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Abstract

Human and animal populations are confronted by emerging microparasitic infections
which pose a major threat to public health and the global economy. In natural
conditions, emerging microparasites will encounter host populations that are already
infected with common endemic macroparasites. Interspecific interactions between
coinfecting parasites may alter the host immune response, the emerging parasite
infection dynamics, the disease outcome and the efficacy of parasite control strategies.
This thesis explores the role of macroparasites as potential suppressors or promoters
of microparasite disease emergence. The potential impact endemic infections may
have on disease emergence were explored experimentally using the model German
cockroach host Blattella germanica, its endemic gut macroparasite Gregarina
blattarum and the virulent microparasite Steinernema carpocapsae. First the effect of a
hosts’ endemic parasite burden on the immune response and secondly, susceptibility
to infection were investigated (Chapter 2). These experiments revealed that the host
immune response was altered by the endemic parasite burden but this had no effect
on susceptibility to infection with the emerging microparasite. The impact of host
endemic parasite burden on the quality and quantity of the emerging parasite
transmission stages was then explored. Here, coinfection resulted in a reduced output
of the epidemic parasite transmission stages compared to a single infection. Further,
endemic parasites had a non-linear effect on the quality of the transmission stages of
the emerging microparasite measured as lipid energy reserves (Chapter 3). Finally, the
fitness cost of coinfection on the between-hosts transmission of the emerging parasite
was explored. Experimental findings revealed that the disease spread of the
microparasite within the host population was altered by the endemic parasite (Chapter
4). The findings from this thesis demonstrate the importance of considering macro-
and microparasite coinfections, and that this, in turn, is pivotal to improving control

strategies and ability to accurately predict epidemic outbreaks.
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Chapter 1

1.0 General Introduction

In Epidemiology, parasites are termed as endemic, when such parasites are
permanently maintained within a geographic host population, without the need for re-
introduction (Dicker et al. 2006). Many parasitic infections, for example, most
gastrointestinal helminths are endemic, particularly in developing countries where
adequate water and sanitation are lacking (Cappello 2004; Savioli and Albonico 2004).
By contrast, epidemic refers to a situation where there is a sudden increase in the
number of parasites in a given host population (Green et al. 2002; Angelini et al. 2008;
Tuomilehto 2013; Piot et al. 2014). Some parasites (e.g. HIV, Rubeola) can be endemic
under certain circumstances but shift to epidemic dynamics under other conditions, for
example, in particular season (Bjgrnstad et al. 2002; Van den Hof et al. 2002; Lancet
2004; Wallinga et al. 2005; Stone et al. 2007; Bharti et al. 2010). More generally,
epidemics can occur when there is a recent introduction of a parasite into a population
or when there is a change to the susceptibility of the hosts within a population (Dowell
2001). Owing to the diversity of parasites found under natural conditions, epidemic
parasites will encounter hosts that are already infected with common endemic
parasites (Fenton 2008). The outbreak of an epidemic may, therefore, be driven by
interactions with endemic parasites that share the same host (Rynkiewicz et al. 2015;
Susi et al. 2015; Busby et al. 2016). Yet, only a few research take into consideration, the

effects that endemic coinfection may have upon epidemic transmission.

Under natural conditions, hosts populations are normally challenged by multiple
parasite infections simultaneously (Cox 2001). Within-host interactions can occur
between parasites, either directly (e.g. competition for space) or indirectly (e.g. via
host immune interaction, Table 1). Such interspecific interactions may alter parasite
dynamics, disease severity (Chen et al. 2005; Graham et al. 2005) and the efficacy of

parasite control strategies (Lello et al. 2004; Steenhard et al. 2009). Both micro- and
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macroparasites pose threats to health and can simultaneously infect a host (Fenton et
al. 2008; Jolles et al. 2008; Ezenwa and Jolles 2011; Nunn et al. 2014). Emerging
infectious diseases (EIDs), chiefly caused by microparasites (Cleaveland et al. 2001;
Pepin et al. 2007; Morse 2012; Cunningham et al. 2017; Kelly et al. 2017), pose one of
the greatest threats to human and animal health, and the global economy
(Macpherson 2005; Prokop et al. 2010; Hotez 2015). EIDs caused by either
microparasites (e.g. viruses, fungi, bacteria, protozoa) or macroparasites (e.g.
helminths) are largely zoonotic in origin (Jones et al. 2008; Billinis 2013; Thompson
2013; VanderWaal and Deen 2018; Walker et al. 2018). The rising incidence of EIDs
over the last few decades has increased our need to understand the dynamics of
infectious diseases (Chyba 2004; Graham 2008; Jones et al. 2008; Thompson et al.
2010; Morens and Fauci 2013; Seltmann et al. 2017). Macroparasitic infections are also
a major public health problem, particularly in most developing countries (Crompton
2000; O'Lorcain and Holland 2000; Wiria et al. 2012). Given the ubiquity of
macroparasites and the rise in emerging infections (microparasites) in host
populations, there is a high potential for interactions to occur between the two types
of infection. This study explores the role of endemic infections, which are frequently
macroparasites, as potential suppressors (antagonistic) or promoters (synergistic) of

emerging infectious diseases.

Heterogeneity in host susceptibility to infection is a key driver of infectious disease
dynamics within populations (Dwyer et al. 1997; Lloyd-Smith et al. 2005; Kilpatrick et
al. 2006). Differences in host susceptibility have been attributed to factors such as host
sex (Schmid-Hempel 2005) and age (Stear et al. 2000), or to differences in immune
response (Leongson et al. 2013), environmental conditions (Krist et al. 2000), exposure
risk (Woolhouse et al. 1997) and host contact rates (Clay et al. 2009). One parasite can
also modify the host immune response, resulting in an altered susceptibility to a
second infection (Rodriguez et al. 1999; Bandilla et al. 2006; Cattadori et al. 2007,
Graham et al. 2007; Cattadori et al. 2008; Telfer et al. 2008; Telfer et al. 2010). Since

emerging infections under natural conditions typically occur against a background of
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existing endemic infections, understanding the effects of an existing infection on host
susceptibility and parasite dynamics are key to accurately predicting the likelihood of
an outbreak or epidemic spread within a host population. When parasites coinfect the
same host, interactions may be direct (Fellous and Koella 2010; Randall et al. 2013;
Griffiths et al. 2014) or indirect (Stewart et al. 1999; Graham et al. 2005; Lamb et al.
2005; Dzhivhuho et al. 2018). One form of indirect interaction involves parasites having
regulatory effects that alter the host population dynamics (Rohani et al. 2003;
Bottomley et al. 2005; Fenton 2008). The outbreak of rabbit hemorrhagic disease virus
in the European rabbit, for example, can alter the dynamics of the infected host
population, which compromises transmission of the myxoma virus by reducing the pool
of susceptible host (Mutze et al. 2002). The interactions between parasites can result in
either antagonistic or synergistic effects upon the host, which may have fitness
implications for both host and parasite dynamics (Cox 2001). Antagonistic effects, for
example, can occur when parasites compete for the same limited host food resource
and/or share the same niche (space) within the host (Pedersen and Fenton 2007; Susi
et al. 2015; Wilcox et al. 2015). The depletion of host resources by an existing parasite
can impair the growth and survival of both parasites and the host (Budischak et al.
2012; Randall et al. 2013; Griffiths et al. 2014; Birger et al. 2015). A recent study
(Budischak et al. 2018), for example, demonstrated that individuals coinfected with
hookworm, a blood-sucking helminth, and the malaria parasite Plasmodium vivax had
lower densities of P. vivax compared to singly infected individuals (without hookworm)
and that deworming resulted in a 2.8 fold increase in P. vivax density. In other cases,
antagonistic effects can occur when the initial parasite activates and modulates the
host immune response against a second parasite (Abbas et al. 1996; Cox 2001; Telfer et
al. 2008; Chen et al. 2013). Furthermore, cross-immunity may occur when the host
immune response to a parasite is effective against an antigenically similar but different
pathogen. For example, in mice, vaccination with Newcastle disease virus-based
recombinant vaccine (rL H5) containing the A/H5N1 gene induced a cross-protective

immune response against subtype influenza A/HIN1 virus (Yang et al. 2013).



319  Alternatively, one parasite can modulate the host immune response (synergistic effect)
320 in such a way that the host’s ability to mount an adequate immune response against
321  another parasite species is impaired (Brady et al. 1999; Chen et al. 2005; Graham et al.
322  2005; Chen et al. 2006; Su et al. 2014). Prior infection of a host with one parasite can
323  facilitate colonization of the host by another parasite (Lello et al. 2018). For example,
324  immunosuppressed individuals infected with the human immunodeficiency virus
325 experience increased susceptibility to secondary infections like tuberculosis and
326  malaria (Toossi et al. 2001; Kamya et al. 2006; Nkhoma et al. 2012; Finney et al. 2013;
327 Jallow and Mahdi 2018; Rodgers et al. 2018). Despite the considerable interest in
328 coinfection, the diversity of parasites in natural conditions and the complexity of
329 interactions (resource, immune or demography mediated) mean that it is challenging
330 to predict the consequences of coinfection on diseases dynamics. There is therefore, a
331 considerable need for studies that investigate these complex interactions between

332  parasites and their effect on within-host infection and parasite dynamics.

333

334  Table 1: Examples of within-host parasite interactions

Mechanism | Interaction Examples References
of type (Positive
interaction -Por
Negative - N)
Mechanical | Direct (P) Argulus coregoni infection in Bandilla et al. 2006
facilitation rainbow trout increases
susceptibility to Flavobacterium
columnare
Direct (P) Herpes simplex virus creates an McClelland et al. 2007

entry point for HIV in humans

Direct (P) Trichomonas vaginalis increases the | Masha et al. 2019
risk of HIV acquisition

Direct (P) Plasmodium falciparum increases van Santen et al.
susceptibility to non-typhoid 2013; Takem et al.

Salmonella by increasing serum iron | 2014; Lokken et al.
availability and impairing neutrophil | 2018
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function

Interference | Direct (N) Parasites produce bacteriocins to Bashey et al. 2013
competition reduce the growth of competing
species (Photorhabdus and
Xenorhabdus)
Direct (N) Reduced egg output of the barber’s | Dobson and Barnes
pole worm Haemonchus contortus 1995
during coinfection with Ostertagia
circumcincta
Resource Indirect (N) Indirect competition between Graham 2008; Randall
competition parasites sharing the same host et al. 2013; Ruiz-
resources Daniels et al. 2013
Immune Indirect (P) Immune suppression where a Su et al. 2005; Su et
system parasite reduces the efficacy of the al. 2006; Nazzi et al.
host immune system and thus 2012; Van
results in increased parasite load, Geertruyden 2014;
disease severity Lello et al. 2018
Indirect (P) Th1/Th2 trade-off: in the Nacher et al. 2002;
vertebrates, induction of Th1l pro- Resende Co et al.
inflammatory response by an 2007; Hartgers et al.
existing microparasite reduces the 2008; Salazar-
host ability to induce a Th2 anti- Castanon et al. 2014
inflammatory response against a
macroparasite and vice versa
Indirect (N) Cross-immunity: Influenza A/HIN1 Yang et al. 2013; Lello

virus and influenza A/H5N1;
Adenovirus and Hepatitis C virus;
Trichostrongylus colubriformis and
Haemonchus contortus

et al. 2018; Agrawal et
al. 2019

Parasites vary in the immune response they stimulate in the host (Maizels et al. 2012).

In vertebrates, there are two arms of the T-helper (Th) cell immune response: the Thl

pro-inflammatory response most active against microparasites and a Th2 anti-

inflammatory response against macroparasites (Abbas et al. 1996; Forsthuber et al.

1996). Both the Th1 and Th2 immune responses are co-regulatory and down-regulatory

of one another. Whilst, some studies suggest that the Th1l immune response induced
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against a microparasite tends to have a stronger influence in suppressing Th2 response
during coinfection (Helmby et al. 1998; Santiago et al. 1999; Liesenfeld et al. 2004), the
majority of studies suggest that, the interaction between macro- and microparasites
will benefit microparasites where the Th2 response is stronger (Hartgers and
Yazdanbakhsh 2006; Kamal and El Sayed Khalifa 2006; O'Neal et al. 2007; Resende Co
et al. 2007; Salazar-Castanon et al. 2014).

Like vertebrates, invertebrates possess an immune system capable of responding to
the presence of invading parasites. The majority of described invertebrate immune
functions are innate, however, evidence of long-term regulation and immune priming
has been documented (Hartman and Karp 1989; Moret and Siva-Jothy 2003; Schmid-
Hempel 2005; Siva-Jothy et al. 2005). The invertebrate immune system broadly
comprises humoral and cellular responses against both micro- and macroparasites
(Hoffmann 1995; Cotter et al. 2004; Agianian et al. 2007). Hosts respond to the
presence of macroparasites by activating haemocyte cells (controlled by the cellular
response) which adhere to the invading pathogen, forming a capsule around it, in a
process known as encapsulation (Ratcliffe 1985; Strand 2008). The formation of a
capsule is accompanied by melanin production, where the invading parasite is enclosed
by melanin-containing cells (Leonard et al. 1985; Rowley and Powell 2007). The host
response that acts against a microparasite involves antimicrobial peptides and enzymes
circulating in the haemolymph, for example, lysozymes and lectins which bind to
bacteria causing disruption of their peptidoglycan wall (Leonard et al. 1985; Gillespie et
al. 1997; Rolff and Reynolds 2009). Similar to the Th1/Th2 paradigm in vertebrates,
some studies have shown the potential for trade-offs in the invertebrate host
responses to different parasites and the consequences for the hosts’ susceptibility to
other parasites (Gillespie et al. 1997; Cotter et al. 2004; Siva-Jothy et al. 2005; Cotter et
al. 2008). For example, in the field cricket Gryllus bimaculatus, the rate of cellular
encapsulation and humoral antibacterial activity were negatively correlated, suggesting
a potential trade-off between both components of the innate immune response

(Rantala and Roff 2005). An improved understanding of this immune trade-off is crucial
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if we are to predict how indirect interactions between parasites might alter parasite

dynamics and transmission.

Why might endemic parasites alter emerging infections?

Endemic macroparasites often survive within the host for a protracted period of time
and are aggregated in distribution within their host populations. Parasite aggregation is
broadly explained by the 20:80 rule, which states that the majority (approximately
80%) of the host individuals transmit or harbour only a few parasites, while a minority
(approximately 20%) are responsible for the majority of transmission (Shaw and
Dobson 1995; Woolhouse et al. 1997; Boag et al. 2001; Poulin 2013; Hupalo et al.
2014). Given that hosts within a population vary in existing parasite burden, we may
see different effects on the between-host transmission of an emerging parasite when
the host is coinfected with a low endemic parasite burden compared to a host co-
infected with a higher parasite burden. In other words, interspecific interactions within
a host are likely to vary dependent on the infection burden. Elevated immune
responses in heavily infected hosts, for example, could result in stronger interspecific
interactions compared to low infection (de Lope et al. 1998). An improved
understanding of the within-host mechanism of interactions and how it determines
parasite transmission is crucial for accurately predicting the outbreak of emerging

infections.

1.1 Host-parasite model system

The German cockroach Blattella germanica (Fig. 1.1a), and two of its parasites, the
endemic gastrointestinal protozoan Gregarina blattarum (Fig. 1.1b & c) and the
epidemic parasite, entomopathogenic nematode Steinernema carpocapsae (Fig. 1.1d)
provide a suitable system in which to explore the effects of an endemic macroparasite
upon potential disease emergence. The German cockroach is a common household

pest species in Europe and America. It is a highly fecund insect with a short
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development time of about 2-3 months between egg stage and adulthood, this makes
them easy to rear in large populations in the laboratory. This system has already been
used successfully as a model to study host-population dynamics, life history and the
transmission potential of an epidemic parasite during coinfection with an endemic
macroparasite (Randall 2011; Randall et al. 2013). Here, this system was used to
explore the density-dependent effects of an endemic parasite on the within-host and

between-host dynamics of an epidemic microparasite.

15 mm

Figure 1.1: Model host-two parasite system: (a) Female German cockroach host,
Blattella germanica, (b) the gut protozoan Gregarina blattarum trophozoite stage, (c)
G. blattarum gametocyst stage containing infective oocysts, and (d) the Steinernema

carpocapsae infective juvenile.

1.2.1 Model macroparasite Gregarina blattarum

Gregarines are primitive, apicomplexan parasites that inhabit the coelom, intestine
and/or reproductive vesicles of many terrestrial and freshwater invertebrates (Levine
1988). These gregarines can occur in high densities and in some hosts can cause
occasional blockage of the intestine, which results in growth reduction and host
mortality (Abro 1971). Gregarines are a diverse group of unicellular parasites that are
continuously maintained in most invertebrate populations, including insects, i.e. they
are endemic, as the persistence of environmental infective stages maintains the
disease within the host populations (Clopton 2000; Desportes and Schrével 2013;

Rueckert and Devetak 2017). Gregarines reside in the host gut where they absorb
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nutrients (Randall 2011) and, in high densities, they can cause direct damage to the
host gut tissue (Valigurova and Koudela 2005). It has been shown previously that G.
blattarum depletes host lipid resources with negative consequences for survival and
fecundity of the German cockroach, making this an ideal model parasite with which to
investigate host resource competition during coinfection (Randall 2011). Transmission
of G. blattarum into a new host occurs via oral ingestion of oocysts that have
developed from gametocysts (Fig. 1.1c). The ingested oocysts (infective stage) each
release eight sporozoites, which further develop to form trophozoites (reproductive
stage, Fig. 1.1b). The trophozoites attach to the host gut (via the epimerite which is
embedded into the intestinal epithelium) and feed on host food resources (Kuriyama et
al. 2005). Two mature trophozoites pair to form a gametocyst which is subsequently
surrounded by the oocyst wall and released from the gut in the host faeces. The
released gametocyst sporulates to form oocysts and the infection cycle is completed
when the oocyst is ingested by a cockroach. Gregarines show an aggregated
distribution within their host, a typical characteristic of many macroparasites. Due to
this distribution and their persistence in the host population, the gregarine G.

blattarum, is referred to as an endemic macroparasite.

1.2.2 Model microparasite Steinernema carpocapsae

Entomopathogenic nematodes (EPNs) are extensively used as biological control agents
against a diverse array of insect pests (Ehlers 2001; Lacey and Georgis 2012; Shapiro-
llan et al. 2012; Pena et al. 2015; Cutler et al. 2017; Heve et al. 2017). These highly
virulent parasites replicate within the host and are often used as biocontrol agents
through introduction into naive populations, where they display epidemic dynamics
(Griffin 2012). The third larval stage, i.e. the infective juvenile (lIJ) of S. carpocapsae
(Fig. 1.1d), enters the host body cavity through natural openings such as the mouth,
spiracle, cuticle and anus. Upon penetration of the host body cavity, these non-feeding

IJs migrate to the haemolymph where they release the intestinal symbiotic bacterium
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Xenorhabdus nematophilus, which multiplies rapidly causing septicaemia (Han and
Ehlers 2000) and kills the insect host within 48-72 hours (Park and Kim 2000; Lewis et
al. 2006). The lJs then proceed to feed on the bacteria and the decaying host tissue.
The nematode undergoes a series of reproductive cycles within its host, the number of
cycles being dependent on the available host resources (Kaya and Gaugler 1993). The
depletion of host resources stimulates the nematode to switch its life-cycle to the
production of larval stages. New lJs then emerge from the dead host in search of a new
host to infect. It takes approximately 5 days, under laboratory conditions, from the
point of host penetration to the emergence of the first lJs and this emergence period
extends for approximately 2 weeks (Barbercheck 2015), peaking around 10 days post-
exposure (Randall et al. 2013). When used as a biocontrol agent, lJs are applied in high
numbers (Shapiro-llan et al. 2012), but only a fraction successfully penetrate a host due
to the rapid decline of active lJs under field conditions (Griffin 2015). Evidence is
equivocal regarding the role of 1) density on host mortality with some studies
demonstrating a concentration effect (Legaspi et al. 2000; Siegel et al. 2004;
Athanassiou et al. 2008; Memari et al. 2016), while others have found no effect of dose
(Gaugler et al. 1990; Grewal and Richardson 1993; Tomalak 1994; Scheepmaker et al.
1998; Gouge et al. 1999; Menti et al. 2000; Morton and Del Pino 2007; Athanassiou et
al. 2010; Steyn et al. 2019). In the case of S. carpocapsae used in the model system,
studies have shown that there is no effect of dose on host mortality (Epsky and
Capinera 1994; Gouge et al. 1999; Arthurs et al. 2004; Athanassiou et al. 2010; Therese
and Bashey 2012; Tourtois and Grieshop 2015; Kajuga et al. 2018), highlighting that
dose does not seem to be important. Nevertheless, all host were exposed to the same

dose in the current study.
13 Thesis outline

The objectives of this thesis are to explore the role of macroparasite as potential
suppressor or promoter of microparasite disease emergence, including whether

immune bias by macroparasites leads to increased microparasite susceptibility and
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transmission, or whether interspecific parasite competition for host resources might
result in a reduced microparasite transmission and disease emergence. The interplay
between the two potential outcomes (increased or decreased) on microparasite
transmission was explored using the model cockroach system. The within-host
interactions between coinfecting macro- and microparasites may vary depending on
the intensity of infection, and this can have implications for the host immune response.
Chapter 2 tests the hypothesis that gregarine intensity-dependent reduction of host
resources will result in immune modulation and that, in turn, this will increase host
susceptibility to the epidemic parasite. The within-host interaction and infection
dynamics were further examined in Chapter 3, which tests the hypothesis that where
microparasites compete with gregarines for host resources, the output and quality
(lipid provisioning) of microparasite transmission stages emerging will be inversely
correlated with the burden of endemic gregarines in the host. Chapter 4 explored the
fitness cost of gregarines on the transmission of the epidemic microparasite at the host
population level, by testing the hypothesis that epidemic spread within the host
population will be dependent on the number of infective juveniles emerging from an
infected host and the lipid provisioning of the transmission stages. Finally, Chapter 5
summarises the data from each experimental chapter and considers the opportunities

for future research.
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2.0 Influence of endemic parasite infection intensity on the host

susceptibility and immune response to Steinernema carpocapsae

2.1 Abstract

Simultaneous infection of a host by multiple parasite species is the norm under natural
conditions. During coinfection, within-host interactions, either direct or indirect can
alter the host’s immune-competence and susceptibility to infection. Here, using a
laboratory-reared population of German cockroaches (Blattella germanica), this study
aimed to determine the effect of an endemic protozoan, Gregarina blattarum, on the
host immune response and susceptibility to an entomopathogenic nematode,
Steinernema carpocapsae. Activation of immune cells in the presence of a pathogen is
energetically costly for the host and the amount of resources required for this can be
further depleted by an existing infection. A reduction in the transmission potential of S.
carpocapsae occurs when the host is coinfected with G. blattarum due to depleted
host resources, which might also modulate the ability of the host to mount an effective
immune response. It is hypothesized that the host lipid resource, which mediates the
interaction between both parasites, would decrease in response to higher levels of
gregarine infection and that this, in turn, would reduce the amount of resources
available to mount an adequate immune response. Further, it is hypothesized that a
reduced immune response during high levels of gregarine infection would increase
susceptibility to S. carpocapsae. Groups of specific parasite free cockroaches were
exposed to a range of gregarine gametocyst doses to establish different gregarine
infection intensities, and subsequently monitored for the time of host death post-
exposure to nematodes. The host cellular and humoral response during single and
coinfection with S. carpocapsae were also quantified. In support of the hypothesis, the
findings revealed that the production of phenoloxidase and lysozyme activity in the
haemolymph was dependent on the intensity of the endemic infection but that there

was no significant effect of host gregarine burden on the cellular encapsulation
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response. Contrary to the hypothesis, host gregarine burden did not significantly
impact susceptibility to nematode infection, although there was a trend where
coinfected hosts with low gregarine burdens had the highest survivorship. In natural
conditions, the aggregated distribution of endemic parasites means that hosts will vary
in resource utilization, resulting in heterogeneities among individuals in their immune
response to infection. Whilst the immune response to endemic infection did not alter
host survivorship, upregulation in phenoloxidase and lysozyme activity could be
effective against other pathogens. The findings highlight the need to consider the
impact of density-dependent variation in resources in order to effectively predict which

host population are likely to experience an epidemic outbreak.

2.2 Introduction

Endemic macroparasites (e.g. helminths and protozoans) are ubiquitous in nature
(Shaw and Dobson 1995; Wang et al. 2000). In natural systems, parasites rarely occur
in single infections, therefore, epidemic microparasites will inevitably encounter hosts
already infected by endemic macroparasites (Fenton 2008). Macroparasites can
compete directly with a microparasite for host resources (Griffiths et al. 2014) and
space (Dobson and Barnes 1995). Alternatively, macroparasites can have indirect
effects on host health by altering the host biology, for example through altering the
host immune response (Petney and Andrews 1998; Cox 2001; Lello et al. 2004; Chen et
al. 2005; Chen et al. 2006; Cattadori et al. 2008; Graham 2008; Beldomenico et al.
2009; Nunn et al. 2014; Salazar-Castanon et al. 2014; Su et al. 2014). The modulation of
the host immune response can alter the intensity of infection (Pathak et al. 2012),
disease severity (Chen et al. 2005; Graham et al. 2005) and duration of infection (Walzl
et al. 2000; Pathak et al. 2012). Given the heterogeneity in endemic parasite intensities
between hosts (Wanji et al. 2003; Brooker et al. 2006; Viney and Cable 2011), the
interaction between macroparasites and the invading microparasites may also vary. A

significant gap in knowledge is what effect different intensities of an endemic parasite
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have upon the host susceptibility and immune response against an invading epidemic

parasite.

The ability of a host to respond to a foreign pathogen is a fundamental trait of all
organisms, including insects. The immune system requires sufficient energy stores to
maintain functionality (Chandra 1996; Lochmiller and Deerenberg 2000; Klasing et al.
2004; Martin 2nd et al. 2007), and in most cases, the immune responses are host
condition-dependent, i.e. immune responses are increased in hosts possessing greater
energy reserves compared to host with low reserves (Lifjeld et al. 2002; Siva-Jothy and
Thompson 2002). The stimulation of a host immune response results in increased use
of resources (e.g. increased metabolic rate) (Lochmiller and Deerenberg 2000), or a
trade-off in other life-history traits, such as reduced growth and reproduction (Sheldon
and Verhulst 1996; Brace et al. 2017; Miller and Cotter 2018). In vertebrates, studies
have demonstrated that activation of the immune system can result in elevated host
basal or resting metabolic rate (RMR) by up to 32% (Demas et al. 1997; Lochmiller and
Deerenberg 2000, Ots et al. 2001; Martin et al. 2003; Derting and Virk 2005; Eraud et
al. 2005; Martin 2nd et al. 2007). Similarly, in invertebrates, a significant increase in the
host metabolic rate has been demonstrated to be a consequence of immune
activation. In the cabbage white butterfly, Pieris brassicae, for example, the standard
metabolic rate (SMR) measured as CO2 production increased by 8% after an immune
challenge compared to controls (Freitak et al. 2003). In Drosophila, maintaining
hematopoietic cells (essential for cellular immunity) and the synthesis of humoral
antimicrobial peptides by host body fat results in a drain of host glycogen and
triglyceride store (Rera et al. 2012; Bajgar et al. 2015). When challenged by a pathogen,
there is an energetic cost associated with mounting an effective immune response
(Norris and Evans 2000; Raberg et al. 2002; Siva-Jothy and Thompson 2002; Klasing et
al. 2004; Rahnamaeian et al. 2015; Brace et al. 2017). It should be noted, however, that
energetic costs have not been shown in all studies, Bashir-Tanoli and Tinsley (2104)
demonstrated that, in Drosophila melanogaster, immune responses are not

energetically costly, instead, infection-induced anorexia reduces host resource
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acquisition needed to support metabolism. Nevertheless, in most systems there
appears to be a strong link between maintaining, activating and deploying immune
components and in the absence of specific evidence from the cockroach system, we

make the assumption that costs exist.

In natural conditions, hosts are limited in available resources which can be depleted
further by the presence of parasitic infection (Tocque 1993; Tocque and Tinsley 1994;
Rivero et al. 2007; Frost et al. 2008; Randall et al. 2013). Differences in a host’s
resource level can have a significant impact on host susceptibility to a pathogen (Boots
2000; Demas et al. 2003; McKean et al. 2008). Resource limitation can alter a host
immune response (Koski and Scott 2001), which in turn may affect susceptibility to
infection (Nasci and Mitchell 1994; Wale et al. 2017). Coinfecting parasites can interact
indirectly via the host immune system and this interaction can be dependent on
resource availability (French et al. 2009). Yet, there is a limited understanding of the
potential impact of depleted host resources (due to an existing infection) on the

susceptibility to a secondary pathogen.

Despite the increasing number of coinfection studies on the vertebrate immune system
(Lamb et al. 2005; Hoeve et al. 2009; Su et al. 2014; Beechler et al. 2015; Griffiths et al.
2015; Lehmer et al. 2018), there is a significant lack of research on the invertebrate
immune system. Invertebrate immune responses (Fig. 2.1) are chiefly innate consisting
broadly of both humoral and cellular components (Karp et al. 1994; Hoffmann 1995;
Braun et al. 1997; Cotter et al. 2004; Schmid-Hempel 2005; Siva-Jothy et al. 2005);
however, a form of adaptive immune response (memory and long term upregulation of
the innate response) has been demonstrated in some systems (Hartman and Karp
1989; Kurtz and Franz 2003; Moret and Siva-Jothy 2003; Korner and Schmid-Hempel
2004; Kurtz and Armitage 2006; Schulenburg et al. 2007). The innate humoral response
to invasion by a pathogen includes complement-like proteins, antimicrobial peptides
and the enzyme cascade that regulate melanin production, which is also involved in

wound healing (Soderhall and Cerenius 1998; Blandin and Levashina 2004; Theopold et
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al. 2004; Imler and Bulet 2005; Cerenius et al. 2010). Pro-phenoloxidase, the precursor
of the enzyme phenoloxidase (PO), is activated immediately an invading microbe is
detected in the host haemolymph (Ebrahimi et al. 2014). Insect PO plays a vital role in
initiating both components of the innate immune response. The main role of PO,
however, is the conversion of phenols to quinones which are polymerised in the
haemolymph to form melanin, a crucial step in melanogenesis (Soderhall and Cerenius
1998; Gonzalez-Santoyo and Cordoba-Aguilar 2012). The level of host haemolymph PO
activity correlates with immune competence against a parasite (Nigam et al. 1997). The
cellular response involves the production of protein or plasma, and haemocytes which
bind to the invading pathogen and engulfs them by phagocytosis or the formation of a
capsule around larger pathogens (Gillespie et al. 1997; Meister and Lagueux 2003;
Strand 2008). The invertebrate immune responses towards microparasites includes:
the production of antimicrobial peptides which are effective against bacteria and fungi
(Dimarcqg et al. 1990; Bulet et al. 1999); the action of lysozyme which causes
breakdown of the peptidoglycan cell wall of bacterium and; the recognition and
subsequent clearing of lipopolysaccharide cell walls of gram-negative bacteria by
haemolymph protein (Jomori et al. 1990; Jomori and Natori 1991) or the glucan
component of the fungal cell wall (Duvic and S6derhall 1992; Ochiai et al. 1992; Lee et
al. 2000). Both phenoloxidase and lytic activity are important components of the
immune response indicative of host resistance to a microparasite (Adamo 2004). In
vertebrates, the Thl & Th2 which target micro- and macroparasites respectively
(Fenton et al. 2008), are governed by trade-offs, such that upregulation of the Thi
response, results in downregulation of the Th2 response and vice versa (Fenton et al.
2008; Graham 2008). Evidence of a similar trade-off has been documented for
invertebrates (Rantala and Roff 2005; Siva-Jothy et al. 2005), for example, bumblebees
challenged by lipopolysaccharide obtained from bacteria surface displayed an
increased antibacterial activity and a reduced phenoloxidase activity, suggesting a
possible trade-off between both immune responses (Moret and Schmid-Hempel 2001).

Yet, our knowledge of the insect immune response during coinfection remains limited.
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y
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Cellular immune response
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Haemocytes haemolymph and \l/
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e Wound healing
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e Phagocytosis Quinones permeability
e Nodulation \l/ e Inhibit cell wall
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Figure 2.1: The insect innate immune response against an invading pathogen includes
melanisation, encapsulation, phagocytosis and the production of antimicrobial
peptides. Phenoloxidase plays a vital role in initiating the cellular and humoral

response (adapted from Rao 2011).

In the current study, the effect of gastrointestinal macroparasite on the host immune
response and susceptibility to a microparasite was investigated using the model host
system, the German cockroach (Blattella germanica). Like other insects, this cockroach
is host to a wide array of macro- and microparasites (Clopton and Gold 1996; Tachbele
et al. 2006; Salehzadeh et al. 2007; Tilahun et al. 2012). In particular, the cockroach has
a common, species-specific, endemic gastrointestinal parasite, the apicomplexan,
Gregarina blattarum. Like many endemic pathogens, G. blattarum displays an
aggregated distribution within the host population and causes relatively low virulence,

reducing host lifespan and fecundity in an infection intensity-dependent manner under
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population-level conditions (Fredensborg et al. 2004; Benesh 2011; Yamada et al.
2018). These cockroach hosts can also be infected with a generalist entomopathogenic
nematode (EPN), Steinernema carpocapsae, a highly virulent parasite with epidemic
dynamics in the host populations. This nematode species is used as a biological control
agent against a diverse array of insect pests (Koehler et al. 1992; Appel et al. 1993). The
nematode has a symbiotic relationship with the gut bacterium Xenorhabdus
nematophilus, which kills the insect host by causing septicaemia (Park and Kim 2000;
Lewis et al. 2006). A host must, therefore, respond to the nematode with a
macroparasite type response (e.g encapsulation) and the production of antimicrobial
peptides against the endosymbiotic bacterium. Both the endemic and epidemic
parasites in this system utilize host lipid resources (Fitters et al. 1999; Ciancio et al.
2001; Valigurova and Koudela 2005). The lipid resources used by the parasites are also
required by the host, in order to mount an effective immune response (Norris and

Evans 2000; Raberg et al. 2002; Siva-Jothy and Thompson 2002; Klasing et al. 2004).

In preliminary unpublished work, Randall (2011) demonstrated a potential trade-off in
the host encapsulation (anti-macro) and lytic immune (anti-micro) response in the
presence of gregarines in the German cockroach. Randall et al. (2013) also
demonstrated that the gregarine parasite depletes host resources and affects the
transmission potential of co-infecting nematodes. Since both parasites are dependent
on the host resources for survival and reproduction, a stronger drain on host resources
might be expected with increasing intensities of gregarine infection. It is hypothesized
that the density-dependent reduction in host lipid resource as a result of endemic
gregarine infection will, in turn, reduce host resources required to mount an adequate
immune response. Further, it is hypothesized that resource limitation in gregarine
infected hosts (Randall 2011), will result in immune modulation that increases host
susceptibility to an epidemic parasite because immune cell activation is energetically
costly for the host. As the endemic parasite elicits an encapsulation response and the
epidemic parasite an antibacterial response, immune bias by the gregarine

macroparasite might negatively affect the nematode that vectors the endosymbiont
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but downregulate the microparasitic response against the Gram-negative bacterium
(which ultimately kills the host by inducing septicaemia). It is proposed that the
potential trade-off between the cellular encapsulation and antibacterial lysozyme
activity will be altered with increasing endemic infection, which in turn increases host

susceptibility to infection.

2.3 Materials and Methods
2.3.1 Host maintenance and nematode culture

Final stage nymphs were collected from specific parasite free (SPF) colonies maintained
at Cardiff University School of Biosciences since 2007. These SPF cockroaches were
created from an original stock purchased from Blades Biological Ltd., with the
gregarine free nymphs obtained via oothecal sterilization and incubation (Muller-Graf
et al. 2001). Cockroaches were maintained in 19-litre white plastic boxes coated with
Fluon® to prevent escape. To avoid cross-contamination, gregarine and SPF
cockroaches were reared in separate controlled temperature (CT) rooms, both set at
25+1°C, 30% +2% humidity and a 12 L: 12 D photoperiod. All experiments were
conducted under these same environmental conditions. The cockroaches were fed
ground dry dog food (Tesco complete dog food), dechlorinated water ad libitium and

provided with stacked cardboard egg boxes for refugia.

Freeze dried Infective Juveniles (lJs) of the entomopathogenic nematodes (EPNs)
Steinernema carpocapsae were donated by BASF Agricultural Specialities Ltd. For
experimental infections (see sections b and ¢ below), all infection arenas consisted of
small round plastic pots (275 ml vol., 11.5 cm dia. x 7.5 cm height) coated with Fluon
and lined at the base with 75g of dry sterile sand. A known nematode concentration
(100 nematodes/ml) was created by adding the stock (freeze-dried) to distilled water.
On to the sand substrate of the pots was carefully pipetted 8 ml of distilled water
containing 100 S. carpocapsae nematodes/ml to give an even distribution across the

sand surface. Cockroaches added to the infection arena died after 48-72 hours
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exposure to nematodes. Cadavers of the dead cockroaches were then collected and
placed onto White’s trap (White 1927), from which emerging lJs were collected after 5
days. The lJs emerging from the White’s trap after a single passage through SPF
cockroaches were used for all experiments. To maintain nematode stock levels, new
infection arenas were created weekly and pipetted with a new dose of nematodes.
Cockroaches were added to these infection arenas and they died after 48-72 hours
exposure to nematodes. Cadavers were collected and placed on White's trap to isolate

the infective juveniles.

2.3.2 Gregarina blattarum culture and experimental cockroach infection

Cockroach frass (excreta and food) containing G. blattarum gametocysts was collected
from gregarine infected colonies and soaked in a petri dish containing deionized water
for approximately one hour to soften the faeces and allow for easy removal of
gametocysts with tweezers. Using a dissecting microscope (GX Optical XLT-101),
gametocysts appearing translucent and similar in size (ca. 40 um dia., a subsample was
measured using an ocular micrometer) were collected into a petri dish containing
distilled water. For the susceptibility study, newly developed adult male and female
cockroaches (N=180) were grouped (N= 10 per group) into plastic rearing pots (275 ml
vol., 11.5 cm dia. x 7.5 cm height) with perforated lids. These pots were divided into six
treatment groups (N=3 replicate pots, i.e. 30 cockroaches per treatment). Two
treatment groups were left unexposed to gregarines and were used as negative
(uninfected) and positive (infected only with nematodes) controls. Remaining
cockroaches were exposed to one of four treatments (i.e. 5, 10, 15 or 20 gametocysts),
with the gametocysts placed on 0.063g of ground dog food (Tesco complete) contained
within the lid of a 150 ul Eppendorf tube. Cockroaches were then fed water and food
ad libitium in the same rearing pot, maintained at 25+1°C, 30% +2% humidity and a 12 L
: 12 D photoperiod for 10 days to allow for the development of trophozoites in the host
gut. For the immunity measures, newly developed female SPF cockroaches (N=840)

were grouped (N=10 per group) into plastic rearing pots and divided into four
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treatment groups (N=21 replicate pots, i.e. 210 cockroaches per treatment). Two
treatment groups were exposed to low or high levels of gregarine parasite intensity by
exposing the cockroaches to either 10 or 20 gametocysts respectively. The remaining
cockroaches left unexposed to gregarine gametocysts served as negative and positive
controls. The 21 replicate pots were further divided and used for the three immunity
measures (PO, encapsulation response and lysozyme activity). All experiments were

conducted under the same environmental conditions described above.
2.3.3 Coinfection
Susceptibility study

To determine the effect of endemic gregarine infection on host susceptibility to
nematodes, the gregarine treatment groups and positive control group (N=30) were
exposed to S. carpocapsae lls in an infection arena for 6 hours. This time period for
exposure was chosen to provide variation in the cockroach time to death; preliminary
experiments indicated that this 6 hours exposure time resulted in approximately 80%
of cockroaches dying over 10 days post-exposure, whereas longer exposure resulted in
100% mortality within the same timeframe. After exposure, cockroaches were
removed, housed in clean colony pots (Cater For You Ltd), fed dry dog food and water
ad libitium and monitored for 10 days. Negative controls (N=30) treated in the same
manner were exposed to sand, moistened with distilled water only, for a duration of 6
hours before removal and maintenance for 10 days. The number of cockroach deaths
and time to death (to the nearest hour) were recorded. Host deaths that occurred

overnight (between 7pm-8am) were recorded as occurring at the first check at 8 am.
2.3.4 Host immunity measures
(i) Nematode coinfection

Each cockroach from the gregarine treatment groups and positive control group were
carefully placed in a 1.5 ml Eppendorf tube (1 cockroach per Eppendorf) with a

perforated lid. The Eppendorf tubes were fitted with carefully cut filter paper strips (60
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x 45 mm) and dampened with 5 pl distilled water containing 100 S. carpocapsae
nematodes/ml. After two hours of exposure, all cockroaches were placed in recovery
pots for 20 hours before haemolymph samples were extracted. This time period of 20
hours was chosen as a preliminary study indicated host death occurs from 23 hours
post-exposure to nematodes. The negative controls (NC, N=230) were treated in the

same way but exposed to filter paper strips dampened with sterile distilled water.
(ii) Haemolymph sampling

Cockroaches from each treatment group (single, coinfected and controls) were
collected, anaesthetized using CO; and maintained on ice. After swabbing with 70%
ethanol to remove any contaminants, the hind limb of each cockroach was cut and 3
cockroaches per replicate were placed into a 1.5 ml Eppendorf tube with a perforated
base (made with a sterile dissecting probe) inside a 15 ml falcon tube and stored on ice
to prevent haemolymph coagulation. Haemolymph accumulated at the base of the 15
ml falcon tube after centrifugation at 3500 rpm for 5 min at 4°C to prevent coagulation

and activation of enzymes.
(iii) Phenoloxidase (PO) assay

To measure the quantity of PO enzyme in the pooled haemolymph for controls, the
two gregarine infected treatments and those coinfected with nematodes (N=5
replicates per treatment), 8 ul of haemolymph was added to 400 ul ice-cold phosphate-
buffered saline (pH 7.4) in a 1.5 ml sterile Eppendorf tube. The sample was frozen to
disrupt the haemocyte membranes. Triplicate 100 pl samples of the defrosted
haemolymph-PBS mixture were added to a microtiter plate containing 100 ul of 20 mM
L-DOPA (Sigma-Aldrich) and incubated at 25°C for 30 min (Wilson et al. 2001). The
absorbance of the haemolymph-PBS and L-DOPA solution was measured at 490 nm on
a temperature-controlled microplate reader (Tecan infinity M200 Pro). PO activity was
measured spectrophotometrically as the formation of dopachrome with a minute
interval for 30 min (Cotter et al. 2004). The slope during the linear phase of the
reaction was used to determine the quantity of PO enzyme.
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(iv) Encapsulation response

The innate anti-macroparasitic encapsulation response of cockroaches exposed to 0, 10
and 20 gregarine gametocysts was measured by assessing the level of melanisation and
cell deposition around a flattened 2 mm long, ca. 0.3 mm width nylon filament
sterilised in 70% ethanol for 20 min (method adapted from Cotter et al. 2008). The
nylon filament was flattened using a bench vice so that a 2-dimensional image could be
used to assess immune cell deposition. Cockroaches from all treatment groups (N =60
per treatment) were anaesthetized with ice and the abdominal plates swabbed with
70% ethanol and then sterile PBS to remove any contaminants. A single nylon filament
was inserted between the 5™ and 6™ sternite using sterilized forceps. Cockroaches
from each treatment were grouped and placed in recovery pots (Cater For You Ltd)
with food and water ad libitum. All cockroaches were dissected after 24 hours to
extract the nylon implants. Implants from each host were individually stored in
Eppendorf tubes containing 0.5 ml PBS solution for 24 hours at 4°C. The implants were
placed on absorbent tissue to remove excess PBS fluid before images were captured on
a microscope slide using a bright field microscope (Meiji macro-imaging system) with
an Optem Zoom 125 micro-inspection lens. Photographed images were analysed in
Imagel® for Windows (Rasband 2016). Implant total area was measured in 2-
dimensions using the same HSB (Hue: 0-255, Saturation: 2-210, Brightness: 0-255)
colour threshold. The total area of pigments on the implant was also measured using
the same HSB (Hue: 0-245, Saturation: 70-96, Brightness: 0-255) to determine the
percentage of encapsulation. All images were analysed using the same set scale

(747.01 pixels/mm).
(v) Anti-bacterial activity

Lysozyme antibacterial activity was measured using a turbidimetric method (Drayton
and Jennions 2011), 2 pl of haemolymph was added to 8 ul Phosphate Buffered Saline
(PBS, pH 7.4) and frozen to induce cell lysis. The thawed haemolymph-PBS sample was

added to 90 pl of Micrococcus lysodeikticus solution (3 mg/ml PBS, Sigma-Aldrich) in a
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96 well microtiter plate (CELLSTAR®). The plate was loaded into a temperature
controlled (30°C) Tecan infinity M200 Pro microplate reader (Tecan Life Sciences,
Switzerland) and the absorbance read at 490 nm for 30 min. Haemolymph samples
from all groups (single and gregarine coinfected) and control (PBS and M. lysodeikticus,
without haemolymph) were included on the same microtiter plates. Each treatment
group had 10 replicates. The rate of change in optical density for the samples was
calculated as the sample slope minus the control slope. The obtained values were
multiplied by -1 for ease of interpretation (a greater value indicates more lysozyme
activity in the haemolymph; Drayton and Jennions 2011). This simple assay detects
changes in the turbidity caused by the enzymatic activity of the lysozyme against the

cell wall of M. lysodeikticus used as a substrate (Moreira-Ludewig and Healy 1992).

2.3.5 Statistical analysis

All statistical analyses were conducted using the R statistical programming software
v.3.2.2 (R Core Team 2015). As the gregarine parasite distribution amongst the hosts
was aggregated, the bootstrapped mean abundance of trophozoites in the cockroach
gut was calculated, to give a more accurate representation of the true mean and
provide an estimate of the 95% confidence intervals, for each level of gametocysts
exposure. This was achieved by randomly sampling a single host from each of the three
replicate populations (as there was substantial variation between the replicates) and
calculating the sample mean. The process was repeated 10,000 times and the overall
mean of the replicates and its 95% confidence interval is reported. A non-parametric
(Kendall’s tau) correlation was conducted to assess the association between the

abundance of trophozoites for each level of gametocysts exposure.

Does phenoloxidase response differ with gregarine exposure?

A Generalised Linear Model (GLM) with Gaussian error distribution and identity link
function was used to assess the effect of host gregarine exposure on the activation of
phenoloxidase in the haemolymph. The dependent variable was transformed prior to
analyses using natural log (LN(x+1)), resulting in a normal distribution of the residuals.
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The host gregarine exposure was treated as a categorical variable (0, 10 or 20
gametocysts) and included in the model as an independent term. The F test statistic
was used to assess the effect of host treatment on the amount of haemolymph PO
(with p<0.05 taken as significant for all tests). Where host treatment was found to be
significant, differences between the category levels were assessed using the R package

“contrasts” (Max Kuhn 2016).

Does the host gregarine exposure alter lysozyme activity?

A General Linear Model (GLM) with Gaussian error distribution and identity link
function was used to assess the effect of the host gregarine exposure on the baseline
level of lysozyme activity (antibacterial response) in the haemolymph. The baseline
lysozyme activity was transformed prior to analysis using natural log, while the host
gregarine exposure (low and high infection levels) was treated as a categorical variable
and included in the model as an independent term. The F test statistic was used to
assess the effect of host gregarine exposure on the lysozyme activity. Where the host
treatment was found to be significant, differences between the category levels were

assessed using the R package “contrasts” (Max Kuhn 2016).

Does the host gregarine exposure impact the encapsulation response?

A GLM with Gaussian error distribution and identity link was used to assess the effect
of host gregarine load on the proportion of melanisation (anti-macroparasitic
response) on an artificially inserted nylon filament. The proportion of melanisation was
transformed prior to analysis using arcsine, while the gregarine load was treated as a
categorical variable and included in the model as an independent term. The F test
statistic was used to assess the effect of host gregarine exposure on the encapsulation

response.
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Does the host gregarine exposure impact susceptibility to Steinernema carpocapsae?

Having confirmed that no deaths occurred during the 10-day experimental period in
the negative control group, this group was removed from subsequent analysis. The
effect of gregarine exposure (independently and pooled gregarine exposure) on the
survival of cockroaches, controlling for host sex, was assessed by conducting a Kaplan-
Meier analysis using the Survdiff of the R package “survival” (Therneau 2015). A Cox
proportional hazard model was created to assess the simultaneous risk of death
between the treatment groups, with the gregarine load and sex added as covariates.
The effect of host gregarine exposure on the susceptibility to S. carpocapsae was
assessed using a binomial generalized linear model (GLM) and logit link function. The
time taken for death of individual cockroaches (used as a proxy for susceptibility) to
occur and the censor (i.e. 1=observed death, O=unobserved death during the study
period) was included in the model as the dependent variable while gregarine load and
host sex were treated as categorical variables and added as independent terms. The
effect of gregarine exposure and host sex on susceptibility to nematodes was assessed
using the Chi test statistic and associated p-value (with p<0.05). Subsequently, a Cox
proportional hazard model using the ssizeCT.default of the package “powerSurvEpi”
(Qiu et al. 2012) was used to assess whether there was sufficient power to detect

differences between the treatment groups.
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918 2.4 Results

919  Gregarine exposure correlated positively (tau = 0.67) with the number of trophozoites

920 inthe cockroach gut (Fig. 2.2).
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923  Figure 2.2: Gregarine trophozoite abundance in cockroach host over the range of
924  gametocyst exposure levels. Circles denote bootstrapped means and dotted lines

925 denote 95% confidence limits of the mean.
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Effect of host gregarine exposure on phenoloxidase levels

The level of phenoloxidase activity in the haemolymph was significantly associated with
the host gregarine exposure (Fs,906=12.75, p<0.001). All cockroaches infected with G.
blattarum alone had significantly higher phenoloxidase compared to coinfected groups

(Fig. 2.3).
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Figure 2.3: The effect of host treatment on the mean phenoloxidase activity in the
haemolymph of German cockroaches post-exposure to Steinernema carpocapsae.
Black lines denote the mean and the error bars represent the 95% confidence intervals.
Asterisk (*) within the bar indicates the significant difference between the means

(p<0.05).
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Effect of host gregarine exposure on the lysozyme activity

Haemolymph lysozyme activity was associated with the host gregarine exposure
(F2,627=5.51, p<0.001). In particular, the lysozyme activity was significantly increased in
highly infected gregarine hosts compared to the control, however, there was no
significant difference between the control and low infection treatments (Fig. 2.4,
Appendix 2.2). All cockroaches singly infected and coinfected with nematodes had
suppressed levels of lysozyme activity compared with gregarine and control groups

(F2,312=12.461, p<0.001, Fig. 2.4).

:
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-0.0254
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No infection Nematode only 10 gregarine only 10 coinfection 20 gregarine only 20 coinfection

Treatment

Figure 2.4: The effect of the host gregarine exposure (coinfected, single and controls)
on the mean baseline lysozyme activity post-infection with Steinernema carpocapsae.
The black circle denotes the mean of the generalised linear model while the error bar

represents the 95% confidence intervals.
Effect of host gregarine exposure on the encapsulation response

There was no significant effect of host gregarine exposure on the encapsulation of an
artificially inserted nylon filament (F2,188=0.033, p>0.05). Neither, was there any trend

that could indicate a potential difference between the gregarine infection treatments.
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Effect of host gregarine exposure on the susceptibility to Steinernema carpocapsae

The percentage mortality of gregarine coinfected individuals were 23.3, 33.3, 30 and
30%, while singly infected hosts had a mortality rate of 43.3%, however, this difference
was not significant. Neither, the presence of gregarine trophozoites in the gut of the
cockroach nor host sex (Figs. 2.5 and 2.6), had a significant effect on host survivorship
either when gametocyst exposure levels were considered independently or when they
were pooled. Power analysis suggests that to differentiate between the coinfected
individuals and the singly infected hosts, with a two-sided significance level of 0.05 and

a power of 0.8, a total of 208 individuals per treatment was needed.

1.0

0.8

41

06

survival probability
04

0.2

0.0

0 50 100 150 200 250

fime

Figure 2.5: Kaplan-Meier probability of survival of cockroaches, excluding negative
controls exposed to 5 (navy blue), 10 (red), 15 (green) and 20 (black) gametocysts and
gregarine-free German cockroaches (light blue), 10 days post-exposure to Steinernema
carpocapsae. The confidence interval was removed from the plot for visual clarity but

interval for all groups overlapped.
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Figure 2.6: Kaplan-Meier probability of survival of (A) Coinfected treatment 5 (red line),
singly infected German cockroaches (black), B) Female (black line) and male German
cockroaches (red) 10 days post-exposure to Steinernema carpocapsae for a duration of

6 hours. Dotted lines represent 95% confidence interval.
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2.5 Discussion

The host immune response (i.e. the production of phenoloxidase (PO) and the baseline
lysozyme activity in the haemolymph) was found to be dependent on the level of
endemic gregarine infection in the German cockroach host, thus partially supporting
the hypothesis that gregarine density-dependent reduction in resources will deplete
the amount of resources available to mount an adequate immune response. The
finding from the current study also revealed suppressed levels of both PO and
lysozyme activity in all hosts coinfected with nematodes compared to gregarine
infection only. Despite the gregarine induced immune changes, and contrary to the
hypothesis that immune modulation will increase susceptibility, hosts infected with
different levels of gregarine infection did not vary significantly in their susceptibility to
Steinernema carpocapsae. This contrasts with similar work on the effect of gregarines
on host susceptibility to an entomopathogenic pathogen (fungus; Metarhizium
anisopliae), where gregarine infected German cockroaches showed increased mortality
(Lopes and Alves 2005). Whilst the result from the current study shows that the effect
of the gregarine is not statistically significant, the trend is that cockroaches infected
with low doses of gregarine had the highest survivorship. Power analysis suggests that
the sample size (n=30) per treatment was below the number of cockroaches (n=208)
that would be required to detect a difference between the survival curves. The
increased immune response in gregarine infections might suggest that a small
difference in survivorship between single and coinfected host might be detected with

this larger sample size.

Gregarines attach to the cockroach host gut epithelium where they reduce host
nutrient intake through direct utilisation of host food resources and can cause damage
in the process of absorbing host nutrients (Takahashi et al. 2009; Landers 2010).
Phenoloxidase, a general response to both micro- and macroparasitic infection, may
have been activated for wound repair processes (Lai et al. 2002). The findings in this

study revealed elevated levels of PO in hosts with just gregarine infection compared to
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the suppressed levels of PO in coinfected hosts. The endosymbiont Xenorhabdus used
in the current study is known to prevent the activation of phenoloxidase cascade
through the production of specific inhibitory compound Bromophenacyl bromide (Park
and Kim 2003), and also the suppression of already activated PO activity through the
production of a compound benzylideneacetone (Kim et al. 2011), which inhibits
phospholipase (PLA2) needed for PO activation (Kim et al. 2011). A similar study
identified that cosmid clones of a related endosymbiont (Photorhabdus) from the
genomic DNA library suppressed previously activated PO levels in vivo and in vitro
(Eleftherianos et al. 2009). The finding from the current study is consistent with other
studies demonstrating a suppressed PO activity when hosts were infected with the
entomopathogenic nematodes (Yokoo et al. 1992; Brivio et al. 2004; Kim et al. 2005;
Eleftherianos et al. 2007; Eleftherianos et al. 2009; Seo et al. 2012; Eom et al. 2014;
Abdolmaleki et al. 2017). Further, the results from this study suggest that the ability of
the nematode to suppress the PO immune response is impaired when the host is

infected with the endemic gregarine parasite.

The aim of the current study was to explore the potential trade-off between host anti-
macro and anti-micro response that may occur as a consequence of gregarine
infection. The insect lysozyme specific response to a gregarine parasite has not been
described prior to this study, however, some studies have highlighted the effect that
gregarines may have on the host cellular response e.g. melanin pigmentation and
encapsulation (Siva—Jothy 2000; Krams et al. 2017; Suhonen et al. 2018). An increase in
the host cellular encapsulation response to gregarines was expected to downregulate
the anti-micro response, as previously demonstrated in this system (Randall 2011). The
current findings, however, suggest that the baseline anti-bacterial lysozyme activity in
the haemolymph increased with increasing gregarine parasite intensity. The
upregulation of lysozyme may reflect gregarine parasite stimulation of the Immune
deficiency (IMD) and Toll pathways, which drive the transcription of antimicrobial
peptide genes. In Anopheles mosquito, the IMD pathway triggered mostly by

peptidoglycan bacterial cell wall was shown to possess antiparasitic properties which
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were not only infection density-dependent but also effective against an apicomplexan
protozoan parasite (Plasmodium falciparum) (Garver et al. 2012). In Drosophila, it has
also been demonstrated that antimicrobial peptides can be induced when the host is
infected by gut parasites (Boulanger et al. 2001). It is possible that lysozyme (an
antimicrobial peptide) has antiparasitic capabilities as demonstrated by other insect
antimicrobial peptides e.g defensin (Lowenberger et al. 1996; Shahabuddin et al. 1998;
Boulanger et al. 2004; Hu and Aksoy 2005). There is evidence suggesting that a host
antimicrobial response to midgut microbes confers protection against malaria, for
example, by altering Plasmodium development in the host (Lowenberger et al. 1999;
Aguilar et al. 2005; Dong et al. 2009; Meister et al. 2009; Cirimotich et al. 2011; Smith
et al. 2014; Rodgers et al. 2017). In addition to the systemic activation of antimicrobial
peptides, insects can activate antimicrobial peptides in response to a localized injury in
the host gut (Ferrandon et al. 1998). Considering that gregarine trophozoites are
attached to the host gut (via the epimerite embedded into the intestinal epithelium)
where they absorb nutrients and in the process cause injury to the host gut tissue
(Lacey 1997; Lucarotti 2000; Kuriyama et al. 2005). It is possible that the injury to the
host gut may explain the upregulation of the antimicrobial peptide (lysozyme)
demonstrated in the current study. The increased baseline lysozyme activity in the
current study is consistent with results from another insect system, which
demonstrated that the immune system was upregulated by an existing infection (non-
pathogenic bacterium, Escherichia coli), such that the host immune response to the
endosymbiont, Photorhabdus was enhanced (Eleftherianos et al. 2006a, b). The
protective effect was associated with an upregulation of the microbial pattern
recognition genes and the antibacterial effector genes (e.g cecropin, lysozyme)
(Eleftherianos et al. 2006a, b). Conversely, lysozyme was suppressed in hosts infected
with S. carpocapsae in the current study. Previous studies have also shown that S.
carpocapsae possess inhibitory properties that impair immune cell function including
downregulating insect antimicrobial peptide genes, which may explain the reduction in

lysozyme activity in the single and coinfected hosts (Ji and Kim 2004; Duvic et al. 2012;
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Bisch et al. 2015; Binda-Rossetti et al. 2016). To evade the host immune response, the
cuticle of Steinernema produces cuticle-surface factors to inhibit the host antimicrobial
response and prevent immune detection (Brivio et al. 2006; Castillo et al. 2011). It is,
therefore, possible that S. carpocapsae interfered with the host antimicrobial enzyme
cascade resulting in low levels of antibacterial activity in the host haemolymph. Similar
to the suppressed PO immune response in coinfected hosts when compared to single
infection, the current findings suggest that the presence of gregarine infection can

potentially alter the ability of the nematodes to suppress the hosts’ lysozyme activity.

Previous studies have demonstrated that the activation of the immune response is
energetically costly for hosts (Norris and Evans 2000; Raberg et al. 2002; Siva-Jothy and
Thompson 2002; Klasing et al. 2004; Rahnamaeian et al. 2015; Brace et al. 2017). The
costs can be due to increased use of resources or trade-offs in life-history traits (Moret
and Schmid-Hempel 2000; Bonneaud et al. 2003; Brace et al. 2015; Brace et al. 2017).
The current study did not detect any difference in the host encapsulation response
between the gregarine and uninfected groups, in contrast to previous work in our
laboratory where gregarine infected hosts did show an increased encapsulation
response compared to controls (Randall 2011). It is, however, possible that the
immune response of the host was primed or upregulated in the previous work since
hosts from a long term laboratory population were used, where longer-term infection
and re-infection may have occurred. Another possible explanation could be that, the
use of young adults in this study influenced the susceptibility of the host to a secondary
infection. The cuticle pigment colouration of German cockroaches darkens with age,
due to increased melanin production (Das and Gupta 1974), so the host may not be
responding strongly (by depositing melanin pigments) when challenged with the
artificially inserted nylon filament at the early adult stage used in the current study.
Also, host resistance to a pathogen may be age-dependent where immunity is
decreased due to the diversion of resources to other host requirements. Previous work
in our laboratory has shown that gregarines cannot infect cockroach nymphs (Randall

2011), but it is unknown if immunity/resistance to infection decreases or increases
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with an increase in age. For example, in the crayfish (Cambarus bartonii), younger and
smaller hosts were less susceptible to infection, while older and larger adults showed
increased susceptibility (Thomas et al. 2016). Conversely, in mosquitoes and
bumblebees, the level of phenoloxidase was reduced with the host age (Jianyong et al.
1992; Chun et al. 1995; Whitehorn et al. 2010). It is also possible that the host lipid
resources were not fully exploited by the gregarines in this relatively short
experimental period of 10 days which may explain the non-significance in susceptibility

and encapsulation response between the treatment groups.

In this study, a difference in susceptibility between the sexes might be expected
because of the size differences between them, with female German cockroaches being
generally larger than the males. Female German cockroaches tend to have higher lipid
levels than males (Randall 2011), which may enhance their immune response
compared to males (Rheins and Karp 1985; Kurtz and Sauer 1999; Sheridan et al. 2000;
Rolff 2002). Variations in host immune response have been linked to sexual
dimorphism in both invertebrate (Harris et al. 1986; Ahtiainen et al. 2004, 2005) and
vertebrate hosts (Verhulst et al. 1999; Klein 2000; Klein et al. 2000; Moore and Wilson
2002; Klein 2004; Cousineau and Alizon 2014). Sex-biased immunity may be attributed
to the difference in host metabolic functions. In mosquitoes, for example, males have a
shorter life span and are less capable of mounting an adequate immune response
(melanization) against foreign objects compared to females (Harris et al. 1986).
Similarly, the female German cockroach is long-lived compared to the males, which
could have explained the non-significant difference in survivorship between the sexes

in the current data.

Although, unrelated to coinfection, one way for insect hosts to protect and prevent
against the establishment of nematode infection is behavioural immunity, for example,
grooming. Japanese beetles exposed to transmission stages of an entomopathogenic
nematode, Heterohabditis bacteriophora, were able to brush off over 60% of

nematodes that attached to their cuticle (Gaugler et al. 1994). The ability of the host to
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groom, detect and avoid nematodes can reduce susceptibility to nematode infection
within the host population (Gaugler et al. 1994; Koppenhofer et al. 2000; Rosengaus et
al. 2000; PGza and Mracek 2010). Some studies have also demonstrated that the
gregarine gut parasite reduces the foraging ability of insects, and this effect can be
gregarine density-dependent (Bouwma et al. 2005). Whilst the effect of gregarines on
host susceptibility to nematodes was not statistically significant in the current study, it
is possible that the changes to the host foraging behaviour may explain the
survivorship trend in the data. In natural conditions, a reduced host movement could
reduce the risk of exposure with entomopathogenic nematodes. Our understanding of
the role of insect behavioural immunity in alleviating disease spread or reducing
parasite growth is limited (Moore 2002; de Roode and Lefévre 2012), and this study
system provides an ideal model that can be manipulated to improve knowledge of

host-parasite interactions.

By exploring the influence of underlying endemic infection, this study does not support
a difference in the susceptibility of gregarine and non-gregarine hosts to secondary
nematode infection in young adult cockroaches. Studies on other insect systems (e.g.
house cricket, Colorado potatoe and Japanese beetle) have suggested that the
differences in a host susceptibility to entomopathogenic nematodes can also be
attributed to a variation in both the parasite traits (e.g. species, strain and
endosymbiont) and host factors (e.g. Genotype, age and immune response) (Wang et
al. 1994; Li et al. 2007; Ebrahimi et al. 2011). Given the apparent upregulation in the
host immune response during high levels of coinfection, it is possible that there is a
small protective response against other pathogens. This study does suggest that the
effect of gregarines on the host immune response can be density-dependent. Since
parasites are aggregated within their host populations, density-dependent differences
are likely to have consequences for the host ability to defend against pathogens (Luong
et al. 2011). Although unrelated to coinfection, the density-dependent variation of the
host immune responses seen in the current study may explain the differences in the

host time to death post-exposure to nematodes in another finding (Chapter 3), where

37



1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

lower numbers of nematodes emerged from late death hosts. Considering that
endemic infections are ubiquitous in natural systems, future work should explore the
effect of a host-parasite burden on immune-mediated interactions, in particular where
host resources are shared between pathogens. Resource availability can be a key factor
determining the progression of epidemics since immunological responses to a foreign
pathogen are costly and rely on host food intake (Ponton et al. 2013). Exploring the
host immune capacity during coinfection in relation to the intensity of an existing
infection is not only key for successful control strategies but also crucial for developing
a better understanding of host immunity and its consequences for the dynamics of

infectious diseases.
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3.0 The effect of an endemic macroparasite on the quality and

guantity of an epidemic parasite

3.1 Abstract

Endemic infections exist in almost all natural populations, therefore, epidemic
infections will inevitably occur as a coinfection in hosts already infected by endemic
parasites. Determining the impacts of these endemic parasites on the transmission
dynamics and disease severity of epidemic parasites is, therefore, of paramount
importance. Aggregation of endemic parasites within host populations is the norm and
the depletion of host resources is normally parasite density-dependent. Parasite
interspecific interactions (direct or indirect) can potentially impact both the quantity
and quality (fitness) of transmission stages. To our knowledge, however, no study has
investigated how different endemic parasite intensities within individual hosts, might
drive epidemic disease emergence. Here, this study assessed the impact of different
endemic parasite burdens on the quantity and quality of an epidemic parasite’s
transmission stages, where the parasite interspecific interaction was host resource
mediated. It is hypothesized that the host’s lipid resources would decrease in relation
to gregarine burden and that this decrease, would lead to a reduced quantity and
quality of infective juveniles emerging from the coinfected host. This hypothesis was
explored using the previously established insect host model system, the German
cockroach host, Blatella germanica, its endemic gut macroparasite (Gregarina
blattarum) and an epidemic generalist entomopathogenic nematode (Steinernema
carpocapsae). Specific parasite-free cockroaches were first infected with different
intensities of gregarines and subsequently, these same hosts and uninfected controls
were exposed to S. carpocapsae. Both the emergence of infective juveniles (i.e.
transmission stage) over time and their individual lipid reserves, which are necessary
for their infectivity and survival in the environment were monitored. Coinfection

resulted in a reduced output of S. carpocapsae compared to singly infected hosts but
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not in a parasite density-dependent manner. Host gregarine burden, however, had a
non-linear effect on the lipid levels in the infective juveniles. Specifically, lipids were
reduced at low burdens of the gregarine but increased at high burdens. This study
demonstrates that where hosts lipid stores mediate the interaction between parasites,
density-dependent depletion of the host resources due to endemic parasite burden
can have fitness implication for the transmission stages emerging during coinfection.
The same species of parasite can show different patterns of aggregation in different
host populations or vary temporally in the same population, and these different
patterns of aggregation may, in turn, lead to different effects on the of transmission of
any emerging pathogen. Taking greater account of aggregation may, therefore, be

essential in order to accurately predict disease outbreaks.

3.2 Introduction

Parasites are dependent on host energy reserves for survival and onward transmission
into naive hosts (Tocque 1993). Between-host transmission is linked to the quality and
fitness of the parasite transmission stages produced by infected hosts (Heffernan et al.
2005; Fraser et al. 2014; Stephenson et al. 2017). Parasites, in turn, may alter their
host’s energy reserves (Humiczewska and Rajski 2005; Hall et al. 2009). Simultaneous
infection of a host by parasites of different taxa is common in natural populations
(Petney and Andrews 1998; Cox 2001; Graham 2008; Choisy and de Roode 2010) and
within-host competition between these parasites can directly impact resource
availability of one or both parasite species (Fellous and Koella 2009, 2010; Randall et al.
2013; Griffiths et al. 2014). Such resource competition has been shown to alter the
host immune response (Moret and Schmid-Hempel 2000; Koski and Scott 2001; Cornet
et al. 2014), rate of parasite development (Dezfuli et al. 2001; Lagrue and Poulin 2008),
survival (Fischer et al. 2009; McNamara et al. 2009) and the virulence of infection
(Gower and Webster 2005; Choisy and de Roode 2010; Louhi et al. 2015; Bose et al.

2016; Kinnula et al. 2017). Further, interactions mediated through resource
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competition have been highlighted as one of the most common forms of interspecific

parasite interaction (Griffiths et al. 2014; Ramiro et al. 2016).

Endemic parasites, such as gastrointestinal protozoa and helminths, are found in most
host populations (Wang et al. 2000; Viney and Cable 2011). Most endemic parasites
show an aggregated distribution in host populations and this can lead to large
variations in parasite intensity between hosts (Shaw and Dobson 1995; Hupalo et al.
2014). Host resource depletion is normally parasite density-dependent, yet, no study
has investigated how different intensities of an endemic parasite might affect the
transmission stages of a secondary infection, where host resources mediate the
interspecific parasite competition. The interspecific interactions between parasites can
alter parasite transmission, disease severity and dynamics within the host population
(Ferrari et al. 2009; Knowles et al. 2013; Pedersen and Antonovics 2013; Viney and
Graham 2013). Given the ubiquity and persistence of endemic infections in host
populations, emerging or epidemic microparasitic infections will normally encounter
hosts already infected by endemic parasites. Understanding the potential impact of a
host’s endemic parasite intensity on the output of an epidemic parasite’s transmission
stages during coinfection is important, as it may help to accurately predict the

likelihood of epidemic spread and disease emergence in populations.

In this study, the model host system, the German cockroach (Blattella germanica), was
used to investigate the role endemic parasites may have upon epidemic infection. This
cockroach species is a generalist omnivore in which, the majority of its resources are
stored as lipids in body fat (Schal et al. 1984; Cooper and Schal 1992; Shik et al. 2014).
Cockroaches like many insect species are host to gregarine parasites, which are low
virulence endemic protozoans. In German cockroaches, the endemic species is
Gregarina blattarum, which reside in the host gut. Despite being unicellular, gregarines
are actually macroparasites as they do not undergo replication inside the host, but
deplete host resources in a density-dependent manner (Randall 2011) and display an

aggregated distribution (Takahashi 2004) within the host population. Hosts become
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infected with gregarines by oral ingestion of oocysts from the environment, which
contain infective sporozoites (Clopton and Gold 1996; Kuriyama et al. 2005). These
sporozoites then attach to the gut epithelium and further develop into trophozoites
(reproductive stage). The trophozoites subsequently detach from the epithelium and
pair to form gametocysts, which are shed into the environment via the faeces (Logan et
al. 2012; Gigliolli et al. 2016). The released gametocysts sporulate to form oocysts
which are ingested by an uninfected host completing the life-cycle. Given that endemic
parasites are aggregated in their host, differences in the host’s parasite intensity have
the potential to differentially affect the resources available to both the host and the

parasite (Booth et al. 1993; Tocque 1993; Seppala et al. 2008).

The emerging epidemic pathogen in this model system is the generalist
entomopathogenic nematode, Steinernema carpocapsae. This highly virulent parasite
is capable of infecting a broad spectrum of insect hosts (Kaya and Gaugler 1993;
Georgis et al. 2006; Heve et al. 2017). These nematodes replicate inside their host and
cause epidemics within host populations (Griffin 2012). The non-feeding, third larval
(L3) infective juvenile (1)) stage of this nematode relies solely on energy reserves (lipids,
protein and carbohydrate) derived from the host for its infectivity within the host
population (Patel et al. 1997; Qiu and Bedding 2000; Qiu and bedding 2000; Fitters and
Griffin 2006). Glycogen and protein are provisioned as alternative energy reserves
during 1) development (Selvan et al. 1993; Qiu and bedding 2000), and are used up
significantly when lipid reserves are depleted. The majority of studies, however, have
demonstrated that lipids are the main long term energy reserve of non-feeding IJ
(Fitters et al. 1997; Patel et al. 1997; Patel and Wright 1997, Wright et al. 1997; Fitters
et al. 1999; Menti et al. 2000; Hass et al. 2002; Menti et al. 2003; Fitters and Driffin
2004; Andalo et al. 2011). The stored energy reserves, in particular, neutral lipids can
be an important indicator of the quality (fitness) of nematodes (Abu Hatab et al. 1998),
and the amount within an IJ can range between 32 and 43% of the total body weight
(Selvan et al. 1993; Hatab and Gaugler 1997). Given the importance of lipids in insect

systems, and for practical reasons of resource limitation, this study focuses on the I
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lipid content as a proxy for overall resource allocation. Further, previous work on this
study system has already demonstrated that lipids are an important mediator of
interspecific resource competition between gregarines and S. carpocapsae (Randall et

al. 2013).

Following penetration of the host cuticle barrier, the IJs migrate to the host’s
haemocoel where they release their symbiotic bacterium Xenorhabdus nematophilus,
which kills the host by causing septicaemia (Park and Kim 2000; Boemare 2002; Lewis
et al. 2006). After a series of within-host reproductive and developmental cycles, the
nematode switches to the production of lJs, usually between two to ten days post-
infection (Koppenhéfer et al. 1997; UNLU and OZER 2003; Fujimoto et al. 2007), when
available nutrients are close to depletion (Selvan et al. 1993; Nguyen et al. 2001; Pena
et al. 2015). The presence of another parasite, such as G. blattarum during coinfection,
can potentially accelerate the depletion of host resources, altering their availability for
the nematodes. Previously, a reduction in the transmission potential of S. carpocapsae
was demonstrated when the host was coinfected with naturally acquired G. blattarum
infection (Randall et al. 2013). Density-dependent depletion of host resources could
also have potential consequences for the quality (energy reserves) of emerging
infective juveniles and hence their ability to successfully find and infect a suitable new

host.

Here, experimental infections were conducted, using the model cockroach host-two
parasite system, to assess the impact of different gregarine intensities on the output of
an epidemic parasite’s transmission stages. As the host’s main energy stores (lipid)
mediate the interaction between both parasites (Randall et al. 2013), it was predicted
that the host lipid resource would reduce in relation to an increasing level of endemic
gregarine infection, and that this would result in a negative relationship between
gregarine intensity and the number of IJs. Further, it was hypothesized that there
would be a negative relationship between the quality (energy provisioning) of

emerging lJs and gregarine intensity.
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3.3 Materials and Methods
3.3.1 Host and parasite cultures

Final stage nymphs were collected from laboratory colonies of specific parasite free
(SPF) German cockroaches. These SPF colonies have been maintained in the
laboratories at Cardiff University School of Biosciences since 2007. All experiments
were conducted under the same environmental conditions (25+1°C, 30% 2% humidity
and a 12 L: 12 D photoperiod), with cockroaches maintained as previously described in

Chapter 2.

Freeze dried Infective Juveniles (lJs) of the entomopathogenic nematodes (EPNs)
Steinernema carpocapsae were donated by BASF Agricultural Specialities Ltd but were
passaged through cockroach hosts before use in the experiment. To passage the
nematodes, an infection arena was created by pipetting distilled water containing
nematodes onto a sterile sand substrate in a plastic pot (275 ml vol., 11.5 cm dia. x 7.5
cm height) coated with Fluon®. Cockroaches were then added to the infection arena
and removed within 2 hours of death (which occurred between 48 and 72 hours post-
exposure to the nematodes). Dead cockroaches were placed on White’s traps (White
1927) to culture the IlJs and new infection arenas were produced on a weekly basis
using these recovered lls, in order to maintain stock levels. For all experimental
infection, freeze dried lJs were passaged once in SPF cockroaches and only lJs emerging

from this single passage were used.

3.3.2 Coinfection
(i) Experimental gregarine infection

Using a stereo-dissecting microscope (GX Optical XLT-101) with fibre optic illumination,
translucent un-sporulated gametocysts (ca. 40 um dia.) were collected into a petri dish

(4 cm dia. x 1.2 cm height) containing 10 ml distilled water (see Chapter 2). Adult
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females cockroaches were collected (N=240) and grouped (N=10 per group) into plastic
rearing pots (275 ml vol., 11.5 cm dia. x 7.5 cm height) with perforated lids. These pots
were divided into six treatment groups (N=4 replicate pots, i.e. 40 cockroaches, per
treatment). Two treatment groups were left unexposed to gregarines and were used as
negative (uninfected) and positive (infected only with nematodes) controls. The
remaining cockroaches were exposed to one of four gregarine gametocyst treatments,
(i.e. 5, 10, 15 or 20 gametocysts, which were administered by placement on ground
dog food (0.063g), held within the lid of a 150 pl Eppendorf tube. Cockroaches were
then fed water and food ad libitium 2 hours post-exposure in the same rearing pot.
Cockroaches in each group were exposed to oocysts within the rearing pots for 10 days

in CT rooms to allow for trophozoite development in the host gut.

(ii) Entomopathogenic nematode exposure

Infection arenas consisted of small round plastic pots (275 ml vol., 11.5 cm dia. x 7.5
cm height) coated with Fluon and 75 g of dry sterile sand substrate with 8 ml water
containing lIJs (100 nematodes/ml) pipetted onto the sand (as for infection arenas
created for the passage above). Control arenas were produced in the same way except
that the nematode suspension was exchanged for 8 ml of distilled water. All
treatments were placed in infection arenas containing lJs (N=10, one infection arena
per treatment group), while negative controls (N=10) were placed in the control arena.
Each treatment group had four replicates (i.e. N=40 cockroaches per treatment). The
cockroaches in all the arenas were monitored for up to 120 hours (in which time all
cockroaches in the infected treatment had died) and the time of death for each
cockroach was recorded. The cadaver’s from each arena were transferred individually
to White’s traps (i.e. one cockroach per White’s trap), containing 20 ml distilled water
to isolate lJs. The suspension containing emerging lJs was collected into a 30 ml Falcon
tube every five days from each White’s trap, the suspension was topped up to 30 ml
with distilled water and a subsample was counted using a Sedgewick Rafter counting
chamber under a compound microscope (x 40 magnification, Olympus UCC/BY 501).

The White’s trap was refilled with water after each collection.
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3.3.3 Lipid assay

Ten individual cockroaches per treatment were placed on separate white’s trap. The lJs
emerging on day 10 for each treatment were pooled (into vials) and the lipid levels
within the IJs were assessed. Each treatment had 4 replicates i.e 4 vials per treatment,
each containing pooled nematodes from 10 cockroaches. The lJs were washed three
times by sedimentation using tap water and allowed to migrate through a 34 um sieve
overnight (Fitters et al. 1999). The concentration of neutral lipids present in these live
IJs was determined, for all treatments, using a colourimetric method based on oil red O
staining ( Published methods of Andalo et al. 2011). Briefly, the stain was prepared by
dissolving 0.5g of the oil red O dye (Sigma) in 100 ml of absolute ethanol under
constant agitation for 15 min. The solution was passed through a filter paper to
remove particles and subsequently stored at 5°C in the dark (Andalo et al. 2011).
Concentrated and washed lJs (0.5 ml) were transferred into a test tube containing 3 ml
of oil red O stain solution and incubated at 60°C for 20 min. The mixture was left to
cool at room temperature allowing the lJs to settle (Andalo et al. 2011). The oil red O
supernatant (ca. 2.5 ml) was discarded and the concentrated stained |J suspension was
added to 3 ml of water:glycerine (1:1) solution. Forty randomly selected red-stained lJs
from each treatment were examined from wet mount slides and photographed under
the same low lighting environment using a Leica DMRB bright field photomicroscope.
The images were cropped to remove the background stain by carefully drawing around
the outer edge of the lJs using an apple pencil in Procreate® for iPad. The stain
backgrounds were removed so that IlJs could be superimposed onto a white
background to aid colour recognition and avoid detection of non-specific background
stain. All visual analyses were conducted in Imagel for windows version 1.50i (Rasband
2016). 1) total body area was measured using the 8-bit image type and the same
threshold (254). The Image) threshold method involves dividing an image into two or
more classes of pixels by filtering the image from its background (Rosin and loannidis
2003). The total area stained red was measured using an RGB colour threshold of

Red=244, Green=100 and Blue=110, to determine the percentage of neutral lipids
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(triacylglycerol) within the emerging lJs. All images were analysed using the same set

scale (9.37 pixels/inch).

Gregarine treatment + control (x 4 replicates)

Exposed to nematodes (1 infection arena per treatment)

Host death monitored for up t0o120 hrs

10 Cadaver per treatment was transferred to White’s traps

IJs emerging on day 10 from 10 cockroaches were pooled

(x 4 replicates per treatment)

|

4 replicates per treatment were stained to quantify lipid

L

10 random images per treatment photographed x 4 replicates

Figure 3.1: Representation of lipid assay experimental procedure. Specific parasite-free
and gregarine infected cockroaches (5, 10, 15 and 20) were exposed to nematodes and
only live emerging infective juveniles at day 10, were assessed for the concentration of

lipid reserves.

3.3.4 Statistical Analysis

All statistical analyses were conducted using the R statistical programming software
v.3.2.2 (R Core Team 2015).

Does infective juvenile emergence differ with gregarine burden?

A General Linear Model (GLM) with Gaussian error distribution and identity link

function was used to determine the effect of gregarine burden on IJ output. The
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dependent variable was transformed prior to analysis using natural log (Ln(x+1)) which
resulted in a normal residual distribution. All second-order interactions between
treatment, weight and sampling day were included in the starting model with host
treatment, 1) count days and time to death included as categorical variables. The
independent term, host gregarine treatment, was included as a categorical variable in
the model. Insignificant terms were removed in a stepwise manner (p>0.05) and a
post-hoc contrasts function using the R package “contrasts” (Max et al., 2016) was used
to assess differences between category levels where a categorical variable was found

to be significant.
Does the host gregarine burden impact IJ quality?

The effect of host gregarine burden on the lipid reserves within the emerging infective
juveniles was assessed using a generalized linear mixed model (GLMM), using a
restricted maximum likelihood method in the ASReml-R package (v.4; VSN
International Ltd.) The fixed model included the host gregarine burden and the
replicates were added as a random term to account for pseudo-replication in the
experimental design. The model residuals were checked for normality and the model
was refined by stepwise deletion, using the log-likelihood ratio test for the random
model and Wald test for the fixed model. The significant differences between groups

were evaluated using the 95% limits.

3.4 Results
Effect of endemic gregarine infection on the output of Steinernema carpocapsae

Infective juvenile output was significantly associated with host treatment (F4,789=6.26,
p<0.001), time to death (F3789=11.45, p<0.001) and sampling day (Fs3789=147.12,
p<0.001). There was no significant effect of host weight, nor the presence or absence
of host oothecae on the emergence of lJs. All cockroaches infected with G. blattarum

had significantly lower IJ output compared to singly infected hosts, however, there was
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no significant difference in output between the different levels of gregarine infection
(Fig. 3.2a). I) emergence peaked at around 10 days and began to decline somewhere
between 15 and 20 days (Fig. 3.3a) but this timing was not influenced by treatment. 1J
output was affected by the hosts’ time to death (Fig. 3.3b). Specifically, S. carpocapsae
larval emergence from hosts that died at 48 and 72 h was higher than those that died

at 96 and 120 h post-exposure.
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Figure 3.2: The effect of host treatment on the (a) mean juvenile output and (b) lipid
levels of infective juveniles emerging from German cockroaches post-exposure to
Steinernema carpocapsae. Black circles denote mean predictions of the model and bars

represent the 95% confidence intervals.

Effect of endemic gregarine infection on lipid reserves

Energy reserves in emerging infective juveniles were significantly associated with host
gregarine treatment (F4,195=7.43, p<0.01). Specifically, lJs emerging from gregarine
treatment of 5 and 10 gametocysts had lower lipid levels than singly infected hosts,
equivalent levels at 15 and higher lipid levels at the 20 gametocysts (Fig. 3.2b, Table
3.1).
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1479  Figure 3.3: The effect of (a) sampling day and (b) hosts’ time to death on the predicted
1480 mean infective juvenile output from German cockroaches post-exposure to
1481  Steinernema carpocapsae. Black circles denote mean predictions of the generalised

1482  linear model and bars represent the 95% confidence intervals.

1483 Table 3.1: The mean difference in lipid reserves between the infective juveniles
1484  emerging during single and coinfection with Gregarina blattarum. Significance was

1485  assessed at the 95 % confidence level *p<0.01, **p<0.001, ***p<0.0001

Gametocyst exposure | 5 10 15 20
0 -0.604 -8.75* 1.27 4.8
5 -2.70 7.31 10.84%**
10 10.02%** 13.54%**
15 3.52
1486
1487
1488
1489
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3.5 Discussion

Contrary to the hypothesis, the quantity of emerging epidemic parasite transmission
stages (lJs) did not reduce with endemic parasite burden, although all levels of
coinfection were associated with a significantly lower output of transmission stages
than emerged from hosts with no endemic infection. In contrast, the quality of the
emerging lJs did differ substantially with endemic parasite burden but in a non-linear
fashion, which only partially supported the hypothesis that coinfection will negatively

affect lipid provisioning in the emerging larvae.

Unexpectedly, IJs emerging from the highest level of gregarine treatment had higher
lipid provisioning than the control cockroaches. Previous work has shown that
gregarine infected female cockroaches ingested more food over time than uninfected
controls, thus increasing their lipid intake (Randall 2011). The lipid levels in these hosts,
however, remained lower than in uninfected controls, demonstrating that the
cockroaches were unable to compensate for the loss due to infection (Randall 2011).
Gregarines utilize host lipid for survival and the cytoplasm of gregarines does contain
lipid deposits (Ciancio et al. 2001; Valigurova and Koudela 2005). Observations in our
laboratory have also shown that, in highly infected hosts, gut trophozoites are
numerous but small compared to gut trophozoites in low infection. It is possible,
therefore, that the small trophozoites, in the heavily infected hosts, develop into
gametocysts at a slower rate than larger trophozoites, and hence trophozoites may be
retained for longer periods within hosts with high infection levels. As S. carpocapsae
utilizes the entire cockroach resource, including its gut contents, it is possible that
more lipids are available to S. carpocapsae in these heavily infected hosts, due to such

retained gregarines.

Randall et al. (2013) demonstrated that the interaction between gregarines and S.
carpocapsae is resource-mediated and that there was a negative correlation between
the host's lipid resource and the parasite intensity within the host. It is perhaps

surprising, therefore, that no difference was detected in I} output between the
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different levels of gregarine infection. One possible explanation could be that host
resources were not fully exploited in the relatively short-term (10 days post-infection)
standardized gregarine infection used in the current work. Randall et al. (2013),
however, utilized a laboratory population of naturally infected gregarine individuals,
where repeated infections were likely to have occurred over time. It has been shown in
several systems that there is a strong correlation between the levels of infection at one
point and repeated sampling from the same individual, even following clearance of the
parasites by chemotherapeutics (Gryseels and Nkulikyinka 1989; Ahmed et al. 2012;
Dunn et al. 2018; Ghosh et al. 2018). In simple terms, individuals tend to retain similar
relative levels (low/high) of infection over time and hence those with high infections in
the colony experiment may well have had chronically high infections for extended
periods (and vice versa for low infections), meaning any resource depletion could be

amplified through time.

An intriguing additional finding of this research, was that host time to death
significantly influenced 1) quantity. One possible reason for the variation in output
could be differences in the host immune response. It is possible that the immune
response of these late death hosts is more effective against S. carpocapsae, which in
turn, may have resulted in a reduced output of transmission stages. Alternatively, it is
possible that early emerging S. carpocapsae s are more infective (i.e. shorter time to
infect) (Therese and Bashey 2012). Early emerging lJs of the Heterorhabditis megidis,
another entomopathogenic nematode species, have been shown to display better host
finding ability compared to late-emerging lJs (O'Leary et al. 1998). It is, therefore,
possible that well-provisioned |Js succeeded in infecting the hosts at 48 and 72 h, while

poorer quality lJs infected the host at 96 and 120 h post-exposure.

The non-feeding emerging lJs adopt a ‘sit and wait’ ambush strategy in the
environment, where they are dependent solely on the energy reserves provisioned
during their larval development (L1 and L2) (Fitters et al. 1997; Medica and Sukhdeo

1997; Hass et al. 2002; Brivio et al. 2004). The current study suggests that the resource-
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mediated interactions between parasites can affect not only the output but also the
quality (fitness) of the IJs. Previous laboratory investigation has shown that about 66%
of the hosts’ sampled from the infected colonies were infected with the endemic
gregarine parasites and that parasite aggregation (and hence the variation in parasite
intensity) varied with time (Randall 2011). It is possible that the improved lipid
provisioning in lJs emerging from the highly infected hosts, in the current study, could
mitigate their reduced output. The lJs from the highly infected hosts may survive for
long periods in the environment, or be more infective, which in turn may alter the

spread of epidemics.

In summary, the current study suggests that resource mediated interactions can affect
both the quantity and quality of epidemic parasite transmission stages and that this
effect can be density-dependent. Endemic macroparasites show aggregated
distributions and density-dependent variations would mean that hosts would carry the
different burden of infection (high or low). Considering the combination of both
infection burden and aggregation of endemic parasites may be necessary for accurate
prediction of epidemic transmission and disease outbreaks. Future work should,
therefore, focus on how different distributions of endemic parasites may alter the
dynamics of between-host transmissions and disease emergence at the population

level.
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Chapter 4: Population-level effects of an endemic infection upon

epidemic dynamics

4.1 Abstract

Despite the growing concern of emerging infectious diseases, very few studies have
examined the effect of coinfection on disease dynamics and progression within host
populations. Under natural conditions, coinfection of a host by multiple parasite
species is commonplace. A critical challenge for epidemiological studies is linking how
within-host interspecific interactions scale up to alter disease dynamics at the
population level. Here, using a laboratory-reared population of German cockroaches
that were experimentally infected with different levels of endemic gregarine infection,
the fitness cost of coinfection on the between-hosts transmission of the epidemic
parasite Steinernema carpocapsae were assessed. The transmission stages of this
epidemic parasite are non-feeding, and are, therefore, dependent on the lipid energy
reserves provisioned during development for both their survival in the environment
and transmission into a new host. A curvilinear relationship between the host-parasite
burden and lipid provisioning within the transmission stages has been demonstrated,
such that low level endemic (gregarine) infection was detrimental to S. carpocapsae
transmission stage lipid stores, while high gregarine levels had a positive effect. It is
hypothesized that the transmission dynamics of the epidemic S. carpocapsae within
the host population would be dependent on lipid provisioning of the transmission
stages emerging at different levels of endemic gregarine infection. Groups of specific
parasite free German cockroaches were infected with different intensities of endemic
gregarines and then subsequently exposed to S. carpocapsae together with uninfected
controls. Following S. carpocapsae host-induced death, populations of specific parasite
free cockroaches were exposed to the donor (cadaver) from each of the coinfected and

single infection groups, and subsequently, the time of host death was monitored post-
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exposure to the donor. In support of the hypothesis, the transmission dynamics of S.
carpocapsae within the host population increased in relation to lipid provisioning
within the transmission stages. In particular, mortality was reduced when the hosts
were exposed to donors coinfected with low endemic infection burden compared to
high burden or single infection donors. This study demonstrates that where host lipid
resources mediate the interaction between parasites, different patterns of parasite
aggregation can alter the spread of epidemics within the host population. The study
suggests that taking into account the impact of heterogeneity in parasite burden,
together with coinfection could be crucial in order to achieve accurate prediction of

epidemic outbreaks.

4.2 Introduction

Coinfection of a host by multiple parasites is the norm in natural systems (Cox 2001;
Lello et al. 2004; Fenton et al. 2008). A significant number of studies suggests that the
interactions (direct or indirect) between co-infecting parasites can impact the spread of
infectious diseases (Bruce et al. 2000; Abu-Raddad et al. 2006; Wearing and Rohani
2006; Vasco et al. 2007; Lello et al. 2013; Ezenwa and Jolles 2015). In recent decades,
disease ecologists have increasingly focused on understanding how these interactions
between parasites may shape disease dynamics or infection outcome within a host
population (Pedersen and Fenton 2007; Graham 2008; Telfer et al. 2010; Hoverman et
al. 2013). In natural systems, the pattern and spread of diseases are observed at the
host population level, while the potential impact of the mechanism of parasite
interaction (and infection outcome) occur within-host (Viney and Graham 2013).
Linking how the within-host/individual-level processes scale to alter the between-host
transmission of a parasite lies at the forefront of disease ecology and poses a critical
challenge for epidemiological studies (Mideo et al. 2008). Although, some studies have
highlighted the potential impact of within-host processes on disease dynamics (Abu-

Raddad et al. 2006; Jolles et al. 2008; Telfer et al. 2010; Ezenwa and Jolles 2011;

55



1628

1629

1630

1631

1632

1633

1634

1635

1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

1648

1649

1650

1651

1652

1653

1654

Gorsich et al. 2018), there is still a significant gap in understanding of how these
processes alter between-host transmission. The output and quality of an epidemic
parasite can be altered as a result of coinfection with an endemic parasite (i.e. reduced
output of epidemic parasite transmission stages compared to singly infected hosts and
non-linear effect of endemic gregarine burden on lipid levels in epidemic infective
juveniles, see Chapter 3), therefore, a change in the transmission dynamics within the
host population as a result of these within-host effects might be expected.
Disentangling the complexities that arise from the non-linear individual-level processes
(Abu-Raddad et al. 2006; Vasco et al. 2007; see Chapter 3), is not only essential for
obtaining a predictive understanding of how individual-level processes scale up to
modify between-host dynamics of diseases but also crucial for effective disease control

strategies.

Endemic parasites (e.g. gastrointestinal protozoans) often survive in the host
population for a protracted period of time and have the potential to alter infection
dynamics during coinfection (Wuerthner et al. 2017; Lello et al. 2018). Most endemic
parasites show an aggregated distribution within their host population where, a small
proportion of highly infected hosts are responsible for the majority of parasite
transmission (Woolhouse et al. 1997; Shaw et al. 1998; Hupalo et al. 2014). Within a
host population, individuals will harbour different burdens of an endemic parasite as a
result of parasite aggregation (Poulin 2013; Wilber et al. 2017). Such variations in
parasite burden would also mean that the degree of resource exploitation will vary
between hosts. Differences in the host-parasite burden can potentially influence
within-host parasite interactions, which may alter the spread of an epidemic pathogen
between-hosts (Susi et al. 2015). There is, therefore, a need for detailed experimental
studies that are tailored to discern how these potentially non-linear within-host
processes (occurring at the individual level, see Chapter 3) might culminate to

influence population-level disease dynamics.
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Parasite transmission is a fundamental process, critical for understanding host-parasite
interactions and its effect on disease spread within the host population (McCallum et
al. 2001). Transmission is a function of interactions between the host, parasite and
environmental components (consisting of, the production of exiting/departing infective
stages, parasite survival outside the host and entry into an uninfected host). Figure 4.1
highlights factors that can potentially lead to non-linearity in parasite transmission
within the host population. For example, host factors such as age have been shown to
affect the proliferation of endosymbionts in both Manduca sexta and Cimex lectularius
(Eleftherianos et al. 2006; Fisher et al. 2018). Differences in parasite strain/genotype
(Jensen et al. 2006; Salvaudon et al. 2007; Little et al. 2008; Pulkkinen et al. 2009) and
changes to the environmental components have also been highlighted to shape
parasite transmission (Patz et al. 2004; Aguirre and Tabor 2008; Lambin et al. 2010;

McFarlane et al. 2013), also discussed extensively by Cable et al. (2017).

Host factors e.g. Parasite factors e.g.
e Species e Strain/species
e Immune system e OQutput/load
o Age Lifecycle
e Sex

Environmental factors e.g.

e Temperature
e Humidity

Figure 4.1: Key factors that contribute to non-linearity in parasite transmission.
The list above is not exhaustive but highlights key factors that may change transmission
pattern under natural conditions. In the current model system, it has been previously

demonstrated that the host characteristics, in this case, coinfection, can alter the

output of transmission stages (Randall et al. 2013, Chapter 3). The interspecific
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interactions between parasites have the potential to add further complexities to the
biology of parasite transmission, and this highlights the need to develop a better
understanding of how the altered characteristics (quality) of a parasite (during

coinfection) may impact disease dynamics within the population.

In this study, controlled experimental infections were conducted to explore the fitness
cost of the endemic protozoa, Gregarina blattarum on the transmission of a secondary
epidemic parasite Steinernema carpocapsae in a laboratory population of the German
cockroach (Blattella germanica). Host susceptibility to the epidemic parasite is not
affected by the presence of an endemic infection (see Chapter 2). Here, this study
explores whether individual-level effects (see Randall et al. 2013; Chapter 3) scale up to
alter the between-host disease dynamics, with a specific focus on how differences in
the lipid provisioning of transmission stages may alter transmission. Host lipid stores
mediate the interaction between both parasites during coinfection (Randall et al.
2013). The transmission stages of the epidemic parasite are non-feeding, therefore,
successful transmission into a new host and survival in the environment is dependent
on the lipid energy reserves provisioned during their development (Qiu and Bedding
2000; Abu Hatab and Gaugler 2001; Menti et al. 2003). It is hypothesized that
gregarines will reduce between-host transmission of S. carpocapsae but, this will be
mitigated in populations exposed to the highly infected donor due to better parasite

quality (Chapter 3).

4.3 Materials and methods
4.3.1 Endemic macroparasite infection protocols

Newly developed adult female cockroaches were collected (N=120) from specific
parasite free (SPF) colonies and grouped (N=10) into plastic rearing pots (275 ml vol.,
11.5 cm dia. x 7.5 cm height) with perforated lids (see Chapters 2 & 3). These pots were

divided into six treatment groups (N=2 replicate pots i.e. 20 cockroaches per
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treatment). Two replicate pots were exposed to one of the four gregarine gametocysts
treatments (5, 10, 15 or 20 gametocysts). The remaining pots were left unexposed to
gregarines and were used as negative and positive controls. Cockroaches were fed food
and water ad libitium 2 hours post-exposure in the same rearing pots. All experiments
were conducted under the same conditions as previously described in Chapters 2 & 3

(2521°C, 30% £2% humidity and a 12 L : 12 D photoperiod).
4.3.2 Nematode infection protocols

Infection arenas were created using round plastic pots (Cater For You; 180 x 120 x 75
mm) coated with fluon (see Chapters 2 & 3), lined with 75 g of dry sterile sand
substrate, and 8 ml of distilled water containing S. carpocapsae (100 nematodes/ml,
BASF Agricultural Specialities Ltd) was pipetted onto the substrate. Each group of
gregarine infected cockroaches and the positive control described above were placed
in an infection arena, while the negative control was introduced to a similar arena but
with 8 ml of distilled water only. Cockroaches in the nematode infected treatments
died after 48 and 72 hours post-exposure. A cadaver from each group (coinfected and

single infection) was used as a donor for the population-level study (naive SPF host).
4.3.3 Experimental set up for population-level effects of coinfection

Female SPF cockroaches (N=60) were collected and grouped into six (N=10, per
treatment) small rectangular colony boxes (31 x 23 x 12 cm height) coated with fluon®
and lined with dry sterile sand (260 g) of sufficient depth to fill an inverted petri dish lid
(5 cm). The area of the sunken petri dish was pipetted with 8 ml of distilled water and a
donor (cadaver) from the coinfected and single nematode infections was placed on the
dampened, sand-filled petri dish within each colony box. The petri dish within the
negative control group was treated in the same manner but without the introduction
of a cadaver. The sand in the petri dish was kept damp to prevent desiccation of
emerging infective juveniles. Each treatment group had 15 replicates (Table 4.1). All

cockroaches in each colony box were provided with food and water ad libitium for the
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duration of the study. Time to death of individual cockroaches within the populations

was monitored every hour (24 hour/day) for 15 days.

Table 4.1: Representation of the experimental procedure. Recipient cockroaches
(N=10, per replicate) were exposed to donor cockroaches (Gregarine infected, with 5,
10, 15 or 20 gametocysts, NC=negative control and PC= positive control, N=15 per

treatment) placed within a dampened petri dish (5 cm) lid in the colony box, for the

duration of 15 days.

Donor cockroach Donor nematode | Recipient female | Replicates
(cadaver) gametocyst treatment | exposure cockroaches per
colony box

Gregarine uninfected (SPF) - NC Control- no cadaver | 10 SPF 15
Gregarine uninfected (SPF) - PC Yes 10 SPF 15
Gregarine infected-5 Yes 10 SPF 15
Gregarine infected-10 Yes 10 SPF 15
Gregarine infected-15 Yes 10 SPF 15
Gregarine infected-20 Yes 10 SPF 15

4.3.4 Statistical analysis

All statistical analyses were conducted using the R statistical package version 3.2.2 (R
Core Team 2015). A subset of the data was created excluding the negative controls
since no deaths occurred during the experimental period of 15 days. The effect of
gregarine burden on between-host transmission was assessed by Kaplan-Meir survival
analysis using the Survdiff function in the R “survival” package (Therneau 2015). A Cox
proportional hazard model with a Gaussian distribution for random effects was created
to incorporate the repeated sampling of each gregarine infection treatment, using the
“Coxme’”’ package (Therneau et al. 2003). The time taken for death of individual
cockroaches within the population to occur and the censor (i.e. O=unobserved death,
1=observed death during the study period) were included in the model as fixed effects
while the treatment replicates were added as a random effect. Significance was
assessed using the Chi-squared test statistic and associated p-value (with p<0.05 taken

as significant).
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4.4 Results

Host survivorship was significantly affected by treatment (X? = 13.8, df = 4, p<0.01,
Table 4.2). In particular, hosts exposed to nematodes emerging from donors 5 and 10
had significantly higher survivorship rates compared to the donor from single
infections, while survival rates equivalent to the positive controls were observed at 15
and 20 (Fig. 4.2). Host exposure to a positive control (nematode only) resulted in 86%
mortality, compared to the coinfected groups that experienced 76, 77, 83 and 82%
mortality following infection with, 5, 10, 15 and 20 gregarine gametocysts. When
considering the overall risk of host death, i.e. percentage mortality by the end of the

experiment, this was significantly affected by gregarine treatment (X? = 95.7, df = 4,

p<0.001).
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Figure 4.2: Kaplan-Meier survival probability of SPF cockroaches post-exposure to the

donor from 0 (red), 5 (blue), 10 (green), 15 (yellow), and 20 (black) gametocysts for an
experimental duration of 15 days, excluding negative controls. For visual clarity, the

confidence intervals were removed.
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Table 4.2: Cox mixed effect model fit by maximum likelihood. A decreased coefficient
indicates increased survival probability when compared with gregarine free host. The

hazard ratio is a comparison of survival probability between the gregarine treatments

and the gregarine free host.

Fixed coefficients

Donor Coefficient | Hazard Standard Z value P-value
treatment ratio error

5 -0.32 0.72 0.13 -2.44 0.01

10 -0.49 0.61 0.13 -3.71 0

15 -0.23 0.8 0.13 -1.77 0.08
20 -0.13 0.87 0.13 -1.04 0.3
Random effect

Group variable Standard deviation | variance
replicate intercept 0.49 0.24

4.5 Discussion

In support of the hypothesis, the transmission dynamic of Steinernema carpocapsae
within the host population were mitigated in populations exposed to donors with low
gregarine burden. Using a host-two parasite system, the current study demonstrated
that coinfection can alter the disease outcome of a naive host population. Specifically,
the current finding revealed reduced mortality when the hosts were exposed to
transmission stages emerging from donors coinfected with low endemic infection
burdens compared to high burden or single infection donors. This finding does not
agree with previous work by Susi et al. (2015), where more devastating epidemics were
reported in populations with a higher level of coinfection when compared to a single
infection. In natural conditions, endemic parasites vary in intensity (Poulin 2013) and

the transmission potential of an epidemic parasite is reduced during coinfection with
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an endemic parasite (Randall et al. 2013). In previous work (Chapter 3), a curvilinear
relationship between coinfection load and parasite lipid content was demonstrated,
where the lipid content within the epidemic parasite transmission stages was reduced
at low gregarine burden but increased at high burdens. The current study builds on this
finding by confirming that the donor response to different levels of gregarine infection
in this model system impacts the disease dynamics of S. carpocapsae at the population
level. The results indicate that intensity-driven changes in the host during coinfection

carry key consequences for between-host transmission.

Randall et al. (2013) previously showed that the host lipid resource, which mediates
the interaction between the endemic and epidemic parasites in this system, is depleted
during coinfection. Since the output of transmission stages emerging from coinfected
hosts are reduced compared to single infection (Randall et al. 2013, Chapter 3), a lower
rate of transmission in populations exposed to the coinfected donor might be
expected. Here, the effect is lost in populations exposed to donor infected with high
levels of gregarines, probably because the reduced output is offset by an increased
parasite quality (see Chapter 3). The result from this study does not agree with similar
studies (Duncan et al. 2003; Campos-Herrera et al. 2012; Campos-Herrera et al. 2015),
where resource competition between nematodes had no effect on the transmission of
entomopathogenic nematodes. The current result suggests that competition for host
resources may not solely mediate the interaction between both parasites used in this
study system. Immune-mediated interactions between parasites have the potential to
alter both the transmission and disease prevalence within the host populations
(Eswarappa et al. 2012; Tollenaere et al. 2016). It is possible that the host immune
response may have altered the fitness of the transmission stages emerging from the
coinfected donor, which may explain survivorship in the current data (Fig. 4.2). Some
studies have demonstrated that an altered immune response due to coinfection can
mitigate the pathogenic effect of a coinfecting parasite, thus enhancing survivorship

(Onah et al. 2004; Balmer et al. 2009; Gonzalez et al. 2018; Long et al. 2019).
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An increasing number of studies have highlighted the significant role of resource
availability in mediating the host-parasite interactions (Becker and Hall 2014; Cressler
et al. 2014; Becker et al. 2015; Civitello et al. 2015; Knutie et al. 2017; Strandin et al.
2018), immune response (Chandra 1996; Sheldon and Verhulst 1996; Martin 2nd et al.
2007; Ezenwa and Jolles 2011; Budischak et al. 2015; Forbes et al. 2016) and the
epidemiology of diseases (Civitello et al. 2018). Differences in host resource availability
which are required for within-host processes and immunity can drive variation in
transmission (and parasite virulence) at the host population level. A decrease in host
infectivity has also been linked to the lipid reserves provisioned during larval
development of the transmission stages (Fitters et al. 1997; Menti et al. 2000; Hass et
al. 2002). It is possible that the non-feeding transmission stages, emerging from low-
level endemic infection are less active and could not survive for long periods in the
environment, thus impacting on the rate of transmission observed in the current study.
Entomopathogenic nematodes are widely used as biological agents against an array of
insect pest and are a proven replacement for chemical pesticides (Labaude and Griffin
2018). Empirical data from the current study highlights that in natural conditions where
multiple infections of a host are the norm, differences in the quality and quantity of a
parasite transmission stages have the potential to alter the efficacy of

entomopathogenic nematodes used as a biocontrol agent.

The findings from this study demonstrate a pattern that mirrors the impact of non-
linear within-host processes (parasite lipid provisioning, see Chapter 3) as a result of
endemic infection burden, on the subsequent epidemic transmission between-hosts.
The study suggests that the differences in lipid-parasite interactions could lead to
different likelihoods of an epidemic outbreak. This calls for further investigation on the
consequences of within-host fitness of a parasite on between-host transmission, in
particular where host resources mediate the interaction. Taking into account the
impact of coinfection on the within-host infection dynamics, may be central for
effective disease control programs and predicting the outbreak of an epidemic

pathogen.
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Chapter 5: General Discussion

5.1 Summary

As most host populations are coinfected with macro- and microparasites, it is
important to determine whether interspecific interactions between these parasite
groups could shape within-host parasite dynamics and the spread of microparasitic
infection. Macroparasites tend to be less well studied compared to microparasites,
probably because macroparasite infections generally lead to morbidity rather than
mortality, and their effects are usually density-dependent, meaning that low infection
levels within a host tend to be less virulent. Conversely, the majority of high virulence
pathogens are microparasites. Interactions between both macro- and microparasites,
whether direct or indirect, have the potential to alter host immune response, parasite
dynamics, disease severity and the effectiveness of control strategies. This study aimed
to explore the potential role of macroparasites as a driver of microparasitic infection.
Given that macroparasites typically show aggregated distributions, and therefore a
wide range of intensities occur within a host population, this study also sought to
determine the role of different macroparasite infection intensities upon infection
dynamics. The key findings in this study demonstrate that macroparasites have a
significant effect on the host immune response to infection, but this effect did not
translate to altered susceptibility to infection with the model microparasite (Chapter
2). The quantity of microparasite transmission stages emerging from hosts was
reduced due to macroparasite coinfection, but this was not macroparasite density-
dependent. In contrast, the macroparasite coinfection load significantly altered the
quality of microparasite transmission stages (Chapter 3). Ultimately, the transmission
dynamics of the epidemic microparasite within the host population was dependent on

the quality of transmission stages emerging from the coinfected host (Chapter 4).
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52 Endemic infection and within-host interactions

Endemic macroparasites maintain a constant presence within the host population, and
can negatively affect host health and significantly alter population dynamics (Stien et
al. 2002; Lello et al. 2005; Randall 2011; Rose et al. 2014; Charlier et al. 2015;
Weinstein and Lafferty 2015). In natural conditions, where coinfection of a host is the
norm (Cox 2001; Griffiths et al. 2014; Ezenwa 2016), previous experience of an
infection has the potential to alter the immune response against another parasite
species (Resende Co et al. 2007; Cattadori et al. 2008; Graham 2008; Hoverman et al.
2013; Su et al. 2014; Tollenaere et al. 2016), and this can have consequences for
disease susceptibility and severity (Su et al. 2005; Su et al. 2006; Chung et al. 2012;
Budischak et al. 2015). Macroparasites are commonly over-dispersed within the host
populations, with the majority of the parasite population concentrated in a minority of
hosts (Poulin 2013). Heterogeneities in the host ability to transmit parasites can have
implications for parasite dynamics and control measures (Keeling and Eames 2005;
Lloyd-Smith et al. 2005; Tildesley et al. 2010). However, most studies do not take
account of the heterogeneity in endemic parasite intensity between hosts within a
population and how this might alter the strength of the host immune response. Given
the differences in endemic parasite burden between-hosts, the interaction between

coinfecting parasites may also vary.

This study revealed that there were gregarine (macroparasite) density-dependent
effects on the host immune response (Chapter 2). In particular, the suppressed levels
of phenoloxidase and lysozyme activity were found to be macroparasite density-
dependent. However, these differences in immune response did not translate into a
difference in susceptibility to the microparasite used in this study. As an increased
immune response was seen in gregarine infected hosts, it is possible that the observed
increase in phenoloxidase and lysozyme would be effective against a less virulent
microparasite, but is insufficient to act against the highly virulent microparasite used in

this study. The increased immune response in the current study is consistent with
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other invertebrate studies demonstrating that the immune response can be
upregulated by prior exposure to a pathogen and that this upregulation protects the
host from secondary infection (Sadd and Schmid-Hempel 2006; Pham et al. 2007; Roth
et al. 2008). For example, in the mealworm beetle, Tenebrio molitor, hosts immune
responses were upregulated by Gram-positive bacteria and were highly protected
against both Gram-positive and negative bacteria compared to those primed with
Gram-negative bacteria, the protection, in this case, was attributed to increased
haemocytes and antibacterial response (Dhinaut et al. 2018). The immune system can
be biased by an upregulation towards a parasite such that the ability to respond
effectively to another parasite is impaired (Salgame et al. 2013). In vertebrates, for
example, the upregulation towards one arm of the immune response against
macroparasites may negatively affect the efficacy of vaccines to emerging infections
(Su et al. 2006; lweala et al. 2007; Urban Jr et al. 2007; van Riet et al. 2007; Aira et al.
2017). There is scope for expansion of the current study, by exploring the molecular
mechanisms that underlie the immune function, including the specificity of the

immune response to endemic gut gregarines.

Despite a number of studies on gregarine abundance, host specificity and the effect of
gregarines on host behaviour and life history (Clopton and Gold 1996; Clopton 2000;
Marden and Cobb 2004; Takahashi 2004; Randall 2011; Kaunisto et al. 2017), there is a
limited knowledge of how the host immune systems respond to the presence of
endemic gregarine infections. An important general invertebrate strategy against the
presence of a macroparasite (including gregarines), is the encapsulation response
(Gillespie et al. 1997; Rolff and Siva-Jothy 2003; Ahtiainen et al. 2005; Strand 2008;
llvonen and Suhonen 2016; Krams et al. 2017; Srygley and Jaronski 2018). The cellular
encapsulation response is a common feature of insects against parasites that are too
large to be phagocytosed by a single haemocyte (Strand 2008; Hillyer 2016). The
encapsulation process involves the recognition of foreign pathogens as non-self, the
activation of haemocytes (e.g. granulocytes) that migrate towards the pathogen,

adhere and form a multi-layered capsule around it (Siddiqui and Al-Khalifa 2014).
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The degree of encapsulation can vary with the host resource availability, age, sex,
location of invading pathogen, and the presence of coinfecting parasites (Lie and
Heyneman 1976; Giordanengo and Nenon 1990; Koella and Sorensen 2002;
Bukovinszky et al. 2009). These factors could alter the quantity of circulating
haemocytes, which in turn could impact the host encapsulation response (Ratcliffe
1985). Conversely, a prior pathogen infection could prime the immune system such
that, the risk of future infections is reduced (Hamilton et al. 2008). Immune priming has
the potential to generate non-linearities in parasite transmission and host susceptibility
to infection (phenotypes with enhanced resistance), which may have important
implications for disease dynamics within the host population (Moret 2006; Blagrove et
al. 2012; Frentiu et al. 2014). Despite the lack of antibodies associated with
vertebrates, the invertebrates are capable of mounting a primed immune response to
secondary infection (Little et al. 2003; Schmid-Hempel 2005; Roth et al. 2008).
Invertebrates achieve this by inducing major signalling pathways of the immune system
that encode transmembrane proteins (Lemaitre et al. 1996; Rainey et al. 2014; Sim et

al. 2014).

As stated in Chapter 2, there was no difference in encapsulation between the gregarine
infected and uninfected groups. This finding is consistent with other studies that found
no effect of gregarine burden on the host cellular encapsulation response (Siva-Jothy et
al. 2001; Canales-Lazcano et al. 2005; Honkavaara et al. 2009). The discrepancy
between the current finding and the previous work in this laboratory (Randall 2011),
which showed that encapsulation response was greater in gregarine infected hosts,
may be a consequence of trans-generational immune priming (Little et al. 2003; Moret
2006; Freitak et al. 2009; Roth et al. 2010; Tidbury et al. 2010; Hernandez Lépez et al.
2014). The previous work (Randall 2011) assessed encapsulation response from hosts
collected from gregarine infected colonies, whereas the current study utilized hosts
from gregarine free colonies that were then experimentally infected for a short period.
An increasing number of studies have highlighted the impact of immune primed

phenotypes on the spread of a secondary infection (Little and Kraaijeveld 2004;
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Blagrove et al. 2012; Tate and Rudolf 2012; Tidbury et al. 2012; Frentiu et al. 2014;
Dorigatti et al. 2018; Pereira et al. 2018; Nazni et al. 2019; Rahayu et al. 2019). Whilst,
the current study did not aim to explore these effects, the model provides an ideal
system that can be manipulated to explore immune primed phenotypes and its effect
on coinfection both at the individual and population level. Further development of this
study, could also explore the level and form of circulating haemocytes (e.g.
granulocytes, plasmatocytes, lamellocytes) which are essential for encapsulation

(Markus et al. 2005; Cotter et al. 2008; Ebrahimi et al. 2011).

Contrary to the hypothesis in Chapter 2, macroparasite density-dependent effects on
host immunity did not translate into a difference in susceptibility to microparasite
infection. One limitation of the current study is that the effects of inbreeding and
genetic variation of the host (cockroach lines established from initial purchase and
bred in the laboratory since 2007) are unknown. A lack of genetic diversity as a result
of genetic drift or inbreeding could mean that the ability of the host to resist new
infections or adapt to new selection pressure is reduced (Frankham et al. 2002; Keller
and Waller 2002; Whitehorn et al. 2010). The cockroaches in the current system are
frequently subjected to bottlenecks as a result of periodic changes of the colony boxes
(to avoid cockroach escape when the Fluon® needs replacing), which may result in
genetic homogenization. However, the cockroach population are characterized by
exponential growth (Ross 1976; Ross et al. 1984), which may reduce the potential
impact of such genetic bottlenecks (Kimura 1983; Hague and Routman 2016). Future
development could analyse the host genotype, compare responses of genetically

distinct strains and link the immune-related genes to infection susceptibility.

53 Linking within-host infection dynamics with between-host disease dynamics

Parasites are one of the most abundant forms of life on earth (Windsor 1998), and
understanding the changes in parasite fitness that may occur as a result of interspecific
interactions, is important for predicting their effect on host populations (Gandon and
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Michalakis 2000; Antia et al. 2003; Dieckmann et al. 2005; de Roode et al. 2008).
Parasites must undergo some within-host development, but this within-host process
depletes host resources, induces tissue damage or provokes the immune response, all
of which have the potential to indirectly shorten the window of parasite transmission
(de Roode et al. 2008; Méthot 2012). Parasites, therefore, face a trade-off between
prudent within-host replication and transmission (Anderson and May 1979, 1982;
Galvani 2003; Dieckmann et al. 2005; de Roode et al. 2008; Alizon et al. 2009;
Doumayrou et al. 2013). Whilst, the current study has focussed on the effect of a
macroparasite on microparasite transmission, the macroparasite transmission might
also be affected during coinfection. The presence of an epidemic parasite could
potentially disrupt the balance between prudent within-host exploitation and
transmission when the host is already infected with a macroparasite, and this can have
implications for the macroparasite transmission (vanBaalen and Sabelis 1995; Frank
1996), because a virulent epidemic parasite may not be well adapted to evolve such a
balance but rather maximize transmission. Coinfection may further limit the
opportunity for an epidemic parasite to evolve the best evolutionary strategy
(Bremermann and Thieme 1989). When parasites co-occur within the host, the fitness
of the transmission stages could depend upon the interspecific interactions between
parasites (May and Nowak 1995; vanBaalen and Sabelis 1995; Martcheva and Pilyugin
2006). For example, some studies have demonstrated that coinfection between
microparasites can result in increased parasite virulence (Ebert and Mangin 1997;
Escriu et al. 2000; Cooper and Heinemann 2005; De Roode et al. 2005) while other
studies have documented reduced parasite virulence (Turner and Chao 1999; Read and
Taylor 2001; Gower and Webster 2005; Harrison et al. 2006). The differences in
virulence in these studies have been attributed to the exploitation rate of the parasite,
selection pressure and host immune response. However, for the majority of studies
that explore parasite fitness and disease transmission, the potential impact of a host-
parasite burden on the fitness of transmission stages during coinfection has received

very little attention.
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The transmission of an epidemic parasite may be altered by the presence of another
parasite (Chapter 3), but the results from this study do not agree with the majority of
theoretical studies that have predicted increased parasite fitness as a result of
increased host exploitation (Levin and Pimentel 1981; Frank 1992; May and Nowak
1994, 1995; vanBaalen and Sabelis 1995; Frank 1996; Mosquera and Adler 1998). The
results, however, supports recent theoretical and empirical studies that have
considered the impact of coinfection on parasite transmission and predicted decreased
parasite fitness depending on the nature of interaction (Gandon et al. 2001; West and
Buckling 2003; Massey et al. 2004; Gower and Webster 2005; Harrison et al. 2006). In
Chapter 4, the results demonstrate that, where host resources mediate the interaction
between parasites during coinfection, the burden of macroparasite infection can be a
major determinant of the outcome on parasite transmission, i.e. low levels of
macroparasite infection might result in a reduced microparasite transmission while an
increased transmission may be expected from higher levels of macroparasite infection.
The density-dependent effect identified in this study highlights that, by altering
macroparasite infection burden, there may be a switch from negative to a positive
relationship between the macroparasite and the quality of coinfecting parasite

transmission stages, even if the underlying interaction is still resource mediated.

Entomopathogenic nematodes are an effective biocontrol agent for several insect pest
populations due to their capacity to evade the host immune responses and kill the host
(Ribeiro et al. 1999; Brivio et al. 2004; Ji and Kim 2004; Castillo et al. 2011; Bisch et al.
2015; Binda-Rossetti et al. 2016). For nematodes to remain an effective biocontrol
agent, they must be highly infective to their hosts. A decrease in the lipid reserves
provisioned during their development has been related to a decrease in the infectivity
of nematodes (Fitters et al. 1997, Menti et al. 2000). A curvilinear effect of
macroparasite intensity on the lipid reserves (quality) of nematodes emerging from the
coinfected host was observed in this study (Chapter 3). As macroparasites infection
load varies between hosts, taking account of different macroparasite distributions

within the host population may be necessary for accurate prediction of microparasite
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transmission between-host. Despite a number of promising laboratory results on the
efficacy of entomopathogenic nematodes (Ramos-Rodriguez et al. 2006; Odendaal et
al. 2016; Heve et al. 2017; Wagutu 2017), the field applications have yielded variable
results (Schroeder et al. 1996; Mannion et al. 2001; Belair et al. 2003; Memari et al.
2016). It is possible that such variations are a consequence of different distributions of
endemic infection in the different pest populations. In natural conditions where hosts
harbour different burden of endemic infection, the current study suggests that
combined therapies might actually prove useful. The curvilinear effect reveals that
dosing with a low endemic burden of gregarines while simultaneously applying the
entomopathogenic nematodes, might improve efficacy compared to dosing solely with
nematodes treatment, although the natural endemic infection burden and diversity of

parasites would also need to be taken into account.

In recent decades, disease ecologists have increasingly focussed on how interspecific
interactions between parasites may scale to determine disease spread between-hosts
(Abu-Raddad et al. 2006; Telfer et al. 2010; Ezenwa and Jolles 2011; Johnson and
Hoverman 2012; Susi et al. 2015; Gorsich et al. 2018). In Chapter 4, the transmission
dynamics of the epidemic parasite within the host population was dependent on the
lipid provisioning within the transmission stages. It is possible that the non-feeding
transmission stages that emerged from high levels of macroparasite infection were
better suited (due to increased quality) to survive for longer in the environment or they
were more infectious, which may explain the observed pattern of microparasite
transmission. This study highlights the need to assess the level of endemic infection to
accurately predict disease outbreak, failure to do this could result in unexpected

variation in host-parasite dynamics.

In chapter 3, the results demonstrate a curvilinear relationship due to resource use but
in other systems, curvilinear relationships could occur through the immune
mechanism. The host immune response can be negatively correlated with parasite

intensity (Biard et al. 2015), such that the immune response is upregulated at low
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levels of infection but downregulated at a higher intensity, probably due to a depletion
of host resources (Lochmiller and Deerenberg 2000). If the curvilinear relationship in
the current study reflects other systems, then high burdens of macroparasite infection
will result in increased microparasite fitness, which makes the transmission stages
more competitive than those emerging from hosts with low levels of macroparasite.
Increased microparasite fitness, on the other hand, may eventually lead to competitive
exclusion of the macroparasite by reducing the pool of macroparasite susceptible hosts
(Bremermann and Thieme 1989). There is still a gap in knowledge of the outcomes of
macro- and microparasite coinfection despite several theoretical (Fenton 2008; Fenton
and Perkins 2010; Ezenwa and Jolles 2011) and empirical studies (Lello et al. 2004;
Jolles et al. 2008; Telfer et al. 2010) that have attempted to assess the implications of
interspecific interactions for parasite dynamics. The differences in microparasite
output, fitness and transmission described in this study reveal that, to accurately
predict the effect of coinfection on between-host parasite transmission, there is a need
to consider both the mechanism of interaction and the host-macroparasite burden.
Resource competition and immune-mediated interactions are common during
coinfection (Graham 2008; Randall et al. 2013; Griffiths et al. 2014), and this makes the
current system an ideal model to further explore the individual-level impact of these

interactions on parasite transmission.

The immune system of invertebrates shares close similarity with the vertebrate innate
immune system (Vilmos and Kurucz 1998; Sheehan et al. 2018). The innate immune
responses of insects and their vertebrate counterpart consist of both humoral and
cellular components. Vertebrates have an adaptive immune system which enables
specific immune responses based on previous experience to an infection (Cooper and
Alder 2006; McFall-Ngai 2007). Although insects lack an adaptive immune system,
studies have demonstrated that they possess a form of adaptive immune response
(memory and long term upregulation of the innate response) (Hartman and Karp 1989;
Kurtz and Franz 2003; Moret and Siva-Jothy 2003; Korner and Schmid-Hempel 2004;

Kurtz and Armitage 2006; Schulenburg et al. 2007). Whilst, the immune system of
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insects is less complex than the vertebrate system, the immune mechanisms are
generic (Vilmos and Kurucz 1998; Kavanagh and Reeves 2007; Miiller et al. 2008;
Sheehan et al. 2018). The similarity between both systems enables insects to be used
in some studies to overcome challenges associated with vertebrate systems (e.g. cost,
ethics), whilst yielding comparable results. Furthermore, when host resources mediate
the interaction between parasites (Antia et al. 2008; Graham 2008; Randall et al. 2013;
Griffiths et al. 2014), the depletion of resources could, in turn, alter the strength of
immune response against parasites (Koski and Scott 2001). Differences in a host’s
resource interaction can potentially lead to non-linearities in immune response (French

et al. 2009) which may have consequences for host health.

The elimination of macroparasitic, soil-transmitted helminths as a public health
problem by 2020 is one of the World Health Organization’s strategic plan (WHO 2012).
If the findings from Chapters 3 & 4 reflect other systems where host resources mediate
the interaction between parasites (Griffiths et al. 2014; Budischak et al. 2015; Ramiro
et al. 2016; Wale et al. 2017), then it suggests that integrated control programmes
might prove useful, but caution should be taken with mass drug administration
programmes, because the complete removal of an endemic pathogen may result in the
outbreak of another pathogen. The differences in a host macroparasite burden can
have important implications for microparasite fitness and between-host transmission
and the relationship may be non-linear (Chapter 3 & 4). In natural conditions, hosts
maintain relatively similar levels of macroparasite burden over time, even after drug
treatment (Gryseels and Nkulikyinka 1989; Ahmed et al. 2012; Dunn et al. 2018; Ghosh
et al. 2018). Therefore, for control programs to be effective, there is a need to consider
the effect of different host-parasite burden and also the interspecific interactions that

may occur between parasites when developing interventions.

An increasing number of studies have demonstrated that host resources play a
significant role in mediating parasite interactions (Hall et al. 2007; Becker and Hall

2014; Cressler et al. 2014; Civitello et al. 2015). For example, increased resource
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availability may support an increased immune response which reduces parasite output,
transmission and parasite-induced damage (Sheldon and Verhulst 1996; Lochmiller and
Deerenberg 2000; Tschirren et al. 2007). Alternatively, since parasites are a sink of host
resources, increased resource availability might promote parasite replication,
development and fitness (Hall et al. 2007; de Roode et al. 2008; Seppala et al. 2008). In
previous work, Randall et al. (2013) demonstrated that macroparasites deplete host
resources, which affected the transmission potential of a co-infecting microparasite.
The current study provides further evidence that where host resources mediate the
interaction between coinfecting parasites, variations in resource availability have the

potential to alter the spread of diseases at the population level (Chapter 3 & 4).
54 Future work

Differences in the effect of host age on the immune response to injury or parasitic
infection are well documented in both vertebrates and invertebrates (Smith and Angus
1980; Jianyong et al. 1992; Linton and Dorshkind 2004; Rantala and Roff 2005;
Whitehorn et al. 2010; Mackenzie et al. 2011; Kubiak and Tinsley 2017). In our
laboratory, it remains unknown if the host immune response increases or decreases
with age. In other insect systems, for example, the host encapsulation and lytic activity
vary with host age but the relationship varies between different hosts and parasites
(Brodeur and Vet 1995; Rantala and Roff 2005; Bukovinszky et al. 2009; League et al.
2017). However, due to the design of the current study, the effects that host age may
have on the immune response and susceptibility to microparasite infection could not
be determined. Future development of this study is to explore the effect of host age on
the immune response to the macroparasite and then re-assess what effects this may

have on microparasite dynamics and susceptibility to infection.

Malnutrition and poor host condition can influence the host susceptibility to parasitic
infection (Welburn et al. 1989; Santos 1994; Anstead et al. 2001). It was hypothesized
in the current study that the host lipid resource would decrease in response to higher

levels of gregarine infection. Due to the short experimental infection period in this
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study design, the resources may not have been fully exploited by the macroparasite to
produce sufficient depletion of host resources. Further work on this study system is
essential, for example, using hosts exposed to repeated doses of gametocysts and for
an extended period of time. This will improve understanding of how extended
depletion of resources, which mediates the interaction between both parasites, might

alter infection and parasite dynamics.

The lipid reserves of microparasite transmission stages were unexpectedly lower in
controls than the highest level of macroparasite infection (Chapter 3). This led to the
hypothesis (following laboratory observation that macroparasite trophozoites are
numerous and much smaller in highly infected hosts) that the unexpected difference
was a consequence of more gregarine retention in heavily infected hosts. Future
development of this study would be to assess the lipid levels of the macroparasite
using colorimetric assays (Leyva et al. 2008; Cheng et al. 2011), to determine whether
the gut macroparasites in this system are a sufficient supply of lipids for the
microparasites. The microparasite in this system consumes the entirety of the host,
undergoes within-host developmental cycles and produces infective juveniles only

when resources are close to depletion.

Whilst the current system provided an interesting opportunity to explore microparasite
dynamics and transmission, the consequences of the interaction on macroparasite
dynamics could not be assessed because the microparasites used are obligate killers
(i.e. no-host recovery post-infection). A development of this study would be to explore
the consequence of interspecific interaction on the dynamics of the macroparasite
using a less virulent microparasite. For example, the common soil bacterium Bacillus
subtilis (Reavey et al. 2015), which could be used with the gregarine macroparasite as a
model to further explore resource competition and the co-evolutionary consequences

of coinfection.
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5.5 Conclusion

The 20:80 rule broadly describes the aggregated distribution of macroparasites in
which 80% of the parasite population is concentrated in 20% of the host population
(Woolhouse et al. 1997; Shaw et al. 1998). What this means is that the distribution
varies even for the same parasite species and therefore, hosts will harbour different
burdens of macroparasites, as a result of extreme over-dispersion and consequently
lose a different amount of resource to the parasite. In natural conditions where
coinfection of a host is the norm (Cox 2001), resource competition may be the most
common forms of interspecific interaction (Budischak et al. 2015; Ramiro et al. 2016;
Wale et al. 2017). This study demonstrates that endemic macroparasite burden can
have fitness costs for epidemic parasite transmission and that the within-host
responses during different levels of macroparasite infection can potentially shape the
dynamics of microparasite infection. Therefore, there is a need to assess the endemic
macroparasite burden to effectively predict microparasite transmission. Whilst the
current system reveals a specific example of the complex interaction and non-linear
relationship between resource competition and host-parasite burden, it points to the
importance of understanding such relationships in order to accurately predict epidemic
spread. In order to provide a more detailed understanding of host-parasite interactions
and its consequences for transmission, it is becoming clear that disease ecologists need
to integrate experimental work (that aims to decipher precise mechanisms of
interaction) with theoretical models to effectively predict epidemic outbreaks and the
implications for control strategies. The use of insect systems can be useful in modelling
host-parasite interactions and the testing of hypothesis that can be extrapolated into
clinical studies (Mylonakis et al. 2007; Peterson et al. 2008; Lebeaux et al. 2013). Given
the likelihood of macro-microparasite coinfections in natural conditions, this study
reveals that macroparasite burden can drive non-linearity in microparasite
transmission and highlights the need to consider macroparasite burden when assessing

the risk of an epidemic outbreak.
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