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0. Preface 

0.1   Thesis Abstract 
 

Virus host shifts are a major source of outbreaks and emerging infectious 

diseases, and continue to cause considerable damage to public health, society, 

and the global economy. Predicting and preventing future virus host shifts has 

become a primary goal of infectious disease research, and multiple tools and 

approaches are being developed to work towards this goal. In this thesis, I 

examine three key aspects of infection that have implications for our wider 

understanding of virus host shifts and their predictability in natural systems: 

whether the outcome of infections across species is correlated between related 

viruses, whether the presence of a coinfecting virus can alter the outcomes of 

cross-species transmission, and the influence of host genetics and immunity on 

the outcomes of coinfection. These experiments make use of a large and 

evolutionarily diverse panel of Drosphilidae host species, and infections with 

two insect Cripaviruses: Drosophila C virus (DCV) and Cricket Paralysis virus 

(CrPV), with the outcomes of infection quantified throughout as viral loads via 

qRT-PCR. 

 

In Chapter Two, phylogenetic generalised linear mixed models are applied to 

data on the outcome of single infections with three isolates of DCV (DCV-C, 

DCV-EB, DCV-M) and one isolate of CrPV, to look for correlations in viral load 

across host species. Strong positive corrections were found between DCV 

isolates and weaker positive correlations between DCV and CrPV, with 

evidence of host species by virus interactions on the outcome of infection. Of 

the four viruses tested, the most closely related isolates tended to be the most 

strongly correlated, with correlation strength deteriorating with the evolutionary 

distance between isolates, although we lacked the diversity or sample size of 

viruses to properly determine any effect of evolutionary distance on correlation 

strength. Together, this suggests that hosts susceptible to one virus are also 

susceptible to closely related viruses, and that knowledge of one virus may be 

extrapolated to closely related viruses, at least within the range of evolutionary 

divergence tested here. 
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In the remainder of this thesis, I examine the outcome of coinfection with DCV-

C and CrPV across host species (Chapter Three) and across genotypes and 

immune mutants of Drosophila melanogaster (Chapter Four). These chapters 

aim to assess the potential for coinfection to alter the outcomes of cross-

species transmission – and so interfere with predictions of virus host shifts – 

and the potential influence of host genetics and immunity on the outcome of 

coinfection. Chapter Three finds little evidence of systematic changes in the 

outcome of single and coinfection for both viruses across species, suggesting 

that coinfection may not be a required consideration in predictive models of 

every host-virus system. Effects of coinfection were found in a subset of species 

but were not recapitulated in a follow-up experiment looking at tissue tropism 

during coinfection on a subset of host species. Together, this suggests that any 

effects of coinfection across species with DCV and CrPV are due to stochastic 

effects within individual hosts. Chapter Four finds small but credible effects of 

coinfection across genotypes of D. melanogaster, but these effects showed little 

host genetic basis or effect on the genetic basis of susceptibility to each virus 

separately. Mutations in several immune genes caused virus-specific changes 

in viral load between single and coinfection, suggesting that coinfection 

interactions between viruses can be moderated by the host immune response. 

 

This thesis has aimed to explore several fundamental features of cross-species 

transmission that are relevant to our understanding – and ability to predict – 

virus host shifts. Both the finding that correlations exist between viruses and the 

approach used to characterise coinfection across and within host species would 

now benefit from an increased diversity of experimental pathogens, to better 

investigate the influence of virus evolutionary relationships on the outcomes of 

virus host shifts and present a broader understanding of the potential impact of 

coinfection on the outcomes of cross-species transmission.  
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1. General Introduction 

This chapter was written with comments on drafts from Ben Longdon. 

 

1.1 General Background 
 

Virus infections remain a primary cause of human morbidity and mortality 

worldwide [1]. For every 1,000 deaths in 2019, twelve were caused by HIV/AIDS, 

seven by seasonal influenza, three by childhood measles infection, two by 

acute hepatitis infection, and one each by dengue fever and rabies [2,3]. In 

addition to endemic viruses, frequent outbreaks and epidemics are caused by 

the cross-species transmission of viruses into humans from animal reservoirs [4–

6], the consequences of which can be staggering. Three novel pandemics have 

occurred in humans since the beginning of the 20th century – each of which 

originated in the zoonotic transmission of an RNA virus [7–9] – with their 

combined death toll exceeding that of the Second World War [10–12]. Virus 

infections are an enduring medical and biological problem, and an increased 

understanding of the fundamental determinants and coevolutionary dynamics 

underlying host-virus interactions may inform future attempts to control, predict, 

and prevent infectious diseases [13–15]. 

 

Parasitism by viruses is a universal feature of natural systems [16–20], and 

viruses are the most abundant and diverse group of organisms existing in 

nature [21]. Metagenomic surveys consistently expand the lists of known viruses 
[22–26], and it is increasingly apparent that our current understanding is heavily 

biased towards viruses of direct medical or veterinary concern [27]. The rate of 

discovery of new viruses is rapidly outpacing the abilities of experimentalists to 

categorise them using traditional methods [28]. Multiple computational tools for 

predicting the traits of viruses a priori from genomic data have been developed 

in recent years (discussed below), primarily to assess the zoonotic risk of novel 

viruses detected during surveillance of animal hosts [13]. Alternatively, the 

characteristics of viruses may be inferred directly from better studied relatives, 

based on the conventional wisdom that closely related organisms may be 
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expected to share similar traits [29]. This practice is common both in 

epidemiological models of seasonal and emerging infections [30–33], and in 

experiments that rely on surrogate viruses when the virus of interest cannot be 

studied directly [34,35]. Some broad similarities are known to exist between 

related viruses: virus families infecting avian and mammalian hosts appear 

largely bound to infect only these host organisms [36]; the probability of virus 

permissiveness in humans can be partly explained by virus family, albeit with 

considerable variation around family means [37]; and virus families can vary in 

their relative rates of co-divergence and host-shifting, suggesting that viruses of 

the same family may share similar propensities for long-term host associations 

or frequent cross-species transmissions [38]. Yet the extent to which continuous 

infection traits such as virulence, viral load, and transmission rate are shared 

between closely related viruses, and the evolutionary distances at which any 

similarities break down, has not been systematically investigated for any virus 

family. 

 

Both these approaches assume that genomic context is sufficient to predict the 

outcome of infection. This is a known – and acknowledged [13] – simplification; 

the outcome of any one infection can be influenced by host genetics and 

immunity, non-additive genotype-by-genotype interactions between host and 

pathogen [39,40], interactions with the environment [41–45], with host microbiota [46] 

and coinfecting pathogens [47], and with other conditions such as infection route 
[48,49] and dose [50]. Recent implementations of computational methods have 

incorporated some non-genomic data to inform predictions of virus traits [51]. 

However, the importance and impact of most non-genomic sources of variation 

on the predictions of virus traits has yet to be investigated, precluding the use of 

these tools outside of academia [52]. 

 

In the remainder of this chapter, I provide background on virus host shifts, 

contemporary theories on their determinants and evolutionary dynamics, and 

current approaches and limitations in their prediction. I then describe our current 

understanding of coinfections and their implications for the outcomes and 
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predictions of novel infections. Lastly, I outline the aims of this thesis, and the 

experimental system used to investigate these aspects of virus host shifts. 

 

1.2 Virus host shifts 
 

Virus host shifts occur when the cross-species transmission of viruses from an 

endemic to a novel host species results in continued onward transmission in the 

novel host [53]. Many extant infections in humans have their origins in virus host 

shifts, including measles virus [54], HIV [7], and influenza A virus [55]. Host shifts 

by RNA viruses are also a major source of outbreaks and emerging infectious 

diseases [4–6], exemplified in the recent pandemic emergence of SARS-CoV-2 
[9], but also in repeated outbreaks of Ebolaviruses in Western and Central Africa 
[56], the 2009 swine flu pandemic [57], outbreaks of Nipah virus [58], Hendra virus 
[59], and the earlier 2003 SARS-CoV-1 and 2012 MERS-CoV outbreaks [60]. In 

this capacity, virus host shifts continue to cause considerable damage to public 

health, society, and the global economy [61,62], and predicting and preventing 

future host shifts has become a major goal of international virus research [13]. 

 

Host determinants of susceptibility to virus host shifts 

 

Virus host shifts occur frequently in many virus families [38,63], but what 

determines the likelihood of a virus successfully shifting to any one host species 

remains unclear. The requirements of a productive infection are broadly the 

same whether a virus is infecting a novel or established host: the virus must 

transmit to the host (making sympatry a necessity), replicate, and induce 

symptoms to promote its onward transmission [64,65]. Variation in the host 

components involved in these processes can change the fitness of virus 

genotypes in different hosts and host species [39,66]. Assuming viruses are 

evolutionarily optimised to infect their current hosts, virus fitness may be 

expected to decease as the functional divergence between donor and recipient 

hosts increases [67]. Correspondingly, host phylogenetic distance effects have 

been found in multiple studies of virus host shifts [68–76], and successful host 

shifts are more frequently detected between closely related host species [76,77]. 
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Despite this, multiple examples exist of viruses successfully shifting between 

distantly related host species. Phylogenetic ‘clade effects’ can occur when 

specific components of host immunity are gained or lost in common ancestors 

of the species within a clade. In Drosophila, for example, the ability to produce 

lamellocytes and induce encapsulation is lineage-specific [78], and lineages also 

vary in the levels of duplication of components of the antiviral RNAi pathway [79]. 

In both vertebrates and invertebrates, closely-related host species tend to share 

similar levels of susceptibility to viruses, independent of their distance from the 

natural host [68,80,81], producing a patchwork of susceptible and resistant clades 

across the host phylogeny [82]. The existence of distant host clades that are 

broadly susceptible to infection may explain cases where viruses repeatedly 

shift between distantly related hosts, such as the cross-species transmission of 

influenza A viruses between avian and mammalian species [83]. These clades 

may also act as gateways to infection of other closely related hosts if infection 

of these species allows mutations to persist that pre-adapt viruses to 

successfully infect close relatives [84]. Susceptible clades of host species have 

been identified through experimental infections in Drosophilidae [68,80] but are 

not currently predictable a priori for any host-virus system. Predicting which 

viruses can emerge in a given host species will likely require a greater 

understanding of the variation in specific host components between susceptible 

and resistant host species, which is only indirectly captured in the host 

phylogeny. 

 

As obligate intracellular parasites, viruses require access to the intracellular 

environment to replicate, and variation in host cell surface receptors involved in 

virus entry is a well-studied determinant of host susceptibility [80]. Within host 

species, loss of cell surface receptors can confer near total immunity to some 

viruses [86,87], and mutations that reduce the binding efficiency of virus surface 

proteins can increase resistance to virus infection [88,89]. Between host species, 

divergence in cell surface proteins may require viruses to adapt to one host 

receptor to the detriment of their ability to bind the receptor of the other species 
[90,91]. Depending on the number of unique mutations required, this antagonistic 

pleiotropy may prevent some direct species-species host shifts. For example, 
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mutagenesis studies of avian H5N1 have suggested that four unique mutations 

are required in the virus sialic acid surface protein to allow for effective 

transmission in ferrets [92,93], although surveillance of naturally circulating H5N1 

has failed to find more than two of these mutations in any one host [94], 

suggesting that the remaining two mutations under strong negative selection in 

avian reservoirs [95]. Conversely, canine morbilliviruses have switched frequently 

between canine and feline host species [96], despite antagonistic pleiotropy in 

two loci of the virus SLAM-binding protein [90,91]. This suggests that blocks to 

host shifts caused by antagonistic pleiotropy in virus surface proteins can be 

repeatedly overcome when the underlying mutational target is small. 

 

Conceivably, heterogeneity in any host factor associated with virus infection 

may influence variation in host susceptibility. Avian and mammalian hosts of 

influenza A viruses (IAVs) have been shown to vary in susceptibility due to 

variation in host restriction factors that target viral RNA in the cell cytoplasm [97–

99], importin-α proteins that facilitate virus nuclear import [100–102], host cofactors 

that affect IAV polymerase activity [103–106], and the host innate immune 

responses that are triggered during the early stages of infection [107]. IAV 

infections in animals are extensively studied host-virus interactions [66], and how 

generalizable these sources of host variation are to other, less well studied 

viruses is yet to be established [108].  

 

Virus generalism and specialism 

 

Host components can vary in their levels of conservation across host species, 

and viruses can vary in the host components they interact with during infection. 

Conceivably, viruses that interact with more conserved host components will 

show more consistent infection outcomes across a broader range of hosts, and 

may successfully shift host species more readily than viruses that specialise on 

more diverged components within a narrower phylogenetic range of hosts 
[109,110]. This theory is supported in a previous study of human viruses, which 

found that viruses utilising more conserved host cell receptors had broader host 

ranges [111]. Generalism has been linked to increased likelihood of emergence in 



1. General Introduction 

Page | 13  
 

novel hosts in multiple virus families [6,112], although the mechanisms underlying 

generalism in these viruses are not known. 

 

Whether viruses evolve towards specialism or generalism is thought to be 

controlled by the stability and availability of different host species for infection 
[113]. In experimental environments with a single host species, viruses invariably 

evolve towards specialism, as specialist adaptations allow virus strains to 

outcompete rival strains and no alternative hosts are present to impose costs of 

specialisation [114]. It has been suggested that specialism is also favoured in 

multiple-host environments with intermediate levels of fluctuation in host 

availability, as specialist viruses will feel stronger selection pressures with 

changes in a single host species and so will more rapidly evolve and track 

changing optima in this species [115]. Generalism may then be favoured in highly 

stable environments that allow time for optimisation to multiple host species 

(assuming generalist adaptations can exist without costs to fitness in individual 

hosts [116,117]), or in highly erratic environments where reliance on a single 

resource may frequently lead to extinction [118,119]. 

 

In long-term host-virus associations, immune genes often experience strong 

selection pressures and evolve rapidly, requiring reciprocal evolution by viruses 

to maintain infectivity [120–125]. During this process, viruses also experience 

strong purifying selection, which constrains virus genetic diversity and quickly 

removes deleterious mutations from the virus population [126,127]. This can 

include virus variants that would more effectively infect novel host species, as 

these mutations are often detrimental in the established host [90,116,128]. Long-

term coevolution with a single host species may therefore have a ratcheting 

effect on virus evolution, preventing the virus from evolving back towards 

generalism and deepening the fitness costs associated with cross-species 

transmission [129]. 

 

Together, this suggests that virus host shifts may be more common in 

environments that promote the evolution of virus generalism, and in viruses that 
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have not coevolved for long periods within a single host species. However, 

these possibilities have yet to be explored either empirically or theoretically. 

 

Virulence, transmission, and evolution 

 

Any virus that transmits to a novel host species is unlikely to already be 

optimally adapted to infect their new hosts [130]. If the virus is unable to transmit 

on from this initial host, cross-species transmissions constitute dead-end 

infections and will eventually result in extinction of the transmitted virus lineage 
[131]. Humans, for example, represent dead-end hosts for several zoonotic 

viruses, including West Nile virus, rabies virus, and influenza A virus H9N2 [132–

134]. Sub-optimal rates of onward transmission from the novel host can lead to 

short-term transmission chains and localised outbreaks (e.g., Ebolavirus and 

Marburg virus [135,136]), and with sufficient adaptation of the virus to the novel 

host this can transition into long-term stable transmission in the novel host and 

the emergence of a new disease [53] (e.g., HIV, SARS-CoV-2, and measles virus 
[7,9,54]). 

 

Virus fitness is frequently linked to virulence through the trade-off hypothesis, 

which states that viruses will evolve towards intermediate virulence optima to 

maximise their onward transmission [137]. At maladaptively high virulences, 

hosts are incapacitated or killed before the virus has had ample opportunity to 

transmit, whereas at maladaptively low virulence a virus may not be exploiting 

host resources sufficiently to replicate and facilitate its onward transmission 

before clearance by the host immune system [138]. Virus host shifts are often 

expected to result in maladaptively high initial virulence, although it is unclear if 

this is due to genuine biological processes or biases in detection and study 

efforts towards highly virulent infections [130]. Nonetheless, studies of known 

zoonoses have shown that onward transmission tends to be higher in viruses 

with lower levels of initial virulence [75]. Additionally, cross-species transmissions 

tend to increase in virulence with increasing evolutionary distance between 

donor and recipient hosts [69,74–77]. Even considering the evolutionary distance to 

humans, zoonoses from bats also appear to be especially virulent [75]. Together, 
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this suggests that the initial stages of virus host shifts, at least for the 

occurrences that are detected and studied currently, are dominated by 

maladaptively high virulences that may be expected to decrease in the initial 

stages of evolution in the novel host. This said, considerable variation exists 

around the relationship between virulence and transmission following cross-

species transmission [75], and so evolutionary decreases in virulence are likely 

to be far from the rule following host shifts [130]. 

 

In the evolution of Myxoma virus in European and Australian rabbits, virulence 

rapidly decreased after introduction but has since increased steadily in 

response to evolving host resistance to infection. In HIV infections of humans, 

variants with intermediate set-point viral loads (and so intermediate durations of 

asymptomatic infection) have the highest estimated transmission potential [139]. 

These examples provide some evidence of trade-offs shaping virulence 

evolution following host shifts. Additional empirical evidence to support trade-

offs between transmission and virulence is limited but can be seen in at least 

one other virus [140], and more broadly in other host-pathogen systems [141–148]. 

 

The trade-off hypothesis is not without its critics [149], who question its generality 

and value in understanding and controlling infectious diseases. One immovable 

assumption of the trade-off hypothesis is that virulence is linked to onward 

transmission from infected hosts, which may not be the case for pathogens that 

cause virulence after transmitting from the host, for example by invading tissues 

unrelated to transmission [150–152]. A link between virulence and transmission 

may also be broken when virulence is not linked to the ability of a virus to 

replicate in the host, such as when most of the virulence is caused by over-

activation of the host immune response [153,154]. A more important consideration 

for understanding evolutionary trade-offs following host shifts is that virulence 

optima are not constants in host-pathogen interactions and can be influenced 

by the abundance and lifespans of hosts, the efficacy of the host immune 

response, and the environmental context of infections [155–158]. Viruses that have 

virulence fortuitously close to optima following cross-species transmission may 

be more likely to emerge in a novel host [130], but the position of these optima 
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can be defined by factors of the virus, host, and environment, making the 

prediction of virulence evolution following host shifts a complex inferential 

problem. 

 

Approaches to prediction 

 

Given the ongoing relevance of virus host shifts to global public health, there is 

considerable interest and motivation in developing methods to predict future 

virus host shifts [13]. Prediction with a time-stamp, in the form of a “weather-

forecast” for disease outbreaks, is not being seriously considered or 

incorporated into any tools currently under development [159], as this would most 

likely require an unachievable level of surveillance of human and animal 

populations [15]. Instead, prediction is used here to refer either to the explanatory 

power of statistical models of cross-species transmission (used by studies that 

employ frequentist or Bayesian methods) [68,69,80,160,161] or the ability of 

algorithms built on a training dataset to predict the outcomes of a separate 

testing dataset (used primarily in machine learning approaches) [37, 51,162–166]. 

These approaches vary in their predictive power and human-readability, and 

their application depends on the nature and availability of data used, and the 

goals and questions of each study [13]. 

 

Initially, studies investigating patterns in virus host shifts focused on identifying 

shared properties of zoonotic viruses, termed ‘risk factors’ [159]. These studies 

identified several general characteristics of the most common animal zoonotic 

viruses, such as possessing a single-stranded RNA genome [5], the ability to 

replicate in the host cell cytoplasm [167], being vector-borne [168], and having a 

broad host range (i.e. virus generalism) [5,6,112]. Zoonotic viruses of humans 

were more likely to come from bats, rodents, and primates than other 

mammalian orders [168,169], and viruses of the Orthomyxoviridae and Reoviridae 

families showed a particular propensity to switch host species [27]. These 

findings have recently been compiled into the only publicly available resource 

for zoonotic risk prediction – SpillOver – which ranks the zoonotic transmission 

risk of 887 animal viruses using 31 risk factors weighted by expert opinion on 
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their relative importance [170]. The validity of self-assessed expertise aside [171], 

this approach offers an easily interpretable ‘risk ranking score’ for each included 

virus, but as a simple additive measure of the contribution of each factor, it 

lacks any measure of error or uncertainty in its predictions. Any methods based 

on risk factors may also suffer from contradictory effects of factors between 

studies and systems. For example, genome size and cytoplasmic replication are 

both associated with increased likelihood of zoonotic transmission but are also 

associated with decreased onward transmission in humans [167,168,172–175]. 

Despite these limitations, SpillOver represents the only tool for zoonotic risk 

prediction to exist outside of academic publications. 

 

The potential of the host phylogeny to explain variation in the outcomes of virus 

host shifts has been illustrated in numerous experimental and meta-analytical 

studies. These approaches have revealed that virulence tends to increase, 

while viral load and onward transmission decrease with greater phylogenetic 

distance between donor and recipient hosts [69,74–77]. Host phylogenetic distance 

may therefore present general rules for predicting virus host shifts, similar to the 

‘risk factors’ discussed above, although the effects found in these studies often 

show considerable residual variation around model predictions. Phylogenetic 

distances may therefore be best incorporated into tools that already account for 

other sources of variation in the outcome of host shifts between viruses. 

Independent of phylogenetic distance from the donor host, closely related hosts 

show similar virulences and viral loads following cross-species transmission 
[68,80]. Statistical approaches to estimate these phylogenetic clade effects use 

generalised linear mixed models (GLMMs) with random effects of host 

phylogeny, and so information on the explanatory power of host phylogeny is 

given as a single measure of explained deviation from a mean population level 

response to infection [176]. The proportion of total variation explained by the host 

phylogeny estimated from these models may provide information on the 

expected errors in extrapolating the response to infection of one host species to 

another per unit of evolutionary divergence. As such, host phylogenetic models 

may provide a tool for predicting the outcome of infection in novel host species 

provided information is available for infection in a closely related species, 
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although no such predictions have been tested in any study of host 

phylogenetic effects to date. 

 

Metagenomics has become the de facto method of identification for novel 

viruses, and genome sequences are available for newly discovered viruses long 

before experimental or epidemiological data [13]. Correspondingly, multiple 

recent studies have focused solely on information stored in host and virus 

genome sequences to predict the likelihood of successful cross-species 

transmission. In these studies, machine learning algorithms are trained on a 

subset of data comprising up to thousands of genomic features of known host-

virus pairs, including all possible nucleotide, dinucleotide, codon, and amino 

acid biases, to learn patterns in these features that are associated with host-

virus compatibility [159]. These algorithms are then assessed on their ability to 

predict the host-virus associations of a separate, previously unseen test dataset 
[177]. To date, these algorithms have been used to predict reservoir hosts and 

vectors of RNA viruses [166], the animal hosts of Coronaviruses [163], and the 

zoonotic risk of large panels of animal viruses [37,162]. These algorithms 

consistently outperform phylogeny-based models, but still suffer from limitations 

in available data, and sacrifice human-interpretability of the underlying model 

structure for predictive power [13]. For now, the accuracy of these algorithms still 

precludes direct use in public health, and it has been proposed that their best 

current use is to inform and prioritise experimental study and reservoir 

surveillance [37,177]. 

 

The determinants of the outcome of infection in nature are many and complex, 

and it remains an open question what traits can accurately be inferred a priori 

for novel viruses [15,178]. Each infection in nature is influenced by interactions 

between host and pathogen genotype [39,40], the environment [41,42], the host’s 

behaviour [43], diet [44], and microbiome [45]; the infection route [48,49], and 

infection dose [50]. The inference of virus host shifts is therefore a multi-

dimensional problem and, coupled with the potential for high-order interactions 

between effects [179–181], integrating these dependencies into existing models of 

virus host shifts is a considerable logistical and theoretical challenge. In many 
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cases, the potential influence of each of these sources of variation on our ability 

to explain differences in the outcomes of virus host shifts is unknown (but see 
[182,183]), and an understanding of this is required before more inferential models 

of host shifts move out of academia and into public use. 

 

1.3 Coinfection 
 

One potential source of variation in the outcome of virus host shifts is 

coinfection, or the simultaneous infection of a host with multiple pathogen 

lineages or species. Coinfections are found frequently in surveys of wild host-

pathogen systems, and so represent the real-world context in which many 

infections occur [184–186]. Pathogens infecting the same host can interact through 

multiple different mechanisms, and these interactions can result in changes in 

the virulence of infection [187–196], and the viral loads and transmission rates of 

each pathogen [197–205]. Despite this, little is known about the impacts of 

coinfection on cross-species transmission, its effects on predictive models of 

virus host shifts, or the within-host determinants of the outcome of coinfection. 

 

Coinfecting pathogens can interact directly with each other, as seen in the 

production of bacteriocin toxins during bacterial coinfections [206,207], or through 

the activation of latent HIV by direct binding of herpes simplex virus proteins to 

HIV long terminal repeats [208]. However, the majority of described coinfection 

interactions, are the result of indirect interactions between pathogens, which 

can occur through the production of common goods [209,210], competition for host 

resources [211,212], or interactions with the host immune system [213,214]. 

Examples of these include opportunistic infections during HIV/AIDS-related 

immunosuppression [215,216], host resource competition between coinfecting 

strains of Trypanosoma brucei [217], and the production of sialic acid during 

influenza A virus infection which transitions Streptococcus pneumoniae from 

commensal flora to invasive pathogen [218,219]. Indirect interactions through 

resource competition and immune interaction rely on host components, and so 

variation between hosts may influence the strength of interaction between 

pathogens. In keeping with this, several studies have described non-random 
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variation in the community composition, coinfection prevalence, and disease 

severity during coinfection between host genotypes [220–222], although the 

genetic architecture underpinning this variation remains unknown. 

 

By influencing the outcome of infection, it is likely that coinfection plays a role in 

the coevolution of pathogens and hosts. The influence of coinfection on the 

evolution of virulence has been well discussed, as competition between 

coinfecting strains is an expected mechanism for the maintenance of pathogen 

virulence within the framework of the trade-off hypothesis [223]. The relative 

fitness of different pathogen genotypes within hosts can vary depending on 

whether infections occur in the presence of absence of coinfecting strains, and 

so the overall fitness of different pathogen genotypes may fluctuate with the 

prevalence of multiple pathogen strains across the host population [224,225]. For 

example, the rank order of infectivity of different genotypes of Diplostomum 

pseudospathaceum, a trematode parasite of freshwater fish, changes during 

coinfection with either a second trematode parasite, or coinfecting strains of 

Flavobacterium columnare [226,227]. It has been suggested that coinfections may 

act as a mechanism for the maintenance of parasite genetic diversity by adding 

complexity to pathogen fitness landscapes [225]. By extension, we may expect 

coinfections to also increase heterogeneity in host fitness during infection, and 

so may act to increase host genetic variation in susceptibility. This could 

manifest in several ways, such as a host genetic component in the strength of 

coinfection interaction, changes in the host genetic component of susceptibility 

to each individual pathogen during coinfection, or changes in the selection 

pressures imposed on the host by infection. These possibilities have yet to be 

explored either experimentally or theoretically. 

 

1.4 Thesis aims 
 

In this thesis, I aim to address three questions: 1) Do correlations exist between 

closely related viruses in infection traits across host species? 2) Does the 

presence of a coinfecting virus influence patterns of susceptibility across host 

species? 3) Is there a role of host genetics in the outcome of coinfection within 
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host species? To investigate these questions, I use an invertebrate model 

system, consisting of panels of Drosophilidae host species, Drosophila 

melanogaster genotypes from the Drosophila Genetics Reference Panel 

(DGRP), and mutant lines deficient in individual components of the D. 

melanogaster antiviral immune response (all described in their relevant 

chapters). Drosophila provide an experimentally tractable multiple-host system 

for the study of host-pathogen interactions [228], and have been instrumental in 

the discovery of several conserved aspects of vertebrate immunity [229,230]. 

 

As a model system for both conserved innate immune responses in vertebrates, 

and for the closely related Culex, Aedes, and Anopheles mosquitoes, 

considerable attention has been placed on understanding the mechanisms of 

Drosophila antiviral immunity, and several well characterised antiviral immune 

pathways have been described (reviewed in [231,232]). Drosophila have three 

microbial recognition pathways that are activated by viral infection – Toll, IMD, 

and JAK-STAT – which on activation induce the suppression of an array of 

antimicrobial peptides to resist infection or tolerate infection [233]. In addition, the 

antiviral RNA interference (RNAi) pathway provides broad immunity to RNA 

viruses, by identifying and processing viral double stranded (ds)RNA into small 

interfering (si)RNAs that are used as guides to degrade matching viral genomes 
[234,235]. Mutants deficient for components in each of these four pathways are 

investigated during single and coinfections in Chapter Four. 

 

Two Cripaviruses (family Dicistrovirus) were used in experimental infections 

across the above host panels: Drosophila C virus (DCV), a natural pathogen of 

D. melanogaster and D. simulans [236,237], and cricket paralysis virus (CrPV), 

which was originally isolated from Australian field crickets (Teleogryllus 

commodus) and can infect a wide range of insect hosts in experimental 

infections [238,239]. Both are well studied insect viruses, known to replicate rapidly 

after inoculation and cause virulent infections in adult flies [80,240]. Host 

resistance to DCV and CrPV infection is influenced by the antiviral RNAi, Toll, 

and IMD pathways [241–247], while JAK-STAT has a proposed function in 

tolerance to DCV infection [248]. Each virus encodes a potent inhibitor of antiviral 
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RNAi which interfere with different components of the pathway [231,249]. 

Additionally, evolutionary and genome-wide association studies (GWAS) have 

revealed two major effect genes, pastrel and Ubc-E2H, that explain a large 

proportion of the variation in susceptibility to DCV, although the functions of 

each gene in immunity remain unknown [250,251]. Both genes have been 

implicated in cross-immunity to CrPV in RNAi knockdown experiments [251]. 

DCV and CrPV share ~57-59% nucleotide and amino acid identity, and multiple 

closely related DCV isolates are readily available for study [252], making these 

good candidates to look for correlations between closely related viruses 

(explored in Chapter Two). Additionally, their overlapping immune interactions 

with the host, and propensity to replicate rapidly (alongside the nutritional stress 

caused by DCV infection) present multiple opportunities for DCV and CrPV to 

interact during coinfection, either through immune suppression or 

transactivation, or through resource competition. This is explored in Chapters 

Three and Four. 

 

Previously, this experimental system has been used to investigate the 

outcomes of virus host shifts across species in various infection conditions 
[80,84,182,183]. The host phylogeny explains a large proportion of the among-

species variation in both viral load and virulence during DCV infection, with 

these two measures being strongly positively correlated across host species [80]. 

Experimentally evolving DCV in individual host species provided some evidence 

of parallel genetic changes during infection of closely related hosts, suggesting 

that DCV may become pre-adapted to closely related species after shifting to a 

novel host [84]. Additionally, two known sources of variation in the outcome of 

infection – temperature and diet – have been investigated for their potential to 

influence the phylogenetic patterns in host shifts with DCV; while diet appeared 

to have little effect [183], increases in temperature lead to increases in between 

species variation in the outcome of host shifts without changing the rank order 

of host species susceptibility [182]. Together, these findings are broadly relevant 

to our understanding of the factors influencing cross-species transmission and 

novel virus emergence. 
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2. Between-virus correlations across host species 

This chapter has been published as: 

Imrie RM, Roberts KE, Longdon B. Between virus correlations in the outcome of 

infection across host species: Evidence of virus by host species interactions. 

Evolution letters. 2021 Oct;5(5):472-83. 

https://doi.org/10.1002/evl3.247 

It was written in collaboration with Katherine E. Roberts and Ben Longdon. The 

host phylogeny used in phylogenetic mixed models and figures was generated 

by Katherine E. Roberts. 

 

 

Summary 
 

Virus host shifts are a major source of outbreaks and emerging infectious 

diseases, and predicting the outcome of novel host and virus interactions 

remains a key challenge for virus research. The evolutionary relationships 

between host species can explain variation in transmission rates, virulence, and 

virus community composition between hosts, but it is unclear if correlations exist 

between related viruses in infection traits across novel hosts. Here, we measure 

correlations in viral load of four Cripavirus isolates across experimental 

infections of 45 Drosophilidae host species. We find positive correlations 

between every pair of viruses tested, suggesting that some host clades show 

broad susceptibility and could act as reservoirs and donors for certain types of 

viruses. Additionally, we find evidence of virus by host species interactions, 

highlighting the importance of both host and virus traits in determining the 

outcome of virus host shifts. Of the four viruses tested here, those that were 

more closely related tended to be more strongly correlated, providing tentative 

evidence that virus evolutionary relatedness may be a useful proxy for 

determining the likelihood of novel virus emergence, which warrants further 

research. 

https://doi.org/10.1002/evl3.247
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2.1 Introduction 
 

Virus host shifts, where viruses jump to and establish onward transmission in 

novel host species, are a major source of outbreaks and emerging infectious 

diseases [1–3]. Many human infections, including Measles virus, HIV, and 

recently SARS-CoV-2, have shifted into humans from other species and 

continue to cause significant damage to public health, society, and the global 

economy [4–7]. Predicting and preventing virus host shifts have consequently 

become major goals of virus research [8]. Many challenges remain in achieving 

these goals, including improving our understanding of the host, virus, and 

ecological factors that influence the outcome of initial cross-species 

transmission [9,10], and the evolutionary and epidemiological factors that 

determine which pathogens become established in novel hosts [11]. 

 

Several studies have investigated the ability of host evolutionary relatedness to 

explain variation in the outcome of infection across host species, where it acts 

as a proxy for underlying divergence in the immunological and physiological 

traits that influence host susceptibility. Greater phylogenetic distance between 

the natural (donor) and recipient hosts is associated with decreased likelihood 

of cross-species transmission [12,13] and reduced onward transmission within the 

novel host species [14]. Additionally, phylogenetic distance between hosts can 

explain variation in virulence after cross-species transmission, which increases 

when viruses jump between more distantly related hosts [14–16]. Groups of 

closely related hosts have also been shown to share similar levels of 

susceptibility to novel viruses, independent of the distance to the natural host 
[17,18], and harbour similar virus communities [19–21]. 

 

In these studies, variation across host species is measured either with a single 

virus, or across multiple virus families to detect broad patterns. However, little is 

known about the potential for individual viruses to interact with host evolutionary 

effects [18]. Within host species, genotype-by-genotype interactions between 

host and virus can be important determinants of the outcome of infection [22], 
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with similar interactions seen in bacterial and Plasmodium infections in other 

systems [23,24]. These interactions alter the rank order of host susceptibility and 

so reduce the strength of correlations in susceptibility to different parasites 

across hosts. In fungal pathogens of plants [25] and ectoparasites of mammals 
[26], comparative analyses have revealed effects of parasite evolutionary 

relatedness, alongside those of host evolutionary relatedness, and some 

evidence exists to suggest similar effects may be found in viruses. Closely 

related viruses tend to infect the same broad host taxa [27], despite high levels of 

geographic range overlap between potential hosts [28], suggesting they share 

similar constraints on their host ranges. Both co-speciation and the preferential 

host switching of viruses can support this, given that viruses are overwhelmingly 

likely to encounter other host taxa over the timescales required for speciation. 

That said, shifts between divergent host species are also common across every 

virus family [29] and these exceptions include several human zoonoses of major 

concern [14]. 

 

Within virus families, the strength of correlations that exist between viruses in 

variable infection traits, and how evolutionary relatedness may influence these 

correlations, has yet to be firmly established. Despite this, it is common, and at 

times necessary, to infer the characteristics of viruses from better studied 

relatives. This is frequently the case during the early stages of outbreaks, where 

primary research on new viruses or variants is not available. When SARS-CoV-

2 first emerged, its characteristics and epidemiological trajectory were inferred 

from closely related zoonotic and endemic coronaviruses [30], and from other 

pandemic respiratory viruses such as influenza A [31]. Comparisons to previous 

outbreaks were used to parameterise disease models in the 2009 H1N1 

pandemic [32,33], the 2014 Ebolavirus outbreak [34], and in forecast models of 

seasonal influenza [35]. Even for viruses that are not newly emerged, many 

experimental models of infection rely on surrogates when the virus of interest is 

unavailable, non-permissive in cell culture or animal models, or requires 

considerable adaptation to experimental hosts [36,37]. 
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These comparisons assume that the traits of one virus are similar to other, 

related viruses. However, comparisons between more distantly related viruses, 

such as bat and canine rabies viruses [44] and diverged lineages of influenza 

viruses [45–47], found stark differences across larger evolutionary scales. Many 

examples also exist of small genetic changes having large phenotypic effects in 

viruses, including single SNP changes altering the host range of canine 

parvoviruses [38], the vector specificity of Chikungunya virus [39], and the 

infectivity of naturally occurring Ebolaviruses [40]. Only three amino acid 

substitutions are required to switch receptor specificity of avian H7N9 influenza 

from poultry to human cell receptors [41]. Virus evolution is often characterised 

by high mutation rates and frequent reassortment and recombination [42–44]. 

This, alongside an incomplete sampling of extant viruses [45], has left many 

poorly resolved evolutionary relationships between and within existing virus 

lineages [46]. Given these complications, it remains an open question whether 

comparisons between related viruses can produce consistent and accurate 

inferences of infection traits. 

 

In this study, we have investigated how patterns of host susceptibility 

(measured here as the ability of a virus to persist and replicate in the host) are 

correlated between viruses, using experimental infections of four Cripavirus 

isolates (family Dicistroviridae) across a panel of 45 host species of 

Drosophilidae. Drosophila are a well-established invertebrate model of innate 

immunity, responsible for major immunological discoveries including Toll, and 

possess both Dicer-mediated antiviral RNAi responses and genotype-specific 

immune memory [47–49]. Three of the viruses tested here are isolates of 

Drosophila C virus (DCV-C, DCV-EB and DCV-M), a well-studied virus isolated 

from Drosophila melanogaster [50] and represent the most divergent available 

isolates of this virus species. The fourth virus is the closely related Cricket 

Paralysis virus (CrPV) which was isolated from Australian field crickets 

(Teleogryllus commodus) and is a widely used model insect pathogen [51–53].  

 

DCV is known to naturally infect at least two Drosophila species in the wild – D. 

melanogaster and D. simulans [54,55] – while CrPV is not known to naturally 



2. Between virus correlations across host species 

Page | 27  
 

infect any Drosophila species [56]. Despite this, both DCV and CrPV are shown 

to be capable of infecting a broad range of insect taxa in experimental studies 
[57]. Both cause virulent infections in adult flies [17,58] and share similar 

mechanisms for co-opting the host translation machinery [59]. A major-effect 

resistance gene called pastrel increases resistance to DCV in D. melanogaster 
[60–62] and has also been shown to provide cross-resistance to CrPV along with 

another gene, Ubc-E2H [63]. Both DCV and CrPV are targeted by the host 

antiviral RNAi pathway and each encodes a potent suppressor of antiviral RNAi. 

However, these suppressors have different functions and target different 

components of the RNAi pathway [64,65]. DCV and CrPV also differ in their tissue 

pathology; DCV has been shown to infect gut tissues, causing intestinal 

obstruction following septic inoculation in D. melanogaster, which was not 

observed in CrPV infection [66]. Although little is known about the differences 

between DCV isolates, they have been shown to cause similar levels of 

virulence in D. melanogaster [67]. 

 

Previous work in this host system has shown that susceptibility to DCV-C varies 

across host species, that the host phylogeny explains a large proportion of the 

variation in both viral load and virulence, and that viral load and virulence are 

strongly positively correlated [17]. The host phylogeny is also an important 

determinant of the evolution of DCV-C in novel hosts, with evidence that 

mutations that adapt the virus to one host may also adapt it to closely related 

host species. This suggests virus genotype could alter the likelihood of host 

shifts in Drosophila [68]. Here, we measure correlations in the ability of four 

viruses to replicate and persist across host species and provide evidence of 

both broad similarities in infection outcome and differences consistent with virus 

by host species interactions. 
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2.2 Materials & Methods 
 

Fly stocks 

 

Flies were taken from laboratory stocks of 45 different species of Drosophilidae 

(Appendix I). Before experiments began all included stocks were confirmed to 

be negative for infection with DCV and CrPV by quantitative reverse 

transcription PCR (qRT-PCR, described below). Stocks were maintained in 

multi-generation Drosophila stock bottles (Fisherbrand) at 22˚C, in a 12-hour 

light-dark cycle. Each bottle contained 50ml of one of four varieties of food 

media (Appendix I), which were chosen to optimise rearing conditions of 

parental flies. Changes in the macronutrients available to adult Drosophila has 

been shown to have little effect on the outcome of viral infection [69]. 

 

Host phylogeny 

 

The method used to infer the host phylogeny has been described in detail 

elsewhere [17]. Briefly, publicly available sequences of the 28S, Adh, Amyrel, 

COI, COII, RpL32, and SOD genes were collected from Genbank (see 

https://doi.org/10.6084/m9.figshare.13079366.v1 for a full breakdown of genes 

and accessions by species). Gene sequences were aligned in Geneious v9.1.8 

(https://www.geneious.com) using a progressive pairwise global alignment 

algorithm with free end gaps and a 70% similarity IUB cost matrix. Gap open 

penalties, gap extension penalties, and refinement iterations were kept as 

default.  

 

Phylogenetic reconstruction was performed using BEAST v1.10.4 [70] as the 

subsequent phylogenetic mixed model (see below) requires a tree with the 

same root-tip distances for all taxa. Genes were partitioned into separate 

ribosomal (28S), mitochondrial (COI, COII), and nuclear (Adh, Amyrel, RpL32, 

SOD) groups. The mitochondrial and nuclear groups were further partitioned 
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into groups for codon position 1+2 and codon position 3, with unlinked 

substitution rates and base frequencies across codon positions. Each group 

was fitted to separate relaxed uncorrelated lognormal molecular clock models 

using random starting trees and 4-category gamma-distributed HKY substitution 

models. The BEAST analysis was run twice, with 1 billion MCMC generations 

sampled every 100,000 iterations, using a birth-death process tree-shape prior. 

Model trace files were evaluated for chain convergence, sampling, and 

autocorrelation using Tracer v1.7.1 [71]. A maximum clade credibility tree was 

inferred from the posterior sample with a 10% burn-in. The reconstructed tree 

was visualised using ggtree v2.0.4 [72]. 

 

Virus isolates 

 

Virus stocks were kindly provided by Julien Martinez (DCV isolates) [67], and 

Valérie Dorey and Maria Carla Saleh (CrPV) [65]. DCV-C, DCV-EB and DCV-M 

were originally isolated from fly stocks with origins in three separate continents; 

DCV-C and DCV-EB were isolated from lab stocks established by wild capture 

in Charolles, France and Ellis Beach, Australia respectively, while DCV-M was 

isolated directly from wild flies in Marrakesh, Morocco [50]. The CrPV isolate was 

collected from Teleogryllus commodus in Victoria, Australia [73]. Virus stocks 

were diluted in Ringers solution [74] to equalise the relative concentrations of 

viral RNA and checked for contamination with CrPV (DCV isolates) and DCV 

(CrPV isolate) by qRT-PCR as described below. 

 

Virus phylogeny 

 

Full genome sequences for DCV-C (MK645242), DCV-EB (MK645239), DCV-M 

(MK645243), and CrPV (NC_003924) were retrieved from the NCBI Nucleotide 

database. Annotations of ORFs for the replicase polyprotein (CrPV: Q9IJX4, 

DCV: O36966) and structural polyprotein (CrPV: P13418, DCV: O36967) were 

collected from the UniProtKB database and used to separate the coding and 

non-coding regions of each virus. ORF sequences were concatenated and 

aligned using the Geneious progressive pairwise translation alignment algorithm 
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with a Blosum50 cost matrix and default parameters. Alignments were manually 

checked for quality and sequences aligning to CrPV ORF1 nucleotides 1-387 

and 2704-2728 were removed due to the presence of large indels. 

 

Phylogenetic reconstruction was performed using BEAST v1.10.4 with 

translated ORF sequences fitted to an uncorrelated relaxed lognormal 

molecular clock model using a speciation birth-death process tree-shape prior. 

A Blosum62 substitution model [75] with a gamma distribution of rate variation 

with four categories and a proportion of invariable sites was used. The model 

was run for 10 million MCMC generations sampled every 1,000 iterations and 

evaluated in Tracer v1.7.1 as above, and a maximum clade credibility tree 

inferred with a 10% burn-in. 

 

Inoculation 

 

Before inoculation, 0-1 day old male flies were kept in vials containing cornmeal 

media (Appendix I), and were transferred to fresh media every 2 days for one 

week. Male flies were chosen to avoid any effect of sex or of female mating 

status which has been shown to influence the susceptibility of females to 

infection with other pathogen types [76–78]. Vials contained between 5 and 20 

flies (mean = 14.5) and were kept at 22˚C at 70% relative humidity in a 12-hour 

light-dark cycle. Flies were inoculated at 7-8 days old under CO2 anaesthesia 

via septic pin prick with 12.5μm diameter stainless steel needles (Fine Science 

Tools, CA, USA). These needles were bent approximately 250μm from the end 

to provide a depth stop and dipped in virus solution before being pricked into 

the pleural suture of each fly. Inoculation by this method has been shown to 

follow the same course as oral infection but is less stochastic [79]. Inoculated 

flies were then snap frozen immediately in liquid nitrogen, providing a 0 days-

post-infection (dpi) timepoint, or maintained in cornmeal vials for a further 2 

days ± 3 hours before freezing, providing a 2 dpi time point. Within replicate 

blocks the 0 and 2 dpi vials for each virus were inoculated on the same day, 

and together constituted one biological replicate. We aimed to collect three 

biological replicates for each species and virus combination, with the order of 

species, vial (0 or 2 dpi), and virus randomised for each replicate block. 
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Measuring change in viral load 

 

To measure the change in viral load between 0 and 2 dpi, total RNA was 

extracted from flies homogenised in Trizol (Invitrogen, supplied by 

ThermoFisher) using chloroform-isoproponyl extraction, and reverse transcribed 

using Promega GoScript reverse transcriptase (Sigma) with random hexamer 

primers. qRT-PCR was carried out on 1:10 diluted cDNA on an Applied 

Biosystems StepOnePlus system using Sensifast Hi-Rox Sybr kit (Bioline). 

Cycle conditions were as follows: initial denaturation at 95˚C for 120 seconds, 

then 40 cycles of 95˚C for 5 seconds, and 60˚C for 30 seconds. 

 

DCV isolates were measured using the same primer pair (Forward: 5’-

GACACTGCCTTTGATTAG-3’, Reverse: 5’-CCCTCTGGGAACTAAATG-3’) 

which targeted a conserved location and had similarly high efficiencies across 

all isolates. For CrPV the following primers were used: Forward: 5'-

TTGGCGTGGTAGTATGCGTAT-3', Reverse: 5'-TGTTCCGTCCTGCGTCTC-3'. 

RpL32 housekeeping gene primers varied by species (Appendix I). For each 

sample, two technical replicates were performed for each amplicon (viral and 

RpL32). 

 

Between-plate variation in CT values was estimated and corrected for using a 

linear model with plate ID and biological replicate ID as parameters, as 

described elsewhere [80,81]. Mean viral CT values from technical replicate pairs 

were normalised to RpL32 and converted to fold-change in viral load using the 

2-ΔΔCT method, where ΔCT = CT:Virus - CT:Rpl32, and ΔΔCT = ΔCT:day0 - ΔCT:day2. 

Amplification of the correct products was verified by melt curve analysis. 

Repeated failure to amplify product, the presence of melt curve contaminants, 

or departures from the melt curve peaks of positive samples (± 1.5˚C for viral 

amplicons, ± 3˚C for Rpl32) in either the 0 or 2 dpi samples were used as 

exclusion criteria for biological replicates. In total, of the 180 unique 

combinations of host species and virus measured, 3 biological replicates were 

obtained for 161 combinations, 2 replicates for 18 combinations, and 1 replicate 
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for 1 combination (Drosophila virilis, CrPV). Power analysis based on the down-

sampling of previous data has shown that this provides adequate statistical 

power to detect interactions between different experimental treatments and host 

species [69]. 

 

Statistical analysis 

 

Phylogenetic generalised linear mixed models were used to investigate the 

effects of host relatedness on viral load, and to examine correlations between 

the different virus isolates. Multivariate models were fitted using the R package 

MCMCglmm [82] with the viral load of each virus isolate as the response 

variable. The structures of the models were as follows: 

 

 𝑦𝑦ℎ𝑖𝑖𝑖𝑖 =  𝛽𝛽1:𝑖𝑖 +  𝜇𝜇𝑝𝑝:ℎ𝑖𝑖 + 𝜇𝜇𝑠𝑠:ℎ𝑖𝑖 + 𝑒𝑒ℎ𝑖𝑖𝑖𝑖 (1) 

 𝑦𝑦ℎ𝑖𝑖𝑖𝑖 =  𝛽𝛽1:𝑖𝑖 +  𝜇𝜇𝑝𝑝:ℎ𝑖𝑖 + 𝑒𝑒ℎ𝑖𝑖𝑖𝑖 (2) 

 

In these models, yhiv is the change in viral load for virus v in the ith biological 

replicate of host species h. The fixed effect β1 represents the intercepts for each 

virus isolate, the random effect µp represents the effects of the host phylogeny 

assuming a Brownian motion model of evolution, and e represents the model 

residuals. Model (1) also includes a species-specific random effect that is 

independent of the host phylogeny (µs:hv). This explicitly estimates the non-

phylogenetic component of between-species variance and allows the proportion 

of variance explained by the host phylogeny to be calculated. µs:hv was removed 

from model (2) as model (1) struggled to separate the phylogenetic and 

species-specific traits. Wing size, measured as the length of the IV longitudinal 

vein from the tip of the proximal segment to the join of the distal segment with 

vein V [83], provided a proxy for body size [84] and was included in a further 

model as a fixed effect (wingsizeh.β2). This was done to ensure that any 

phylogenetic signal in body size did not explain the differences seen in viral load 

between species [85]. 
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Within each of these models the random effects and residuals were assumed to 

follow a multivariate normal distribution with a centred mean of zero and a 

covariance structure of Vp⊗ A for the phylogenetic effects, Vs⊗ I for species-

specific effects, and Ve⊗ I residuals, where ⊗ represents the Kronecker product. 

A represents the host phylogenetic relatedness matrix, I an identity matrix and V 

represents 4x4 covariance matrices describing the between-species variances 

and covariances of changes in viral load for the different viruses. Specifically, 

the matrices Vp and Vs describe the phylogenetic and non-phylogenetic 

between-species variances in viral load for each virus and the covariances 

between them, while the residual covariance matrix Ve describes within-species 

variance that includes both true within-species effects and measurement errors. 

Since each biological replicate was tested with a single virus isolate, the 

covariances of Ve cannot be estimated and were set to zero. 

 

Models were run for 13 million MCMC generations, sampled every 5,000 

iterations with a burn-in of 3 million generations. Parameter expanded priors 

were placed on the covariance matrices, resulting in multivariate F distributions 

with marginal variance distributions scaled by 1,000. Inverse-gamma priors 

were placed on the residual variances, with a shape and scale equal to 0.002. 

To ensure the model outputs were robust to changes in prior distribution, 

models were also fitted with flat and inverse-Wishart priors, which gave 

qualitatively similar results. 

 

The proportion of the between species variance that can be explained by the 

phylogeny was calculated from model (1) using the equation 𝑉𝑉𝑝𝑝
𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑠𝑠

 where vp and 

vs represent the phylogenetic and species-specific components of between-

species variance [85] and is equivalent to phylogenetic heritability or Pagel’s 

lambda [86,87]. The repeatability of viral load measurements was calculated from 

model (2) as 𝑉𝑉𝑝𝑝
𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑒𝑒

 where Ve is the residual variance of the model [88]. Inter-

specific correlations in viral load were calculated from model (2) Vp matrix as 
𝑐𝑐𝑐𝑐𝑖𝑖𝑥𝑥,𝑦𝑦

�𝑖𝑖𝑣𝑣𝑣𝑣𝑥𝑥+ 𝑖𝑖𝑣𝑣𝑣𝑣𝑦𝑦
 . If correlations between viruses are close to one (with no change in 
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the variance whilst the means remain constant) it would suggest there are no 

host species-by-virus interactions [22]. Parameter estimates reported are means 

of the posterior density, and 95% credible intervals (95% CI) were taken to be 

the 95% highest posterior density intervals.  

 

The data files and R scripts used in this study are available in an online 

repository: https://doi.org/10.6084/m9.figshare.13750711.v1. 

 

2.3 Results 
 

Change in viral load is a repeatable trait among host species 

 

To investigate similarities between related viruses in the outcome of infection 

across host species, as well as the potential for different viruses to interact with 

host species effects, we experimentally infected 45 species of Drosophilidae 

with four virus isolates: DCV-C, DCV-EB, DCV-M, and CrPV. The DCV isolates 

formed a distinct clade (>93% genome and ORF amino acid identity, with 265-

556 SNPs between isolates), with the closest relationship between DCV-C and 

DCV-EB. CrPV formed an outgroup to the DCV isolates (57-59% identity, with 

over 4000 SNPs between CrPV and each DCV isolate, Fig. 2.1, Table 2.1).  In 

total, 15,657 flies were inoculated, and the change in viral load after two days of 

infection was determined by qRT-PCR (Fig. 2.2). The mean viral load within 

host species ranged from an approximately 2.7-billion-fold increase in  

 
Figure 2.1: Phylogeny of virus isolates. Evolutionary relationships estimated from open 
reading frame (ORF) amino acid sequences presented in a midpoint-rooted tree. Node labels 

https://doi.org/10.6084/m9.figshare.13750711.v1
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represent the posterior probabilities of each clade, and the scale bar represents amino acid 
substitutions per site. 

 
 DCV-C DCV-EB DCV-M CrPV 

DCV-C  97.10% 94.00% 57.40% 

DCV-EB 98.81%  93.90% 57.30% 

DCV-M 98.30% 98.20%  57.40% 

CrPV 59.00% 58.70% 58.70%  

Table 2.1: Virus isolate sequence similarity. Percentage sequence identity was calculated 
from multiple alignment of whole genome nucleotides (white) or concatenated amino acid 
sequences of ORFs 1 & 2 (grey). Approximately 92 SNPs and 28 amino acid substitutions exist 
for every 1% of sequence divergence. 
 
Drosophila persimilis infected with DCV-M to a 2.5-fold decrease in Zaprionus 

tuberculatus infected with DCV-C. Viral loads across host species tended to be 

higher for the DCV isolates, with a mean fold-increase of roughly 11,000 - 

19,000, and lower for CrPV, with a mean fold-increase of roughly 1,600. 

 

Phylogenetic generalised linear mixed models were fitted to the data to 

determine the proportion of variation in viral load explained by the host 

phylogeny (Table 2.2). The phylogeny explained 79% of the variation in viral 

load for CrPV but only 9-21% of the variation for the DCV isolates, with wide 

credible intervals on all the DCV estimates. This was due to the model 

struggling to separate phylogenetic and species-specific effects for these 

viruses. The repeatability of viral load across host species was high for both 

CrPV (0.66) and the DCV isolates (0.92-0.96), with the between-species 

phylogenetic component (Vp) explaining a high proportion of the variation in viral 

load with little within-species variation or measurement error (Vr). We found no 

significant effect of wing length (a proxy for host body size) on viral load for any 

of the included viruses, with all estimates having credible intervals overlapping 

zero (Appendix II).  
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Figure 2.2: Change in viral load across a diverse panel of Drosophilidae host species for 
different virus isolates. Bar height and colour show the mean change in viral load by 2 dpi on 
a log10 scale, with error bars representing the standard error of the mean. The phylogeny of 
Drosophilidae hosts is presented on the left, with the scale bar representing the number of 
nucleotide substitutions per site and scale axis representing the approximate age since 
divergence in millions of years (my) based on estimates from [89, 90]. The virus cladogram, 
presented at the top, is based on the evolutionary relationships shown in Fig. 2.1. 
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Virus Mean Repeatability 
Variance explained 

by phylogeny 

DCV-C 11,585 (2304, 60,725) 0.96 (0.93, 0.98) 0.11 (0, 0.35) 

DCV-EB 19,083 (2740, 110,985) 0.96 (0.93, 0.98) 0.09 (0, 0.32) 

DCV-M 12,678 (1468, 98,648) 0.92 (0.87, 0.96) 0.23 (0, 0.51) 

CrPV 1618 (385, 6472) 0.66 (0.46, 0.83) 0.79 (0.50, 1.00) 
Table 2.2: Estimates of mean change in viral load, repeatability, and the proportion of 
variation explained by the host phylogeny. Estimates of the mean change in viral load and 
repeatability are taken from model (2), while estimates of the variation explained by the host 
phylogeny are taken from model (1). 
 

Correlations between viruses are consistent with virus by host species 

interactions 

 

Inter-specific correlations in viral load between viruses were then estimated 

from the variance-covariance matrices of model (2) (Fig. 2.3A). We found strong 

positive correlations between the DCV isolates (r > 0.93), with the strongest 

correlation between DCV-C and DCV-EB (r = 0.97). Correlations between DCV 

isolates and the more distantly related CrPV were positive (r = 0.52-0.59) but 

weaker than the correlations between the DCV isolates. The fact the DCV:CrPV 

correlations (and their 95% CI’s) are not close to one is consistent with virus by 

host species interactions on viral load [22]. This is further demonstrated by the 

notable differences in the rank order of host species susceptibility for each virus 

(Fig. 2.3B), equivalent to a crossing over of reaction norms for the susceptibility 

of host species between different viruses [91]. 

 

DCV-C appears to be slightly more strongly correlated to DCV-EB than to DCV-

M (Δr = 0.04, 95% CI = >0.001, 0.09, pMCMC = 0.04), and more strongly 

correlated to DCV-M than to CrPV (Δr = 0.40, 95% CI = 0.18, 0.82, pMCMC < 

0.001), consistent with an increase in the strength of correlation between 

viruses with closer evolutionary relatedness. Point estimates imply a similar 

pattern for DCV-EB, but the evidence for a stronger correlation with DCV-C than 

DCV-M was not well supported (Appendix II). 
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Figure 2.3: Similarities in infection outcome across host species and interactions 
between virus and host species. A) Correlations in viral load between virus isolates. Individual 
points represent the mean change in viral load by 2 dpi for each host species on a log10 scale, 
and trendlines have been added from a univariate least-squares linear model for illustrative 
purposes. Correlations (r) are the total inter-specific correlations and 95% CIs from the output of 
model (2). B) Differences in the rank-order of host species susceptibility between virus isolates. 
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Bar height and colour show the mean change in viral load by 2 dpi on a log10 scale, with error 
bars representing the standard error of the mean. The order of species along the x-axis has 
been sorted in ascending order of viral load during infection with DCV-C. Deviations from this 
rank-order of host species susceptibility for other viruses is indicative of crossing reaction norms 
and interactions between virus and host species. The virus cladogram is based on the 
evolutionary relationships shown in Fig. 2.1. 
 

2.4 Discussion 
 

Closely related host species present similar environments to novel viruses [85,92], 

and so tend to share similar levels of susceptibility to a given virus [12–18]. 

Likewise, closely related viruses are often assumed to share characteristics that 

make their host interactions, transmission, and evolutionary trajectories 

comparable [30–37]. Here, we measured the strength of correlations in viral load 

between four Cripavirus isolates across 45 host species of Drosophilidae, to 

look for similarities between related viruses as well as evidence of virus by host 

species interactions on the outcome of infection. We found positive correlations 

between every pair of viruses tested, indicating broad similarities in the outcome 

of infection across host species, but also evidence for interactions between 

virus and host species with changes in the rank order of host species 

susceptibility between the different viruses (Fig. 2.3). This highlights the 

importance of considering both host and virus traits in understanding the 

outcomes of virus host shifts.  

 

The strong positive correlations between DCV isolates are likely due to 

relatively high levels of sequence conservation resulting in only small 

differences in their ability to infect different host species. However, in other 

viruses a small number of mutations have been shown to allow successful 

infections in novel hosts [38,41]. We find a few instances of such effects here. For 

example, in Zaprionus davidi, DCV-EB shows a decline in viral load, suggesting 

it is failing to replicate and persist in this host species, whereas the other 

isolates show an increase in viral load in the same host. Similarly, 

Scaptodrosophila pattersoni is amongst the least susceptible to DCV-M but has 

relatively high viral loads for the other virus isolates.  
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A greater number of these effects can be seen when comparing hosts infected 

with DCV isolates to those infected with CrPV, where multiple species have 

markedly different susceptibilities depending on the virus infecting them. For 

example, both Drosophila ananassae and Drosophila strutevanti are within the 

five most susceptible species to DCV-C, but also the eight least susceptible to 

CrPV. The weaker correlations that exist between DCV and CrPV may be due 

to interactions with different host traits that vary in their patterns across the host 

phylogeny. CrPV and DCV are known to have distinct methods of suppression 

of the host antiviral RNAi pathway [64,65] and cause pathology in different tissues 
[62]. Additionally, their relatively high levels of sequence divergence (57-59% 

identity) may have resulted in changes in the ability of each virus to bind to host 

cell receptors, utilise host replication machinery, or avoid host immune defences 
[93].  

 

The existence of correlations between viruses suggests that host susceptibility 

is not specific to individual viruses and that certain host clades may be broadly 

susceptible to infection. These hosts may share cell surface receptors with high 

affinity for both DCV and CrPV surface proteins, have a low efficiency or easily 

suppressed antiviral RNAi response, or have functionally diverged forms of 

other cellular processes linked to viral replication and persistence. Divergences 

in these immunological traits are possible candidates driving the large amount 

of variation in susceptibility we have detected across Drosophilidae host 

species. Host species that are permissive to multiple viruses and virus 

genotypes may allow for the persistence of increased genetic diversity in the 

virus population, allowing viruses to generate and maintain mutations that make 

them more likely to emerge in novel host species [94,95]. They also have the 

potential to act as “mixing vessels”, providing increased opportunities for virus 

reassortment and recombination [96], which has been proposed as a possible 

route for several viruses to acquire pandemic potential [97,98]. Broadly 

susceptible host clades may therefore act as common reservoirs and donors of 

emerging infectious diseases and identifying them in relevant systems could 

inform control and prevention strategies [99]. 
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The differences in correlation strength between pairs of viruses tended to follow 

differences in their evolutionary divergence, such that more closely related pairs 

of viruses were more strongly correlated in the outcome of infection across host 

species. This provides some tentative evidence that the ability of a virus to 

infect a novel host may be inferred based on its evolutionary relatedness to 

other viruses. A greater number of more diverged isolates from this virus family 

would have allowed this potential phylogenetic effect to be investigated more 

conclusively, although to our knowledge the viruses included here represent the 

most diverged viruses of this genus that are readily available for study. The 

pathogen phylogenetic effects seen here have also been observed in other 

pathogen and parasite systems [25,26], including genetic distance effects seen in 

other Drosophila parasites [100]. However, the rapid mutation rates and small 

genomes of RNA viruses may cause these effects to exist, and become 

perturbed, across shorter timescales than for other pathogens. Numerous 

examples exist where a small number of genetic changes in viruses cause large 

phenotypic differences [38–41], which would be exceptions to any link between 

correlation strength and evolutionary relatedness [87].  

 

Nevertheless, virus phylogenetic effects may still prove to be a useful proxy for 

determining the likelihood of novel virus emergence. Further work is now 

needed to expand the findings of this study to broader groups of viruses, and to 

test the importance of the virus phylogeny in determining the potential outcomes 

of virus host shifts. 
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Summary 
 

Interactions between coinfecting pathogens have the potential to alter the course of 

infections and may interfere with attempts to infer the outcomes of cross-species 

transmissions in natural systems. Here, we investigate differences in the outcome of 

single and coinfections with two Cripaviruses: Drosophila C virus (DCV) and Cricket 

Paralysis virus (CrPV), across a panel of 47 Drosophilidae host species. We find little 

evidence of systematic changes in viral load during coinfection across host species, 

with strong correlations between single and coinfections for both viruses, suggesting 

that inferential models built on single infection data may not be invalidated by 

coinfection in all cases. Effects of coinfection on viral load were found in a subset of 

host species, but the pattern of effects across hosts were not well explained by the 

host phylogeny and could not be distinguished from background noise. Tests of the 

effect of coinfection on viral load in individual tissues of a subset of host species 

revealed high-order interactions between tissue, host species, and virus that were 

dependent on coinfection status, suggesting that the outcome of coinfection varies 

between tissues in a host species and virus dependent manner. The total viral loads 

across tissues during coinfection did not reflect those measured on whole flies, 

adding further support for any effects of coinfection across host species being due to 

stochastic effects on the outcome of coinfection within individual hosts in this system. 

 

 



3. Coinfection across host species 

Page | 44 
 

3.1 Introduction 
 

Coinfection, the simultaneous infection of a host with multiple pathogen lineages or 

species, presents a challenge to our understanding of cross-species transmission of 

pathogens. Interactions between coinfecting pathogens have the potential to 

influence the virulence of infection [1–10], the pathogen loads [11–14], and transmission 

rates of one or both pathogens [15–19]. These interactions can vary across host and 

pathogen genotypes, resulting in changes in the susceptibility of specific hosts to 

specific pathogens [20–26]. Coinfections are ubiquitous in nature [27–29], and so 

represent the real-world context in which many infections occur. Despite this, 

coinfection remains an understudied aspect of novel and emerging pathogens, and 

little is known about the effects of coinfection on cross-species transmission or its 

potential to influence the establishment of pathogens in novel hosts.  

 

To date, most studies of infection across host species have focused on single 

infections in either controlled experimental systems [30–37] or looked for broad 

patterns across large datasets in natural systems where coinfection status is 

unknown [38–44]. These studies have shown that the evolutionary relationships 

between hosts can explain a large proportion of the variation in infection traits. For 

example, virulence tends to increase [37–39], and onward transmission decrease [38] 

with greater evolutionary distance between donor and recipient hosts, and 

susceptibility to novel infection is more similar in closely related species [31–33]. 

Recently, machine learning algorithms have improved the accuracy of inferences of 

single infections by deducing patterns in the genomic sequences of known host-

pathogen associations, allowing them to predict the zoonotic risk of novel infections 
[45–55], and this approach is now beginning to be applied to continuous infection traits 

such as virulence [56]. 

 

The eventual goal of these approaches is to provide actionable inferences about the 

traits of novel infections, which is not likely to be achieved without incorporating other 

known sources of variation in infection [57–59]. The outcome of any one infection is 

highly context dependent, influenced by interactions between host and pathogen 
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genotypes [60,61], the environment [62–66], and factors such as the infection route [67,68] 

and dose [69]. This multi-dimensionality, and the potential for high-order interactions 

between effects [70–72], makes adding these dependencies to existing models of 

single infection a considerable logistical and theoretical challenge. 

 

Coinfections may add another layer of complexity to an already complex problem [73–

78]. Pathogens simultaneously infecting the same host can interact directly – such as 

through the production of toxins [79–81] or modulation of the opposing pathogen’s 

gene expression [82] – or indirectly through the production of common goods [83,84], 

competition for host resources [75,85], or interactions with the host immune system 
[86,87]. In humans, immune suppression by HIV is a well categorised mechanism of 

indirect coinfection interaction, with the increased pathogen load and virulence of 

opportunistic pathogens being responsible for a large proportion of AIDS-related 

mortality [88,89]. Other examples include the immune-mediated activation of latent HIV 

infections by Neisseria gonorrhoeae and herpes simplex virus 2 [90–93], the 

intraspecific competition for host resources seen in Trypanosoma brucei infections 
[94] and increased sialic acid availability prompting the transition of Streptococcus 

penumoniae from commensal flora to invasive pathogen during influenza A virus 

(IAV) coinfection [95] (possibly to the detriment of IAV [96]). Where coinfecting 

pathogens interact indirectly, and detailed information is known about the 

mechanism of this interaction from single infections, it is possible to predict the 

outcomes of coinfection and have these predictions remain accurate in an alternative 

host species [97,98]. However, this level of prior knowledge is unlikely for novel and 

emerging pathogens [99]. 

 

Interactions between pathogens during coinfection can also have ramifications for 

population-level disease dynamics [100]. Negative interactions between influenza A 

virus and Rhinovirus lead to fluctuating and asynchronous seasonal prevalences of 

each virus [101], and possibly delayed the introduction of the 2009 H1N1 pandemic to 

Europe [102,103] (after which H1N1 is thought to have disrupted the epidemic 

transmission of another respiratory virus [104,105]). Conversely, co-circulation of 

Plasmodium falciparum and HIV in Sub-Saharan Africa is thought to have repeatedly 
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and reciprocally increased the spread of both pathogens, due to mutual disruption of 

host cytokine and antibody production [106,107]. In the extreme case of hepatitis D 

virus (HDV), an obligate coinfecting virus that relies on hepatitis B virus (HBV) to 

replicate, the epidemic spread of HBV can either be helped or hindered by HDV 

coinfection, depending on the prevalence of HDV and the likelihood of coinfection 

occurring during the acute phase of HBV infection [108,109]. The likelihood of 

emergence of novel diseases may therefore be influenced by the prevalence of 

established pathogens in the host population that alter the proportion of susceptible 

novel hosts [110]. 

 

Here, we investigate how coinfection alters the outcome of infections across host 

species, using experimental infections of 47 Drosophilidae hosts with two 

Cripaviruses: Drosophila C virus (DCV) and Cricket Paralysis virus (CrPV). This 

system has previously been used to study variation in susceptibility to single 

infections [32–36], and these studies have shown that the host phylogeny explains 

large proportions of the variation in viral loads for DCV and CrPV, and that 

susceptibility is positively correlated between these two viruses [32,33]. DCV is known 

to naturally infect at least two Drosophila species – D. melanogaster and D. simulans 
[111,112] – and CrPV (isolated from the Australian field crickets Teleogryllus 

commodus), while not known to naturally infect any Drosophila species, can infect a 

broad range of insect taxa in experimental infections [113,114]. Both viruses are 

targeted by the antiviral RNAi pathway in D. melanogaster [115,116] and activate the 

IMD signalling pathway during infection leading to the induction of antiviral gene 

expression [117–119]. Each encodes an inhibitor of antiviral RNAi which act on different 

components of the pathway; the DCV inhibitor binds and sequesters viral RNA to 

prevent its cleavage by Dicer-2 and also disrupts the formation of the RNA-induced 

silencing complex (RISC) [120], while the CrPV inhibitor binds Argonaute-2 and 

interferes with its slicer activity [121]. 

 

Given these overlaps, DCV and CrPV may be expected to interact indirectly during 

coinfection through modulation of the host immune response – either through 

increased suppression of antiviral immunity or transactivation of the host immune 
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response. DCV has also been shown to induce nutritional stress in infected hosts, 

due to intestinal obstruction and accumulation of food in the crop. Infection of the 

smooth muscles surrounding the crop, and the associated pathology, is specific to 

DCV and does not occur in CrPV infections [122]. As such, competition for limited host 

resources could lead to reduced viral loads during coinfection, which may vary 

asymmetrically depending on the competitive ability of each pathogen and the host 

tissues they utilise. 

 

3.2 Materials & Methods 
 

Fly Stocks 

 

Flies were collected from laboratory stocks of 47 Drosophilidae species kept at 22 °C 

in a 12-hour light-dark cycle (Appendix I). All included stocks were confirmed to be 

negative for infection with DCV and CrPV by quantitative reverse transcription PCR 

(qRT-PCR, described below). Stocks were maintained in multi-generation Drosophila 

stock bottles (Fisherbrand) containing 50ml of one of four food varieties (Appendix I). 

Changes in macronutrient availability have been shown to have little effect on the 

outcome of viral infection in adult Drosophilidae [36], and these food varieties were 

chosen to optimise rearing conditions of parental flies. 

 

Host Phylogeny 

 

The method used to infer the host phylogeny has been described in detail elsewhere 
[32]. Briefly, publicly available sequences of the 28S, Adh, Amyrel, COI, COII, RpL32, 

and SOD genes were collected from Genbank (see 

https://doi.org/10.6084/m9.figshare.13079366.v1 for a full breakdown of genes and 

accessions by species). Gene sequences were aligned in Geneious version 9.1.8 

(https://www.geneious.com) using a progressive pairwise global alignment algorithm 

with free end gaps and a 70% similarity IUB cost matrix. Gap open penalties, gap 

extension penalties, and refinement iterations were kept as default. 
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Phylogenetic reconstruction was performed using BEAST version 1.10.4 [123] as the 

subsequent phylogenetic mixed model (described below) requires a tree with the 

same root-tip distances for all taxa. Genes were partitioned into separate ribosomal 

(28S), mitochondrial (COI, COII), and nuclear (Adh, Amyrel, RpL32, SOD) groups. 

The mitochondrial and nuclear groups were further partitioned into groups for codon 

position 1+2 and codon position 3, with unlinked substitution rates and base 

frequencies across codon positions. Each group was fitted to separate relaxed 

uncorrelated lognormal molecular clock models using random starting trees and four-

category gamma-distributed HKY substitution models. The BEAST analysis was run 

twice, with 1 billion Markov chain Monte Carlo (MCMC) generations sampled every 

100,000 iterations, using a birth-death process tree-shape prior. Model trace files 

were evaluated for chain convergence, sampling, and autocorrelation using Tracer 

version 1.7.1 [124]. A maximum clade credibility tree was inferred from the posterior 

sample with a 10% burn-in. The reconstructed tree was visualized using ggtree 

version 2.0.4 [125]. 

 

Virus Isolates 

 

Virus stocks were kindly provided by Julien Martinez (DCV) [126] and Valérie Dorey 

and Maria Carla Saleh (CrPV) [120]. The DCV isolate used here (DCV-C) was isolated 

from lab stocks established by wild capture in Charolles, France [127], and the CrPV 

isolate was collected from Teleogryllus commodus in Victoria, Australia [128]. Virus 

stocks were checked for contamination with CrPV (DCV) and DCV (CrPV) by qRT-

PCR and diluted in Ringers solution [129] to equalise the relative concentrations of 

viral RNA. Before inoculation, virus aliquots were either mixed 1:1 with Ringers 

solution (single infection) or 1:1 with an aliquot of the other virus (coinfection). This 

was done to keep the individual doses of each virus consistent between infection 

conditions. 

Inoculation 
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Before inoculation, 0- to 1-day-old male flies were transferred to vials containing 

cornmeal media (Appendix I) and allowed to age to 3-4 days old while being 

transferred to fresh media every 2 days. Vials contained between 7 and 20 flies 

(mean = 16, whole fly data), or between 3 and 5 flies (mean = 4, tissue tropism 

data), and were kept at 22°C and 70% relative humidity in a 12-hour light-dark cycle 

throughout the experiment. Male flies were chosen to avoid any effect of sex or of 

mating status, which has been shown to influence the susceptibility of female flies to 

infection with other pathogens [130–132]. Flies were inoculated under CO2 anaesthesia 

via septic pin prick with 12.5-μm diameter stainless steel needles (Fine Science 

Tools, CA, USA). These needles were bent approximately 250μm from the end to 

provide a depth stop and dipped in virus solution before being pricked into the 

pleural suture of each fly. Inoculation by this method has been shown to follow the 

same course as oral infection but is less stochastic [133] and avoids between species 

differences in inoculation dose due to variation in feeding rate. 

 

When collecting whole fly data, inoculated flies were either snap frozen immediately 

in liquid nitrogen, providing a 0 days post infection (dpi) time point, or maintained in 

cornmeal vials for a further 2 days ± 2 hours before freezing, providing a 2 dpi time 

point. Frozen flies were then immediately homogenised in Trizol reagent and stored 

at -80°C before RNA extraction. Within replicate blocks, the 0 and 2 dpi vials for 

each virus and infection condition (single infection or coinfection) were inoculated on 

the same day, and together constituted one biological replicate. We aimed to collect 

three biological replicates for each combination of host species and infection 

condition, with the order of species, vial (0 or 2 dpi), virus, and infection condition 

randomized for each replicate block. 

 

When collecting tissue tropism data, inoculated flies were anaesthetised at 2 dpi 

using CO2 and dissected using fine forceps in Ringers medium. The head, crop, gut 

(midgut + hindgut), Malphigian tubules and sex organs (testes + accessory glands) 

were separated and snap frozen immediately in liquid nitrogen before being 

homogenised in Trizol. The remaining carcass, containing the thorax and abdominal 

cuticle and abdominal fat body, was also collected. We aimed to collect six biological 
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replicates for each combination of host species, virus, infection condition, and tissue, 

with the order of species, virus, and infection condition randomized for each replicate 

block. 

 

Measuring Change in Viral Load 

 

Total RNA was extracted from flies or fly tissues homogenized in Trizol (Invitrogen, 

supplied by ThermoFisher) using chloroform-isopropanol extraction, and reverse 

transcribed using Promega GoScript reverse transcriptase (Sigma) with random 

hexamer primers. qRT-PCR was carried out on 1:10 diluted cDNA on an Applied 

Biosystems StepOnePlus system using Sensifast Hi-Rox Sybr kit (Bioline). Cycle 

conditions were as follows: initial denaturation at 95°C for 120 seconds, then 40 

cycles of 95°C for 5 seconds, and 60°C for 30 seconds. 

 

The primer pairs used for the virus qRT-PCR assays were: (DCV) forward, 5′-

GACACTGCCTTTGATTAG-3′; reverse, 5′-CCCTCTGGGAACTAAATG-3′, (CrPV) 

forward, 5′-TTGGCGTGGTAGTATGCGTAT-3′; reverse, 5′-

TGTTCCGTCCTGCGTCTC-3′. RpL32 housekeeping gene primers were used for 

normalisation and varied by species (Appendix I). For each sample, two technical 

replicates were performed for each amplicon (viral and RpL32).  

 

Between-plate variation in CT values was estimated and corrected for using a linear 

model with plate ID and biological replicate ID as parameters, as described 

elsewhere [134,135]. For whole fly data, mean viral CT values from technical replicate 

pairs were normalized to RpL32 and converted to fold-change in viral load using the 

2–ΔΔCT method, where ΔCT = CT:Virus – CT:Rpl32, and ΔΔCT = ΔCT:day0 – Δ CT:day2. For 

tissue tropism data, mean viral CT values from technical replicate pairs were 

normalized to RpL32 and converted to relative viral load, where ΔCT = CT:Virus – 

CT:Rpl32, and ΔΔCT = 40 – ΔCT. 
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Amplification of the correct products was verified by melt curve analysis. Repeated 

failure to amplify product, the presence of melt curve contaminants, or departures 

from the melt curve peaks of positive samples (±1.5°C for viral amplicons, ±3°C for 

Rpl32) in either the 0 or 2 dpi samples were used as exclusion criteria for biological 

replicates. For whole fly data, of the 188 unique combinations of host species, virus, 

and infection condition, three biological replicates were obtained for 163 

combinations, two replicates for 23 combinations, and one replicate for 2 

combinations (Drosophila hydei, DCV during coinfection and Drosophila americana, 

DCV during coinfection). Power analysis based on the down-sampling of previous 

data has shown that this number of replicates provides adequate statistical power to 

detect interactions between different experimental treatments across host species 
[36]. For tissue tropism data, of the 96 unique combinations of host species, virus, 

infection condition, and tissue, six biological replicates were obtained for 75 

combinations, five replicates for 27 combinations, and four replicates for 10 

combinations. 

 

Phylogenetic Mixed Models 

 

Phylogenetic generalised linear mixed models were used to investigate the effects of 

host relatedness on the change in viral load during single and coinfection, and to 

measure correlations in the outcomes of single and coinfection. Multivariate models 

were fitted using the R package MCMCglmm [136] with the viral loads of each virus 

under each infection condition as the response variable. The structure of these 

models were as follows: 

 

 𝑦𝑦ℎ𝑖𝑖𝑐𝑐 =  𝛽𝛽1:𝑐𝑐 + 𝜇𝜇𝑝𝑝:ℎ𝑐𝑐 + 𝜇𝜇𝑠𝑠:ℎ𝑐𝑐 + 𝑒𝑒ℎ𝑖𝑖𝑐𝑐 (1) 

 𝑦𝑦ℎ𝑖𝑖𝑐𝑐 =  𝛽𝛽1:𝑐𝑐 +  𝜇𝜇𝑝𝑝:ℎ𝑐𝑐 + 𝑒𝑒ℎ𝑖𝑖𝑐𝑐 (2) 

 

In these models, yhic is the change in viral load for the combination of virus and 

infection condition c (CrPV single infection, CrPV coinfection, DCV single infection, 
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or DCV coinfection) in the ith biological replicate of host species h. The fixed effect β1 

represents the intercepts for each combination, the random effect μp represents the 

effects of the host phylogeny assuming a Brownian motion model of evolution, and e 

represents the model residuals. Model (1) also includes a species-specific random 

effect that is independent of the host phylogeny (μs:hc). This explicitly estimates the 

non-phylogenetic component of between-species variance and allows the proportion 

of variance explained by the host phylogeny to be calculated. μs:hc was removed from 

model (2) as model (1) struggled to separate the phylogenetic and species-specific 

traits. Wing size, measured as the length of the IV longitudinal vein from the tip of the 

proximal segment to the join of the distal segment with vein V [137], provided a proxy 

for body size [138] and was included in a further model as a fixed effect 

(wingsizeβ2:hc). This was done to ensure that any phylogenetic signal in body size did 

not explain the differences seen in viral load between species [139].  

 

To investigate the effect of host evolutionary relatedness on the change in viral load 

from single to coinfection, additional models were run with the effect of coinfection 

(coinfection - single infection) on viral load as the response variable: 

 

 𝑦𝑦ℎ𝑖𝑖𝑐𝑐 =  𝛽𝛽1:𝑐𝑐 + 𝜇𝜇𝑝𝑝:ℎ𝑐𝑐 + 𝜇𝜇𝑠𝑠:ℎ𝑐𝑐 + 𝑒𝑒ℎ𝑖𝑖𝑐𝑐 (3) 

 𝑦𝑦ℎ𝑖𝑖𝑐𝑐 =  𝛽𝛽1:𝑐𝑐 +  𝜇𝜇𝑝𝑝:ℎ𝑐𝑐 + 𝑒𝑒ℎ𝑖𝑖𝑐𝑐 (4) 

 

In these models, yhic is the effect of coinfection on viral load for each virus in the ith 

biological replicate of host species h. The explanatory structure remains the same as 

models (1) and (2). 

 

Within models (1-4), the random effects and residuals were assumed to follow a 

multivariate normal distribution with a centred mean of 0 and a covariance structure 

of Vp⊗A for the phylogenetic effects, Vs⊗I for species-specific effects, and Ve⊗I 

for residuals, where ⊗ represents the Kronecker product. A represents the host 

phylogenetic relatedness matrix, I an identity matrix, and V represents 4 × 4 
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covariance matrices for model (1) and (2), or 2 x 2 covariance matrices for model (3) 

and (4), describing the between-species variances and covariances of changes in 

viral load for each combination of virus and infection condition. Specifically, the 

matrices Vp and Vs describe the phylogenetic and nonphylogenetic between-species 

variances in viral load for each virus and the covariances between them, whereas 

the residual covariance matrix Ve describes within-species variance that includes 

both true within-species effects and measurement errors. Because each biological 

replicate was tested with a single infection condition, the covariances of Ve cannot be 

estimated and were set to 0. 

 

Models were run for 13 million MCMC generations, sampled every 5000 iterations 

with a burn-in of 3 million generations. Parameter expanded priors were placed on 

the covariance matrices, resulting in multivariate F distributions with marginal 

variance distributions scaled by 1000. Inverse-gamma priors were placed on the 

residual variances, with a shape and scale equal to 0.002. To ensure the model 

outputs were robust to changes in prior distribution, models were also fitted with flat 

and inverse-Wishart priors, which gave qualitatively similar results. 

 

The proportion of the between species variance that can be explained by the 

phylogeny was calculated from model (1) using the equation 𝑉𝑉𝑝𝑝
𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑠𝑠

, where vp and vs 

represent the phylogenetic and species-specific components of between-species 

variance [139], respectively, and are equivalent to phylogenetic heritability or Pagel's 

lambda [140,141]. The repeatability of viral load measurements was calculated from 

model (2) as 𝑉𝑉𝑝𝑝
𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑒𝑒

, where ve is the residual variance of the model [142]. Interspecific 

correlations in viral load between single and coinfection were calculated from model 

(2) vp matrix as 𝑐𝑐𝑐𝑐𝑖𝑖𝑥𝑥,𝑦𝑦

�𝑖𝑖𝑣𝑣𝑣𝑣𝑥𝑥+ 𝑖𝑖𝑣𝑣𝑣𝑣𝑦𝑦
. If correlations are close to 1 (with no change in the 

variance while the means remain constant), it would suggest there are no host 

species by infection condition interactions [60]. Parameter estimates reported are 

means of the posterior density, and 95% credible intervals (CIs) were taken to be the 

95% highest posterior density intervals. 
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Aligned Rank Transform (ART) ANOVAs 

 

Aligned rank transform (ART) ANOVAs were used to detect differences in viral load 

across tissues, host species, viruses, and infection conditions. ART allows for non-

parametric factorial models that are robust to the deviations from homoscedasticity 

seen in our data [143]. These models were fitted using the R package ARTool [144]. 

The structures of these models were as follows (asterisks denote interactions 

between explanatory variables, such that 𝑦𝑦 =  𝛽𝛽1 ∗ 𝛽𝛽2 represents 𝑦𝑦 =  𝛽𝛽1 + 𝛽𝛽2 +

𝑑𝑑(𝛽𝛽1 × 𝛽𝛽2)): 

 

 𝑦𝑦ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐 =  𝛽𝛽1:ℎ ∗ 𝛽𝛽2:𝑖𝑖 ∗  𝛽𝛽3:𝑖𝑖 ∗  𝛽𝛽4:𝑐𝑐 + 𝑒𝑒ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐 (5) 

 𝑦𝑦ℎ𝑖𝑖𝑖𝑖𝑖𝑖 =  𝛽𝛽1:ℎ ∗ 𝛽𝛽2:𝑖𝑖 ∗  𝛽𝛽3:𝑖𝑖  +  𝑒𝑒ℎ𝑖𝑖𝑖𝑖𝑖𝑖 (6) 

 

In model (5), yhitvc is the viral load for the ith biological replicate of virus v, infection 

condition c, tissue t and host species h. In model (6), yhitv is the effect of coinfection 

on viral load (coinfection - single infection) for the ith biological replicate of virus v, 

tissue t and host species h. To account for multiple F-tests within these factorial 

ANOVAs, Bonferroni correction [145] was used to adjust the significance thresholds of 

each factor and interaction. 

 

3.3 Results 
 

Change in viral load remains a repeatable trait across species during coinfection 

 

To investigate how coinfection may alter susceptibility across host species, we 

experimentally infected 47 Drosophilidae host species with two Cripavirus isolates: 

DCV and CrPV, in both single and coinfections. A total of 13,596 flies were 

inoculated, and the change in viral load after two days of infection was measured by 

qRT-PCR (Fig 3.1). Both viruses showed no evidence of changes in their overall 

mean viral loads or variance across host species between single and coinfection 
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(Table 3.1), indicating no large additive effects or increased stochasticity due to 

coinfection that was consistent across hosts. Most host species showed no 

discernible differences in viral loads during coinfection, with notable exceptions 

including D. obscura (both viruses decreased in viral load by ~600 fold), D. suzukii 

(DCV unchanged but CrPV decreased by ~25 fold), Zaprionus tuberculatus (CrPV 

unchanged but DCV decreased by ~50 fold), and D. virilis (CrPV unchanged but 

DCV increased by ~40 fold). 

 

Phylogenetic generalised linear mixed models were fitted to the data to determine 

the proportion of variation explained by the phylogeny for each virus during both 

single and coinfection (Table 3.1). The phylogeny explained a large proportion of the 

variation in viral load for CrPV during single infection: 0.88 (0.69, 1), and coinfection: 

0.82 (0.59, 1), with no credible difference between these two estimates. Estimates of 

the variation in DCV viral load explained by phylogeny were low: 0.1-0.13 with wide 

credible intervals due to model (1) struggling to separate phylogenetic and non-

phylogenetic effects for DCV. The repeatability of viral load across host species was 

high for both viruses during single infection, CrPV: 0.86 (0.78, 0.93), DCV: 0.94 

(0.90, 0.97) and coinfection, CrPV: 0.76 (0.64, 0.87), DCV: 0.89 (0.82, 0.94), with the 

between-species phylogenetic component (Vp) explaining a high proportion of the 

variation in viral load with little within-species variation or measurement error (Vr). 

Although point estimates of these parameters were all consistent with a slight 

decrease in phylogenetic signal during coinfection, the effect size was small, and we 

lacked the power to detect credible differences in phylogenetic signal between single 

and coinfection. 

 

Change in viral load is strongly correlated between single and coinfections 

 

Interspecific correlations in viral load between single and coinfection were calculated 

for each virus from the variance-covariance matrix of model (2). We found strong 
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Figure 3.1: Change in viral load across host species during single and coinfections of DCV and 
CrPV. Bar heights show the mean change in viral load by 2 dpi on a log10 scale, with error bars 
representing the standard error of the mean, and the colour of bars differentiating viral loads during 
single infection (blue) and coinfection (red). The phylogeny of Drosophilidae hosts is presented on the 
left, with the scale bar representing nucleotide substitutions per site and the axis representing the 
approximate age since divergence in millions of years (my) based on estimates from [146] and [147]. 
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Virus Condition Mean 
Across-species 

variance Repeatability 

Variance 
explained by 
phylogeny 

DCV Single 
Infection 4.75 (2.09, 7.49) 9.85 (5.20, 15.46) 0.94 (0.90, 0.97) 0.13 (0, 0.43) 

 Coinfection 4.57 (1.82, 7.26) 10.40 (4.87, 16.44) 0.89 (0.82, 0.94) 0.10 (0, 0.27) 

CrPV Single 
Infection 3.44 (1.88, 4.99) 3.63 (1.86, 5.75) 0.86 (0.78, 0.93) 0.88 (0.69, 1) 

 Coinfection 3.30 (2.21, 4.38) 2.93 (1.36, 4.75) 0.76 (0.64, 0.87) 0.82 (0.82, 1) 

Table 3.1: Estimates of overall mean, across-species variance, repeatability, and the 
proportion of variance explained by the host phylogeny for the change in viral load by 2 dpi 
during single and coinfections. Changes in viral load and between-species variances are 
calculated on log10-transformed fold-changes in viral load after 2 days of infection. Estimates of the 
mean change in viral load, across-species variance, and repeatability are taken from model (2), 
whereas estimates of the variance explained by phylogeny are taken from model (1). 

 

positive correlations in viral loads between single and coinfection for DCV: r = 0.95 

(0.89, 0.99) (Fig 3.2A) and CrPV: r = 0.94 (0.86, 0.99) (Fig 3.2C), with the regression 

slopes of each correlation indicating a near 1:1 relationship: DCV: β = 0.98 (0.77, 

1.22), CrPV: β = 0.85 (0.66, 1.05), and limited evidence of host species by 

coinfection interactions seen as the crossing over of reaction norms (Fig 3.2B, D). 

The strength of the interspecific correlation in viral load between DCV and CrPV also 

did not differ between single: r = 0.59 (0.31, 0.82), and coinfection: r = 0.67 (0.43, 

0.88) (Appendix III) and was consistent with previous estimates: r = 0.59 (0.26, 0.87) 
[33]. 

 

Little evidence of phylogenetic signal in the effect of coinfection on viral load 

 

As the viral loads of DCV and CrPV show strong phylogenetic signal across host 

species, we also tested if there was phylogenetic signal across hosts in the effect of 

coinfection (whether viruses increased, decreased, or maintained their viral loads 

during coinfection) (Fig 3.3). Fitting phylogenetic mixed models to these data 

revealed little support for any phylogenetic signal in the effect of coinfection (Table 

3.2), with low estimates of repeatability for DCV: 0.36 (0.08, 0.62) and no credible 

difference from zero for repeatability of CrPV or the variance explained by phylogeny 

for either virus. 
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Figure 3.2: Interspecific correlations in change in viral load between single and coinfections of 
DCV and CrPV. Correlations in DCV viral load during single and coinfection with CrPV (A), and in 
CrPV viral load during single and coinfection with DCV (C). Individual points represent the mean 
change in viral load by 2 dpi for each host species on a log10 scale, and trend lines have been added 
for illustrative purposes from a univariate least-squares linear model. Total interspecific correlations 
(r), regression slopes (β), and 95% CIs are calculated from model (2). Differences in the rank order of 
host species susceptibility to DCV (B) and CrPV (D) from single to coinfection. Bar height and colour 
show the mean change in viral load by 2 dpi on a log10 scale, with error bars representing the 
standard error of the mean. The order of species along the x-axis has been sorted in ascending order 
of viral load during single infection of DCV (B) and CrPV (D). Deviations from this rank order during 
coinfection are indicative of crossing reaction norms and interactions between host species and 
coinfection.  
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Figure 3.3: The effect of coinfection on the change in viral load of DCV and CrPV across host 
species. Bar height and colour show the effect of coinfection (coinfection - single infection) on the 
change in viral load by 2 dpi on a log10 scale, with error bars representing the standard error of the 
mean. Blue bars represent host species and virus combinations where point estimates of viral loads in 
single infection were greater than during coinfection, and red bars represent combinations where 
point estimates of viral loads during coinfection were greater than in single infection. The phylogeny of 
host species is presented on the left as described Fig. 3.1. 
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Virus Mean Across-species 
variance Repeatability 

Variance explained 
by phylogeny 

DCV -0.12 (-1.08, 0.86) 0.92 (0, 1.84) 0.36 (0.08, 0.62) 0.49 (0, 0.99) 

CrPV -0.13 (-0.49, 0.19) 0.17 (0, 0.46) 0.11 (0, 0.27) 0.57 (0, 1) 

Table 3.2: Estimates of overall mean, between-species variance, repeatability, and the 
proportion of variation explained by the host phylogeny for the effect of coinfection on viral 
load (coinfection - single infection). Effects of coinfection and between-species variances are 
calculated on log10-transformed fold-changes in viral load after 2 days of infection. 

 

Viral load and the effect of coinfection vary between tissues and are dependent on 

host species and virus 

 

To look at the tissue tropisms of CrPV and DCV in single and co-infections, a panel 

of four species (D. melanogaster, D. suzukii, D. virilis and Z. tuberculatus) were 

experimentally infected with DCV and dissected after 2 days of infection to separate 

the head, crop, gut, Malphigian tubules, sex tissues (accessory glands and testes), 

and carcass (thorax and abdominal cuticle, and abdominal fat body). In total, tissues 

were dissected from 291 flies, pooled by vial into 288 tissue samples, and the viral 

load at 2 dpi was measured for each pool by qRT-PCR (Fig. 3.4). Aligned rank 

transform (ART) ANOVAs were used to detect significant differences in viral load 

(Appendix III), and the effect of coinfection on viral load (Appendix III), among 

tissues, host species, viruses, and infection conditions (single and coinfection), as 

well as any interactions between these factors. 

 

In the previous experiment (Fig. 3.2), D. melanogaster showed little evidence of 

changes in viral load during coinfection, D. suzukii showed a decrease in CrPV viral 

load, D. virilis an increase in DCV viral load, and Z. tuberculatus a decrease in DCV 

viral load (Fig. 3.3). Apart from D. melanogaster, these findings are not recapitulated 

in the total viral loads across tissues, with D. suzukii showing a net increase in the 

viral loads of both viruses during coinfection, D. virilis showing an increase in CrPV 

viral load with no apparent change in DCV, and Z. tuberculatus showing little effect 

of coinfection on either virus. This lack of consistency in the effects of coinfection 

between experiments suggests that the outcome of coinfection within these species 

may vary stochastically, and that the number of biological replicates in these 
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experiments may not be sufficient to reproducibly calculate mean coinfection effects 

of individual species. This within-host stochasticity is consistent with previous 

modelling approaches that suggest that otherwise identical coinfections can have 

directionally different outcomes [148]. 

 

Figure 3.4: Tissue-specific differences in viral load during single and coinfection. (A) Viral 
loads of DCV and CrPV in individual tissues during single and coinfection. Bar heights show the 
mean change in viral load by 2 dpi on a log10 scale, with error bars representing the standard error of 
the mean, and the colour of bars differentiating viral loads during single infection (blue) and 
coinfection (red). (B) The effect of coinfection on the change in viral load of DCV and CrPV in 
individual tissues. Bar height and colour show the effect of coinfection (coinfection - single infection) 
on the change in viral load by 2 dpi on a log10 scale. Blue bars represent tissue and virus 
combinations where the mean viral load in single infection was greater than during coinfection, and 
red bars represent combinations where the mean viral load was greater during coinfection than in 
single infection. 

 

 

Among host tissues, we found that viral load differed significantly across two second-

order interactions, Tissue : Host Species : Infection Condition (F15,438 = 3.16, p < 

0.001), and Host Species : Virus : Infection Condition (F3,438 = 8.52, p < 0.001), such 

that the interaction between tissue and host species, and the interaction between 
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host species and virus, were both dependent on whether the infection occurred as a 

single infection or coinfection. Similarly, the effect of coinfection on viral load differed 

significantly across its highest order interaction, Tissue : Host Species : Virus (F15,219 

= 2.54, p = 0.01), such that the interaction between tissue and host species during 

coinfection was dependent on whether the virus was DCV or CrPV. Given these 

interactions contain all modelled factors between them, the reported significance of 

first-order interactions and main effects may be misleading. Together, these suggest 

that the outcome of coinfection within hosts varies between tissues, and that this 

variation may be host species and virus dependent. 

 

3.4 Discussion 
 

Interactions between coinfecting pathogens can affect the outcome of infection, and 

these effects can vary across different pathogens, hosts, and infection conditions [1–

26]. Here, we investigated the ability of coinfecting viruses to alter the outcome of 

infection across host species, using a large panel of Drosophilidae host species and 

two Cripaviruses. We found little evidence for any effects of coinfection across host 

species, with strong positive correlations and a near 1:1 relationship between viral 

loads in single and coinfection for both viruses. The viral loads of CrPV and DCV 

showed strong phylogenetic signal across hosts during single infection, and this 

signal was largely unaffected during coinfection. In contrast, little phylogenetic signal 

was seen in the changes in viral load during coinfection, despite increases and 

decreases being apparent in a small subset of host species. These apparent effects 

of coinfection in some hosts were not recapitulated in a subsequent experiment 

investigating tissue tropism, further suggesting that any effects of coinfection seen in 

this system are due to stochastic effects on the outcome of infection within species. 

Viral loads did vary across tissues within a subset of hosts, and this variation 

appeared to be host species and virus dependent. However, we are hesitant to 

suggest this is evidence of host species effects on coinfection, given the lack of 

consistency between experiments. 
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DCV and CrPV have many similarities that could have caused them to interact 

during coinfection. Both replicate rapidly to high viral titres in susceptible hosts 

during single infection, and hosts that are susceptible to DCV tend to be similarly 

susceptible to CrPV [33]. Within infected hosts, both viruses are targeted by the same 

antiviral RNAi pathway [115,116], and activate the IMD signalling pathway, inducing 

downstream immune effectors [117–119]. Both viruses encode inhibitors of antiviral 

RNAi that act on different components of the pathway: the DCV suppressor 

sequesters viral dsRNA from Dicer-2, preventing it from being processed into siRNA, 

and also disrupts the formation of the RNA-induced silencing complex (RISC) [120], 

while the CrPV suppressor binds Argonaute-2 and interferes with its slicer activity 
[121]. DCV and CrPV share ~55% genome sequence identity [33], have similar capsid 

morphologies [149,150], and, as shown here, infect similar tissues within the host, and 

so it is very likely they are exploiting the same host resources to replicate. 

Additionally, DCV pathology in the gut of infected hosts causes intestinal obstruction 

that induces nutritional stress [122]. Together, this suggests DCV and CrPV have 

multiple opportunities for indirect interaction during coinfection, by increased immune 

evasion through the dual action of both immune suppressors, decreased immune 

evasion through the transactivation of antiviral immune pathways, and decreased 

replication through competition for limited host resources. 

 

That the viral loads of both viruses are largely unaffected during coinfection warrants 

further investigation, especially given the lack of studies describing pathogens that 

do not interact in coinfection literature [151]. In other systems, interactions during 

coinfection with two parasites are predictable from their profiles of immune 

suppression and the immune pathways the parasites are targeted by [97,98]. In 

infections that are limited by the availability of host resources, starvation and 

coinfection can produce similar effects on pathogen load [152]. In each of these cases, 

the introduction of a second pathogen alters the efficacy or availability of factors that 

influence the outcome of infection beyond what occurs during single infection. In the 

case of DCV and CrPV, where immune suppression is known to influence viral load 

in single infections [153], a lack of interaction during coinfection may be indicative of 

rate-limiting steps in the antiviral RNAi pathway during single infection that remain 

unchanged during coinfection, despite suppression of multiple components of the 
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pathway [154]. Notably, the viral loads of DCV and CrPV remain the same during 

coinfection, and so the combined viral loads in each coinfected host are much larger 

than the viral loads of either virus during single infection. It has previously been 

shown that the availability of different macronutrients has little effect on the outcome 

of single infection with DCV across host species [36]. Additionally, host body size, a 

potential proxy for total host resources, does not influence the outcome of single 

infection with either virus [32,33]. Together, this suggests that resource availability is 

not a limiting factor in the replication of either virus, to the extent that both viruses 

can replicate fully in the same host without any limitation imposed by host resources. 

 

As inferential models of cross-species transmission grow in complexity, they will 

continue to incorporate more non-genomic data that is known to influence the 

outcome of infection (e.g. [56]). Our findings suggest that coinfection will not be a 

necessary inclusion in models of every host-pathogen system, as the ability of the 

host phylogeny to explain variation in viral load was largely unaffected during 

coinfection in this case. Despite this, coinfection is known to cause changes in 

infection traits in many systems [1–26], with consequences for pathogen spread and 

establishment in natural populations [101–106]. A larger and more diverse panel of 

coinfecting pathogens is now needed to shed more light on the potential for 

coinfection to alter the outcomes of infection across host species, and the 

prevalence of interactions between pathogens. Understanding how common 

interactions between pathogens are is important in gauging the urgency of 

addressing coinfection in inferential models, as it remains unclear if interactions 

between pathogens can consistently be predicted a priori from single infection data 
[97,98], or from pathogen and host genomic data. In cases of direct interaction 

between pathogens, such as the binding and activation of endogenous HIV by 

herpes simplex virus proteins [82], interactions may be predictable through 

conventional tools for inferring protein-protein and protein-nucleotide binding [155,156]. 

However, where pathogens can only interact indirectly, such as through immune 

modulation or resource availability, it may be necessary to understand the extent of 

variation in these host factors that is required to influence the outcome of infection 

before inferring interactions between coinfecting pathogens. 
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4. Investigating the role of host genetics on the outcomes of 
coinfection 

 

This chapter was written with comments from Ben Longdon. Sarah K. Walsh 

assisted with RNA extractions and reverse transcriptions. 

 

Summary 
 

Coinfecting pathogens can alter the outcomes of infection, and so may increase 

phenotypic variation in susceptibility between hosts. A potential contribution of host 

genetics to the outcome of coinfection has been described in several studies, but the 

influence of host genetic variation on coinfection has yet to be systematically 

investigated. Here, we use experimental coinfections with two Cripaviruses: (cricket 

paralysis virus, CrPV; and Drosophila C virus, DCV), across 25 lines of Drosophila 

melanogaster and six knockout immune mutant lines to measure the effect of natural 

and specific host genetic variation on the viral loads of each virus. We find small but 

significant effects of coinfection on the viral loads of both viruses, but little evidence 

of a genetic basis for these effects across lines. Mutations in Argonaute 2, Dicer 2, 

and Relish immune genes caused virus-specific differences in viral load between 

single and coinfection, suggesting that the strength of coinfection interactions 

between viruses can be moderated by the host immune response. 
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4.1 Introduction 
 

Coinfections, the simultaneous infection of a host with multiple pathogen lineages or 

species, are ubiquitous in nature [1–3], and yet remain an understudied aspect of the 

outcome of infection. Interactions between coinfecting pathogens have the potential 

to change the virulence [4–13], pathogen loads [14–17], and transmission rates [18–22] of 

one or both pathogens, with possible ramifications for population-level disease 

dynamics [23–26]. As such, coinfections can act as a source of phenotypic variation in 

susceptibility within host species. Many outstanding questions exist, including the 

importance of host genetic variation in the outcome of coinfections, the extent to 

which the outcomes of coinfection are heritable and capable of evolving in host 

populations, and the influence of coinfections on the host genetic component of 

susceptibility to individual pathogens. Interaction between coinfecting pathogens has 

been proposed as a mechanism for the maintenance of pathogen genetic diversity 
[27]. Similarly, variation in the outcome of coinfections between host genotypes may 

act to maintain host genetic variation in immunity, analogous to the contextual 

heterogeneity in fitness seen in host genotype-by-environment interactions [28].  

 

The importance of genetic components of variation in susceptibility to single infection 

has been well established, both through the study of natural genetic variation in host 

populations [29–32] and through targeted disruption of host genes associated with 

immunity [33–36]. Susceptibility is often contributed to by multiple host genes and loci 
[37], with the majority of genetic variation in susceptibility due to additive genetic 

effects (i.e., independent contributions of alleles at different loci) [38,39]. The 

heritability (ℎ2), or the proportion of phenotypic variation explained by additive 

genetic variation, has an estimated mean of 0.33 for susceptibility to infection in 

animal hosts [37], but is highly variable between pathogens. The heritability of host 

susceptibility is generally higher for pathogens under strong immune control, and 

those that form long-term associations with the host, and lower in pathogens with a 

short duration of infection and high mortality [40]. The heritability of susceptibility to 

infection is also lower in hosts infected with novel pathogens, compared to 

pathogens that have coevolved in the host population [41,42]. This suggests that 

selection due to host-pathogen interactions increases the genetic variation in host 
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susceptibility in a pathogen-specific manner, and that naïve host populations may 

have reduced initial rates of evolution in response to novel pathogens due to low 

levels of pre-standing genetic variation [43–45]. 

 

In comparison to single infections, the influence of host genetics on the outcomes of 

coinfection are poorly understood. Studies in plants have shown that pathogen 

community composition, coinfection prevalence, and disease severity during 

coinfection can vary non-randomly between host genotypes [46–48], however the 

genetic architecture underlying this variation remains unknown. Similarly, the 

outcome of coinfections can be influenced by host diet [49] and resource availability 
[50], both heritable traits with genetic components [51–53], which would suggest host 

genetics have the potential to influence coinfection outcome. More broadly, we may 

expect host genetic variation to lead to changes in the strength of interaction 

between coinfecting pathogens when the interaction occurs through modulation of a 

host component (e.g. immune modulation or resource competition [54–57]), or when 

host genetic variation influences the pathogen loads of each pathogen [41,58,59] 

(provided the strength of interaction during coinfection is pathogen density-

dependent). Despite this, few examples exist of host genes directly implicated in the 

outcome of coinfection. 

 

While host genetics may influence the outcome of coinfection, coinfections may also 

change the influence of host genetic variation on susceptibility to each coinfecting 

pathogen. Where pathogens are affected by variation at the same host locus, as 

may be expected in intraspecific coinfections or with generalised host immunity, 

genetic variation at this locus will influence both the susceptibility of the host to each 

pathogen and any density-dependent strength of coinfection interaction. This may 

have the effect of amplifying or suppressing the influence of genetic variation at this 

locus on susceptibility, depending on whether the coinfection interaction is facilitative 

or competitive. A similar effect may be seen in more diverged coinfections, where 

variation at a particular host locus affects only one of the pathogens. Variation at this 

locus may then affect the second pathogen only during coinfection, mediated 

through coinfection interaction, so increasing the influence of host genetic variation 

in susceptibility. Additionally, where pathogens are limited by the availability of host 

resources, host variation in resource availability may have less of an impact on the 
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outcome of infection during coinfection, as proportions of the total variation in host 

resources are affecting each pathogen, instead of total variation during single 

infection. By altering the genetic component of variation in host susceptibility, 

coinfections may have the potential to change the heritability and evolvability of 

hosts in populations where multiple pathogens are endemic. 

 

In this study, we investigate the influence of host genetics on the outcome of 

coinfection with two Cripaviruses: Drosophila C virus (DCV) and cricket paralysis 

virus (CrPV), across a panel of 25 inbred lines from the Drosophila Genetic 

Reference Panel (DGRP) [60]. Additionally, we use experimental infections of a panel 

of six knockout immune mutant lines of D. melanogaster to investigate the effects of 

individual host immune genes on the outcomes of coinfection.  

 

DCV, isolated from lab stocks generated from wild flies [61], is a natural pathogen of 

D. melanogaster [62,63], and virulence during single infection with DCV has been 

shown to be more heritable across DGRP lines than for viruses that do not naturally 

infect Drosophila [42]. CrPV, isolated from the Australian field cricket Teleogryllus 

commodus [64], is not known to naturally infect any Drosophila species, but has been 

shown to be capable of experimentally infecting a large range of insect taxa [65,66]. 

Evolutionary and genome-wide association studies (GWAS) have revealed a 

relatively simple host genetic basis for susceptibility to DCV infection, with variation 

in two major effect genes, pastrel and Ubc-E2H, explaining a large proportion of the 

variation in susceptibility [42,67–69]. Both genes have been implicated in cross-

immunity to CrPV in RNAi knockdown experiments [69]. A naturally occurring non-

synonymous single nucleotide polymorphism (SNP) in pastrel, A2469G, has been 

shown to increase resistance to DCV [67], although the molecular function of pastrel 

in resistance remains unknown. 

 

Mutational studies of antiviral immunity in Drosophila have revealed five additional 

host pathways involved in resistance to DCV and CrPV, four of which are 

investigated here (Table 1, reviewed in [70–72]). Antiviral RNA interference (RNAi) 

targets viral genomes in the cytoplasm using siRNA produced from the cleavage of 

viral dsRNA by the action of the host Dicer-2 (Dcr-2) protein [73]. These siRNAs are 

loaded onto the Argonaute-2 (Ago-2) protein, forming part of an RNA-induced 
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silencing complex (RISC) that uses siRNAs as a guide to silence and mark viral 

genomes for degradation [74]. Both Dcr-2 and Ago-2 have been implicated in DCV 

and CrPV resistance, with disruptions leading to increased viral load and mortality in 

infected flies [75–79]. Both viruses encode inhibitors of antiviral RNAi pathway that 

target different components of the pathway; the CrPV inhibitor binds to Ago2 

preventing slicing activity [80], while the DCV inhibitor binds dsRNA, preventing its 

cleavage by Dcr-2 [75], and also interferes with RISC assembly [80]. 
 

Gene Abbreviation Pathway/process Known effects of disruption/mutation 

Argonaute 2 Ago2 RNAi Increased virulence and viral load during DCV [75–77] 
and CrPV infection [75–77].   

Dicer 2 Dcr2 RNAi Increased virulence and viral load during DCV 
[75,76,78] and CrPV infection [75,76,79].  

Dorsal-related 
immunity 
factor 

Dif Toll 
No change in virulence during DCV infection [81], but 
increased virulence and viral load during infection 
with another Drosophila RNA virus (DXV) [82]. 

Relish Rel IMD Increased virulence and viral load during DCV [77,83] 
and CrPV infection [84]. 

Spatzle Spz Toll Increased virulence during DCV infection [81]. 

Unpaired 3 Upd3 JAK-STAT Increased virulence during DCV infection with 
constitutive Upd3 gene expression [85]. 

Pastrel Pst Unknown 

Increased virulence during DCV [42,69] and CrPV 
infection [69]. Naturally occurring SNP A2469G 
decreases virulence and viral load during DCV 
infection [67]. 

Table 1: Immune genes investigated in this study, and their known effects on the outcome of 
virus single infection in D. melanogaster. Unless otherwise stated, disruption/mutation refers to 
RNAi knockdown or knockout mutation. Virulence in these studies is measured either in survival 
curves or percentage mortality a given time post-infection. 
 

Three signalling pathways (Toll, IMD, and JAK-STAT) have been shown to influence 

antiviral resistance in Drosophila, although their contributions vary between viruses 

and infection conditions [70–72]. Each pathway is activated by the binding of an 

extracellular cofactor (Spätzle (Spz) in Toll [86], bacterial peptidoglycan in IMD [87], 

and Upd1, Upd2, or Upd3 in JAK-STAT [88]), to cell surface receptors. Following 

binding, signals are transduced through multiple intermediate host proteins, 

culminating in the transcription of antimicrobial peptides [89]. In Toll, knockout 

mutants of Spz or the transcription factor Dorsal increase susceptibility to oral 

infection with DCV [81]. Mutation of Dorsal-related immunity factor Dif), a second 



4. Host genetics and coinfection 

Page | 70 
 

transcription factor associated with toll signalling, had no effect on DCV-induced 

mortality, but has been implicated in resistance to other Drosophila RNA virus 

infections [81,82]. IMD mutants deficient in the transcription factor Relish (Rel) show 

increased viral loads and mortality during both DCV and CrPV infection [77,83,84], while 

JAK-STAT mutants with constitutively active Upd3 show increased mortality but little 

change in viral load in DCV infection, suggesting a role in tolerance to DCV infection 
[85]. 

 

Variation in the genetic components of host susceptibility to single infection may also 

result in changes to the outcomes of coinfection. Here, by quantifying the phenotypic 

variation in viral load during single and coinfection, and partitioning this variation into 

genetic and environmental components, we examine the potential for host genetic 

variation to influence coinfection. Further, by looking at effects in knockout mutant 

lines, we investigate the contribution to the individual components of the host 

immune response to the outcome of coinfection. 

 

4.2 Materials & Methods 
 

Fly Stocks 

 

Fly stocks were kindly provided by Jon Day and Francis Jiggins (DGRP lines [42]), 

Vanesa Mongelli and Maria Carla Saleh (immune mutant panel Background A [90]), 

and Arun Prakash, Katy Monteith and Pedro Vale (immune mutant panel 

Background B [91]) (for details see Appendix IV). In total, 25 DGRP lines were used, 

with 15 lines containing the resistant “G” allele and 10 containing the susceptible “A” 

allele of the A2469G pastrel SNP [67]. Immune mutant panel background A consisted 

of a w1118 wild-type line and knock-out mutants for Ago2, Dcr2, Dif, Rel, and Spz 

that were backcrossed into the w1118 background for 10 generations. Immune 

mutant panel background B included a upd3 mutant that was separately crossed into 

a w1118 wild-type background for generations and so was treated independently 

from the other mutants to account for any between lab differences in w1118. 
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All fly lines were maintained in multi-generation Drosophila stock bottles 

(Fisherbrand) at 22°C, 70% relative humidity in a 12-hour light-dark cycle, with each 

stock bottle containing 50ml of standard cornmeal medium (Appendix I). Stocks were 

confirmed to be negative for infection with DCV and CrPV by quantitative reverse 

transcription PCR (qRT-PCR, described below). To limit the effects of larval density 

on the condition of experimental flies, five groups of 7 day old, mated females were 

transferred to fresh vials containing cornmeal media each day for 3 days. Pooled 0-1 

day offspring flies were then collected for experiments. 

 

Virus Isolates 

 

Virus stocks were provided by Julien Martinez (DCV) [92] and Valérie Dorey and 

Maria Carla Saleh (CrPV) [75]. The DCV isolate used here (DCV-C) was isolated from 

lab stocks established by wild capture in Charolles, France [61], and the CrPV isolate 

was collected from Teleogryllus commodus in Victoria, Australia [93]. Virus stocks 

were checked for contamination with CrPV (DCV) and DCV (CrPV) by qRT-PCR and 

diluted in Ringers solution [94] to equalise the relative concentrations of viral RNA. 

Before inoculation, virus aliquots were either mixed 1:1 with Ringers solution (single 

infection) or 1:1 with an aliquot of the other virus (coinfection). This was done to keep 

the individual doses of each virus consistent between infection conditions. 

 

Inoculation 

 

Before inoculation, 0-1 day old male flies were transferred to vials containing 

cornmeal media and aged to 3-4 days old with transfers to fresh media every 2 days. 

Vials contained between 3 and 10 flies (mean = 7.7), and were kept at 22°C, 70% 

relative humidity in a 12-hour light-dark cycle throughout the experiments. Male flies 

were used exclusively to avoid any effect of sex or mating status, which has been 

shown to influence the susceptibility of female flies to other pathogens [95–97]. Flies 

were inoculated under CO2 anaesthesia via septic pin prick with 12.5-μm diameter 

stainless steel needles (Fine Science Tools, CA, USA). These needles were bent 
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approximately 250μm from the end to provide a depth stop and dipped in virus 

solution before being pricked into the pleural suture of each fly. Inoculation by this 

method has been shown to follow the same course as oral infection but is less 

stochastic [98], and avoids differences in inoculation dose due to variation in feeding 

rate. Inoculated flies were transferred to cornmeal vials and maintained for a further 

2 days ± 2 hours before snap freezing in liquid nitrogen. We aimed to collect 12 

biological replicates (DGRP) and 24 biological replicates (mutant panels) for each 

combination of fly line and infection condition (DCV single infection, CrPV single 

infection, DCV + CrPV coinfection). The biological replicates were split across three 

experimental blocks for DGRP lines and two experimental blocks for mutant lines. 

Within blocks, the order of fly lines and infection condition, were randomised. 

 

Measuring change in viral load 

 

Total RNA was extracted from flies homogenized in Trizol (Invitrogen, supplied by 

ThermoFisher) using chloroform-isopropanol extraction, and reverse transcribed 

using Promega GoScript reverse transcriptase (Sigma) with random hexamer 

primers. qRT-PCR was carried out on 1:2 diluted cDNA on an Applied Biosystems 

StepOnePlus system using Sensifast Hi-Rox Sybr kit (Bioline). Cycle conditions were 

as follows: initial denaturation at 95°C for 120 seconds, then 40 cycles of 95°C for 5 

seconds, and 60°C for 30 seconds. The primer pairs used for the virus qRT-PCR 

assays were: (DCV) forward, 5′-GACACTGCCTTTGATTAG-3′; reverse, 5′-

CCCTCTGGGAACTAAATG-3′, (CrPV) forward, 5′-TTGGCGTGGTAGTATGCGTAT-

3′; reverse, 5′-TGTTCCGTCCTGCGTCTC-3′. The following RPL32 housekeeping 

gene primers were used for normalisation: forward, 5’-

TGCTAAGCTGTCGCACAAATGG-3’; reverse, 5’-TGCGCTTGTTCGATCCGTAAC-

3'. For each sample, two technical replicates were performed for each amplicon (viral 

and RpL32).  

 

Between-plate variation in Ct values was estimated and corrected for using a linear 

model with plate ID and biological replicate ID as parameters, as described 

elsewhere [99,100]. Mean viral Ct values from technical replicate pairs were normalized 
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to RpL32 and converted to relative viral load, where ΔCt = Ct:Virus – Ct:RpL32, and ΔΔCt 

= 40 – ΔCt. Amplification of the correct products was verified by melt curve analysis. 

Repeated failure to amplify product, the presence of melt curve contaminants, or 

departures from the melt curve peaks of positive samples (±1.5°C) were used as 

exclusion criteria for biological replicates. For the DGRP data, of the 100 unique 

combinations of DGRP line, virus, and infection condition, 12 biological replicates 

were obtained for 83 combinations, 11 replicates for 15 combinations, and 10 

replicates for 2 combinations. For the mutant panel data, of the 32 unique 

combinations of mutant line, virus, and infection condition, at least 17 replicates were 

obtained for every combination, with most combinations having 22-24 replicates. 

 

Analysis of Genetic Variation 

 

Genetic variation in the outcome of coinfection was analysed using methods 

previously described by Magwire et al. [42]. Briefly, multivariate generalised linear 

mixed models (GLMMs) were fitted using the R package MCMCglmm [101] with either 

the viral loads of each virus under each infection condition or the effect of coinfection 

on viral load (coinfection – single infection) as the response variable. The structures 

of these models were as follows: 

 𝑦𝑦𝑙𝑙𝑖𝑖𝑐𝑐 =  𝛽𝛽1:𝑐𝑐 + 𝜇𝜇𝑙𝑙:𝑐𝑐 + 𝜇𝜇𝑏𝑏:𝑐𝑐 + 𝑒𝑒𝑙𝑙𝑖𝑖𝑐𝑐 (1) 

 𝑦𝑦𝑙𝑙𝑖𝑖𝑖𝑖 =  𝛽𝛽1:𝑖𝑖 + 𝜇𝜇𝑙𝑙:𝑖𝑖 + 𝜇𝜇𝑏𝑏:𝑖𝑖 + 𝑒𝑒𝑙𝑙𝑖𝑖𝑖𝑖 (2) 

 

In model (1), ylic is the viral load for the combination of virus and infection condition c 

(CrPV single infection, CrPV coinfection, DCV single infection, DCV coinfection) in 

the ith biological replicate of DGRP line l. The fixed effect β1 represents the intercepts 

for each combination, the random effect µl represents the deviation of each DGRP 

line from the overall mean viral load for each combination (equivalent to the 

between-line variance), and elic represents the residual error. A small but significant 

effect of experiment block was found in initial models, driven by ~ 10 fold differences 

in DCV viral loads of the third experimental block. To account for this, random effects 

of block by infection condition (μb:c, μb:v) were added to models (1) and (2). The 
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structure of model (2) remains the same, but with the effect of coinfection on viral 

load for each virus as the response variable, and yliv representing the effect of 

coinfection on viral load for the ith biological replicate of virus v and DGRP line l. 

Pastrel allele status (susceptible “A”, resistant “G”) was included in additional models 

as a fixed effect (β2:lp). 

 

Within these models, the random effects and residuals were assumed to follow a 

multivariate normal distribution with a centred mean of 0 and a covariance structure 

Vl ⊗ l for the between line variances, and Ve ⊗ I for the residuals. Here, ⊗ 

represents the Kronecker product, I represents an identity matrix, and V represents 4 

x 4 covariance matrices for model (1) and 2 x 2 covariance matrices for model (2) 

which describe the between-line variances and covariances in viral load for each 

infection condition and virus. As each biological replicate was only tested with one 

combination of virus and infection condition, the covariances of Ve cannot be 

estimated and were set to 0. 

 

Models were run for 13 million MCMC generations, sampled every 5000 iterations 

with a burn-in of 3 million generations. Parameter expanded priors were placed on 

the covariance matrices, resulting in multivariate F distributions with marginal 

variance distributions scaled by 1000. Inverse-gamma priors were placed on the 

residual variances, with a shape and scale equal to 0.002. To ensure the model 

outputs were robust to changes in prior distribution, models were also fitted with flat 

and inverse-Wishart priors, which gave qualitatively similar results. 

 

The covariance matrices of models (1) and (2) were used to calculate the 

heritabilities (h2), covariates of additive genetic and environmental variation (CVA and 

CVE respectively), and evolvabilities (IA) (Appendix IV) of viral load and the effects of 

coinfection within host species. Heritabilities were calculated as ℎ2 = 𝑉𝑉𝐴𝐴
𝑉𝑉𝐴𝐴 + 𝑉𝑉𝐸𝐸

 , where 

VA represents the additive genetic variance and VE the environmental variance of 

each trait. As DGRP lines are homozygous, VA can be calculated as half the 

between-line variance, assuming purely additive genetic variation [42]. VE was set as 
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the residual variance of each model, which contains both non-additive genetic and 

environmental effects on viral load and any measurement errors. Genetic 

correlations between infection conditions were calculated from the model (1) and (2) 

vl matrices as 𝑐𝑐𝑐𝑐𝑖𝑖𝑥𝑥,𝑦𝑦

�𝑖𝑖𝑣𝑣𝑣𝑣𝑥𝑥+𝑖𝑖𝑣𝑣𝑣𝑣𝑦𝑦
 and slopes of each relationship as 𝑐𝑐𝑐𝑐𝑖𝑖𝑥𝑥,𝑦𝑦

𝑖𝑖𝑣𝑣𝑣𝑣𝑥𝑥
. All parameter 

estimates reported are means of the posterior density, and 95% credible intervals 

(CIs) are the 95% highest posterior density intervals. 

 

Analysis of the Outcomes of Single and Coinfection Across Mutant Lines 

 

Linear mixed models were fitted using the R package lme4 [102] to detect significant 

differences in viral load across mutant lines, viruses, and infection conditions. The 

maximal model structure was as follows (asterisks denote interactions between 

explanatory variables, such that 𝑦𝑦 =  𝛽𝛽1 ∗ 𝛽𝛽2 represents 𝑦𝑦 =  𝛽𝛽1 + 𝛽𝛽2 + 𝑑𝑑(𝛽𝛽1 × 𝛽𝛽2)): 

 𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖𝑐𝑐𝑏𝑏 =  𝛽𝛽1:𝑚𝑚 ∗ 𝛽𝛽2:𝑖𝑖 ∗  𝛽𝛽3:𝑐𝑐 ∗ 𝜇𝜇𝑏𝑏:𝑖𝑖𝑐𝑐 + 𝑒𝑒𝑚𝑚𝑖𝑖𝑖𝑖𝑐𝑐 (3) 

 

In model (3), ymivcb is the viral load for the ith biological replicate of virus v, infection 

condition c, and mutant line m in experimental block b. Separate models were fitted 

to data on mutant lines from different laboratory w1118 backgrounds. Significant 

differences were seen between experiment blocks, driven by a ~4 fold mean 

increase in DCV viral load in block 2, and a ~31 fold decrease in DCV viral load in 

Rel mutants during single infection in block 2. To account for this, a random effect of 

block by virus and infection condition (μb:vc) was added to model (3), and significant 

differences found during post-hoc testing were checked to ensure effects were 

consistent between blocks. Pairwise pooled t-tests were performed using the 

emmeans package [103], and significance thresholds were adjusted for multiple 

testing using Bonferroni correction [104]. 
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4.3 Results 
 

Coinfection causes small but significant changes in viral load for DCV and CrPV 

across lines 

 

To investigate genetic variation in the outcomes of coinfection within-species, we 

injected 8618 flies from 25 lines of the Drosophila Genetic Reference Panel with one 

of three virus inoculums: DCV, CrPV, and DCV + CrPV, and measured the outcome 

of infection as the viral load of each virus at 2 days post-infection using qRT-PCR 

(Fig. 1). Point estimates of mean viral load for each virus across lines suggest a 

small (~3-fold) increase in DCV viral load and a similar (~2.5 fold) decrease in CrPV 

viral load during coinfection, although with overlapping credible intervals (Fig. 1A, 

Table 2). When effects of coinfection (coinfection - single infection) on viral load were 

analysed (in effect treating viral loads within experiment blocks as paired data), 

similar and significant effects of coinfection across lines were detected (Fig. 1B, 

Table 3). Several lines showed notably large changes during coinfection: two DGRP 

lines showed ~10 fold decreases in CrPV viral load, and three lines showed ~40-150 

fold increases in DCV viral load, during coinfection. Removing these lines from the 

model reduced the mean changes in viral load during coinfection to a ~2 fold 

increase for DCV and a ~2 fold decrease for CrPV, but the effects of coinfection on 

both viruses remained significant.  
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Figure 1: Viral load and the effects of coinfection across DGRP lines during infection with DCV 
and CrPV. A) Bar heights show the mean change in viral load by 2 dpi on a log10 scale, with error 
bars representing the standard error of the mean. The colour of bars separates viral loads during 
single infection (blue) and coinfection (red). DGRP lines are arranged on the x-axis in order of 
susceptibility to CrPV single infection. B) Bar height and colour show the effect of coinfection 
(coinfection - single infection) on viral load, with error bars representing the standard error of the 
mean. Red bars represent DGRP line and virus combinations where point estimates of viral loads 
during coinfection were greater than during single infection, and blue bars represent combinations 
where point estimates of viral load during single infection were greater than in coinfection. The order 
of DGRP lines on the x-axis is maintained from (A). 
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Virus Condition Mean Ve VA h2 

DCV Single 
Infection 6.17 (5.29, 6.98) 2.08 (1.75, 2.46) 1.00 (0.47, 1.65) 0.32 (0.20, 0.46) 

 Coinfection 6.62 (5.82, 7.40) 1.80 (1.49, 2.09) 0.71 (0.33, 1.18) 0.28 (0.16, 0.40) 

CrPV Single 
Infection 4.68 (4.02, 5.34) 0.94 (0.79, 1.09) 0.14 (0.05, 0.25) 0.13 (0.05, 0.22) 

 Coinfection 4.28 (3.60, 4.96) 0.74 (0.61, 0.86) 0.12 (0.04, 0.20) 0.13 (0.06, 0.22) 

Table 2: Estimates of the phenotypic mean, environmental variance (VE), and additive genetic 
variance (VA) of viral load across DGRP lines for DCV and CrPV during single infection and 
coinfection. Values were taken from model (1), which was fitted on log10-transformed fold-changes in 
viral load.  
 

 

Virus Mean Ve VA h2 

DCV 0.33 (0.18, 0.47) 0.21 (0.15, 0.27) 0.03 (0.00, 0.06) 0.11 (0.00, 0.23) 

CrPV -0.27 (-0.37, -0.18) 0.39 (0.05, 0.92) 0.00 (0.00, 0.02) 0.02 (0.00, 0.09) 
Table 3: Estimates of phenotypic mean, environmental variance (VE), and additive genetic 
variance (VA) of the effect of coinfection (coinfection - single infection) on viral load for DCV 
and CrPV. Values were taken from model (2), which was fitted on log10-transformed ∆ fold-changes in 
viral load. 
 

 

No evidence of a host genetic component in the outcome of coinfection 

 

To estimate the influence of host genetic variation on the outcome of coinfection, and 

any effects of coinfection on host genetic variation in susceptibility to DCV or CrPV, 

GLMMs were fitted to viral loads for each virus during single and coinfection (Fig. 1A, 

Table 2), and the phenotypic variation in viral load partitioned into genetic and 

environmental components. We found little evidence of changes in the heritability of 

viral load due to coinfection, with the credible intervals of h2 for each virus during 

single infection overlapping with those during coinfection (Table 2). Correspondingly, 

no host genetic component was detected in the effect of coinfection (Table 3, 

Appendix IV), with credible intervals of h2 and the coefficient of genetic variation 

(CVA) overlapping zero. No effect of pastrel allele status was found in either model 

(1) or model (2), however our experimental design is not optimised for finding the 

effects of individual loci. Point estimates of heritability of DCV viral load (0.25-0.30) 

were higher than for CrPV (0.13), and this difference was driven by changes in the 

genetic component of variation (Appendix IV): CrPV CVA = 0.08, (0.05, 0.11), DCV 

CVA = 0.16, (0.12, 0.20). CVA did not differ between single and coinfection for either 
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virus, [105] suggesting that the genetic component of variation in susceptibility of D. 

melanogaster to infection with a natural pathogen (DCV) is higher than for a novel 

pathogen (CrPV). Strong positive correlations were seen between the viral loads of 

each virus during single and coinfection (r = 0.91-0.92, β = 0.78-0.81), indicating little 

change in the influence of host genetics on viral loads during coinfection and only 

minor evidence of genotype-by-coinfection interactions (Fig. 2).  

 
Figure 2: Genetic correlations in viral load between single infections and coinfections of DCV 
and CrPV. Correlations in viral load between DCV single and coinfection (A) and CrPV single and 
coinfection (C). Individual points represent the mean viral load at 2 dpi for each DGRP line on a log10 
scale, and trend lines have been added from a univariate least-squares linear model for illustrative 
purposes. Genetic correlations (r), regression slopes (β), and 95% Cis have been taken from the 
output of model (1). Differences in the rank order of susceptibility to DCV (B) and CrPV (D) from 
single to coinfection. Bar height and colour show the mean viral loads at 2 dpi on a log10 scale, with 
error bars representing the standard error of the mean. The order of species along the x-axis has 
been sorted in ascending order of viral load during single infection with DCV (B) and CrPV (D). 
Deviations from this rank order during coinfection are indicative of the crossing over of reaction norms 
and interactions between host genotype and infection condition.  
 

Strong positive genetic correlations between DCV and CrPV viral load were seen 

across DGRP lines (r = 0.87-0.88, Fig. 3) with little evidence of genotype-by-virus 

interactions altering the rank-order of susceptibility. Due to the lower phenotypic 
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range in CrPV viral loads, the slopes of these regressions were both lower than one 

(β = 0.34-0.35). Together, these suggest that susceptibility to DCV and CrPV share 

similar genetic architectures across DGRP lines, with variation affecting DCV viral 

load similarly affecting CrPV viral load, irrespective of coinfection status.  
 

 
Figure 3: Genetic correlations in viral load between DCV and CrPV during single and 
coinfection. Correlations in viral load between DCV and CrPV single infection (A) and DCV and CrPV 
coinfection (C). Individual points represent the mean viral load at 2 dpi for each DGRP line on a log10 
scale, and trend lines have been added from a univariate least-squares linear model for illustrative 
purposes. Genetic correlations (r), regression slopes (β), and 95% Cis have been taken from the 
output of model (1). Differences in the rank order of susceptibility between viruses during single (B) 
and coinfection (D). Bar height and colour show the mean viral loads at 2 dpi on a log10 scale, with 
error bars representing the standard error of the mean. The order of species along the x-axis has 
been sorted in ascending order of viral load during single infection with DCV (B) and CrPV (D). 
Deviations from this rank order during coinfection are indicative of the crossing over of reaction norms 
and interactions between host genotype and virus. 
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Immune-mediated interactions during coinfection are virus and immune component 

specific 

 

To look at the effect of individual components of D. melanogaster immunity on the 

outcome of coinfection, 2792 flies from six knockout mutant lines (Ago2, Dcr2, Dif, 

Rel, Spz, Upd3) and two w1118 control lines were experimentally infected as before, 

with viral loads measured at 2 dpi via qRT-PCR (Fig. 4 and Appendix IV). After 

accounting for multiple testing, significant differences in single infection viral loads 

were detected in Ago2 mutants infected with DCV, with a ~1700 fold increase in 

mean viral load compared to the control (t44 = 7.11, p < 0.001), but not in any other 

mutant lines for either DCV or CrPV. When comparing viral loads between single 

and coinfection in each mutant line we found significant increase in CrPV viral load 

during coinfection in the Ago2 (~15 fold-increase, t45 = 2.65, p = 0.049), and Rel 

mutants (~15 fold-increase, t45 = 2.67, p = 0.047), and increases in DCV viral load 

during coinfection in Dcr2 mutants (~34 fold-increase, t43 = 3.39, p < 0.01). Together, 

this suggests that individual components of Drosophila immunity can influence the 

outcome of coinfection, and that this influence may be virus-specific. 
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Figure 4: Viral loads in single and coinfections of immune mutant lines. Viral loads of DCV and 
CrPV during single (blue) and coinfection (red) in immune knockout mutant lines generated from two 
different laboratory stocks of w1118 (control) flies. Horizontal lines show the mean viral load at 2 dpi 
on a log10 scale, with error bars showing the standard error of the mean. Blue asterisks show 
significant differences in viral loads between control and mutant lines during single infection, and red 
asterisks show significant differences between viral loads between single and coinfection within 
mutant lines, with multiple testing accounted for using Bonferroni correction (⋆: p < 0.05). 
 

 

 

4.4 Discussion 
 

Coinfections can alter the outcomes of infection, and so may act as a source of 

phenotypic variation in host susceptibility in many host-pathogen interactions [4–22]. 

Understanding the influence of host genetics on this variation has implications for the 

ability of hosts to evolve in response to selective pressures imposed by coinfection. 

Additionally, coinfections could alter the influence of host genetic variation in 

susceptibility to each pathogens, changing individual host-pathogen coevolutionary 

interactions depending on the prevalence of the other pathogen in the host 
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population. Here, we examined the role of host genetic variation on the outcome of 

coinfections in D. melanogaster during infection with DCV and CrPV, using 25 DGRP 

lines and six knockout immune mutant lines. We found small but significant effects of 

coinfection on viral load in these viruses across DGRP lines, with DCV increasing ~3 

fold and CrPV decreasing ~2 fold during coinfection. Consistent with previous 

studies we found that genetic variation explained a large proportion of variation in 

susceptibility to single infections [42]. We found strong genetic correlations in viral 

loads across lines during single and coinfections, and little evidence of a host genetic 

component determining the outcome of coinfection. Mutant lines for Ago2, Dcr2, and 

Rel showed virus-specific effects during coinfection, indicating that the strength of 

coinfection interaction can be influenced by host immunity. 

 

The contributions of individual immune components to antiviral immunity are well 

characterised in D. melanogaster, with susceptibility to DCV and CrPV controlled by 

components of multiple immune pathways and major effect loci (Table 1) [70,71], Here, 

notably, we only detect significant differences in single infection viral loads in Ago2 

mutants infected with DCV. Studies of oral infections have found large changes in 

viral load due to knockout mutations in Ago2 in DCV infection (~1000-fold increase at 

2dpi) and Dcr2 in CrPV infection (~100-fold increase at 2dpi) [76]. However, studies of 

systemic infections of DCV in Dcr2 mutants show much smaller effects (~2-fold 

increase at 2 dpi) [78], and in vitro studies of CrPV infection in Ago2 mutant cell lines 

showed a lower ~5-fold increase of CrPV after 16 hours of infection [77]. This 

suggests the effect sizes of immune components in susceptibility to DCV and CrPV 

may vary depending on infection route, with smaller effect sizes of Dcr2 on DCV viral 

load and Ago2 on CrPV viral load in infections that bypass the gut immune barrier. 

The smaller effect sizes of mutation in systemic infection, alongside the high within-

line variation seen in our data, may have prevented us from detecting the effects of 

Ago2 and Dcr2 on single infections seen in other studies. 

 

The virus-specific effects of mutation in Ago2, Dcr2, and Rel on the outcomes of 

coinfection warrant further investigation. In the case of Ago2 mutation, CrPV is 

infecting flies in a host environment containing ~1700-fold greater concentrations of 

DCV. As such, the CrPV-specific effect of Ago2 mutation in coinfection may be due 

to DCV occupying and overwhelming other immune pathways in the host, allowing 
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CrPV to further escape from the host immune response and increase in viral load. In 

Dcr2 knockout mutants, no correspondingly large increase in CrPV viral load is 

present to account for increases in DCV viral load during coinfection. Dcr2 proteins 

function at multiple points in the RNAi pathway, both in the production of siRNA and 

later in the degradation of targeted RNA [72]. Both siRNA processing and siRNA-

mediated RNAi functions are decreased, but not lost, in knockout mutants of Dcr2 
[105], suggesting that other components of the antiviral RNAi pathway may continue to 

provide some immunity to infection in Dcr2 mutants. It may therefore be possible that 

the presence of CrPV, which suppresses the activity of Ago2 during infection, may 

cause DCV viral load to increase during coinfection in Dcr2 mutants due to additional 

suppression of antiviral RNAi. 

 

The lack of any detectable host genetic component in the outcome of coinfection, 

despite effects being found in mutants for specific immune components, suggests 

that the levels of natural genetic variation captured in our DGRP panel was not 

sufficient to influence the outcome of coinfection. Strong positive correlations 

between single and coinfection viral loads across DGRP lines further suggest that, 

for each genotype, susceptibility in single infection predicts susceptibility in 

coinfection. Genetic components of variation are necessary for traits to evolve in 

response to selection pressure [106] and, while we cannot conclude that there is no 

host genetic component to the outcome of coinfection with DCV and CrPV, any 

selection pressure imposed by coinfection may only be expected to cause very small 

changes in the mean outcome of coinfection in populations of D. melanogaster over 

successive generations [107]. Similarly, the host genetic component of susceptibility to 

DCV and CrPV single infections was largely unchanged during coinfection, such that 

that coinfection with each virus has no effect on the heritability or evolvability of 

susceptibility of the other virus compared to single infection. Together, this suggests 

that the response of host populations to selection imposed by individual viruses may 

not always change during coinfection [108]. However, changes in trait means over 

time are a function of both the evolvability of traits and the strength of selection 

acting on these traits. To provide additional evolutionary context to these findings, 

future studies may look to measure both the host genetic component of variation in 

coinfection and the strength of selection pressure imposed by coinfection in natural 

populations.  
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Here, we describe the influences of host genetic variation and specific immune 

mutations on the outcome of coinfection with two viruses. This approach should now 

be expanded to a more diverse range of coinfecting pathogens, to look for effects of 

host genetic variation during other pathogen-pathogen interactions, and to better 

understand the potential determinants of the outcome of coinfection interactions.  
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5. General Discussion 

This chapter was written with brief comments on structure from Ben Longdon. 

 

5.1 Summary of field 
 

Virus host shifts are a continuing public health, social, and economic problem, and 

tools to predict and mitigate the emergence of novel viruses are still in the early 

stages of development [1,2]. Our growing understanding of the diversity and 

complexity of virus infections is far outpacing the abilities of experimentalists to 

characterise each unique combination of host, virus, and infection context, and so 

any future approaches to prediction will most likely rely on generalisable rules and 

patterns in cross-species transmissions [3]. Three currently used sources of 

generalisation in virus host shifts are risk factors for zoonotic transmission, patterns 

in infection traits across the host phylogeny, and virus/host genome composition 

biases [1,4]. Each of these approaches has shown broad predictive or explanatory 

power across host species either in controlled experimental conditions [5–12] or in 

meta-analyses where changes in infection context are unknown [13–19]. The accuracy 

of these approaches still precludes their use outside of academia, and it remains an 

open question whether these predictive tools are capable of providing actionable 

information to public health [20,21]. The outcomes of virus infections are highly context 

dependent [22–31], and the impact of changes in infection condition on the predictions 

of these approaches is only just beginning to be explored (see for example [9,11]). 

Currently, only genome composition biases incorporate components of virus 

evolution in predictions, and these methods are so far limited to binary predictions of 

host permissiveness [32–34]. Parasite phylogenies can explain variation in the 

outcomes of infection in other parasite groups [35,36], and so virus evolutionary 

relationships may represent an underutilised resource in the prediction of virus host 

shifts. Given the unique evolutionary dynamics of RNA viruses [37], many questions 

remain concerning the evolutionary ranges at which inferences between viruses may 

be made, and the distances at which these inferences break down. 
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5.2 Summary of findings 
 

In this thesis, I have used a Drosophilidae experimental model system to study the 

outcomes of Cripavirus (DCV and CrPV) infection both within and across host 

species. I aimed to address three fundamental questions that limit our current 

understanding of virus host shifts and host-virus interactions: 1) Do correlations exist 

between closely related viruses in infection traits across host species? 2) Does the 

presence of a coinfecting virus influence patterns of susceptibility across host 

species? 3) Is there a role of host genetics in the outcome of coinfection within host 

species? My findings, and their wider relevance to the field, are summarised below. 

 

Chapter Two: Between virus correlations across host species 

 

In experimental infections of four Cripaviruses (DCV-C, DCV-EB, DCV-M, CrPV) 

across 45 host species of Drosophilidae, I found strong positive correlations in viral 

load across hosts between very closely related (>98% sequence similarity) viruses, 

and weaker positive correlations between DCV isolates and CrPV (~57-59% 

sequence similarity). The strength of correlations to DCV-C decreased in a stepwise 

fashion from the most closely related to least closely related virus relative, a pattern 

that would be consistent with a virus phylogenetic effect in this system, although we 

lacked the sample size or diversity of viruses to explore this properly. Deteriorations 

in correlation strength were accompanied by increased crossing over of reaction 

norms and changes in the rank order of host susceptibility, although host species 

susceptible to one virus generally remained susceptible when infected with the other 

viruses tested here. 

 

The characteristics of one virus are frequently extrapolated to close relatives in 

models of emerging and seasonal epidemics [38–41], the initial stages of novel virus 

discovery [42], and in studies that use surrogates in place of the virus of interest [43,44]. 

These comparisons are based on conventional wisdom that closely related 

organisms are likely to share some degree of similarity in their traits. This 
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assumption had yet to be tested experimentally in viruses during cross-species 

transmission, and the findings of Chapter Two present the first experimental proof of 

correlations in variable infection traits between related viruses across host species. 

This suggests that knowledge of one virus may be used to infer the characteristics of 

closely related novel viruses, although deteriorating correlation strengths at larger 

evolutionary distances, coupled with known examples of small polymorphisms in 

virus genomes leading to large phenotypic changes [45–48], suggest caution should be 

taken in making any such inferences. This finding can now be expanded to 

encompass a larger panel of more diverse virus isolates. This would allow for the 

relationship between evolutionary distance and correlation strength between viruses 

to be better characterised, and the possibility of virus phylogenetic effects on the 

outcome of infection to be explored. Similar to host phylogenetic models, such an 

approach may then allow for the calculation of errors associated with extrapolation 

between related viruses, which are a necessary inclusion in any actionable predictive 

tool for virus host shifts [1].  

 

Chapter Three: Coinfections across host species 

 

Coinfections with DCV and CrPV were explored as a potential source of variation in 

the outcomes of virus host shifts across the Drosophilidae host species panel. Prior 

knowledge of DCV and CrPV suggested these viruses have multiple opportunities to 

interact indirectly during coinfection, either through resource competition during their 

rapid amplification [8], or suppression or transactivation of the host antiviral immune 

response [49–51]. Despite this, I found little evidence of an effect of coinfection on the 

viral loads of either virus, with any effects seen in a subset of host species not 

recaptured in a follow-up experiment looking at coinfection tissue tropism. Negative 

results for pathogen coinfections are rare in the literature, although it is unclear if this 

is a biological rarity or publication bias [52]. Other studies of coinfecting pathogens 

have shown that resource competition effects can be recapitulated in single 

infections via starvation [53], and that knowledge of the immune pathway interactions 

of each pathogen during single infection can be predictive of their interactions during 

coinfection [54,55]. That no effect of coinfection was found across host species 
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suggests that neither resource availability or the activity of host immune components 

suppressed during coinfection were rate-limiting factors for virus replication or 

persistence. This finding has implications for the predictability of coinfection 

interactions, as additive approaches may not adequately explain situations where 

host conditions do not vary within a range sufficient to change the course of infection 

for each pathogen [54,55]. More broadly, this finding suggests that coinfection status 

may not be a requirement for inferential models of virus host shifts in all cases. 

However, our understanding of the importance of including coinfection in these 

models would benefit hugely from an unbiased knowledge of the frequency with 

which pathogens engage in coinfection interactions in nature. 

 

Chapter Four: Host genetics and coinfection 

 

The influence of host genetics on the outcome of coinfection with DCV and CrPV 

was investigated across experimental infections of 25 DGRP genotypes and six 

immune knockout mutant lines. I found small but significant effects of coinfection for 

both viruses, with mean viral load increasing ~3 fold in DCV and decreasing ~2 fold 

in CrPV across DGRP lines. These effects had little detectable host genetic basis, 

nor did the presence or absence of a coinfecting virus affect the heritability or 

evolvability of viral load across hosts for either virus. The lack of evidence for a host 

genetic effect on the effects of coinfection contrasts with studies of other systems 

that describe differences in coinfection outcome between host genotypes [56–58]. 

Despite considerable noise in data for the mutant knockout lines, I detected several 

host immune components with virus-specific effects on the outcome of coinfection. 

Together, this suggests host genetics has the potential to influence the outcomes of 

coinfection in D. melanogaster, but not within the range of natural genetic variation 

captured in this DGRP panel. It therefore remains an open question whether the 

outcome of coinfection is an evolvable trait in D. melanogaster in nature.  While 

having no effect on the heritability of viral load for each virus, DCV and CrPV 

coinfections may still alter the selection pressures imposed on hosts due to infection. 

Virulence assays following the same experimental structure may shed further light on 
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this, with implications for our understanding of the coevolutionary dynamics between 

hosts and viruses in natural systems where coinfections are ubiquitous. 

In previous studies of helminth coinfections in sheep, the additive effects of each 

helminth’s interactions with the host immune system during single infection was 

sufficient to predict the outcome of coinfection, and this prediction remained accurate 

during subsequent coinfection of rabbits with the same helminth species [54,55]. An 

ability to extrapolate coinfection outcomes from single infection data would be hugely 

beneficial to inferences of virus host shifts in nature, as systems strongly influenced 

by coinfection may be modelled without additional characterisation of coinfection 

dynamics. In this thesis, my investigations of the outcome of coinfection with DCV 

and CrPV have found little evidence of a consistent, predictable pattern across 

different host panels: across host species I found no evidence of an effect of 

coinfection distinguishable from stochastic noise, across DGRP lines of D. 

melanogaster I found positive effects of coinfection on DCV viral load and negative 

effects on CrPV viral load, and positive effects of coinfection were found for both 

viruses across immune knockout mutants. Together, this suggests that a simplified 

additive model of coinfection may not sufficiently predict coinfection outcomes with 

the same pathogens across multiple infection contexts. Instead, where pathogens 

have the potential to interact indirectly, a more quantified understanding of the 

influence of each pathogen on host components, and the ranges of activity in these 

components within which they influence infection, may be needed before predictions 

can be made reliably. 

 

5.3 Future directions 
 

In this thesis, I have investigated the correlations that exist between related viruses 

in their outcomes of infection across host species, and the effects of coinfection 

across and within host species. The findings described here have broad relevance to 

our understanding of virus host shifts, methods for their prediction, and potential 

sources of variation. Many outstanding questions remain, and below I briefly outline 

some avenues for future research that highlight the great continued potential of the 

system used throughout this thesis. 
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Virus phylogenetic effects in the outcome of host shifts 

 

The findings of Chapter Two are consistent with an effect of virus evolutionary 

distance on the strength of correlations between viruses, although these findings are 

far from conclusive evidence of an effect of virus phylogeny in the outcomes of virus 

host shifts. If a larger and more diverse panel of related virus isolates can be 

collected, which may be possible for Cripaviruses or more widely across the 

Dicistrovirus family [59], then this system may provide the first experimental evidence 

for the existence of virus phylogenetic effects in the outcome of infection. RNA virus 

evolution is characterised by rapid mutation rates that constrain their genomes sizes 

to a maximum of ~30Kb [37,60]. As such, any phylogenetic effects in viruses may differ 

from those found in other pathogen groups [35,36] in the evolutionary scales at which 

the phylogeny is informative. As deteriorations in correlation strength were seen in 

the virus isolates tested here, it may be that the divergence captured in available 

isolates of Cripaviruses lies within the detectable range for virus phylogenetic effects. 

Detecting these effects may provide additional avenues for the development of 

predictive models of virus host shifts. 

 

Experimental exploration of genome composition bias algorithms 

 

The most accurate current approaches to predict virus host shifts are machine 

learning algorithms trained on genome composition biases in hosts and viruses [1,3]. 

These algorithms are trained on data sourced from online databases and 

repositories for metagenomic surveys, which contain no additional information on 

infection traits beyond associations of hosts and viruses. As such, these algorithms 

are currently limited to binary predictions of host permissiveness and reservoir status 
[32–34]. The genome sequences of many Drosophilidae species in the host panels 

from this thesis are readily available [61,62], as are the sequences of DCV and CrPV. 

This makes the training of a machine learning algorithm to predict traits other than 

permissiveness, such as viral loads (as studied here) or virulence (as studied 

previously [7]), a possibility, so long as the number of species currently available for 
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experimental study provide sufficient power to inform the algorithm. If the outcomes 

of virus host shifts are predictable from similarities in genome composition biases 

between virus and host species in this system, this system will also provide a means 

to experimentally test the influence of multiple sources of variation on the predictive 

accuracy of these algorithms, with direct relevance to tools currently in development 

for predicting human zoonoses. 

 

Correlations in susceptibility across host species to diverse pathogens 

 

The study of Drosophila immunity is not limited to virus infections, with bacterial and 

fungal pathogens receiving much attention in the literature [63]. Many of the innate 

immune pathways identified in Drosophila have been implicated in resistance to 

multiple pathogen groups [64], which may provide a mechanism for correlations in 

susceptibility between pathogen types across Drosophilidae hosts. The existence of 

correlations in susceptibility between pathogen types would have interesting 

implications for the evolution of susceptibility in nature, where hosts are exposed to 

fluctuating selection pressures from multiple pathogens [65–67]. By experimentally 

evolving hosts to become resistant to one pathogen type, the potential for 

susceptibilities to each pathogen type to be decoupled in Drosophila can be tested 

(e.g. [68]), and this would provide a better understanding of the specificity with which 

innate immune mechanisms can evolve in these hosts. 

 

The prevalence of coinfection interactions in Drosophila 

 

In addition to testing for correlations between pathogen types, a broader and more 

diverse panel of pathogens would allow for a better understanding of the prevalence 

of coinfection interactions between Drosophila pathogens. We may expect 

coinfection interactions to be more common in virus-virus or bacteria-bacteria 

coinfections due to increased niche overlap and shared interactions with host 

immunity. Alternatively, coinfection interactions may vary between pathogens with 
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acute or chronic infection strategies, due to differences in the temporal profiles of 

interaction with host components. More broadly, an increased understanding of the 

frequency of coinfection interactions between pathogens would allow us to better 

assess the immediate importance of including coinfection as a source of variation in 

inferential models of virus host shifts. 

 

Limiting factors in single and coinfection 

 

Rate-limiting steps and limiting factors are established concepts in studies of 

metabolic pathways, where fluctuations in the activity or availability of one 

component in the pathway has little influence on the overall activity of the pathway 

due to bottlenecking of the pathway at an alternative component [69,70]. The 

inconsistency of coinfection interactions between DCV and CrPV across different 

host panels suggests that the influence of individual host components on the 

outcome of coinfection is changing in different infection contexts. Resource 

availability was expected to have a limiting effect on virus replication during 

coinfection with these viruses, but across species both viruses were consistently 

able to replicate to levels comparable to single infections during coinfection (Chapter 

Three). Past studies of the effects of diet across Drosophilidae hosts infected with 

DCV showed little effect of changes in dietary macronutrients but did not investigate 

decreases in the calorific content of diet [11], which has been shown to have similar 

effects to coinfection interactions mediated by resource competition in another study 
[53]. A future study limiting the calorific content of host diet during coinfections of DCV 

and CrPV may then reveal whether resource availability is inconsequential during 

coinfection with these viruses, or just not a limiting factor at the dietary contents 

usually used in Drosophila experiments. 

 

While diet is relatively straightforward to control experimentally, inducing different 

strengths of interference in Drosophila immune components to look for rate limiting 

steps in immune pathways is considerably more complicated. The GAL4/UAS 

system has been used extensively in knockdown studies of D. melanogaster across 
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multiple fields and allows for the induced expression of RNAi target sequences under 

the control of the UAS promoter in tissues and cells expressing GAL4 [71]. In one 

study of transgenetic D. melanogaster, the expression of GAL4 was linked to the 

presence of tetracycline in the diet by replacing the GAL4 promoter with a Tet-off 

promoter. This allowed the strength of GAL4 expression, and the resulting transgenic 

phenotype, to be adjusted by changing the concentration of tetracycline in the fly diet 
[72]. Applying such an approach to the knockdown of Drosophila immune components 

may be feasible, if not straightforward. One alternative may be direct injection of 

dsRNA targeting host immune components for interference (e.g. [73]) although it is 

unclear if this approach would allow for control of the strength of interference. 

Nevertheless, an ability to control the levels of activation of individual host immune 

components would allow for rate-limiting factors to be explored in the antiviral RNAi 

and signal transduction pathways of Drosophila during single infection, and this may 

reveal patterns that allow for the prediction of coinfection interactions between these 

viruses in different infection contexts, as a potential extension to current methods 

proposed for the prediction of coinfection interactions [54,55].  

 

5.4 Conclusions 
 

In this thesis I have used experimental infections and coinfections of DCV and CrPV 

to investigate patterns in the outcomes of infection across and within host species of 

Drosophilidae. The data I present suggests that correlations exist between related 

viruses in their ability to replicate and persist across a large host species panel, and 

that coinfections of DCV and CrPV can be influenced by host immunity, but perhaps 

not by the natural levels of genetic variation within D. melanogaster. The system 

used in these studies has great continued potential for the study of virus host shifts, 

and our understanding of sources of variation in the outcome of cross-species 

transmission. 
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6. Appendices 

Appendix I: Common supplementary materials and methods 

 

Table1. List of Drosophilidae species used in Chapters 2 and 3 

 

Species Genus Wingsize Diet Isofemale Chapter 2. Chapter 3. 
D. affinis Drosophila 1.803 Malt True Yes Yes 

D. americana Drosophila 2.045 Malt True Yes Yes 

D. ananassae Drosophila 1.493 Cornmeal True Yes Yes 

D. arizonae Drosophila 1.548 Banana True Yes Yes 

D. baimaii Drosophila 1.561 Cornmeal True Yes Yes 

D. buzzatii Drosophila 1.902 Malt True Yes Yes 

D. erecta Drosophila 1.581 Malt* True Yes Yes 

D. euronotus Drosophila 2.222 Cornmeal FALSE Yes Yes 

D. flavomontana Drosophila 2.192 Malt* True Yes Yes 

D. hydei Drosophila 2.182 Cornmeal True Yes Yes 

D. immigrans Drosophila 2.153 Malt* True Yes Yes 

D. lacicola Drosophila 2.268 Malt True Yes Yes 

D. lummei Drosophila 2.558 Malt* True Yes Yes 

D. mauritiana Drosophila 1.507 Proprionic True Yes Yes 

D. melanogaster Drosophila 1.716 Cornmeal True Yes Yes 

D. micromelanica Drosophila 1.895 Cornmeal True Yes Yes 

D. miranda Drosophila 2.395 Cornmeal True Yes Yes 

D. mojavensis Drosophila 1.650 Banana True Yes Yes 

D. montana Drosophila 2.706 Malt* True Yes Yes 

D. nasuta Drosophila 1.917 Cornmeal True Yes Yes 

D. nebulosa Drosophila 1.826 Cornmeal True Yes Yes 

D. obscura Drosophila 2.142 Proprionic True No Yes 

D. paramelanica Drosophila 1.946 Cornmeal True Yes Yes 

D. persimilis Drosophila 2.013 Malt True Yes Yes 

D. prosaltans Drosophila 1.699 Proprionic True Yes Yes 

D. pseudoobscura Drosophila 1.863 Malt True Yes Yes 

D. putridia Drosophila 1.639 Proprionic True Yes Yes 

D. saltans Drosophila 1.600 Proprionic True Yes Yes 

D. santomea Drosophila 1.489 Cornmeal True Yes Yes 

D. sechellia Drosophila 1.424 Proprionic True Yes Yes 

D. simulans Drosophila 1.484 Cornmeal True Yes Yes 
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D. sturtevanti Drosophila 1.779 Cornmeal True Yes Yes 

D. subobscura Drosophila 2.056 Cornmeal True Yes Yes 

D. sucinea Drosophila 1.932 Cornmeal True Yes Yes 

D. suzukii Drosophila 2.100 Cornmeal True Yes Yes 

D. takahashii Drosophila 1.559 Cornmeal True Yes Yes 

D. teisseri Drosophila 1.463 Cornmeal True Yes Yes 

D. tropicalis Drosophila 1.919 Cornmeal True No Yes 

D. virilis Drosophila 2.253 Proprionic True Yes Yes 

D. yakuba Drosophila 1.307 Cornmeal True Yes Yes 

H. duncani Hirtodrosophila 1.969 Proprionic True Yes Yes 

S. lativittata Scaptodrosophila 1.851 Banana True Yes Yes 

S. lebanonensis Scaptodrosophila 2.053 Proprionic True Yes Yes 

S. pattersoni Scaptodrosophila 2.023 Banana True Yes Yes 

Z. davidi Zaprionous 1.911 Banana True Yes Yes 

Z. taronus Zaprionous 2.131 Banana True Yes Yes 

Z. tuberculatus Zaprionous 1.914 Banana True Yes Yes 
* Diets supplemented with additional dry yeast. 

 

Table 2. List of Drosophila media recipes 

 

 Banana Cornmeal Malt Proprionic 
Water (ml) 1000 1000 1000 1000 

Agar (g) 10 11 10 10 

Yeast (g) 30 19 20 20 

Cornmeal (g) - 88 - 70 

Dextrose (g) - 88 - - 

Semolina (g) - - 60 - 

Soya Flour (g) - - - 10 

Bananas (g) 150 - - - 

Malt Extract (g) 30 - 80 80 

Molasses (g) 50 - - 22 

Nipagin* (ml) 25 29 14 14 

Proprionic Acid† (ml) - - 5 6.2 
* Methyl-4-hydroxybenzoate (Sigma-Aldrich: H3647), dissolved 10% w/v in Ethanol 99%+ Absolute, 
Extra Pure, SLR, Fisher ChemicalT (Fisher Scientific: 10610813) 
† Proprionic acid, 99% pure, ACROS OrganicsT (Fisher Scientific: 10634622) 

Preparation: Ingredients (excluding nipagin & proprionic acid) are mixed together and brought to boil, 
then allowed to cool to 80°C before adding preservatives and pouring into bottles/vials. Media is 
allowed to solidify overnight at room temperature before use. 
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Table 3. RPL32 Primer Sequences 

 
 

Name Sequence 
Forward RpL32_qPCR_F-a TGCCAAGTTGTCGCACAAATGG  

RpL32_qPCR_F-b TGCTAAGTTGTCGCACAAATGG  
RpL32_qPCR_F-c TGCCAAGCTGTCGCACAAATGG  
RpL32_qPCR_F-d TGCTAAGCTGTCGCACAAATGG  
RpL32_qPCR_F-e TGCGAAGTTGTCGCACAAATGG  
RpL32_qPCR_F-f TGCGAAGCTGTCGCACAAATGG 

Reverse RpL32_qPCR_R-a TGCGCTTGTTGGAACCGTAAC  
RpL32_qPCR_R-b TGCGCTTGTTGGATCCGTAAC  
RpL32_qPCR_R-c TGCGCTTGTTGGAACCATAAC  
RpL32_qPCR_R-d TGCGCTTGTTGGAGCCGTAAC  
RpL32_qPCR_R-e TGCGCTTGTTAGAACCGTAAC  
RpL32_qPCR_R-f TACGCTTGTTGGAACCGTAAC  
RpL32_qPCR_R-g TGCGCTTGTTGGAACCGTAGC  
RpL32_qPCR_R-h TGCGCTTGTTCGATCCGTAAC  
RpL32_qPCR_R-i TGCGCTTGTTGGAGCCATAAC  
RpL32_qPCR_R-j TGCGCTTGTTTGATCCGTAAC  
RpL32_qPCR_R-k TGCGCTTGTTTGAACCATAAC  
RpL32_qPCR_R-l TACGCTTGTTGGAACCATAAC  
RpL32_qPCR_R-m TACGCTTGTTGGAGCCGTAAC  
RpL32_qPCR_R-n TGCGCTGGTTGGAACCATAAC  
RpL32_qPCR_R-o TGAGCTTGTTCGATCCGTAAC  
RpL32_qPCR_R-p TACGCTTGTTGGAGCCATAAC  
RpL32_qPCR_R-q TGAGCTTGTTTGATCCGTAAC  
RpL32_qPCR_R-r TAAGCTTGTTGGATCCGTAGC  
RpL32_qPCR_R-s TCAGCTTGTTGGATCCATAGC 

Primers were designed to amplify across an intron boundary to ensure only cDNA sequences were 
amplified. Different primer combinations were used for different host species (see below) to account 
for SNPs in the primer binding sites. 
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Table 4. RPL32 Primer Combinations used for each Drosophilidae species 

 

Species Forward Reverse 
D. affinis F-a R-i 
D. americana F-c R-a 
D. ananassae F-f R-a 
D. arizonae F-a R-a 
D. baimaii F-a R-r 
D. buzzati F-a R-e 
D. erecta F-d R-h 
D. euronotus F-a R-g 
D. flavomontana F-c R-a 
D. hydei F-a R-a 
D. immigrans F-b R-p 
D. lacicola F-c R-a 
D. lummei F-c R-a 
D. mauritiana F-d R-h 
D. melanogaster F-d R-h 
D. micromelanica F-a R-g 
D. miranda F-a R-d 
D. mojavensis F-a R-a 
D. montana F-c R-a 
D. nasuta F-b R-f 
D. nebulosa F-b R-c 
D. obscura F-b R-a 
D. paramelanica F-a R-g 
D. persimilis F-a R-b 
D. prosaltans F-a R-n 
D. pseudoobscura F-a R-m 
D. putridia F-d R-q 
D. saltans F-a R-n 
D. santomea F-a R-n 
D. sechellia F-d R-h 
D. simulans F-d R-h 
D. sturtevanti F-a R-l 
D. subobscura F-a R-i 
D. sucinea F-b R-k 
D. suzukii F-d R-o 
D. takahashii F-d R-o 
D. teissieri F-d R-h 
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D. tropicalis F-b R-k 
D. virilis F-c R-a 
D. yakuba F-d R-h 
H. duncani F-f R-c 
S. lativittata F-a R-m 
S. lebanonensis F-d R-h 
S. pattersoni F-a R-m 
Z. davidi F-a R-c 
Z. taronus F-a R-c 
Z. tuberculatus F-a R-c 
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Appendix II:  Chapter 2. Supplementary figures and tables 

 

Table 1. MCMCglmm model estimates of the effects of wing length on viral load of 

each virus across host species. 

 

Virus Posterior Mean 95% CI 
CrPV 0.74 -10.05, 10.56 
DCV-C 1.01 -8.59. 11.45 
DCV-EB 0.34 -9.71, 10.16 
DCV-M 1.04 -8.50, 11.22 

 

Table 2. Estimates of the differences between correlations in viral load (Δr).  

 

 DCV-C : 
DCV-EB 

DCV-C : 
DCV-M 

DCV-EB : 
DCV-M 

CrPV : 
DCV-C 

CrPV : 
DCV-EB 

CrPV : 
DCV-M 

DCV-C : 
DCV-EB  

-0.04 
(-0.09, 0.00) 

-0.02 
(-0.07, 0.02) 

-0.37 
(-0.70, -0.13) 

-0.43 
(-0.78, -0.16) 

-0.45 
(-0.82, -0.18) 

DCV-C : 
DCV-M 

0.04 
(p = 0.03) 

 
0.03 

(-0.01, 0.08) 
-0.33 

(-0.68, -0.10) 
-0.38 

(-0.77, -0.13) 
-0.40 

(-0.77, -0.16) 
DCV-EB : 
DCV-M 

0.02 
(p = 0.47) 

-0.03 
(p = 0.17) 

 
-0.36 

(-0.69, -0.11) 
-0.41 

(-0.73, -0.09) 
-0.43 

(-0.78, -0.16) 
CrPV : 
DCV-C 

0.37 
(p < 0.001) 

0.33 
(p < 0.001) 

0.36 
(p < 0.001) 

 
-0.05 

(-0.14, 0.03) 
-0.07 

(-0.23, 0.06) 
CrPV : 
DCV-EB 

0.43 
(p < 0.001) 

0.38 
(p < 0.001) 

0.41 
(p < 0.001) 

0.05 
(p = 0.24) 

 
-0.02 

(-0.17, 0.11) 
CrPV : 
DCV-M 

0.45 
(p < 0.001) 

0.40 
(p < 0.001) 

0.43 
(p < 0.001) 

0.07 
(p = 0.32) 

0.02 
(p = 0.76) 

 

The differences presented have all been calculated as column minus row. Evidence for significant differences 
between correlations are shown as the mean and 95% CIs for the posterior distribution of the differences in 
correlations (white) and as PMCMC (grey). PMCMC corresponds to 2 * Pmin, where Pmin is either the probability of 
iterations in the posterior density being positive or negative, whichever is smaller. Significant differences (95% 
CIs not crossing zero, PMCMC < 0.05) are highlighted in bold. 

 

 

 

 

 



6. Appendices 

Page | 101  
 

Appendix III: Chapter 3. Supplementary figures and tables 

 

Figure1. Interspecific correlations in change in viral load between DCV and CrPV 

during single and coinfection 

 

 

Correlations in DCV and CrPV viral load during single infection (A), and coinfection (C). Individual points 
represent the mean change in viral load by 2 dpi for each host species on a log10 scale, and trend lines have 
been added for illustrative purposes from a univariate least-squares linear model. Total interspecific correlations 
(r), regression slopes (β), and 95% CIs are calculated from model (2). Differences in the rank order of host 
species susceptibility to DCV (B) and CrPV (D) from single to coinfection. Bar height and colour show the mean 
change in viral load by 2 dpi on a log10 scale, with error bars representing the standard error of the mean. The 
order of species along the x-axis has been sorted in ascending order of viral load of DCV during single infection 
(B) and viral load of DCV during coinfection (D). Deviations from this rank order during coinfection are indicative 
of crossing reaction norms and interactions between host species and coinfection. 
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Table 1. Aligned Rank Transform (ART) ANOVA table for model (3) investigating 

factors that differ in the tissue-specific changes in viral load during single and 

coinfection. 

 

Parameter 

Df Residual Df F-Value P-Value 
Adjusted  

P-Value  t h v c 

    5 438 3.67 < 0.01 0.04 * 

    3 438 132.18 < 0.0001 < 0.0001 *** 

    1 438 6.34 0.01 0.18  

    1 438 48.02 < 0.0001 < 0.0001 *** 

    15 438 3.88 < 0.0001 < 0.0001 *** 

    5 438 2.98 0.01 0.18  

    5 438 3.44 < 0.01 0.07 . 

    3 438 35.79 < 0.0001 < 0.0001 *** 

    3 438 36.15 < 0.0001 < 0.0001 *** 

    1 438 2.89 0.09 1  

    15 438 1.06 0.39 1  

    15 438 3.16 < 0.0001 < 0.001 *** 

    5 438 0.88 0.49 1  

    3 438 8.52 < 0.0001 < 0.001 *** 

    15 438 1.98 0.02 0.23  

t = Tissue, h = Host Species, v = Virus, c = Infection Condition (single infection or coinfection). Bonferroni 
correction was used to produce adjusted p-values to account for the multiple (15) F-tests used in this model. 
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Table 2. Aligned Rank Transform (ART) ANOVA table for model (4) investigating 

factors that differ in the tissue-specific effects of coinfection on viral load. 

 

Parameter 

Df Residual Df F-Value P-Value 
Adjusted  

P-Value  t h v 

   5 219 2.81 0.02 0.12  

   3 219 44.17 < 0.0001 < 0.0001 *** 

   1 219 0.28 0.6 1  

   15 219 3.69 < 0.0001 < 0.0001 *** 

   5 219 2.06 0.07 0.5  

   3 219 10.29 < 0.0001 < 0.0001 *** 

   15 219 2.54 < 0.01 0.01 * 

t = Tissue, h = Host Species, v = Virus. Bonferroni correction was used to produce adjusted p-values to 
account for the multiple (7) F-tests used in this model summary. 
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Appendix IV: Chapter 4. Supplementary figures and tables 

 

Table 1. List of DGRP lines (and their pastrel allele status) used in Chapter 4 

 

DGRP Line # Pastrel Allele 
21 G 
59 G 
69 A 
73 A 
109 G 
229 G 
320 G 
358 G 
362 A 
365 A 
386 G 
437 A 
492 A 
502 G 
714 G 
721 A 
738 G 
774 A 
812 G 
820 A 
822 G 
852 G 
855 G 
861 A 
892 G 

Resistant alleles (G) are coloured orange, and susceptible (A) alleles are coloured blue. 
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Table 2. List of D. melanogaster immune mutants used in Chapter 4 

 

Mutant Line Gene Mutation Method Background Balancer 

Ago-2414 Argonaute-2 Deletion of exon 2 and 
most of intron 2 

Imprecise excision 
of P{EP} w1118 A No 

Dcr-2L811fsX Dicer-2 L811 changed to FGIR 
SLCWIVAARRTPTWX 

Ethyl methane-
sulfonate w1118 A No 

Dif1 Dorsal related 
immunity factor G1104A Ethyl methane-

sulfonate w1118 A No 

RelE20 Relish Deletion of all four 
transcription start sites 

Imprecise excision 
of P{lacW} w1118 A No 

Spz2 Spatzle T400A Ethyl methane-
sulfonate w1118 A Yes 

P{XP}upd3d11639 Unpaired 3 P{XP} insertion P{XP} insertion w1118 B No 

The generation of the mutant lines used in this study has been described elsewhere. Briefly, mutant 
lines of Ago2414, Dcr2L811fxX, Dif1, RelE20, and Spz2 were made isogenic to w1118 background A by 
backcrossing to w1118 at least ten times in the lab of Maria Carla Saleh. In the Spz2 mutant line, the 
wildtype chromosome was replaced with a balancer as homozygous mutant flies were infertile. Mutant 
lines of P{XP}upd3d11639 were sourced from the Bloomington Stock Center (BL19355) and 
backcrossed to w1118 background B (Vienna Drosophila Resource Centre #60000) at least ten times in 
the lab of Pedro Vale.  

 

 

Method 1. Calculation of covariates of genetic and environmental variance, and 

evolvability 

 

Covariates of genetic and environmental variation were calculated as 𝐶𝐶𝐶𝐶𝐴𝐴 = �𝑉𝑉𝐴𝐴
|�̅�𝑥|

 and 𝐶𝐶𝐶𝐶𝐸𝐸 = �𝑉𝑉𝐸𝐸
|𝑥𝑥� |

 , 

where |x̄| represents the absolute (modulus) value of the phenotypic mean for each virus and infection 

condition. As CVA and CVE are directionless, |x̄| is used here in place of x̄ to allow for the calculation 

of coefficients of variation with negative trait means. Evolvabilities were calculated as 𝐼𝐼𝐴𝐴 = 𝑉𝑉𝐴𝐴
�̅�𝑥2

 . Both 

evolvability and the covariates of variation were calculated without the 100 multiplier originally 

described by Houle. As such, IA can be interpreted here as the expected proportional change in the 

value of a trait under a unit strength of selection. 
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Table 3. Heritability (h2), coefficients of environmental and additive genetic variation 

(CVE and CVA), and evolvability (IA) of viral load for DCV and CrPV during single and 

coinfection 

 

Virus Condition h2 CVE CVA IA 

DCV Single Infection 0.32 (0.20, 0.46) 0.24 (0.20, 0.27) 0.16 (0.12, 0.20) 0.027 (0.011, 0.046) 

 Coinfection 0.28 (0.16, 0.40) 0.20 (0.17, 0.23) 0.13 (0.09, 0.17) 0.016 (0.008, 0.029) 

CrPV Single Infection 0.13 (0.05, 0.22) 0.21 (0.18, 0.25) 0.08 (0.05, 0.11) 0.007 (0.002, 0.012) 

 Coinfection 0.13 (0.06, 0.22) 0.20 (0.17, 0.24) 0.08 (0.05, 0.11) 0.006 (0.002, 0.012) 

Values were taken from model (1), which was fitted on log10-transformed fold-changes in viral load. 

 

Table 4. Heritability (h2), coefficients of environmental and additive genetic variation 

(CVE and CVA), and evolvability (IA) of the effect of coinfection (coinfection - single 

infection) on viral load for DCV and CrPV during single and coinfection 
 

 

Virus h2 CVE CVA IA 

DCV 0.11 (0.00, 0.23) 1.34 (0.75, 2.09) 0.31 (0.00, 0.67) 0.141 (0.000, 0.444) 

CrPV 0.02 (0.00, 0.09) 0.97 (0.58, 1.48) 0.19 (0.00, 0.48) 0.060 (0.000, 0.230) 

Values were taken from model (2), which was fitted on log10-transformed ∆ fold-changes in viral load. 
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Table 5. Pairwise pooled t-tests of differences in viral load between single and 

coinfection across Drosophila immune mutant lines of Background A 

 

Group 1 : Group 2 Δx̄ SE df t p p.adj  
W1118 CrPV Single : Ago2 CrPV Single -0.35 0.45 524.00 -0.78 0.43 1  
W1118 CrPV Single : Dcr2 CrPV Single 0.56 0.48 524.36 1.17 0.24 1  
W1118 CrPV Single : Dif CrPV Single 0.40 0.46 524.05 0.87 0.38 1  
W1118 CrPV Single : Rel CrPV Single 0.93 0.45 524.01 2.05 0.04 0.20  
W1118 CrPV Single : Spz CrPV Single 0.13 0.45 524.01 0.29 0.77 1  
W1118 DCV Single : Ago2 DCV Single -3.23 0.45 524.01 -7.11 <0.001 <0.001 * 
W1118 DCV Single : Dcr2 DCV Single 0.00 0.44 524.01 0.00 1.00 1  
W1118 DCV Single : Dif DCV Single -0.96 0.44 524.01 -2.17 0.03 0.15  
W1118 DCV Single : Rel DCV Single -0.54 0.44 524.01 -1.22 0.22 1  
W1118 DCV Single : Spz DCV Single -1.06 0.44 524.00 -2.42 0.02 0.08  
W1118 CrPV Single : W1118 CrPV Coinfection -0.24 0.45 524.01 -0.52 0.60 1  
Ago2 CrPV Single : Ago2 CrPV Coinfection -1.18 0.44 524.01 -2.65 <0.01 <0.05 * 
Dcr2 CrPV Single : Dcr2 CrPV Coinfection -0.71 0.47 524.38 -1.53 0.13 0.77  
Dif CrPV Single : Dif CrPV Coinfection -0.94 0.45 524.11 -2.07 0.04 0.24  
Rel CrPV Single : Rel CrPV Coinfection -1.18 0.44 524.01 -2.67 <0.01 <0.05 * 
Spz CrPV Single : Spz CrPV Coinfection -0.55 0.44 524.01 -1.25 0.21 1  
W1118 DCV Single : W1118 DCV Coinfection -0.35 0.44 524.00 -0.81 0.42 1  
Ago2 DCV Single : Ago2 DCV Coinfection 0.05 0.45 524.01 0.11 0.91 1  
Dcr2 DCV Single : Dcr2 DCV Coinfection -1.53 0.45 524.01 -3.39 <0.001 <0.001 * 
Dif DCV Single : Dif DCV Coinfection 0.38 0.44 524.01 0.86 0.39 1  
Rel DCV Single : Rel DCV Coinfection 0.60 0.46 524.11 1.29 0.20 1  
Spz DCV Single : Spz DCV Coinfection -0.09 0.44 524.00 -0.20 0.84 1  

p.adj represents the Bonferroni adjusted p-value for each pairwise test.  

Table 6. Pairwise pooled t-tests of differences in viral load between single and 

coinfection across Drosophila immune mutant lines of Background B 

 

Group 1 : Group 2 Δx̄ SE df t p p.adj  
W1118 CrPV Single : Upd3 CrPV Single -0.60 0.38 165.60 -1.57 0.12 0.12  
W1118 DCV Single : Upd3 DCV Single 0.35 0.34 165.10 1.04 0.30 0.30  
W1118 CrPV Single : W1118 CrPV Coinfection -0.34 0.38 165.75 -0.92 0.36 0.72  
Upd3 CrPV Single : Upd3 CrPV Coinfection 0.00 0.35 165.90 0.01 0.99 1  
W1118 DCV Single : W1118 DCV Coinfection -0.11 0.33 165.02 -0.35 0.73 1  
Upd3 DCV Single : Upd3 DCV Coinfection -0.51 0.34 165.02 -1.52 0.13 0.26  

p.adj represents the Bonferroni adjusted p-value for each pairwise test. 
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