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Abstract

During the past 30 years, pig numbers in Uganda have increased by more than tenfold. As the pig
population increases to meet growing demand for pork, so too does the risk of disease transmission
between pigs and humans. The bacterial zoonoses, Brucella spp., Coxiella burnetii and Leptospira spp.,
are important causes of reproductive inefficiencies in pigs worldwide yet their prevalence in the
Ugandan pig population is currently unknown. Further, pigs are suitable hosts for several emerging viral
zoonoses, including ebolaviruses and Nipah virus, but the presence of these viruses in pigs has not been
established in Uganda or East Africa more generally. Thus, this thesis aimed to investigate the
prevalence and presence of these bacterial and viral zoonoses in pigs in Uganda. A secondary aim of this
thesis research was to describe pig trader characteristics, trading practices and disease management
and reporting practices.

Pigs presenting for slaughter (n=661) at the only officially registered pork abattoir in Uganda were
screened for five zoonotic diseases. Systematic random sampling of pigs occurred during 4 sampling
periods when pork consumption increases, and more pigs are presented for processing to meet this
demand. The sampling was conducted from December 2015 to October 2016, over Christmas/New
Year’s (Dec 25, Jan 1), Easter (March 27), Martyr’s Day/Hero’s Day (June 3,9) and Independence Day (Oct
9). Serum, kidney tissue and reproductive tissue (placenta/uterus/epididymis) was collected from each
sampled pig.

Using qPCR, 10% (95% confidence interval [CI]: 8.43-13.20) of pigs were found to have leptospiral DNA
in either their reproductive or kidney tissues; Brucella spp. and Coxiella burnetii DNA was not detected
in any sampled pig (Chapter 4). Leptospirosis was distributed in all four regions in Uganda. Serotyping
ii

revealed circulation of at least 4 distinct Leptospira serovars. Female pigs (adjusted odds ratio [aOR]:
2.37; 95% CI: 1.25-4.48; p<0.01) and pigs sampled in March 2016 (aOR: 2.23; 95% CI: 1.15-4.33; p=0.02)
were more likely to have leptospiral infection, while pigs sampled in October 2016 were less likely to
have leptospiral infection (aOR: 0.30; 95% CI: 0.10-0.93; p=0.04).

Using novel serological methods and confirmatory tests, 2% (95% CI: 1.3-3.5) of pigs were found to be
seropositive to henipaviruses (Chapter 5) while 7% (95% CI: 5.6-9.7) of pigs were seropositive to
ebolaviruses (Chapter 6). Seropositive pigs were sourced from all regions of Uganda except Western
region. Sampling period was the only significant risk factor in multivariate analysis. The highest
seroprevalence was observed in October 2016 for henipaviruses (5.4%) and June 2016 for ebolaviruses
(11.1%).

During interviews with pig traders, all traders were aware of and observed clinical signs of illness in pigs
but lacked clarity on whether these cases need to be reported and to whom they needed to be reported
(Chapter 3). In addition, there was a significant difference in the high price paid per kilogram at farm
gate by region (p=0.05). High prices paid at farm gate were associated with holiday periods (p<0.01),
harvest season (p<0.01) and drought (p<0.01). These results suggest opportunities for inclusion of pig
traders in disease mitigation strategies and options for pig farmers to access pork markets and
favourable prices for their pigs.

This thesis presents the most detailed investigation of selected pig-associated zoonoses in Uganda to
date. This includes the first report of the detection of leptospirosis in pigs in Uganda, as well as the first
evidence that pigs are exposed to henipaviruses and ebolaviruses in pigs in the East Africa region. Lastly,
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to support the bourgeoning pork market, areas of investment were identified from interviews with pig
traders.
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Introduction
1.1. Introduction
In many developing countries, the demand for animal source foods is growing rapidly, driven in large
part by increasing human populations, rising incomes and urbanization (Delgado, Rosegrant and Meijer,
2001). The majority of the increasing meat demand is being met by pork and poultry (Delgado, 2003).
Uganda, in particular, is experiencing rapid growth in its pig population driven by increasing pork
consumption (FAO Statistics Division, 2017). With the highest per capita consumption of pork in the
region (FAO Statistics Division, 2017) and faced with a five-fold projected increase in its human
population between 2006 and 2050 (Population Reference Bureau, 2006), the intense demand for pork
is only likely to grow in the future.

Whilst pig production provides a viable livelihood to many farmers in Uganda, the introduction and
expansion of livestock production systems into biodiverse landscapes has raised concerns over risks of
zoonotic disease transmission (Delgado, Rosegrant and Meijer, 2001; Randolph et al., 2007; Hamill et al.,
2013; Herrero et al., 2013; Smith et al., 2013; Atherstone et al., 2017; Wilson, 2017). Nearly 60% of all
human diseases and 75% of emerging infectious diseases are zoonoses (Taylor, Latham and Woolhouse,
2001; Woolhouse and Gowtage-Sequeria, 2005), meaning they are transmitted between animals and
humans. Many of these zoonotic diseases often pose a ‘dual burden’ to livestock farmers in developing
countries, impacting the health and well-being of household members as well as the health and
productivity of their livestock (Chua et al., 2000; Centers for Disease Control and Prevention, 2007;
Grace and Bett, 2014; WHO, 2014). This is particularly true for poor smallholder farmers who comprise
the majority of livestock owners in sub-Saharan Africa (Mcdermott and Arimi, 2002; Grace et al., 2012;
de Vries et al., 2014; Vanderburg et al., 2014; Burniston et al., 2015).
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Farmers in Uganda often cite disease as a primary constraint to pig production (Muhanguzi, Lutwama
and Mwiine, 2012; Dione et al., 2014; Tatwangire, 2014; Ouma et al., 2015). Research into pig diseases
in the country has overwhelmingly focussed on African swine fever (Tejler, 2012; Muwonge and
Munang’andu, 2012; Kalenzi Atuhaire et al., 2013; Kabuuka et al., 2014; Muhangi et al., 2014, 2015;
Nantima et al., 2016, 2015; Dione et al., 2016, 2017; Chenais et al., 2017; Chenais, Boqvist and
Sternberg-Lewerin, 2017). To date, much of the focus of zoonotic disease research in Uganda has
targeted cattle (McDaniel et al., 2014; Sekamatte et al., 2018). The presence, prevalence, drivers and
impact of zoonoses associated with pig production is thus largely unknown (Ocaido, Roesel and Grace,
2013).

As pork consumption increases, there has been growing awareness among consumers about poor pork
quality (Lore, 2012; Mwanje, 2012). Opportunities to meet growing demand will rely on a safe and
reliable pork supply. Increasing pig farming productivity and profitability is paramount to meeting rising
pork needs. Given the impact zoonotic diseases can have on pig production, pork safety and human
health, there is a clear need to address gaps in understanding specific zoonosis risks. Without this
knowledge, these zoonoses cannot be controlled so as to protect pig health, human health and the
livelihoods of millions of people who produce, process and supply pig and pork products.

1.2. Aims
The overall aim of the research described in this thesis was to investigate and describe selected
emerging viral zoonoses and endemic bacterial zoonoses that cause reproductive losses and
inefficiencies in pigs in Uganda. Specifically, the field research was focused on the investigation of
selected zoonoses at the only formally registered pork abattoir in Uganda which processes pigs reared
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throughout Uganda. To achieve this thesis aim I conducted original abattoir-based surveillance using
novel diagnostic technologies to advance the current understanding of selected zoonotic disease risks in
the domestic pig population in Uganda by providing critically important baseline data. Ultimately the
results and conclusions from this thesis can be used to inform targeted zoonotic disease monitoring,
control and intervention efforts across the pig value chain to protect both human and pig health from
these zoonoses, while also ensuring a safe and reliable pork supply.

A secondary aim of the research presented in this thesis was to describe pig trader characteristics,
trading practices and disease management and reporting practices. Specifically, pig traders operating at
the same abattoir where the zoonoses investigation was conducted were interviewed to understand
their role and practices in supplying pork into the large urban market of Kampala, the capital city of
Uganda. The results and conclusions from this research can be used to contribute to animal welfare
policy, address barriers to market access and develop inclusive disease mitigation strategies, given the
important role pig traders have in linking smallholder farmers to pork markets.

1.3. Objectives
The objectives of the research described in this thesis were to:
1. Develop a sampling protocol for abattoir-based surveillance of selected zoonoses in resourcepoor settings;
2. Evaluate available diagnostic methods for surveillance of selected zoonoses in pigs. In the
absence of suitable diagnostic methods, provide field samples to develop new diagnostic assays,
in collaboration with research partners;
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3. Identify, describe and characterize pig traders and their practices related to supplying pork in a
large and growing urban market in Uganda;
4. Investigate the prevalence of pathogenic Leptospira spp., Brucella spp., and Coxiella burnetii in
the domestic pig population in Uganda; characterize the organisms present and risk factors for
infection in pigs; and
5. Establish whether domestic pigs in Uganda have been exposed to emerging viral zoonoses,
specifically henipaviruses and ebolaviruses.

1.4. Thesis structure
This thesis includes a literature review (Chapter 2), four research chapters (Chapters 3−6) and a general
discussion (Chapter 7). Three of the four research chapters have been submitted for publication and are
published or currently under review. At the time of thesis submission, the (sensitive) findings in Chapter
6 were being shared with relevant national authorities in Uganda in anticipation of submission to a
journal at a later date.

Chapter 2 provides a summary and discussion of the relevant literature. It is composed of three main
sections: (1) pig production in Uganda (2) pig-associated zoonoses and (3) clinical presentation,
epidemiology and diagnosis of selected pig-associated zoonoses.

Chapter 3 (published) presents a descriptive study of pig traders operating at the only formally
registered pork abattoir in Kampala, the capital of Uganda. Utilizing a structured questionnaire, pig
trader characteristics, trading practices, biosecurity practices and pig health management and reporting
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are described. This was an entry point to understanding the challenges of ensuring a reliable and safe
pork supply in Uganda.

Chapter 4 (submitted for publication, under review) reports the first of several findings from repeated
cross-sectional sampling of pigs presenting for slaughter at the central pork abattoir in Kampala,
Uganda. It investigates the prevalence of infection with pathogenic Leptospira spp., Brucella spp. and C.
burnetii using multiplex qPCR, a relatively novel approach for zoonoses surveillance in pigs. These
bacterial zoonoses were chosen because of their potential to impact on reproductive performance and
productivity in pigs (Deyoe and Manthei, 1975; Somma Moreira et al., 1987; S Boqvist et al., 2002;
Ramos, Souza and Lilenbaum, 2006; Megid, Antonio Mathias and A. Robles, 2010; Díaz Aparicio, 2013),
as well as the recognized importance of these diseases in non-malarial acute febrile illness in humans in
the region (Biggs et al., 2011; Crump et al., 2013; Prasad et al., 2015). As stated, much of the research on
animal sources of these infections in humans has been focused on cattle, thus implication of the role of
pigs is a novel contribution of this thesis. Risk factors for infection and the geographic distribution of
positive pigs were identified. Serotyping of leptospiral positive samples was undertaken in collaboration
with Sokoine University of Agriculture, Tanzania.

Chapter 5 (published) extends the work described in Chapter 4 by investigating the presence of
antibodies to henipaviruses in the domestic pig population in Uganda. This emerging viral zoonosis was
chosen for several reasons. In 1998, an outbreak of Nipah virus (NiV), a species of henipavirus, resulted
in 265 cases of severe febrile encephalitis in humans and more than 100 deaths in Malaysia and
Singapore (Chua et al., 2000; Goh et al., 2000). Close contact with pigs was linked to many human
infections in this outbreak (Chew et al., 2000; Chua et al., 2000; Mohd et al., 2000). Serological studies
have revealed exposure to henipaviruses in the domestic pig population in West Africa (Hayman et al.,
5

2011; Olufemi et al., 2015) and in Eidolon helvum, a species of fruit bats, in Uganda (Peel et al., 2013).
This chapter presents the first published evidence that domestic pigs in East Africa are exposed to
henipaviruses. Risk factors for exposure and the geographic distribution of seropositive pigs were also
identified. The laboratory analysis for this study was undertaken in collaboration with the FriedrichLoeffler-Institut (FLI), Germany.

Chapter 6 builds on the evidence for exposure of pigs to emerging viral zoonoses in Uganda by
investigating the presence of antibodies to ebolaviruses in the domestic pig population. This viral
zoonoses was chosen for several reasons. In 2008, an outbreak of Reston ebolavirus in the Philippines
established that pigs could be infected with ebolaviruses (Barrette et al., 2009). Additional experimental
studies confirmed that pigs can also be infected with African species of ebolaviruses (Kobinger et al.,
2011; Weingartl et al., 2012). A risk assessment by the International Livestock Research Institute, to
which the author of this thesis contributed, concluded that pigs may be a credible host for ebolaviruses
given various epidemiological findings in Uganda (Atherstone, Roesel and Grace, 2014). This chapter
presents the first evidence that domestic pigs in East Africa are exposed to ebolaviruses. Risk factors for
exposure and the geographic distribution of seropositive pigs were also identified. The laboratory
analysis for this study was undertaken in collaboration with FLI and the Canadian Food Inspection
Agency (CFIA), Canada. At the commencement of this research there was no published evidence for
natural exposure of pigs with African strains of ebolaviruses. During the course of this project a study
documenting evidence of ebolavirus exposure in domestic pigs in Sierra Leone was published by our
collaborators at FLI and CFIA (Fischer, Jabaty, et al., 2018). The author of this thesis was included as a coauthor on that paper, due to the role that this thesis research played in development and validation of
diagnostics for use in porcine specimens collected in the field (see Appendix). Further, the preliminary
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findings from this chapter helped to inform the FAO risk assessment on Zaire ebolavirus published in
2018 (FAO, 2018).

This thesis concludes in Chapter 7 with a general discussion of the major research findings, limitations
and future directions. This thesis also contains appendices consisting of ethics approval letters, permits
and approvals for the transfer of samples for analysis, the structured questionnaire used in Chapter 3,
the sampling protocol and pig biodata form used in Chapters 4−6 and the journal article describing the
ebolavirus serostudy in pigs in Sierra Leone, to which this thesis research contributed.
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Literature Review
2.1 Pig production in Uganda
Uganda has the largest pig population in eastern Africa (FAO Statistics Division, 2017). The majority of
farmers practice smallholder pig production (Dione et al., 2014; Muhangi et al., 2014), keeping 1−3 sows
for piglet production or 1−4 growers/fatteners for slaughter (Uganda Bureau of Statistics, 2008; Ouma et
al., 2015). Three production and supply chains are recognized: rural pig production for rural pork
consumption (rural to rural), rural pig production for urban pork consumption (rural to urban) and urban
pig production for urban pork consumption (urban to urban) (Dione et al., 2014; Ouma et al., 2015).
Regardless of the production system, the primary objective for pig keeping is household income
generation (Muhanguzi, Lutwama and Mwiine, 2012; Ouma et al., 2015).

Driven by the growing demand for pork, pig production in Uganda is increasing rapidly throughout the
country (Uganda Bureau of Statistics, 2008; Tatwangire, 2014; FAO Statistics Division, 2017). The swift
growth in pork demand is attributed to increases in the human population, urbanization, purchasing
power and changes in tastes and preferences (Tatwangire, 2014). Despite the growing national pig
population, it has not kept pace with the growth rate in the human population (Figure 2.1) (Uganda
Bureau of Statistics, 2008; Tatwangire, 2014; FAO Statistics Division, 2017). While the number of pigs
slaughtered annually is increasing, the carcass weight remains unchanged at 60 kg/animal (Tatwangire,
2014; FAO Statistics Division, 2017). Between the projected growth rate in the human population (see
Figure 2.1) and the static pork carcass weight, the pig industry in Uganda is at a critical junction if it is to
meet expected consumer demands in the coming years.
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Figure 2.1. Population growth in people (1955-2050) and pigs (1980-2015) in Uganda (Population
Reference Bureau, 2006; Uganda Bureau of Statistics, 2017).
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In 2013, ILRI began working to strengthen the pig value chains in Uganda through its project
“Smallholder Pig Value Chains Development.” This has resulted in an increase in assessments, reports
and journal articles to identify opportunities and interventions in the pig value chain. The following
sections rely on many of these resources to provide a background on pig keeping in Uganda.

2.1.1 Pig ownership
In 2016, the slightly more than 4 million pigs were raised by 1.1 million (17.8%) households in Uganda
(Uganda Bureau of Statistics, 2008). While nearly 20% of households own pigs (see Figure 2.2), pig
keeping is particularly important in the Central region where more than one third of all households keep
pigs.
9

Figure 2.2. Percentage of pigs and pig owning households by region in Uganda (Uganda Bureau of
Statistics, 2008) and a map depicting the regions of Uganda, for reference.
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Nationally, pig owning households own an average of 3 pigs, with regional differences ranging from an
average of 6 pigs in Karamoja region in the north to 2.4 pigs in the west (Uganda Bureau of Statistics,
2008). Despite the varying herd sizes, the Central region accounts for more than 40% of all pigs in
Uganda (see Figure 2.2). The high concentration of pigs in the Central region is attributed to the priority
the National Agricultural Advisory Services (NAADS) places on pig production in the region (Tatwangire,
2014), as well as its proximity to the large urban population and pork consumer base in Kampala, the
capital of Uganda.

2.1.2 Pig management systems
Pig management systems in Uganda were recently characterised by Ouma et al. (2015), Dione et al.
(2014) and Tatwangire (2014) as part of projects lead by the International Livestock Research Institute.
Farmers identify pig breeds as either local (see Figure 2.6), exotic or crossbreed (a mix of local and exotic
breeds), without further differentiation within each of these breeds (Tatwangire, 2014; Ouma et al.,
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2015). Farmers who rear crossbreed or exotic pigs do so because they perceive them to grow faster and
are more marketable, able to reach higher weights and produce larger litters (Ouma et al., 2015).
Farmers that choose to raise local pigs prefer them over exotic or crossbreeds because they have lower
feed requirements, fewer health-related expenses and are less expensive to purchase (Ouma et al.,
2015).

Three primary types of pig management systems exist in Uganda: free range/scavenging, tethering and
total confinement. Free range/scavenging and tethering systems are more common in rural areas and
total confinement in urban areas (Dione et al., 2014). The free range/scavenging system (see
Figure 2.3) is practiced by farmers who cannot afford to construct proper housing, while also allowing
sows to access roaming breeding boars, particularly for farmers who do not own their own boar (Dione
et al., 2014). It is also a common practice, regardless of production system, to allow piglets to scavenge
because their small size makes it hard to tether or confine them (Ouma et al., 2015). Free
range/scavenging production may also be practiced seasonally, particularly in the dry season when there
may be a shortage of feeds. It is assumed that animals left to scavenge are able to access all the feed
and nutrients they require (Ouma et al., 2015). The primary disadvantage to this system, according to
farmers, is the potential for crop destruction by pigs which may lead to conflict with crop-producing
neighbours (Dione et al., 2014). Farmers who rear exotic breeds of pigs are less likely to allow their
animals to scavenge due to their higher monetary value and perceived higher susceptibility to diseases
and environmental stress (Ouma et al., 2015).
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Figure 2.3. Example of free-range pig production in Uganda; photo credit: ILRI/Danilo Pezo.

In the tethering management system (see Figure 2.4), pigs are tied under a tree or in a home garden
using a rope. The pigs are moved between positions to prevent overgrazing and to allow access to
different feeds (Dione et al., 2014). In addition to what the pig can access in the environment, crop
residues and other feeds may be brought to the tethered pig (Ouma et al., 2015). This management
system is primarily used for raising local (non-exotic) pigs and pigs older than 4 months of age (Ouma et
al., 2015). Farmers who practice this system usually keep a small number of animals (one to three adult
pigs) which are easy to manage with tethering. This management approach produces manure on site
and prevents pigs from damaging any crops. According to farmers, the major disadvantages associated
with this system are rope injuries and exposure to predators, like dogs, which the pig is unable to escape
from if attacked (Dione et al., 2014).
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Figure 2.4. Example of tethering pig management in Uganda; photo credit: ILRI/Karen Marshal.

The total confinement management system (see Figure 2.5) consists of housing pigs in pens constructed
with a combination of materials (e.g. cement, timber, bricks, iron sheets, natural materials). Within total
confinement management systems, pigs may be let out of their pens for two to five hours a day to
forage and return to their pens at night (Muhanguzi, Lutwama and Mwiine, 2012). The use of total
confinement among pig farmers is increasing, particularly in urban areas (Ouma et al., 2015), due to land
scarcity and improvements in access to knowledge about the value of commercial pig production
(Tatwangire, 2014). Farmers prefer this system because it provides good security against predators,
restricts animal movements and potential disease spread, reduces food wastage, produces easily
accessible manure and reduces conflict with neighbours’ over crop damage from pigs (Dione et al.,
2014). For farmers raising improved breeds of pigs, this management system is also perceived to reduce
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the incidence of disease, environmental stressors and the potential for the animals to be stolen. Theft,
particularly piglet theft, is a relatively common occurrence in Uganda (Dione et al., 2014).

Figure 2.5. Example of total confinement pig keeping in Uganda; photo credit: ILRI/Eliza Smith.

Farmers utilize a variety of ingredients to feed their pigs: maize bran, fish meal (mukene), cassava,
potatoes, crop residues (sweet potato vines, banana peelings), grasses, cut and carry green forages,
farm weeds, swill (food waste) and ruminal contents from local abattoirs (Muhanguzi, Lutwama and
Mwiine, 2012; Tatwangire, 2014). The use of commercial feeds is increasing, but due to high cost these
are rarely fed as the sole component of a pig's diet (Tatwangire, 2014). Farmers that do utilize
commercial feeds, either for supplementation or as the primary feed source, sometimes lack
information on the nutritional requirements for their pigs or the means to ensure the quality and
composition of the commercial feeds they use. Feeding remains one of the primary constraints in
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smallholder pig production systems, due to seasonal variability in the availability and quality of feeds
(Muhanguzi, Lutwama and Mwiine, 2012; Dione et al., 2014; Tatwangire, 2014; Ouma et al., 2015), a
lack of capacity to develop nutritionally balanced rations (Ouma et al., 2015), the high cost of nutritional
inputs (Muhanguzi, Lutwama and Mwiine, 2012; Dione et al., 2014) and a lack of knowledge about
feeding systems, such as strategic supplementation of fodder-based diets (Tatwangire, 2014; Ouma et
al., 2015). These constraints in feed quality and availability and lack of knowledge about proper feeding
practices contribute to poor reproductive performance, slow growth rates and low carcass weights
(Tatwangire, 2014; FAO Statistics Division, 2017).

In addition to poor feeding practices, constraints related to breeding are frequently reported by pig
farmers (Tatwangire, 2014; Ouma et al., 2015). Farmers largely rely on natural mating for breeding,
using the pigs available on their farms or in their neighbourhoods (Tatwangire, 2014). The selection of
suitable breeding animals is often based on characteristics such as rapid growth, large litter sizes and
perceived feeding requirements (Tatwangire, 2014). However, the lack of good breeding stock and
planned breeding schemes has resulted in a high level of inbreeding which has contributed to smaller
litter sizes, poor growth rates and small animal size, especially among local (non-exotic) pigs
(Tatwangire, 2014). Abortions, small litter sizes, low survival rates of piglets due to sows eating or
crushing piglets and sows not producing enough milk are all commonly cited problems by pig farmers
(Tatwangire, 2014; Ouma et al., 2015). Many of these outcomes are the result of poor feeding and
housing practices by smallholder pig farmers in Uganda.

15

Figure 2.6. Local Ugandan pig; photo credit: ILRI/Kristina Roesel.

2.1.3 Pork consumption and safety
Smallholder pig farmers produce the majority of pork in Uganda (Uganda Bureau of Statistics, 2008).
Annual per capita consumption of pork has risen steadily since 1961 and is currently 3.37 kg per capita
(see Figure 2.7), the highest per capita consumption in the region (FAO Statistics Division, 2017). The pig
sector in Uganda almost exclusively serves the domestic market. About 98% of pigs are sold as live
animals and are slaughtered for pork that is consumed fresh, without further manufacturing
(Tatwangire, 2014) at a variety of retail locations including abattoirs, roadside butcheries, roadside
outlets, wet markets (for live animals), small retail shops and supermarkets (Tatwangire, 2014; Roesel,
Holmes and Grace, 2016). Unlike other livestock meat, at-home consumption of pork remains low, with
the major demand for ready-to-eat pork that is cooked and sold in rural and urban social settings (so-
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called “pork joints”; Tatwangire, 2014). As pork consumption increases, there has also been growing
awareness among consumers about poor quality pork (see Figure 2.8).

Figure 2.7. Per capita pork consumption in Uganda from 1961-2013 (FAO Statistics Division, 2017).*
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*Note: The sharp increase in pork consumption between 1987-1991 corresponds with President Yoweri
Museveni coming to power (1986) and the promotion of policy reforms for economic recovery, resulting
in improved household incomes and more affordable market prices.
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Figure 2.8. Local newspaper articles questioning the safety of pork in Kampala, the capital city of
Uganda.

Wambizzi abattoir – the field site for the studies outlined in this thesis – is the only officially registered
pork slaughterhouse in Uganda although it is not the sole supplier of pork; pig slaughtering also occurs in
backyards and small, unofficial slaughter slabs to supply the informal, roadside pork joints and
butcheries. There are no estimates on the proportion of the market supplied by backyard and unofficial
slaughter slabs.

Located on the outskirts of Kampala, Wambizzi is a livestock cooperative which provides abattoir
services for a fee and is staffed daily with one to two meat inspectors, overseen by the Kampala City
Council Authority. The permanent meat inspectors have diplomas in animal husbandry (Roesel, Holmes
and Grace, 2016), although Kampala City Council Authority has the right to determine the terms and
conditions of any employment appointment in slaughterhouses (Kampala City Council, 2006). Because
there are no national guidelines on post-mortem inspection of pigs, the meat inspectors provide visual
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post-mortem inspection of carcasses, primarily focusing on Taenia solium cysts in the hypaxial and
sternal intercostal muscles, before stamping the carcass “fit for human consumption.” Pigs can also be
slaughtered when meat inspectors are not on site. No samples are collected or submitted for
microbiological or parasitological analysis (Roesel, Holmes and Grace, 2016). Furthermore, the
slaughterhouse does not have a structured slaughter and evisceration process; instead the process
unfolds in different rooms utilizing a variety of methods (see Figure 2.9). Because the abattoir is located
in a swamp area, the facilities are prone to flooding during heavy rains, and the slaughter process
continues regardless of whether there is standing water in the slaughter and evisceration rooms. There
is a minimum of basic hygiene measures throughout the slaughter process and no animal welfare
standards during lairage or at the time of slaughter (Roesel, Holmes and Grace, 2016). There are
opportunities for investment in pork safety standards to ensure consumer confidence in the safety and
quality of pork and pig products produced at Wambizzi.

Figure 2.9. Evisceration room at Wambizzi abattoir. Photo courtesy of Emily Arndt.
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2.1.4 Government policies
Pigs and pork production have not been prioritized for strategic investment or promotion in Uganda
(Tatwangire, 2014). While the government has made efforts to review and implement policies and
legislation to transform and modernize agriculture, there is a need for the inclusion of the pig industry in
current policies and those under consideration. Uganda decentralized agriculture services to local
governments in 1997 (Republic of Uganda, 1997; Bashaasha, Najjingo and Nkonya, 2008). Only the
NAADS has retained activities that promote pig keeping in the country, particularly in the Central region
(Tatwangire, 2014).

The current government policies that guide interventions in the agricultural sector are aimed at boosting
agricultural productivity, household incomes and food and nutrition security while reducing poverty.
These policies are outlined in:
1. The National Development Plan (NDP) (Republic of Uganda, 2015)
This is the road map that guides all public interventions in the agricultural sector. This is a general
plan that does not specifically address pig production enterprises.
2. The Agriculture Sector Development Strategy and Investment Plan (DSIP) (Ministry of
Agriculture Animal Industry & Fisheries, 2010)
This plan aims to increase household incomes by transforming the agricultural sector into a
profitable, competitive and sustainable industry by 2040. Neither pig production or pork production
are listed as strategic priorities for investment or promotion in this plan.
3. The National Meat Policy (2003) (Ministry of Agriculture Animal Industry & Fisheries, 2003)
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This policy aims to improve production, investment, processing, supply and marketing of meat
products. This policy does not clearly state any issues related to pigs or pork.
4. Animal Feeds Policy (2005) (Ministry of Agriculture Animal Industry & Fisheries, 2005)
This policy aims to develop the animal feeds industry to improve animal production and
productivity. This policy is a general policy that does not directly address specific issues of different
livestock enterprises.
5. Uganda Food and Nutrition Policy (2003) (Republic of Uganda, 2003)
This policy emphasizes the importance of good feeding and food quality in human nutrition. The
Uganda National Bureau of Standards formulates national standards for various commodities and
enforces these standards. There are no standards for pork in this policy.
6. National Environment Management (1994) and National Land Policy (2013) (Ministry of Natural
Resources, 1994; Ministry of Lands Housing and Urban Development, 2013)
These policies provide guidelines on sustainable social and economic developments that maintain
environmental quality and resource productivity. Neither of these policy documents address
environmental or land use issues related to pig production.
7. Veterinary Drug Policy (2002) and National Delivery of Veterinary Services Policy (2001)
(Ministry of Agriculture Animal Industry & Fisheries, 2001; National Drug Authority, 2002)
These policies control the supply of veterinary drugs, improve the legislation and inspection of
veterinary drugs and supervise the licensing of veterinary drug outlets. These policies do not
specifically address veterinary drugs or delivery of services pertinent to pig production or safe
supply of pork.
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2.1.5 Future projections
The growth in domestic and regional demand for pork is likely to remain higher than growth in local pig
production (Tatwangire, 2014) due to the rapidly growing human population and urbanization trends in
Uganda (Population Reference Bureau, 2006). Growth in pork consumption is expected in all the East
African countries; the largest increase will be in Uganda (see Figure 2.10).

Figure 2.10. Pork consumption growth in metric tonnes in East Africa, 2000-2030 (FAO Statistics
Division, 2017).
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Even if these projections are conservative estimates, Uganda will continue to experience intense
demand for pork for more than a decade. In addition, as pig populations increase, so will pig densities,
which facilitates disease transmission (Graham et al., 2008; Cutler, Fooks and van der Poel, 2010; Drew,
2011). Currently, there is a gap in understanding which zoonotic diseases have the greatest impact on
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pig production in Uganda. The inability to control zoonotic diseases may impact on pig productivity,
hence reliability of live pigs to supply the growing pork demand. Uganda is at a critical time for
investment and prioritization of pig keeping and pork production that will require the attention and
collective action of many stakeholders.

2.2 Pig-associated zoonoses
Pigs are anatomically and physiologically similar to humans in terms of dentition, ocular, dermal,
cardiovascular, renal and digestive systems (Pond and Houpt, 1978). These shared biological
characteristics increase the potential for pathogens to cross the pig-human species barrier (Goh et al.,
2000; WHO, 2009; Morens and Taubenberger, 2010). For example, host switching has been frequently
reported with influenza viruses (Morens and Taubenberger, 2010). Although pigs are known to serve as
reservoirs of zoonotic pathogens, our understanding of pig-associated zoonotic disease ecology is not
extensive (Morens and Taubenberger, 2010; Zimmerman et al., 2014).

As pig populations and densities have increased, some zoonotic pathogens have become wellestablished in pig populations (Khan et al., 2013; Kraemer and Oppliger, 2017). This has created health
consequences via mortality and production losses in pigs, as well as economic consequences from trade
sanctions on pigs and pig products from the infected areas and disease control efforts (e.g. culling)
(Khan et al., 2013). Table 2.1 shows a comprehensive listing of pig-associated zoonoses, the
epidemiologic role pigs play in transmission, the geographic distribution of each zoonosis and the health
and economic consequences. The table lists those zoonoses that have infected both pigs and people.
There are several emerging viruses recently identified in pigs – Ndumu virus (Masembe et al., 2012),
porcine sapovirus (Guo et al., 1999) and Bungowannah virus (Kirkland, Frost and Finlaison, 2007) – that
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have yet to be reported as the cause of any human infections. From the list of pig-associated zoonoses
in Table 2.1, fifteen of these were included in the World Organization for Animal Health (OIE) List of
reportable diseases for 2019 (OIE, 2019). Thirteen also appear on the USA Federal Select Agents List,
including four on the Tier 1 Select Agent List (Bacillus anthracis, Burkholderia pseudomallei, Ebola virus
and Francisella tularensis) (Centers for Disease Control and Prevention, 2018a).

24

Table 2.1. Pig-associated zoonoses, adapted and updated from Khan et al. 2013. Pig-associated zoonoses were identified through literature searches of
Google Scholar using the search terms: swine, pig, porcine, zoonoses, zoonosis and zoonotic. Articles that met these search terms were also reviewed for
references to additional pig-associated zoonoses.
Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality
None

Pig
Production
Loss
Yes

2018
OIEListed
No

Viral

Ebola virus

Reston ebolavirus

Amplifier

Philippines

High

Sudan ebolavirus

Susceptible,
possible
amplifier

sub-Saharan
Africa

High

High

Unknown

No

Zaire ebolavirus

Susceptible,
possible
amplifier

sub-Saharan
Africa

High

High

Unknown

No

Encephalomyocarditis
virus
Hendra virus

Encephalomyocarditis
virus

Susceptible

Europe

Rare

Rare

Yes

No

Hendra virus

Susceptible

Australia

High

High

Unknown

No

Hepatitis E

Hepatitis E virus

Reservoir

Worldwide

High

High in
pregnant
women

No direct
loss

No

Influenza virus A

Swine influenza
viruses (H1N1, H3N2,
H1N2)

Reservoir

Worldwide

Moderate
to high

Low to
moderate

Low

No

Influenza virus B

Influenza virus B

Susceptible

Worldwide

Low

Low

Insignificant

No

Influenza virus C

Influenza virus C

Susceptible

Worldwide

Low

Low

Insignificant

No

Japanese encephalitis

Japanese encephalitis
virus

Reservoir

Eastern,
South-

High

High

Unknown

Yes

References
(Barrette et al., 2009; Marsh et
al., 2011; Miranda and Miranda,
2011; Weingartl, Nfon and
Kobinger, 2013)
Personal communication with Dr
Sandra Diederich (FLI), Dr Bradley
Pickering (CFIA) and Dr Hana
Weingartl (CFIA)
(Kobinger et al., 2011; Weingartl
et al., 2012; Weingartl, Nfon and
Kobinger, 2013; Atherstone,
Roesel and Grace, 2014; Fischer,
Jabaty, et al., 2018)
(Krauss, Schieffer and Slenczka,
2003; Zimmerman et al., 2014)
(Li, Embury-Hyatt and Weingartl,
2010)
(Meng et al., 1997, 2002; Myers et
al., 2006; Bouwknegt et al., 2008;
Ruiz-Fons, Segalés and Gortázar,
2008; Morens and Taubenberger,
2010; Kumar et al., 2013)
(Knobler et al., 2005; Shinde et al.,
2009; Schultz-Cherry, Olsen and
Easterday, 2011; Nelson et al.,
2012)
(Osterhaus et al., 2000; Krauss,
Schieffer and Slenczka, 2003;
Zimmerman et al., 2014)
(Yuanji et al., 1983; Krauss,
Schieffer and Slenczka, 2003;
Zimmerman et al., 2014)
(Erlanger et al., 2009; OIE, 2013;
World Health Organization, 2015)
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

2018
OIEListed

References

Eastern and
Southern
Asia;
Western
Pacific
region,
Western
India
Australia

Pig
Production
Loss

Moderate

None

Yes

No

(Chant et al., 1998; Philbey et al.,
1998; Kirkland et al., 2002)
(Vergara-Alert et al., 2017)

Menangle virus

Menangle virus

Susceptible

Middle East
Respiratory Syndrome

Susceptible

Arabian
Peninsula

High

High

Unknown

No

Nipah virus

Middle East
respiratory syndrome
coronavirus
Nipah virus

Amplifier

High

High

Yes

Yes

Norwalk virus

Norwalk virus

Reservoir

South-east
Asia
Worldwide

High

Low

Unknown

No

Rabies

Rabies virus

Susceptible

North
America,
China

Rare

High

Yes

Yes

Rotavirus A

Rotavirus A

Reservoir

High

Low

Yes

No

Severe Acute
Respiratory Syndrome
(SARS)
Suid Herpesvirus 1

SARS-associated
coronavirus

High

Moderate

Unknown

No

(Chen et al., 2005)

Suid Herpesvirus 1

Susceptible,
possible
amplifier
Reservoir

Asia and
sub-Saharan
Africa
Worldwide

Unknown

Unknown

Yes

No

(Wittmann and Rziha, 1989; Hall
et al., 1991; Tischer and
Osterrieder, 2010)

Swine vesicular
disease

Enterovirus G

Reservoir

Rare

Unknown

Yes

No

(Lin, Mackay and Knowles, 1998;
Krauss, Schieffer and Slenczka,
2003)

Vesicular stomatitis
virus

Vesicular stomatitis
virus

Susceptible

South
America,
Europe and
Asia
Europe,
Asia, North
and South
America
North
America,
South

High

Rare

Yes

No

(Krauss, Schieffer and Slenczka,
2003; Zimmerman et al., 2014)

(Chua et al., 2000; Mohd et al.,
2000)
(Solaymani-Mohammadi et al.,
2004; Patel et al., 2008)
(Yates, Rehmtulla and McIntosh,
1983; Hazlett and Koller, 1986;
DuVernoy et al., 2008; Jiang et al.,
2008)
(Desselberger, Iturriza-Gómara
and Gray, 2008)
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Pathogen
Type

Bacterial

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

Pig
Production
Loss

2018
OIEListed

References

High

Low

Unknown

Yes

(Murray, Walker and Gould, 2011;
Zimmerman et al., 2014)

Low

Low

Yes

Yes

(Beran, 1994; Krauss, Schieffer
and Slenczka, 2003; Zimmerman
et al., 2014)
(Rice, L’Ecuyer and Merriman,
1968; Stuart, Corbel and Brewer,
1987)
(Díaz Aparicio, 2013)
(Krauss, Schieffer and Slenczka,
2003; Pappas et al., 2006;
Zimmerman et al., 2014; Kraemer
and Oppliger, 2017)
(Møller Nielsen, Engberg and
Madsen, 1997; Gebreyes, Thakur
and Morrow, 2005; Jensen et al.,
2006; Oporto et al., 2007;
Nachamkin, Szymanski and Blaser,
2008; Zimmerman et al., 2014;
Kraemer and Oppliger, 2017)
(Rosef et al., 1985; Boes et al.,
2005; Jensen et al., 2006; Oporto
et al., 2007; Nachamkin,
Szymanski and Blaser, 2008;
Zimmerman et al., 2014)
(Rosef et al., 1985; Broczyk et al.,
1987; Nachamkin, Szymanski and
Blaser, 2008; Zimmerman et al.,
2014)
(Balassiano et al., 2012;
Zimmerman et al., 2014)
(Leighton, 1981; Brooke and Riley,
1999; Hoffmann and Bilkei, 2002;
Stackebrandt, Reboli and Farrar,

West Nile

West Nile virus

Susceptible

Anthrax

Bacillus anthracis

Reservoir

America,
Africa, Asia
Worldwide
except
Australia
Worldwide

Brucellosis

Brucella abortus

Susceptible

Worldwide

Moderate

Low

Unknown

Yes

B. melitensis
B. suis

Susceptible
Reservoir

Worldwide
Worldwide

High
High

Low
Low

Unknown
Yes

Yes
Yes

Campylobacter coli

Reservoir

Worldwide

High

Low

Low

No

C. jejuni

Reservoir

Worldwide

High

Low

Low

No

C. lardis

Reservoir

Worldwide

High

Low

Low

No

Clostridium difficile

Susceptible

Worldwide

High

Low

Low

No

Erysipelothrix
rhusiopathiae

Reservoir

Worldwide

High
among
occupatio

Low

Yes

No

Campylobacteriosis

Clostridium difficile
infection
Erysipelas
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

Pig
Production
Loss

2018
OIEListed

Low

Yes

No

Escherichia coli

Escherichia coli
(including
enterotoxigenic)

Susceptible

Worldwide

nally
exposed
High

Leptospirosis

Pathogenic
Leptospira spp.

Reservoir

Worldwide

High

Moderate

Yes

No

Listeriosis

Listeria
monocytogenes

Reservoir

Worldwide

High

High

Yes

No

Melioidosis

Burkholderia
pseudomallei

Reservoir

Tropical and
sub-tropical
regions

High

Low

Low

No

Methicillin-resistant
staphylococcus aureus
(MRSA)

Staphylococcus
aureus

Reservoir

Low

Low

No

No

Mycoplasma suis

Mycoplasma suis

Reservoir

Asia,
Europe,
North
America
Worldwide

High

Low

Yes

No

Pasteurellosis

Pasteurella
aerogenes

Susceptible

Europe

Rare

Low

Low

No

P. multocida

Susceptible

Worldwide

Moderate

Low

Yes

No

Q fever/Coxiellosis

Coxiella burnetii

Susceptible

Moderate

Low

Unknown

Yes

Salmonellosis

Salmonella
choleraesuis

Reservoir

Worldwide
except New
Zealand
Worldwide

High

Low

Yes

No

References
2006; Zimmerman et al., 2014;
Kraemer and Oppliger, 2017)
(Zhao et al., 2001; Tauxe, 2002;
Krauss, Schieffer and Slenczka,
2003; Milnes et al., 2008;
Zimmerman et al., 2014)
(Adler and de la Peña Moctezuma,
2010; Kraemer and Oppliger,
2017)
(Krauss, Schieffer and Slenczka,
2003; Thevenot, Dernburg and
Vernozy-Rozand, 2006;
Ramaswamy et al., 2007; Kraemer
and Oppliger, 2017)
(Choy et al., 2000; Krauss,
Schieffer and Slenczka, 2003;
White, 2003; Limmathurotsakul et
al., 2012; Zimmerman et al., 2014)
(Cui et al., 2009; Pu, Han and Ge,
2009; Roberts et al., 2011; Schulz
et al., 2012; Frana et al., 2013)
(Messick, 2004; Hoelzle, 2008;
Yuan et al., 2009)
(Fodor, Hajtós and Glávits, 1991;
Ejlertsen et al., 1996; Zimmerman
et al., 2014)
(Kristinsson and Adam, 2007;
Khan et al., 2013)
(Clark et al., 1983; SommaMoreira, 1987; Lang, 1990;
Kraemer and Oppliger, 2017)
(Berends et al., 1998; Zhao et al.,
2001; Krauss, Schieffer and
Slenczka, 2003; Dreyfuss, 2009;
Wales, Cook and Davies, 2011;
Zimmerman et al., 2014; Kraemer
and Oppliger, 2017)
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

S. enteritidis

Reservoir

Worldwide

High

Streptococcal
infection

Streptococcus
porcinus

Reservoir

Tetanus

Streptococcus suis
Clostridium tetani

Reservoir
Susceptible,
possible
amplifiers
Susceptible

North
America,
Scandinavia
Worldwide
Worldwide

Tuberculosis

Parasitic

Mycobacterium
avium

Low

Pig
Production
Loss
Yes

2018
OIEListed
No

Low

Moderate

Low

No

Low
Low

High
High

Yes
Yes

No
No

(Kraemer and Oppliger, 2017)
(Beran, 1994; Khan et al., 2013;
Zimmerman et al., 2014)

Worldwide

High

Low

Yes

Yes

(Krauss, Schieffer and Slenczka,
2003; OIE, 2014a; Zimmerman et
al., 2014)
(Krauss, Schieffer and Slenczka,
2003; Biet et al., 2005; OIE, 2009;
Tschopp et al., 2010; Zimmerman
et al., 2014; Kraemer and
Oppliger, 2017)
(Krauss, Schieffer and Slenczka,
2003; Zimmerman et al., 2014)
(Al Dahouk et al., 2005; Foley,
2012)

M. bovis

Reservoir

Worldwide

High

Low

Yes

Yes

M. tuberculosis

Reservoir

Worldwide

High

Low

Yes

No

Tularaemia

Francisella tularensis

Susceptible

High

Moderate
to high

Low

No

Yersinioses

Yersinia
enterocolitica

Susceptible

North
America,
Eurasia
Worldwide

High

High

Low

No

Yersinia
pseudotuberculosis

Susceptible

High

High

Low

No

Asian taeniasis

Taenia saginata
asiatica

Intermediate
host

Moderate

Low

Low

No

Balantidiasis

Balantidium coli

Reservoir

Asia, Africa,
North and
South
America
East and
Southeast
Asia
Worldwide

Moderate
to high

Low

Unknown

No

References
(Krauss, Schieffer and Slenczka,
2003; Fosse, Seegers and Magras,
2009; Zimmerman et al., 2014)
(Pappas et al., 2005; Zimmerman
et al., 2014)

(Christensen, 1980; Krauss,
Schieffer and Slenczka, 2003;
Gurtler et al., 2005; Drummond et
al., 2012; Zimmerman et al., 2014)
(Krauss, Schieffer and Slenczka,
2003; Zimmerman et al., 2014)
(Krauss, Schieffer and Slenczka,
2003; Eom, 2006; Eom, Jeon and
Rim, 2009)
(Krascheninnikow and Jeska,
1961; Hindsbo et al., 2000;
Solaymani-Mohammadi et al.,
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

Pig
Production
Loss

2018
OIEListed

Chinese liver fluke

Clonorchis sinensis

Reservoir

East Asia

Low to
moderate

Low

Unknown

No

Cryptosporidiosis

Cryptosporidium
parvum

Susceptible

Worldwide

Low

Low

Low

No

C. suis

Susceptible

Worldwide

Low

Low

Low

No

Cystic echinococcosis

Echinococcus
granulosus

Intermediate
host

Worldwide

Moderate
to high

Low

Yes

Yes

Entamoebiasis

Entamoeba polecki

Reservoir

Worldwide

Low

Low

No

No

Gastrodiscoidiasis

Gastrodiscoides
hominis

Reservoir

Asia

Moderate
to high

Low to
moderate

Unknown

No

Giant intestinal fluke

Fasciolopsis buski

Reservoir

Asia

Low to
moderate

Low

Unknown

No

References
2004; Owen, 2005; SolaymaniMohammadi and Petri, 2006)
(International Agency for
Research on Cancer, 1994; Krauss,
Schieffer and Slenczka, 2003; Lun
et al., 2005; Conlan et al., 2011)
(Tyzzer, 1907; Tzipori, 1983;
Krauss, Schieffer and Slenczka,
2003; Fayer, 2004a; Mosier and
Oberst, 2006; Zintl et al., 2009;
Zimmerman et al., 2014)
(Tyzzer, 1907; Tzipori, 1983;
Pohjola et al., 1986; Krauss,
Schieffer and Slenczka, 2003;
Mosier and Oberst, 2006; Zintl et
al., 2009; Zimmerman et al., 2014)
(Thompson and Lymbery, 1995;
Ammann and Eckert, 1996;
Torgerson and Dowling, 2001;
Krauss, Schieffer and Slenczka,
2003; Bružinskaitė et al., 2009)
(Gay et al., 1985; Desowitz and
Barnish, 1986; Giboda et al., 1988;
Chacín-Bonilla, 1992; Pakandl,
1994; Solaymani-Mohammadi et
al., 2004; Solaymani-Mohammadi
and Petri, 2006)
(Maji et al., 1993; Yu, Mott and
World Health Organization, 1994;
Mas-Coma, Bargues and Valero,
2005)
(Malviya, 1985; Weng et al., 1989;
Roy and Tandon, 1992; Krauss,
Schieffer and Slenczka, 2003;
Mas-Coma, Bargues and Valero,
2005; Chai et al., 2009)
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality
Low

Pig
Production
Loss
Unknown

2018
OIEListed
No

Giardiasis

Giardia spp.

Susceptible

Worldwide

Moderate
to high

Human African
Trypanosomiasis

Trypanosoma brucei
gambiense

Reservoir

sub-Saharan
Africa

Low

High

Unknown

Yes

Reservoir

Pork tapeworm

Trypanosoma brucei
rhodesiense
Taenia solium

sub-Saharan
Africa
Central and
South
America,
Central and
Southern
Africa,
Southeast
Asia,
Southern
and Eastern
Europe
Worldwide

Low

High

Unknown

Yes

Moderate
in
endemic
area

Low

Yes

Yes

Sarcosporidiosis

Sarcocystis
suihominis

Intermediate
host

Low to
high

Low

Low

No

Schistosomiasis
(bilharzia)

Schistosoma
japonicum

Susceptible

Moderate
to high

Low

Unknown

No

Susceptible

Southeast
and Eastern
Asia
Worldwide

Toxoplasmosis

Toxoplasma gondii

Moderate

Low

Low

No

Trichinellosis

Trichinella spp.

Reservoir

Worldwide

Low to
moderate

Low

Yes

Yes

Intermediate
host

References
(Atwill et al., 1997; Krauss,
Schieffer and Slenczka, 2003;
Zimmerman et al., 2014)
(Waiswa, Olaho-Mukani and
Katunguka-Rwakishaya, 2003;
Simo et al., 2006; Fèvre et al.,
2008; Waiswa, 2008)
(Von Wissmann et al., 2011;
Hamill et al., 2013)
(Garcia and Del Brutto, 2000;
García et al., 2003; Krauss,
Schieffer and Slenczka, 2003;
Spickler, 2018)

(Krauss, Schieffer and Slenczka,
2003; Avapal, Sharma and Juyal,
2004; Fayer, 2004b; SolaymaniMohammadi and Petri, 2006;
Zimmerman et al., 2014)
(Li et al., 2000; Krauss, Schieffer
and Slenczka, 2003; Zou et al.,
2010)
(Dubey and Beattie, 1988; Tenter,
Heckeroth and Weiss, 2000;
Crompton et al., 2003; Krauss,
Schieffer and Slenczka, 2003;
Zimmerman et al., 2014; Hill and
Dubey, 2018)
(Krauss, Schieffer and Slenczka,
2003; Pozio, 2007; Zimmerman et
al., 2014; Okello et al., 2015)
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Pathogen
Type

Pathogen/disease

Species

Role of Pigs

Geographic
Distribution

Human
Morbidity

Human
Mortality

2018
OIEListed
No

References

Low

Pig
Production
Loss
No

Fungi

Ringworm
(Dermatophytosis)

Microsporum canis

Susceptible

Low

M. gypseum

Susceptible

North and
South
America,
Europe,
Africa
Worldwide

Low

Low

No

No

Worldwide

Low

Low

No

No

Susceptible

Worldwide

Low

Low

No

No

T. rubrum

Susceptible

Worldwide

Low

Low

No

No

T. verrucosum

Susceptible

Worldwide

Low

Low

No

No

(Philpot, 1978; Krauss, Schieffer
and Slenczka, 2003; Chermette,
Ferreiro and Guillot, 2008;
Zimmerman et al., 2014)
(Fuentes, 1956; Morganti et al.,
1976; Krauss, Schieffer and
Slenczka, 2003; Chermette,
Ferreiro and Guillot, 2008;
Zimmerman et al., 2014)
(Philpot, 1978; Krauss, Schieffer
and Slenczka, 2003; Chermette,
Ferreiro and Guillot, 2008;
Zimmerman et al., 2014)
(Philpot, 1978; Monga and
Mohapatra, 1980; Krauss,
Schieffer and Slenczka, 2003;
Chermette, Ferreiro and Guillot,
2008; Zimmerman et al., 2014)
(Philpot, 1978; Krauss, Schieffer
and Slenczka, 2003; Chermette,
Ferreiro and Guillot, 2008;
Zimmerman et al., 2014)

M. nanum

Reservoir

Trichophyton
mentagrophytes

(Aly, 1994; Krauss, Schieffer and
Slenczka, 2003; Chermette,
Ferreiro and Guillot, 2008;
Zimmerman et al., 2014)
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Much of the published literature about pig diseases in Uganda focuses on African swine fever (Tejler,
2012; Muwonge and Munang’andu, 2012; Kalenzi Atuhaire et al., 2013; Kabuuka et al., 2014;
Muhangi et al., 2014, 2015; Nantima et al., 2016, 2015; Dione et al., 2016, 2017; Chenais et al., 2017;
Chenais, Boqvist and Sternberg-Lewerin, 2017). While this virus poses no risk to human health, the
high morbidity and mortality in infected pigs has significant impact on productivity and profitability
of pig farming in Uganda. Several pig-associated zoonoses have been reported in the country,
including: human infective Trypanosoma brucei (Katunguka-Rwakishaya, 1996; Waiswa, OlahoMukani and Katunguka-Rwakishaya, 2003; Waiswa, 2005; Biryomumaisho et al., 2013),
Mycobacterium bovis (Muwonge et al., 2010, 2012), Ndumu virus (Masembe et al., 2012), swine
erysipelas (Musewa et al., 2018), cysticercosis (Phiri et al., 2003; Waiswa et al., 2009; Nsadha et al.,
2014; Kungu, 2015; Kungu et al., 2017) and antibiotic resistant non-typhoidal salmonellosis (Ikwap et
al., 2014; Tinega et al., 2016; Ndoboli et al., 2018). The production losses associated with these
infections are unknown in Uganda. A few studies have determined the risk of brucellosis (Erume et
al., 2015) and trichinellosis (Roesel et al., 2016) transmission from infected pigs and pork products to
be negligible.

There is a clear gap in understanding the zoonotic diseases which have the greatest impact on pig
production and pork safety. These gaps include the presence of pig-associated zoonoses for which
no epidemiologic data exists, specific risk factors for infection, economic losses associated with
infection and suitable interventions for smallholder farmers.

2.3 Clinical presentation, epidemiology and diagnosis of select pig-associated zoonoses
This section details the clinical features and epidemiology of zoonotic diseases targeted by this
thesis. A critical consideration for this thesis was the selection of diagnostic methods for surveillance
of selected zoonoses in pigs. Many of the methods, particularly for the detection of antibodies, have
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not been validated for use in pigs. Therefore, in addition to describing the clinical features, a detailed
review of diagnostic technologies was undertaken for each pathogen.

2.3.1 Leptospirosis
Leptospirosis, caused by the Gram-negative spirochete Leptospira spp., is a common disease in pigs
throughout the world (Adler and de la Peña Moctezuma, 2010). The serogroups most commonly
associated with infection in pigs are Pomona, Australis and Tarassovi groups, although incidental
infections from the Grippotyphosa, Icterohaemorrhagiae and Canicola groups also occur (Adler and
de la Peña Moctezuma, 2010). In humans, leptospirosis is the leading zoonotic cause of mortality
and morbidity globally (Costa et al., 2015).

Clinical features in pigs
Clinical features are similar for all domestic animals. In acute infections, damage to the endothelial
cells of small blood vessels, haemorrhages on the surface of major organs and even myocarditis and
meningitis may occur (Adler, 2015). The chronic form of infection is the most frequent and is
associated with reproductive disorders including abortions, neonatal mortality, premature births and
stillbirths thought to occur due to localization of leptospires in the uterus of pregnant females
(Adler, 2015). Increases in reproductive losses and in the interval between successive farrowings,
reduction in litter size and temporary infertility or permanent sterility in sows can also be a result of
chronic infection (Kazami et al., 2002; Sofia Boqvist et al., 2002). When leptospires are maintained in
the renal tubules, infected animals can shed leptospires in their urine for 1 year after infection, even
when they are asymptomatic (Ramos, Souza and Lilenbaum, 2006).

Epidemiology in sub-Saharan Africa/Uganda
Leptospiral antibodies have been reported in pigs in Egypt (Maronpot and Barsoum, 1972), Ethiopia
(Moch et al., 1975), Nigeria (Ilozue, Kwaga and Bello, 2015), Senegal (de Vries et al., 2014), South
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Africa (van Rensburg, 1973; Hunter et al., 1987; Potts et al., 1995; Gummow, 1999), Zambia (Stafford
et al., 1992), Ethiopia (Moch et al., 1975), Tanzania (Kessy, Machang’u and Swai, 2010; Mgode et al.,
2015) and Uganda (Semakula, 1999). Grace et al. (2012) estimated that leptospirosis prevalence in
pigs in Africa, South Asia and Southeast Asia was 34% based on a review of community-based
surveys. By extrapolation, this suggests that approximately 13 million pigs have been potentially
exposed to pathogenic leptospires in sub-Saharan Africa. Undoubtedly, leptospirosis is causing an
impact on pig production in Uganda, but the extent and impact of the production losses associated
with infection are unknown. This lack of reliable data makes it a challenge to prioritize preventive
measures.

The one study done in Uganda (unpublished undergraduate thesis) found that pigs sampled (n=118)
at Wambizzi had antibodies against the following serovars: pomona, canicola, icterohaemorrhagiae
and hardjo (Semakula, 1999) using microscopic agglutination test (MAT). No additional studies in
pigs in Uganda could be found in the 20 years since this thesis was submitted. Identification of
locally circulating serovars in pigs and whether infected pigs are excreting leptospires into the
environment, an important source of infection for humans and other animals (Adler and de la Peña
Moctezuma, 2010), is an important next step.

Diagnosis
Due to the fastidious growth characteristics, large number (> 300 to date) of serovars,
environmental ubiquity and non-pathogen nature of some serovars, leptospirosis diagnosis is
complex (Picardeau, 2013).

Isolation of leptospires from clinical material is one of the most specific diagnostic methods
available, although culture can take up to 6 months and no single medium supports primary isolation
of all pathogenic leptospires (Adler, 2015). The demonstration of leptospires by immunochemical
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tests (immunofluorescence and immunohistochemistry) is suited to most laboratory situations.
However, the efficacy of these tests is dependent on the number of organisms present within the
tissue; these tests are therefore less suitable for the diagnosis of chronic carriers. Unless specially
prepared reagents are used, immunochemical tests do not identify the infecting serovar and results
must be interpreted in conjunction with serological results. Furthermore, these tests use high IgG
titre anti-leptospire sera, which is not available commercially (OIE, 2014b).

Most cases of leptospirosis are diagnosed by serology because capacity for culture and PCR is
limited. The MAT remains the reference test for definitive serological investigations in animals
because it can distinguish between serovars (Adler and de la Peña Moctezuma, 2010). The panel of
antigens used should include serovars representative of all serogroups and locally common serovars
(Turner, 1968; Torten, 1979; Faine and World Health Organization, 1982). The sensitivity of the MAT
can be improved by using local isolates rather than reference strains (Mgode et al., 2015). Accessing
local isolates can be problematic when there is little information available on circulating isolates in
the region and in the host under investigation. MAT can be difficult to interpret due to crossreactions between different serogroups, particularly in samples from acute cases where IgM and IgG
antibodies may both be present (Adler and Faine, 1978). Therefore, paired sera are required to
confirm a diagnosis with certainty when using MAT. Nevertheless, the MAT is still employed in
epidemiological serosurvillence since it can be applied to sera from any animal species and because
the range of antigens utilized can be expanded or decreased as required (Adler, 2015).

Because of the complexity of the MAT, numerous enzyme-linked immunosorbent assays (ELISAs)
have been developed for rapid screening of sera for leptospiral antibodies. Specificity of the assay is
determined by the antigen used, the presence of other pathogens and, in areas where leptospirosis
is endemic, the presence of antibodies due to previous exposure (Bajani et al., 2003). Recombinant
outer membrane protein (OMP) based ELISAs are broadly reactive to antibodies against all
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pathogenic leptospires, making them useful for diagnosing acute infections. However, they are of
limited value in epidemiological investigations because they provide no information on the infecting
serogroup or serovar. In contrast, lipopolysaccharide antigen-based ELISAs are serogroup specific,
useful for epidemiological investigations and control schemes. The commercial ELISA kits available
for use in pigs are NovaTec VetLine Leptospira, Germany; Linnodee Leptospira Bratislava ELISA,
Ireland; and MyBioSource Qualitative Porcine Leptospira IgM, IgG, Pomona IgM or Pomona IgG ELISA
kits, USA. Problems with validation are the major constraint in interpreting ELISA test results,
especially as almost all have been validated against the MAT, which is an imperfect test with
sensitivity < 50% in some chronic infections (Adler, 2015).

Polymerase chain reaction (PCR) assays are increasingly used for the detection of leptospires in
tissues and body fluids of animals because of their ability to give an early diagnosis. Quantitative
real-time PCR is faster than regular PCR and less susceptible to contamination (Picardeau, 2013).
Many of the PCR primer sets have been designed and evaluated for use in humans rather than
animal specimens. Therefore, agreement about the PCR primers to be used for testing of animal
samples is lacking, although those based on the lipL32 gene are the most commonly reported (Levett
et al., 2005; Stoddard et al., 2009; Villumsen et al., 2012). A positive PCR demonstrates the presence
of pathogenic leptospires but does not typically allow identification of the infecting serovar.
The identification of leptospire serotypes is a task for specialized reference laboratories. The isolate
first needs to be identified as either pathogenic or saprophytic, then the species of Leptospira
determined and finally the serogroup or serovar established. While DNA-DNA hybridization analysis
can differentiate Leptospira species (Brenner et al., 1999), the rapid and more robust multilocus
sequencing typing (MLST) is increasingly being used for speciation of leptospiral isolates (Ahmed et
al., 2006; Ahmed, 2012). Differentiation to the serogroup level follows speciation and can be done
using cross-agglutination reactions (Dikken and Kmety, 1978). For differentiation to the serovar
level, the traditional method is cross-agglutination absorption, but less time consuming methods
37

such as monoclonal antibodies (MAbs) (Terpstra et al., 1985, 1987) are increasingly being used.
Additional molecular methods used for serotyping include: multiple locus variable number of
tandem repeat analysis (MLVA) (Slack et al., 2006; Zuerner and Alt, 2009), amplification of insertion
elements (Zuerner, Alt and Bolin, 1995; Zuerner and Bolin, 1997), amplified fragment length
polymorphisms (AFLP) and fluorescent-labelled AFLP (Vijayachari et al., 2004), restriction
endonuclease analysis (Thiermann et al., 1986; Ellis, Montgomery and Thiermann, 1991) and
arbitrarily primed PCR (Perolat et al., 1994). However, these methods are not valid for determining
new serovars (OIE, 2014b).

Given the lack of experience in leptospiral culture in Uganda as well as the research objective to
identify renal carriers of leptospires as a means of determining possible risk to pig farmers, traders
and slaughterhouse workers, the research reported in this thesis used a qPCR protocol that screened
for all pathogenic Leptospira spp. (Smythe et al., 2002). Due to the limited information on circulating
serovars in pigs in Uganda, a protocol that allowed detection of all pathogenic Leptospira spp. was
selected. Amplification of insertion elements (Zuerner, Alt and Bolin, 1995; Zuerner and Bolin, 1997)
was performed for typing of Leptospira PCR positive samples.

2.3.2 Brucellosis
Brucella suis, the primary cause of porcine brucellosis, is a Gram-negative coccobacilli that has a
worldwide distribution. In areas where B. abortus and B. melitensis are endemic in cattle or small
ruminants (which includes Uganda), pigs can also be infected with these species (Díaz Aparicio,
2013). Infection in humans is acquired by direct contact with infected animals, by eating or drinking
contaminated animal products or by inhaling aerosolized material (Franco et al., 2007). Globally,
there are more than a half million new cases of human brucellosis each year (Pappas et al., 2006).
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Clinical features in pigs
Infection with B. suis causes systemic and generalized infection in pigs, while infection with other
species is self-limiting and restricted to regional lymph nodes near the point of entry (Deyoe and
Manthei, 1975). Brucellosis affects both sexes, causing abortion, stillbirths, decreased litter size,
weak piglets, infertility, orchitis, and localized abscess formation (Megid, Antonio Mathias and A.
Robles, 2010; Díaz Aparicio, 2013). In older pigs, paralysis from spondylitis can also occur as a result
of infection (Deyoe and Manthei, 1975). The most common manifestation of brucellosis in female
pigs is abortion (OIE, 2016). While abortion can happen at any time during pregnancy, infection in
the first third to half of pregnancy will cause abortion approximately 30-45 days after infection
(Enright, 1990). However, sows infected at full term will not abort, and animals infected out of the
pregnancy period will not abort during their next pregnancy (Enright, 1990). When bacteraemia
persists, particularly in the uterus, sows may develop chronic metritis (Poester, Samartino and
Santos, 2013). Porcine brucellosis is usually a more generalized and chronic disease than bovine
brucellosis (Poester, Samartino and Santos, 2013).

Epidemiology in sub-Saharan Africa/Uganda
Porcine brucellosis is thought to be widespread in the region, based on official reports from
countries in West Africa, Central Africa, East Africa and Southern Africa (Mcdermott and Arimi,
2002). Serological surveys completed in Nigeria (Onunkwo et al., 2011; Ngbede et al., 2012), Ethiopia
(Kebeta et al., 2015), Kenya (Waghela and Gathuma, 1976) and Uganda (Mwebe et al., 2011; Erume
et al., 2015) have detected exposure of pigs to brucellosis. None of these reports determined the
direct or indirect losses associated with brucellosis in pigs. During the past 5 years (2013−2018),
porcine brucellosis has been officially reported to the OIE by Burundi, Democratic Republic of Congo,
Equatorial Guinea, Guinea-Bissau, Malawi, Namibia, Niger, Somalia and Tanzania (OIE, 2018).
Despite evidence that brucellosis is present in pig populations, it is still very rarely reported or
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controlled in sub-Saharan Africa (Mcdermott and Arimi, 2002). In addition, the impact of brucellosis
on pig production is poorly understood.

Of the two studies undertaken in Uganda, one reported a brucellosis seroprevalence of 10% in
porcine samples submitted to referral laboratories between 1998-2008 (Mwebe et al., 2011). It is
unclear what serological method was utilized to screen the pigs in this study for brucellosis. The
second study utilized multiple serological methods and qPCR and reported less than 1% of pigs were
brucellosis positive from three districts in Uganda (Erume et al., 2015). Both studies screened pig
sera for brucellosis. A molecular investigation for the presence of Brucella spp. in pigs from a wider
geographic area, and in the tissues the bacteria preferentially colonize, would provide further
evidence into the infection status of pigs, as well as possible transmission from infected pigs.

Diagnosis
Definitive diagnosis of brucellosis is based on isolation of Brucella spp. from abortion material, udder
secretions or from tissues removed at post-mortem (OIE, 2016). B. abortus, B. melitensis and B. suis
are highly pathogenic to humans, and potentially contaminated tissues, cultures and materials must
be handled under biosafety level (BSL) 3 conditions (OIE, 2016). Brucella culture and isolation is slow,
expensive and cumbersome and there is no single test by which a bacterium can be conclusively
identified as Brucella (Al Dahouk et al., 2003; Scholz and Vergnaud, 2013; OIE, 2016). Species and
biovar identification requires elaborate tests conducted by reference laboratories with accredited
expertise in these methods (OIE, 2016).

A variety of serological methods are used to screen herds and individual small ruminants, cattle and
camels, namely: the buffered Brucella antigen tests (Rose Bengal test (RBT) and buffered plate
agglutination test), complement fixation test (CFT), indirect ELISA and fluorescence polarization
assay (FPA) (Morgan, MacKinnon and Lawson, 1969; Angus and Barton, 1984; Nielsen et al., 1999;
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OIE, 2016). These tests are not adequate for brucellosis diagnosis in pigs because their sensitivity
and specificity are much lower in pigs than in ruminants (Munoz et al., 2012; OIE, 2016). There are
challenges with the CFT; swine complement (serum proteins) reacts with the guinea-pig complement
used in the assay, reducing the sensitivity of the test (Galton et al., 1988; OIE, 2016). Furthermore,
for all these serological tests, inadequate specificity is caused by false-positive serological reactions
(FPSR) induced by Gram negative bacterial infections which share common epitopes with the
smooth Brucella lipopolysaccharide, a major antigen involved in most serological tests (Munoz et al.,
2012). Among these bacteria, Yersinia enterocolitica is considered the main source of FPSR in pigs
(Algers et al., 2009). Validation of these serological tests reported the following sensitivity and
specificity for each test: buffered antigen plate agglutination test, 77.1% and 96.9%; CFT, 93.3% and
95.5%; indirect ELISA, 94.0% and 97.9%; competitive ELISA, 90.8% and 96.6%; and FPA, 93.5% and
97.2% (Nielsen et al., 1999). Interpretation of the serological results and the assessment of the true
infection status in a particular pig population are challenging (Munoz et al., 2012). Therefore, it is
recommended that any positive reactions should be investigated using a confirmatory or
complementary strategy (Munoz et al., 2012; OIE, 2016).

Given the challenges of serological cross-reactivity and the necessary time and technical capacity for
species identification, nucleic acid amplification has become increasingly popular for rapid detection
and confirmation of Brucella spp. Nucleic acid detection methods include PCR, qPCR, PCR restriction
fragment length polymorphism (RFLP), Southern blot, pulse field gel electrophoresis (PFGE), MLST
and MLVA (Bricker, 2002; Bricker, Ewalt and Halling, 2003; Le-Flèche et al., 2006; López-Goñi et al.,
2011; Whatmore and Gopaul, 2011). Some of these methods allow differentiation of Brucella species
and some of their biovars (OIE, 2016).

Development of a multiplex qPCR assay allowed for differentiation of Brucella species based on
insertion sequence (IS) 711, the location of which is species-specific (Bricker, Ewalt and Halling,
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2003). Additional strain-specific primers for differentiation of vaccine strains and biovars have been
described (Ocampo-Sosa, Agüero-Balbín and García-Lobo, 2005; López-Goñi et al., 2008, 2011; Kang
et al., 2011), allowing for rapid and simple one step identification of Brucella.

Given the lack of facilities to safely culture the organism, the research described in this thesis utilized
qPCR for detection of Brucella in pigs in Uganda. Because there was little information on which
Brucella species were circulating in pigs, a qPCR assay that included B. abortus and B. melitensis
(species that are endemic in ruminants in Uganda) was needed. Based on these requirements and
given access to a laboratory with qPCR capacity, a multiplex qPCR assay that allowed for
differentiation of Brucella spp., B. abortus and B. melitensis in a single test was selected (Probert et
al., 2004). The Brucella spp. allowed for detection of all Brucella species in the samples as an internal
confirmation of B. abortus and B. melitensis positive samples and to identify samples positive for
other species (such as B. suis). The primers in this assay targeted insertion element IS711. The
analytical sensitivities and specificities of the assay for Brucella spp., B. abortus and B. melitensis
identification were calculated to be 100% and 100%, 92% and 100%, and 100% and 97.9%,
respectively, using Brucella spp. isolates (Probert et al., 2004).

2.3.3 Coxiellosis
Coxiella burnetii is a Gram-negative coccobacilli which causes the disease, coxiellosis, in animals and
Q fever in humans. The disease is found worldwide, except in New Zealand. Humans acquire
infection from animal reservoirs (Tissot-Dupont and Raoult, 2008). Acute infections can lead to
pneumonia, hepatitis and death in humans, as well as miscarriage in pregnant women (Raoult et al.,
2000).

42

Clinical features in pigs
There is very little information on coxiellosis in pigs. Typically, C. burnetii localizes in the uterus and
mammary glands of infected animals (Babudieri, 1959) leading to abortion and reduced reproductive
efficiency (Tissot-Dupont and Raoult, 2008; Angelakis and Raoult, 2010). Pigs are susceptible to
infection as demonstrated by the presence of antibodies to C. burnetii in their sera (Marmion and
Stoker, 1958; Sixl and Sixl-Voigt, 1987; Sixl et al., 1989; Ajuwape and Falade, 1993; Cooper et al.,
2012; Seo et al., 2016), although the clinical significance of infection in pigs is less clear. An outbreak
investigation conducted at a slaughterhouse in Uruguay found seropositive pigs, but no lesions in
the seroreactors (R. E. Somma-Moreira et al., 1987; R. Somma-Moreira et al., 1987).

Epidemiology in sub-Saharan Africa/Uganda
C. burnetii has been identified as the cause of acute febrile illness in humans in the region (Anstey et
al., 1997; Ki-Zerbo et al., 2000; Kaabia et al., 2006; Prabhu et al., 2011; Crump et al., 2013). A recent
review of Q fever epidemiology in Africa found evidence of infection in ruminants in many regions
(Vanderburg et al., 2014), but no studies on the burden or risk factors for animal disease in the East
Africa region. Two serological studies done in Nigeria (Ajuwape and Falade, 1993) and the Cape
Verde Islands (Sixl and Sixl-Voigt, 1987), conducted almost three decades ago, are the only evidence
that pigs have been exposed to the pathogen on the continent. Strong evidence for pigs serving as
reservoirs of C. burnetii is lacking. In addition, transmission of C. burnetii from pigs to humans has
not been confirmed.

Diagnosis
C. burnetii is highly pathogenic to humans, therefore potentially infected or contaminated materials
must be handled under appropriate BSL3 containment. Many of the diagnostic methods described
have been used to investigate outbreaks of abortion in small ruminants. When investigating causes
of abortion, samples (aborted foetuses, placenta and vaginal discharges) can be stained using
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conventional techniques – Stamp, Gimenez, Macchiavello, Giemsa and modified Koster (Giménez,
1964; Quinn et al., 1994; Samuel and Hendrix, 2009). Interpretation of the results must be
undertaken with care as C. burnetii can be confused with Chlamydophila abortus or Brucella spp.,
which may also cause abortion in animals (EFSA Panel on Animal Health and Welfare (AHAW), 2010).
Immunohistochemistry can be used to detect C. burnetii, though the specific antibodies used in this
method are not available commercially (OIE, 2015b). In a comparative study to evaluate serological
(ELISA, CFT), molecular (PCR, qPCR) and cell culture for detection of coxiellosis in ruminants, ELISA
was recommended for serological studies and PCR for pathogen detection to achieve a correct
diagnosis (Niemczuk et al., 2014). There is little other comparative data available between the
different diagnostic methods, particularly for non-ruminant animal species.

Although the OIE has no officially designated serological test for Q fever, CFT has historically been
considered the reference test (EFSA Panel on Animal Health and Welfare (AHAW), 2010). Serological
assays are suitable for screening herds or flocks, but interpretation at the individual level can be
difficult because some animals remain seropositive for several years following acute infection.
Further, some animals shed C. burnetii and pose a risk for infection prior to development of
antibodies and yet others may not seroconvert at all (Hatchette et al., 2001; Guatteo et al., 2007;
Garcia-Ispierto, Almería and López-Gatius, 2011). Among the serological tests, CFA has the lowest
sensitivity but the highest specificity, especially when used in Q fever aborted herds or flocks in
which high levels of C. burnetii antibodies might be present (Rousset et al., 2007, 2009; Kittelberger
et al., 2009; Horigan et al., 2011; Emery et al., 2014; Niemczuk et al., 2014). ELISAs are preferred for
veterinary diagnostics because of their convenience in large scale screening and for their higher
sensitivity compared to immunofluorescence assays and CFT (Rousset et al., 2007, 2009; Kittelberger
et al., 2009; Horigan et al., 2011; Emery et al., 2014; Niemczuk et al., 2014; OIE, 2015b). An
assessment of performance between the CFT and three different ELISAs used on a panel of sera from
sheep, goats and cattle estimated the overall diagnostic sensitivity and specificity of each test as:
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ELISA using an ovine-derived antigen, 87.0% and 99.1.%; ELISA using a tick-derived antigen, 98.6%
and 97.1%; and ELISA using a bovine-derived antigen, 55.7% and 99.3%; and CFT, 36.2% and 98.3%
(Horigan et al., 2011). Two commercial ELISA kits are available for use in pigs (NovaTec VetLine
Coxiella Phase 2, Germany; Porcine Q Fever ELISA, MyBioSource, USA), although neither one of the
manufacturers provided validation data when requested.

PCR is rapid and the most sensitive tool currently available to detect C. burnetii. Because this
method can be used on a wide variety of samples, it is an increasingly common technique for
detecting the organism (Lorenz et al., 1998; Klee et al., 2006; Schneeberger et al., 2010; Angelakis et
al., 2014). For routine diagnostics, qPCR is preferable to conventional gel-based PCR methods,
because it allows for high sample throughput, reduces the potential for contamination and is best
suited for quantification of C. burnetii in biological samples (Klee et al., 2006; EFSA Panel on Animal
Health and Welfare (AHAW), 2010). Ready to use kits are commercially available and can detect the
bacterium in various samples, although none of these have been validated for use in pig samples.

Several methods have been described for typing C. burnetii, in cases where characterization of the
isolates is necessary to understanding epidemiology. These methods include restriction
endonuclease of genomic DNA, PFGE, and PCR-RFLP analysis of several genes. Recently, two PCRbased typing methods, MLVA and MST, were developed that allow for identification of Coxiella
without isolation of the organism (Massung, Cutler and Frangoulidis, 2012; Boarbi et al., 2014).
Single nucleotide polymorphism (SNP) genotyping has also been recently described (Huijsmans et al.,
2011). To date, MLVA and MSTA are considered to be the most discriminating methods for C.
burnetii tying, allowing the identification of up to 36 distinct genotypes (OIE, 2015b).

For purposes of research described in this thesis, given the lack of culture capacity in Uganda, the
expense and time of isolation and the number of samples to be processed, qPCR was chosen. The
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protocol used (Schneeberger et al., 2010) targets the insertion element IS1111. It has a detection
limit of 4 genome equivalents per reaction and was the most widely used qPCR protocol in the
published literature and in consultation with experts. Furthermore, this protocol had a similar
annealing temperature as that of the Leptospira protocol that was utilised (Smythe et al., 2002),
enabling these two protocols to be combined into a multiplex qPCR assay for detection of both
pathogens in a single qPCR assay. Optimization was performed by running the protocol through a
range of annealing temperatures from 52°-58° C at 1° C intervals in conjunction with primer/probe
concentrations in 50 uM intervals between 50-1,000 uM for the primers and 50-500 uM for the
probes to determine the optimal annealing temperature and primer/probe concentrations. The
primer/probe concentrations were run in triplicate during the optimization process.

2.3.4 Henipaviruses (Nipah and Hendra viruses)
Henipaviruses are RNA viruses in the Paramyxoviridae family. There are three known species of
henipaviruses: Hendra virus (HeV), Nipah virus (NiV) and Cedar virus. Fruit bats are the natural
reservoirs of henipaviruses (Chua et al., 2000; Halpin et al., 2000); horses and pigs act as amplifying
hosts to HeV (Murray et al., 1995; Selvey et al., 1995) and NiV (Chua et al., 2000), respectively, prior
to transmission to humans. HeV and NiV cause acute encephalitis, respiratory illness and high
fatality rates in humans (Luby and Gurley, 2012; Marsh and Wang, 2012).

Clinical features in pigs
An outbreak of NiV in pigs in Malaysia was characterized by a respiratory and neurological syndrome
and a distinctive loud barking cough (Mohd et al., 2000). Morbidity reached 100% in affected farms,
and mortality ranged from 1−5% in boars, sows, weaners and fatteners. The disease spread rapidly
amongst pigs on infected farms. The mode of transmission was suspected to be direct contact with
urine, saliva and other secretions. Clinical signs varied according to the age of the pig. Sows and
boars presented with sudden death or neurological signs and acute febrile illness (≥ 39.9° C) with
46

laboured breathing, increased salivation, nasal discharge and early abortion (first three months) in
sows. Observed neurological signs included agitation, head pressing, tetanus-like spasms and
seizures, involuntary eye movement, chomping of the mouth and pharyngeal muscle paralysis. In
piglets, mortality rates of up to 40% were observed, although it was unclear whether death was due
to infection or due to the inability of the sow to nurse the piglets. Infected piglets had openmouthed breathing, leg weakness with muscle tremors and neurological twitches. Pigs from 4 weeks
to 6 months typically presented with acute febrile illness (≥ 39.9° C) and respiratory signs such as
rapid and laboured breathing and a loud barking cough. The respiratory signs were sometimes
accompanied by neurological signs such as trembling and neurological twitches, muscle spasms and
seizures and rear leg weakness and lameness. At necropsy, moderate to severe pneumonia with
widespread haemorrhages in the lungs and meningitis in the brain were the most significant
findings. Detection of viral antigen in the upper respiratory tract suggested airborne transmission on
affected farms. Experimental infection of pigs using a human isolate from the Malaysia outbreak
produced the same respiratory and neurological syndrome consistent with that observed in the
Malaysian pigs (Middleton and Westbury, 2002).

No natural infections with HeV have ever been recorded in pigs anywhere in the world. However, its
likeness to NiV and susceptibility of pigs to HeV in experimental infections have led scientists to
hypothesise that it may be possible (Li, Embury-Hyatt and Weingartl, 2010). Experimentally HeV
infected pigs showed similar clinical signs, with more severe depression and respiratory distress,
than pigs naturally infected with NiV.

Epidemiology in sub-Saharan Africa/Uganda
In Africa, henipavirus RNA has been detected in fruit bat faeces in Ghana (Drexler, Corman and
Gloza-Rausch, 2009) and fruit bat bushmeat in the Republic of Congo (Weiss et al., 2012). A full
length African henipavirus sequence has also been described in fruit bats (Drexler et al., 2012).
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Serological studies on fruit bats in Cameroon (Pernet et al., 2014), Annobón Island in the gulf of
Guinea (Peel et al., 2012), Ghana (Hayman, Suu-Ire and Breed, 2008; Drexler et al., 2012; Peel et al.,
2013), as well as Tanzania and Uganda (Peel et al., 2013) have all found evidence of henipavirus
exposure. There is some evidence that henipaviruses are circulating in pigs in Ghana (Hayman et al.,
2011) and Nigeria (Olufemi et al., 2015) but no such findings have been reported in Uganda to date.

Diagnosis
HeV and NiV are dangerous human pathogens, without a suitable human vaccine or effective
antiviral treatment and therefore require BSL4 containment (Murray et al., 1995; Chua et al., 2000;
Pallister et al., 2011). Samples from suspect animals should be transported to an authorized
laboratory only under biologically secure conditions according to international regulations (OIE,
2015a). Hyperimmune rabbit sera raised against recombinant nucleocapsid proteins of NiV and HeV
was the most effective at immunohistochemical staining of different tissues infected with
henipaviruses (Wang and Daniels, 2012). Because HeV and NiV grow in cultured cells to high titres, it
is also possible to visualize the viruses using electron microscopy (Murray et al., 1995; Daniels,
Ksiazek and Eaton, 2001). Nonetheless, the presence of a diverse and expanding henipavirus group,
along with current knowledge that multiple animal species are hosts (Young et al., 1996; Chua et al.,
2000; Field et al., 2001; Hooper et al., 2001; Yob et al., 2001; Field, Mackenzie and Daszak, 2007;
Hayman, Suu-Ire and Breed, 2008; Li et al., 2008; Pallister et al., 2011), can make laboratory
diagnostics challenging.

Serum neutralization tests (SNTs), ELISAs and Luminex bead-based assays are available for detection
of antibodies against henipaviruses (OIE, 2015a). The SNT is considered the reference test (Daniels,
Ksiazek and Eaton, 2001; Wang and Daniels, 2012; OIE, 2015a). Cross-reaction between species of
henipaviruses can and do occur. If neutralizing antibodies are present for both HeV and NiV but a
>four-fold higher titre is present for one virus, the sample is considered positive for that virus. If
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titres differ by <four-fold the serum is considered positive for an unspecified henipavirus (OIE,
2015a). A plaque-reduction neutralization test, a modified SNT which was used in this thesis, has
been developed (Crameri et al., 2002) that inactivates live virus during test preparation, thereby
reducing time required in BSL4 containment. Another adaptation is the use of pseudotype virus
systems in the SNT, which allows the entire test to be conducted in a BSL2 laboratory facility (Kaku et
al., 2009, 2012; Tamin et al., 2009; Khetawat and Broder, 2010).

Because of its simplicity, safe operation without the need for a BSL4 facility and affordability, the
ELISA is especially useful for epidemiological studies and ongoing surveillance (Wang and Daniels,
2012). Although the ELISA has proven to be highly sensitive, there are challenges of false positive
results when using field sera (Wang and Daniels, 2012). Specificity has been increased with the use
of purified recombinant soluble glycoproteins of HeV and NiV (Eshaghi et al., 2004; Bossart et al.,
2005; Eshaghi, Tan and Yusoff, 2005; Wang and Daniels, 2012). Extensive validation has been done
on the HeV soluable glycoprotein ELISA for use in horses, but not pigs (Colling et al., 2018).
Additional recombinant proteins have since been developed for use in various ELISA tests: NiV
nucleocapsid protein (Yu et al., 2006), truncated glycoproteins of HeV and NiV (Fischer, Diederich, et
al., 2018) and truncated phosphoproteins of HeV and NiV (Chen et al., 2007). The usefulness of each
of these ELISA has yet to be determined, due to the limited number of positive sera tested in each
(Wang and Daniels, 2012).

The Luminex bead-based assay was developed in 2007 to detect henipavirus antibodies (Bossart et
al., 2007). There are two different test formats: a binding assay and a blocking or inhibition assay.
The binding assay measures antibodies that bind directly to soluble glycoprotein of HeV and NiV, and
the blocking assay measures the ability of antibodies to block henipavirus receptor EphrinB2 binding
to soluble glycoprotein (OIE, 2015a). The blocking assay has the advantage of not requiring any live
cell culture and, therefore, can be performed in a standard laboratory without biocontainment
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(Wang and Daniels, 2012). The Luminex test has been used in a number of disease investigations and
epidemiological and surveillance studies (Hayman, Suu-Ire and Breed, 2008; Hayman et al., 2011;
Peel et al., 2012; Chowdhury et al., 2014). ELISA and Luminex bead-based assays are currently being
used as screening tools and SNT, as well as its adaptations, as a confirmatory test (Daniels, Ksiazek
and Eaton, 2001; OIE, 2015a).

Polymerase chain reaction (PCR) based methods are commonly used to detect antigen and have the
biosafety advantage of not needing to use live virus. Gel-based conventional PCR played a key role in
henipavirus diagnosis, but with the development of RT-qPCR protocols this method is rarely used for
diagnostic purposes (Wang and Daniels, 2012). The two forms of RT-qPCR − the TaqMan assay and a
SYBR green quantitative PCR − are highly sensitive and specific tests for detecting henipaviruses
(Kutyavin et al., 2000; Zipper et al., 2004). A TaqMan assay has been developed for detection of NiV
(Guillaume et al., 2004) and HeV (Smith et al., 2001) and a SYBR green assay developed for NiV that
was also able to detect HeV (Chang et al., 2006). Feldman et al. (2009) developed several consensus
qPCRs to detect different henipaviruses. In this study, the nucleoprotein gene SYBR green assay was
the most useful assay for investigation of potentially unknown henipaviruses and the
phosphoprotein gene TaqMan assay for studies in which high sensitivity was required to detect
infection by known strains of HeV or NiV (Feldman et al., 2009).

For the purposes of the research reported in this thesis, due to the pathogenic nature of
henipaviruses and the lack of diagnostic capacity in the region, sera samples were sent to FLI,
Germany for serological analysis. Their in-house ELISA has been recently described (Fischer,
Diederich, et al., 2018). Confirmatory testing was done using western blot (an
immunohistochemistry method) at FLI and serum neutralization tests using HeV and NiV at CFIA.

50

2.3.5 Ebolaviruses
Ebola virus is an RNA virus in the family Filoviridae. There are six species of ebolaviruses known to
date: Zaire ebolavirus (ZEBOV), Bundibugyo ebolavirus (BDBV), Reston ebolavirus (REBOV), Sudan
ebolavirus (SUDV), Tai Forest ebolavirus (TAFV) and the recently identified Bombali ebolavirus. Four
of these species (ZEBOV, BDBV, SUDV and TAFV) are recognized causes of haemorrhagic fever –
known as Ebola virus disease (EVD) – which is often fatal in humans.

Clinical features in pigs
Our current understanding of ebolavirus pathology in pigs is based on two investigations of natural
infection in pigs in the Philippines and China as well as two experimental infection studies with
either REBOV or ZEBOV.

Multiple outbreaks of a respiratory and abortion syndrome in pigs in the Philippines led to the
discovery that pigs could be infected with REBOV (Barrette et al., 2009). In this outbreak pigs were
co-infected with porcine reproductive and respiratory syndrome virus (PRRSV) and porcine circovirus
2. Pigs of all ages were affected with a wide variety of clinical signs including fever, coughing and skin
lesions (Marsh et al., 2011). A study undertaken in China subsequently detected REBOV in pigs that
had died of PRRSV (Pan et al., 2014) providing further speculation about a the role of co-infection in
ebolavirus positive pigs.

Experimental infection with REBOV did not produce any clinical signs in infected pigs, indicating that
the pig mortality observed in the Philippines outbreak was likely due to the highly pathogenic PRRSV
(Marsh et al., 2011). However, REBOV was detected in nasal and tonsil swabs and many organs and
tissues (muscle, heart, liver, kidney, ileum, spleen, submandibular lymph nodes, lung, nasal
turbinates and tonsil), indicating systemic infection (Marsh et al., 2011). Pathological changes were
confined to the respiratory and lymphoid systems and shedding of virus was most consistent via the
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nasopharynx (Marsh et al., 2011). Virus clearance and seroconversion occurred within 10−12 days
and there was no evidence of virus persistence in any of the tissues, as demonstrated by negative
real-time PCR test on tissues collected at necropsy on day 28 (Marsh et al., 2011).

Experimental infection studies with ZEBOV resulted in mild to moderate clinical signs in younger
piglets (4 weeks old) and severe respiratory distress in older piglets (6 weeks old) (Kobinger et al.,
2011; Weingartl et al., 2012). Transmission of ZEBOV from infected pigs co-habiting with naïve pigs
(Kobinger et al., 2011) and infected pigs to non-human primates housed in open, inaccessible cages
in the same room (Weingartl et al., 2012), provided evidence that airborne transmission from pigs
may contribute to ZEBOV spread. In these experimental infection studies, ZEBOV primarily replicated
in the respiratory tract and pigs developed severe lung pathology (Kobinger et al., 2011). Fever,
lethargy, increased respiratory rate and laboured breathing were the most prominent clinical signs
observed in infected animals; coughing was not observed. Pigs developed a fever at day 4 post
infection, other clinical signs between days 5-7 and appeared recovered from disease by 9 days post
infection. Lung associated lymph nodes were enlarged and occasionally haemorrhagic. Virus was
isolated from nasal washes, oral and rectal swabs, lung tissues and bronchial lymph nodes. Oronasal
shedding was detected for up to 14 days post infection. Based on this study, a replication and
transmission cycle of approximately 5 days was suggested, with development of neutralizing
antibodies against ZEBOV after 3 weeks (Kobinger et al., 2011).

Experimental infections have also been conducted in pigs with SUDV and are in preparation for
publication (personal communication; Dr Sandra Diederich, Dr Bradley Pickering and Dr Hana
Weingartl).

Epidemiology in sub-Saharan Africa/Uganda
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Fruit bats are considered the natural reservoir of ebolaviruses, although the evidence to support this
based on serological surveys and limited molecular evidence (Leroy, Kumulungui and Pourrut, 2005;
Pourrut et al., 2009; Reed, 2012; Atherstone, Roesel and Grace, 2014; Bausch and Schwarz, 2014;
Olival and Hayman, 2014; Ogawa et al., 2015; Leendertz et al., 2016). High mortality rates have been
observed in infected non-human primates (Leroy et al., 2004; Groseth, Feldmann and Strong, 2007)
and such animals have been implicated as the spillover hosts for several of the index cases in EVD
outbreaks (Hartman, Towner and Nichol, 2010; Kortepeter, Bausch and Bray, 2011). While there is
evidence that other animal species are susceptible to infection (Allela et al., 2005; Barrette et al.,
2009; Kobinger et al., 2011; Olson et al., 2012; Weingartl, Nfon and Kobinger, 2013), the
involvement of these animal species − particularly dogs and pigs − in the natural transmission cycle
is unclear (Weingartl, Nfon and Kobinger, 2013).

Uganda has reported five outbreaks of EVD between 2000 and 2012 (Okware et al., 2002; Wamala et
al., 2010; Shoemaker et al., 2012; Albarino et al., 2013; Nyakarahuka et al., 2016, 2017). Four of
these outbreaks have been caused by SUDV and one by BDBV. In contrast, in West and Central Africa
human cases of EVD are almost all attributed to infection with ZEBOV (Feldmann and Geisbert, 2011;
Baize et al., 2014; WHO Ebola Response Team, 2014).

Due to the increasing pig numbers and densities in areas of Uganda where EVD outbreaks have been
reported, a foresight risk assessment was conducted in 2014 to determine the threat of ebolaviruses
in the pig value chain in Uganda (Atherstone, Roesel and Grace, 2014). This risk assessment
determined that pigs may be a credible host for ebolaviruses given various epidemiological findings
in Uganda, particularly overlap of pig production systems with habitats of wildlife species known to
be hosts of ebolaviruses, interactions at the human-pig-wildlife interface that could support
transmission and temporal overlap of outbreaks with peak pork consumption periods (Atherstone,
Roesel and Grace, 2014). At the time, there was no evidence of natural infection of pigs with the
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African species of ebolaviruses. However, during the course of the research undertaken for this
thesis, a study documenting evidence of ZEBOV exposure in domestic pigs in Sierra Leone was
published by our collaborators (Fischer, Jabaty, et al., 2018). While this study provides the first
evidence of natural exposure to ebolaviruses in pigs on the African continent, it is still unclear
whether pigs in Uganda are exposed to ebolaviruses, especially given that SUDV is the primary
species of ebolaviruses circulating in Uganda.

Diagnosis
Because of the high case fatality in humans, samples from suspect animals should be transferred to a
reference laboratory and handled under appropriate biocontainment. Virus culture and isolation
should only be done under BSL4 laboratory conditions by highly trained technicians. The OIE has yet
to develop recommendations for diagnostic procedures to use in animals.
The preferred assay for detection of antibodies to BSL4 agents such as ebolaviruses is an ELISA which
employs recombinant antigen (Pickering et al., 2016), limiting the need for live virus work and hence
BSL4 laboratory requirements. Several ZEBOV ELISA assays have been developed for use in human,
non-human primate and swine samples (Ikegami et al., 2003; Nakayama et al., 2010; Nidom et al.,
2012; Pickering et al., 2016; Vu et al., 2016; Fischer, Jabaty, et al., 2018). Prior to the
commencement of this this no SUDV assay existed for use in swine. Because little is known about the
duration and stability of antibody response to viral proteins and differences observed in antibody
cross-reactivity, cross-neutralization and cross-protection (Nakayama et al., 2010; Macneil, Reed and
Rollin, 2011; Flyak et al., 2016; Fischer, Jabaty, et al., 2018), an elaborate diagnostic approach
combining several assays and antigens is required to interpret results. For example, the recent
serostudy of pigs in Sierra Leone – which utilized diagnostics developed for this thesis research (see
Appendix) – utilized ELISA, immunoblot and virus neutralization tests (Fischer, Jabaty, et al., 2018).
Similarly, in the Philippines screening of porcine sera for REBOV antibodies utilized
immunofluorescence and ELISA (Sayama et al., 2012). Many of the ELISA assays have not been
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validated in specific animal species and sensitivity and specificity have yet to be evaluated. A better
understanding of antibody production during the immune response in pigs is needed to support
validation of diagnostic specificity of these ELISA assays in pigs (Weingartl, Nfon and Kobinger, 2013).

Antigen detection has been most successful on wild animal carcasses, particularly those of nonhuman primates and bats (Olson et al., 2012). RT-qPCR targeting the large polymerase gene
(Weingartl et al., 2012), the glycoprotein gene (Kobinger et al., 2011) or the nucleoprotein gene
(Marsh et al., 2011) is both sensitive and reproduceable between laboratories (Weingartl, Nfon and
Kobinger, 2013). However, there is a lack of consistency in gene targets and procedures used for RTqPCR and molecular characterization (Olson et al., 2012). Antigen detection by
immunohistochemistry has also been used on tissue samples (Barrette et al., 2009; Kobinger et al.,
2011; Marsh et al., 2011; Weingartl et al., 2012; Jones et al., 2015; Wong et al., 2016).

There is a range of diagnostic methods used in the experimental studies of ebolaviruses conducted
in pigs. Kobinger et. al (2011) used microtiter neutralization, RT-qPCR targeting the glycoprotein
gene, immunohistochemical analysis and ELISA. Marsh et. al (2011) used RT-qPCR, virus isolation,
ELISA and immunohistochemistry. Finally, Weingartl et. al (2012) used immunohistochemistry, RTqPCR targeting the large polymerase gene and virus isolation. Since these were experimental
infection studies, the laboratories had BSL4 facilities and were able to utilize a comprehensive
diagnostic approach. Similarly, unable to determine the cause of a particularly severe outbreak of a
respiratory disease syndrome in pigs, the Foreign Animal Disease Diagnostic Laboratory (USA)
utilized culture in Vero cells, a pan viral microarray assay, RT-qPCR, ELISA, immunohistochemistry
and virus isolation to confirm REBOV as the cause of the outbreak in pigs in the Philippines (Barrette
et al., 2009).
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For the purposes of the research reported in this thesis and due to the need for a comprehensive
diagnostic approach, multiple serological methods available at the Institute of Novel and Emerging
Diseases at FLI were utilized. Further analysis was completed at CFIA, which to date has performed
all the experimental infection studies in pigs (Kobinger et al., 2011; Weingartl et al., 2012) and has
developed two ELISA assays for use in screening pigs for ebolaviruses (Pickering et al., 2016). ELISAs
specific for ZEBOV and SUDV, serum neutralization tests and Western blot (an
immunohistochemistry method) were all used to screen the pig sera collected for evidence of
ebolavirus specific antibodies.
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Analysis of pig trading networks and practices in Uganda

This chapter was published as:
Atherstone, C., Galiwango, R.G., Grace, D., Alonso, S., Dhand, N.K., Ward, M.P., Mor, S.M., 2019.
Analysis of pig trading networks and practices in Uganda. Tropical Animal Health and Production,
51(1), pp. 137-147. https://doi: 10.1007/s11250-018-1668-6

Chapter 3 is a descriptive study of pig traders operating at the only formally registered pork abattoir
in Kampala, the capital city of Uganda. Pig traders play an important role in linking farmers with
consistent pork markets, while also providing a consistent supply to their customers. Currently,
disease prevention and mitigation measures are focused at farm level, overlooking other actors,
such as pig traders. This chapter addresses this gap by describing pig trader characteristics, trading
practices, biosecurity practices, pig health management and reporting practices. This was an entry
point to understanding challenges of ensuring a reliable and safe pork supply in Uganda.

This paper is edited slightly from the version that was submitted for publication. Specifically, spelling
has been updated to adhere to Oxford spelling standards for consistency throughout the rest of the
thesis.
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Abstract
East Africa is undergoing rapid expansion of pig rearing, driven by increasing pork consumption.
Introduction and expansion of pig production systems in this biodiverse landscape may create new
risks, including zoonotic pathogen transmission. Historically, biosecurity measures have primarily
been focused at farm level, ignoring the important function pig traders fulfil between farmers and
consumers. This study interviewed pig traders operating at Uganda’s only registered pork abattoir to
describe their characteristics, business practices, biosecurity practices and pig health management
and reporting practices. All the traders were male and nearly all (90.5%) relied on pig trading as their
primary source of income. Most of the pigs brought for processing at the slaughterhouse were
purchased from smallholder farms (87.3%). In addition, there was a significant difference in the high
price paid/kg at farm gate by region (p=0.005). High prices paid at farm gate were associated with
holiday periods (p<0.001), harvest season (p<0.001), and drought (p<0.001). Traders preferred
buying live pigs from male farmers (88.9%) because they were considered the final decision makers
and owned the pigs being sold. All pig traders were aware of clinical signs indicating a pig was sick.
This study has provided baseline information on pig trader practices in Uganda. Improvements in
local pork slaughterhouses and markets will not only benefit pig traders in accessing consistent
customers, but individual pig farmers by increasing their market access. Finally, given their role as a
link between farmers and consumers, traders would benefit from targeted inclusion in disease
control and prevention strategies.

3.1 Introduction
The domestic pig population in Uganda, currently estimated at 3.2 million, plays an essential
economic and social role in a country in which 70% of households derive some or all of their
livelihoods directly from livestock (Uganda Bureau of Statistics, 2008). Pig keeping has grown in
popularity as a livelihood activity due to their high reproduction rates, rapid weight gain, potential to
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provide quick financial returns and rising demand for pork. In the past 50 years pork consumption
has increased more than 20-fold, from an estimated annual per capita consumption of 0.14 kg in
1962 to 3.37 kg in 2013. Pork currently accounts for more than a third of the annual per capita meat
consumption (FAO Statistics Division, 2017). Further, total pork consumption is projected to increase
by 184% between 2000 - 2030 in Uganda due to human population growth (FAO Statistics Division,
2017). The increase in pork consumption, while exceptionally rapid in Uganda, is not unique in the
region. The Democratic Republic of Congo’s total consumption of pork is expected to increase by
100%, Tanzania by 32% and Kenya by 25% between 2000-2030 (FAO Statistics Division, 2017).
Introduction and expansion of pig production systems in these biodiverse landscapes may create
new risks, including pathogen transfer from pigs to humans (FAO Animal Production and Healthy
Livestock Country Reviews, 2012; Hamill et al., 2013; Ocaido, Roesel and Grace, 2013; Atherstone et
al., 2017; FAO Animal Production and Health Division, 2017; Wilson, 2017). Of particular public
health interest is the role of pigs in the zoonotic transmission of emerging pathogens to people
(McCormack and Allworth, 2002; Middleton and Westbury, 2002; AbuBakar et al., 2004; Ma, Kahn
and Richt, 2008; Kobinger et al., 2011; Marsh et al., 2011; Conlan et al., 2012; Atherstone et al.,
2017; Vergara-Alert et al., 2017). As pig traders form an important link between pig farms and pork
customers, research informing their knowledge, attitudes and practices is essential.

African swine fever (ASF) is considered the major infectious disease constraint to pig production in
Africa (Penrith et al., 2013) and, as such, research to date has focused on this infection. Penrith and
Vosloo reported that outbreaks of ASF in new areas of Africa have almost all been associated with
movement of domestic pigs and pig products (Penrith and Vosloo, 2009). In Uganda, several studies
to characterize practices associated with the occurrence and spread of ASF identified the collection
of pigs and pig products from farms (Kabuuka et al., 2014), distribution of infected pork by traders
(Dione et al., 2017), pig movements due to restocking and trade (Kalenzi Atuhaire et al., 2013;
Nantima et al., 2015), free range movement of pigs on farms (Nantima et al., 2015) and trade of live
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pigs and pig products (Tejler, 2012) as risk factors. These studies focused on pig farmers and their
perception of trading and pig movements. A limited number of studies have targeted pig traders, but
again these were restricted to knowledge and practices related to ASF transmission and control
(Muhangi et al., 2014; Dione et al., 2016; Chenais, Boqvist and Sternberg-Lewerin, 2017). Despite the
link between disease spread and pig movement, little is known about broader trading practices,
motivations for buying and patterns of purchases and sales of pigs in Uganda. Given pig traders’
important role in supplying pork for a rapidly expanding consumer base and linking farmers with
consistent markets, a better understanding of their practices and motivations around purchasing,
transportation and pig health management is needed. This would assist in developing policies that
specifically support traders and the important functions they serve while identifying suitable
interventions to ensure a safe, reliable pork supply.

Therefore, the objectives of this study were to (1) describe pig trader characteristics, trading
practices, biosecurity practices, pig health management and reporting practices and (2) map source
locations of pigs purchased to supply pork through the major abattoir in Uganda.

3.2 Materials and methods
3.2.1 Study area
Wambizzi Cooperative Society Limited is located in Nalukolongo, southwestern Kampala, Uganda’s
capital city. Wambizzi was selected as it is the only registered pig abattoir in Uganda and has many
pig traders supplying live pigs to meet the urban demand for pork. As a registered slaughterhouse,
carcasses processed at Wambizzi are visually inspected by Kampala City Council Authority (KCAA)
meat inspectors and stamped “fit for human consumption.” Pork processed at the abattoir is sold in
the greater Kampala area to pubs, pork joints, hotels, butchers, supermarkets and private
organizations (non-governmental organizations, missions and private individuals). The
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slaughterhouse has a capacity of 200 pigs/day but the supply of pigs fluctuates substantially
throughout the year (Roesel, Holmes and Grace, 2016). According to slaughterhouse records, an
average of 60,078 kg of pork was processed monthly from April 2014–May 2015. Using the
estimated annual per capita consumption of 3.37 kg of pork (FAO Statistics Division, 2017) and the
2014 Kampala population of 1.5 million (Uganda Bureau of Statistics, 2016), Wambizzi produced
roughly 14.3% of the pork consumed in Kampala during this timeframe. Pig slaughtering also occurs
in backyards and slaughter slabs to supply informal, roadside pork joints and butcheries.

Pig traders privately operating from Wambizzi use the abattoir facility to slaughter their pigs, have
their pork inspected and stamped to meet requirements in the formal marketplace. Traders buy live
pigs from farms/markets and aggregate them into groups for transport to the abattoir. During this
interim period (farm gate to abattoir), pigs are under the ownership and care of traders. Once
processed, traders sell the pork to their own customers, in the sales building adjacent to the
evisceration and inspection building. While membership with the abattoir is not required, traders
pay a fee per pig (6,000 UGX i.e. $1.67 USD in 2017) to use the abattoir facilities (Roesel, Holmes and
Grace, 2016).

3.2.2 Selection of traders
Pig traders were interviewed between October 2015 and October 2016, during periods
corresponding with national holidays when the sale and consumption of pork increases (Ouma et al.,
2015; Roesel, Holmes and Grace, 2016). There is no formal register of pig traders operating at
Wambizzi. In preparation for this research, a member of the research team with prior experience
working with pig traders informally questioned traders on site over several days to develop a more
recent estimate of the number of traders operating from Wambizzi. Based on this, the total number
of traders operating at Wambizzi was estimated at 60. Thus, we aimed to interview 60 traders over
the course of the study. A variety of methods were used to recruit participants, including direct
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approach and active-snowballing. Traders arriving at the abattoir were approached by a local
member of the research team and initially asked about their interest in learning about the study. If
the trader expressed interest, information on the scope and purpose of the research was provided
orally. Traders who indicated that they were willing to participate in the research study were asked
to give written consent to be interviewed. If the trader was unable to give written consent due to
physical impairment or illiteracy, their thumbprint was provided in place of signature. Additional
traders were identified by asking participants who had completed the interview for the name and
contact information of other pig traders operating from Wambizzi. Furthermore, we observed trader
brands on pigs at slaughter (e.g. number or letter carved on the animal at the time of purchase) and
asked participants who had completed the interview if they could identify the trader who supplied
the pig. The enumerator then contacted these newly identified pig traders to invite their
participation in the research study.

3.2.3 Data collection
A local enumerator with previous experience working with pig traders in Uganda was recruited and
trained for data collection. A structured questionnaire was adapted from previous research
conducted with pig traders by the International Livestock Research Institute (ILRI) in Uganda under
the Smallholder Pig Value Chains Development Project (CGIAR Livestock and Fish Research Program,
2015). The questionnaire captured information on pig trader characteristics, live pig buying
practices, transportation practices and pig health management. Traders also reported the subcounties where they had purchased live pigs over the 12 months prior to the interview date. The
questionnaire was developed in English and translated into the local language (Luganda). The
questionnaire comprised primarily closed-ended questions to keep the interview to a maximum of
45 minutes. Open-ended questions regarding buying practices and clinical signs observed in pigs
were included, with answers recorded exactly as the interviewee stated. The full questionnaire is
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included in the Appendix. The slaughter process started at 4am each morning and preceded the
selling of pork from 8−10 am. The enumerator was on site by 6 am each morning to identify pig
traders previously not interviewed. However, to ensure the interview did not conflict with pig
trader’s business, most interviews took place between 10 am and noon each day.

3.2.4 Data analysis
Data from the questionnaires was entered into Epi Info 7.1 (Centers for Disease Control, Atlanta, GA,
USA). Following data cleaning, data was exported to SPSS 24.0 (IBM Corp., Armonk, NY, USA) for
analysis. Standard descriptive analysis was performed for categorical and quantitative variables
describing pig trader characteristics, live pig purchasing practices, transportation practices and pig
health management. Population pyramid-style graphs were prepared to compare pork demand and
pork farm gate prices by months. Source locations (reported to the sub-county level) were entered
into Microsoft Excel and checked for spelling accuracy. The sub-counties were then joined to the
centroid of each sub-county polygon in the 2014 Global Administrative Unit Layers for Uganda (Food
and Agriculture Organization, Rome, Italy) using ArcGIS 10.2 (Environmental Systems Research
Institute, Redlands, CA, USA). The number of pig traders operating in each sub-county was mapped
using graduated symbols.

Two binary outcome variables of interest were explored further, namely high price paid at farm gate
over the last year (1/0) and low price paid at farm gate over the last year (1/0). Reasons given for
prices paid were recoded into binary variables (yes/no) and used as explanatory variables.
Univariable binomial logistic regression analyses were conducted to evaluate the associations of the
binary explanatory variables with both the outcome variables. Explanatory variables with a P-value
<0.15 were included in two multivariate regression models for high or low price paid to evaluate
associations after adjusting for other variables in the model.
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In addition, non-parametric analyses were conducted for four quantitative variables (high price paid
per kg, low price paid per kg, number of live pigs bought during high demand weeks and number of
live pigs bought during low demand weeks) to identify significant differences by operating region
(Kruskal-Wallis test), number of districts (Mann-Whitney U test) and number of regions (MannWhitney U test) traders purchased live pigs from. Operating region was identified based on the
location pig traders reported purchasing live pigs in. Because price and number of pigs purchased
were not identified by individual districts and many pig traders operated in multiple regions,
operating region was binned into three categories: Central only; Eastern only; and all other regions
(including Western, Northern and responses that covered multiple regions). Number of regions and
number of districts a pig trader operated in was recoded into two responses: above median and
below median. Independent variables with significant differences (P<0.05) were subject to post-hoc
pairwise comparisons to identify which specific responses(s) were significantly different from each
other.

3.2.5 Ethical considerations
Human and animal ethics approval for this research was obtained from the International Livestock
Research Institute, Nairobi, Kenya (ILRI-IREC2015-01), the Ugandan National Council for Science &
Technology (A499) and Makerere University College of Veterinary Medicine, Animal Resources and
Biosecurity, Kampala, Uganda (SBLS.CA.2016). The Animal Ethics Committee at The University of
Sydney, Australia, was also notified of external ethics approval (2015/891).

3.3 Results
A total of 63 interviews were conducted with pig traders operating from Wambizzi between October
2015 and October 2016. No traders declined participation in the study.
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3.3.1 Pig trader characteristics
Pig trader characteristics are shown in Table 3.1. All pig traders interviewed were male and ranged
in age from 28-60 years (median: 38 years; first quartile (Q1)=34, third quartile (Q3)=47). The
median number of years working as a pig trader was 12 years (range: 3 months–36 years; Q1=8,
Q3=18.75). A large proportion (41.3%; 26/63) of participants had not completed primary school.
Most pig traders were engaged in trading as their primary source of income (90.5%; 57/63) and
described their business operation as fixed (96.8%; 61/63), meaning that they had established
locations for buying live pigs and selling pork. Proximity to pork customers was the primary reason
for having a fixed business operation (79.4%; 50/63) with most traders supplying pigs solely to
Wambizzi (93.7%; 59/63). When asked about other pig traders operating in their areas, almost all
the traders had competition for live pigs in their buying areas (98.4%; 62/63). Almost two-thirds of
the pig traders were not members of a trading group or cooperative (63.5%; 40/63).
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Table 3.1. Characteristics of 63 pig traders interviewed at Wambizzi Cooperative Society
slaughterhouse, Kampala, Uganda, 2015-2016.
Number (n)
Percentage (%)
Gender
Male
63
100
Age
20 – 29
2
3.2
30 – 39
31
49.2
40 – 49
21
33.3
>=50
5
7.9
Missing
4
6.3
Education
School not attended
1
1.6
Primary school not completed
25
39.7
Primary school completed
17
27.0
Secondary school completed
14
22.2
University completed
3
4.8
Missing
3
4.8
Number of years working as pig trader
0–9
20
31.7
10 – 19
28
44.4
20 – 29
9
14.3
>=30
3
4.8
Missing
3
4.8
Reason/s for selling pigsa
Primary income
57
90.5
Secondary income
5
7.9
Missing
1
1.6
Position in business
Owner
54
85.7
Employee
8
12.7
Business partner
1
1.6
Type of business
Fixed
61
96.8
Mobile
2
3.2
Reasons for business type
Close to pork customers (demand)
50
79.4
Close to pig farms (supply)
9
14.3
No competition
1
1.6
Missing
3
4.8
Group/cooperative membership
No
40
63.5
Yes
23
36.5
Other traders in business area
Yes
62
98.4
No
1
1.6
Location of pork sales
Wambizzi
59
93.7
Other
3
4.8
Missing
1
1.6
a
Multiple options could be selected, however no trader selected multiple options
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3.3.2 Live pig purchasing practices
Buying and transportation practices are shown in Table 3.2. Most traders sourced their pigs directly
from smallholder farms (87.3%; 55/63). Only one trader reported purchasing pigs at a livestock
market. When pig traders were asked about whom they prefer to purchase pigs from at the farm,
88.9% (56/63) preferred buying from men rather than from women. Reasons offered by traders who
preferred to purchase from men included that men were: the decision makers on the farm, faster
decision makers and owned the pigs being sold. Further analysis to understand this gender
preference was not possible because the number of responses for women were all less than 5.

Lorries (trucks) were the most common type of vehicle used to transport pigs to the abattoir (60.3%;
38/63). The majority of traders rented the vehicles they used to transport pigs (90.5%; 57/63).
Vehicles were cleaned after each use (95.2%; 60/63) using both water and laundry washing powder
(98.4%; 62/63). None of the pig traders reported using bleach or any other type of disinfectant to
clean their vehicles. The pig waste (faeces, urine, bedding) left in the vehicle after transporting the
pigs was most commonly heaped at Wambizzi for crop farmers to collect and use for compost in
their gardens (54%; 34/63).

3.3.3 Live pig volume and pricing
June and December were frequently identified as months with high customer demand for pork;
whereas February and September were associated with low customer demand (Figure 3.1). During
months when demand for pork was low and high, respectively, traders bought a median of 28.5 pigs
(range: 3-140 pigs/week; Q1=20; Q3=45) and 77.5 pigs (range: 5-260 pigs/week; Q1=50; Q3=120) per
week.
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Figure 3.2 shows the months traders associated with paying high or low farm gate prices to purchase
pigs. The median reported high prices at farm gate was 6,000 UGX/kg (range: 6,000−8,000 UGX/kg;
3,590 UGX=1 USD as of January 2017). When low prices were paid at farm gate, the median was
5,000 UGX/kg (range 5,000-7,500 UGX/kg). Reasons for paying high and low prices at farm gate are
shown in Table 3.3. In multivariate logistic regression, holiday period, crop/coffee harvesting season
and drought were significantly associated with high price paid, whereas drought, school fees due
time and sick pigs were significantly associated with low price paid.

Figure 3.3 shows the source locations of pigs purchased on the day of interview and preceding 12
months. Pig traders reported buying live pigs in 1-8 districts (median: 3) across 1-3 regions (median:
1) in Uganda. Thirty-six percent of traders purchased live pigs only in the Central region (n=23) and
27% of traders purchased live pigs only in the Eastern region (n=17).

Farm gate prices by operating region as well as the number of districts/regions that a pig trader
operates in are outlined in Table 3.4. Pig traders operating in 1 region paid significantly higher
prices/kg at farm gate than traders operating in 2-3 regions (p=0.001).

The number of live pigs purchased per week by operating region and number of districts/regions
that a trader operates in is shown in Table 3.5. During months when demand for pork was low, the
region(s) a pig trader operated in to purchase live pigs was significantly associated with the number
of pigs purchased (p=0.014). Pig traders operating in only Central region purchased a significantly
higher number of pigs during low demand months than traders operating in only Eastern region
(p<0.001). Traders operating in only the Eastern region purchased a significantly lower number of
pigs during low demand months than traders operating in all other regions (p=0.002).

68

Table 3.2. Buying and transportation practices of 63 pig traders interviewed at Wambizzi
Cooperative Society slaughterhouse, Kampala, Uganda, 2015-2016.
Buying practices
Farm type
Smallholder farm
Own farm
Othera
Missing
Whom do you prefer buying pigs from?
Men
Women
Time of day to buy pigs
Afternoon
Morning
Midday
Transportation
Vehicle type
Lorry
Truck
Vehicle ownership
Rented
Own
Frequency vehicle cleaned
After each use
Daily
Missing
Cleaning products usedb
Water
Omo (laundry washing powder)
Method of animal waste disposal
Heap at Wambizzi for farmers to collect
Throw away
Burn
Bury
Missing
a
Livestock market (n=1), commercial farm (n=1)
b
Multiple options could be selected

Number (n)

Percentage (%)

55
3
2
3

87.3
4.8
3.2
4.8

56
7

88.9
11.1

48
10
5

76.2
15.9
7.9

38
25

60.3
39.7

57
6

90.5
9.5

60
1
2

95.2
1.6
3.2

63
62

100
98.4

34
17
4
1
1

54.0
27.0
6.3
1.6
1.6
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Figure 3.1. Months identified as having high and low customer demand for pork, as reported by 63
pig traders interviewed at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda, 20152016. Counts indicate the number of traders that selected that month as being associated with
high or low demand, respectively.

Figure 3.2. Months associated with high and low farm gate prices by 63 pig traders interviewed at
Wambizzi Cooperative Society, Kampala, Uganda, 2015-2016. Counts indicate the number of
traders that selected that month as being associated with high or low prices, respectively.
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Figure 3.3. Source locations of live pigs on the day of interview and preceding 12 months, as
reported by 63 pig traders interviewed at Wambizzi Cooperative Society slaughterhouse, Kampala,
Uganda, 2015-2016.

71

Table 3.3. Reasons for high/low price paid by 63 pig traders interviewed at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda, 2015-2016.
Explanatory variables with P<0.15 in the univariable analyses were included in the final multivariable logistic regression model.
Explanatory
variable: Reason
for paying price

Frequency
(%)

Holidays

27 (30.3)

Crop/coffee
harvesting
season
Drought

19 (21.3)

School fees due

14 (15.7)

Sick pigs

18 (20.2)

8 (9.0)

Outcome variable: High price paid
Unadjusted P-value Adjusted odds
odds ratio
ratio (95% CI)
(95% CI)
4.59
<0.001 8.70
(2.60, 8.08)
(4.57, 16.58)
2.29
0.01
5.01
(1.26, 4.15)
(2.55, 9.84)
2.09
(1.14, 3.81)
1.39
(0.73, 2.65)
0.65
(0.30, 1.41)

0.02
0.31

4.64
9.18)
N/A

0.27

N/A

P-value

Frequency
(%)

<0.001

4 (4.5)

a

<0.001

2 (2.2)

a

(2.35, <0.001

23 (25.8)

N/A

19 (21.3)

N/A

34 (38.2)

Outcome variable: Low price paid
Unadjusted
P-value
Adjusted
odds ratio
odds ratio
(95% CI)
(95% CI)

3.27
(1.84, 5.81)
2.29
(1.26, 4.15)
8.23
(4.65, 14.55)
0.37
(0.14, 0.94)
N/A

a
a
Neighbour’s pigs
2 (2.2)
5 (5.6)
are sick
a
a
Too many traders
1 (1.1)
0
a
Too many pigs
0
N/A
N/A
N/A
N/A
2 (2.2)
for sale
a
Outcome variables with less than 5 responses were not including in the univariable analysis.
b
P-value = 0.089. Explanatory therefore variable removed from multivariable logistic regression model.

P-value

a
a

<0.001
<0.001
<0.001
0.04
N/A
a

13.36
(6.27, 28.44)
10.03
(4.63, 21.73)
27.24
(12.94, 57.32)

<0.001
<0.001
<0.001

b

b

N/A

N/A
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Table 3.4. Farm gates prices paid by 63 pig traders interviewed at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda, 2015-2016. Nonparametric tests were used to test for significant differences by operating region, number of districts and number of regions that a trader operates in.
Number
(n)

High price paid per kg
Lower
Median
Upper
quartile
(UGX)
quartile
(UGX)
(UGX)

P-value

Number
(n)

Low price paid per kg
Lower
Median
Upper
quartile
(UGX)
quartile
(UGX)
(UGX)

Operating region of pig tradera
0.05a
b
Central
23
6267.6
6000
6819.4
22
5102.4
5000
5788.5
b
Eastern
17
6369.4
6500
6901.2
17
5264.9
5500
5793.9
b
All other regions
23
6020.2
6000
6571.2
23
5031.9
5000
5333.3
Missing
0
1
Number of districts pig trader operates ind
1-3 districts (<median)
31
6464.5
6500
6929.1
0.002d
30
5319.9
5500
5833.5
4-8 districts (>median)
30
6055.4
6000
6444.6
30
5018.9
5000
5281.1
Missing
2
3
Number of regions pig trader operates ind
1 region (< median)
42
6448.5
6500
6851.5
0.001d
41
5250.8
5000
5666.2
2-3 regions (>median)
19
5943.6
6000
6245.9
19
5017.5
5000
5298.3
Missing
2
3
a
Kruskal-Wallis test
b
Between Central and Eastern region (p=0.55), between Eastern and all other regions (0.01), between Central and all other regions (0.10).
c
Post hoc pairwise testing was not done as operating region was P>0.05.
d
Mann-Whitney U test (missing values were excluded from the comparison)

P-value

c

0.10a

c
c

0.004d

0.12d
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Table 3.5. Number of live pigs purchased per week by 63 pig traders interviewed at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda,
2015-2016. Non-parametric tests were used to test for significant differences by operating region, number of districts and number of regions that a
trader operates in.
Number of live pigs bought during high demand weeks
Number of live pigs bought during low demand weeks
Number
Lower
Median
Upper
P-value
Number
Lower
Median
Upper
P-value
(n)
quartile
quartile
(n)
quartile
quartile
Operating region of pig tradera
0.19a
0.01a
b
c
Central
23
71.6
80
133.2
23
30.88
30
59.55
b
c
Eastern
17
51.0
60
75.5
17
15.63
20
30.01
b
c
All other regions
21
69.1
90
128.1
21
25.33
30
56.77
Missing
2
2
d
Number of districts pig trader operates in
1-3 districts (<median)
31
57.6
60
90.2
0.07d
31
18.91
20
30.63
<0.001d
4-8 districts (>median)
30
80.6
85
8.9
30
37.13
37.5
64.34
Missing
2
2
Number of regions pig trader operates ind
1 region (<median)
42
70.1
70
106.6
0.76d
42
25.26
25
43.21
0.15d
2-3 regions (>median)
19
62.1
80
126.4
19
28.39
35
61.30
Missing
2
2
a
Kruskal-Wallis test
b
Post hoc pairwise testing was not done as operating region was P>0.05.
c
Between Central and Eastern region (<0.001), between Eastern and all other regions (0.002), between Central and all other regions (0.783).
d
Mann-Whitney U test (missing values were excluded from the comparison)
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3.3.4 Knowledge and practices towards pig disease and health reporting
All the pig traders reported recognizing clinical signs indicating a pig was sick. When asked to list these
signs, the most commonly stated signs were dropping of ears (46%; 29/63), reddening of ears (44.4%;
28/63), straightening of the tail (31.7%; 20/63) and weakness or difficulty standing (31.7%; 20/63).
Traders typically did not report pigs considered to be sick to anyone (92.1%; 58/63). If there was
reporting, the trader informed a meat inspector on site at Wambizzi (80%; 4/5) or a veterinary officer
(20%; 1/5). If sick pigs were observed while under the traders’ care, 77.8% of the traders did nothing to
care for the sick pigs (49/63). If action was taken, the sick pig was slaughtered at Wambizzi and the meat
sold (14.3%; 9/63).

3.4 Discussion
This is the first study to describe Ugandan pig trader characteristics and business practices around live
pig buying, transportation and health management. The prices paid to farmers for their pigs was
associated with the number of regions and districts a pig trader operates in. In addition, pig traders
reported paying higher prices during holiday periods and harvest season (crops/coffee). Traders
preferred buying live pigs from male farmers because they considered them the final decision makers
and owned the pigs being sold. Finally, we found that all pig traders checked for clinical signs in pigs that
indicated the animal was sick.

Pig traders who operate in only one region paid, on average, higher prices per kg to farmers for their
pigs. Considering that such traders are likely to travel shorter distances to source their pigs, compared to
those traders that work in more regions, this may suggest that the distance travel to source pigs has an
impact on the price paid for the pigs, with traders travelling less offering higher prices to farmers.
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However, another possibility may be that traders who operate in multiple regions are large-scale
traders, buying pigs in bulk and therefore paying lower prices. Nevertheless, given the importance of
pigs as an asset within smallholder farming households, it is advantageous when pig farmers can secure
more income from the sale of their pigs.

Given that almost half the traders in this study operated in four or more districts in Uganda, pigs are
travelling large distances from farm to slaughterhouse. Reducing the distance pigs travel for processing
is both an animal welfare and a disease mitigating practice, especially for limiting the dissemination of
ASF (Tejler, 2012). Thus, there is a need for locally regulated slaughter facilities and/or improved
transport infrastructure throughout the country to reduce the distance travelled from farm to
slaughterhouse. Centralized slaughter facilities would also help address the lack of consistent market
access, a commonly cited constraint among pig farmers (Wabacha et al., 2004; Kagira et al., 2010;
Muhanguzi, Lutwama and Mwiine, 2012; Ouma et al., 2013). Moreover, traders in this study reported
that the primary reason for maintaining a fixed business operation was proximity to pork customers.
Local slaughter facilities would provide a centralized location for traders to access customers.

This study also found that holiday periods, harvest season and drought were the most commonly cited
reasons trader paid high prices at farm gate. Other studies have noted that smallholder farmers keep pig
as a source of cash in times of need (Gichohi et al., 1988; Deka et al., 2007; Dione et al., 2014). When pig
traders need to source live pigs around harvest season, they pay more for these pigs because farmers
have recently sold their crops and therefore, do not need the additional cash generated from the sale of
a pig. The situation is a little different around the holidays. An increase in pig sales and pork
consumption during festive seasons is well documented (Adams, Gray and Murray, 2012; Dione et al.,
2014; Kambashi et al., 2014; Roesel, Holmes and Grace, 2016). It is possible that traders have a harder
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time sourcing the number of pigs they need at the holiday period or that farmers know of the increased
holiday demand and raise their prices. The higher prices paid for pigs around holidays is an inducement
for farmers to time their pig rearing activities to take advantage of the economic benefit of having pigs
ready for sale according to holiday periods.

Free ranging, tethering and feeding of crop residues and grasses to pigs is a common practice among
smallholder pig farmers in East Africa (Kagira et al., 2010; Muhanguzi, Lutwama and Mwiine, 2012;
Tejler, 2012; Dione et al., 2014, 2017; Nantima et al., 2016; Chenais, Boqvist and Sternberg-Lewerin,
2017). In all these production systems, drought would reduce the amount and quality of feed available
for pigs and therefore, would reduce the number of pigs suitable for sale. It is also possible that farmers
intentionally chose not to rear grower and fattener pigs during known seasons of drought. It will be
important to address live pig supply issues, whether at holiday periods, drought or from other causes, to
ensure a consistent pork supply so that consumers are able to access the quality and quantity of pork
they demand.

At the farm level, this research found that pig traders have a strong preference to buy live pigs from
male pig farmers. A study in Kenya found that the decision to keep pigs was made by men (Simiyu and
Foeken, 2013). Because of the large financial investment, technical knowledge required to raise pigs and
role as sole decision makers in their home, men maintained control of pigs and leveraged this control for
any financial decisions made over the animals (Simiyu and Foeken, 2013). These subtle cultural values
around livestock ownership and household financial decision making come into play in accessing
markets for livestock and livestock products. Women tend to face more challenges than men in
accessing and benefiting from markets, especially more formal markets (Kristjanson et al., 2010).
Furthermore, given women’s traditional responsibility for household food security, their level of control
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over decisions about whether to sell or consume the family’s animal products, as well as over how to
use any income obtained from the sale of animal foods, could greatly determine the nutritional
wellbeing of household members (Kristjanson et al., 2010). While there is clearly a need for support of
women at the household level in accessing markets for their livestock, this research shows that there is
also a need to work with pig traders to enable female pig farmers to access consistent markets for their
pigs.

In this study, all the traders interviewed observed clinical signs they described as indicating a pig was
sick. The frequently observed clinical signs such as reddening of the ears, dropping of ears and weakness
or affected movements are consistent with clinical signs of ASF (Tejler, 2012; Dione et al., 2014; Chenais,
Boqvist and Sternberg-Lewerin, 2015). Despite recognition of these signs as indicators of sickness,
traders failed to report these suspected cases to the proper authorities. Similar findings have been
reported in previous research in Uganda (Muhangi et al., 2014; Nantima et al., 2016; Chenais, Boqvist
and Sternberg-Lewerin, 2017; Dione et al., 2017) and are consistent with studies conducted in Indonesia
(Leslie et al., 2016). Given that traders play an essential role in transporting pigs, there is a need to
develop policies and strategies to integrate pig traders into disease reporting and disease mitigating
strategies without fear of recrimination or detriment to their business. In addition, given the pressures
pig traders are under to meet quality standards of pork customers, pig traders would benefit from
training on disease mitigating strategies including safe and hygienic slaughter practices, perhaps through
an industry association or group. This would also address the gap between traders admitting that they
are responsible for conducting their business in support of disease prevention, but do not perceive
themselves as key actors in the control of disease (Dione et al., 2016).
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There are several limitations to this study. First, responses to the questionnaire are subject to recall bias.
This is especially true of answers around the number and location of pigs purchased over the 12 months
prior to the interview. However, the number of pigs for which traders provided a source location
(n=7,185) was considerably less than the number of pigs processed at the slaughterhouse (n=19,021 for
July 2011-June 2012)(Roesel, Holmes and Grace, 2016). It appears that when the pig traders were
unsure of actual numbers, they underreported, or only reported the location they sourced the pigs
without any accompanying number of pigs purchased. Self-reported locations are likely to be reliable as
the traders used community-based scouts to identify pigs for sale.

We purposely interviewed pig traders during periods when demand for pork was historically high and
theorized that this would mean that more pig traders would be bringing pigs in for processing. However,
it is possible that there are pig traders that only operate sporadically and would have been missed in this
study. We worked with the pig traders at Wambizzi to identify other pig traders to interview. We also
catalogued the brands on each pig being processed, as each trader has a unique symbol to identify their
pigs once they have been processed. Every effort was made to identify all potential research
participants. Previous research undertaken with the management at Wambizzi, stated that there were
20 pig traders regularly operating from the premises (Roesel, Holmes and Grace, 2016). Given this, our
study team managed to identify 3 times the number of pig traders.

Further analysis beyond descriptive analyses was hindered by the low number of responses for certain
variables. For example, we were unable to analyse why pig traders prefer buying live pigs from men
rather than women. Given the priority of gender empowerment in Uganda and the significance of
livestock in alleviating poverty for women and children, it is important to identify ways to support
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women in accessing markets for their pigs. More detailed interviews and focus groups may shed
additional light on trader buying decisions.

This study has provided baseline information on pig trader practices in Uganda. The prices paid at farm
gate for pigs are affected by the number of regions and districts a trader operates in to procure pigs.
Given the animal welfare and disease transmission implications of pigs travelling over multiple districts
and regions from farm to slaughterhouse, consideration should be given to establishment of local pork
slaughterhouses and markets and improvements to transport infrastructure. Furthermore, pig traders
prefer buying live pigs from male farmers. For women to overcome the challenges of accessing formal
livestock markets, there is a need for additional research to identify how women can access pork
markets in Uganda, particularly if pig traders are involved. Finally, this research shows that pig traders
are observing sick pigs but fail to report these sick pigs. Historically, disease control interventions have
been focused on farm level biosecurity. Given their role as a link between farmers and consumers,
traders would benefit from targeted inclusion in disease control and prevention strategies.
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Selected endemic zoonoses pigs presenting for slaughter in
Kampala, Uganda

This chapter has been submitted for publication in PLoS One.

Chapter 4 details an investigation into the prevalence of three endemic bacterial zoonoses in pigs in
Uganda. This is the first molecular investigation of leptospirosis, brucellosis and coxiellosis in pigs in the
region. The laboratory analysis was conducted in collaboration with Dr Georgies Mgode at Sokoine
University of Agriculture, Pest Management Centre in Morogoro, Tanzania.
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Abstract
Leptospirosis, brucellosis and Q fever (coxiellosis) are bacterial zoonoses that cause acute febrile illness
in people as well as reproductive losses in pigs. Pig keeping is becoming an increasingly important
livelihood to millions of smallholder farmers in Uganda, due to exponential increases in demand for
pork. However, the incidence and burden of zoonotic diseases in pigs in Uganda has not been
thoroughly investigated. In particular, the prevalence of leptospirosis and Q fever in pigs is unknown,
and the few studies of porcine brucellosis have estimated a range of seroprevalence. Therefore, we
undertook a prevalence survey of leptospirosis, brucellosis and Q fever in pigs using qPCR to determine
the potential importance of these zoonoses to the growing pig sector in Uganda. Six hundred and fortynine pigs were sampled in 2015-2016 at a pork slaughterhouse in the capital city, Kampala. Ten percent
of pigs (n=68) had leptospiral DNA in either their kidney or reproductive tissue (uterus or epididymis). In
adjusted analyses, variables predictive of leptospiral status included: female sex (OR: 2.37, p<0.01) and
pigs sampled in March 2016 (OR: 2.23; p=0.02) and October 2016 (OR: 0.30, p=0.04). DNA fingerprinting
revealed circulation of at least 4 distinct serovars in these pigs. Brucella spp. and Coxiella burnetii DNA
was not detected in any sampled pig. This is the first report of widespread circulation of pathogenic
Leptospira spp. in pigs in Uganda, suggesting that leptospirosis likely has a greater impact on the health
of pigs than was previously recognized. Pig farmers, pig traders and slaughterhouse workers may be at
greatest risk of leptospirosis due to their direct contact with infective leptospires in aborted foetuses,
bodily fluids and other tissues as part of their jobs.
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4.1 Introduction
As control efforts have led to significant decreases in malaria throughout sub-Saharan Africa (O’Meara
et al., 2010), the diagnosis, treatment and control of non-malarial febrile illnesses are gaining overdue
attention as public health priorities (de Vries et al., 2014; Vanderburg et al., 2014; Ducrotoy, Bertu and
Matope, 2017). In Tanzania for instance, acute bacterial zoonoses were a frequent cause of presentation
for severe febrile illness (26.2%), with leptospirosis, brucellosis and Q fever amongst the most common
bacterial causes (Crump et al., 2013). These three zoonoses pose a dual burden, affecting the health and
well-being of millions of livestock keepers in sub-Saharan Africa, whilst also causing significant economic
losses due to the impact of infection in their livestock (Mcdermott and Arimi, 2002; de Vries et al., 2014;
Vanderburg et al., 2014). While human cases of leptospirosis (Schoonman and Swai, 2009; Crump et al.,
2013; Dreyfus et al., 2016; Cook et al., 2017), brucellosis (Makita et al., 2008; Crump et al., 2013; Njeru
et al., 2016) and Q fever (Anstey et al., 1997; Prabhu et al., 2011; Crump et al., 2013) in East Africa
confirm that these bacterial infections are present, the diagnosis and control of infection in livestock
remains scarce.

Recent estimates rank leptospirosis as the leading zoonotic cause of mortality and morbidity in humans
globally, with 1.03 million cases and 58,900 deaths each year (Costa et al., 2015). Without treatment,
leptospirosis (caused by pathogenic Leptospira spp.) can cause renal failure, meningitis, and death (Adler
and de la Peña Moctezuma, 2010). Tropical environments favour the transmission of Leptospira spp.,
where high seasonal rainfall, high temperatures and high humidity allow the organism to survive for
long periods of time in the environment (Levett, 2004). Large outbreaks of leptospirosis have been
reported following extreme weather events, particularly flooding (Lau et al., 2010). Other risk factors for
infection include urbanization and population growth which places people in closer contact with each
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other and with animals, particularly rodent reservoirs (Costa et al., 2015). Leptospires infect a wide
range of livestock globally (Adler and de la Peña Moctezuma, 2010). In Uganda, there is some evidence
that leptospires are circulating in cattle and wildlife (Atherstone, Picozzi and Kalema-Zikusoka, 2014;
Mgode et al., 2015; Dreyfus et al., 2016), however the burden of leptospirosis in other species, such as
pigs, is unknown.

Brucellosis (caused by Brucella spp.) causes a severe debilitating illness in humans, with fever, sweats,
fatigue, weight loss, headache, and joint pain persisting for weeks to months (Franco et al., 2007).
Globally, there are a half million new cases of human brucellosis each year (Pappas et al., 2006). The
bulk of human disease results from infection with B. melitensis and B. abortus, which preferentially
infect small ruminants and cattle, respectively (Franco et al., 2007). Fewer cases are caused by the pigadapted, B. suis (Mcdermott and Arimi, 2002). B. abortus, B. melitensis and B. suis cause abortion and
infertility in their natural livestock hosts (Díaz Aparicio, 2013). Brucellosis is primarily acquired through
direct contact with infected animals, by eating or drinking contaminated animal products or by inhaling
aerosolized material. The epidemiology of brucellosis in livestock in Africa is best understood for bovine
brucellosis and to a lesser degree for caprine and ovine brucellosis (Mcdermott and Arimi, 2002). While
porcine brucellosis is suspected to be widespread (Waghela and Gathuma, 1976; Coulibaly and
Yameogo, 2000), the epidemiology in pigs is poorly understood (Mcdermott and Arimi, 2002).

Acute Q fever (caused by Coxiella burnetii) can lead to pneumonia, hepatitis and death in humans, as
well as miscarriage in pregnant women (Raoult et al., 2000). Exposure to the bacterium is primarily from
direct contact with infected reproductive tissues and other animal products (OIE, 2015b) or inhalation of
aerosols from contaminated soil or animal waste (Marrie and Raoult, 1997). In animals, infection with C.
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burnetii (called coxiellosis) can lead to abortion and reduced reproductive efficiency, however
asymptomatic infections also occur in sheep, goats and cattle (Tissot-Dupont and Raoult, 2008;
Angelakis and Raoult, 2010). A recent review of Q fever epidemiology in Africa found evidence of
infection in ruminants in many regions, but no studies on the burden of infection or risk factors for
animal disease in the East African region (Vanderburg et al., 2014).

To date, most of the research on zoonotic bacterial infections in livestock in sub-Saharan Africa has
focused on ruminants (Mcdermott and Arimi, 2002; de Vries et al., 2014; Vanderburg et al., 2014).
However, pig keeping has become an increasingly important livelihood strategy in parts of sub-Saharan
Africa, particularly in Uganda (Uganda Bureau of Statistics, 2008). The incentive for farmers to raise pigs
is driven by the growing consumption of pork (FAO Statistics Division, 2017), projected to increase by
237% between 2000−2030 (FAO Statistics Division, 2017). This growth in pork consumption is not
unique to Uganda; increased consumption is also projected in Kenya, Tanzania and the Democratic
Republic of Congo (FAO Statistics Division, 2017). Despite this massive growth in pig keeping and pork
consumption, data is scarce on the incidence and burden of zoonotic diseases in pigs, making it difficult
to develop a systematic strategy for disease control and intervention efforts.

Detection of leptospirosis, brucellosis and coxiellosis in pigs is challenging for several reasons. The
microscopic agglutination test (MAT) is the gold standard test for detecting antibodies to leptospires
(OIE, 2014b). However, in the absence of locally circulating serovars for inclusion in the MAT antigen
panel, this test can vastly underestimate the prevalence of leptospirosis (Mgode et al., 2015). There are
several serological tests used to screen cattle and small ruminants for brucellosis, although the
sensitivity and specificity of these serological tests in pigs has been found to be much lower than in
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ruminants (OIE, 2016). Further, to our knowledge no serological assay has been validated for C. burnetii
detection in pigs. Quantitative real-time PCR (qPCR) allows for rapid, specific identification of these
pathogens, whilst also limiting the risk of laboratory acquired infections associated with culture-based
methods. Therefore, we undertook a prevalence survey of leptospirosis, brucellosis and coxiellosis in
pigs using qPCR to determine the potential importance of these zoonoses to the growing pig sector in
Uganda.

4.2 Materials and methods
4.2.1 Ethics approvals
Animal ethics approval for this research was obtained from the International Livestock Research
Institute, Nairobi, Kenya (ILRI-IREC2015-01). The International Livestock Research Institute (ILRI)
complies with UK's Animals (Scientific Procedures) Act 1986 which contains guidelines and codes of
practice for care and use of animals used in scientific research. In addition, ethics approval was received
from the Ugandan National Council for Science & Technology (A499) and Makerere University College of
Veterinary Medicine, Animal Resources and Biosecurity, Kampala, Uganda (SBLS.CA.2016). The Animal
Ethics Committee at The University of Sydney, Australia, was also notified of external ethics approval
(2015/891).

4.2.2 Study area and rationale
Wambizzi Cooperative Society, located in Nalukolongo, southwestern Kampala, is the only registered
pork slaughterhouse in Uganda. It receives many pigs from a large area of the country to meet the urban
demand for pork in Kampala and its surroundings (Atherstone, Galiwango, et al., 2018). The large
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volume of pigs and the wide geographic area that these pigs are sourced from make it an ideal location
for zoonoses surveillance.

4.2.3 Study design and sample size
We undertook a series of cross-sectional surveys during 4 discrete sampling periods between December
2015 and October 2016. The 4 sampling periods coincided with times when the number of pigs being
processed was known to increase to meet pork demand during holiday times (Atherstone et al., 2017).
Findings reported here were part of a larger study designed to demonstrate proof of freedom from
filoviruses. Thus, samples from 649 pigs were available for detection of bacterial pathogens in the
present study. This exceeds the minimum sample size (n=381) needed to assess apparent prevalence of
these pathogens (based on an assumed prevalence of 1% (Erume et al., 2015), 95% confidence and
desired precision of ±1%).

4.2.4 Selection of pigs and biodata collection
A systematic sampling strategy was used to select pigs for inclusion in this study. Since Wambizzi is not a
mechanized slaughterhouse and has no slaughter line (Roesel, Holmes and Grace, 2016), we physically
counted animals as they came through the door of the slaughter building and selected every 3rd animal
for inclusion in the study.

Selected pigs were ear tagged with a unique identification number and this number was subsequently
used to identify specimens collected from that animal. Biodata was collected using a standard form. The
form captured the date of sampling, ear tag number of the pig, rectal temperature (taken when the pig
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was ear tagged), pig breed (based on visual classification as local, cross or exotic), sex, whether the male
pigs were intact or castrated, visible clinical signs of disease and source location of the pig (reported to
the district level). The biodata form is included in the Appendix.

Sampling occurred over consecutive days, until the sample size for that sampling period was reached.

4.2.5 Specimen collection and handling
A panel of samples was collected from each tagged pig. Because Brucella spp./C. burnetii and Leptospira
spp. colonize the reproductive tract (Poester, Samartino and Santos, 2013; OIE, 2016) and kidney (OIE,
2014b), respectively, these tissues were targeted for molecular detection using qPCR. In pigs, B. suis can
persist in the uterus (Poester, Samartino and Santos, 2013) and placenta (OIE, 2016) in females and
epididymides in males (Poester, Samartino and Santos, 2013; OIE, 2016). In livestock, C. burnetii
colonizes reproductive tissues (OIE, 2015b), especially the uterus, but little is known about infection in
the male reproductive tract (Lang, 1990). C. burnetii has been isolated from epididymis tissue in
experimentally infected mice (Kruszewska and Tylewaska-Wierbanowaska, 1993). While colonization of
renal tubules is a feature of chronic leptospiral infection, localization of leptospires in the uterus of
pregnant and non-pregnant females and the reproductive tract in males is also common (Adler and de la
Peña Moctezuma, 2010). Because of the strong association between these pathogens and the
reproductive tract, uterus, placenta and epididymides were collected for qPCR detection of Leptospira
spp., Brucella spp. and C. burnetii.
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Accordingly, during the evisceration process a 1 cm x 1 cm section from the ventral aspect of one kidney
and reproductive tissue (uterus/placenta/epididymis) was collected. All samples were placed on ice in
an ice box, stored for 2−3 hours until sampling was completed for the day and then transported to the
laboratory at the Makerere University College of Veterinary Medicine, Animal Resources and Biosecurity
(COVAB), Kampala, Uganda where they were placed under refrigeration until processing the following
day. Tissue samples were cut in half, placed in separate cryovials and stored at -80° C.

4.2.6 Laboratory analysis
Reproductive (uterus/placenta/epididymis) and kidney tissues were thawed, and DNA extracted using
the DNeasy Blood and Tissue Kit (Qiagen, Germantown, Maryland, USA). The kit protocol was followed
according to manufacturer’s directions except for the following modifications. After the second wash
buffer was added, the collection tubes were centrifuged for 4 minutes. Only 100 µl of elution buffer was
added and incubation time was raised from 1 minute to 3 minutes to increase DNA yield.

Detection of pathogenic Leptospira spp. Kidney and reproductive tissue (uterus/placenta/epididymis)
were tested for the presence of pathogenic Leptospira spp. DNA using the protocol outlined by Smythe
et al. (2002). This protocol targets the rrs (16S) gene of Leptospira spp. and differentiates between
pathogenic and non-pathogenic leptospires (detection limit of 2 cells). See Table 4.1 for the primers and
probes used in the qPCR protocol. All primers and probes were synthesized by Bio-Rad (Hercules,
California, USA) with a final primer concentration of 0.9 pmol/µl and 0.3 pmol/µl for the probe in the
qPCR reaction. For all reactions, 7µl of template DNA was added to 13 µl of the PCR Mastermix
comprising 10 µl IQ Multiplex Powermix (Bio-Rad, Hercules, California, USA), 1 ul reagent water, and 1 µl
of each of the primer/probe sets (see Table 1), for a total of 20 µl per well. The amplification and
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florescence detection were conducted in a CFX 96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, California, USA) with a program of 3 min at 95° C, followed by 45 cycles of 15 s at 95° C and 60
s at 60° C. A positive cut-off value of ≤36 cycles was calculated as two standard deviations above the
average cycle threshold (Ct) value of the positive control DNA (Leptospira spp.) included on each plate.
Positive control DNA for Leptospira spp. (specifically L. canicola) was sourced from COVAB.

Detection of C. burnetii. Kidney and reproductive tissue (uterus/placenta/epididymis) were tested for
the presence of C. burnetii DNA using the protocol outlined by Schneeberger et al. (2010) (Table 4.1).
This protocol targets the IS1111 gene of C. burnetii. qPCR was performed in duplex with the Leptospira
protocol per the reaction conditions described above. Positive control DNA for C. burnetii was sourced
from Vircell, Spain.

Detection of Brucella spp. Reproductive tissue (uterus/placenta/epididymis) was tested for the
presence of Brucella spp. using the multiplex assay developed by Probert et al. (2004). This protocol
contains both genus level primers/probe as well as primers/probes specific for B. abortus and B.
melitensis (see Table 4.1). According to this protocol, specimens that are positive using the genus-level
primer/probe set and which are deemed negative for both B. abortus and B. melitensis can be assumed
to be B. suis. Primers/probe sets were synthesized by Bio-Rad (Hercules, California, USA) and target the
IS711 gene. For all reactions, each well contained 7 µl of template DNA and 13 µl PCR Mastermix
comprising 10 µl IQ Multiplex Powermix (Bio-Rad, Hercules, California, USA), 1 µl Brucella spp.
primers/probe set, 1 µl B. abortus primers/probe set and 1 µl B. melitensis primers/probe set) for a total
of 20 µl per well and a final primer concentration of 0.9 pmol/µl and 0.3 pmol/µl for the probe in the
qPCR reaction. The amplification and florescence were conducted on the same machine as the
Leptospira spp./C. burnetii assays with a program of 3 min at 95° C, followed by 45 cycles of 15 s at 95° C
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and 60 s at 57° C. If no amplification occurred by 40 cycles a negative result was recorded. Positive and
negative controls were included on each plate. Positive controls used for the triplex assay included DNA
from B. abortus (Vircell, Spain), B. melitensis 16M Biovar 1 (Friedrich Loffler Institute, Germany), and B.
suis 1330 Biovar 1 (Friedrich-Loeffler-Institut, Germany).

Table 4.1. Primers and probes used for the detection of bacterial zoonoses using qPCR.
Pathogen

Forward primer

Reverse primer

Probe

Pathogenic
Leptospira spp.

CCCGCGTCCGATTAG 3

TCCATTGTGGCCGRA/G
ACAC

CTCACCAAGGCGACGA
TCGGTAGC

Coxiella
burnetii

AAAACGGATAAAAAG
CTGTGGTT

CCACACAAGCGCGAT
TCAT

AAAGCACTCATTGAGC
GCCGCG

CY5

Brucella spp.

GCTCGGTTGCCAATAT
CAATGC
GCGGCTTTTCTATCAC
GGTATTC
AACAAGCGGCACCCCT
AAAA

GGGTAAAGCGTCGCC
AGAAG
CATGCGCTATGATCTG
GTTACG
CATGCGCTATGATCTG
GTTACG

AAATCTTCCACCTTGCC
CTTGCCATCA
CGCTCATGCTCGCCAG
ACTTCAATG
CAGGAGTGTTTCGGCT
CAGAATAATCCACA

FAM

B. abortus
B. melitensis

5’ Fluorophore
/ 3’ quencher
FAM

Reference
(Smythe
et al.,
2002)
(Schneeb
erger et
al., 2010)
(Probert
et al.,
2004)

HEX
TEX

Leptospira serotyping. DNA extracted from Leptospira qPCR positive pigs was transported on dry ice
to Sokoine University of Agriculture, Morogoro, Tanzania, for fingerprinting. PCR was conducted with
IS1533 primers (EPR-2: CTCGCATCTAACCCACGTTT and EPL-2: AGATTTACTGCTCCGGATGG) and IS1500
primers (iP1: GTTAGCCATGCTTTGAATCGAA and iM16: CGCAGTCGCTGAGTCCTTCTTT) according to
protocols detailed by Zuerner et al. (Zuerner, Alt and Bolin, 1995; Zuerner and Bolin, 1997).
Availability of previous Leptospira fingerprints from the region prompted consideration of these primers
in the preliminary identification of potential Leptospira serovars from the present sample set of qPCR
Leptospira spp. positive pigs.
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Primers were used individually and in pairs according to Zuerner et al (Zuerner, Alt and Bolin, 1995;
Zuerner and Bolin, 1997). Briefly, the amplification cycles consisted of 35 cycles of 1 min at 94° C, 2 min
at 51° C, and 2 min at 72° C. PCR products were visualized in 1.5% gel electrophoresis.

4.2.7 Data analysis
Pig characteristics collected at time of sampling included date of sampling, breed, sex, rectal
temperature, source location and clinical signs. This data was checked for typographical errors before
being imported into SPSS 24.0 (IBM Corp., Armonk, NY, USA) for analysis. Two new variables were
created, namely season and region, based on date of sampling and source location, respectively.
Summary statistics calculated included the frequency of the characteristics of pigs sampled and the
distribution of qPCR positive cases between tissue types analysed and pig characteristics. Univariable
logistic regression was performed to determine if any of these explanatory variables were associated
with qPCR status. Explanatory variables with P-value of <0.15 were included in a multivariable logistic
regression model. The model was built using backward stepwise regression and each model was tested
for goodness of fit to the data using the Hosmer and Lemeshow test (H&L). Three way and two-way
interactions between explanatory variables were tested using the interaction term as part of the model
building. Interactions that were statistically significant (p<0.05) were retained in the model. Collinearity
among explanatory variables was assessed using a chi-square test (X2). A pair of variables was
considered highly correlated if the chi-square test statistic was ≤0.05.

Source locations (reported to the district level) were entered into Microsoft Excel and checked for
spelling accuracy. The districts were joined to the centroid of each sub-county polygon in the 2014
Global Administrative Unit Layers for Uganda (Food and Agriculture Organization, Rome, Italy) using
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ArcGIS 10.2 (Environmental Systems Research Institute, Redlands, CA, USA). The number of qPCR
positive pigs in each district was mapped and, along with sampling period, symbolized using unique
values.

4.3 Results
4.3.1 Study population
Table 4.2 shows the characteristics of the 649 pigs that were sampled at Wambizzi between December
2015 and October 2016. Fifty-seven percent (n=372) of the pigs sampled were female. Thirty-eight
percent (n=253) of the pigs were crossbreed, 34.9% (n=233) were exotic breed and 25.3% (n=169) were
local breed. At the time of sampling, rectal temperatures ranged from 34.2°C–42.1°C (mean: 38.6°C,
standard deviation: ± 0.91° C). Forty-five (6.9%) of the pigs had a temperature above 39.8°C when they
were sampled. Dullness (n=8, 1.2%), diarrhoea (n=6, 0.9%) and skin flash or rash (n=5, 0.7%) were the
most frequently observed clinical signs. Pig traders reported that 53.9% (n=350) of the pigs were
sourced from the Central region and 17.1% (n=111) from the Eastern region.

4.3.2 Prevalence of bacterial pathogens
Table 4.3 shows the characteristics of 649 pigs for which reproductive tissue or kidney tissue was
available for qPCR analysis. A total of 649 pigs had kidney (n=645) and reproductive tissue (n=443)
analysed using qPCR. Sixty-eight pigs (10.5%) were positive for pathogenic Leptospira spp. (see Figure
4.1). Thirty-two kidneys (5.0%) and 39 (8.8%) reproductive tissues (uterus, placenta or epididymis) were
positive. Both kidney and reproductive tissue from 3 pigs (4.4%) were positive. Table 3 reports the
frequency of pathogenic Leptospira spp. by tissue type and pig characteristics. None of the pigs were
positive for Brucella spp. or C. burnetii using qPCR.
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4.3.3 Risk factors for Leptospira infection
In univariable analysis, pig sex, sampling period and region the pig was sourced from were all
significantly associated with qPCR positive Leptospira cases. Region and sampling period were highly
correlated (p=0.03). Region was removed from the final multivariable model because seasonality is a
known risk factor for leptospiral infection and during model building, pig sex and sampling period
explained more of the variance in the outcome, qPCR leptospira status, than the model that included
region, sampling period and pig sex (Log likelihood ratio: 317.44, chi-square 28.14, df=4, p<0.01, H&L
p=0.50 vs Log likelihood ratio: 312.94, chi-square 32.64, df=7, p<0.01,H&L p=0.14, respectively).
Therefore, in the final multivariable model (Table 4.4), pigs sampled in March 2016 (OR: 2.23; 95% CI:
1.15, 4.33; P=0.02) and October 2016 (OR: 0.30; 95% CI: 0.10, 0.93; P=0.04) were more and less likely to
be Leptospira positive than pigs sampled in December 2016, respectively. In addition, female pigs were
more than twice as likely to be Leptospira qPCR positive (OR: 2.37; 95% CI: 1.25, 4.48; P<0.01) than male
pigs.
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Table 4.2. Biodata on 649 pigs sampled at Wambizzi Cooperative Society slaughterhouse, Kampala,
Uganda, 2015-2016.
Frequency
Sex
Female
372
Male
267
Missing
10
Male Status
Intact
92
Castrated
174
Breed
Cross
253
Exotic
233
Local
169
Missing
13
Fever at time of sampling
Febrile (>39.8° C)
45
Afebrile (<39.8° C)
594
Missing
10
Clinical signs observed (visual inspection)
Dullness
7
Diarrhoea
6
Skin flash
5
Shivering
3
Anorexia
2
Vomiting
1
Hind limb paralysis
1
Lice infestation
1
Tick infestation
1
Region pigs were sourced from
Central
350
Eastern
111
Northern
14
Western
24
Missing
150
Season of sampling
Dry
322
Rainy
327
Sampling period
December 2015
162
March 2016
160
June 2016
160
October 2016
167

Percentage (%)
57.3
41.1
1.5
34.6
65.4
37.9
34.9
25.3
1.9
6.9
91.5
1.5
1.2
0.9
0.7
0.5
0.3
0.2
0.2
0.2
0.2
53.9
17.1
2.2
3.7
23.1
49.6
50.4
25.0
24.7
24.7
25.7
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Table 4.3. Frequency of pathogenic Leptospira spp. by tissue type and pig characteristics based on
data collected at Wambizzi Cooperative Society, Kampala, Uganda, 2015-2016 (n=649).
Frequency in kidney
tissue (%)
32 (4.9)

Total
Sex
Female
20 (3.1)
Male
12 (1.9)
Male Status
Intact
4 (1.5)
Castrated
8 (3.0)
Breed
Cross
12 (1.9)
Exotic
8 (1.3)
Local
12 (1.9)
Fever at time of sampling
Febrile (>39.8° C)
5 (0.8)
Afebrile (<39.8° C)
25 (3.9)
Clinical signs
No
32 (5.0)
Yes
0
Region
Central
19 (3.8)
Eastern
5 (1.0)
Northern
0
Western
0
Season
Dry
15 (2.3)
Rainy
17 (2.6)
Sampling period
December 2015
9 (1.4)
March 2016
12 (1.9)
June 2016
6 (0.9)
October 2016
5 (0.8)

Frequency in
reproductive tissue (%)
39 (6.0)

Total frequency (%)
68 (10.5)

32 (7.3)
6 (1.4)

49 (7.7)
18 (2.8)

6 (6.1)
N/A

10 (3.8)
8 (3.0)

12 (2.8)
15 (3.4)
11 (2.5)

23 (3.6)
23 (3.6)
21 (3.3)

1 (0.2)
37 (9.0)

5 (0.8)
60 (9.4)

37 (8.5)
1 (0.2)

66 (10.3)
1 (0.2)

28 (8.4)
2 (0.6)
1 (0.3)
2 (0.6)

46 (9.2)
6 (1.2)
1 (0.2)
2 (0.4)

17 (73.8)
22 (5.0)

31 (4.8)
37 (5.7)

9 (2.0)
22 (5.0)
8 (1.8)
0

18 (2.8)
32 (4.9)
13 (2.0)
5 (0.8)
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Figure 4.1. Source locations of Leptospira qPCR positive pigs sampled at Wambizzi Cooperative Society
slaughterhouse, Kampala, Uganda, 2015-2016.
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Table 4.4. Risk factors for pathogenic Leptospira spp. positive status in 649 pigs sampled at Wambizzi Cooperative Society, Kampala, Uganda,
2015-2016. Explanatory variables with P<0.15 in the univariable analyses were included in the final multivariable logistic regression model.
Outcome variable: pathogenic Leptospira spp. positive in kidney or reproductive tissue
Explanatory
Frequency (%)
Unadjusted odds
P-value
Adjusted odds ratio P-value
variable
ratio (95% CI)
(95% CI)
Sex
Female
49 (7.7)
2.10 (1.19, 3.69)
0.01
2.37 (1.25, 4.48)
<0.01
Male
18 (2.8)
1.00
1.00
Breed
Cross
23 (3.6)
0.71 (0.38, 1.34)
0.29
Exotic
23 (3.6)
0.80 (0.43, 1.51)
0.50
Local
21 (3.3)
1.00
Fever at time of sampling
Febrile (>39.8° C)
5 (0.8)
1.11 (0.42, 2.93)
0.83
Afebrile (<39.8° C)
60 (9.4)
1.00
Region
Central
46 (9.2)
1.00
*
Eastern
6 (1.2)
0.38 (0.16, 0.91)
0.03
Northern
1 (0.2)
0.51 (0.07, 3.98)
0.52
Western
2 (0.4)
0.60 (0.14, 2.64)
0.50
Season
Rainy season
37 (5.7)
1.20 (0.72,1.98)
0.48
Dry season
31 (4.8)
1.00
Sampling period
December 2015
18 (2.8)
1.00
1.00
March 2016
32 (4.9)
2.00 (1.07, 3.74)
0.03
2.23 (1.15, 4.33)
0.02
June 2016
13 (2.0)
0.71 (0.33, 1.50)
0.37
0.59 (0.21, 1.70)
0.33
October 2016
5 (0.8)
0.25 (0.09, 0.68)
0.01
0.30 (0.10, 0.93)
0.04
*Note: This variable was removed from the final multivariable model. See results section for description.
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4.3.4 Leptospira serovars identified from DNA fingerprinting
Positive Leptospira fingerprinting was obtained from 43 (60.5%) of the 71 qPCR positive pig samples.
Findings suggest existence of at least 4 Leptospira serovars or strains based on IS1533 primers (see
Figure 4.2). Samples identified as belonging to Leptospira serovar Kenya and other unknown serovars
are shown in Table 4.5. Fingerprinting with IS1533 primers produced more positive bands than the
IS1500 primers (not shown).

Figure 4.2. Fingerprinting with EPR-2 primer suggesting 4 Leptospira serovar clusters: Serovar 1
(sample 30 and 34), serovar 2 (sample 31), serovar 3 (sample 32 and 33) and serovar 4 (35 and 36).
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Table 4.5. Affiliation of samples to candidate Leptospira serovars based on DNA fingerprinting.
Sample ID
23
26
31
32
33
59
1
6
24
27
29
3
28
58
69
25
30
34
35
36

Potential serovar
Kenya
Kenya
Kenya
Kenya
Kenya
Kenya
Serovar 2
Serovar 2
Serovar 2
Serovar 2
Serovar 2
Serovar 3
Serovar 3
Serovar 3
Serovar 3
Serovar 4
Serovar 4
Serovar 4
Serovar 4
Serovar 4

Locality
Rakai district
Mpigi district
Unknown
Rakai district
Sembabule district
Sembabule district
Wakiso district
Kyotera district
Mubende district
Buyende district
Lwengo district
Mubende district
Lwengo district
Unknown
Lyantonde district
Mpigi district
Gomba district
Unknown
Isingoro district
Unknown

4.4 Discussion
This is the first large scale epidemiological study using molecular detection methods to investigate
leptospirosis, brucellosis and Q fever (coxiellosis) in pigs in East Africa. Ten percent of pigs had
pathogenic leptospiral DNA in kidney or reproductive tissue. Brucella spp. and C. burnetii were not
detected. Detection of pathogenic leptospires in kidney and reproductive tissues suggests the bacteria
are likely to be excreted via urine and reproductive fluids into the environment. This poses a potential
occupational hazard to slaughterhouse workers and pig farmers who encounter stillborn and aborted
foetuses. Environmental contamination from the shedding of leptospires in urine is an important source
of infection for humans and other animals (Adler and de la Peña Moctezuma, 2010).
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Pigs sampled in March 2016 were more likely to be leptospira positive than those sampled in December
2015. This is consistent with ecological factors associated with increased incidence of leptospirosis.
Warm, wet weather favours the persistence and replication of leptospires (Lau et al., 2010). Uganda
experiences bi-modal rainfall. March to June is typically the season of heavy rains, particularly in Central
region, where the frequency of leptospira positive pigs was higher than other regions. The Central
region has the highest pig population and largest average herd size in the country (Uganda Bureau of
Statistics, 2008). In addition, more intensive pig keeping systems occur in peri-urban and urban areas
(26,27), which are found throughout the Central region due to its proximity to the capital city, Kampala.
The warm, wet weather and higher pig densities found in the Central region are both factors that favour
the epidemiology of leptospirosis in pigs.

It is not fully understood why pigs sampled in October 2016 were less likely to be leptospira positive
than those sampled in December 2015. October through December is the second rainy season, though
these rains are intermittent as compared to the heavy rains of March to June. High season rainfall is
often associated with leptospirosis (Lau et al., 2010) and the intermittent rains in October 2016 may not
be ideal ecological conditions for the persistence and transmission of leptospires from the environment.
There may also be differences in the distribution of reservoir hosts during this time that impact on the
transmission of infective leptospires to pigs.

In this study, we also found that female pigs were 2.37 times more likely to be leptospira PCR positive
compared to males. In female pigs, leptospiral infection causes stillbirths, abortions and infertility (van
der Merwe, 1967; Ellis et al., 1986; Bolin and Cassells, 1990; Ramos, Souza and Lilenbaum, 2006). Given
this impact on reproductive performance in sows, it can be postulated that female pigs experiencing
clinical signs consistent with leptospiral infection may be culled (sold to slaughterhouses), as they are no
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longer economically viable in smallholder farming systems. This could explain why females in this study
were significantly more likely to be leptospira positive. Further, most of the male pigs in this study were
castrated which precluded testing of the reproductive tissues of these animals. Frequency of leptospires
in reproductive tissues was slightly higher than in kidneys (8.8% and 5%, respectively). Testing of intact
males on farms may reveal higher prevalence. As we were unable to determine the age of pigs sampled,
it is also possible that the association between pig sex and Leptospira positive status to be confounded
by age. However, previous studies have shown that age is not associated with seropositive status (S
Boqvist et al., 2002) or clinical signs (Ellis, 1999).

We identified 4 Leptospira serovars or strains circulating in pigs in this study. Several serovars are
associated with infection in pigs. Studies in Africa have shown the most common serovars circulating in
pigs are celldoni in Zambia (Stafford et al., 1992), butembo in Ethiopia (Moch et al., 1975), ballum in
Tanzania (Kessy, Machang’u and Swai, 2010), icterohaemorrhagiae and hardjo in South Africa (Potts et
al., 1995) and pomona in Uganda (Semakula, 1999) and Egypt (Maronpot and Barsoum, 1972; Sebek et
al., 1989). Some samples in the present study had patterns similar to L. borgpetersenii serovar Kenya
reported in the African giant pouched rats and other rodent species in neighbouring Tanzania
(Machang’u et al., 2004). L. borgpetersenii serovar Kenya was first reported in Kenya (Forrester et al.,
1969) and was recently widely reported in rodents and a broad range of domestic animals including pigs
in Tanzania (Mgode et al., 2015). Another 3 distinct fingerprinting patterns were obtained from pigs for
which local isolates were not available for comparison. The absence of suitable sequencing facilities and
budgetary constraints made the use of more robust molecular methodologies for serovar identification
impractical. Although this study failed to determine more specific Leptospira serovars, fingerprinting
suggests preliminary existence of more than one serovar, information which may prove useful for
control interventions were the ecologies of these serovars to be established. These findings call for
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further studies aiming for isolation of live leptospires to enable proper taxonomical identification by
cross-agglutination absorption test. While vaccination of pigs is not routinely practiced in Uganda, if
circulating serovars were known, vaccination could be implemented as part of leptospirosis control and
prevention measures.

The choice to sample reproductive tissues in this study may mean we missed Brucella spp. and C.
burnetii. In rare cases Brucella spp. and C. burnetii can be found in spleen, lung, liver and lymphatic
tissue (OIE, 2015b, 2016), but it is unusual in those cases not to also find the pathogens in reproductive
tissue. Furthermore, failure to detect Brucella spp. or C. burnetii is consistent with the limited published
studies in the region which suggest low prevalence of these organisms in pigs. A few studies undertaken
decades ago confirm exposure of pigs in Africa to C. burnetii (Sixl et al., 1987, 1989), but principal
livestock reservoir species are thought to be sheep, goats and cattle (Lang, 1990; Rousset, SidiBoumedine and Thiéry, 2010; Vanderburg et al., 2014). Similarly, serological evidence for brucellosis in
pigs in Africa exists (Waghela and Gathuma, 1976; Mwebe et al., 2011; Nwanta et al., 2011; Onunkwo et
al., 2011; Ngbede et al., 2013; Erume et al., 2015; Kebeta et al., 2015). In Uganda, 10% of the porcine
samples submitted to referral laboratories were Brucella seropositive (Mwebe et al., 2011), although it
is unclear what serological method was used to screen the pig samples. Two other serological studies
found a 0% (Sseddyabane, 2005) and 0.002% (Erume et al., 2015) seroprevalence in pigs in Uganda.
Based on this research, the risk of acquiring brucellosis or Q fever from pigs or their products in Uganda
is likely negligible.

This initial study detecting pathogenic leptospires in pigs raises several research priorities for future
studies. The economic impact of leptospirosis on pig production needs to be assessed to determine its
priority in comparison to more recognized pig diseases in Uganda. Elsewhere, chronic leptospirosis
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infections in pigs have been found to lead to an array of reproductive disorders, including abortions,
neonatal mortality, premature births and stillbirths, with differences noted between serovars (Ramos,
Souza and Lilenbaum, 2006). Because leptospirosis is a zoonotic disease, its impact on human health
must also be identified and understood. Public awareness of leptospirosis, particularly to high risk
populations like farmers and slaughterhouse workers, is needed. Additionally, to understand how to
control and prevent infection, reservoirs of leptospires must be identified as well as the circulating
serovars. This can only be achieved with isolation of leptospires from a wide range of suitable hosts
found in Uganda. Finally, to safeguard livestock farmer’s livelihoods, the health of the citizens of Uganda
and food and water security, leptospirosis demands more prominent awareness in the medical and
veterinary communities.

4.5 Conclusion
This is the first study to report infection of pigs by pathogenic Leptospira spp. in Uganda. Using qPCR,
more than 10% of pigs had leptospiral DNA in kidney or reproductive tissue. This indicates that infection
of pigs with pathogenic Leptospira sp. is relatively common and suggests the disease may have a
currently unrecognized impact on the pig sector, both in terms of pig productivity and occupational risks
to pig farmers, pig traders and slaughterhouse workers. DNA fingerprinting identified at least 4 distinct
serovars infecting pigs.
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Evidence of exposure to henipaviruses in domestic pigs in Uganda

This chapter was published as:
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Dhand, N.K., Ward, M.P., Mor, S.M., 2018. Evidence of exposure to henipaviruses in domestic pigs in
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Chapter 5 continues the investigation into pig-associated zoonoses by exploring the presence of
antibodies to henipaviruses in domestic pigs in Uganda. This is the first investigation of henipavirus
exposure in pigs in the region. The laboratory analysis was conducted in collaboration with FriederichLoeffler-Institut and the Canadian Food Inspection Agency.

This paper is edited slightly from the version that was submitted for publication. Specifically, spelling has
been updated to adhere to Oxford spelling standards for consistency throughout the rest of the thesis.
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Abstract
Hendra virus (HeV) and Nipah virus (NiV), belonging to the genus Henipavirus, are among the most
pathogenic of viruses in humans. Old World fruit bats (family Pteropodidae) are the natural reservoir
hosts. Molecular and serological studies found evidence of henipavirus infection in fruit bats from
several African countries. However, little is known about the potential for spillover into domestic
animals in East Africa, particularly pigs, which served as amplifying hosts during the first outbreak of NiV
in Malaysia and Singapore. We collected sera from 661 pigs presented for slaughter in Uganda between
December 2015 and October 2016. Using HeV G and NiV G indirect ELISAs, 14 pigs (2%) were
seroreactive in at least one ELISA. Seroprevalence increased to 5.4% in October 2016, when pigs were
9.5 times more likely to be seroreactive than pigs sampled in December 2015 (p=0.04). Eight of the 14
ELISA-positive samples reacted with HeV N antigen in Western blot. None of the sera neutralized HeV or
NiV in plaque reduction neutralization tests. Although we did not detect neutralizing antibodies, our
results suggest that pigs in Uganda are exposed to henipaviruses or henipa-like viruses. Pigs in this study
were sourced from many farms throughout Uganda, suggesting multiple (albeit rare) introductions of
henipaviruses into the pig population. We postulate that given the widespread distribution of Old-World
fruit bats in Africa, spillover of henipaviruses from fruit bats to pigs in Uganda could result in exposure of
pigs at multiple locations. A higher risk of a spillover event at the end of the dry season might be
explained by higher densities of bats and contact with pigs at this time of the year, exacerbated by
nutritional stress in bat populations and their reproductive cycle. Future studies should prioritize
determining the risk of spillover of henipaviruses from pigs to people so that potential risks can be
mitigated.
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5.1 Introduction
Hendra virus (HeV) and Nipah virus (NiV) are highly pathogenic to humans (Murray et al., 1995; Chua et
al., 2000). While both belong to the Henipavirus genus of the Paramyxoviridae family, the viruses have
different host preferences and apparent geographic ranges. HeV first emerged in Australia in 1994 when
21 horses developed high fever and acute respiratory signs (Murray et al., 1995). Two people who had
close contact with these horses were infected, one of whom died (Selvey et al., 1995). Since 1994,
sporadic cases of equine HeV infection have been reported with 7 human infections (4 fatal) reported to
date (World Health Organization, 2018). Fruit bats (Pteropus spp.) were determined to be the natural
reservoir of HeV, with horses likely infected through contact with pasture or feed contaminated with
fruit bat urine, faeces, birthing products or spat (fibrous plant material remaining after mastication by
bats) (Mahalingam et al., 2012).

NiV was first discovered in 1998 following an outbreak of severe febrile encephalitis in humans in
Malaysia (Chua et al., 2000). It was later found that a concurrent outbreak of NiV had occurred in pigs
and that pig trading contributed to the spread of the outbreak between farms, including into Singapore
(Mohd et al., 2000). This initial outbreak resulted in 265 cases of encephalitis in humans, and 105
fatalities, all of whom were involved in pig farming activities. To control the outbreak, more than 1
million pigs were culled. While pigs served as amplifying hosts of NiV in this Malaysia outbreak (Chua et
al., 2000), Old World fruit bats (family Pteropodidae) were discovered to be the natural reservoir hosts
of the virus (Chua et al., 2002). Subsequent outbreaks of NiV have occurred in India and Bangladesh and
have been characterized by food-borne and person-to-person transmission in the absence of apparent
outbreaks in pigs (Chadha et al., 2006; Luby et al., 2006; Gurley et al., 2007; Islam et al., 2016).
Nevertheless, the role of pigs in the original NiV outbreak led researchers to propose that pigs may be
hosts to other henipaviruses, including HeV. To date, HeV has not been detected in domestic pigs on
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farms in Australia (Black et al., 2001) or elsewhere, however they can be infected with the virus
experimentally (Li, Embury-Hyatt and Weingartl, 2010).

Little is known about the ecology of henipaviruses in other parts of the world, including the potential for
spillover into domestic animals. In Africa, henipavirus RNA has been detected in fruit bat faeces in
Ghana (Drexler, Corman and Gloza-Rausch, 2009) and fruit bat bushmeat in the Republic of Congo
(Weiss et al., 2012). A full length African henipavirus sequence has also been described in fruit bats
(Drexler et al., 2012). Further, serological studies in fruit bats in Cameroon (Pernet et al., 2014),
Annobón Island in the gulf of Guinea (Peel et al., 2012), Ghana (Hayman, Suu-Ire and Breed, 2008;
Drexler et al., 2012; Peel et al., 2013) as well as Tanzania and Uganda (Peel et al., 2013) have all found
evidence of henipavirus exposure. There is some evidence that henipaviruses are circulating in pigs in
Africa. In Ghana, about 5% of pigs sampled (n=97) had detectable antibodies that showed crossreactivity with sHeV and sNiV G proteins in a Luminex-based assay and in confirmatory Western blot.
However these antibodies were non-neutralizing in live virus neutralization assays (Hayman et al., 2011).
In Nigeria, 20% of pigs were found seropositive for henipaviruses using indirect ELISA only (Olufemi et
al., 2015).

Pig farming is an increasingly important agricultural activity in parts of sub-Saharan Africa, particularly in
Uganda (Uganda Bureau of Statistics, 2008), driven by rapid growth in pork consumption (FAO Statistics
Division, 2017) from increases in population, urbanization and incomes (Delgado, Rosegrant and Meijer,
2001; Delgado, 2003). The national pig population was estimated to be just 16,000 animals in 1961 (FAO
Statistics Division, 2017), but has grown to 3.2 million in 2008, the year in which the most recent
livestock census was completed (Uganda Bureau of Statistics, 2008). Millions of smallholder farmers rely
on pig keeping to diversify their income, reduce financial risk and improve livelihood security (Dione et
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al., 2016). Traders link these smallholder farmers to consistent pork markets, aggregating live pigs from
rural and urban farms and transporting them across multiple districts and regions within Uganda to
meet the demand for pork in large urban areas (Atherstone, Galiwango, et al., 2018). Despite the rapid
growth in the domestic pig population, the extensive movement of pigs across the country and the
widespread distribution of a suitable reservoir host for henipaviruses, the public health risk of spillover
from pigs has not been investigated in Uganda. Therefore, the objective of this study was to determine if
henipaviruses are present in pigs in Uganda and potential risk factors for this presence.

5.2 Materials and methods
5.2.1 Study area
The study area is described in detail elsewhere (Atherstone, Galiwango, et al., 2018). Briefly, this study
was conducted at Wambizzi Cooperative Society slaughterhouse in Nalukolongo, southwestern
Kampala, which is the capital of Uganda. Wambizzi is the only formally registered pork slaughterhouse in
Uganda. To meet the large urban demand for pork, live pigs are brought for processing from throughout
the country. Because of this, the slaughterhouse is an ideal location for conducting disease surveillance,
particularly for zoonoses, for which there is little information regarding the risk of pig farming and pork
consumption on public health.

5.2.2 Study design
Findings reported here were part of a larger study conducted between December 2015 and October
2016 designed to demonstrate proof of freedom from filovirus infections. For this larger study, a target
sample size of 157 in each of 4 discrete sampling periods was determined, corresponding with periods
when there is a known increase in the number of pigs being processed to meet pork demand during
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national holiday seasons such as Easter, Independence Day and Christmas/New Years’ (Roesel, Holmes
and Grace, 2016). Thus, a total of 661 samples were available for analysis to assess exposure to
henipaviruses. The sensitivity of the G ELISAs used in this study have not been determined given lack of
availability of field sera (Fischer, Diederich, et al., 2018). Assuming a test sensitivity of between 80% and
95%, and an expected seroprevalence of not more than 5% (based on a previous study in Ghana
(Hayman et al., 2011), a sample size of between 115 and 97 was needed to demonstrate proof of
freedom from henipaviruses with 99% confidence in each sampling period. Sample size calculations
were performed using the online EpiTools application (Sergeant, 2018).

5.2.3 Selection of pigs and biodata collection
A systematic sampling strategy was used to select pigs for inclusion in this study. Since Wambizzi is not a
mechanized slaughterhouse and has no slaughter line (Roesel, Holmes and Grace, 2016), we physically
counted pigs as they came through the door of the slaughter building and selected every 3rd pig for
inclusion in the study. As pigs were selected, they were ear-tagged with a unique identification number
and this number was subsequently used to identify specimens collected from that animal. Biodata was
collected using a standard form (see Supplementary Materials). The form captured the date of sampling,
ear tag number of the pig, rectal temperature taken at the time the animal was ear-tagged, pig breed
(based on visual classification of local, cross or exotic), sex, whether the male pigs were intact or
castrated, visible clinical signs of disease and source location of the pig as reported by the pig trader.
Sampling occurred over consecutive days, until the sample size for that sampling period was reached
(n=157).

A panel of samples was collected from each tagged pig. For purposes of this study, blood was collected
in a clot activator vacutainer when the carotid arteries and jugular vein were cut. All samples were
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placed on ice in an ice box, stored for 2-3 hours until sampling was completed for the day and then
transported to Makerere University College of Veterinary Medicine, Animal Resources and Biosecurity
(COVAB), Kampala, Uganda, where they were placed under refrigeration until processing the following
day. Serum was then separated by centrifugation (2,000 x g), decanted into two cryovials (Sigma-Aldrich,
2mL) and stored at -80° C.

5.2.4 Detection of antibodies against henipaviruses
All sera were initially tested in duplicates for antibody binding to sHeV glycoprotein (G) and sNiV G
proteins using ELISA. Positive sera were retested in ELISA in duplicates to confirm initial results. Further,
sera positive in either HeV G, NiV G or both ELISAs, after initial and confirmatory rounds, was confirmed
using Western blot against HeV nucleoprotein (N) antigen.

5.2.5 Indirect ELISA based on sHeV and sNiV G proteins
sHeV and sNiV G proteins were produced and purified as described before (Fischer et al., 2016). Indirect
ELISA based on sHeV G or sNiV G were performed as described elsewhere (Fischer, Diederich, et al.,
2018). Briefly, proteins were diluted in 0.01 M PBS, pH 7.4 and coated onto Medisorp 96 well plates at a
concentration of 100 ng/well (100 µl volume) at 4°C overnight. Extracts from untransfected Leishmania
tarentolae served as mock antigens in control wells to evaluate unspecific binding of the sera. Plates
were blocked with 5% skim milk in 0.01 M PBS for 2 h at 37°C and washed three times with PBS/0.05%
Tween-20 (PBST). Sera were diluted 1:200 in 2.5% skim milk in PBST and added in duplicate to the
control and antigen-containing wells. After incubation at 37°C for 1 h, the plate was washed and goatanti-swine IgG HRP conjugate (Dianova) was added in a dilution of 1:10,000. After 1 h incubation at
37°C, plates were washed and 3,3’,5,5’-Tetramethylbenzidine (TMB) peroxidase substrate (Bio-Rad,
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Munich) was added to the wells for colour development and stopped after 10 min at room temperature
(RT) with equal amounts of 1 M sulfuric acid. Absorbance was measured at a wavelength of 450 nm
against 590 nm in a Tecan Infinite 200Pro ELISA Reader (Tecan Deutschland GmbH). Samples with an
optical density (OD) value of 0.35 or greater were considered positive.

5.2.6 Western blot analysis of ELISA-positive porcine serum samples
To confirm the specific binding of the ELISA-positive porcine serum samples to the antigens, serum
samples that tested positive during the initial and confirmatory screening on at least one ELISA were
analysed for their reactivity in immunoblot, using baculovirus produced and purified soluble HeV N
antigen (kindly provided by Günther Keil, FLI). Briefly, N antigen was separated by 10% SDS-PAGE and
transferred to a nitrocellulose membrane. After transfer, the membrane was blocked in 5% skim milk in
TBST overnight at 4°C. Then, the membrane was incubated with porcine sera (dilution 1:20 in 2.5% skim
milk in 0.1% PBST) for 1 h at 4°C. After several washes, species-specific goat anti-swine antibodies
conjugated with HRP (Dianova) were incubated on the membrane for 1 h at RT in a 1:5,000 dilution. The
blot was then incubated with SuperSignal West Pico Chemiluminescent Substrate according to the
manufacturer guidelines (Thermo Scientific), and protein detection was visualized. C70 serum (from an
experimentally infected animal) in a dilution of 1:20 served as a positive control for the detection of HeV
N antigen.

5.2.7 Plaque reduction neutralization test
To test if ELISA-positive serum samples contained neutralizing antibodies, plaque reduction
neutralization tests were performed as described previously using HeV and NiV (Weingartl et al., 2006).
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All procedures with live virus were performed under Biosafety Level 4 conditions at the National Centre
for Foreign Animal Disease in Winnipeg, Canada.

5.2.8 Data analysis
After checking for typographical errors, data were exported into SPSS 24.0 (IBM Corp., Armonk, NY, USA)
for analysis. Standard descriptive analyses were conducted for categorical and continuous variables. For
purposes of analysis, if pig sera had an OD value above the positive cutoff in both runs of that specific
ELISA assay, they were considered seroreactive. Univariable logistic regression was performed to
determine which variables were predictive of seroreactivity to henipaviruses. Explanatory variables with
P-value of <0.15 were fitted into a multivariable regression model to determine their association with
henipavirus status.

For mapping, pig source locations (reported to the district level) were joined to the centroid of each
district polygon in the 2014 Global Administrative Unit Layers for Uganda (Food and Agriculture
Organization, Rome, Italy) using ArcGIS 10.2 (Environmental Systems Research Institute, Redlands, CA,
USA). The number of seroreactive pigs in each district was mapped using different symbols to denote
sampling period.

5.2.9 Ethical considerations
Human and animal ethics approval for this research was obtained from the International Livestock
Research Institute, Nairobi, Kenya (ILRI-IREC2015-01), the Ugandan National Council for Science &
Technology (A499) and Makerere University College of Veterinary Medicine, Animal Resources and
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Biosecurity, Kampala, Uganda (SBLS.CA.2016). The Animal Ethics Committee at The University of Sydney,
Australia, was also notified of external ethics approval (2015/891).

5.3 Results
A total of 661 pigs were sampled, of which 14 pigs (2.1%) were seroreactive in at least one ELISA assay,
after initial and confirmatory testing. The characteristics of sampled pigs are shown in Table 5.1 while
source locations of seroreactive pigs are shown in Figure 5.1. While higher frequencies of seroreactivity
were seen in female (2.3%; P=0.44) and crossbreed pigs (2.8%; P=0.29), as well as those sourced from
the Northern region (14.3%; P=0.02) or sampled in October 2016 (5.4%; P=0.05), none of these variables
were significant predictors of seroreactivity in univariable analysis. No seroreactive pigs had a fever at
the time of sampling or visible clinical signs of disease. In multivariable analysis, the only significant
predictor for henipavirus seroreactivity was pigs sampled in October 2016 (adjusted odds ratio: 9.5, 95%
confidence interval: 1.1-80.0, P=0.04; Table 5.1).
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Table 5.1. Risk factors for henipavirus seroreactivity from 661 pigs at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda, 20152016. Explanatory variables with P<0.15 in the univariable analysis were included in the final multivariable logistic regression model.
Explanatory variables:

a

Sex
Female
Male
Not recorded
Breed
Cross
Exotic
Local
Not recorded
Region
Central
Eastern
Northern
Western
Not recorded
Fever (>39.8° C)
Yes
No
Not recorded
Clinical signs
Yes
No
Not recorded
Sampling Period
December 2015
March 2016
June 2016
October 2016

Number

Number of
seroreactive animals
(%)

Outcome variable: Henipavirus seroreactive on at least one ELISA assay
Unadjusted odds ratio
(95% CI)

385
270
6

9 (2.3)
4 (1.5)
1

1.59 (0.49, 5.22)
1.00
NA

253
231
168
9

7 (2.8)
4 (1.7)
2 (1.2)
1

2.36 (0.49, 11.51)
1.46 (0.27, 8.08)
1.00
NA

360
112
14
24
151

8 (2.2)
1 (0.9)
2 (14.3)
0
3

1.00
0.39 (0.05, 3.20)
7.33 (1.40, 38.29)
0.00
NA

P- value

0.49 a
0.29
0.66

0.01 a
0.40
0.02
1.00

1 (2.1)
12 (2.0)
1

1.08 (0.14, 8.47)
1.00
NA

0.94

16
641
4

0
13 (2.0)
1

0.00
1.00
NA

1.00

168
162
163
168

2 (1.2)
3 (1.9)
0
9 (5.4)

Overall P-value for non-binary variables

P-value

0.44

47
607
6

1.00
1.57 (0.26, 9.50)
0.00
4.70 (1.00, 22.08)

Adjusted odds ratio
(95% CI)

0.01 a
0.63
1.00
0.05

1.00
0.35 (0.04, 2.93)
3.94 (0.69, 22.44)
0.00
NA

1.00
1.76 (0.16, 19.77)
0.00
9.50 (1.13, 80.02)

0.34
0.12
1.00

0.65
1.00
0.04
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Figure 5.1. Source locations of henipavirus seroreactive pigs (n=11) sampled at Wambizzi Cooperative
Society slaughterhouse, Kampala, Uganda, 2015-2016. The source locations of 3 seroreactive pigs was
not recorded.
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Optical density values for each ELISA assay are shown in Figure 5.2. While the positive cut-off value was
0.35, several pigs (n=5) had OD values >1.0 in duplicate runs of the ELISA assay. Eleven pigs (1.7%) were
positive in both runs of the sHeV G ELISA while 11 pigs (1.7%) were positive in both runs of the sNiV G
ELISA. Eight pigs (1.2%) were positive in both the sHeV G ELISA and sNiV G ELISA. Eight (1.2%) of the 14
serum samples that were positive in duplicate runs of at least one ELISA reacted with HeV N antigen in
Western blot. Samples 186 and 199 showed only weak binding to the HeV N antigen whereas samples
114, 187, 348, 527, 533 and 539 reacted strongly with HeV N antigen in Western blot (Figure 5.3).
However, none of the sera neutralized virus in the plaque reduction neutralization tests with either HeV
or NiV.

Figure 5.2. Optical densities of pig sera screened using HeV G and NiV G ELISAs.
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Figure 5.3. Western blot analysis of serum reactivity against HeV N. Porcine serum samples that
exceeded the cut-off in either sHeV G or sNiV G ELISA (n=14) were tested for reactivity against purified
HeV N antigen in a Western blot. C70 serves as positive control (serum from a NiV-infected pig, S52 as
a negative control (German pig). All serum samples were diluted 1:20.

5.4 Discussion
This study is the first to report evidence of exposure of a selection of the Ugandan pig population to
henipaviruses or henipa-like viruses. Pigs in this study were sourced from many farms throughout
Uganda, suggesting multiple, albeit rare, introductions of henipaviruses or henipa-like viruses into the
Ugandan pig population. We postulate that given the widespread distribution of the African fruit bat
Eidolon helvum in Uganda (Mickleburgh et al., 2008), spillover of henipaviruses from fruit bats to pigs
could result in exposure of pigs at multiple locations. However, it should be noted that the previous
report of henipavirus infection in E. helvum in Uganda was based on a very small sample size (1 pooled
sample) (Peel et al., 2013). Uganda does fall within the geographic range of fruits bats of the
Pteropodidae family (World Health Organization, 2008), which to date are the only known reservoirs of
henipaviruses (Halpin et al., 2011).
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Pigs sampled in October 2016 were 9.5 times more likely to be seroreactive than pigs sampled in
December 2015 (p=0.04). Uganda experiences bi-modal rainfall with intermittent rains between October
and December. Clustering of fruit bats around food resources, may lead to pigs being exposed to
contaminated bat urine and faeces or by eating dropped fruit. Virus contaminated bat saliva deposited
on fruit has been shown to be the source of infection during the NiV outbreak in Malaysia (Chua et al.,
2000; Yob et al., 2001) and the HeV outbreaks in Australia (Field et al., 2001). This route of transmission
has also been speculated as a possibility for several other emerging viruses (Pourrut et al., 2009;
Plowright et al., 2016). However, the reason pigs sampled in October were more likely to be
seroreactive might be due to other unrecognized henipavirus emergence factors. Research has
identified higher densities of specific bat species (Martin et al., 2016; Páez et al., 2017), increased
contact around scarce food resources during drier weather (Páez et al., 2017), periods of nutritional
stress (Plowright et al., 2008) and increased numbers of reproducing females (lactating and near-term
pregnant) (Plowright et al., 2008) as contributing to higher risk of infection in bat hosts and thus virus
spillover into domestic animals.

When compared to the Central region no other regions were significantly associated with seroreactive
status in pigs. Central region was used as the reference category in the regression analysis because this
region has the highest pig population in Uganda (Uganda Bureau of Statistics, 2008). However, Northern
region did have a much higher frequency (14.3%, 95% CI: 1.40, 38.29) of seroreactive pigs than other
regions. The small number of pigs sampled in this study likely had an impact on the statistical power to
determine if pigs in the Northern region are more at risk of henipavirus exposure. In the future, more
pigs from the Northern region should be sampled to determine if pigs from this region are more likely to
be exposed to henipavirus(es).
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The failure to identify VNT positive sera in this study may be due to several reasons. It is possible the
virus(es) circulating in Uganda are sufficiently divergent such that they do not neutralize the HeV or NiV
used in the live virus assays. Multiple henipavirus-related sequences have been reported in E. helvum
(Drexler, Corman and Gloza-Rausch, 2009; Baker et al., 2012; Drexler et al., 2012; Peel et al., 2013),
indicating a considerable diversity of henipaviruses in Africa. In addition, because nothing is known
about the duration or stability of antibody response in pigs, it is possible that neutralizing antibodies are
less stable or detectable for a shorter period of time post-infection than antibodies against other
antigens. Failure to detect neutralizing antibodies is in line with similar serological studies in pigs in
Ghana (Hayman et al., 2011) and Bangladesh (Chowdhury et al., 2014). Similarly, neutralizing antibodies
were only detected in some of the seroprevalence studies in fruit bats in Africa, namely Ghana (Hayman,
Suu-Ire and Breed, 2008; Peel et al., 2013) and Tanzania (Peel et al., 2013).

Finally, this serological study in apparently healthy animals provides little insight into the clinical
consequences of henipavirus infections in pigs. None of the seroreactive pigs had visible clinical signs at
the time of sampling. This may suggest that the henipaviruses circulating in Uganda are apathogenic,
similar to findings from animal infection studies involving Cedar virus (Marsh et al., 2012). Alternatively,
affected animals may have had signs of disease earlier, which had abated by the time of sampling.

Overall, this study extends the findings from Ghana (Hayman et al., 2011) and Nigeria (Olufemi et al.,
2015) and confirms that pigs in Uganda are exposed to henipaviruses. Future studies should prioritize
determining the risk of spillover of henipaviruses from pigs to people so that any potential risks can be
mitigated.
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Evidence of ebolavirus exposure in pigs presenting for slaughter in
Kampala, Uganda

The findings in this chapter are being shared with relevant government authorities in preparation for
submission to a journal in the coming months.

Chapter 6 continues the investigation into pig-associated zoonoses by exploring the presence of
antibodies to ebolaviruses in domestic pigs in Uganda. This is the first investigation of ebolavirus
exposure in pigs in the region. The laboratory analysis was conducted in collaboration with FriederichLoeffler-Institut and the Canadian Food Inspection Agency.
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6.1 Introduction
Ebola virus (EBOV) causes sporadic outbreaks of Ebola virus disease (EVD) in humans in sub-Saharan
Africa. Large human outbreaks have mostly been caused by two species - Zaire ebolavirus (ZEBOV) and
Sudan ebolavirus (SUDV) - with case fatality rates (CFRs) ranging from 40-100% in humans (Muyembe
and Kipasa, 1995; Feldmann et al., 2003; Feldmann and Geisbert, 2011; Shoemaker et al., 2012). Fewer
human cases have been associated with Bundibugyo ebolavirus (BDBV) and Taï forest ebolavirus (TAFV)
(Formenty et al., 1999; Wamala et al., 2010). A new species (Bombali ebolavirus) was recently identified
in bats in Sierra Leone (Goldstein et al., 2018), although its pathogenicity in humans is unknown.

For more than a decade the hypothesis that fruit bats are the natural reservoirs of EBOV has dominated
(Swanepoel et al., 1996; Leirs et al., 1999; Leroy, Kumulungui and Pourrut, 2005; Pourrut et al., 2005;
Olson et al., 2012). The evidence for fruit bats as the reservoir host is based largely on serological
surveys (Leroy, Kumulungui and Pourrut, 2005; Pourrut et al., 2009; Reed, 2012; Bausch and Schwarz,
2014; Olival and Hayman, 2014; Ogawa et al., 2015). Epidemiological links between fruit bats and human
index cases are sparse (Leroy et al., 2009; Leendertz et al., 2016; Atherstone et al., 2017), suggesting
EBOV maintenance might involve multiple host species (Groseth, Feldmann and Strong, 2007; Feldmann
and Geisbert, 2011; Leendertz et al., 2016; Atherstone et al., 2017).

In 2008 an outbreak of Reston ebolavirus (RESTV) in pigs in the Philippines (Barrette et al., 2009)
expanded our understanding of the host range of EBOV. Six individuals who worked on pig farms or with
swine products developed RESTV IgG antibodies following the outbreak. This species of EBOV is not
known to cause disease in humans, however the outbreak resulted in the culling of more 6,500 pigs in
efforts to stop the spread of RESTV (Floro, 2009; Mogato, 2009). Subsequent experimental infections
with the human-pathogenic species ZEBOV confirmed that pigs are susceptible to African species of
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ebolaviruses (Kobinger et al., 2011). ZEBOV replicated to high virus titres in pigs; in addition, naïve pigs
in direct contact with experimentally infected pigs also became infected (Weingartl et al., 2012). In a
further study, experimentally infected pigs transmitted ZEBOV to non-human primates without direct
contact, suggestive of aerosol transmission (Weingartl et al., 2012). ZEBOV infection in these pigs caused
respiratory signs consistent with severe lung pathology. Infected pigs shed ZEBOV in nasal, oral and
rectal fluids, had detectable RNA in multiple tissues and developed an antibody response at 5 days post
infection (Kobinger et al., 2011). Most recently, evidence of natural ZEBOV exposure in pigs in Sierra
Leone has been reported following the West Africa outbreak in humans (Fischer, Jabaty, et al., 2018).

Pig keeping has become an increasingly important livelihood strategy throughout parts of sub-Saharan
Africa, driven by increasing demand for pork (FAO Statistics Division, 2017). The growth in pig keeping is
particularly rapid in Uganda, which has the highest per capita pork consumption in East Africa (Ouma et
al., 2013; FAO Statistics Division, 2017). Uganda has experienced 5 human outbreaks of EVD since 2000.
Four of these outbreaks were caused by SUDV and one by BDBV; CFRs ranged from 53 to 100% (Okware
et al., 2002; Towner et al., 2004; Bausch et al., 2007; Wamala et al., 2010; Shoemaker et al., 2012;
Albarino et al., 2013). In total, there have been 649 human EVD cases reported in Uganda. The source of
infection in two outbreaks was speculated to be contact with a monkey (Butagira, Bogere and Mugisha,
2007; ProMED-mail, 2012), but remains unconfirmed. In the additional outbreaks in Uganda, the source
of infection for index cases remains unknown (MacNeil et al., 2010; Wamala et al., 2010; Kortepeter,
Bausch and Bray, 2011; Atherstone et al., 2017). A risk assessment found a number of factors that
support potential zoonotic transmission from pigs in Uganda including: habitat overlap between pigs
and fruit bat hosts; interactions at the human-pig-wildlife interface that could support transmission; and
temporal association of EBOV outbreaks with peak pork consumption periods (Atherstone et al., 2017).
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While pigs are the only livestock species known to be susceptible to infection with EBOV (Barrette et al.,
2009; Fischer, Jabaty, et al., 2018), their role (if any) in the ecology of ebolaviruses in sub-Saharan Africa
remains unknown. Therefore, the aims of this research were to determine if pigs in Uganda are exposed
to EBOV, and to identify risk factors for EBOV exposure.

6.2 Materials and methods
6.2.1 Study area and rationale
This study was conducted at Wambizzi Cooperative Society, a pork slaughterhouse located in Kampala,
the capital city of Uganda. The study area is described in detail elsewhere (Atherstone, Galiwango, et al.,
2018). Briefly, Wambizzi was selected because it is the only registered pig abattoir in Uganda and
supplies an estimated 15% of the pork consumed in Kampala. Pigs are sourced from throughout Uganda
to meet the urban demand for pork in Kampala and its surroundings (Roesel, Holmes and Grace, 2016).
The large volume of pigs and the wide geographic area these pigs are sourced from make it an ideal
location for investigation of EBOV exposure in the domestic pig population in Uganda.

6.2.2 Study design and sample size
Four sampling periods were chosen corresponding with national holidays, when pork consumption
increases and more pigs are presented to Wambizzi for processing to meet this demand (Roesel, Holmes
and Grace, 2016; Atherstone et al., 2017). These four sampling periods were Christmas/New Year’s (Dec
25, Jan 1), Easter (March 27), Martyr’s Day/Hero’s Day (June 3,9) and Independence Day (Oct 9). The
sampling was conducted from December 2015 to October 2016, for 5─8 days during each of these
holiday periods. A minimum sample size of 628 pigs was determined (n=157/period) to detect presence
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of EBOV with 95% confidence, assuming not more than 2% of the domestic pig population are
seropositive for EBOV and with a test sensitivity of 95% (Pickering et al., 2016).

6.2.3 Selection of pigs and biodata collection
Selection of pigs for inclusion in this study and pig biodata collection are described in detail elsewhere
(Atherstone, Diederich, et al., 2018). Briefly, a systematic random sampling strategy was used in which
every 3rd pig that was brought through the door of the slaughter building was selected for inclusion in
the study. After selection of pigs for inclusion in this study, a tag was placed in the ear to identify the
animal. Biodata was collected using a standard form (see Appendix) that captured the date of sampling,
ear tag number of the pig, rectal temperature, pig breed (based on visual classification as local, cross or
exotic), sex, whether the male pigs were intact or castrated, visible clinical signs of illness and source
location of the pig (reported at the district level).

6.2.4 Specimen collection and handling
Serum was collected as described previously (Atherstone, Diederich, et al., 2018). All samples were
placed on ice in an ice box, stored for the duration of sampling for the day (2─3 hours) and transported
to Makerere University, College of Veterinary Medicine, Animal Resources and Biosecurity where they
were refrigerated until processing for storage. Serum was separated by centrifugation, aliquoted and
stored in duplicate at -80 C until shipment.

6.2.5 Laboratory analysis
One set of serum samples was shipped to Friedrich Loeffler Institute (FLI), Germany where they were
tested in duplicate using the ZEBOV (Mayinga) ELISA described previously (Pickering et al., 2016). Sera
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with an optical density (OD) value ≥0.290 (two standard deviations above the mean) in both ELISA runs
were considered positive. Positive serum was confirmed using Western blot against ZEBOV
nucleoprotein (NP), SUDV NP and RESTV NP antigens.

Serum samples with a positive determination using ELISA at FLI were transferred to the Canadian Food
Inspection Agency (CFIA) for confirmatory analysis. At CFIA, serum was tested in duplicate using an inhouse ELISA for both ZEBOV (Kikwit) and SUDV (Pickering et al., 2016). Serum with an optical density
≥0.325 cutoff value (two standard deviations above the mean) in the ZEBOV (Kikwit) ELISA or ≥0.301
(two standard deviations above the mean) in the SUDV ELISA was considered positive. To test if ELISApositive serum samples contained neutralizing antibodies, virus neutralization tests using both ZEBOV
(Kikwit) and SUDV were performed as described elsewhere (Pickering et al., 2016). Serum was diluted at
1/10 and 1/20 for the virus neutralization tests.

In addition, due to concerns about antibody stability, the second set of serum samples was transferred
from Uganda directly to CFIA for analysis using the assays described above. Serum with a positive
determination was analysed in duplicate in virus neutralization tests using both ZEBOV (Kikwit) and
SUDV. Serum was diluted at 1/10 and 1/20 for the virus neutralization tests.

6.2.6 Data analysis
True prevalence was calculated in EpiTools using a test sensitivity of 95% and test specificity of 100%.
Standard descriptive analyses were conducted for categorical and continuous variables. For purposes of
analysis, serum was considered positive if the OD value exceeded the cutoff for the ELISA assay used at
both institutions (FLI, CFIA). Serum with OD values greater than the cutoff in duplicate runs of the ELISA
assay used at one institution, but not the other, was considered seroreactive. Univariable logistic
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regression was performed to determine which variables were predictive of EBOV seropositivity.
Explanatory variables with P-value of <0.25 were considered for inclusion in a multivariable logistic
regression model. The model was fitted using backward stepwise regression and each model was tested
for goodness of fit to the data using the Hosmer and Lemeshow test (H&L). Three way and two-way
interactions between explanatory variables were tested using the interaction term as part of the model
building. Interactions that were statistically significant (p<0.05) were retained in the model. Collinearity
among explanatory variables was assessed using a chi-square test (X2). A pair of variables was
considered highly correlated if the P-value associated with the chi-square test statistic was ≤0.05.

For mapping, pig source locations (reported at the district level) were joined to the centroid of each
district polygon in the 2014 Global Administrative Unit Layers for Uganda (Food and Agriculture
Organization, Rome, Italy) using ArcGIS 10.2 (Environmental Systems Research Institute, Redlands, CA,
USA). The number of EBOV seropositive pigs in each district was mapped using different symbols to
denote sampling period.

6.2.7 Ethics approval and permits
Human and animal ethics approval for this research was obtained from the International Livestock
Research Institute, Nairobi, Kenya (ILRI- IREC2015–01), the Ugandan National Council for Science &
Technology (A499) and Makerere University College of Veterinary Medicine, Animal Resources and
Biosecurity, Kampala, Uganda (SBLS.CA.2016). The Animal Ethics Committee at The University of Sydney,
Australia was also notified of external ethics approval (2015/ 891). Export permits were granted by the
Ministry of Agriculture, Animal Industries and Fisheries, and in accordance with access and benefits
sharing as detailed in the Nagoya Protocol.
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6.3 Results
6.3.1 EBOV seroprevalence
Of the 658 sera tested at both FLI and CFIA, 46 (7.0%; 95% CI: 5.6, 9.7) were considered positive by ELISA
at both institutions. True prevalence ranged from 4.2% (95% CI: 2.1, 8.8) in October 2016 to 11.1% (95%
CI: 7.5, 17.8) in June 2016. Of the 46 seropositive pigs, twenty-seven (58.7%) were seropositive in the
Sudan ELISA, 8 were seropositive on the Zaire ELISA (17.4%) and 11 were seropositive on both the Sudan
and Zaire ELISA assays (23.9%) (see Table 6.1). Of these seropositive samples, four reacted in Western
blot (see Figures 6.1-6.2). One of the sera samples reacted with ZEBOV NP, one with RESTV NP and two
with both ZEBOV and RESTV NP in Western blot. One sample (539) had full neutralizing antibody at 1/10
and 1/20 against Sudan virus, but not Kikwit virus, in the virus neutralization test. An additional three
sera were seroreactive at CFIA and another 52 sera were seroreactive at FLI.

Table 6.1. Sampling period and source region of ebolavirus seropositive pigs by ELISA assay.

Region
Central
Eastern
Northern
Not recorded
Sampling Period
December 2015
March 2016
June 2016
October 2016

Sudan NP ELISA
(n=27)

Zaire NP ELISA
(n=8)

Both ELISAs
(n=11)

13 (48.2%)
3 (11.1%)
1 (3.7%)
10 (37.0%)

5 (62.5%)
1 (12.5%)
0
2 (25.0%)

6 (54.5%)
1 (9.1%)
1 (9.1%)
3 (27.3%)

8 (29.6%)
3 (11.1%)
14 (51.9%)
2 (7.4%)

3 (37.5%)
3 (37.5%)
1 (12.5%)
1 (12.5%)

2 (18.2%)
2 (18.2%)
3 (27.3%)
4 (36.3%)
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Figure 6.1. Western blot analysis of serum reactivity against ZEBOV NP. P21 serves as a positive
control (sera from ZEBOV infected pig), S52 as a negative control (German pig). All serum samples
were diluted 1:20. A star denotes seroreactive serum from pigs sampled at Wambizzi.
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Figure 6.2. Western blot analysis of serum reactivity against RESTV NP. P21 serves as a positive control
(sera from ZEBOV infected pig), S52 as a negative control (German pig). All serum samples were
diluted 1:20. A star denotes seroreactive serum from pigs sampled at Wambizzi.
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6.3.2 Risk factors for EBOV seroprevalence
Table 6.2 shows the characteristics of sampled pigs. Seropositive pigs were detected in both sexes as
well as local, exotic and cross-breed pigs. Exposed pigs may or may not have had fever or signs of illness
at time of slaughter. Seropositive pigs were sourced from all regions except Western region (see Figure
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6.3) and were detected in all sampling periods. In univariable analysis, pigs sampled in June 2016 were
nearly 3 times more likely to be seropositive than pigs sampled in October 2016 (OR: 2.88; 95% CI: 1.177.08, P=0.02; see Table 6.2). Pig sex and fever were found to be highly correlated (p<0.01). As pig sex
explained more of the variance in seroprevalence than fever, pig sex was retained in the final model.
The final model included pig sex, breed and sampling period. After adjusting for other covariates, pigs
sampled in June 2016 were significantly more likely to be seropositive than pigs sampled in October
2016 (OR: 2.78; 95% CI: 1.11-6.93; P=0.03; see Table 6.2).
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Table 6.2. Risk factors for ebolavirus seropositivity of 658 pigs at Wambizzi Cooperative Society slaughterhouse, Kampala, Uganda,
2015−2016.Explanatory variables with p <0.25 in the univariable analysis were included in the final multivariable logistic regression model.
Explanatory variables

Number (n)

Sex
Female
384
Male
268
Not recorded
6
Male Status
Intact
92
Castrated
175
Not recorded
1
Breed
Cross
251
Exotic
230
Local
168
Not recorded
9
Fever at time of sampling
Febrile (>39.8° C)
46
Afebrile (<39.8° C)
604
Not recorded
8
Clinical signs at time of sampling
Yes
16
No
637
Not recorded
5
Region
Central
356
Eastern
112
Northern
14
Western
24
Not recorded
152

Number of
seropositive animals
(%)

Outcome variable: Ebolavirus seropositive on ELISA assays at both FLI
and CFIA
Unadjusted odds ratio
p-value
Adjusted odds ratio
p-value
(95% CI)
(95% CI)

31 (8.1)
15 (5.6)
0

1.48 (0.78, 2.80)
1.00
NA

0.23

4 (5.4)
10 (5.7)
0

0.95 (0.31, 2.86)
1.00
NA

0.93

23 (9.2)
10 (4.3)
12 (7.1)
0

1.31 (0.63, 2.71)
0.59 (0.25, 1.40)
1.00
NA

6 (13.0)
40 (6.6)
0

2.12 (0.85, 5.29)
1.00
NA

0.11

2 (12.5)
44 (6.9)
0

1.93 (0.42, 8.74)
1.00
NA

0.40

24 (6.7)
5 (4.5)
2 (14.3)
0
14 (9.2)

1.00
0.65 (0.24, 1.74)
2.31 (0.49, 10.90)
0.00
NA

0.12a
0.47
0.23

1.54 (0.80, 2.99)
1.00

0.20

1.31 (0.63, 2.74)
0.54 (0.22, 1.30)
1.00

0.47
0.17

*

0.23a
0.39
0.29
1.00
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Sampling Period
0.06a
December 2015
168
13 (7.7)
1.93 (0.75-4.96)
0.17
2.36 (0.90-6.18)
0.08
March 2016
160
8 (5.0)
1.21 (0.43-3.42)
0.72
1.44 (0.50-4.12)
0.50
June 2016
162
18 (11.1)
2.88 (1.17-7.08)
0.02
2.78 (1.11-6.93)
0.03
October 2016
168
7 (4.2)
1.00
1.00
a
Overall p-value for non-binary variables.
*
This variable was highly correlated with pig sex (p<0.01). As pig sex explained more of the variance in serostatus than fever (Log likelihood
ratio: 313.94, chi-square: 2.73, df=8, H&L: 0.95, p=0.05 vs Log likelihood ratio: 312.29, chi-square: 7.77, df=8, H&L: 0.46, p=0.01, respectively),
the latter variable was excluded from the final multivariable model.
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Figure 6.3. Source location districts of ebolavirus seropositive pigs sampled at Wambizzi Cooperative
Society slaughterhouse, Kampala, Uganda, 2015−2016. The source locations of fifteen seropositive
pigs were not recorded.
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6.4 Discussion
This study is the first to report evidence of ebolavirus exposure in the pig population of Uganda, a
country where there is a growing pig industry and history of sporadic human outbreaks of EVD. Using
systematic abattoir sampling of 658 pigs at slaughter, we detected an overall seroprevalence of 7.0%
(95% CI: 5.6, 9.7), based on ELISA tests at two different institutions. This likely represents a conservative
estimate, as additional pigs were determined to be seroreactive at one institution but not the other. Of
the 46 seropositive pigs, 27 had antibodies that bound to Sudan NP, 8 to Zaire NP (Kikwit and Mayinga)
and 11 to both Sudan NP and Zaire NP. The positive reaction with Sudan and Zaire NP was confirmed by
Western blot analysis (Mayinga NP) for 3 sera samples and by virus neutralization tests (SUDV) for 1
serum sample. Pigs sampled in June 2016 were significantly more likely to be seropositive than pigs
sampled later in the study period (October 2016).

Natural exposure of pigs under field conditions has only been reported once previously in sub-Saharan
Africa, specifically in areas of Sierra Leone that were impacted by the West African outbreak (ZEBOV;
2014-2016) (Fischer, Jabaty, et al., 2018). In that study, 3/400 (0.75%) pig sera samples collected from 3
different districts were found to be positive, none of which neutralized the virus. Two of the ELISA
positive sera reacted in Western blot – one to RESTV and the other to SUDV, RESTV and EBOV
confirming ebolavirus-specific antibodies in pigs in Sierra Leone.

In our study, antibodies were detected in pigs regardless of sex, breed, location (except Western region)
and season, indicating multiple introductions of ebolaviruses into the domestic pig population in
Uganda. Bats are distributed throughout Uganda, and so it is expected that spillover of EBOV from fruit
bats to pigs could result in exposure of pigs at multiple locations. Multiple independent spillover events
were also reported to occur between 2001−2003 in Gabon and the Republic of Congo where eight
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different ZEBOV strains were found circulating during outbreaks in humans and apes (Leroy et al., 2004;
Groseth, Feldmann and Strong, 2007).

The higher frequency of SUDV exposure in pigs is consistent with historical outbreaks of SUDV in
Uganda. Detection of antibodies to ZEBOV is curious and may suggest that this virus is circulating in
Uganda although human outbreaks have not yet been detected. Although Uganda has never confirmed
an outbreak with ZEBOV, the Democratic Republic of Congo (which borders Uganda) has reported nine
EVD outbreaks in humans caused by ZEBOV (Centers for Disease Control and Prevention, 2018b). ZEBOV
exposure was found in pigs sourced from the Central, Eastern and Northern regions and during all four
sampling periods, suggesting circulation in multiple regions across the sampling period.

The serum antibody reactivity against RESTV in the Western blot is consistent with findings in pigs from
Sierra Leone (Fischer, Jabaty, et al., 2018). RESTV is thought to be of Asian origin, but antibodies to
RESTV have recently been found in African straw coloured fruit bats (Eidolon helvum) in Zambia (Ogawa
et al., 2015) suggesting Reston or Reston-like viruses exist in Africa. The presence of neutralizing
antibodies strongly supports exposure to SUDV but does not exclude the possibility of exposure to
another closely related virus.

Pigs sampled in June 2016 were nearly 3 times more likely to be seropositive than those sampled in
October 2016. June had the highest number of SUDV seropositive pigs of all sampling time periods
which may indicate a spillover event involving this virus preceding this particular time period. June is the
start of the dry season in Uganda (World Weather & Climate Information, 2016). Several studies suggest
that Ebola virus spillover to humans is more likely to occur at the onset of the dry season (Tucker et al.,
2002; Pinzon et al., 2004; Pinzon, Wilson and Tucker, 2005). In addition, EBOV outbreaks in great apes in
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Gabon and the Republic of Congo were reported at the start of the dry season (Leroy et al., 2004).
Furthermore, in predictive modelling, EBOV spillover intensity was found to be highest at the transitions
between wet and dry seasons (Schmidt et al., 2017). These seasonal dynamics in spillover and outbreak
intensity are likely driven by changes in resource availability, wildlife migration, reproductive cycles and
frequency of host encounters (Schmidt et al., 2017). Other unrecognized emergence factors might also
explain why pigs in June 2016 were more likely to be seropositive than pigs sampled at other times.

This is the first study to report findings from systematic sampling in abattoirs for EBOV surveillance in
pigs and domestic animals more generally. Nonetheless there are some important limitations. While the
development and use of a standardized protocol for EBOV surveillance in abattoirs in low income
settings is a strength of this study, the requirement for BSL4 laboratory facilities and control sera
generated from infection studies required that testing be performed in more equipped laboratories.
Furthermore, the unreliability of aging pigs using dentation alongside the lack of formal traceability
mechanisms meant age and source location could not be reliably assessed for all animals which makes
detection of timing and location of any specific spillover events difficult. The district source locations
provided are likely to be reasonably reliable as the traders use community-based scouts to identify pigs
for sale (Atherstone, Galiwango, et al., 2018). Finally, a decline in antibody stability during transport and
laboratory manipulation was noted at both institutions and resulted in some strong positive reactions
appearing lowered in subsequent testing.

In conclusion, we provide serological evidence of EBOV exposure in pigs from Uganda, in multiple
locations and with a temporal association. Furthermore, this is the first report suggesting a natural
infection with SUDV, or a closely related virus, in pigs. Overall, this study broadens the current
understanding of ebolavirus ecology in Uganda and host range of SUDV. Future studies will be necessary
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to further define the role pigs play in ebolavirus maintenance and transmission so that potential risks
can be mitigated.
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Discussion
7.1 Introduction
In countries undergoing rapid expansion of their pig population, such as Uganda, knowledge gaps about
pig-associated zoonosis risk is a barrier to developing sound control and intervention strategies. This
thesis presents the first in-depth, systematic investigation of select pig-associated zoonoses in Uganda,
combining a robust abattoir-based sampling methodology with novel diagnostic technologies. Interviews
conducted with pig traders operating at the only officially registered pork abattoir (Chapter 3) initially
identified challenges encountered to ensure a safe and reliable pork supply in Uganda. Repeated, crosssectional sampling of pigs was then undertaken at this abattoir to investigate the presence and
prevalence of selected zoonoses. Specifically, the prevalence of three bacterial zoonoses associated with
reduced reproductive performance and inefficiencies – namely leptospirosis, brucellosis and coxiellosis –
was reported in Chapter 4. The presence of antibodies against henipaviruses and ebolaviruses was
reported in Chapter 5 and Chapter 6, respectively. Risk factors for infection/exposure and the
geographic distribution of positive animals were also described for each of the selected zoonoses,
indicating significant risks associated with pig sex, location and timing of sampling.

The findings of this thesis were underpinned by the use of novel diagnostic approaches and a strong
collaboration formed with several reference laboratories (FLI, CFIA) to develop new diagnostic assays
needed for surveillance of these selected zoonoses in pigs. qPCR was utilized for detection of bacterial
pathogens, providing direct evidence of infection and complementing previous serosurveys undertaken
in the region (Waghela and Gathuma, 1976; Semakula, 1999; Sseddyabane, 2005; Kessy, Machang’u and
Swai, 2010; Mwebe et al., 2011; Erume et al., 2015). Due to a lack of porcine specific serological assays,
three new ELISA assays were developed by our collaborators for screening of pigs for henipaviruses and
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ebolaviruses. In the absence of commercial assays, pairing large-scale epidemiological investigations
with laboratories interested in building diagnostic capacity for the pathogen under investigation proved
a useful strategy to address both research gaps.

7.2 Key findings
This thesis provides the first evidence of the presence of leptospirosis in the Ugandan pig population
(Chapter 4), and exposure of the same to circulating henipaviruses (Chapter 5) and ebolaviruses
(Chapter 6). Overall prevalence of Leptospira infection and exposure to henipaviruses and ebolaviruses
was 10%, 2% and 7%, respectively. Laboratory tests revealed multiple circulating serovars/strains in
Uganda – at least 4 Leptospira serovars and 2 ebolavirus strains (ZEBOV and SUDV). Brucellosis and
coxiellosis were not detected in this population (Chapter 4).

Pigs of both sexes were infected or exposed to each zoonosis. However, female pigs had a higher
prevalence of infection/exposure to each zoonosis than male pigs: Leptospira (7.7% vs 2.8%, p=0.01),
henipaviruses (2.3% vs 1.5%, p=0.44) and ebolaviruses (8.1% vs 5.6%, p=0.23). Given the impact on
reproductive performance, it was postulated that female pigs experiencing clinical signs consistent with
leptospiral infection may be culled (sold to slaughterhouse), as they are no longer economically viable in
smallholder farming systems. It is not entirely clear why female pigs had higher henipavirus and
ebolavirus seroprevalences than male pigs. It is possible that female pigs are kept by farmers for longer
periods of time, given their ability to regularly produce piglets for household income generation, and
therefore have a higher cumulative exposure risk to these two viral zoonoses. In any case, this thesis
provides initial evidence of sex-related differences in infection and exposure to each zoonosis that can
guide future studies and targeted farm level interventions.
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While infected/exposed pigs were detected in all regions of Uganda, the study revealed possible
differences in geographic distribution of each zoonosis. In the case of leptospirosis, pigs from Central
region had the highest prevalence (9.2%), while the highest seroprevalence of henipavirus and
ebolavirus exposure was found in pigs sourced from the Northern region (14.3% for each virus). It is
interesting to note that the geographic distribution of henipavirus and ebolavirus exposure in pigs was
consistent; seropositive pigs were identified from Central, Eastern and Northern regions, but not
Western region, for both viruses. Both of these emerging viruses have fruit bat hosts and this geographic
distribution may represent bat dynamics and frequency of bat-pig contact. The higher prevalence of
leptospirosis in the Central region is likely due to the increased pig density in this region (Uganda Bureau
of Statistics, 2008), a factor that favours the transmission of leptospirosis in pigs. The differences in
geographic distribution of each zoonosis has implications for ongoing surveillance as well as control and
prevention interventions.

This study also revealed differences in temporal patterns associated with infection/exposure for each
zoonosis. For instance, pigs sampled in March 2016 had the highest prevalence of Leptospira infection
(4.9%), which is consistent with warm, wet weather conditions that favour persistence and replication of
the organism in the environment (Lau et al., 2010). The higher ebolavirus seroprevalence in June 2016
(11.1%) is also consistent with studies that have identified spillover intensity at the start of dry season
(Tucker et al., 2002; Leroy et al., 2004; Pinzon et al., 2004; Pinzon, Wilson and Tucker, 2005; Schmidt et
al., 2017). Reasons for the higher henipavirus seroprevalence in October 2016 was less clear. It is
possible that the intermittent rains at this time period could lead to clustering of fruit bats around food
resources, leading to exposure of pigs with contaminated bat urine, faeces or by eating dropped fruit. In
any case, the temporal distribution of each zoonosis seems to be driven by environmental factors, a
finding which may inform timing of farm-level interventions to prevent spillover and/or transmission.
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Identification and description of pig trader practices was a secondary aim of this thesis research.
Interviews conducted with pig traders (Chapter 3) revealed that clinical signs of illness were frequently
observed, but traders lacked clarity on whether these cases needed to be reported and to whom they
needed to be reported. The frequent observation of sick pigs was confirmed by the number of pigs with
a fever at the time of sampling and the detection of pathogenic leptospiral DNA in tissues collected at
slaughter (Chapter 4). In addition, practices in the buying and transporting of pigs identified some
additional areas for investment to support farmers in accessing consistent pork markets and favourable
prices for their pigs. Traders reported that they preferred buying pigs from male rather than female
farmers, highlighting barriers female farmers face in accessing consistent markets for their pigs.
Furthermore, as pig traders travel through additional districts and regions to purchase live pigs, they are
paying lower prices at farm gates for these pigs. This, coupled with findings regarding seasonality trends
in demand for pork, suggests opportunities for farmers to be able to negotiate for more favourable
prices for their pigs. This might include timing the sale of their pigs at times that correspond with peak
pork demand and working with pig traders to reduce the distances travelled to procure enough pigs to
meet their pork customers’ needs so that higher prices can be paid for their pigs.

7.3 Strengths and limitations
Conducting systematic abattoir-based sampling at a strategic site (Wambizzi) was a major strength of
this investigation since it allowed sampling of pigs reared across the country. Indeed, development of a
sampling protocol for abattoir-based surveillance in resource-poor settings was a key objective of this
thesis research (Objective 1) and remains a legacy of this body of work. Sampling over four time periods
allowed for some temporal analysis of risk factors for infection/exposure in pigs. While the temporal
distribution of each zoonosis needs to be explored further, the repeated cross-sectional sampling of pigs
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provided additional information on time as a risk factor that would not have been gained utilizing a
single period sampling approach as is the case of most prevalence studies in livestock in the region.
Additionally, collection of a panel of samples from pigs at slaughter enabled investigation of pathogen
DNA in the tissues preferentially colonized by the bacteria of interest, which is novel when compared to
previous studies in the region. One limitation with the selection of Wambizzi abattoir as the site of this
research is that fewer pigs reared in the Northern and Western regions were presented for slaughter.
This meant we may have underreported the presence and prevalence of the selected zoonoses in these
regions. Furthermore, we might have under-sampled diseased pigs; these are more likely to be
slaughtered at farm level to avoid the animal dying enroute to the abattoir or the carcass not passing
inspection (Muwonge and Munang’andu, 2012; Tejler, 2012; Chenais, Boqvist and Sternberg-Lewerin,
2017; Dione et al., 2017).

The investigation of the selected bacterial zoonoses was aided by the use of qPCR to rapidly screen for
brucellosis, coxiellosis and leptospirosis in several types of porcine tissue. While brucellosis was not
detected in pigs in this study, the multiplex PCR protocol used allowed for differentiation between B.
abortus and B. melitensis, if present. The leptospiral qPCR protocol detects all pathogenic Leptospira
serovars and was complimented by serotyping using IS1533 and IS1500 primers. However, the use of
qPCR for detection of pathogenic leptospires meant we were unable to obtain isolates for further
taxonomic identification of 3 distinct, yet unknown serovars.

The large number of sera collected from pigs in Uganda assisted in development and field validation of
three new ELISA assays (Objective 2) – Hendra G, Nipah G and Sudan – with research partners, FLI and
CFIA. Because laboratory methods are not standardized for henipavirus and ebolavirus surveillance in
pigs, the ability to use confirmatory diagnostic methods was also a key benefit of partnering with FLI and
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CFIA (both of which have comprehensive diagnostic and technical capacity for investigating the presence
of emerging viruses categorized as BSL4). However, the need to develop additional diagnostic assays did
impact on the ability to conduct the serological analysis within the originally proposed timeline. There
were delays of more than 18 months while positive control sera and live virus were generated for the
Sudan ELISA and VNTs, for example.

Finally, purposeful interviewing of pig traders during historical peak periods of pork demand yielded
three times the number of traders than originally reported to be operating from the abattoir. By
interviewing a larger number of pig traders, we were able to generate baseline information on pig trader
practices in Uganda (Objective 3), including mapping the district location from where many of the pigs
were sourced. While the location pigs were purchased from is subject to recall bias, these self-reported
locations are likely to be reliable because the traders use community-based scouts to identify pigs for
sale. As this was the first investigation into the prevalence of the selected zoonoses, and in the absence
of formal traceability mechanisms, being able to determine preliminary geographic distribution of
infected/exposed pigs is a significant contribution of this thesis.

7.4 Recommendations
7.4.1 Policy
Information in this thesis can be used to guide the development of policies for the surveillance,
prevention and control of zoonoses in pigs; these are currently lacking. Preventing and controlling
zoonotic diseases requires coordinated policies by government authorities responsible for human and
animal health.
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This thesis illustrates that surveillance for zoonotic diseases of importance in pigs can be implemented
at strategic locations that allow for screening of a large number of pigs from a wide geographic area.
This is particularly helpful when evaluating the initial presence and prevalence of zoonotic diseases not
yet known to impact on pig production, an information gap in many sub-Saharan countries with growing
pig populations. In the future, abattoirs like Wambizzi should be prioritized for ongoing investigation and
monitoring of zoonotic diseases in pigs.

At the regional and national level, construction of regional abattoirs would provide a multitude of
benefits. First, it would limit the distance pigs are currently being transported from farm to abattoir. This
is both an animal welfare issue and, as outbreaks in other countries have shown (Fèvre, Bronsvoort and
Hamilton, 2006), a method to reduce possible transmission of infectious diseases. These regional
abattoirs would also serve as a strategic location for ongoing surveillance of zoonotic diseases in pigs.
Furthermore, regional abattoirs would serve as a central location for customers to access consistent
pork supply, an inducement to both pig traders and pig farmers when they consider whether they
engage in these livelihoods.

Traders would also benefit from a specific association or organization that works to address the
challenges faced in purchasing, transporting and supplying pork to their customers. For instance, there
are current challenges with consistent supply of pigs, transportation inefficiencies and vulnerabilities
should consumer fears about the safety of pork prove to be warranted. Finally, to maximize their ability
to receive higher prices for their pigs, policies which encourage farmers to organize themselves to sell
pigs in groups would limit the amount of travel required for pig traders to find adequate supply of pigs,
one of the key factors that impacts on prices paid for live pigs and likely detrimental practice to animal
welfare.
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7.4.2 Extension
Based on the findings of this thesis, pig farmers would benefit from targeted interventions to mitigate
the risks of leptospirosis, henipaviruses and ebolaviruses in their pigs and possible spillover to people. In
mixed farming systems found in Uganda, leptospirosis control needs to consider all livestock species
present. In particular, previous studies show a high rate of exposure in cattle in Uganda (Atherstone,
Picozzi and Kalema-Zikusoka, 2014; Dreyfus et al., 2017). Vaccination against specific serovars is widely
practiced in North America and Europe (Adler, 2015). Vaccination is not a common practice in
smallholder pig production systems in Uganda (Dione et al., 2014), and its use in leptospirosis
prevention in Uganda will require additional research into circulating serovars as well as capacity
building. In the meantime, rodent control and the management of abortive and stillbirth materials can
be emphasized in farmer extension programs to reduce occupational exposure as well as exposure in
other livestock species.

Our current understanding of henipavirus and ebolavirus epidemiology points to an important role of
fruit bats in the spillover of both these viruses. In the absence of a vaccine for pigs, interventions that
reduce contact between pigs and fruit bats and their contaminated bodily fluids could be
recommended, similar to how Hendra virus control incorporates recommendations for environmental
management (Kung et al., 2013; NSW Government Department of Primary Industries, 2018). Pig farmers
who practice free range/scavenging and tethering management systems could benefit from training to
reduce the risk of spillover from bats to pigs. This might include ensuring pigs are not tethered to or near
fruit trees and restricting access to fruit dropped by bats. Farmers who practice total confinement could
be instructed on how to prevent fruit bats from roosting in their pig structures.
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Pig traders would benefit from inclusion into disease reporting and management mechanisms as their
livelihoods depend on their customers’ confidence in the safety of the pork being supplied. Training in
basic recognition of pig diseases, reporting requirements, biosecurity measures and meat hygiene
practices would provide them with additional tools to ensure pork safety and consumer confidence.

7.4.3 Research
There are several directions for further research that emerge from this thesis. For leptospirosis, it will be
important to isolate and identify the serovars circulating in pigs to understand the differences in
ecologies and, therefore, intervention options. Furthermore, if the circulating serovars were known,
antigens against these serovars can be included in MAT panels, which has been shown to dramatically
improve detection of leptospiral antibodies (Mgode et al., 2015). There is also a need to assess the
economic impact of leptospirosis on pig productivity which will be key in determining and understanding
the cost-benefit of interventions. Integrative animal and human disease reporting mechanisms would
assist in establishing whether human leptospirosis infections are caused by serovars circulating in pigs.

Based on the evidence that pigs are being exposed to henipaviruses in Uganda, there is a need to further
quantify the risk of spillover from pigs to people so that any potential risks can be mitigated. Follow up
studies conducted at farm level should be undertaken and can be informed by findings in this thesis. For
example, future investigations should prioritize the North (under-sampled in this study and possibly
higher prevalence of henipaviruses) as well as other areas with suitable bat hosts and other ecological
factors known to facilitate virus spillover. While limiting contact between pigs and bats and their bodily
fluids may be the primary intervention at this point, whether this reduces exposure has not been
confirmed. Other methods to reduce risk of exposure in pigs and spillover to humans need to be
investigated.
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Similarly, the evidence that pigs are being exposed to ebolaviruses, raises questions about whether
spillover from pigs to humans is possible. Viral replication and shedding in pigs might be impacted by coinfection, a hypothesis that was raised when REBOV infected pigs in the Philippines were also found to
be infected with PRRSV (Barrette et al., 2009). Repeated on-farm sampling of pigs and wildlife hosts in
locations and at times consistent with higher prevalence in this thesis as well as in outbreak hotspots
identified in ecological niche modelling (Pigott et al., 2014, 2016; Nyakarahuka et al., 2017) is likely to
reveal more about virus maintenance and spillover dynamics. Our current understanding of ebolavirus
ecology suggests that, like henipaviruses, limiting contact between pigs and bats and their bodily fluids
would be one method of preventing infection in pigs. However, further evidence is needed to confirm
that environmental management reduces the risk of exposure to henipaviruses and ebolaviruses. To
date, there is also no information on whether pigs are exposed to and maintain BDBV, the cause of one
outbreak in Western Uganda and another in the Democratic Republic of Congo (Wamala et al., 2010;
Albarino et al., 2013).

Finally, there is a need to validate and standardize diagnostic methods used to detect henipaviruses and
ebolaviruses in pigs and to better understand the immune responses to these viral infections. Further
experimental infection studies are needed to understand the development, duration and stability of
antibody responses against the individual viruses in pigs. The current need for confirmatory diagnostic
strategies to interpret findings, particularly serological investigations, requires samples from resourcepoor areas (where many of these emerging viruses are present) to be sent to international reference
laboratories. This lengthy process means that epidemiologic information to inform control and
prevention options may take months and even years to gather and raises ethical questions about access
and benefits of sharing in the impacted countries (Freudenthal, 2019). Once diagnostic methods have
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been standardized and validated, they can be transferred to national laboratories to build capacity in
the detection and diagnosis of these emerging viruses.

7.5 Conclusions
This thesis aimed to investigate the presence and prevalence of selected bacterial and viral zoonoses in
pigs in Uganda. Prior to the research described in this thesis there had been no such investigations. Most
strikingly, findings presented in this thesis offer the first evidence that pigs in Uganda are being exposed
to henipaviruses and ebolaviruses. This investigation would not have been possible without a strong
collaboration with two reference laboratories to develop porcine specific serological assays for
detection of these emerging viruses. In addition, this thesis provides the first evidence that pigs in
Uganda are infected with pathogenic Leptospira spp. While this finding was expected, the fact that
leptospirosis causes an array of reproductive disorders in pigs suggests that pork production in Uganda
may be constrained by this infection. Finally, given their role as a link between farmers and consumers,
pig traders would benefit from targeted inclusion in disease control and prevention strategies.

This thesis has provided evidence that using an abattoir-based surveillance strategy alongside novel
diagnostic technologies is feasible and an effective means to determine the presence and prevalence of
selected zoonoses in domestic pig populations in resource-poor settings. Methods described in this
thesis can be used in the future to effectively address gaps in pig-associated zoonoses knowledge.
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Appendix E. Pig trader information sheet
A study of pig health issues in Uganda
Christine Atherstone
PhD Candidate
The University of Sydney
NSW 2006 AUSTRALIA
Telephone: +256 753000775 (local phone)
Email: christine.atherstone@sydney.edu.au

Dr Siobhan Mor
Senior Lecturer, Food Security
The University of Sydney
NSW 2006 AUSTRALIA
Telephone: +61 2 9351 6516
Email: siobhan.mor@sydney.edu.au

Dr Delia Grace
Program Leader Food Safety and Zoonoses
International Livestock Research Institute
Box 30709, Nairobi, Kenya
Telephone: +254 20 422 3460|
Email: d.grace@cgiar.org

1. What is this study about?
You are invited to take part in a research study about important pig health issues and pig trader
practices in Uganda.
2. Who is running the study?
Researchers at the International Livestock Research Institute and the University of Sydney, Australia.
3. What will the study involve on my side?
If you take part in this study, we will collect blood, tissue and nasal swab samples from the pigs
you bring to Wambizzi and test them for a range of diseases. You may also be asked to share your
knowledge and practices about pig trading, pig health and related management practices. A
research assistant will complete the questionnaire with the answers you provide.
4. How much of my time will the study take?
Consent to sample pigs you bring for processing at Wambizzi can be given today. The questionnaire
will last about 1 hour on a day to be communicated to you in advance.
5. Who can take part in the study?
People who are taking part in this study are pig traders who supply pigs to Wambizzi abattoir.
6. Do I have to be in the study? Can I withdraw from the study once I've started?
You are free to decide to participate or not to participate. If you do participate, you are free to
stop participating at any stage. Since the pigs to be sampled at Wambizzi cannot be identified by
your name, it will not be possible to remove the pig samples from the study if you decide to stop
participating in this study.
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7. Are there any risks or costs associated with being in the study?
No.
8. Are there any benefits associated with being in the study?
There are no direct benefits to you if you do take part in this research study. However, sharing your
experience will increase knowledge on diseases affecting pigs in Uganda and may help inform
practices aimed at reducing risks associated with pig keeping/trading. Training in improved
practices for pig traders will be provided at the conclusion of the research. You will not receive any
money for participating. However, refreshments will be provided.
9. What will happen to the information about me that is collected during the study?
All information that you give in the questionnaire will be kept strictly private.
10. Can I tell other people about the study?
Yes, you are welcome to tell other pig traders about the study.
11. What if I would like further information about the study?
Please discuss the research with Christine Atherstone in person or call her on +256 753000775
(mobile).
12. What if I have a complaint or any concerns about the study?
If you have any concerns or complaints about the conduct of this research study you can contact
Ben Lukuyu, ILRI country representative, at +256 392 081154/5 (office).
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Appendix F. Pig trader consent form

A study of pig health issues in Uganda
Christine Atherstone
PhD Candidate
The University of Sydney
NSW 2006 AUSTRALIA
Telephone: +256 753000775 (local phone)
Email: christine.atherstone@sydney.edu.au

Dr Siobhan Mor
Senior Lecturer, Food Security
The University of Sydney
NSW 2006 AUSTRALIA
Telephone: +61 2 9351 6516
Email: siobhan.mor@sydney.edu.au

Dr Delia Grace
Program Leader Food Safety and Zoonoses
International Livestock Research Institute
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PARTICIPANT CONSENT FORM
I, [NAME OF PIG TRADER], agree to take part in this research study.
In giving my consent I state that:
 The participant information statement was read out loud for me and I understand that my
pigs have been selected by the research team for blood, tissue and nasal swab sample
collection and testing. The researchers have answered my questions about the study, and I
am happy with the answers.
 I understand that participation is voluntary and that I will not be paid for participating.
 I understand that I can change my mind about at any time but because the pig samples are
in no way linked to me, once the samples are taken, they cannot be removed from the
research study.
 I also understand that at whatever information I provide will be kept strictly private
Signature or thumbprint of interviewee:

Date:

/

_____________________________________________

/
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Appendix G. Pig trader structured questionnaire
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Appendix H. Sampling protocol
Target population: Catchment population of pigs presenting to Wambizzi abattoir for processing

Catchment pig population: The location of pigs presenting to Wambizzi for processing is unknown. Pig
source location is not required by law and the abattoir is not required to demand movement permits for
pigs received for processing. A retrospective analysis of movement permits for pigs brought in for
processing showed that fewer than 8% of pigs received have accompanying movement permits (ILRI,
unpublished). Since the catchment pig population is large but unknown, the population size for sample
size calculations is infinite for sample size calculation purposes.

Design prevalence: 2%
While the prevalence of other diseases will be investigated as part of this research (see Table 2), the
priority is establishing proof of freedom from ebolaviruses in the catchment pig population. Therefore,
the design prevalence for EBOV detection will be used to determine sample size. Since natural infection
of domestic pigs with the endemic African species of ebolaviruses has not been established, a review of
the literature for natural infection in other hosts was conducted. In Uganda, 5% of fruits bats were
actively infected with Sudan ebolavirus in Kitaka mine, Uganda (Amman et al., 2012). Assuming
Ebolaviruses are present in the pig population, they will be present at more than 2% level, a design
prevalence of 2% was specified.

Diagnostic sensitivity of EBOV serological assays: 95%

Diagnostic specificity of EBOV serological assays: 100%
200

Through an agreement with ILRI, the Friedrich Loeffler Institute (Germany), a reference lab for
filoviruses, will be conducting the EBOV analysis of the pig sera, blood and tissue samples. The samples
will first be analyzed using SUDV and ZEBOV ELISAs. Any positive samples will then be analyzed using
virus neutralization test. Molecular detection methods are also available if needed for further
confirmation. The diagnostic sensitivity and specificity of this serial testing is 95% and 100% respectively.

Confidence level: 95%
Ninety-five percent confidence level is standard for field epidemiological investigations.

Sample size: 157 animals per sampling period, i.e. 628 in total.
Using FreeCalc version 2 (AusVet Animal Health Services) the sample size is 157 animals. Over the 4
sampling timeframes, a total of 628 pigs will be sampled. The four sampling timeframes correspond with
national holidays, when pork is consumed, and more pigs present to Wambizzi for processing to meet
the consumer demand.

Sampling method: Simple random sampling
Pigs will be selected according to a simple random sampling procedure. Based on numbers shown
below, we estimate that every third pig will be selected for sampling. The first animal will be randomly
selected using a single dice. The number rolled corresponds to the number of the animal to be sampled
first. After this animal, every third pig will be sampled. Since there is no flow to the slaughter process at
Wambizzi, animals to be sampled will be ear tagged at the time of slaughter.

This research is graciously being hosted by Wambizzi abattoir management. Therefore, disruption to
pork processing will be minimized. There are very few animal welfare and work safety practices in place
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at the abattoir. To maintain research personnel safety and health, efforts will be made to meet the
sample size in the fewest number of days sampling. The average number of pigs processed per day in
2013, the year ILRI has the most complete records, was 72. Based on an average of 72 pigs per day, the
estimated dates for sampling are as follows below. This corresponds with increased numbers of pigs
being processed to meet periods of increased pork consumption and will allow for analysis of seasonal
variations in disease prevalence.

Table 1: Sampling periods.
Holiday

Sampling Period

Sample size

Christmas/New Years’

Dec 22, 2015-Jan 1, 2016
(Tues-Fri)
March 22-28, 2016(Tues-Mon)

157

June 2–12, 2016 (Thurs-Sun)

157

October 3-9, 2016 (Mon-Sun)

157

Easter
(March 25-28)
Marty’s Day (June 3) /
Hero’s Day (June 9)
Independence Day (Oct 9)
Total samples

157

628

Targeted sampling: Sick pigs presenting for processing at Wambizzi
Pigs presenting for processing with symptoms consistent with EBOV infection will be opportunistically
sampled to maximize chances for detecting EBOV in pigs presenting to Wambizzi for processing. Pigs
experimentally infected with ZEBOV, developed labored breathing (>80 breaths/minute) with an
abdominal component (Kobinger et al., 2011). Therefore, pigs with these clinical signs will be selected
for targeted sampling. Based on previous work conducted by ILRI, we estimate that as many as 10
additional pigs per day may be selected for targeted sampling.

If between August 2015 and June 2016, an Ebola outbreak is Uganda is confirmed, to further enhance
chances of detecting ebolaviruses in pigs, additional drop-in sampling at Wambizzi will occur. This
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additional drop-in sampling will follow the above protocol: simple random sampling with targeted
sampling of sick pigs presenting with symptoms consistent with ZEBOV infection. An additional 200
animals may be sampled during an Ebola outbreak.

Samples to collect: From each pig

Table 2: Pathogens and samples to be collected
Pathogen

Sample

Brucella spp.

Blood, epididymis (from males),
placenta/uterus tissue (from females)

Coxiella burnetii

Blood, epididymis (from males),
placenta/uterus tissue (from females)

Ebolaviruses

Nasal swab, lung, tracheobronchial lymph
nodes, spleen, blood

Henipaviruses

blood

Leptospira spp.

blood, kidney
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SOPs for sample collection:
Sample
1. Blood

Procedure
The pigs are bled out on the floor after their jugular is cut.
1. After the jugular has been cut, aseptically collect 20 mL of blood from the
carotid arteries and jugular vein as the animal bleeds out.
2. Transfer blood to two (1) blood vacuum tubes (red top) and one (1) serum
separator blood vacuum tubes (yellow top).
3. Label all the blood vacuum tubes with animal’s ear tag number
4. Store blood vacuum tubes at room temperature after collection.

2. Nasal swab

1. Insert a sterile nasal swab into the nasal cavity in a dorsal‐medial direction
and gently swab the surface of the nasal mucosa using a circular motion to
cover as much of the nasal mucosal surface as possible. The swab will collect
nasal mucosal secretions and surface epithelium.
a. Avoid touching the skin with the swab as you enter the nasal cavity
2. Using a new swab, repeat the same procedure in the other nostril
a. Approximate depth to insert swabs for optimal sample: 3 to 4 cm for
fattening pigs > 7 weeks of age
3. Once the nasal swab has been collected, place swab in tube.
4. Label nasal swab tube with animal’s ear tag number
5. Place nasal swabs in ice chest.

3. Faecal sample

1. Insert the forefinger of your gloved hand into the rectum and push out the
faeces.
2. Transfer approximately 10 grams of faeces into a specimen bag.
3. Label the sample with the animal’s ear tag number.
4. Place specimen bag in ice chest.

4. Lung

1. From the cranial or top 1/3 of the caudal lobe, cut a piece no larger than 2 cm
x 2cm.
a. Avoid collecting connective tissue
2. Place lung sample in specimen bag.
3. Label specimen bag with animal’s ear tag number.
4. Place specimen bag in ice chest.

5. Tracheobronchial
lymph nodes

The tracheobronchial lymph nodes surround the base of the trachea and lie
between the right and left cranial lobes.
1.
2.
3.
4.

Remove 2 lymph nodes from along the trachea.
Place lymph nodes in specimen bag.
Label specimen bag with animal’s ear tag number.
Place specimen bag in ice chest.
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Sample
6. Spleen

Procedure
The spleen can be recognized by its bright red colour, its elongated shape and the
surface marbling produced by the prominence of the splenic corpuscles
1.
2.
3.
4.
5.

Cut through capsule
From inside the capsule, cut a piece no larger than 2 cm x 2cm.
Place spleen sample in specimen bag.
Label specimen bag with animal’s ear tag number.
Place specimen bag in ice chest.

7. Liver

1. From the end of the liver, cut a piece no larger than 2 cm x 2 cm.
a. Avoid collecting connective tissue
2. Place liver sample in specimen bag.
3. Label specimen bag with animal’s ear tag number.
4. Place specimen bag in ice chest.

8. Placenta

1. A pig’s placenta is diffuse, so several sample samples can be taken. Cut three
to four samples from different sites across the uterus. Total size of the
samples is 2 cm x 2cm.
2. Place placenta samples in specimen bag.
3. Label the sample with the animal’s ear tag number.
4. Place specimen bag in ice chest.

9. Kidney

The kidneys are paired and lie in the caudo-dorsal abdomen, typically cushioned in
a large quantity of fat.
1. Cut a sample approximately 2 cm x 2cm from the end of the kidney, try to
capture as many of the different internal structures as possible.
2. Place kidney sample in specimen bag.
3. Label the sample with the animal’s ear tag number.
4. Place specimen bag in ice chest.

10. Epididymis

1. With one hand, tighten the skin over the scrotum to help expose the testicle
and the site for the incision.
2. Make an incision about as long as the testicle near the centre of testicle.
3. Squeeze the testicle through the incision.
4. Incise epididymis and remove from testis.
5. Place epididymis in specimen bag.
6. Label specimen bag with animal’s ear tag number.
7. Place specimen bag in ice chest.

Note: It is very important samples are cooled as soon as possible and kept on ice until processed to
ensure sample quality and enhance pathogen diagnostics.
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Sample processing and storage:
Sample

Analysis

Sample Amount per
cryovial

Medium

Processing

Storage

Spleen, lung,
tracheobronchial
lymph node tissues

Ebolavirus identification

Tissue:1cm x 1cm
Nasal swab: 1 per
cryovial

1 cryovial - RNA
later

Cut tissue sample in half and store
in two cryovials
Place each nasal swab in a single
cryovial

-70 C

On site:

-20 C

Nasal swab
Whole Blood and
Serum

1. PCR @ FLI

Ebolavirus & Henipavirus
serology

.5 mL

1 cryovial – no
medium

1. Allow to clot for 20-30 minutes
2. place in coolers

1. ELISA @ FLI
2. VNT @ CFIA

At Lab:
1. separate by centrifugation
2. decant into 2 cryovials each for
serum & whole blood

Epididymis tissue

Placenta/ Uterus tissue

Faeces

Multiplex qPCR for
brucellosis, coxiellosis,
leptospirosis

1 cm x 1cm

Multiplex qPCR for
brucellosis, coxiellosis,
leptospirosis

1 cm x 1 cm

10 g

1 cryovial - RNA
later

Cut tissue sample in half and store
in two cryovials

-20 C

1 cryovial –no
medium for qPCR
analysis
1 cryovial - RNA
later

Cut tissue sample in half and store
in two cryovials

-20 C

1 cryovial –no
medium for qPCR
analysis
RNA later

Store in two cryovials

-70 C
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Sample

Analysis

Sample Amount per
cryovial

Medium

Processing

Storage

Liver tissue

Multiplex qPCR for
brucellosis, coxiellosis,
leptospirosis

1 cm x 1 cm

1 cryovial - RNA
later

Cut tissue sample in half and store
in two cryovials

-70 C

Multiplex qPCR for
brucellosis, coxiellosis,
leptospirosis

1 cm x 1 cm

Kidney tissue

1 cryovial –no
medium for qPCR
analysis
1 cryovial - RNA
later

-20 C

1 cryovial –no
medium for qPCR
analysis
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Appendix I. Pig biodata form
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Appendix J: Export permit for movement of samples from Uganda to Tanzania
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Appendix K. Export permit for movement of samples from Uganda to Germany
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Appendix L. ABS approval to transfer samples from Uganda to Canada
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Appendix M. Export permit for movement of samples from Uganda to Canada
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Appendix N. Sierra Leone ebolavirus study in domestic pigs
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