. 2013 Oct 26;13(1):1015.  

289.  Huber AC, Mosler H-J. Determining behavioral factors for interventions to increase safe water 
consumption: a cross-sectional field study in rural Ethiopia. Int J Environ Health Res. 
2013;23(2):96–107.  

290.  Peal A, Evans B, Ahilan S, Ban R, Blackett I, Hawkins P, et al. Estimating Safely Managed 
Sanitation in Urban Areas; Lessons Learned From a Global Implementation of Excreta-Flow 
Diagrams. Front Environ Sci. 2020 [27];8.  

291.  Sylvain Collet, Mabvuto Yesaya, Elizabeth Tilley,. SFD Report Blantyre, Malawi.  

292.  Raj SJ, Wang Y, Yakubu H, Robb K, Siesel C, Green J, et al. The SaniPath Exposure Assessment 
Tool: A quantitative approach for assessing exposure to fecal contamination through multiple 
pathways in low resource urban settlements. PLOS ONE. 2020 Jun 12;15(6):e0234364.  

293.  PAWSSD Chapter 2 | DISD [Internet]. [cited 2022 Mar 30]. Available from: 
https://www.un.org/development/desa/dspd/world-summit-for-social-development-
1995/wssd-1995-agreements/pawssd-chapter-2.html 

294.  The World Bank in Malawi [Internet]. World Bank. [cited 2022 Jan 7]. Available from: 
https://www.worldbank.org/en/country/malawi/overview 

295.  Malawi Economic Development Document. IMF Country Report No. 17/184. 2017.  

296.  Bennett SD, Lowther SA, Chingoli F, Chilima B, Kabuluzi S, Ayers TL, et al. Assessment of water, 
sanitation and hygiene interventions in response to an outbreak of typhoid fever in Neno 
District, Malawi. PloS One. 2018;13(2):e0193348.  



 327 

297.  van den Berg H, van Vugt M, Kabaghe AN, Nkalapa M, Kaotcha R, Truwah Z, et al. Community-
based malaria control in southern Malawi: a description of experimental interventions of 
community workshops, house improvement and larval source management. Malar J. 2018 Jul 
16;17(1):266.  

298.  Meiring JE, Shakya M, Khanam F, Voysey M, Phillips MT, Tonks S, et al. Burden of enteric fever 
at three urban sites in Africa and Asia: a multicentre population-based study. Lancet Glob 
Health. 2021 Dec 1;9(12):e1688–96.  

299.  Willmann M, El-Hadidi M, Huson DH, Schütz M, Weidenmaier C, Autenrieth IB, et al. Antibiotic 
Selection Pressure Determination through Sequence-Based Metagenomics. Antimicrob Agents 
Chemother. 2015 Dec;59(12):7335–45.  

300.  Lewis JM, Mphasa M, Banda R, Beale MA, Heinz E, Mallewa J, et al. Dynamics of gut mucosal 
colonisation with extended spectrum beta-lactamase producing Enterobacterales in Malawi. 
2021 Octp. 2021.10.08.21264775. 

301.  Costelloe C, Metcalfe C, Lovering A, Mant D, Hay AD. Effect of antibiotic prescribing in primary 
care on antimicrobial resistance in individual patients: systematic review and meta-analysis. 
BMJ. 2010 May 18;340:c2096.  

302.  World Health Organization. (2005) .Handbook  :IMCI integrated management of 

childhood illness .World Health Organization .
https//:apps.who.int/iris/handle/10665/42939 . 

303.  AWaRe classification (WHO). 2021. https://www.who.int/publications/i/item/2021-aware-
classification.  

304.  World Health Organization Model List of Essential Medicines, 21st List, 2019. Geneva: World 
Health Organization; 2019. Licence: CC BY-NC-SA 3.0 IGO.  

305.  4th Edition of the Malawi Integrated Guidelines and Standard Operating Procedures for Clinical 
HIV Services. 2018.  

306.  Dixon J, MacPherson E, Manyau S, Nayiga S, Khine Zaw Y, Kayendeke M, et al. The ‘Drug Bag’ 
method: lessons from anthropological studies of antibiotic use in Africa and South-East Asia. 
Glob Health Action. 2019;12(1):1639388.  

307.  Marques C, Belas A, Aboim C, Cavaco-Silva P, Trigueiro G, Gama LT, et al. Evidence of Sharing 
of Klebsiella pneumoniae Strains between Healthy Companion Animals and Cohabiting 
Humans. J Clin Microbiol. 2019 May 24;57(6):e01537-18.  

308.  Engler D, Meyer JC, Schellack N, Kurdi A, Godman B. Antimicrobial Stewardship Activities in 
Public Healthcare Facilities in South Africa: A Baseline for Future Direction. Antibiotics. 2021 
Aug;10(8):996.  

309.  Purohit MR, Chandran S, Shah H, Diwan V, Tamhankar AJ, Stalsby Lundborg C. Antibiotic 
Resistance in an Indian Rural Community: A ‘One-Health’ Observational Study on Commensal 
Coliform from Humans, Animals, and Water. Int J Env Res Public Health. 2017 Apr 6;14(4).  

310.  Ljungquist O, Ljungquist D, Myrenås M, Rydén C, Finn M, Bengtsson B. Evidence of household 
transfer of ESBL-/pAmpC-producing Enterobacteriaceae between humans and dogs - a pilot 
study. Infect Ecol Epidemiol. 2016;6:31514.  



 328 

311.  Marques C, Menezes J, Belas A, Aboim C, Cavaco-Silva P, Trigueiro G, et al. Klebsiella 
pneumoniae causing urinary tract infections in companion animals and humans: population 
structure, antimicrobial resistance and virulence genes. J Antimicrob Chemother. 2019 Mar 
1;74(3):594–602.  

312.  Johnson JR, Clabots C, Kuskowski MA. Multiple-host sharing, long-term persistence, and 
virulence of Escherichia coli clones from human and animal household members. J Clin 
Microbiol. 2008 Dec;46(12):4078–82.  

313.  Bourne JA, Chong WL, Gordon DM. Genetic structure, antimicrobial resistance and frequency 
of human associated Escherichia coli sequence types among faecal isolates from healthy dogs 
and cats living in Canberra, Australia. PloS One. 2019;14(3):e0212867.  

314.  Benavides JA, Salgado-Caxito M, Opazo-Capurro A, González Muñoz P, Piñeiro A, Otto Medina 
M, et al. ESBL-Producing Escherichia coli Carrying CTX-M Genes Circulating among Livestock, 
Dogs, and Wild Mammals in Small-Scale Farms of Central Chile. Antibiotics. 2021 
May;10(5):510.  

315.  Fletcher S. Understanding the contribution of environmental factors in the spread of 
antimicrobial resistance. Environ Health Prev Med. 2015 Jul;20(4):243–52.  

316.  Larsson DGJ, Andremont A, Bengtsson-Palme J, Brandt KK, de Roda Husman AM, Fagerstedt P, 
et al. Critical knowledge gaps and research needs related to the environmental dimensions of 
antibiotic resistance. Env Int. 2018 May 7;117:132–8.  

317.  Bengtsson-Palme J, Larsson DGJ. Antibiotic resistance genes in the environment: prioritizing 
risks. Nat Rev Microbiol. 2015 Jun;13(6).  

318.  Huijbers PMC, Flach C-F, Larsson DGJ. A conceptual framework for the environmental 
surveillance of antibiotics and antibiotic resistance. Environ Int. 2019 Sep 1;130:104880.  

319.  Butcher A, Cañada JA, Sariola S. How to make noncoherent problems more productive: 
Towards an AMR management plan for low resource livestock sectors. Humanit Soc Sci 
Commun. 2021 Nov 22;8(1):1–10.  

320.  Berendes D, Leon J, Kirby A, Clennon J, Raj S, Yakubu H, et al. Household sanitation is associated 
with lower risk of bacterial and protozoal enteric infections, but not viral infections and 
diarrhoea, in a cohort study in a low-income urban neighbourhood in Vellore, India. Trop Med 
Int Health TM IH. 2017 Sep;22(9):1119–29.  

321.  Barnes AN, Anderson JD, Mumma J, Mahmud ZH, Cumming O. The association between 
domestic animal presence and ownership and household drinking water contamination among 
peri-urban communities of Kisumu, Kenya. PloS One. 2018;13(6):e0197587.  

322.  Navab-Daneshmand T, Friedrich MND, Gächter M, Montealegre MC, Mlambo LS, Nhiwatiwa T, 
et al. Escherichia coli Contamination across Multiple Environmental Compartments (Soil, 
Hands, Drinking Water, and Handwashing Water) in Urban Harare: Correlations and Risk 
Factors. Am J Trop Med Hyg. 2018 Mar;98(3):803–13.  

323.  Exum NG, Olórtegui MP, Yori PP, Davis MF, Heaney CD, Kosek M, et al. Floors and toilets: 
Association of floors and sanitation practices with fecal contamination in Peruvian Amazon 
peri-urban households. Environ Sci Technol. 2016 Jul 19;50(14):7373–81.  



 329 

324.  Tufa TB, Fuchs A, Wienemann T, Eggers Y, Abdissa S, Schneider M, et al. Carriage of ESBL-
producing Gram-negative bacteria by flies captured in a hospital and its suburban surroundings 
in Ethiopia. Antimicrob Resist Infect Control. 2020 Nov 4;9(1):175.  

325.  Khamesipour F, Lankarani KB, Honarvar B, Kwenti TE. A systematic review of human pathogens 
carried by the housefly (Musca domestica L.). BMC Public Health. 2018 Aug 22;18(1):1049.  

326.  Simiyu SN, Kweyu RM, Antwi-Agyei P, Adjei KA. Barriers and opportunities for cleanliness of 
shared sanitation facilities in low-income settlements in Kenya. BMC Public Health. 2020 Oct 
31;20(1):1632.  

327.  Hirve S, Lele P, Sundaram N, Chavan U, Weiss M, Steinmann P, et al. Psychosocial stress 
associated with sanitation practices: experiences of women in a rural community in India. J 
Water Sanit Hyg Dev. 2014 Nov 18;5(1):115–26.  

328.  Kwiringira J, Atekyereza P, Niwagaba C, Günther I. Descending the sanitation ladder in urban 
Uganda: evidence from Kampala Slums. BMC Public Health. 2014 Jun 19;14(1):624.  

329.  Lee MCJ, Tham KW. Public toilets with insufficient ventilation present high cross infection risk. 
Sci Rep. 2021 Oct 18;11(1):20623.  

330.  Grimason AM, Davison K, Tembo KC, Jabu GC, Jackson MH. Problems associated with the use 
of pit latrines in Blantyre, Republic of Malawi. J R Soc Promot Health. 2000 Sep;120(3):175–82.  

331.  Oyoo R, Leemans R, Mol APJ. Future Projections of Urban Waste Flows aand their Impacts in 
African Metropolises Cities. Int J Environ Res. 2011 Jul 1;5(3):705–24.  

332.  Michael I, Rizzo L, McArdell CS, Manaia CM, Merlin C, Schwartz T, et al. Urban wastewater 
treatment plants as hotspots for the release of antibiotics in the environment: A review. Water 
Res. 2013 Mar;47(3):957–95.  

333.  Graham JP, Polizzotto ML. Pit Latrines and Their Impacts on Groundwater Quality: A Systematic 
Review. Environ Health Perspect. 2013 May;121(5):521–30.  

334.  Scott E, Bloomfield SF. A bacteriological investigation of the effectiveness of cleaning and 
disinfection procedures for toilet hygiene. J Appl Bacteriol. 1985 Sep;59(3):291–7.  

335.  Bloomfield SF, Scott E. Cross-contamination and infection in the domestic environment and the 
role of chemical disinfectants. J Appl Microbiol. 1997 Jul;83(1):1–9.  

336.  Erb S, D’Mello-Guyett L, Malebo HM, Njee RM, Matwewe F, Ensink J, et al. High prevalence of 
ESBL-Producing E. coli in private and shared latrines in an informal urban settlement in Dar es 
Salaam, Tanzania. Antimicrob Resist Infect Control. 2018;7:3.  

337.  Aiello AE, Coulborn RM, Perez V, Larson EL. Effect of hand hygiene on infectious disease risk in 
the community setting: a meta-analysis. Am J Public Health. 2008 Aug;98(8):1372–81.  

338.  Knee J, Sumner T, Adriano Z, Berendes D, de Bruijn E, Schmidt W-P, et al. Risk factors for 
childhood enteric infection in urban Maputo, Mozambique: A cross-sectional study. PLoS Negl 
Trop Dis. 2018 Nov;12(11):e0006956.  

339.  Exley JLR, Liseka B, Cumming O, Ensink JHJ. The Sanitation Ladder, What Constitutes an 
Improved Form of Sanitation? Environ Sci Technol. 2015 Jan 20;49(2):1086–94.  



 330 

340.  Baker KK, Senesac R, Sewell D, Sen Gupta A, Cumming O, Mumma J. Fecal Fingerprints of Enteric 
Pathogen Contamination in Public Environments of Kisumu, Kenya, Associated with Human 
Sanitation Conditions and Domestic Animals. Environ Sci Technol. 2018 Sep 18;52(18):10263–
74.  

341.  Slekiene J, Mosler H-J. Characterizing the Last Latrine Nonowners in Rural Malawi. Am J Trop 
Med Hyg. 2018 Jan;98(1):295–9.  

342.  Holcomb DA, Knee J, Sumner T, Adriano Z, de Bruijn E, Nalá R, et al. Human fecal contamination 
of water, soil, and surfaces in households sharing poor-quality sanitation facilities in Maputo, 
Mozambique. Int J Hyg Environ Health. 2020 May;226:113496.  

343.  Gwimbi P, George M, Ramphalile M. Bacterial contamination of drinking water sources in rural 
villages of Mohale Basin, Lesotho: exposures through neighbourhood sanitation and hygiene 
practices. Environ Health Prev Med. 2019 May 15;24(1):33.  

344.  WHO. Guidelines for drinking-water quality, 4th edition. Volume 3 Surveillance and control of 
community supplies. 2017. Available from: https://www.ncbi.nlm.nih.gov/books/NBK442376/ 

345.  Elliott M, Foster T, MacDonald MC, Harris AR, Schwab KJ, Hadwen WL. Addressing how multiple 
household water sources and uses build water resilience and support sustainable 
development. Npj Clean Water. 2019 Mar 1;2(1):1–5.  

346.  Zhang HN, Zhou YF, Guo SY, Chang WS. Prevalence and characteristics of extended-spectrum 
beta-lactamase (ESBL)-producing Enterobacteriaceae isolated from rural well water in Taian, 
China, 2014. Environ Sci Pollut Res. 2015 Aug;22(15):11488–92.  

347.  Borrusso PA, Quinlan JJ. Prevalence of Pathogens and Indicator Organisms in Home Kitchens 
and Correlation with Unsafe Food Handling Practices and Conditions. J Food Prot. 2017 
Apr;80(4):590–7.  

348.  Cogan TA, Bloomfield SF, Humphrey TJ. The effectiveness of hygiene procedures for prevention 
of cross-contamination from chicken carcases in the domestic kitchen. Lett Appl Microbiol. 
1999 Nov;29(5):354–8.  

349.  Campos J, Gil J, Mourão J, Peixe L, Antunes P. Ready-to-eat street-vended food as a potential 
vehicle of bacterial pathogens and antimicrobial resistance: An exploratory study in Porto 
region, Portugal. Int J Food Microbiol. 2015 Aug 3;206:1–6.  

350.  Lima CM, Souza IEGL, dos Santos Alves T, Leite CC, Evangelista-Barreto NS, de Castro Almeida 
RC. Antimicrobial resistance in diarrheagenic Escherichia coli from ready-to-eat foods. J Food 
Sci Technol. 2017;54(11):3612–9.  

351.  Malawi. Community-Led Total Sanitation. 2008 [cited 2022 Mar 31]. Available from: 
https://www.communityledtotalsanitation.org/country/malawi 

352.  Sigler R, Mahmoudi L, Graham JP. Analysis of behavioral change techniques in community-led 
total sanitation programs. Health Promot Int. 2015 Mar 1;30(1):16–28.  

353.  Engel S, Susilo A. Shaming and Sanitation in Indonesia: A Return to Colonial Public Health 
Practices? Dev Change. 2014;45(1):157–78.  



 331 

354.  Crocker J, Saywell D, Bartram J. Sustainability of community-led total sanitation outcomes: 
Evidence from Ethiopia and Ghana. Int J Hyg Environ Health. 2017 May 1;220(3):551–7.  

355.  Maravic A, Skocibusic M, Fredotovic Z, Samanic I, Cvjetan S, Knezovic M, et al. Urban riverine 
environment is a source of multidrug-resistant and ESBL-producing clinically important 
Acinetobacter spp. Env Sci Pollut Res Int. 2016 Feb;23(4):3525–35.  

356.  Luby EM, Moorman TB, Soupir ML. Fate and transport of tylosin-resistant bacteria and 
macrolide resistance genes in artificially drained agricultural fields receiving swine manure. Sci 
Total Environ. 2016;550:1126–33.  

357.  Johnson A, Ginn O, Bivins A, Rocha-Melogno L, Tripathi SN, Brown J. Extended-spectrum beta-
lactamase (ESBL)-positive Escherichia coli presence in urban aquatic environments in Kanpur, 
India. J Water Health. 2020 Oct;18(5):849–54.  

358.  Sibanda T, Selvarajan R, Tekere M. Urban effluent discharges as causes of public and 
environmental health concerns in South Africa’s aquatic milieu. Env Sci Pollut Res Int. 2015 
Dec;22(23):18301–17.  

359.  Levy K, Woster AP, Goldstein RS, Carlton EJ. Untangling the Impacts of Climate Change on 
Waterborne Diseases: a Systematic Review of Relationships between Diarrheal Diseases and 
Temperature, Rainfall, Flooding, and Drought. ACS Publications. American Chemical Society; 
2016. 5b06186 

360.  Nakagiri A, Kulabako RN, Nyenje PM, Tumuhairwe JB, Niwagaba CB, Kansiime F. Performance 
of pit latrines in urban poor areas: A case of Kampala, Uganda. Habitat Int. 2015 Oct 1;49:529–
37.  

361.  O’Connell, K. (2014). What influences open defecation and latrine ownership in rural 
households? - Findings from a global review. World Bank, Water and Sanitation Program (WSP), 
Washington DC, United States.  

362.  Sturød K, Dahle UR, Berg ES, Steinbakk M, Wester AL. Evaluation of the ability of four EBSL-
screening media to detect ESBL-producing Salmonella and Shigella. BMC Microbiol. 2014 Sep 
4;14:217.  

363.  G. Klyasova, A. Korobova, I. Frolova Detection of Extended-Spectrum β-Lactamase producing 
Enterobacteriaceae by Chromogenic ESBL Selective Medium. Poster ECCMID 2016.  

364.  Grohs P, Tillecovidin B, Caumont-Prim A, Carbonnelle E, Day N, Podglajen I, et al. Comparison 
of Five Media for Detection of Extended-Spectrum Beta-Lactamase by Use of the Wasp 
Instrument for Automated Specimen Processing. J Clin Microbiol. 2013 Aug;51(8):2713–6.  

365.  Schmithausen RM, Schulze-Geisthoevel SV, Stemmer F, El-Jade M, Reif M, Hack S, et al. Analysis 
of Transmission of MRSA and ESBL-E among Pigs and Farm Personnel. PLOS ONE. 2015 Sep 
30;10(9):e0138173.  

366.  Dahmen S, Haenni M, Châtre P, Madec J-Y. Characterization of blaCTX-M IncFII plasmids and 
clones of Escherichia coli from pets in France. J Antimicrob Chemother. 2013 Dec;68(12):2797–
801.  



 332 

367.  Martins LR, Pina SM, Simoes RL, de Matos AJ, Rodrigues P, da Costa PM. Common phenotypic 
and genotypic antimicrobial resistance patterns found in a case study of multiresistant E. coli 
from cohabitant pets, humans, and household surfaces. J Env Health. 2013 Feb;75(6):74–81.  

368.  Bortolami A, Zendri F, Maciuca EI, Wattret A, Ellis C, Schmidt V, et al. Diversity, Virulence, and 
Clinical Significance of Extended-Spectrum β-Lactamase- and pAmpC-Producing Escherichia 
coli From Companion Animals. Front Microbiol. 2019 Jun 5;10:1260.  

369.  Bevan ER, Jones AM, Hawkey PM. Global epidemiology of CTX-M β-lactamases: temporal and 
geographical shifts in genotype. J Antimicrob Chemother. 2017 Aug 1;72(8):2145–55.  

370.  Jury MR. Malawi’s Shire River Fluctuations and Climate. J Hydrometeorol. 2014 Oct 
1;15(5):2039–49.  

371.  Kelly L, Kalin RM, Bertram D, Kanjaye M, Nkhata M, Sibande H. Quantification of Temporal 
Variations in Base Flow Index Using Sporadic River Data: Application to the Bua Catchment, 
Malawi. Water. 2019 May;11(5):901.  

372.  Blaak H, van Hoek A, Veenman C, van Leeuwen AED, Lynch G, van Overbeek WM, et al. 
Extended spectrum beta-lactamase- and constitutively AmpC-producing Enterobacteriaceae 
on fresh produce and in the agricultural environment. Int J Food Microbiol. 2014 Jan;168:8–16.  

373.  Kundu A, Smith WA, Harvey D, Wuertz S. Drinking Water Safety: Role of Hand Hygiene, 
Sanitation Facility, and Water System in Semi-Urban Areas of India. Am J Trop Med Hyg. 2018 
Oct;99(4):889–98.  

374.  AbdelRahim KA, Hassanein AM, Abd El Azeiz HA. Prevalence, plasmids and antibiotic resistance 
correlation of enteric bacteria in different drinking water resources in sohag, egypt. 
Jundishapur J Microbiol. 2015 Jan;8(1):e18648.  

375.  Trick WE, Vernon MO, Welbel SF, Demarais P, Hayden MK, Weinstein RA, et al. Multicenter 
intervention program to increase adherence to hand hygiene recommendations and glove use 
and to reduce the incidence of antimicrobial resistance. Infect Control Hosp Epidemiol. 2007 
Jan;28(1):42–9.  

376.  Richter L, Plessis ED, Duvenage S, Korsten L. High prevalence of multidrug resistant Escherichia 
coli isolated from fresh vegetables sold by selected formal and informal traders in the most 
densely populated Province of South Africa. J Food Sci. 2021 Jan;86(1):161–8.  

377.  Sun S, Han J. Open defecation and squat toilets, an overlooked risk of fecal transmission of 
COVID-19 and other pathogens in developing communities. Environ Chem Lett. 2020 Nov 29;1–
9.  

378.  Just MR, Carden SW, Li S, Baker KK, Gambhir M, Fung IC-H. The impact of shared sanitation 
facilities on diarrheal diseases with and without an environmental reservoir: a modeling study. 
Pathog Glob Health. 2018 Jun;112(4):195–202.  

379.  Akaike H. Information Theory and an Extension of the Maximum Likelihood Principle. In: Parzen 
E, Tanabe K, Kitagawa G, editors. Selected Papers of Hirotugu Akaike. New York, NY: Springer; 
1998. p. 199–213.  

380.  Brewer MJ, Butler A, Cooksley SL. The relative performance of AIC, AICC and BIC in the presence 
of unobserved heterogeneity. Methods Ecol Evol. 2016;7(6):679–92.  



 333 

381.  Nalborczyk L, Batailler C, Lœvenbruck H, Vilain A, Bürkner P-C. An Introduction to Bayesian 
Multilevel Models Using brms: A Case Study of Gender Effects on Vowel Variability in Standard 
Indonesian. J Speech Lang Hear Res JSLHR. 2019 May 21;62(5):1225–42.  

382.  Wielders CCH, Van Duijkeren E, Van Den Bunt G, Meijs AP, Dierikx CM, Bonten MJM, et al. 
Seasonality in carriage of extended-spectrum β-lactamase-producing Escherichia coli and 
Klebsiella pneumoniae in the general population: a pooled analysis of nationwide cross-
sectional studies. Epidemiol Infect. 2020 Feb 21;148:e68.  

383.  Rousham EK, Asaduzzaman M, Mozmader TIMAU, Amin MB, Rahman M, Hossain MI, et al. 
Human Colonization with Extended-Spectrum Beta-Lactamase-Producing E. coli in Relation to 
Animal and Environmental Exposures in Bangladesh: An Observational One Health Study. 
Environ Health Perspect. 129(3):037001.  

384.  Milenkov M, Rasoanandrasana S, Rahajamanana LV, Rakotomalala RS, Razafindrakoto CA, 
Rafalimanana C, et al. Prevalence, Risk Factors, and Genetic Characterization of Extended-
Spectrum Beta-Lactamase Escherichia coli Isolated From Healthy Pregnant Women in 
Madagascar. Front Microbiol. 2021;12.  

385.  Chereau F, Herindrainy P, Garin B, Huynh B-T, Randrianirina F, Padget M, et al. Colonization of 
extended-spectrum-β-lactamase- and NDM-1-producing Enterobacteriaceae among pregnant 
women in the community in a low-income country: a potential reservoir for transmission of 
multiresistant Enterobacteriaceae to neonates. Antimicrob Agents Chemother. 
2015;59(6):3652–5.  

386.  Puspandari N, Sunarno S, Febrianti T, Febriyana D, Saraswati RD, Rooslamiati I, et al. Extended 
spectrum beta-lactamase-producing Escherichia coli surveillance in the human, food chain, and 
environment sectors: Tricycle project (pilot) in Indonesia. One Health. 2021 Dec 1;13:100331.  

387.  Chao DL, Roose A, Roh M, Kotloff KL, Proctor JL. The seasonality of diarrheal pathogens: A 
retrospective study of seven sites over three years. PLoS Negl Trop Dis. 2019 
Aug;13(8):e0007211.  

388.  Sringam P, Angkititrakul S. Seasonal variations on prevalence and antimicrobial resistance of 
Salmonella isolated from dogs in Khon Kaen province, Northeast Thailand. Antimicrob Resist 
Infect Control. 2015 Jun 16;4(1):P140.  

389.  Gordon MA, Graham SM, Walsh AL, Wilson L, Phiri A, Molyneux E, et al. Epidemics of Invasive 
Salmonella enterica Serovar Enteritidis and S. enterica Serovar Typhimurium Infection 
Associated with Multidrug Resistance among Adults and Children in Malawi. Clin Infect Dis. 
2008 Apr 1;46(7):963–9.  

390.  Philipsborn R, Ahmed SM, Brosi BJ, Levy K. Climatic Drivers of Diarrheagenic Escherichia coli 
Incidence: A Systematic Review and Meta-analysis. J Infect Dis. 2016 Jul 1;214(1):6–15.  

391.  Climate: Southern Region, Malawi [Internet]. Worlddata.info. [cited 2022 Apr 1]. Available 
from: https://www.worlddata.info/africa/malawi/climate-southern-region.php 

392.  Warnatzsch EA, Reay DS. Temperature and precipitation change in Malawi: Evaluation of 
CORDEX-Africa climate simulations for climate change impact assessments and adaptation 
planning. Sci Total Environ. 2019 Mar 1;654:378–92.  



 334 

393.  Hashimoto M, Hasegawa H, Maeda S. High temperatures promote cell-to-cell plasmid 
transformation in Escherichia coli. Biochem Biophys Res Commun. 2019 Jul 12;515(1):196–200.  

394.  Rodríguez-Verdugo A, Lozano-Huntelman N, Cruz-Loya M, Savage V, Yeh P. Compounding 
Effects of Climate Warming and Antibiotic Resistance. iScience. 2020 Apr 24;23(4):101024.  

395.  de Man H, van den Berg HHJL, Leenen EJTM, Schijven JF, Schets FM, van der Vliet JC, et al. 
Quantitative assessment of infection risk from exposure to waterborne pathogens in urban 
floodwater. Water Res. 2014 Jan 1;48:90–9.  

396.  Labite H, Lunani I, van der Steen P, Vairavamoorthy K, Drechsel P, Lens P. Quantitative Microbial 
Risk Analysis to evaluate health effects of interventions in the urban water system of Accra, 
Ghana. J Water Health. 2010 Sep;8(3):417–30.  

397.  Deshpande A, Miller-Petrie MK, Lindstedt PA, Baumann MM, Johnson KB, Blacker BF, et al. 
Mapping geographical inequalities in access to drinking water and sanitation facilities in low-
income and middle-income countries, 2000–17. Lancet Glob Health. 2020 Sep 1;8(9):e1162–
85.  

398.  Chowdhury FR, Ibrahim QSU, Bari MS, Alam MMJ, Dunachie SJ, Rodriguez-Morales AJ, et al. 
The association between temperature, rainfall and humidity with common climate-sensitive 
infectious diseases in Bangladesh. PLOS ONE. 2018 Jun 21;13(6):e0199579.  

399.  Peal A, Evans B, Blackett I, Hawkins P, Heymans C. Fecal sludge management (FSM): analytical 
tools for assessing FSM in cities. J Water Sanit Hyg Dev. 2014 May 12;4(3):371–83.  

400.  Capone D, Chigwechokha P, Iii FL de los R, Holm RH, Risk BB, Tilley E, et al. Impact of sampling 
depth on pathogen detection in pit latrines. PLoS Negl Trop Dis. 2021 Mar 2;15(3):e0009176.  

401.  Norman G, Pedley S, Takkouche B. Effects of sewerage on diarrhoea and enteric infections: a 
systematic review and meta-analysis. Lancet Infect Dis. 2010 Aug;10(8):536–44.  

402.  Karkman A, Pärnänen K, Larsson DGJ. Fecal pollution can explain antibiotic resistance gene 
abundances in anthropogenically impacted environments. Nat Commun. 2019 Jan 8;10(1):80.  

403.  Baquero F, Martínez J-L, Cantón R. Antibiotics and antibiotic resistance in water environments. 
Curr Opin Biotechnol. 2008 Jun 1;19(3):260–5.  

404.  Wilkinson JL, Boxall ABA, Kolpin DW, Leung KMY, Lai RWS, Galbán-Malagón C, et al. 
Pharmaceutical pollution of the world’s rivers. Proc Natl Acad Sci. 2022 Feb 22;119(8).  

405.  Leonard AFC, Zhang L, Balfour AJ, Garside R, Hawkey PM, Murray AK, et al. Exposure to and 
colonisation by antibiotic-resistant E. coli in UK coastal water users: Environmental 
surveillance, exposure assessment, and epidemiological study (Beach Bum Survey). Environ Int. 
2018 May 1;114:326–33.  

406.  Cunliffe NA, Ngwira BM, Dove W, Thindwa BDM, Turner AM, Broadhead RL, et al. Epidemiology 
of Rotavirus Infection in Children in Blantyre, Malawi, 1997–2007. J Infect Dis. 2010 Sep 
1;202(Supplement_1):S168–74.  

407.  Deshpande A, Chang HH, Levy K. Heavy Rainfall Events and Diarrheal Diseases: The Role of 
Urban-Rural Geography. Am J Trop Med Hyg. 2020 Sep;103(3):1043–9.  



 335 

408.  Bhavnani D, Goldstick JE, Cevallos W, Trueba G, Eisenberg JNS. Impact of Rainfall on Diarrheal 
Disease Risk Associated with Unimproved Water and Sanitation. Am J Trop Med Hyg. 2014 Apr 
2;90(4):705–11.  

409.  van den Bunt G, Liakopoulos A, Mevius DJ, Geurts Y, Fluit AC, Bonten MJM, et al. ESBL/AmpC-
producing Enterobacteriaceae in households with children of preschool age: prevalence, risk 
factors and co-carriage. J Antimicrob Chemother. 2017 Feb;72(2):589–95.  

410.  Löhr IH, Rettedal S, Natås OB, Naseer U, Øymar K, Sundsfjord A. Long-term faecal carriage in 
infants and intra-household transmission of CTX-M-15-producing Klebsiella pneumoniae 
following a nosocomial outbreak. J Antimicrob Chemother. 2013 May 1;68(5):1043–8.  

411.  Riccio ME, Verschuuren T, Conzelmann N, Martak D, Meunier A, Salamanca E, et al. Household 
acquisition and transmission of extended-spectrum β-lactamase (ESBL) -producing 
Enterobacteriaceae after hospital discharge of ESBL-positive index patients. Clin Microbiol 
Infect. 2021 Sep 1;27(9):1322–9.  

412.  Park J, Kim JS, Kim S, Shin E, Oh K-H, Kim Y, et al. A waterborne outbreak of multiple 
diarrhoeagenic Escherichia coli infections associated with drinking water at a school camp. Int 
J Infect Dis IJID Off Publ Int Soc Infect Dis. 2018 Jan;66:45–50.  

413.  Olsen SJ, Miller G, Breuer T, Kennedy M, Higgins C, Walford J, et al. A Waterborne Outbreak of 
Escherichia coli O157:H7 Infections and Hemolytic Uremic Syndrome: Implications for Rural 
Water Systems. Emerg Infect Dis. 2002 Apr;8(4):370–5.  

414.  Bagley ST. Habitat association of Klebsiella species. Infect Control IC. 1985 Feb;6(2):52–8.  

415.  Matsen JM, Spindler JA, Blosser RO. Characterization of Klebsiella isolates from natural 
receiving waters and comparison with human isolates. Appl Microbiol. 1974 Oct;28(4):672–8.  

416.  Aworh MK, Kwaga J, Okolocha E, Harden L, Hull D, Hendriksen RS, et al. Extended-spectrum ß-
lactamase-producing Escherichia coli among humans, chickens and poultry environments in 
Abuja, Nigeria. One Health Outlook. 2020 May 27;2(1):8.  

417.  Nguyen VT, Jamrozy D, Matamoros S, Carrique-Mas JJ, Ho HM, Thai QH, et al. Limited 
contribution of non-intensive chicken farming to ESBL-producing Escherichia coli colonization 
in humans in Vietnam: an epidemiological and genomic analysis. J Antimicrob Chemother. 2019 
Mar 1;74(3):561–70.  

418.  Falgenhauer L, Imirzalioglu C, Oppong K, Akenten CW, Hogan B, Krumkamp R, Poppert S, 
Levermann V, Schwengers O, Sarpong N, Owusu-Dabo E, May J, Eibach D. Detection and 
Characterization of ESBL-Producing Escherichia coli From Humans and Poultry in Ghana. Front 
Microbiol. 2019 Jan 15;9:3358.  

419.  SDG. Indicator 6.1.1 “Proportion of population using safely managed drinking water services” 
https://www.sdg6monitoring.org/indicator-611/.  

420.  Irish S, Aiemjoy K, Torondel B, Abdelahi F, Ensink JHJ. Characteristics of Latrines in Central 
Tanzania and Their Relation to Fly Catches. PLOS ONE. 2013 Jul 18;8(7):e67951.  

421.  Tumwebaze IK, Mosler H-J. Shared toilet users’ collective cleaning and determinant factors in 
Kampala slums, Uganda. BMC Public Health. 2014 Dec 12;14(1):1260.  



 336 

422.  Heijnen M, Cumming O, Peletz R, Chan GK-S, Brown J, Baker K, et al. Shared Sanitation versus 
Individual Household Latrines: A Systematic Review of Health Outcomes. PLoS ONE. 2014 Apr 
17;9(4):e93300.  

423.  Heinze G, Wallisch C, Dunkler D. Variable selection – A review and recommendations for the 
practicing statistician. Biom J Biom Z. 2018 May;60(3):431–49.  

424.  Heinze G, Dunkler D. Five myths about variable selection. Transpl Int. 2017;30(1):6–10.  

425.  Fedorova G, Golovko O, Randak T, Grabic R. Passive sampling of perfluorinated acids and 
sulfonates using polar organic chemical integrative samplers. Environ Sci Pollut Res Int. 2013 
Mar;20(3):1344–51.  

426.  Grabic R, Fick J, Lindberg RH, Fedorova G, Tysklind M. Multi-residue method for trace level 
determination of pharmaceuticals in environmental samples using liquid chromatography 
coupled to triple quadrupole mass spectrometry. Talanta. 2012 Oct 15;100:183–95.  

427.  Lowder SK, Skoet J, Raney T. The Number, Size, and Distribution of Farms, Smallholder Farms, 
and Family Farms Worldwide. World Dev. 2016 Nov 1;87:16–29.  

428.  Singer AC, Xu Q, Keller VDJ. Translating antibiotic prescribing into antibiotic resistance in the 
environment: A hazard characterisation case study. PLOS ONE. 2019 Sep 4;14(9):e0221568.  

429.  Chikabvumbwa S, Malairajan S, Chisale S. Impacts of Urbanization on Seasonal Water Quality 
Dynamics in Mudi River in Blantyre District, Malawi. Int Res J Sci Technol. 2021 Mar 1;  

430.  Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Environmental factors influencing the 
development and spread of antibiotic resistance. FEMS Microbiol Rev. 2018 Jan 1;42(1).  

431.  Chen, Y. Chen, H. Zhang, L. Jiang, Y. Gin, K.Y.-H. He, Y. Occurrence, Distribution, and Risk 
Assessment of Antibiotics in a Subtropical River-Reservoir System. Water 2018, 10  

432.  Cocker D, Sammarro M, Chidziwisano K et al. Drivers of Resistance in Uganda and Malawi 
(DRUM): a protocol for the evaluation of One-Health drivers of Extended Spectrum Beta 
Lactamase (ESBL) resistance in Low-Middle Income Countries (LMICs) [version 1; peer review: 
awaiting peer review]. Wellcome Open Res 2022, 7:55 
(https://doi.org/10.12688/wellcomeopenres.17581.1).  

433.  Alvarez DA, Petty JD, Huckins JN, Jones‐Lepp TL, Getting DT, Goddard JP, et al. Development of 
a passive, in situ, integrative sampler for hydrophilic organic contaminants in aquatic 
environments. Environ Toxicol Chem. 2004;23(7):1640–8.  

434.  Guide for the installation of POCIS passive sampler. Faculty of Fisheries and Protection of 
Waters, University of South Bohemia, Czech Republic.  

435.  Bailly E, Levi Y, Karolak S. Calibration and field evaluation of polar organic chemical integrative 
sampler (POCIS) for monitoring pharmaceuticals in hospital wastewater. Environ Pollut. 2013 
Mar 1;174:100–5.  

436.  Vrana B, Urík J, Fedorova G, Švecová H, Grabicová K, Golovko O, et al. In situ calibration of polar 
organic chemical integrative sampler (POCIS) for monitoring of pharmaceuticals in surface 
waters. Environ Pollut. 2021 Jan 15;269:116121.  



 337 

437.  Zhou Q, Yang N, Li Y, Ren B, Ding X, Bian H, et al. Total concentrations and sources of heavy 
metal pollution in global river and lake water bodies from 1972 to 2017. Glob Ecol Conserv. 
2020 Jun 1;22:e00925.  

438.  Faleye AC, Adegoke AA, Ramluckan K, Bux F, Stenström TA. Antibiotic Residue in the Aquatic 
Environment: Status in Africa. Open Chem. 2018 Jan 1;16(1):890–903.  

439.  Shimizu A, Takada H, Koike T, Takeshita A, Saha M, Rinawati  null, et al. Ubiquitous occurrence 
of sulfonamides in tropical Asian waters. Sci Total Environ. 2013 May 1;452–453:108–15.  

440.  Potgieter N, Karambwe S, Mudau LS, Barnard T, Traore A. Human Enteric Pathogens in Eight 
Rivers Used as Rural Household Drinking Water Sources in the Northern Region of South Africa. 
Int J Environ Res Public Health. 2020 Mar;17(6):2079.  

441.  Dixon J, MacPherson EE, Nayiga S, Manyau S, Nabirye C, Kayendeke M, et al. Antibiotic stories: 
a mixed-methods, multi-country analysis of household antibiotic use in Malawi, Uganda and 
Zimbabwe. BMJ Glob Health. 2021 Nov 1;6(11):e006920.  

442.  Van Bruggen AHC, He MM, Shin K, Mai V, Jeong KC, Finckh MR, et al. Environmental and health 
effects of the herbicide glyphosate. Sci Total Environ. 2018 Mar 1;616–617:255–68.  

443.  Malagón-Rojas JN, Parra Barrera EL, Lagos L. From environment to clinic: the role of pesticides 
in antimicrobial resistance. Rev Panam Salud Pública. 2020 Sep 23;44:e44.  

444.  Reverter M, Sarter S, Caruso D, Avarre J-C, Combe M, Pepey E, et al. Aquaculture at the 
crossroads of global warming and antimicrobial resistance. Nat Commun. 2020 Apr 
20;11(1):1870.  

445.  European Parliament . The Use of Pesticides in Developing Countries and Their Impact on 
Health and the Right to Food. Policy Department for External Relations Directorate General for 
External Policies of the Union; 2021. 
https://www.europarl.europa.eu/cmsdata/219887/Pesticides%20health%20and%20food.pdf
.  

446.  Bertrand PG. Uses and Misuses of Agricultural Pesticides in Africa: Neglected Public Health 
Threats for Workers and Population [Internet]. Pesticides - Use and Misuse and Their Impact in 
the Environment. IntechOpen; 2019  

447.  Lakudzala DD. Atrazine and Metolachlor Contamination in Surface and Ground Water in the 
Zomba/Bvumbwe Region in Malawi. Int Lett Chem Phys Astron. 2013;6:33–45.  

448.  Soko JJ. Agricultural Pesticide Use in Malawi. J Health Pollut. 2018 Dec 3;8(20):181201.  

449.  Kosamu I, Kaonga C, Utembe W. A Critical Review of the Status of Pesticide Exposure 
Management in Malawi. Int J Environ Res Public Health. 2020 Sep;17(18):6727.  

450.  Kumwenda S, Tsakama M, Kalulu K, Kambala C. Determination of Biological, Physical and 
Chemical Pollutants in Mudi River, Blantyre, Malawi. 2012 Feb 18;2:6833–9.  

451.  Byrne RL, Cocker D, Alyayyoussi G, Mphasa M, Charles M, Mandula T, et al. A novel magnetic 
bead-based extraction method for the isolation of antimicrobial resistance genes with a case 
study in river water in Malawi. bioRxiv. 2022 Jan 1;2021.04.23.439981.  



 338 

452.  Bwire G, Sack DA, Kagirita A, Obala T, Debes AK, Ram M, et al. The quality of drinking and 
domestic water from the surface water sources (lakes, rivers, irrigation canals and ponds) and 
springs in cholera prone communities of Uganda: an analysis of vital physicochemical 
parameters. BMC Public Health. 2020 Jul 17;20(1):1128.  

 

 


