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General introduction
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Chapter 1

An introduction to nematodes and Caenorhabditis elegans

Nematodes (roundworms), with their relatively simple body structures and apparent absence
from our daily lives, may seem a fairly plain group of animals at first sight. In fact, many of us
are not aware of their very existence. Still, if all animals in this world were to be counted one
by one, eight out of ten animals would belong to the phylum Nematoda (van den Hoogen et
al. 2019). These animals and their diverse range of lifestyles have for long fascinated biologists
worldwide. Some nematodes are associated with humans, for example because they parasitize
the human body or that of their cattle, pets and agricultural crops (Charlier et al. 2020; Jones et
al. 2013; Pisarski 2019; Traversa 2012). Yet, most are free-living nematodes that are harmless
to mankind. These nematodes feed on bacteria, fungi, protozoa (small, unicellular organisms)
or other nematodes and contribute to (soil) food web stability (van den Hoogen et al. 2019).
One of these free-living nematodes, the bacterivorous Caenorhabditis elegans, has played an
exceptional role in science. This nematode species was selected as an experimental organism
based on modesty: a simple body structure and its ease to be cultured in the lab (Brenner
1974). However, because of its success as a genetic model, this Imm-long animal has not only
contributed to understanding nematodes, but also many other life forms (Ankeny 2001; Corsi
etal. 2015).

C. elegans makes a powerful genetic model, because of its androdiecious mating system which
means both self-fertilizing hermaphrodites and males occur. Hermaphrodites predominate
natural and laboratory populations and can be inbred until the genome is completely
homozygous. Homozygous individuals can then be used to start a population containing
genetically identical individuals. Males can be used to cross and combine genetic material.
The small genome of the nematode is divided over six chromosomes spanning roughly
100 million base pairs (in comparison: the human genome contains 3 billion base pairs).
Therefore, this nematode was selected as the first multicellular organism to become sequenced,
originally mainly as a preparation before sequencing the human genome (The C. elegans
Sequencing Consortium 1998; Travers 1999). By now, the C. elegans genome still is one of the
best annotated genomes and genetic information is easily accessible via open sources such
as WormBase (wormbase.org) (Lee et al. 2018; Stein et al. 2002; The C. elegans Sequencing
Consortium 1998). This well-annotated genome further established the nematode as a model
system for studies on genetics. As a result, C. elegans has been at the technological and
scientific forefront of genetic and molecular research in multicellular organisms. Among the
major achievements are the discovery of RNA interference (RNAi), molecular understanding
of apoptosis, using fluorescent tags to directly visualize proteins, and discovery of lifespan
altering pathways (Chalfie et al. 1994; Fire et al. 1998; Johnson & Friedman 1988; Kenyon et
al. 1993; Sulston & Horvitz 1977; Sulston et al. 1983). Many of these studies where facilitated

by the use of mutant animals: animals with an altered DNA sequence compared to their



General introduction

wild-typeancestor thatare distributed among researchers via several resources (Caenorhabditis
Genetics Center and (Mitani 2009; Thompson et al. 2013)). What started out with making
random mutants using mutagens (Brenner 1974), is now replaced by precise genome editing
techniques such as CRISPR/Cas9 (Chen et al. 2016; Farboud 2017). Genetic techniques will
be used to (further) unravel functions of the roughly 19,000 genes in its genome.

One may think that C. elegans at this point must be among the most well-understood animals
on earth. And in one way it is: every step in the nematode’s development from egg to egg-
laying adult (which takes roughly 3.5 days under optimal conditions) has been monitored and
described (Sulston & Horvitz 1977; Sulston et al. 1983). Yet, surprisingly little is known about
the natural life of the animal (Frézal & Félix 2015; Petersen et al. 2015). Since this ecological
information has been lacking for years, several aspects of the nematode’s biology have been
understudied. This thesis focuses on one of these aspects: the interaction between C. elegans

and the pathogens that infect this nematode in the wild.

The ecology of Caenorhabditis elegans

The natural habitat of C. elegans is in rotting materials where many bacteria thrive (Cook
et al. 2017; Félix & Duveau 2012; Frézal & Félix 2015). These habitats can be rotting fruits,
plant stems or organic litter. Natural populations undergo so-called ‘boom-and-burst’
cycles, where exponential growth under favorable conditions is followed by a collapse of
the thriving population after food runs out (Figure 1). Hermaphrodites usually prevail in
natural populations with males being present in (frequently far) less than 1% of the cases.
However, male frequencies differ per sample location and laboratory experiments indicate
their presence can increase under stress caused by food depletion or pathogens (Andersen
et al. 2012; Barriére & Félix 2005; Felix & Braendle 2010; Lynch et al. 2018; Masri et al. 2013;
Morran et al. 2009; Richaud et al. 2018; Sivasundar & Hey 2005; Teot6nio et al. 2006). From egg
to adult, C. elegans passes through four larval stages (L1-L4). L1 nematodes will stop growing
when little food is present and arrest in the L1 stage (Baugh 2013). If unfavorable conditions
remain L2 nematodes can enter the dauer state: a stress-resistant life stage that can withstand
long periods without food (in this state the nematodes even lack a functioning mouth to
process any nutrition) (Diaz & Viney 2015). Dauers can travel to favorable conditions by
themselves or can be carried by nematode vectors such as isopods, slugs, and snails (Lee et al.
2017; Schulenburg & Félix 2017). Vectors can be reached by the dauers when they stand on
their tails and reach out towards passing animals. This behavior named nictation can even be
observed in groups when several dauers together form a high column of swaying nematodes
(a so-called ‘dauer tower’) (Figure 1) (Felix & Braendle 2010; Félix & Duveau 2012).



Chapter 1

Figure 1 Natural life cycle of C. elegans — The natural lifecycle of C. elegans consists of cycles of dispersal
to locations with new food sources. Typical habitats include rotting plant stems (such as from Petasites
hybridus) where many bacteria can be found. Although C. elegans was originally described as a soil
nematode, dry litter (such as dried out leaves) typically does not provide a suitable habitat. Nematodes will

migrate to more favorable environments by jumping on or attaching themselves to larger animals (such as

isopods). During this process dauers can stack together into large clumps called dauer-towers (such as on
the right side of the dried leaf).
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General introduction

Once a favorable habitat is reached nematodes start feeding on bacteria. Contrary to the lab
where C. elegans solely feeds on the bacterial model species Escherichia coli, in its natural
habitat C. elegans is commonly found together with at least ten bacterial families (Samuel et
al. 2016). Laboratory experiments that fed naturally associated bacteria to (wild) C. elegans
showed that the microbiome in the C. elegans gut can differ significantly from the bacteria in
its habitat (Berg et al. 2016; Dirksen et al. 2016).

Not all microbes encountered by C. elegans mean well for them (Figure 2). Several bacteria
either colonize the intestine or the cuticula which leads to reduced offspring production
(Félix & Duveau 2012; Hodgkin et al. 2000). Other bacteria can even poison nematodes via
the toxins they produce (Marroquin et al. 2000; Tan et al. 1999). Fungal pathogens attach
to the intestine or the cuticula and consume the nematode (Hodge et al. 1997; Jansson
1994). Also deadly are microsporidian pathogens which are commonly found in nematode
populations worldwide (Zhang et al. 2016). Two of the most frequently found microsporidia,
Nematocida parisii and Nematocida ausubeli, both infect the C. elegans intestine. Intestinal
cells subsequently lose their food uptake capacity which in the end results in death 3-5 days
after infection in the lab (Troemel et al. 2008; Zhang et al. 2016). A third microsporidian
species, Nematocida displodere, infects and reproduces in the epidermis, neurons and muscles.
Microsporidia are released after the nematode bursts (Luallen et al. 2016). Oomycetes are
another group of deadly C. elegans-infecting pathogens that invade the animal after attaching
to the cuticula and spread through the entire nematode’s body forming pearl-like structures
(Osman et al. 2018). Relatively mild symptoms are found when C. elegans is infected by the
only virus known to infect this species to date: the Orsay virus (OrV) (Félix et al. 2011). This
positive-stranded RNA virus causes progressive degradation of gut cells and reduces offspring
production, but does not kill the nematode (Ashe et al. 2013; Félix et al. 2011). This virus was
originally found in Orsay (France) and has two RNA segments: the first encodes the RNA
dependent RNA polymerase (RARP) and the second the structural genes (Jiang et al. 2014).
The structural gene § forms long filaments and seems necessary for receptor binding and viral
egress (Guo et al. 2014).

n
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Figure 2 Intestinal pathogens of C. elegans - C. elegans feeds by pumping up bacteria (here shown in pink
and yellow) via an organ called the pharynx. In this organ its food is crushed to pieces by the grinder after
which it enters the digestive tract. Whilst C. elegans is feeding, intestinal pathogens like microsporidia and
viruses are provided with the opportunity to enter the nematode’s gut. Here, the Orsay virus enters intestinal
cells and hijacks their cellular machinery to force the host to produce new viruses. The Orsay virus typically
infects only a few of the twenty intestinal cells C. elegans has in total (here infected cells are illustrated in
red). Still viral infection can damage these large cells severely. Infected cells will shed the new viruses back
into the intestinal tract after they are ultimately released via the feces. There the virus will remain until
another nematode accidentally ingests it. In reality an adult C. elegans hermaphrodite is 20,000 times larger
than the Orsay virus (1 mm versus 500 Angstrom respectively). A typical bacterium would measure around

5 pum, thereby being 200 times smaller than the nematode.
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Defense of C. elegans against the Orsay virus

When a pathogen infects C. elegans, the nematode will try to counteract infection. Infection
activates an arsenal of anti-pathogenic defenses including molecular and behavioral responses.
Antibacterial defense mechanisms have been thoroughly reviewed (Schulenburg & Félix 2017)
and differ from the response to intracellular pathogens. The current knowledge of responses
to the intracellular pathogen the Orsay virus has been reviewed recently (Félix & Wang 2019)
and are the focus of this thesis (Figure 3).

Intracellular Pathogen Response

Microsporidia, oomycetes, and the Orsay virus all trigger a transcriptional response named
the Intracellular Pathogen Response (IPR). This response not only functions in counteracting
pathogens, but is also activated under heat stress, exposure to toxic compounds or
chemical blocking of the proteasome (Chen et al. 2017; Cui et al. 2007; Panek et al. 2020;
Reddy et al. 2017, 2019). Activation by one of these signals upregulates the IPR genes. The IPR
genes comprise 80 genes, many of which do not have a known function (Reddy et al. 2019).
Most IPR genes with a known function are part of the ubiquitination system that targets
proteins for degradation (Panek et al. 2020; Reddy et al. 2019). Degradation of excessive

proteins, resulting from one of the sources of stress, may relieve cells from proteotoxic pressure.

Immune responses such as the IPR use cellular resources that cannot be invested in
developmental processes. In case of the IPR, growth and immunity are balanced by the
gene pair pals-22 and pals-25 (Reddy et al. 2019). Pals-genes are characterized by the
shared ALS2CR12 protein signature (hence the name pals: protein with ALS signature)
(Leyva-Diaz et al. 2017). Located adjacent to each other on chromosome III pals-22 and pals-
25 control expression of the 80 IPR genes in an antagonistic manner (Reddy et al. 2019). Pals-
22 knock-out mutants develop slowly, but better withstand the stressors that activate the IPR
than wild-type animals (Reddy et al. 2017). The pals-22 mutant phenotype can be reversed
by also knocking out pals-25. These double mutants regain wild-type expression of the IPR
genes (Reddy et al. 2019). Besides pals-22 and pals-25 the pals-gene family contains 37 other
members (Leyva-Diaz et al. 2017). Of these, 25 pals-genes are upregulated upon intracellular
pathogen infection (Jiang et al. 2017; Leyva-Diaz et al. 2017). Although the transcriptional
response to heat-stress resembles that of a microsporidian infection, both have a distinct
biochemical effect (Panek et al. 2020).

Activation of the antiviral IPR depends on the presence of DRH-1, which is a homolog
of the human RIG-I protein that recognizes viral RNA in infected cells (Ahmad & Hur
2015; Lassig & Hopfner 2017; Sowa et al. 2019). DRH-1 is required for IPR activation
after viral infection, but not for IPR activation to counteract microsporidian infection or

thermal stress. DRH-1 can activate the IPR when only viral RNA is present, suggesting that
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it functions as a pattern-recognition receptor to detect viral presence (Sowa et al. 2019).
Crucially, DRH-1 is also necessary for activation of the antiviral RNA interference (RNAi)
pathway (Ashe et al. 2013).

RNA interference

Antiviral RNAi reduces OrV infection by targeting viral RNA for degradation (Félix et al.
2011; Sterken et al. 2014). Sequencing of small RNAs in infected wild-type and mutant
animals clarified which genes are involved during natural infection with the OrV (Ashe et al.
2013; Coftman et al. 2017). The antiviral RNAi process starts when OrV is sensed by DRH-1
(Sowa et al. 2019). This leads to processing of viral dsRNAs into 23-nt long double-stranded
small interfering RNAs (primary siRNAs) with help of RDE-4 and DCR-1. Subsequently,
RDE-1, RRF-1, and DCR-3 process and amplify the primary siRNAs into secondary siRNAs.
Secondary siRNAs are single-stranded, 22-nt long, have a triphosphorylated 5’-end and a bias
for having a guanine (G) as the first base pair. Finally secondary siRNAs are paired with viral
RNA by Argonaute proteins which targets the viral RNA for degradation (Ashe et al. 2013;
Coffman et al. 2017).

Terminal uridylation of viral RNA

Terminal uridylation is the process by which a uridylyl residue (U) is added to the genetic
sequence (Zigackova & Vanacova 2018). Both viral RNA segments of OrV can be mono-
uridylated at the 3’-end by CDE-1, an uridylyltransferase (Le Pen et al. 2018). Since both
OrV genome segments naturally end with an uridylyl residue an UU-tail forms which signals
for RNA degradation. The exonuclease gene xrn-2 and the exosome-component genes
exos-2 and dis-3 help decay the viral RNA. Although CDE-1 can target siRNAs these small
levels of uridylation appear not to change the antiviral RNAi functioning. Furthermore, IPR
gene expression remains unaffected in CDE-1 mutants. Thus, antiviral terminal uridylation

functions separately of the IPR and RNAI response.
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Figure 3 Antiviral defense in C. elegans — The Orsay virus infects intestinal cells of C. elegans after which
three antiviral mechanisms are activated. Two of these target the viral RNA: RNA inference (green) and
uridylation (purple). Via uridylation the host cell places a tag on the viral RNA after which it is recognized
and degraded. RNAi breaks the double-stranded intermediate of the replicating RNA in short pieces using
protein complexes that detect viral RNA. The short pieces of viral RNA are loaded into host proteins to
detect other viral RNAs. Further viral replication is blocked in this way. The third antiviral mechanism
targets proteins. The mechanism of the Intracellular Pathogen Response (orange) is not entirely known, but
two genes, pals-22 and pals-25 steer upregulation of 80 IPR genes. Part of the products encoded by the IPR

genes form complexes which likely tag viral proteins for degradation.
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Genetic variation in antiviral defense pathways

Discovery and comprehension of antiviral pathways in C. elegans is mainly based on studies
under standard laboratory conditions using hermaphrodites of the C. elegans reference strain
N2 (Félix & Wang 2019; Huang & Kammenga 2020). Standardization of studies is highly
important for the reproducibility and comparability of research but can limit understanding
of real-world diversity. Diversity may result from environmental or genetic variation and can
lead to perturbations in the molecular pathways studied (Kammenga 2017). In this thesis
the emphasis lies on the effect of genetic and sex-specific variation on the antiviral defense

mechanisms in C. elegans.

Immune response genes are for long known to be genetically highly variable, resulting from
the ongoing conflict between co-adapting host and pathogen (Mitchell-Olds et al. 2007).
Genetic variation in antiviral pathways is found in nature is which is illustrated by the
natural genetic variation present for the viral sensor drh-1. Several C. elegans strains collected
worldwide contain deletions in the domain that recognizes viruses. This leads to higher viral
susceptibility of these strains and misfunctioning of the RNAi pathway (and most likely also
the IPR which was not yet described at that time (Sowa et al. 2019)) (Ashe et al. 2013).

Several resources to study the effect of genetic variation have been established over the
last years. CeNDR provides a platform for collection, distribution and sequencing of wild
C. elegans strains that are sampled worldwide (Cook et al. 2017). These wild strains can be
used for Genome-Wide Association Studies (GWAS), a technique which is also frequently
used to study human populations (Buniello et al. 2019). GWAS indicates genetic regions
that can affect the trait of interest across multiple genetic backgrounds in the population
(Ashe et al. 2013; Evans et al. 2017; Hahnel et al. 2018; Zdraljevic et al. 2019). Additionally,
crosses between wild strains have been inbred to create Recombinant Inbred Lines (RILs) or
Introgression Lines (ILs). Classically, two parents create a panel of strains that can be used
to pinpoint genetic loci underlying phenotypic variation (Doroszuk et al. 2009; Li et al. 2006;
Rockman et al. 2010). Multiparent inbred lines capture additional genetic variation. Currently,
two sets of multiparent C. elegans inbred lines exist (Noble et al. 2017; Snoek et al. 2019).

Sex differences can also determine both the innate and adaptive immune response to viral
pathogens in many species including fruit flies, birds, lizards, mice, and humans (Ingersoll
2017; Klein & Flanagan 2016; Scully et al. 2020). Males are thought to generally invest less
resources in immunity than females, making them more prone to infection. Yet, also females
can be the more susceptible sex depending on the pathogen (Ingersoll 2017; Klein & Flanagan
2016). Infections in C. elegans males have not been performed often, but illustrate that also
for this species sex-dependent differences to pathogens occur. Males resist fungal infection

by Cryptococcus neoformans better than hermaphrodites, whereas hermaphrodites are more
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resistant to bacterial infections by Serratia marcescens and Bacillus thuringiensis (Lynch et al.
2018; Masri et al. 2013). Even though working with C. elegans males is more labor-intensive
compared to hermaphrodites, there are several tools that make exploring sex-related traits
especially attractive for this species. Valuable insights can be obtained by permanent or
temporary manipulation of the sex-determination pathway (Cutter et al. 2019; Kasimatis et al.
2018; Timmons et al. 2014). In addition, large sets of gene-expression and neuronal data are
freely available for both sexes (Cook et al. 2019; Gerstein et al. 2010).

Outline of this thesis

This thesis focuses on the role of natural genetic variation in the host C. elegans in its
interaction with the Orsay virus. The data presented here broadens the understanding of
antiviral immunity in this thoroughly studied organism and provides insight into natural

circumstances that shape this nematode’s genome.

This chapter (Chapter 1) presents an introduction to the research field of host-pathogen
interactions in the model organism C. elegans. Besides C. elegans other model organisms
have been used to investigate host-virus interaction in wild isolates. Chapter 2 reviews
literature on studying the effect of genetic variation on host-virus interactions in three
main model organisms and summarizes genetic resources that are available. In Chapter 3
the CeNDR database, a genetic resource containing information of over 300 wild C. elegans
isolates, is used to investigate natural genetic variation in the IPR genes that transcriptionally
respond to viral infection. A two-parental C. elegans Recombinant Inbred Line panel is used in
Chapter 4 to pinpoint which genetic variants determine susceptibility to the Orsay virus.
Sex-specific differences in C. elegans remain a less explored source of phenotypic variation.
Chapter 5 describes sex-determined viral susceptibility and describes what consequences
viral infection has on mating dynamics. Finally, Chapter 6 discusses the scientific findings in

this thesis and puts them in perspective for future research.

17



Chapter 2

Why do individuals differ in viral
susceptibility? A story told by model
organisms

Lisa van Sluijs"?, Gorben P. Pijlman 2, Jan E. Kammenga'

N

'Laboratory of Nematology.,vWageningen University and Research, the Netherlands

*Laboratory of Virology, Wageningen University and Research, the Netherlands

Published in Viruses (2017), 9, 284

19



Chapter 2

Abstract

Viral susceptibility and disease progression is determined by host genetic variation that
underlies individual differences. Genetic polymorphisms that affect the phenotype upon
infection have been well-studied for only few viruses as for example HIV-1 and Hepatitis
C virus. However, even for well-studied viruses the genetic basis of individual susceptibility
differences remains elusive. Investigating the effect of causal polymorphisms in humans
is complicated, because genetic methods to detect rare or small-effect polymorphisms are
limited and genetic manipulation is not possible in human populations. Model organisms
have proven a powerful experimental platform to identify and characterize polymorphisms
that underlie natural variation in viral susceptibility using quantitative genetic tools. We
summarize and compare the genetic tools available in three main model organisms,
Mus musculus, Drosophila melanogaster and Caenorhabditis elegans, and illustrate how these
tools can be applied to detect polymorphisms that determine the viral susceptibility. Finally,
we analyze how candidate polymorphisms from model organisms can be used to shed light
on the underlying mechanism of individual variation. Insights in causal polymorphisms and
mechanisms underlying individual differences in viral susceptibility in model organisms

likely provide a better understanding in humans.
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Quantitative genetics of viral infection in model organisms

Introduction

It is common knowledge that individual people differ in their susceptibilities to different
viruses. But exactly why individuals differ in viral susceptibility is hardly known. Viral
susceptibility is a complex phenotypic trait for which there is large variation among individuals
regarding infection establishment and development of disease symptoms. The phenotype
upon infection is determined by host genes, the environment and their interactions. Like for
many other traits the genetic architecture is complex, which means that viral susceptibility
is associated with multiple genes or loci. Whereas most genes and loci have a small effect on
phenotypic traits, few of them have a large phenotypic effect (Bloom et al. 2013; Manolio et al.
2009; Park et al. 2011). Individual phenotypic differences are due to polymorphisms in genes
or loci that affect the presence, function and interaction of host factors such as RNAs and
proteins (Gasch et al. 2016; Li et al. 2016).

The detection of polymorphic variants in humans is often based on Genome Wide Association
Studies (GWAS) which are currently the most widely used approaches to link genetic
variation with viral infection. For instance GWAS detected genetic variants associated with
variation in HIV-1, Hepatitis C, dengue and Influenza A virus infection (Al-Qahtani et al.
2013; Dang et al. 2014; van Manen et al. 2012; Wei et al. 2015; Zignego et al. 2014; Zuiiga et al.
2012). Causal polymorphisms discovered by GWAS are often polymorphic regions that have
a large effect on the phenotype. The identification of multiple small-effect polymorphisms is
far more challenging due to requirement of large and genetically highly diverse populations
(McLaren et al. 2015). By definition GWAS correlates genotypic variation with phenotypic
varjation based on statistical association tests and as such, GWAS does not provide insight
into the underlying molecular mechanisms (van der Sijde et al. 2014). Moreover, GWAS is a
population level readout that is difficult to translate to the individual level. Other approaches
to find polymorphisms that determine viral susceptibility in humans include specific patients
and twin studies. Studies in specific patients typically focus on severe outcome of disease
and can thereby identify large-effect polymorphisms (Dupuis et al. 2003; Zhang et al. 2007).
Twin studies are a classical approach to compare the effect of genetics and environment and
have identified multiple polymorphisms involved in infectious diseases (Chapman & Hill
2012). But twin studies also underline the importance of environment, especially as ambient
environmental factors can trigger the adaptive immune system to develop further and become
more efficient (Brodin et al. 2015). Both twin and special patient studies require that human
subjects are investigated. These may be difficult to find, especially for rare or poorly studied

viral infections.

Model organisms offer alternative opportunities for unravelling the molecular mechanisms
that are causal to individual differences of viral susceptibility. Here we review the use of model

organisms to study the effect of genetic variation on viral infection. Advanced quantitative
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genetic tools in model organisms allow for identifying polymorphisms that determine the
viral susceptibility in natural populations. The quantitative genetic tools in model organisms
provide ways to identify small-effect or rare polymorphisms with an effect on the viral
susceptibility. Moreover, in order to mechanistically understand why individuals differ in
viral susceptibility, model organisms provide an excellent platform for investigation because
individual allelic differences can be studied via experimental manipulation. These fundamental
insights can help to guide research in humans through the discovery of homologs or gene

networks that underlie natural differences in susceptibility to viral infections.

Polymorphisms in host factors that interact with viruses cause individual
differences in viral susceptibility

Viruses are obligate intracellular parasites that depend on their host for replication by exploiting
various parts of the host cell machinery (Pillay 2009). At the same time, viruses need to evade
the innate immune system of the host cell to prevent being sensed and eliminated. Viruses
interact with host factors, such as cellular receptors and motor proteins, during their life cycle.
Proviral host factors are necessary for viral replication, whereas antiviral host factors inhibit
or block viral infection. Potentially every polymorphism in a gene encoding a host factor
that interacts with a virus may determine individual viral susceptibility (Figure 1). Several
polymorphisms in host factors were identified by human population studies and GWAS to
affect the viral susceptibility during different stages in the viral life cycle. A polymorphism
in the cellular co-receptor CCR5 prevents HIV-1 from entering the cell, making some
individuals resistant against HIV-1 (Dean et al. 1996; Liu et al. 1996; Samson et al. 1996). The
polymorphism in the RNA trafficking gene RPAIN is hypothesized to increase viral replication
and is associated with severe pneumonia after Influenza A infection (Zuiiga et al. 2012). The
antiviral host factor BST2 restricts viral egress of HIV-1 by tethering the virus to the cell
(Neil et al. 2008) and polymorphisms in BST2 and the regulatory sequences of BST2 are
associated with the progression of HIV-1 infection (Hancock et al. 2015; Laplana et al. 2013).
Moreover, several polymorphisms in immune pathways associate with the viral susceptibility
of humans. The highly polymorphic Human Leukocyte Antigen cluster (HLA) regulates the
human adaptive immune response. Genetic variation in the HLA underlies susceptibility
differences for viral infections such as HIV-1, Hepatitis B and C virus, Eppstein-Barr virus
and measles virus (McLaren et al. 2015; Ovsyannikova et al. 2005; Pittman et al. 2016; Salek-
Ardakani et al. 2002). Furthermore, polymorphisms in the innate immune sensor MDAS5 and
in and around the cytokine IFN-)A-3 are associated with Hepatitis C virus clearance and the
responsiveness upon IFN treatment (Ge et al. 2009; Hoffmann et al. 2015; Thomas et al. 2009).
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(A) (B)

(8)

Figure 1 Genetic polymorphisms can affect the viral life cycle in the cell leading to susceptible and a
resistant individual - A hypothetical viral life cycle (based on a positive stranded RNA viral life cycle) is
shown for the cells of a susceptible (A) and a resistant (B) individual. Host factors are shown in red and
viral factors are shown in green. A comparison between the viral life cycles of both cells illustrates several
steps where individual polymorphic differences in host factors can affect the viral susceptibility. Step 1: in
the susceptible cell the virus binds to the cellular receptor, whereas in the resistant cell the virus cannot
enter due to polymorphic changes leading to insufficient binding capacity. CCR5A32 is a well-known
polymorphism in a cellular co-receptor preventing HIV-1 entry (Dean et al. 1996; Liu et al. 1996; Samson
et al. 1996). Step 2: in the susceptible cell the virus successfully uses an intracellular transporter, whereas in

the resistant cell this is not the case due to genetic individual differences. Polymorphisms in the intracellular
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receptor NPCI can prevent Ebola virus from being released into the host cell (Ndungo et al. 2016; Ng et al.
2015). Step 3: translation of the viral genome in the susceptible cell is successful, but not in the resistant cell.
A polymorphism in a translation initiation factor is associated with resistance to Rice tungro spherical virus
(Lee et al. 2010). Step 4: host immunity factors recognize the viral genome and proteins in the resistant
cell, but natural genetic variation leads to failure to eliminate the virus in the susceptible cell. Multiple
viral infections are affected by polymorphisms in the HLA region (McLaren et al. 2015; Ovsyannikova
et al. 2005; Pittman et al. 2016; Salek-Ardakani et al. 2002). Step 5: viral proteins efficiently hijack the
cellular machinery for genomic replication, whereas the virus in the resistant cell is unable to replicate due
to genetic individual differences. Polymorphisms in the replication gene RPAIN have been associated with
Influenza A virus replication (Zusiga et al. 2012). Step 6: viral proteins are transported by the cellular
motor proteins in the susceptible, but not in the resistant cell. Step 7: viral egress is facilitated by host factors
in the susceptible, but not in the resistant cell. Polymorphisms in BST2 can prevent HIV-1 from exiting the
host cell (Hancock et al. 2015; Laplana et al. 2013; Neil et al. 2008). Step 8: the virus is able to infect and

replicate the susceptible individual, in contrast to the resistant individual.

These examples of polymorphisms detected by GWAS illustrate the power of GWAS to
detect genetic variants associated with viral susceptibility. However, GWAS explains a small
fraction of the total variation observed, which is in part due to experimental limitations
of human GWAS studies. When a polymorphism is rare and/or has a small-effect on the
phenotype, the association will explain only a small part of the total phenotypic variation
in the population and is therefore not detected by the statistical test (Manolio et al. 2009).
Moreover, GWAS in humans has limited possibilities to detect the mechanisms underlying
small-effect or rare polymorphisms in the examined population for technical and ethical

considerations, e.g. genetic manipulations and experiments cannot be conducted.

Use of model organisms to unravel the interplay between host genetic variation
and viral infection

Quantitative genetic approaches in model organisms provide means to detect genetic
variants and the underlying mechanism involved in viral susceptibility (Mashimo et al. 2002;
Welton et al. 2005). Increased awareness concerning the importance of genetic variation in
natural populations has prompted model organism researchers to study the mechanisms
of genetic variation using segregating populations generated by parental crossings (Gasch
et al. 2016). The mapping populations consist of genotyped inbred populations, each
harboring different recombinations of the parental alleles. Subsequent phenotyping for viral
susceptibility in the inbred strains can yield genetic variants including single nucleotide
polymorphisms (SNPs) in coding and non-coding gene regions. Inbred populations with
many allelic breakpoints increase the possibility for identification of small-effect or rare

polymorphisms because of a high mapping resolution. As many pathways involved in viral
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infection are conserved across species, the search for genetic variants in model organisms

may identify host factors that function similar as their human homologs.

Several inbred populations derived from two parents have been created for model
organisms which comprise inbred strains of wild isolates, Recombinant Inbred Line
(RIL) and Introgression Line (IL) populations (Figure 2). RILs and ILs can be used for
mapping Quantitative Trait Loci (QTL) associated with viral susceptibility. QTL mapping
uses RILs and ILs derived from genetically divergent parents that differ in susceptibility to
virus infection. The parents are crossed and the offspring is inbred to obtain a population
of homozygous RILs, each having different genotypes. Once fully genotyped for genetic
markers like SNPs, every individual RIL can be measured for viral susceptibility. QTL
mapping statistically correlates viral susceptibility and the genotype of the RILs for every
locus on the chromosome. Significant QTL peaks indicate which locus is likely determining
the phenotype. In case the detected QTL are relatively broad and cover a large part of the
chromosome harboring many candidate polymorphisms, genetic loci identified in QTL
studies can be further fine mapped with ILs. ILs contain a single genetic fragment (the
introgression) of one wild type strain in the complete genetic background of the other
strain. Moreover, a causal relation between the phenotype and the introgression in the
target region experimentally verifies the QTL. Next to two-parental RILs, multiparent RILs
can be used to increase the mapping resolution (Iraqi et al. 2012; King et al. 2012b). These
RILs are created after several rounds of crossing starting with multiple parents, increasing
the genetic variation compared to two-parental crosses. A limitation of two-parental RILs
is that they do not encompass the full diversity of allelic variation that exists in natural
populations. Inclusion of multiple alleles allows for more precise mapping and identification

of potential regulatory variants.

Mouse (Mus musculus), fruit fly (Drosophila melanogaster) and nematode (Caenorhabditis
elegans) are major model organisms for genetic and molecular research, including virological
research focused on pathogenesis, tissue tropism and (evasion of) immune responses.
Below we summarize the quantitative genetic tools that are available for these three
model organisms and describe how these tools have been used to identify polymorphisms
involved in viral susceptibility (Figure 2). Furthermore, we illustrate how the studies in
model organisms can guide detection of genetic variants associated with viral susceptibility

in other species, including humans.
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Figure 2 Quantitative genetic tools in model organisms that can be used to study viral infection - A)

An overview of the tools that facilitate quantitative genetic studies on viral infection in mice, fruit flies and

nematodes. A comparison is made with the possibilities for human research. B) The genetic composition

of several types of quantitative genetic populations. GWAS populations contain individuals with different

genetic backgrounds. RIL populations contain the genetic fragments of two strains that are crossed.

Multiparent RIL populations contain genetic fragments from more than two parents, by crossing RILs

that originate from distinct parental strains. IL populations contain a single genetic background from one

parental strain in the full genome of the other parental strain. ILs are created by backcrossing RILs with

one of the parental strains.
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Mus musculus

Mice (Mus musculus) are widely used model organisms because these small mammals are
relatively close related to humans (Chinwalla et al. 2002). Contrary to other small model
invertebrate organisms, in mice the adaptive immune system can be studied. Mice can
be infected with several human viruses, such as Influenza A virus and chikungunya virus
(Gardner et al. 2010; Thangavel & Bouvier 2014). Moreover, either the mouse (immune
system) or the virus can be genetically adapted to facilitate infection with additional human
viruses, including Zika and HIV-1 (Guabiraba & Ryffel 2014; Lazear et al. 2016; Mestas &
Hughes 2004; Shultz et al. 2012; Victor Garcia 2016). A collection of inbred mice populations
is available to investigate genotype-phenotype effects. These populations include the
regularly used multiparent RILs of the Collaborative Cross population and the Chromosome
Substitution Strains which can be seen as an IL population with large introgressions (Buchner
& Nadeau 2015). Moreover, RIL and IL populations are also custom made by researchers to

answer specific questions.

Multiparent RIL mice of the Collaborative Cross population were infected with a mice-
adapted strain of Ebola virus. Some mice strains were completely resistant, whereas others
developed the lethal hemorrhagic fever characteristic for Ebola virus infection. Collaborative
Cross strains with different phenotypes upon infection were crossed after which the viral
susceptibility and transcriptional response of the F1 offspring was tested. This approach
yielded the identification of two susceptibility loci. One of the loci could be identified in
more detail and it was shown that the different susceptibilities to Ebola virus are likely due
to distinct Tie2 (also called Tek) polymorphisms (Rasmussen et al. 2014). Tie2 is involved in
sepsis upon infection with diverse pathogens and forms a target gene for therapeutics that
may relieve Ebola virus infection (Ghosh et al. 2016; Han et al. 2016).

Chromosome Substitution Strains contain a chromosome from one parent in the full genome
of the other parent; therefore found QTLs can be specifically attributed to a location (Nadeau
et al. 2000). The Chromosome Substitution strains have been used to study susceptibility
differences to the bacterial pathogen Staphylococcus aureus and did identify two causal
polymorphisms (Ahn et al. 2010). A similar approach could be taken to study the effect of

viral infection in this population.

Experiments combining molecular and quantitative genetic mapping techniques showed
that polymorphisms in the gene MxI control several viral infections in mice (Boon et al.
2009; Ferris et al. 2013; Horby et al. 2010; Nedelko et al. 2012; Thach et al. 2001; Welton et al.
2005). The functioning of Mx1 against influenza A virus depends on the genetic background
of the mice, indicating Mx1 resistance may be regulated by other, interacting genes (Shin et al.
2015). Future studies in mice may show which molecular pathways underlie Mx1 resistance

in different genetic backgrounds. In humans the homolog MxA is also a restriction factor
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of Influenza A virus (Turan et al. 2004; Xiao et al. 2013), however phenotypic variation in
Influenza A susceptibility in humans has not been related to MxA. Mice experiments suggest
that the genetic architecture underlying MxA resistance is complex, therefore future studies in
humans could focus on investigating MxA polymorphisms in patients with severe influenza
syndromes (Ciancanelli et al. 2016). A focused search in humans with severe syndromes may
identify rare MxA polymorphisms or cases in which the MxA polymorphism in combination

with the genetic background is deleterious.

Commercially available and custom made RILs were used in genetic mapping to reveal a
susceptibility locus for West Nile virus in mice. The genetic locus was fine mapped using
custom made ILs and contains a polymorphism in the gene Oas1b (or 2’-5-OASI L1). Oaslb
degrades viral RNAs, which explains differences in West Nile virus susceptibility (Mashimo
et al. 2002; Perelygin et al. 2002). Subsequently, populations of susceptible humans were
analyzed to find that polymorphisms in the homolog OASI do indeed affect West Nile virus
susceptibility in humans (Lim et al. 2009). Taken together, these studies illustrate the value of
detecting a causal polymorphism in a mouse gene for translational analysis toward detection

of causal polymorphisms in human populations.

Drosophila melanogaster

The fruit fly Drosophila melanogaster is an important model for studying genetic variation
of virus infection, mainly because natural populations can be collected relatively easy which
results in the availability of genetically highly diverse populations. D. melanogaster can be
infected by at least 30 viruses in nature and around 30% of D. melanogaster individuals in the
wild carry a viral infection (Webster et al. 2015). Researchers using D. melanogaster can use
the roughly 200 inbred lines of the Drosophila melanogaster Genetic Reference Population
Lines for GWAS (Huang et al. 2014; Mackay et al. 2012) or the 1700 multiparent RILs of
the Drosophila Synthetic Population Resource for high resolution QTL mapping (King et al.
2012a).

A GWAS in the Drosophila melanogaster Genetic Reference Population showed that common,
large-effect polymorphisms explain most of the phenotypic variation in anti-viral responses
against Drosophila Sigma virus and Drosophila C virus (Magwire et al. 2012). A subsequent
QTL mapping using the same viruses in the Drosophila Synthetic Population Resource showed
a similar overall trend of large-effect polymorphisms that determine the viral load. However,
the QTL mapping technique increased the mapping resolution compared to the previously
performed GWAS, therefore additional polymorphisms were identified. The additional
polymorphisms included one in a rare, but major-effect gene named Ge-1 (Cogni et al. 2016).
A polymorphism in Ge-1 also controls susceptibility towards a rhabdovirus as identified using

a custom made RIL population. Ge-1 functions as a bridge between two antiviral host factors
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and the polymorphism disrupts the link between the two binding domains of Ge-1 (Cao et al.
2016). These studies illustrate that a rare major-effect gene may be missed by GWAS, but can
be identified by QTL mapping.

One of the advantages of Drosophila melanogaster is that conclusions based on results obtained
in laboratory populations can be investigated in wild populations. GWAS and QTL mapping
both found that the ref(2)P polymorphism is the major determinant of viral susceptibility
in populations in the lab. The function of ref(2)P in antiviral immunity links to the innate
immunity of the Toll-signaling and autophagy pathways (Mussabekova et al. 2017). Field
studies confirmed that polymorphisms in ref(2)P affect which flies become infected in the wild
(Wilfert & Jiggins 2010), illustrating the use of D. melanogaster to pinpoint polymorphisms
that define viral susceptibility in nature. Although the ref(2)P polymorphism itself may not
hold potential for human therapeutics, studies in fruit flies can clarify how polymorphisms
providing resistance spread through natural populations (Bangham et al. 2007), in a similar

fashion as these polymorphisms may spread in the human population.

Moreover, D. melanogaster can also be infected with several human pathogens, such as Sindbis
virus and West Nile virus (Chotkowski et al. 2008; Kemp et al. 2013; Sabin et al. 2009). These
arboviruses are carried by mosquito vectors and both virus and vector can spread quickly due
to increased globalization patterns (Gould et al. 2017). Therefore, the diseases that result from
the infections are important threats to global health. Genetic mapping in one of the available
Drosophila panels may unveil polymorphisms that alter the susceptibility of viral vectors and

give further insights in the molecular basis of infection.

Caenorhabditis elegans

The self-fertilizing hermaphroditic nematode Caenorhabditis elegans has recently become
an important model for studying viral genetics. C. elegans does not suffer from inbreeding
depression whereas males can be used for genetic exchange (Gaertner & Phillips 2010).
Genetically diverse wild strains are available, and the overall genetic variation within the
species is comparable to humans (Andersen et al. 2012; Cook et al. 2017). Existing genetic
tools comprise several RIL populations and an IL population that covers the complete
genome (Andersen et al. 2015; Doroszuk et al. 2009; Li et al. 2006; Rockman & Kruglyak
2009). ILs can be backcrossed with the parental strain to increase the mapping resolution in
target areas (Bernstein & Rockman 2016). C. elegans can be infected with the human zoonotic
Vesicular stomatitis Indiana virus and the Orsay virus that is C. elegans specific (Félix et al.
2011; Gammon et al. 2017; Geng et al. 2012).

Genetically diverse wild C. elegans strains showed different susceptibilities to the naturally
infecting Orsay virus (Ashe et al. 2013; Félix et al. 2011; Sterken et al. 2014). A GWAS using

a selection of wild strains located a susceptibility locus. Subsequently ILs specific for this
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location were created by crossing a resistant and a susceptible strain. Experiments in the
ILs showed that a drh-1 polymorphism largely explains differences in viral susceptibility
(Ashe et al. 2013). Mammalian drh-1 homologs, called RIG-I genes, recognize viruses and
trigger the anti-viral response (Schlee 2013). Therefore the function of drh-1 gene was
suggested to be conserved, even though the responding pathways differ (Ashe et al. 2013).
Although this study did not identify a previously unknown gene, studies in C. elegans suggest
that polymorphisms in drh-1 homologs may underlie natural differences in viral susceptibility,
something that could be investigated in human populations. Moreover, some strains that have
the susceptible drh-1 polymorphism are not susceptible themselves. Follow-up experiments
could therefore provide additional insights in the role of the genetic background on the

functioning of viral sensors like drh-1.

Future perspectives

Studying viral infection in model organisms provides information that can guide and support
research on viral infections in human populations. Current advances, such as the development
of advanced multi-parent RILs, improve the mapping resolution and effectiveness of
quantitative genetics tools in model organisms. The new mapping tools increase the chances
of finding polymorphisms that cause differences in viral susceptibility. Human homologs of
causal genes in model organisms are candidate genes that may define viral susceptibility of

human populations as well.

The molecular mechanisms behind viral susceptibility differences can be found in vivo in
model organisms using transcriptomics, proteomics and mutational screenings. There
is a pleiotropy of techniques available in these models and some recent advances promise
to make unravelling molecular mechanisms behind susceptibility differences even more
straightforward. Here we highlight only a few promising techniques and suggest how these
can be used to address individual differences in viral susceptibility. After identification of a
candidate polymorphism homozygous recombination using CRISPR-Cas9 can be applied to
change or insert a specific polymorphism in different genetic backgrounds. Therefore, the
effect of a specific polymorphism can be tested contrary to other approaches using chemical
mutagenesis or knockdown by RNAI. The effect of a polymorphism in a gene may be different
than completely knocking-out or knocking-down the same gene. Moreover, advances in
transcriptional studies, including RNA-seq or tissue-specific transcriptomics, provide better
clues on the pathways involved in the viral susceptibility. Also increasing amounts of big data,
including genome sequences and protein structures can be used to predict the effect of a

polymorphism on the functioning of the host factor.
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In conclusion, studying the effect of genetic variation on viral infections in model organisms
can a) provide fundamental insights in the molecular and the genetic architecture of viral
infection, b) identify unknown host factors involved in viral infection and c) provide
candidate genes for human population studies that aim to identify which host factors control

individual viral susceptibility.
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Abstract

Genetic variation in host populations may lead to differential viral susceptibilities. Here,
we investigate the role of natural genetic variation present for an antiviral pathway, the
Intracellular Pathogen Response (IPR), underlying susceptibility to Orsay virus in the model
organism Caenorhabditis elegans. The IPR involves transcriptional activity of 80 genes
including the pals-genes. The pals-genes form an expanded gene family which hints they
could be shaped by an evolutionary selective pressure. Here we examine the genetic variation
in the pals-family for traces of selection and explore the molecular and phenotypic effects of
having distinct pals-gene alleles. Genetic analysis of 330 global C. elegans strains reveals that
genetic diversity within the IPR-related pals-genes can be categorized in a few haplotypes
worldwide. Importantly, two key IPR regulators, pals-22 and pals-25, are in a genomic region
carrying signatures of balancing selection. Therefore, distinct pals-22/pals-25 alleles have
been maintained in C. elegans populations over time, which suggests different evolutionary
strategies exist in IPR regulation. We investigated the IPR by infecting two C. elegans strains
that represent distinct pals-22/pals-25 haplotypes, N2 and CB4856, with Orsay virus to
determine their susceptibility and transcriptional response to infection. Our data suggests
that regulatory genetic variation underlies constant high activity of IPR genes in CB4856
which could determine the host transcriptional defense. We found that CB4856 shows initially
lower viral susceptibility than N2. High basal IPR expression levels might help counteract
viral infection directly, whereas N2-like strains that need to activate the IPR genes first may
have a slower response. Nevertheless, most wild strains harbor N2-like alleles for the pals-
genes. Our work provides evidence for balancing genetic selection of immunity genes in C.
elegans and illustrates how this may shape the transcriptional defense against pathogens. The
transcriptional and genetic data presented in this study therefore provide a novel perspective
on the functional diversity that can develop within a main antiviral response in natural host

populations.
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Introduction

Viral infections are a key element in all naturally occurring populations. Genetic variation can
change host-virus interactions by altering coding sequences of protein products. Moreover,
host-virus interactions can also be influenced by genetic variation due to altered gene copy
numbers. Structural and regulatory genetic variation may both affect the viral susceptibility
after infection, making some individuals within the population more resistant than others
(Chapter 2) (Franco et al. 2013; Piasecka et al. 2018; Wang et al. 2018). Presence of viruses can
thereby select for beneficial genetic variants to remain present in the population (Enard et al.
2016; Wilke & Sawyer 2016).

The nematode Caenorhabditis elegans and its natural pathogen Orsay virus (OrV) are used
as a powerful genetic model system to study host-virus interactions (Félix et al. 2011). OrV
is a positive-sense single-stranded RNA virus infecting C. elegans intestinal cells where it
causes local disruptions of the cellular structures (Félix et al. 2011; Franz et al. 2013). Three
antiviral responses are known of which RNA interference (RNA1i) and uridylation both target
viral RNA for degradation (Ashe et al. 2013; Félix et al. 2011; Le Pen et al. 2018; Sterken et
al. 2014). The third response, the so-called Intracellular Pathogen Response (IPR), is thought
to relieve proteotoxic stress from the infection by the OrV and other intracellular pathogens
(Bakowski et al. 2014; Osman et al. 2018; Reddy et al. 2017, 2019). The 80 genes involved in
the IPR pathway are controlled by pals-22 and pals-25 that function as a molecular switch
between growth and antiviral defense. The gene pals-22 promotes development and lifespan,
whereas pals-25 stimulates pathogen resistance (Reddy et al. 2017, 2019). Of the 80 IPR
genes that become differentially expressed upon infection, 25 genes belong to the pals-gene
family. Although the function of most pals-proteins remains opaque, PALS-22 and PALS-25
physically interact together and are likely to interact with additional PALS-proteins (Panek
et al. 2020). The total pals-gene family contains 39 members mostly found in five genetic
clusters on chromosome I, III, and V (Chen et al. 2017; Leyva-Diaz et al. 2017). Both the
antiviral IPR and the antiviral RNAi pathway require presence of drh-1 that likely functions
as a viral sensor (Ashe et al. 2013; Sowa et al. 2019).

At present, natural populations of C. elegans have been isolated worldwide and catalogued into
330 isotypes maintained by the C. elegans Natural Diversity Resource (CeNDR) (Cook et al.
2017). The collection contains C. elegans nematodes from everfy continent except Antarctica
and each isotype in the CeNDR collection has been sequenced. Previous research found that
genetic variation in the gene drh-1 determines susceptibility to the OrV (Ashe et al. 2013), yet
most likely additional genetic variants can influence host-virus interactions in nature. The
CeNDR database provides an ideal platform to investigate worldwide genetic variation and

traces of evolutionary selection in antiviral genes in C. elegans.
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Current studies investigating the IPR in C. elegans have focused on the reference genotype
Bristol N2 (Panek et al. 2020; Reddy et al. 2017, 2019; Sowa et al. 2019). Here, we investigated
genetic variation in the pals-gene family which is specifically expanded in C. elegans (humans
and mice only contain a single pals-gene ortholog) (Leyva-Diaz et al. 2017). Expanded gene
families often result from evolutionary selection, which strengthens the hypothesis that
genetic variants in the pals-family could determine viral susceptibility (Thomas 2006). We
set out to examine if the pals-genes experience selective pressure by analyzing the genetic
varijation in 330 wild strains in the CeNDR database. We found that only a few haplotypes
occur worldwide for the pals-genes and that some are in regions that are of ancient origin. This
indicates that different pools of pals-genes have been maintained in C. elegans populations:
a hallmark of balancing selection. Genetic variation in the pals-gene family, and specifically
in the IPR-regulators pals-22 and pals-25, may affect susceptibility to viral infection. This
hypothesis is explored by infecting two well-studied strains, Bristol N2 and the Hawaiian strain
CB4856, representing distinct pals-22/pals-25 haplotypes. Our data suggest that regulatory
genetic variation in pals-22/pals-25 can determine (basal) IPR gene expression, illustrating
that natural genetic variation in IPR genes may influence host-pathogen interactions in wild

populations.
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Results

Global genetic variation in the pals-family is shaped by balancing selection

The Intracellular Pathogen Response (IPR) counteracts viral infection in Caenorhabditis
elegans and involves activity of 25 pals-genes (Reddy et al. 2017, 2019). To examine genetic
variation in the pals-family genes, we investigated sequence information from the 330 wild
strains from the CeNDR database (Cook et al. 2017). For each wild strain the genetic variation
(compared to the reference strain N2) was summarized for genes in the pals-family and for all
genes. For 48 wild strains genetic variation (defined by SNPs) in the pals-family was higher
than expected compared to the overall genetic variation (chi-square test, FDR < 0.0001), but
for 204 strains of the 330 analyzed strains the pals-gene family contained less variation than
the overall genetic variation (chi-square test, FDR < 0.0001) (Figure 1A) (See Material and
Methods for details). This indicated that while the pals-gene family is an expanded gene family,

most wild strains contain relatively little genetic variation in the pals-genes compared to N2.

Populations from distinct geographical locations may encounter different selective pressures
(Sivasundar & Hey 2005; Volkers et al. 2013). However, after mapping the amount of
natural variation to the geographical location, no clear pattern could be found (Figure S1).
Interestingly, some local strains show highly diverging levels of genetic diversity within the
pals-family. For example, strain WN2002 was isolated in Wageningen (the Netherlands) and
contains 3 times more genetic variation in the pals-family than the average of other genes.
Strain WN2066 was isolated from the same compost heap as WN2002. Yet, compared to
N2, WN2066 contains only 0.27% genetic variation in the pals-family set against an overall
genetic variation of 2.67%. This shows local diversity for the locus that might be retained in

the population due to differential microenvironmental pressures.

Next, we tested whether DNA sequence divergence was governed by genetic drift, or
that selective forces were possibly acting on the pals-family. Although overall Tajima’s
D (TD) values in C. elegans populations are low as a result of overall low genetic diversity
(TD,,, = -1.08, TD_ . = -1.12) (Andersen et al. 2012), four pals-genes (pals-17, pals-18,
pals-19, and pals-30) showed positive TD values that indicate either balancing selection acts
on these genes or that there was a low frequency of rare alleles (Figure 1B). The most extreme
example was pals-30 that had a TD value of 4.8: the highest value of all tested C. elegans genes.
In total, 11 out of 39 pals-genes had values that fall within the 10% highest TD values for C.
elegans (TD > -0.42) and these top 10% genes included IPR regulators pals-22 and pals-25
(Table S1).
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Figure 1 Natural variation in the C. elegans pals-gene family worldwide — A) The percentage of genetic
variants (defined by SNPs) in the pals-gene family compared to the overall natural variation for each
of the 330 wild isotypes (Cook et al. 2017). The number of SNPs is relative to the reference strain N2.
Blue dots indicate the amount of variation in the pals-genes is different than expected from the overall
natural variation (Chi-square test, FDR < 0.0001). B) Tajima’s D values per gene in the C. elegans genome
calculated from sequence data of the 330 wild strains in the CeNDR database (Cook et al. 2017). Blue dots

indicate Tajima’s D values for pals-genes.

Subsequently, we delved into the genetic diversity for each pals-gene by investigating the
number of variants per pals-gene (Figure S2, Table S1). Several pals-genes contained hardly
any genetic variation and were therefore conserved on a worldwide scale. This conserved
group contains the gene pals-5 which acts downstream in the IPR (Reddy et al. 2017). Other
pals-genes were highly variable, sometimes containing hundreds of polymorphisms (SNPs)

in a single gene. Interestingly, for most genes in the diverse group, few alleles exist worldwide.
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For example, three alleles were found for the gene pals-25: strains that harbor an N2-like
allele, an allele containing ~30 polymorphisms (the well-studied Hawaiian strain CB4856
belongs to this group) or an allele containing ~95 polymorphisms (illustrated by the strain
WN2002 from the Netherlands). In total, 19 out of 24 highly variable pals-genes show a clear
grouping within 2 or 3 haplotypes suggesting that these haplotypes are actively maintained
in the populations which supports that balancing selection could be acting on these genes
(Figure S2, Table S1).

Manual inspection of the mapped reads in the 330 CeNDR strains showed evidence for
extensive polymorphisms in the pals-22/pals-25 locus that regulate the IPR transcriptional
response (Reddy et al. 2017, 2019). In total, we found three major pals-22/pals-25 haplotypes
(N2-like, CB4856-like, and WN2002-like) that occur globally (Figure 2, Table S2). The highest
local genetic diversity was found on the Hawaiian islands and Pacific region where C. elegans
could originate from (Crombie et al. 2019). The genetic variation in the region where pals-22
and pals-25 are located is estimated to have diverged 10° generations ago (Thompson et al.
2015). Notably, pals-22 and/or pals-25 are both thought to have early stop codons in CB4856
and WN2002 that could change or disrupt their functioning (Cook et al. 2017; Leyva-Diaz et
al. 2017). Yet, poor mapping to the reference genome in these highly diverse regions hampers
the reliability of exact variant calling; in 24 wild strains most of the intron sequence was
not covered by reads at all. The latter suggests that the genetic sequence in those strains is
highly polymorphic. In conclusion, within the pals-gene family we found genes with either
globally conserved or a few genetically distinct alleles. In particular, the pals-genes with a
division into a few haplotypes show atypically high Tajima’s D values when compared to other
C. elegans genes. Together, our findings indicate that the pals-genes have been experiencing

evolutionary pressure that resulted in long-term balancing selection of these genes.
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Figure 2 Worldwide haplotype diversity found for pals-22 and pals-25 - A) Three distinct haplotypes
were found at the pals-22/pals-25 locus, here represented by an illustration of the read coverage at the locus.
The most common haplotype (N2-like) is found in 269 stains and shows low coverage of the second intron
of pals-22. The second common haplotype is CB4856-like and was found in 31 strains. For these strains
coverage indicates strong structural variation in the introns of both genes, as well as larger insertions/
deletions. Then, the WN2002-like haplotype was found in 28 strains and consists of very extensive structural
variation at the locus, where almost the entire intron structure is not covered by reads. B) A geographical
representation of the pals-22/pals-25 haplotypes found worldwide. C) Zoomed in representation of Figure
S2B of the strains collected in Europe. D) Zoomed in representation of Figure S2B of the strains collected

on Hawaii.
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Basal pals-gene expression differs between N2 and CB4856

Distinct pals-gene profiles may result in distinct IPR activity between wild isolates. To study
whether the pals-22/pals-25 haplotypes (N2-like, 268 strains, CB4856-like, 31 strains, or
WN2002-like, 24 strains) show differential gene expression for these two genes, we mined
DNA and RNA hybridization data from (Volkers et al. 2013). We found that observed gene
expression differences for WN2002 were mainly due to hybridization errors. However, for
CB4856 hybridization was similar to N2 and shows pals-22 expression was significantly lower
than in N2 (linear model, p < 0.001) (Table S3). As the strains N2 and CB4856 are well-studied
and their transcriptional responses to different types of stress have been described (Capra
et al. 2008; Li et al. 2006; Snoek et al. 2017; Vinuela et al. 2012), we continued to characterize
the IPR in these two strains. We measured their transcriptional profile under standard
conditions and after exposure to the OrV. These nematodes were 56h old and received either

amock or OrV infection treatment when they were in the L2 stage.

First, we focused on transcriptional differences because of genetic variation between both wild
types. Expression patterns of the full dataset were analyzed by means of a principal component
analysis (PCA). Genotype explained the main difference in gene expression patterns (36.1%),
which is in line with previous results, see for example (Capra et al. 2008; Li et al. 2006; Snoek
et al. 2017; Volkers et al. 2013) (Figure S3). Among the 6383 genes (represented by 9379 spots)
that were differentially expressed between N2 and CB4856 (under mock conditions) were 131
genes known to be involved in OrV infection (Table S4, S5A). These include twenty-three IPR
genes of which twenty show higher expression in CB4856. Moreover, ten pals-genes showed
higher basal expression in CB4856 compared to N2 (Figure 3A) (FDR < 0.05). For pals-22
and pals-25, expression is higher in N2 than in CB4856 (Figure 3A) (FDR < 0.05, Table S5A),
which may determine gene expression of other IPR members (Figure 3B) (Reddy et al. 2019).

The strain CB4856 harbors much of the total genetic variation known to occur in nature
for the genomic pals-clusters on chromosome III and V. Given that our experiment used
microarrays, we accounted for hybridization errors and excluded 17 IPR genes and 11
pals-genes from the analysis based on probable hybridization differences (Table S6A-C).
Hybridization was considered genuine when probes had at least 95% overlap between probe
and genome sequence and similar hybridization in N2 and CB4856 (Table S6D, Furthermore,
expression patterns measured by RT-qPCR confirmed the microarray data for pals-6, pals-14,
and pals-22, although the slight difference in pals-25 expression on the microarrays was not
replicated (Figure S4). Besides, lower expression of pals-22 in CB4856 compared to N2 was
also observed in an RNA-seq study (Vu et al. 2015).
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Figure 3 Gene expression of IPR and pals-genes in C. elegans N2 and CB4856 under control and
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OrV-infected conditions — A) Heat-map showing the log, intensities of pals-genes in N2 mock, N2
infected, CB4856 mock and CB4856 infected conditions B) Heatmap showing the expression of IPR genes
in log, intensities in N2 mock, N2 infected, CB4856 mock and CB4856 infected conditions. Underlined
genes showed significant (basal) expression differences based on genotype (FDR < 0.05), whereas squares
indicated the genes where treatment- or the combination of treatment and genotype had a significant effect
(FDR < 0.1) (Table S5). Log, ratios are based on the average expression of the gene of interest in the overall
dataset. Therefore, the log, ratios per experimental group indicate the deviation from the average value.
Please note, a subset of the pals-genes, namely the pals-genes that are also IPR genes (defined in (Reddy
et al. 2019)) are depicted twice. This allows for direct comparison to other pals-genes that do not become

differentially expressed upon infection (like pals-22 and pals-25) and to non-pals IPR genes.

Most of the genetically diverse pals-genes on chromosome IIT and V have previously been
shown to display local regulation of gene expression (cis-quantitative trait locus; cis-eQTL)
(Table S7). Moreover, at least 10 genes across different pals-clusters were regulated by genes
elsewhere in the genome (trans-eQTL) (Table S7). The established IPR regulators pals-22
and pals-25 are likely candidates for this regulatory role. Most of the expression QTL were
consistently found across multiple studies, environmental conditions and labs (Li et al. 2006,
2010; Rockman et al. 2010; Snoek et al. 2017; Sterken et al. 2014; Vifuela et al. 2010, 2012).
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Therefore, we conclude that regulatory genetic variation of pals-genes could underlie observed
differences in basal expression of IPR genes between the strains N2 and CB4856.

Stress-related phenotypes in the N2 and CB4856 strain

Multiple (a)biotic stressors, including heat stress and viral exposure, activate the IPR pathway
(Reddy et al. 2017). Differences in IPR and pals-gene activity between N2 and CB4856 may
determine the phenotype of stressed nematodes which was investigated here. The response of
CB4856 to the OrV has so far only been measured in one experiment. This research indicated
that mixed-stage populations of N2 and CB4856 that are continuously exposed to OrV for
four days have comparable viral susceptibility (Ashe et al. 2013). We could confirm these
findings (Figure S5), but also found that young adult CB4856 nematodes collected for our
transcriptional analysis were less susceptible than N2 nematodes (Figure 4). As a control, we
took along the susceptible strain JU1580, which indeed was more susceptible than the strain
N2 for both assays (Félix et al. 2011; Sterken et al. 2014) (Figure 4B, Figure S5).
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Figure 4 Viral susceptibility of C. elegans N2, CB4856 and JU1580 upon initial infection - A) Strains
were infected 26 hours post bleaching by liquid exposure to OrV for 1 hour. 30 hours after the exposure
nematodes were collected and flash frozen before further processing. B) Viral loads (log,) as determined
by RT-qPCR for the genotypes N2, CB4856 and JU1580 after exposure to 20, 50 or 100uL OrV/500uL
infection solution (student t-test; * p < 0.05) (4 biological replicates containing roughly 400 nematodes
per sample). Boxplots show the division of the data into four quantiles with the middle bar indicating the

median.
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We investigated the cause of difference in susceptibility in N2 and CB4856 nematodes 30h
post infection. As earlier studies have shown that CB4856 nematodes feed at least as much as
N2 nematodes (Balla et al. 2015; Wang et al. 2019), the initially lower susceptibility of CB4856
nematodes could not be explained by reduced food intake. Therefore, another explanation
would be a different number of infected individuals or cells. Using Fluorescent in situ
Hybridization (FISH) staining of OrV we could only visualize a few infected cells (infection
detected in less than 1% of the animals), despite viral infection could be confirmed by RT-
qPCR (Table S8). Contrary, almost half the nematodes showed fluorescence in a control
sample of plate-infected JU1580 validating the sensitivity of the assay (Ashe et al. 2013; Frézal
et al. 2019) (Table S8). Furthermore, we used FISH on plate-infected IPR reporter strains
(pals-5:GFP and F26F2.1::GFP in an N2 background) and observed that most nematodes
that showed OrV FISH signal also showed IPR gene expression (Figure S6). About 43% of the
individual nematodes in the population showed IPR expression (for both reporter strains).
But many individuals that showed IPR gene expression did not show OrV FISH signal (Figure
S6). More specifically, 21% of the animals that showed pals-5 expression did not show OrV
stained cells (Table S8). For the F26F2.1 reporter strain even 95% of the animals showed
F26F2.1 expression but no OrV stained cells (Table S8). Together, this suggests that the OrV
does not reach high levels of infection in both N2 and CB4856 30h post infection, but low
levels of OrV might already activate IPR members.

IPR genes also become differentially expressed upon prolonged heat stress providing
thermotolerance in N2 (Panek et al. 2020; Reddy et al. 2017, 2019). Although the response
of N2 and CB4856 to different temperatures has been well investigated, the role of IPR genes
in heat stress has not been specifically compared between N2 and CB4856. Both strains have
a different temperature response as CB4856 nematodes die more often when experiencing
severe heat stress, yet surviving nematodes live longer than those under standard conditions
(Jovic et al. 2019; Rodriguez et al. 2012). Additionally, CB4856 and N2 naturally prefer
different environmental temperatures. Contrary to N2, where temperature preference can be
conditioned, this preference is fixed in CB4856 (Anderson et al. 2007; Gaertner et al. 2012;
Jurado et al. 2010).

The transcriptional response to IPR impulses in N2 and CB4856

We proceeded by investigating the transcriptional IPR response to OrV infection and heat stress
in N2 and CB4856. The transcriptional response of age-synchronized CB4856 and N2 to heat
stress was previously described by (Jovic et al. 2017, 2019) and we re-analyzed the data with a
focus on the pals-genes. The transcriptomes of heat shocked and recovering nematodes were
compared to the control treatment. We found that IPR genes became differentially expressed
after heat-shock and during recovery in both N2 and CB4856 (Figure S7B). The mean basal IPR
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expression was higher in CB4856 than in N2 under control, heat shock and recovery conditions.

Subsequently, we analyzed the transcriptomes of nematodes collected 30 hours post infection
(Figure 3). As expected, based on the PCA relatively few genes did respond to the OrV in our
experiment (Figure S3) (Table S5B). Gene expression analysis by a linear model showed that
27 genes (represented by 57 spots) were differentially expressed upon infection by OrV (FDR
< 0.1) (Figure S8A) and 18 genes (represented by 44 spots) were differentially expressed by
a combination of both treatment and genotype (FDR < 0.1) (Figure S8B). These two groups
of genes were largely overlapping (Figure S8C) and most of these genes only respond to
infection in the genotype N2 (Figure 3B). Many of the pals-gene family members became
higher expressed after infection in N2, but not in the strain CB4856 (Figure 3A). Some of
these difference between N2 and CB4856 are due to hybridization errors in CB4856 (Table
SA-E), but also 11 genes with correctly aligned probes in CB4856 did not show a response
(Figure 3A, B). In agreement with literature, the pals-genes in the cluster on chromosome III
(pals-17 until pals-25) were not differentially expressed after OrV infection (Leyva-Diaz et al.
2017; Reddy et al. 2017).

Compared to previous studies, which found 48 or 320 genes responding to OrV infection,
fewer differentially expressed genes are found in this set-up which may be a result of shorter
exposure to the OrV (1h in liquid here compared to constant exposure on the plate in other
assays) (Chen et al. 2017; Sarkies et al. 2013). Because of the minor effect of OrV infection on
transcriptional activity, a relaxed false discovery rate (FDR < 0.1) was used to analyze the data.
As all genes discovered using this threshold were IPR genes that are previously described by
others, these were probably true positive hits (Chen et al. 2017; Sarkies et al. 2013).

Thus, N2 showed a weak, but expected IPR to OrV infection, however we did not detect
increased expression of IPR genes in CB4856 nematodes. On the other hand, pals-genes could
be activated by heat stress in CB4856. The lack of transcriptional response 30h post infection
could result from early activation of IPR genes or the infection stress being too mild stress
to trigger the IPR. We tested the first hypothesis by measuring IPR activity over a 30-hour
time-course. This did not show evidence for an earlier IPR in CB4856 than N2 although we
noticed that OrV responsive genes in CB4856 were more dynamic than in N2 (Figure S9A)
(Table S5C). Because we measured higher viral loads for plate-infected CB4856 (Figure S5),
we measured gene expression of pals-6, pals-14, pals-22, and pals-25, by RT-qPCR for these
populations. We found that pals-6 and pals-14 were upregulated in CB4856, suggesting that
higher pathogen pressure is sufficient to activate the IPR in this strain (Figure S9B).
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Discussion

IPR genes of the pals-family are under balancing selection

We have studied the effect of genetic diversity in relation to natural viral infection of the
nematode C. elegans. Our findings show that genetic variation in C. elegans affects the
Intracellular Pathogen Response (IPR): a transcriptional response that counteracts pathogens
by increased proteostasis and in which at least 27 pals-genes are involved (Reddy et al. 2017,
2019). The 39 members of the expanded pals-gene family are mostly conserved within the C.
elegans species and the pals-genes for which divergent alleles do occur can be clustered into a
few distinct haplotypes.

Population genetic analyses showed that IPR genes are experiencing selective pressure which
could be a result of balancing selection, population bottlenecks or presence of rare genetic
variants. We argue that balancing selection is the most likely cause for three reasons. First,
pals-22 and pals-25 were experimentally validated to regulate the IPR and to balance growth
and immunity (Reddy et al. 2019). Second, we observed that few major haplotypes occur
for this gene-pair and most other pals-genes. Manual inspection of the pals-22/pals-25 locus
did not suggest presence of rare variants, rather the presence of a highly divergent region
of ancient origin (Thompson et al. 2015). Third, presence of the pals-22/pals-25 divergent
region did not correlate with overall genetic variation, hence is unlikely to be the result of a
bottleneck.

Besides pals-22 and pals-25, multiple other pals-genes studied here show signs of balancing
selection (high Tajima’s D values) (Tajima 1989), in particular the genes on the first and second
cluster on chromosome III (0.1 and 1.4Mb). In contrast, most of the genes in C. elegans show
negative Tajima’s D values due to a recent selective sweep affecting chromosome I, IV, V, and
X. This greatly reduces the genetic variation within the species (Andersen et al. 2012). The
pals-genes with relatively high Tajima’s D values on chromosome III are located in a region
that has diverged early in the natural history of C. elegans (Thompson et al. 2015). Despite this
ancient divergence, few haplotypes occur for this region. Also pals-22 and pals-25 fall within
this region and are therefore expected to generally show similar transcription patterns for
the IPR pathway for most C. elegans strains. This is in line with our results that show only a

minority of strains, including CB4856, carry distinct regulatory genetic variants.

Genetic variation in the pals-gene family regulates an evolutionary important transcriptional
response to environmental stress, which include pathogens. Given the minor effect of OrV
on fecundity (Ashe et al. 2013; Félix et al. 2011), it seems unlikely that the OrV is one of
the pathogens that exert selection pressure underlying the balancing selection. However,

immunity responses upon microsporidia and oomycete infection are also mediated by the
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IPR (Bakowski et al. 2014; Osman et al. 2018; Reddy et al. 2017, 2019). As these pathogens are
lethal (Zhang et al. 2016), we think that it is possible that these classes of pathogens underlie
maintenance of different IPR haplotypes in natural populations. A recent example shows
balancing selection in the plant genus Capsella also results in maintenance of ancestral genetic
variation in immunity genes. The two Capsella species studied retained genetic variably at
immunityloci, despite a recent population bottleneck and reproduction by selfing that together
reduced overall genetic variation. Here, parallels can be drawn to C. elegans, a species that also
mainly reproduces by selfing and has experienced loss of global genetic diversity as a result
of a selective sweep (Andersen et al. 2012). Together, these studies show that within natural
populations immunity-related genetic variation can be retained by balancing selection. Yet,
also selective pressure of abiotic factors may result in balancing selection, for example in
sunflower species that adapt to different environments (Todesco et al. 2020). As the IPR also

responds to heat stress, abiotic factors may also contribute to balancing selection of the IPR.

Transcriptional activation of the IPR in two genetically diverse strains

Although our data shows that the strain CB4856 has multiple IPR genes with higher basal
expression than in the strain N2 it is unclear whether this is linked to its response to OrV
infection. We only observe lower viral accumulation in CB4856 compared to N2 during the
first 30 hours of infection. During this initial period of viral infection, we did not detect
upregulation of IPR genes in CB4856 compared to its basal expression. Yet, after a longer
period of viral exposure, CB4856 accumulates as much virus in the population as N2 and
subsequently IPR genes were also upregulated in CB4856. Our results provide novel insights
in natural genetic variation in C. elegans immunity genes and measure the transcriptional

response upon Orsay virus in two strains with genetically distinct pals alleles.

CB4856 shows a high basal expression of multiple IPR genes probably due to regulatory
genetic variation in the pals-genes. Longer exposure to OrV or heat-stress is sufficient to
activate the IPR in both the N2 and CB4856 strain. Therefore, a higher threshold for viral
accumulation or cellular stress may prevent IPR activation in CB4856. Transgene-based
expression of OrV under promotors with different expression levels may help to uncover
which level of OrV is necessary for IPR activation (Jiang et al. 2017; Sowa et al. 2019). We
could also show that a difference in timing of the response was unlikely by performing a time-
course experiment. Because Orsay virus infection does not infect all individuals within the
population and its cellular tropism is limited to the intestinal cells (Félix et al. 2011; Franz et
al. 2013), we cannot rule out there may be local changes in transcription in the intestinal cells
or for certain individuals of CB4856. Transcriptional techniques, such as single-cell RNA-seq
or TOMO-seq (Ebbing et al. 2018; Trapnell et al. 2017), that identify gene expression within
infected cells could provide more details about the transcriptional response.
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The role of the IPR in fitness upon OrV infection remains elusive. As findings in N2 show
that there is a balance in spending energy on antiviral defense versus growth, it could be that
laboratory selection on growth in the N2 strain has affected parts of the regulatory pathway
thus trading-off constant high expression of IPR genes against traits beneficially under
laboratory conditions (Reddy et al. 2019; Sterken et al. 2015). It is therefore not clear if the
N2 strain that carries the worldwide most common allele, would be representative of the
typical response of that allele. Still, having a plastic instead of a fixed IPR response may be
a beneficial strategy in nature. In that case, the fixed genetic response of CB4856 could be
explained by strong selection for stress resistance. The hypothesis that the IPR determines
immunity and growth in diverse genetic backgrounds can be tested by comparing IPR gene
expression, development, and pathogen susceptibility of additional wild-strains that have an
‘N2-like, ‘CB4856-like, or ‘WN2002-like’ haplotype for the IPR genes, in particular pals-22
and pals-25.

Are there alternative IPR strategies?

Strains potentially harbor regulatory genetic variation tailored to specific environments. In a
harsh environment constant activity of the IPR may be preferred over low expression. Finding
out which environmental factor could explain the population genetic patterns within the
pals-genes of the IPR will be challenging. The IPR pathway has been shown to respond to
multiple environmental stressors including intestinal and epidermal pathogens, but also heat
stress (Reddy et al. 2017, 2019). Despite the increasing amount of ecological data for both C.
elegans (Cook et al. 2017) and its pathogens (Frézal et al. 2019; Richaud et al. 2018; Zhang
et al. 2016), it is not yet sufficient to draw any firm conclusions whether co-occurrence of
host and pathogen drives evolution within the pals-family. However, some evidence exists
that host-pathogen interactions can affect the genotypic diversity at a population level. In
Orsay (France), the location where Orsay virus is found, diversity in pathogen susceptibility
potentially explains the maintenance of several minority genotypes. These minority genotypes
are outcompeted in the absence of the intracellular pathogen Nematocida parisii, but perform
better in the presence of the pathogen (Richaud et al. 2018). Perhaps this can also help explain
our observations of divergent pals22/pals-25 haplotypes in strains found at the same site.
Moreover, experimental evolution experiments hold the potential to bridge the gap between
the lab and the field by investigating if the presence of intracellular pathogens invokes any
genetic and transcriptional changes within the pals-family (Gray & Cutter 2014; Teotonio
etal. 2017).
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The ‘slow’ transcriptional response in the CB4856 strain may have different biological reasons.
As CB4856 populations showed lower viral loads, the lack of a transcriptional response could
simply result from fewer infected nematodes or fewer infected cells per animal. Fluorescent
staining of infected cells showed that only a few cells per nematode population (containing
hundreds of individuals) could be visualized to be infected with the OrV, making a comparison
between the two strains not trustworthy. Yet the number of plate-infected individuals that
were stained was comparable to literature (Sarkies et al. 2013) and we could reliably detect the
OrV by RT-qPCR in infected N2 and CB4856 populations. This indicates that the infection
assay works properly and suggests that the viral levels per cell remained under the detection
limit. Perhaps our data represents only the first cycle of viral replication as previous findings
indicate that viral loads reached a plateau 30 hours post exposure with this method (Sterken
et al. 2014). Later on, viral reproduction may increase further in line with observations that
plate-infected N2 and CB4856 populations were equally infected. Thus, CB4856 nematodes
may only be capable of limiting viral infection temporally.

This study provides insights into the natural context of the evolutionary conserved genetic
and the plastic, transcriptional response after infection. We show that relatively little genetic
diversity is found worldwide within clusters of pals-genes that regulate the IPR transcriptional
response. In addition, the genetic diversity that exists is captured by only a few highly
divergent haplotypes occurring worldwide. Therefore, we suggest that genes that function
in the IPR transcriptional response could be under balancing selection, possibly from
intracellular pathogens. Our results show that genetic variation within wild C. elegans strains
could shape the basal expression of IPR genes and this may determine the transcriptional
response after infection. Thus, this study provides new insights into the diversity of ways
that hosts can develop both genetic and transcriptional responses to protect themselves from
harmful infections.
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Methods

Nematode strains and culturing

C. elegans strains N2 (Bristol) and CB4856 (Hawaii) were kept on 6-cm Nematode
Growth Medium (NGM) dishes containing Escherichia coli strain OP50 as food source
(Brenner 1974). The strains ERT54 (jyIs8[pals-5p::GFP, myo-2p::mCherry] X) and ERT71
(jyIs15[F26F2.1p::GFP; myo-2:mCherry]) were kind gifts from Emily Troemel (Bakowski
et al. 2014; Reddy et al. 2017, 2019). Strains were kept in maintenance culture at 12°C and
the standard growing temperature for experiments was 20°C. Fungal and bacterial infections
were cleared by bleaching (Brenner 1974). The strains were cleared of males prior to the
experiments by selecting L2 larvae and placing them individually in a well in a 12-wells plate
at 20°C. Thereafter, the populations were screened for male offspring after 3 days and only
the 100% hermaphrodite populations were transferred to fresh 9-cm NGM dishes containing
E. coli OP50 and grown until starved.

Short-term Orsay virus infection assay (exposure in liquid)

Orsay virus stocks were prepared according to the protocol described before (Félix et al. 2011).
After bleaching, nematodes were infected using 20, 50, or 100pL Orsay virus/500pL infection
solution as previously described (Sterken et al. 2014). Mock infections were performed by
adding M9 buffer instead of Orsay virus stock (Brenner 1974). For each strain the maximum
viral load was determined (4 biological replicates). The maximum viral load is the highest
viral load that can be obtained for a strain and is reached when increasing amounts of virus
do not significantly affect the viral load anymore (t-test, p > 0.05). For N2 and JU1580 20uL of
OrV sufficed to reach the maximum viral load. For CB4856 at least 50uL OrV was needed to
maximize the viral load. Hence, using 50uL OrV/500uL infection solution the maximum viral
load was obtained for all three strains which was therefore used in subsequent experiments
(Figure 1B). Two virus stocks were used for these experiments: one for the first four biological

replicates and one for the remaining four replicates.

The samples for the viral load and transcriptional analysis were infected in Eppendorf
tubes with 50 pL Orsay virus/500pL infection solution 26 hours post bleaching (L2-stage)
(8 biological replicates per treatment per genotype). The nematodes were collected 30 hours
after infection. The samples for the transcriptional analysis of the time-series were infected
with 50 pL Orsay virus/500uL infection solution at 40 hours post bleaching (L3-stage). These
strains were infected in the L3 stage to obtain high RNA concentrations for microarray
analysis also in the early samples. The nematodes were collected at time points: 1.5, 2, 3, 8,
10, 12, 20.5, 22, 24, 28, 30.5, or 32 hours post-infection (1 biological replicate per treatment
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per genotype per time point). Viral loads of the samples were determined by RT-qPCR as
described by (Sterken et al. 2014). A single Orsay virus stock was used for this experiment.

Long-term Orsay virus infection assay (exposure on plate)

Orsay virus stocks were obtained as described previously (Félix et al. 2011). The long-term
exposure assay was based on previous experiments by (Ashe et al. 2013; Félix et al. 2011).
Three young adult nematodes were placed on a plate with 20, 50, or 100uL Orsay virus that
was added to the plate shortly before transfer. M9 was added to mock-treated plates instead
of Orsay virus stock. Two days after incubation part of the population was transferred to
a fresh plate to prevent starvation. Four days (96 hours) after placing the first nematodes,
populations were collected for RNA isolation. Viral loads of the samples were determined by
RT-qPCR as described by (Sterken et al. 2014). A single Orsay virus stock was used for this

experiment.

Fluorescent in situ hybridization (FISH) of infected nematodes

Custom Stellaris FISH Probes were designed against OrV RNA1 by utilizing the Stellaris
RNA FISH Probe Designer (Biosearch Technologies, Inc., Petaluma, CA) available online
at www.biosearchtech.com/stellarisdesigner. The mock-treated or infected nematodes were
hybridized with the Stellaris RNA FISH Probe set labeled with CAL Fluor® Red 590 Dye
(Biosearch Technologies, Inc.), following the manufacturer’s instructions available online at
www.biosearchtech.com/stellarisprotocols based on protocols by Raj et al. (Femino 1998; Raj
& Tyagi 2010; Raj et al. 2008).

N2 and CB4856 populations were fixed 30h after infection (according to the short-term
infection assay). Half of the nematodes were flash frozen to determine the viral load in the
populations (Sterken et al. 2014) and the other half were used in the FISH procedure. Eight
biological replicates were performed for this assay. The strains JU1580, ERT54 and ERT71
were mock-treated or OrV infected by chunking nematodes from a starved to a fresh plate
and adding either 50uL M9 or OrV. These nematodes were fixed for FISH 48 hours post
mock-treatment or infection. For the reporter strains (ERT54 and ERT71) three biological

replicates were performed and JU1580 nematodes were infected once.

RNA isolation

The RNA of the samples in the transcriptional analysis (infected 26 hours post bleaching
and collected 56 hours post bleaching) was isolated using Maxwell® 16 Tissue LEV Total
RNA Purification Kit, Promega according to the manufacturer’s instructions including two

modifications. First, 10uL proteinase K was added to the samples (instead of 25uL). Second,
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after the addition of proteinase K samples were incubated at 65°C for 10 minutes while shaking
at 350 rpm. Quality and quantity of the RNA were measured using the NanoDrop-1000
spectrophotometer (Thermo Scientific, Wilmington DE, USA).

The RNA of the samples in the time series was isolated using the RNeasy Micro Kit from
Qiagen (Hilden, Germany). The ‘Purification of Total RNA from Animal and Human Tissues’
protocol was followed, with a modified lysing procedure; frozen pellets were lysed in 150ul
RLT buffer, 295ul RNAse-free water, 800ug/ml proteinase K and 1% §3-mercaptoethanol. The
suspension was incubated at 55°C at 1000 rpm in a Thermomixer (Eppendorf, Hamburg,
Germany) for 30 minutes or until the sample was clear. After this step the manufacturer’s
protocol was followed. Quality and quantity of the RNA were measured using the
NanoDrop-1000 spectrophotometer (Thermo Scientific, Wilmington DE, USA) and RNA
integrity was determined by agarose gel electrophoresis (3uL of sample RNA on 1% agarose

gel).

cDNA synthesis, labelling and hybridization

The “Two-Color Microarray-Based Gene Expression Analysis; Low Input Quick Amp
Labeling’ -protocol, version 6.0 from Agilent (Agilent Technologies, Santa Clara, CA, USA)
was followed, starting from step five. The C. elegans (V2) Gene Expression Microarray 4X44K

slides, manufactured by Agilent were used.

Data extraction and normalization

The microarrays were scanned by an Agilent High Resolution C Scanner with the recommended
settings. The data was extracted with Agilent Feature Extraction Software (version 10.7.1.1),
following manufacturers’ guidelines. Normalization of the data was executed separately for
the transcriptional response data (infected at 26 and collected at 56 hours post bleaching) and
the transcriptional response of the time series. For normalization, R (version 3.3.1. x64) with
the Limma package was used. The data was not background corrected before normalization
(as recommended by (Zahurak et al. 2007)). Within-array normalization was done with the
Loess method and between-array normalization was done with the Quantile method (Smyth
& Speed 2003). The obtained single channel normalized intensities were log, transformed and
the transcriptional response data (infected 26 hours post bleaching) was batch corrected for
the two different virus stocks that were used for infection. The obtained (batch corrected) log,
intensities were used for further analysis using the package ‘tidyverse’ (1.2.1) in R (3.3.1, x64).

The transcriptome datasets generated are deposited at ArrayExpress (E-MTAB-7573 and
E-MTAB-7574). The data of the 12 N2 mock samples of the time series has previously been
described (Snoek et al. 2015).
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Principal component analysis

A principal component analysis was conducted on the gene-expression data of the both
the transcriptional response and the transcriptional response of the time series. For this
Yij
R;; =log(—==

v Yi
purpose, the data was transformed to a log, ratio with the mean, usingwhere R is the log,
relative expression of spot i (i = 1, 2, ..., 45220) for sample j, and y is the intensity (not the
log,-transformed intensity) of spot i for sample j. The principal component analyses were
performed independently per experiment. The transformed data was used in a principal
component analysis, where the first six axes that explain above 4.9% of the variance were

further examined.

Linear models

The log, intensity data of the nematodes that were mock-treated 26 hours post bleaching and

collected 56 hours post bleaching was analyzed using the linear model

=G+ ¢

with Y being the log, normalized intensity of spot i (1, 2, ..., 45220). Y was explained over
genotype (G; either N2 or CB4856) and the error term &. The significance threshold was
determined by the p.adjust function, using the Benjamini & Hochberg correction (FDR <
0.05) (Benjamini & Hochberg 1995). The analyzed dataset is part of the dataset containing
mock-treated and OrV infected samples.

The log, intensity data of the nematodes that were either mock-treated or infected 26 hours

post bleaching and collected 56 hours post bleaching was analyzed using the linear model

Vi=G+T+G6xT + ¢

with Y being the log, normalized intensity of spot i (1, 2, ..., 45220). Y was explained over
genotype (G; either N2 or CB4856), treatment (T, either infected or mock), the interaction
between genotype and treatment and the error term e. The significance threshold was
determined by the p.adjust function, using the Benjamini & Hochberg correction (FDR < 0.1
for T and GxT, FDR < 0.05 for G) (Benjamini & Hochberg 1995).
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The log, intensity data for samples of the time series was analyzed using the linear model

Y,=D+ G+T+ ¢

with Y being the log, normalized intensity of spot i (1, 2, ..., 45220). Y was explained over
development (D, time of isolation: 1.5, 2, 3, 8, 10, 12, 20.5, 22, 24, 28, 30.5, or 32 hours post-
infection), genotype (G; either N2 or CB4856), treatment (T; either infected or mock) and
the error term e. The significance threshold was determined by the p.adjust function, using
the Benjamini & Hochberg correction (FDR < 0.05) (Benjamini & Hochberg 1995). For the
samples in the timeseries a correlation coeflicient (r) was obtained by calculating the slope of

gene expression over time.

The log, intensity data of the nematodes that were exposed to heat shock (obtained from

(Jovic et al. 2017)) was analyzed using the linear model

Vi=G+T+GxT + ¢

with Y being the log, normalized intensity of spot i (1, 2, ..., 45220). Y was explained over
genotype (G; either N2 or CB4856), treatment (T, either control, heat shock or recovery), the
interaction between genotype and treatment and the error term e. The significance threshold
was determined by the p.adjust function, using the Benjamini & Hochberg correction (FDR <
0.05) (Benjamini & Hochberg 1995).

Functional enrichment analysis

Gene group enrichment analyses were performed using a hypergeometric test and several
databases with annotations. The databases used were: the WS258 gene class annotations,
the WS258 GO-annotation, anatomy terms, phenotypes, RNAi phenotypes, developmental
stage expression, and disease related genes (www.wormbase.org) (Lee et al. 2018; Stein et
al. 2002); the MODENCODE release 32 transcription factor binding sites (www.modencode.
org) (Gerstein et al. 2010), which were mapped to transcription start sites (as described by
(Tepper et al. 2013)). Furthermore, a comparison with previously identified genes involved in

OrV infection was made using a custom-made database (Table S4).

Enrichments were selected based on the following criteria: size of the category
n > 3, size of the overlap n > 2. The overlap was tested using a hypergeometric test, of which
the p-values were corrected for multiple testing using Bonferroni correction (as provided by
p-adjust in R, 3.3.1, x64). Enrichments were calculated based on unique gene names, not on

spots.

54


http://www.wormbase.org
http://www.modencode.org
http://www.modencode.org

Intracellular Pathogen Response of natural strains

Probe alignment

Probe sequences of the pals-genes and IPR-genes (C. elegans (V2) Gene Expression Microarray
4X44K slides, Agilent) were aligned to the genome sequence of CB4856 (PRJNA275000) using
command-line BLAST, using blastn with standard settings (Blast command line application;
v2.2.28) (https://git.wur.nl/mark_sterken/Orsay_transcriptomics) (Altschup et al. 1990; Cook
et al. 2017; Thompson et al. 2015). We also compared the pals-genes probes to a differential
hybridization experiment, to see if differences in DNA sequence explain the mRNA-based
hybridization differences. Therefore, we obtained data from Volkers et al., 2013 (normalized
data, E-MTAB-8126) and corelated the gene-expression differences with the hybridization
differences (Volkers et al. 2013).

Gene expression measurements by RT-qPCR

Gene expression measurements were performed on the cDNA of each of the 32 samples used
in the N2 and CB4856 gene expression analysis of 30 hours of mock-treated or infection (8
biological replicates) and on the cDNA of N2 and CB4856 mock-treated or infected sam-
ples exposed to 50puL on plate (4 biological replicates). Gene expression was quantified by
RT-qPCR using custom designed primers (pals-6 forward 5-TGGGTTCTGGATCAAG-
CAAAT-3, pals-6 reverse 5-TGTTCTAGAGCTGCCTGTCTCTG-3, pals-14 forward
5-TCGGGAAAGCATCAATGAACTGC-3) pals-14 reverse 5-TGTTGTGCCTCTCCTCT-
GCC-3, pals-22 forward 5-TTTTAATCTTGAAAGTGACCGCTGGG-3, pals-22 re-
verse 5-ACTCTCTGTTGTCGTCTTGCAAAATT-3, pals-25 forward 5-TGCAATC-
CGAAGATTGGTGA-3), pals-25 reverse 5-AAATTCTAACTTGCTCAGCATGGA-3’) that
overlap at least one exon-exon border to prevent unintended amplification of any remaining
DNA. RT-qPCR was performed on the MyIQ using iQ SYBR Green Supermix (Biorad) and
the recommended protocol. Gene expression in each sample was quantified for the gene of
interest and two reference genes (Y37E3.8 and rpl-6) (Sterken et al. 2014) in duplo.

To determine the relative gene expression, we normalized the data as in (Sterken et al. 2014).

In short, we normalized the pals-gene expression based on the two reference genes using

. _ Q¢ _
((Qrpl—6/ Qrpl—é) + (Qysz7g3.8/ Qva7ess))

where E is the normalized gene expression, Q, is the expression of the gene of interest, Q,_,
is the expression of the reference gene rpl-6 and Q

1556 18 the expression of the reference gene
Y37E3.8.
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Genetic variation analysis

Genetic data on C. elegans wild strains were obtained from the CeDNR website (release
20180527) (Cook et al. 2017). The data was further processed using custom made scripts
(https://git.wur.nl/mark_sterken/Orsay_transcriptomics). In short, the number of
polymorphisms in the pals-family within a strain was compared to the total number of
natural polymorphisms found in that that strain. The N2 strain was used as the reference
strain. A chi-square test (FDR < 0.0001) was used to determine whether strains showed
less or more variation than expected within the pals-gene family compared the total natural
variation observed. Next, we also manually inspected the pals-22/pals-25 locus of each of the
330 isolates via the Variant Browser tool on the CeNDR website (www.elegansvariation.org)
(Cook et al. 2017). The pals-22/pals-25 locus could be classified in three major groups based
on structural variation observed in the bam-files.

The number of polymorphisms within the pals-gene family was further specified per gene.
Tajima’s D values were calculated per gene within the C. elegans genome using the PoOPGenome
package (Pfeifer et al. 2014). The number of polymorphisms within the pals-gene family
were compared to the geographical origin of the strain obtained from the CeDNR database
(Cook et al. 2017). The data were visualized using the packages ‘maps’ (3.3.0) and ‘rworldmap’

(1.3-6) using custom written scripts (https://git.wur.nl/mark_sterken/Orsay_transcriptomics).

eQTL data analysis

The eQTL data was mined from http://www.bioinformatics.nl/EleQTL (Snoek et al. 2020).
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Supplementary information

Genetic variants in pals-genes
per total genetic variants > S

L)
o  First quartile (0-0.3) % \
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©  Fourth quartile (1.1-4.4)

Figure S1 Geographical distribution of natural variation within the C. elegans pals-gene family - A)
Location of CeNDR strains worldwide. The amount of natural variation (%) within the pals-pathway is
indicated by the color of the dot. All natural strains have been grouped in a quantile (the first quantile
exhibits least natural variation in the pals-pathway, the fourth exhibits most natural variation). B) Zoomed
in representation of Figure S1A of the strains collected in Europe. C) Zoomed in representation of Figure

S1A of the strains collected on Hawaii.
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Figure S3 Principal component analysis for gene expression in (un)infected C. elegans N2 and CB4856

- Principal component analysis for the gene expression data obtained for the nematodes that were infected
26 hours post bleaching and collected 30 hours post infection. The six PC axes that explain at least 5% of
the total variation are shown, numbered from 1 (explaining 36.1% of variance) to 6 (explaining 5.5% of
variance). Each dot resembles the location of a sample on these axes. The genotype (N2 or CB4856) is
indicated by color and the treatment (mock or OrV infection) is indicated by shape.
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Figure S4 Gene expression of pals-6, pals-14, pals-22, and pals-25 in the 30 hours exposure assay
determined via RT-qPCR - Box-plots of relative gene expression patterns for pals-6, pals-14, pals-22, and
pals-25 which were determined using RT-qPCR. Measurements were performed on the same 32 samples
that were used in the microarray analysis of (mock) infected N2 and CB4856. Each dot represents the
expression within a sample. The expression of N2 mock was compared to N2 virus, CB4856 mock and

CB4856 virus measurement per gene using a student t-test (*p < 0.05).
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Figure S5 Viral loads of C. elegans N2, CB4856, and JU1580 after 4 days of exposure — Strains were
infected with OrV by adding 20, 50, or 100uL OrV to an NGM plate with three young adults followed by
4 days of incubation (4 biological replicates). Viral susceptibility was determined by measuring viral loads
(log,) by RT-qPCR (student t-test; * p < 0.05 compared to N2). Boxplots show the division of the data into

four quantiles with the middle bar indicating the median.
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Figure S7 Gene expression of pals-genes and IPR genes before and after heat-shock - A) Heat-map
showing the log, intensities of pals-genes in N2 control, N2 heat-shock, N2 recovery, CB4856 control,
CB4856 heat-shock and CB4856 recovery conditions B) Heatmap showing the expression of IPR genes
in log2 intensities in N2 control, N2 heat-shock, N2 recovery, CB4856 control, CB4856 heat-shock and
CB4856 recovery conditions. This dataset is described by (Jovic et al. 2019; Snoek et al. 2017). Underlined
genes showed significant (basal) expression differences based on genotype (FDR < 0.05), whereas squares
indicated the genes where treatment had a significant effect (FDR < 0.1). Log, ratios are based on the
average expression of the gene of interest in the overall dataset. Therefore, the log, ratios per experimental
group indicate the deviation from the average value. A subset of the pals-genes, namely the pals-genes that
are also IPR genes (defined in (Reddy et al. 2019)) is depicted twice to facilitate direct comparison to non-
IPR pals-genes and non-pals IPR genes.
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Figure S8 Differentially expressed genes upon OrV infection — A) Volcano plot showing the effect of
treatment (OrV infection) on global gene expression patterns. Microarray spots (blue) above the FDR
threshold (dotted line) were considered differentially expressed. B) Volcano plot showing the effect of the
interaction between treatment (OrV infection) and genotype (N2 or CB4856) on global gene expression
patterns. Microarray spots (blue) above the FDR threshold (dotted line) were considered differentially

expressed. C) Venn diagram indicating the number of genes that are differentially expressed and associated

with an effect treatment (OrV infection) and/or genotype x treatment.
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Figure S9 Analysis of C. elegans expression patterns for OrV-response genes over time and long-term
pathogenic exposure — A) Gene expression patterns for N2 mock, N2 infected, CB4856 mock, CB4856
infected, JU1580 mock, and JU1580 infected nematodes of the 30 genes responding to OrV infection that
were found in dataset of infected N2 and CB4856 nematodes (infected at 26 and collected at 56 hours
post bleaching). The lines represent the fit through the data (by loess) and the grey area around a curve
represents the 95% confidence interval, genotypes are indicated by colors and mock infection is indicated
by dashed lines. B) Box-plots of relative gene expression patterns for pals-6, pals-14, pals-22, and pals-25
measured with RT-qPCR after exposure to OrV. Measurements were performed on the same 4 N2 and
CB4856 samples that were obtained by continuous exposure to either mock-conditions or 50uL OrV. Each
dot represents the expression within a sample. The expression of N2 mock was compared to N2 virus and
the expression of CB4856 mock was compared to the CB4856 virus measurement per gene using a student

t-test (*p < 0.05).
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Chapter 3 Intracellular Pathogen Response of natural strains

Table S6 Microarray probe binding to the CB4856 genome — A) BLAST alignment of C. elegans CB4856
sequence (PJRNA275000) to microarray probes (C. elegans (V2) Gene Expression Microarray 4X44K slides)
that detect the pals-genes. Probes are considered to align correctly when the there is more than 95% overlap
on the correct chromosome. B) N2 and CB4856 DNA hybridization to the microarray probes genes that
are differentially expressed based on genotype, treatment or their interaction. A ratio of 0 indicates there is
absolutely no difference between N2 and CB4856 hybridization. The full dataset was previously published
in (Volkers et al. 2013) and can be found online (ArrayExpress E-MTAB-8126). C) BLAST alignment
of C. elegans CB4856 sequence (PJRNA275000) to microarray probes (C. elegans (V2) Gene Expression
Microarray 4X44K slides) detect the IPR genes. Probes are considered to align correctly when the there is
more than 95% overlap on the correct chromosome. D) BLAST alignment of C. elegans CB4856 sequence
(PJRNA275000) to microarray probes (C. elegans (V2) Gene Expression Microarray 4X44K slides) that
detect the differentially expressed genes from the linear model investigating the terms genotype, treatment
and genotype x treatment. Probes are considered to align correctly when the there is more than 95% overlap
on the correct chromosome. E) N2 and CB4856 DNA hybridization to the microarray probes genes that
are differentially expressed based on genotype, treatment or their interaction. A ratio of 0 indicates there is
absolutely no difference between N2 and CB4856 hybridization. The full dataset was previously published
in (Volkers et al. 2013) and can be found online (ArrayExpress E-MTAB-8126).

. . Percentage .
Gene basepair  Gene basepair Chromosome  Chromosome . ; Alignment  Probe
SpotID Term Chromosome Sequence name Sequence aligned in
start end blast correct correct correct
CB4856
CTTCCGGAGGAAAA-
geno- TCCTGCAAACAATTT-
AGIWUR13 v 1545296 1566192 C34H4.5 v yes 100 yes yes
type GTATATTTTGTGCGT-
GTTATTTTCTCATTCC
CCTAAATTTCTGATT-
geno- TTCAGAGTTTGAGAC-
AGIWUR17 \ no 100 yes no
type CGTTTCGATTCAAAC-
CCCCACCGAACCCAA
GGAATGATTGTTCG-
eno- CACAGAGGACATCAA-
AGIWUR19 g \ 18142849 18143543 Y37H2A.13 \ yes 98.31 yes yes
type CTTGTCGATGCTTCA-
TAGTTCTTTAATCTTG
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Gene Gene Differential
SpotID Term Chromosome basepair basepair Sequence name WBID Public name Sequence hybridization N2 and
start end CB4856
CTTCCGGAGGAAAATCCTGCAAA-
AGIWUR13 genotype [\ 1545296 1566192 C34H4.5 WBGene00016427 C34H4.5 CAATTTGTATATTTTGTGCGTGT- -0.037
TATTTTCTCATTCC
CCTAAATTTCTGATTTTCAGAGTTT-
AGIWUR17 genotype GAGACCGTTTCGATTCAAACCCCCAC- -0.54
CGAACCCAA
GGAATGATTGTTCGCACA-
AGIWUR19  genotype \Y 18142849 18143543 Y37H2A.13 WBGene00045417  Y37H2A.13 GAGGACATCAACTTGTCGAT- 0.66
GCTTCATAGTTCTTTAATCTTG
Gene Gene . Chro- Chro- Percentage Align-
Chromo- . . Sequence Public . ; Probe
SpotID basepair basepair WBID Sequence mosome mosome aligned in ment
some name name correct
start end blast correct CB4856 correct
AGI WB AATTAAACGAAAAAGAATA-
| 12109096 12112505  MO01G12.9 M01G12.9 AAGGGCAACACGTTTCTTGAA- | 28.33
WUR10130 Gene00010822 yes ne ne
GAGTTCACGAAGCTTGTCCA
AGI WB TTGGTCATGCTGAGATTCGCTCTA-
Il 1619894 1621261 CO8E3.10 fbxa-158 AGGATATGAACATCAGCGAACT- Il yes 98.33 yes yes
WUR1075 Gene00015602
GATGAGAGTCTTCG
AG WEB TTTCAAGAAAATCAAATATTAT-
[\ 14539762 14542602 T27E7.6 pals-29 GCTGACATGGCGAGCAAGTTGAA- v yes 100 yes yes
WUR10921 Gene00012091
CAACCAATTCTCTCA
Gene Gene . .
Chromo- . . Sequence Public Percentage aligned
SpotID basepair basepair WBID Sequence .
some name name in CB4856
start end
AGlI- WB- ATTTTCATAGGCTTCGGTTGAAGGCTCCGGAGCGTGATATTCCTTCTTCGTC-
11579861 11581986 F15D3.8 pals-1 0
WUR20103 Gene00008858 TACTCTAA
AGI- WB- ACGATGTTCGACTGAATTTTGTGAGCTGGAAGCAACTGGAAATTGTAGAAGCGGT-
13104253 13106298 C17H1.3 pals-2 100
WUR5622 Gene00007656 GGTTG
AGI- WB- TGTTCGACTGAATTTTGTGAGCTGGAAGCAACTGGAAATTGTAGAAGCGGTGGTT-
13104253 13106298 C17H1.3 pals-2 100
WUR17946 Gene00007656 GAACA
Gene Gene . Differential
Chromo- . . Sequence Public L
SpotID basepair basepair WBID Sequence hybridization N2 and
some name name
start end CB4856
AGI- WB- ATTTTCATAGGCTTCGGTTGAAGGCTCCGGAGCGTGATATTCCTTCTTCGTC-
11579861 11581986 F15D3.8 pals-1 -0.28
WUR20103 Gene00008858 TACTCTAA
AGI- WB- ACGATGTTCGACTGAATTTTGTGAGCTGGAAGCAACTGGAAATTGTAGAAGCGGT-
I 13104253 13106298 C17H1.3 pals-2 -0.23
WUR5622 Gene00007656 GGTTG
AGI- WB- TGTTCGACTGAATTTTGTGAGCTGGAAGCAACTGGAAATTGTAGAAGCGGTGGTT-
13104253 13106298 C17H1.3 pals-2 0.094
WUR17946 Gene00007656 GAACA
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Table S7 eQTL found for the pals-genes — Summary of cis- and trans-eQTL found for the pals-genes in

previous eQTL studies, data obtained from (Snoek et al. 2020).

Intracellular Pathogen Response of natural strains

QTL QTL QTL QTL QTL QTL QTL Gene .
. QTL QTL L QTL . . Gene Sequence Public QTL QTL
Study Trait chromo- . signifi- ef- marker basepair marker basepair chromo- .
basepair  marker peak . . basepair name name type R2
some cance fect left left right right some
Li_2006_16C 12994 Il 600003 234 6.08 0.335 234 233 10000 233 600003 I 132418 C29F9.1 pals-22  cis 032
Li_2006_16C 20738 M 600003 234 6.35 1.096 234 233 10000 233 600003 I 120492 C29F9.4  pals-24  cis 033
Li_2006_16C 22845 M 600003 234 8.06 0.771 234 233 10000 233 600003 1l 124778 C29F9.3  pals-23 cis 0.41
Table S8 Fluorescent signals observed in infected nematodes — Summary of the phenotypes that were
observed after OrV FISH staining in the strains N2, CB4856, ERT54, ERT71, and JU1580. The total
number of inspected nematodes is shown and the number of nematodes showing either a green fluorescent
signal (IPR reporter gene + GFP), red fluorescent signal (OrV RNA1.1) or both signals.
. X Nematodes showing IPR Infection
X Biological Total amount Red fluorescent (OrV Green fluorescent Green fluorescent X :
Strain Assay . both green and red signal signal
replicates of nematodes RNA1.1) nematodes (pals-5) nematodes (F26F2.1) nematodes
fluorescence (%) (%)
N2 Liquid exposure OrV 8 2172 10 0 0 0 0.5
CB4856 Liquid exposure OrV 8 2235 4 0 0 0 0.2
ERT054 Plate exposure OrV 3 183 20 79 0 13 432 10.9
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Abstract

Host-pathogen interactions play a major role in evolutionary selection and shape natural
genetic variation. Viral infection of C. elegans has shown that the genetically distinct strains,
N2 and CB4856, are differentially susceptible to the Orsay virus (OrV). Here we report the
dissection of the genetic architecture of susceptibility to OrV infection. We compare OrV
infection in the relatively resistant wild type Hawaiian CB4856 strain to the more susceptible
canonical Bristol N2 strain. To gain insight into the genetic architecture of viral susceptibility,
52 fully sequenced recombinant inbred lines (CB4856 x N2 RILs) were exposed to OrV. This
led to the identification of two loci on chromosome IV associated with OrV resistance. To
verify the two loci and gain additional insight into the genetic architecture controlling virus
infection, introgression lines (ILs) that together cover chromosome IV, were exposed to OrV.
Of the 27 ILs used, 17 had an CB4856 introgression in an N2 background and 10 had an
N2 introgression in a CB4856 background. Infection of the ILs confirmed and fine mapped
the locus underlying variation in OrV susceptibility and we found that a single nucleotide
polymorphism in cul-6 contributes to the difference in OrV susceptibility between N2 and
CB4856. An allele swap experiment showed the strain CB4856 became more susceptible by
having an N2 cul-6 allele, although having the CB4856 cul-6 allele did not increase resistance in
N2. Additionally, we found that multiple strains with non-overlapping introgressions showed
a distinct infection phenotype than the parental strain, indicating that there are punctuated
locations on chromosome IV determining OrV susceptibility. Thus, our findings reveal the
genetic complexity of OrV susceptibility in C. elegans and suggest that viral susceptibility is

governed by multiple genes.
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Introduction

Genetic variation plays a major role in the arms race between pathogen and host (Enard et al.
2016; Obbard et al. 2006; Vasseur et al. 2011). The interaction between host genetic background
and pathogen can shape natural variation by imposing a strong selection regime on the affected
population. Host genetic variation plays a role in ongoing viral outbreaks as illustrated by studies
that correlate outcome of infection with Hepatitis, HIV, Zika, Ebola and SARS-CoV-2 to the
host’s genetic background (Dean et al. 1996; Heim et al. 2016; Hou et al. 2020; Nguyen et al. 2020;
Rasmussen et al. 2014; Yun et al. 2018). Studying host-virus interactions in model systems can
uncover genetic networks determining viral susceptibility (Chapter 2).

The nematode Caenorhabditis elegans encounters a variety of pathogens in its natural habitat,
including bacteria, microsporidia, oomycetes, and fungi (Schulenburg & Félix 2017). So far,
only one virus has been discovered that naturally infects C. elegans: the Orsay virus (OrV)
(Félix & Wang 2019). In the laboratory this pathogen can be easily maintained and used to study
host-virus interactions (Félix & Wang 2019). Host-virus interaction studies focusing on the
effect of host genetic variation are facilitated by the androdiecious mode of replication by which
C. elegans reproduces. This makes C. elegans a powerful model to investigate the effect of host

genetic variation as populations can be both inbred and outcrossed.

Three cellular pathways are used by C. elegans to defend itself against viral infections. First, the
RNAI response is a highly adaptive and diverse pathway that plays a role in many processes in an
organism, for example in development and antiviral responses in invertebrates (Grishok & Mello
2002; Tabara et al. 1999). In OrV infection, it recognizes the double stranded RNA replication
intermediate, which ultimately leads to the production of small interfering RNAs (siRNAs) that
target the viral RNA for degradation (Ashe et al. 2013; Félix et al. 2011; Sarkies et al. 2013; Sterken
et al. 2014; Tanguy et al. 2017). Mutants defective for various genes in the RNAi pathway display
higher viral susceptibility upon infection (Ashe et al. 2013; Félix et al. 2011; Sterken et al. 2014;
Tanguy et al. 2017). Second, the OrV can be targeted by a distinct mechanism known as viral
uridylation (Le Pen et al. 2018). Uridylation, like RNAi, leads to degradation of viral RNAs although
both antiviral defenses function independently of one another. Third, the Intracellular Pathogen
Response (IPR) is involved in defense against viral, fungal and microsporidian infections. The
IPR is regulated by the gene pair pals-22 and pals-25 that balance the nematode’s physiological
programs between growth and immunity (Reddy et al. 2019). Infections are counteracted by
upregulating a range of 80 IPR genes that reduce proteotoxic stress (Panek et al. 2020; Reddy et al.
2017, 2019). For most IPR genes, their biochemical function is currently unknown, but IPR gene
cul-6 functions in the E3 ubiquitin ligase complex and protects against viral and microsporidian
infection (Bakowski et al. 2014; Panek et al. 2020). Furthermore, the gene drh-1 (encoding a
RIG-I like protein) mediates the IPR response specifically upon OrV infection connecting IPR
and RNAi pathways which both depend on this gene (Sowa et al. 2019).
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Natural variation influences the susceptibility to OrV infections. Initially, it was observed
that the natural C. elegans strain JU1580 is more susceptible to infection with OrV than the
reference strain Bristol N2 (Félix et al. 2011). This difference has been linked to a natural
polymorphism in drh-1 affecting the anti-viral RNAi response (Ashe et al. 2013). In addition to
the natural variation in the RNAi response, genetic variation also determines the Intracellular
Pathogen Response (IPR) against OrV infection. The Hawaiian strain CB4856 had higher
(basal) expression of multiple IPR genes than N2, potentially resulting in higher resistance
to OrV infection observed in CB4856 (Chapter 3). However, the genetic and transcriptional

networks leading to this difference have not been uncovered.

The CB4856 and N2 strain are very polymorphic, with more than 400,000 polymorphisms,
including insertions/deletions and single nucleotide variants (Kim et al. 2019; Thompson et al.
2015). Over the last decade, both strains have been jointly used in many quantitative genetics
studies in C. elegans, focused on traits like: aging, stress tolerance and pathogen avoidance
(Doroszuk et al. 2009; Rodriguez et al. 2012; Snoek et al. 2020; Vifiuela et al. 2012). Most of
these studies have been conducted on one of the two available recombinant inbred line (RIL)
panels (Li et al. 2006; Rockman & Kruglyak 2009) or on the introgression line (IL) population
which contains fragments of CB4856 in a background of N2 (Doroszuk et al. 2009).

Here we set out to investigate genetic loci involved in the phenotypic differences between
the Bristol N2 strain and the Hawaii CB4856 in response to OrV infection. Viral replication
was characterized in N2 and CB4856 in a stage- and incubation time-dependent manner.
Subsequently, we used inbred panels constructed from these strains to identify possible
causal loci underlying the difference in viral susceptibility. We exposed a panel of 52 RILs to
OrV and measured the viral load. We identified two QTL associated with differences in viral
load on chromosome IV. Following-up, using a panel of 27 IL strains together covering the
QTL location on chromosome IV led to the identification of 34 candidate genes involved in
antiviral immunity. One of these candidate genes, the IPR gene cul-6, was tested for its role in
OrV infection in the strains N2 and CB4856.
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Results

CB4856 displays resistance to OrV infection

The two wild-type genotypes N2 and CB4856 respond differently to OrV infection: N2
shows higher viral loads than CB4856 30 hours after infection with OrV (Chapter 3). This
difference could arise due to a slower developing infection, a difference in the stationary
phase of the infection, or (molecular) differences at an individual level. The latter hypothesis
was previously tested by visualizing OrV in infected individuals (Chapter 3), but individual
infection levels were insufficient to explain differences between the strains. Therefore, we
decided to focus on the kinetics of viral susceptibility. Infection kinetics were investigated by
infecting both strains at an age of 26h (L2 stage) and measuring the viral load over 2-36 hours
post infection (in 26-62 hour old animals) (Figure 1A). N2 developed a 3.2 units higher viral
load than CB4856, in concordance with the observation in previous experiments (Chapter 3).
Next to this, we observed that infection could be established in N2 more often than in CB4856
(76% (n = 121) versus 61% (n = 115) success rate).

Whereas the infection developed via a clear lag-phase in N2 during the first 12 hours, a large
variation in viral loads was observed in the initial infection phase for CB4856 (Figure 1B). In
this time series experiment, a significant amount of the variance was explained by genotype
(ANOVA, p < 1-10*). We found that for some infected CB4856 populations the infection
developed similar (but to lower level) compared to N2, however in other experiments the
infection did not develop beyond levels reached in the lag-phase of the infection. Consequently,
CB4856 populations that were 38h or older show either similar viral loads to populations that
were younger (and thus shorter infected) or viral loads that reached a maximum (Figure 1C).
On the other hand, N2 populations all reach higher loads after the lag-phase of infection was
passed (Figure 1C). Therefore, the time passed since infection was also explaining variance
in viral load (ANOVA, p < 1:10°). Constant exposure to OrV for four days resulted in
similar viral loads between N2 and CB4856 (Chapter 3) (Ashe et al. 2013), thus suggesting
that multiple rounds of viral replication are necessary to fully infect CB4856 populations.
Together, these observations show that CB4856 initially develops a lower viral load and can

control beginning infection better than N2.
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A time after synchronization: 26h time after synchronization: 28-61h
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Figure 1 Kinetics of OrV infection in N2 and CB4856 - A) Nematodes are infected by the OrV in liquid
at the age of 26h hours (as in (Chapter 3)) before samples were washed of the plate 2-35h later and collected
forviral load quantification. B) Development of OrV infection over time in N2 and CB4856 over a course of
33h. C) A density plot of the viral load measurements over time, divided in two groups: early infection (up

to 12 hours post infection, grey) and late infection (after 12 hours post infection, green).
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CB4856 nematodes are resistant to infection by the microsporidian Nematocida parisii, but
only in the L1 stage (Balla et al. 2015). N. parisii shares its cellular tropism with OrV and both
pathogens induce the same transcriptional response: the Intracellular Pathogen Response
(IPR) (Chen et al. 2017; Reddy et al. 2017, 2019). Here, we tested if L1 CB4856 could have even
higher resistance to OrV infection than the L2 animals we have infected before. Therefore,
infection was compared in first (22-hour old) and second (28-hour old) larval stage animals
(Figure S1A). N2 animals were infected in parallel for reference and the infection could
develop for 30 hours after infection. We found for both genotypes that the viral loads were
highly comparable between the L1 and in the L2 infected nematodes (Figure S1B). Thus, the
relative resistance of CB4856 towards the OrV is not age-dependent, in contrast to resistance

to the microsporidian N. parisii.

A locus on chromosome |V links to resistance against OrV

To find the causal genetic loci underlying the differences between N2 and CB4856 in viral
load, recombinant inbred lines (RILs) constructed from a cross between these strains were
infected with OrV (Figure S2A) (Li et al. 2006; Thompson et al. 2015). The RILs were infected
in the L2 stage (at an age of 26h) and the infection was continued for 30h, after which the
viral load was measured. The viral loads of the RILs followed a pattern of transgressive
segregation, indicating that multiple genetic loci contribute to viral susceptibility (Figure 2A).
We found a narrow-sense heritability (h? the fraction of trait variation explained by genotype)
of 0.40 for the mean viral load (excluding populations that were not successfully infected).
Linkage analysis for this trait identified a QTL on chromosome IV between 12.5 and 15.1Mb
(Figure 3B) (R? = 0.37). Besides performing a linkage analysis for the mean viral load of
successfully infected populations, linkage analysis was performed for A) the median viral load
(excluding unsuccessfully infected populations), B) the overall mean viral load (including
unsuccessfully infected populations) and C) the minimum viral load observed for a strain
(Figure S2A-C). Correlation analysis of the minimum viral load pointed towards an additional
QTL location on chromosome IV between 2.6 and 2.8Mb. Thus, the QTL peak on the left side
of chromosome IV could be linked to the success of infection, whereas the peak on the right
side of chromosome IV was linked to the height of the viral load measured. Therefore, each

locus may influence another biological aspect of OrV infection.
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Figure 2 OrV infections in a Recombinant Inbred Line panel with parental strains N2 and CB4856 -
A) Transgression plot of the viral loads of 52 RIL strains used for the infection assays. B) The QTL profile
for mean viral load (excluding unsuccessful infections). The significant QTL peak is found at the end of
chromosome IV at 13.3Mb (1.5 LOD-drop interval from 12.5-15.1Mb).

Verification of the QTL locus by introgression lines

To experimentally verify the QTL peaks involved in the viral susceptibility difference between
N2 and CB4856 introgression lines (ILs) were infected. ILs contain small fragments of one
strain in the genetic background of another strain (Doroszuk et al. 2009). ILs that together
cover chromosome IV were used and their viral loads were measured after infection. We used
10 ILs with a N2 fragment in the CB4856 background (IL, ) and 17 ILs with a CB4856

CB4856
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fragment in the N2 background (IL; Figure S2B). Of the 27 infected ILs 9 had a different
viral load than the parental strain, demonstrating that presence of the introgression alters
cpagss Strains WN352,
WN353, and WN354 showed a phenotype distinct from the parental strain (two-sided t-test,
p < 0.05) overlapping the right QTL peak at 12.41-12.89Mb. In agreement, two IL, strains
covering this QTL were more resistant than N2 (WN252, WN254) (Figure 3A), but contrary
three strains with the CB4856 fragment in the N2 background covering the same location did
not show a lower viral load than the N2 strain (WN258, WN259, and WN261). In addition,
IL,, strain WN263 with an introgression from 14.87-17.49Mb had a lower susceptibility

the viral susceptibility compared to the parent. We found that the IL

than N2. Together, these results indicate that there are multiple loci genes underlying the
susceptibility difference between N2 and CB4856 and these can interact with each other.

Linkage analysis on the IL, panel showed the highest correlations for viral load and genetic
background on the right side of chromosome IV with a QTL peak around 16Mb (Figure 3B),
whereas the IL_,,.. . panel mapping did not show an effect of the introgression (Figure 3C).
The resolution for IL mappings is relatively low compared to RIL mappings, because of fewer
breakpoints in the population. Therefore, the IL peak mapped in the ILs could rely on the
same genetic variation as the QTL peak mapping in the RIL panel. The left-sided QTL peak
on chromosome IV found in the RIL panel could not be confirmed by IL mapping, with only
two (WN251 and WN252) out of fourteen strains that cover this location having a different
phenotype than the parental strain.
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Figure 3 OrV infections in two Introgression Line panels with parental strains N2 and CB4856 - A)
The viral loads of N2, CB4856 and 27 IL strains used for the infection assays. Of these, 17 strains have a
CB4856 introgression in a N2 background (orange filled boxplots) and 10 have a N2 introgression in a
CB4856 background (blue filled boxplots). An asterisk indicates that the strain is significantly different from
its parental genetic background (p < 0.05, t-test). B) Linkage mapping profile for mean viral load (excluding
unsuccessful infections) for the CB4856-in-N2 background panel. A significant peak is found on the right
side of chromosome IV. C) Linkage mapping profile for mean viral load (excluding unsuccessful infections)
for the N2-in-CB4856 background panel.
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In search of causal genes underlying viral susceptibility differences between N2 and
CB4856

Linkage analysis in both RILs and ILs indicated that viral susceptibility differences between
N2 and CB4856 were governed by multiple loci. We set out to see if we could identify
polymorphic genes that determine the susceptibility difference between N2 and CB4856. We
focus on the 12.41-12.89Mb region on chromosome IV, because this region was mapped in
the RIL panel and supported by analysis of the ILs. This region contains 34 polymorphic
genes of which 25 contain a non-synonymous change in the coding sequence (Supplementary
Table S3). The candidate genes in this region have diverse functions, including genes with a
known immune function against bacterial or viral infection. One these is the gene cul-6. This
gene is regulated by the IPR and knockdown of cul-6 increases the susceptibility to OrV in N2
nematodes (Bakowski et al. 2014; Reddy et al. 2017, 2019). The cul-6 gene contains a single
nucleotide polymorphism in the 428" amino acid changing a negatively charged glutamic
acid in N2 into a positively charged lysine in CB4856 close to the RBX-1 binding site (Figure
4A). The amino acid at this position has been highly conserved from yeast to humans in
the closely related CDC53 and CUL-1 proteins encoding a lysine in all cases (amino acid
conservation between C. elegans CUL-1 and CUL-6 is 47%) (Figure 4B) (Zheng et al. 2002).

To test whether the cul-6 polymorphism explains the difference in viral susceptibility between
N2 and CB4856 we used CRISPR-Cas9 strains encoding the cul-6 N2 allele in the CB4856
genetic background (PHX1170) and the cul-6 CB4856 allele in the N2 genetic background
(PHX1169). Based on the results of the introgression line analysis the strain N2-in-CB4856
strain was expected to be as susceptible as N2. We indeed observed a higher viral load for
PHX1170 than for CB4856 (Figure S3). Although this CB4856-PHX1170 difference was
not significant (p = 0.31), the difference between N2 and PHX1170 was also not significant
(p = 0.41), indicating PHX1170 has a phenotype intermediate between N2 and CB4856.
Furthermore, PHX1169 retained high viral susceptibility, nevertheless we noticed that the
variance in measurements was higher than in the N2 strain. Together, this shows that the
cul-6 polymorphism contributes to viral susceptibility differences between N2 and CB4856,
yet the effect size of this allele is modest. The resistant phenotype of CB4856 cannot be fully
allocated to this allele, because it does not confer resistance in a susceptible background
and CB4856 and PHX1170 were more similar than CB4856 and N2. This shows having the
susceptible cul-6 allele makes the strains vulnerable to infection but having the resistant allele

does not protect strains with an otherwise susceptible background.
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Figure 4 The gene cul-6 in CB4856 and N2 and its effect on viral susceptibility — A) Structure prediction
of C. elegans CUL-6. The lysine present in the CB4856 allelic variant is shown is blue, the glutamic acid
present in the N2 allelic variant in orange. The RBX-1 binding domain is shown in purple. B) Part of
the sequence alignment between Homo sapiens CULI, Saccharomyces cerevisite CDC53, C. elegans
CUL-1 and the C. elegans N2 and CB4856 allelic variants of CUL-6. The location of the N2 and CB4856
polymorphism is indicated with an arrow. The amino acid conservation is indicated by the grey bars at
the bottom and by the annotations on top (single dot: weakly conserved, double dot: strongly conserved,
asterisk: completely conserved). The gene cul-6 contains a polymorphism between N2 and CB4856 at a
conserved site. Colors are based on the amino acid properties and locations of alpha-helices are indicated
by cylinders (Zheng et al. 2002). C) Viral susceptibility of N2, CB4856, PHX1169 (N2 genetic background
carrying a CB4856 cul-6 allele) and PHX1170 (CB4856 genetic background carrying a N2 allele) (asterisk
indicating p < 0.05, t-test).
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Discussion

Here we have unraveled the genetic architecture of viral susceptibility in the C. elegans
strains N2 and CB4856. We found two QTL peaks linking to susceptibility differences on
chromosome IV and confirm the QTL on the right side of chromosome IV using a selection
of introgression lines. Observations made for individual ILs show that multiple loci on
chromosome IV contribute to viral susceptibility. When we zoomed in on the 12.4-12.9Mb
region that likely contains a causal gene, we identified 34 polymorphic genes which are
candidates to explain differences in viral susceptibility between N2 and CB4856. Allele swap
experiments between one of this candidate genes, the IPR gene cul-6, indicated a single
nucleotide polymorphism underlies susceptibilities differences. Nevertheless, other genetic
loci contribute to the whole phenotypic variation between N2 and CB4856. These findings

show that the genetic architecture of OrV susceptibility is a complex, polygenic trait.

The OrV infection phenotypes of CB4856 and N2

Our experiments confirmed that there is a difference in early OrV infections between N2 and
CB4856 (Chapter 3) and that this difference retains independently of age of infection. There
are several possibilities for the observed differences in OrV infection between N2 and CB4856.
Three of these possibilities are: i) individual nematodes in the CB4856 population are less likely
to be infected, ii) in CB4856 a lower number of cells is infected, iii) or the infection topology
in CB4856 is different from N2. Although we have addressed these questions in our previous
study, we could not visualize OrV in enough individuals to state what may contribute to the
observed viral susceptibility difference at a population level. Having a more sensitive method
than Fluorescent in situ Hybridization (FISH) could help to answer this question. For example,
having fluorescently labelled OrV might help to visualize lower infection levels. Additionally,
a reporter strain could be made by integrating a fluorescently labelled copy of one of the IPR
genes that responds similar to infection in N2 and CB4856. A non-microscopic approach may

be found by developing a protocol for single-nematode RT-qPCRs to detect the OrV.

Chromosome 1V is implicated in natural variation in OrV infection

By exposing RILs and ILs to OrV infection, we identified a QTL on chromosome IV that is
implicated in a lower viral load due to the CB4856 allele. A genome wide association study
(GWAS) on OrV infection in C. elegans also implicated chromosome IV (Ashe et al. 2013),
but unlike these authors, we did not find a peak near the drh-1 locus. This was in line with
expectations as only two polymorphisms are found in the introns between N2 and CB4856 for
this gene (Thompson et al. 2015). Still, the more distal associations uncovered by the GWAS
could potentially result from the same allelic variation as the QTL between 12.41-12.89Mb,
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because the GWAS identified five peaks on chromosome IV which are located between 5
and 13Mb. Therefore, natural populations of C. elegans may carry similar genetic variants
conferring OrV resistance as N2 and CB4856.

In our previous study investigating viral susceptibility differences between N2 and CB4856
we found that CB4856 has higher basal expression of IPR genes which we hypothesized
may be caused by distinctive pals-22/pals-25 expression patterns (Chapter 3). These genes,
the respective repressor and activator of the IPR, are located adjacent to each other on the
left hand of chromosome II (Reddy et al. 2019). eQTL studies indicated that local genetic
variation (cis-eQTL) regulate expression of pals-22 and pals-25 (Li et al. 2006, 2010; Rockman
et al. 2010; Snoek et al. 2017; Sterken et al. 2014; Vifnuela et al. 2010, 2012). Nevertheless,
we did not observe a link between natural genetic variation in viral susceptibility in N2
and CB4856 and the pals-22/pals-25 locus on chromosome II. There may be many reasons
for this (including a lack of causality of this locus), but our results show that we could only
explain a minor fraction of the heritability by the QTL locations we found. This result is
typical for QTL mappings of complex traits and suggests that additional loci contribute to
the viral susceptibility difference between N2 and CB4856. These loci may have small effect
sizes, interactions or are affected by a (currently unknown) environmental cause (Eichler
et al. 2010).

Orsay virus susceptibility has a polygenic basis

The QTL in the RIL panel and follow-up fine mapping in the ILs identified a relatively small
locus containing 34 polymorphic genes contributing to the viral susceptibility towards
OrV infection. We investigated the effect of a cul-6 polymorphism and found that this SNP
contributes to viral susceptibility. This allele functions in one direction by making the resistant
CB4856 background susceptible when carrying the N2-allele. Other approaches may clarify
how the cul-6 polymorphism affects the functioning of the E3 ubiquitin ligase complex. For
example, biochemical approaches such as ELISA or immunoblots could be used to investigate
binding of the two cul-6 protein variants to other E3 ubiquitin ligase complex members
(Pollard 2010). Additionally, tagging cul-6 with a fluorescent label could further reveal cellular
functioning of both variants, especially in OrV infected cells that are also stained by FISH.

The phenotypic difference between N2 and CB4856 cannot be entirely explained by the
cul-6 allele alone. The 12.4-12.9Mb region also contains multiple other genes that may
affect viral susceptibility. Some of these are transcriptionally activated by OrV infection,
others have a more general or unknown cellular function. Besides, the 12.4-12.9Mb region
specifically investigated here, we show that are multiple other loci and genes contributing to
viral susceptibility on chromosome IV. The left side of chromosome IV appeared involved

in determining the success of infection, but we could not verify this result in the ILs. This
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may be because there is no correlation between phenotype and genotype, but it may also be
because only a small fraction of infections fails, complicating studying this trait. Nevertheless,
some ILs covering the left side of chromosome IV had a viral susceptibility distinct from the
parent. Additionally, strain WN351 carries a susceptible introgression at the 12.4-12.9Mb
locus but remained resistant. This strain has a large introgression also covering the left side of

chromosome IV, where interacting genes may be located.

Our results reveal the complex genetic basis of OrV susceptibility. These results are in line with
other studies mapping variation in viral susceptibility to the hosts genome (see for example
(Al-Qahtani et al. 2013; Heim et al. 2016; McLaren et al. 2015; Nedelko et al. 2012; van Manen
et al. 2012)). This may not be surprising as viruses use the hosts cellular machinery to replicate
and hosts have multiple mechanisms to counteract viruses, therefore host-virus interactions
will comprise many genetic interactions that can be affected by genetic variation (Chapter 2).
Thus, future studies may aim to uncover genetic networks rather than a single gene to further

enhance our understanding of natural variation in host-virus interactions.
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Material and methods

C. elegans strains and culturing

C. elegans strains Bristol N2 and Hawaii CB4856 were used and strains derived from
crosses between these two wild-type strains. In this paper 52 recombinant inbred lines,
17 introgression lines with an N2-background (IL,,) and 10 introgression lines with a CB4856
background (IL
(Doroszuk et al. 2009; Li et al. 2006). All these genotypes have been confirmed by full-genome
sequencing. The strains PHX1169 cul-6(syb1169) and PHX1170 cul-6(syb1170), containing
the cul-6 CB4856 allele in a N2 background and the N2 cul-6 allele in a CB4856 background
respectively, have been created by CRISPR-Cas9 by SunyBiotech (http://www.sunybiotech.

cpisse) Ccovering chromosome IV were used (Supplementary Table S1, S2A)

com) (Supplementary Text S1). These genotypes have been confirmed by PCR sequencing.

The nematodes were kept at 12°C between experiments on 6 cm NGM plates seeded with
E. coli OP50. Bleaching was used to synchronize populations and to remove bacterial or fungal
contaminations (Brenner 1974). Before experiments, a population without males was created
by picking single worms in the L1/L2 stage and transferring hermaphrodite populations to
fresh 9 cm NGM plates. New experiments were started by bleaching an egg-laying population
grown at 20°C.

Orsay virus stock preparation

Orsay virus stocks were generated by isolating OrV from a persistently infected JU1580
culture (Félix et al. 2011). Over 100 JU1580 populations were grown on 9cm NGM plates
containing twice the usual amount of agar to prevent the nematodes from burying into the
agar (34g/L). The nematodes were collected by washing the animals off the plate with M9
buffer and collecting the suspension in an Eppendorf tube. The suspension was flash frozen
in liquid nitrogen to break the nematodes and slowly thawed at 4°C. The suspension was
centrifuged for 5 minutes to pellet the bacteria and nematodes. The supernatant was collected
and passed through a 0.2um filter. The obtained virus stock was divided in aliquots, flash
frozen in liquid nitrogen, and stored at -80°C until use. Specific infectivity of the virus stock

was tested by serial dilution infections in C. elegans JU1580 (Sterken et al. 2014).

Infection experiments

The infection assay was conducted as described in (Sterken et al. 2014). Populations were
synchronized (t = 0 hours) and grown at 20°C on 9 cm NGM plates. Just before of infection,
the strains were washed off the plate with M9 buffer and pelleted by centrifugation. The

supernatant was removed and the strains were exposed to OrV in liquid for 1 hour. The
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worms were washed 3 times with M9 and placed on a fresh 9 cm NGM plate. Infections
were performed on animals in the L1 (22 hours post bleaching) or L2 (26 or 28 hours post

bleaching as indicated in the text) stage.

For the replication kinetics experiments on N2 and CB4856, the animals were harvested 2-35
hours post infection. This experiment was conducted in 8 independent biological replicates,
each evenly covering the time-series. For the viral load experiments on the RIL and IL panels
and the cul-6 allele swap strains, the animals were harvested 30 hours post infection. The
experiment in the RIL panel was conducted on 3 independent biological replicates. The
experiment in the IL panel was conducted on at least 5 independent biological replicates. The
experiment using the cul-6 allele swap strains was conducted on 21 independent biological

replicates.

RNA isolation

The RNA was isolated using a Maxwell® 16 AS2000 instrument with a Maxwell® 16 LEV simply
RNA Tissue Kit (both Promega) following the recommended protocol, except the addition
of 10 mg of proteinase K during the lysis step. The lysate was incubated in a Thermomixer
(Eppendorf) for 10 minutes at 65°C at 1,000 rpm. After isolation the quality and quantity of
the RNA was determined via NanoDrop-1000 (Thermo Scientific).

cDNA preparation and RT-qPCR

cDNA was synthesized using the GoScript Reverse Transcriptase kit (Promega) following
the recommended protocol with random hexanucleotides (Thermo Scientific) and 1lug
of total RNA as starting material. The cDNA was quantified by RT-qPCR (MyIQ, Biorad)
using Absolute QPCR SYBR Green Fluorescein Mixes (Thermo Scientific) or iQ SYBR Green
Supermix (Biorad) following the recommended protocol. The samples were quantified using
the primers described by (Sterken et al. 2014).
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The qPCR data was processed using R (version 4.0.2), as described before (Sterken et al. 2014).
—Ct
Qe = 2"

In short, before normalization, the RT-qPCR measurements were transformed by where Q is
the expression of the gene and Ct is the measured Ct value of the gene. The viral expression

was normalized by the two reference genes, using the formula

B _ Q¢ _
((Qrpl—6/ Qrpl—é) + (Qysz7g3.8/ Qva7ess))

where E is the normalized viral load, Q, is the expression of the viral RNA and Qrpl- . is the

expression of reference gene rpl-6 and Q is the expression of reference gene Y37E3.8. All

Y37E3.8
viral load data presented here was batch corrected per experiment for the different viral stocks
used in that experiment. The average viral loads of N2 and CB4856 (excluding unsuccessful
infections) were used for batch correction as these two strains were taken along in every

experiment.

From the replicate measurements in the RIL panel, several traits could be derived for QTL
mapping over the RIL population. The following parameters were derived: mean viral
load, median viral load, and minimum viral load. We excluded the unsuccessful infections

(as these could also arise due to technical failures) and unless indicated otherwise.

Quantitative trait locus mapping RIL population

Single locus QTL mapping was done using a linear model (version 4.0.2) to explain viral load

and derived traits over the markers by
E ~x. +¢.
i ij ij

where E is the viral load of RIL i (1, 2, ..., 52) and x is the marker of RIL i at location j (a set
of 1152 sequenced markers was used (Supplementary Table S2). For E the outcome of each

replicate of the experiment was averaged over the three biological replicates.

For the RIL mapping the statistical threshold was determined via a permutation analysis,
where the values measured for E were randomly distributed over the genotypes. The same
model as for the mapping was used and this analysis was repeated 1,000 times. The 950th

highest p-value was taken as the threshold p-value for a false discovery rate of 0.05.
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Heritability and variance calculations

The narrow-sense heritability’s (h?) were calculated per investigated trait by REML (Grishok
& Mello 2002; Kruijer et al. 2014; Speed et al. 2012) using the package ‘heritability’ in R
(version 4.0.2). Significance was determined via 1,000 permutations where the values

measured for E were randomly distributed over the genotypes.

The variation explained by a QTL peak was calculated by

2
_ RQTL
VExplained - h2

where R? is the R? from the fit of the peak marker and h?* is the narrow-sense heritability of
the trait.

Introgression line analysis

The viral loads obtained for the introgression lines were analyzed individually against N2 and
CB4856 via a two-sided t-test assuming unequal variance in R (version 4.0.2). Experiments
where no virus was detected were excluded from the analysis. Moreover, we performed
linkage mapping for the two IL panels separately using a linear model to explain viral load

over the markers by
E~x +e¢.
i 1j 1j

where E is the viral load of IL i (1, 2, ..., 10 or 17) and x is the marker of IL i at location j
(a set of 1152 sequenced markers was used (Supplementary S2). Each IL was compared
against the respective parental strain (N2 or CB4856). For E the outcome of each replicate
of the experiment was averaged over the biological replicates. A significance threshold was
drawn at -log (p) > 3.5 for analysis of the data.

Allele swap analysis

Because we observed a high level of variance in the viral loads in N2 and CB4856 and the
effect size of the QTL
experiments by performing 21 biologically independent infections using three different virus

211250 Was small we used a high level of replication for the allele swap
stocks. Unsuccessful infections were excluded from the analysis and the batch corrected viral
load data (based on virus stock as described above) was subsequently checked for outliers.
Outliers were defined by 1.5 times the interquartile range plus or minus the third or first
quartile respectively. After removal of the outliers (7% of the measurements), a t-test assuming

unequal variances was performed to analyze the data.
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Protein structure analysis

Protein sequences from the human CUL1 (NCBI Reference Sequence: NP_003583.2),
Saccharomyces cerevisiae CDC53 (GenBank: CAA98702.1), Drosophila melanogaster CUL-1
(GenBank: AAD33676.1) and C. elegans CUL-1 (GenBank: AAC47120.1), CUL-6 N2 allelic
variant (GenBank: CAB01230.1) and CUL-6 CB4856 allelic variant were aligned in ClustalX
(version 2.1) using the standard settings (Larkin et al. 2007). A structural model for the
N2 and CB4856 allelic variant was predicted using the human CUL1 protein structure as a
template in the SWISS-MODEL ExPASy web server. The standard search parameters were
used, based on the SWISS-MODEL template library (version 14/01/2015) and the protein
data bank (version 09/01/2015) (Altschul et al. 1997; Benkert et al. 2011; Mariani et al. 2011;
Peitsch 1997; Remmert et al. 2012; Sali & Blundell 1993). The obtained models for N2 and
CB4856 CUL-6 were compared in SwissPDBViewer (v. 4.1.0) (Guex et al. 2009).

Script availability

Scripts that were custom written in R (version 4.0.2) are openly available at https://git.wur.nl/
lisavansluijs/OrV_QTL.
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Supplementary information

The supplementary text can be found at https://tinyurl.com/SI-PhD-thesis.

Supplementary Text S1 Description of allele swap strains PHX1169 and PHX1170 - Genetic code of the
strains PHX1169 and PHX1170 compared to their respective parental genotypes N2 and CB4856.
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Figure S1 Viral infection in L1 and L2 staged N2 and CB4856 - A) Viral infections were either started in
the L1 stage (22h) or L2 stage (28h). Populations were exposed to the OrV in liquid and isolated 30 hours
post infection for viral load measurements. B) Viral loads observed for N2 and CB4856 that were infected
in the L1 or L2 stage. Genotype had a significant effect on viral susceptibility for both stages (asterisk
indicating p < 0.05, t-test), but viral susceptibility was not determined by infection age.
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Figure S2 Genetic maps of the RIL and IL strains - A) Genetic map of the N2xCB4856 RIL panel. B)

Genetic map of chromosome IV for the N2-in-CB4856 background (strain WN340-WN354) and CB4856-
in-N2 background (strain WN245-WN263) ILs.
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Figure S3 QTL mapping for mean, median and minimum viral load - A) The QTL profile for mean
viral load (including unsuccessful infections). The significant QTL peak is found from 12.5-14.9Mb. B) The
QTL profile for median viral load (excluding unsuccessful infections). The significant QTL peak is found
from 11.2-15.1Mb. C) The QTL profile for minimum viral load (including unsuccessful infections). The
significant QTL peaks are found from 2.6-2.8Mb and 11.2Mb.
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Chapter 5

Abstract

Mating dynamics follow from natural selection on mate choice and individuals maximizing
their reproductive success. Mate discrimination reveals itself by a plethora of behaviors and
morphological characteristics, each of which can be affected by pathogens. A key question is
how pathogens affect mate choice and outcrossing behavior. Here we investigated the effect
of Orsay virus on the mating dynamics of the androdiecious (male and hermaphrodite)
nematode Caenorhabditis elegans. We tested genetically distinct wild types and found that
viral susceptibility differed between sexes in a genotype-dependent manner with males of
reference strain N2 being more resistant than hermaphrodites. Males displayed a constitutively
higher expression of Intracellular Pathogen Response (IPR) genes, whereas the antiviral
RNAi response did not have increased activity in males. Subsequent monitoring of sex ratios
over ten generations revealed that viral presence can change mating dynamics in isogenic
populations. Sexual attraction assays showed that males prefer mating with uninfected
rather than infected hermaphrodites. Together our results illustrate that viral infection can
significantly affect male mating choice and suggest altered mating dynamics as a novel cause

benefitting outcrossing under pathogenic stress conditions in C. elegans.
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Viral infection and sex

Introduction

Sexual reproduction is the dominant reproductive strategy in the animal kingdom allowing
for rapid adaptation to a(biotic) selective pressures (Butlin 2002; Lehtonen et al. 2012).
Pathogens are main biotic drivers of evolution by forcing hosts to constantly adapt to the
peril of infection and can benefit sexual over asexual reproduction (Bell 1982; Hamilton 1980;
Jaenike 1978; Morran et al. 2011). Next to direct genetic selection, pathogens may interfere
with mating systems in many other ways. For instance, by influencing sexual characteristics
such as chemical cues, behavior and courtship. Such interferences have been recorded for a
range of species showing that frogs, mice, flies and humans are less likely to mate with infected
conspecifics (Kavaliers & Choleris 2018; Kiesecker et al. 1999). Furthermore, physiological,
molecular and genetic differences between the sexes can underlie differences in pathogen
susceptibility, thereby potentially favoring one sex over another in an infected population
(Gipson et al. 2019; Klein & Flanagan 2016; Scully et al. 2020). Despite sexual reproduction
would be most efficient when both sexes are equally present (Fisher 1930), skewed sex ratios
are often observed in nature. Pathogen-induced interference in populations can help explain
unbalanced sex ratios (Dyson 2012; Engelstadter & Hurst 2009; Klein & Flanagan 2016; Lynch
et al. 2018; Masri et al. 2013; Morran et al. 2011).

The androdiecious (male and hermaphrodite) nematode C. elegans and its natural associated
pathogens, provide a versatile model to study sex-dependent host-pathogen interactions
(Cutter et al. 2019). C. elegans can reproduce both by outcrossing and self-fertilization leading
to variable male-hermaphrodite ratios. Males (XO) arise only rarely after spontaneous X
chromosome non-disjunction with an estimated frequency of 0.1-0.4% in the laboratory
(Teotonio et al. 2006). Although successful outcrossing raises male frequencies as mated
hermaphrodites produce 50% male and 50% hermaphrodite (XX) offspring, ineffective
mating behavior typically dwindles male frequencies (Borne et al. 2017; Chasnov et al. 2007;
Garcia et al. 2007; Kleemann & Basolo 2007; Palopoli et al. 2008; Teotonio et al. 2006). Yet,
elevated outcrossing levels benefit bacterial-infected C. elegans populations among others by
having genetically more resistant oftspring (Lynch et al. 2018; Masri et al. 2013; Morran et al.
2011).

Associated intracellular pathogens of C. elegans include microsporidia, oomycetes and a virus
(Félix et al. 2011; Osman et al. 2018; Zhang et al. 2016). These pathogens induce a molecular
defense mechanism, called the Intracellular Pathogen Response (IPR), that is distinct from
the response to bacterial infections (Chen et al. 2017; Panek et al. 2020; Reddy et al. 2017,
2019; Sowa et al. 2019). The IPR involves different expression of 80 IPR genes and is controlled
by the IPR inhibitor pals-22 and IPR activator pals-25 (Reddy et al. 2019). Additionally, viral
infection is counteracted by RNAi and uridylation leading to a degradation of viral RNA
(Ashe et al. 2013; Coffman et al. 2017; Félix et al. 2011; Le Pen et al. 2018; Sterken et al. 2014;
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Tanguy et al. 2017). Males differ largely from hermaphrodites in various molecular pathways,
but it is currently unknown if nematodes show sex-dependent resistance against intracellular

pathogens such as viruses and if stress caused by these pathogens affects mating dynamics.

Here we studied infection responses for both sexes in different wild types of C. elegans to
the naturally occurring intracellular pathogen Orsay virus (OrV). The non-lethal OrV is a
positive-sense, single-stranded RNA virus (family Nodaviridae) that infects intestinal cells
(Félix et al. 2011). Although relatively few individuals within populations become infected
(up to 40% for the highly susceptible wild type JU1580), infected cells show severe
morphological effects leading to fitness disadvantages (Ashe et al. 2013; Félix et al. 2011;
Frézal et al. 2019). We found that viral infection affects male mating choice in C. elegans and
suggest mating dynamics as a novel cause benefiting outcrossing under pathogenic stress
conditions in C. elegans.
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Viral infection and sex

Results

Viral susceptibility differs between sexes in a genotype-dependent manner

Different genotypes of C. elegans hermaphrodites vary in susceptibility to the OrV (Ashe
et al. 2013; Félix et al. 2011), but the susceptibility of C. elegans males has not been
investigated. To compare the viral susceptibility of C. elegans males and hermaphrodites,
both sexes were infected for three genetically distinct genotypes: N2, CB4856 and JU1580
(Figure 1A) (Dataset S1). We found that N2 males had lower viral loads than hermaphrodites
(Figure 1B) (bootstrap, p = 0.047). CB4856 males and hermaphrodites were often not
successfully infected and had similar viral loads (Figure 1B) (bootstrap, p = 0.20). JU1580
males and hermaphrodites are both highly susceptible to viral infection (Figure 1B)
(bootstrap, p = 0.48). Since the largest difference between males and hermaphrodites was
seen for the N2 strain, OrV susceptibility was also tested in mixed male and hermaphrodite
N2 populations. The mixed-sex populations contained around 30-40% of males, contrary to
a hermaphrodite-only population. As expected, male presence had a tendency to lower the
viral load in the population (t-test, p = 0.07) (Figure S1) (Dataset S1). Notably, all mixed-sex
populations were successfully infected, contrary to the male-only populations.

Since OrV is taken up whilst nematodes feed, sex-based differences in ingestion may affect
viral loads. Therefore, we quantified both the rate and volume of food intake in L4 and young
adult males and hermaphrodites (Figure S2A) (Dataset S2). The rate of food intake was
measured by counting pumping rates of the pharynx, a neuromuscular feeding organ. The
results show that for neither of the life stages nor the genotypes and sex affected food intake
rate (p > 0.05) (Figure S2B). To quantify the feeding volume, fluorescent beads were mixed
with E. coli OP50 and fed to the nematodes (Bakowski et al. 2014). In all cases the mean
fluorescent signal was at least as high in the males as in the hermaphrodites, showing that the
average amount of ingestion within the nematodes was similar or males had higher ingestion
(Figure S2C). The total amount of fluorescent signal was higher for adult hermaphrodites than
for adult males, which corresponds to their larger body size (t-test, p < 0.05) (Figure S2D).
In conclusion, the ingestion rates cannot explain observed differences in viral susceptibility

observed between sexes and strains.
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A

Viral load (log2)

Figure 1 Sex-specific viral susceptibility - A) Male and hermaphrodite nematodes were separated 48
hours post bleaching. Subsequently, single-sex populations were exposed to the OrV in liquid for 1 hour
and grown on plates until 78 hours post bleaching. Then, nematode populations were collected and viral
loads were obtained by RT-qPCR. B) Viral loads obtained for hermaphrodites and males of the strains
N2, CB4856 and JU1580. Each dot represents a biological replicate (n = 10 for N2 and CB4856, n = 8 for

JU1580). The white diamond shows the mean per combination of sex and strain. Statistically significant
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Viral infection and sex

Antiviral activity in males and hermaphrodites

Males and hermaphrodites could have a different molecular response to OrV infection. Both
the RNAi response and IPR were measured in males and hermaphrodites infected with
OrV. Potent RNAI activity against the OrV resulting in viral siRNA production has been
described (Ashe et al. 2013; Coffman et al. 2017). Small RNA sequencing of N2 males and
hermaphrodites infected with OrV showed similar small RNA characteristics based on the
observation of the main RNAi products: primary 23-nt long siRNAs (Figure S3A,B) and
secondary 22-nt (antisense) siRNAs with a G at the 5’-end (Figure S3B). Additionally, we
did not observe sex-based spatial clustering of 23-nt small RNAs on the viral genome for
OrV RNA fragment 1 (encoding the RdRP). The siRNA hotspots on OrV fragment 2 differ
between the sexes, but the number of siRNA reads are higher for hermaphrodites. The overall
lower RNAI response in males does not explain their lower susceptibility to OrV infection
(Figure S3C).

As the IPR is a transcriptional response, its activity was investigated by measuring gene
expression in mock-treated and OrV-infected N2 adults. We selected samples with positively
confirmed OrV infection by RT-qPCR. Male samples had a lower average viral load than
hermaphrodite samples (Figure S4A). Adult males had lower expression of IPR regulators
pals-22 and pals-25 than hermaphrodites (Figure S4B). Under mock conditions, expression
differed for 26 IPR genes of which 24 were higher expressed in males (Figure S4B) (Dataset
§3). OrV infection led to upregulation of 39 IPR genes for hermaphrodites and 10 IPR genes
for males (Dataset S3). We also measured expression of the IPR regulators pals-22 and pals-25
and three IPR genes pals-6, pals-14 and eol-1 by RT-qPCR in untreated L4 nematodes (for N2,
CB4856 and JU1580) to explore IPR expression upon viral exposure in our assay (Figure S5)
(Dataset S3). We found that the IPR activator pals-25 is higher expressed in males at this stage
(linear model, p = 0.002), suggesting other IPR genes might also be upregulated, matching
previously collected data for N2 L4 males for the modENCODE project (Gerstein et al. 2010).
Nevertheless, we did not detect increased expression for the limited set of (3/80) IPR genes
we measured here (Figure S5). Together, our gene expression data collected for adults and
the public modENCODE dataset for L4 nematodes indicate that IPR gene expression is
constitutively high for males, which may reduce viral loads throughout the course of infection

or potentially protect from OrV infection.
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Viral infection changes mating dynamics

The observed viral susceptibilities of males and hermaphrodites differed per strain (Figure 1).
We asked whether this genotype-dependent viral susceptibility difference between the sexes
could result in different mating dynamics per genotype. In particular, we hypothesized that
N2 males, which are more resistant to the OrV, could become more dominant in infected
populations. This hypothesis was tested by monitoring the male frequency in mock-treated
and OrV infected populations for 10 generations. Starting populations contained 10% males
of either N2, CB4856 or JU1580 nematodes in combination with hermaphrodites from the
same genotype. Thus, genetic adaption of the nematodes via outcrossing to the OrV was not

possible in this single-genotype set-up.

After observing the nematodes for 10 generations the frequency of N2 males did not increase
in infected compared to mock infected populations which contradicted our previously
stated hypothesis (mixed linear model, p = 0.52) (Figure 2) (Dataset S4). However, we found
that for CB4856 more males were present in infected populations (mixed linear model,
p = 0.03) (Figure 2), despite CB4856 males not showing a higher resistance to OrV than
the hermaphrodites (Figure 1). For JU1580 viral presence increased male presence over
time, contrary to male ratios in healthy populations (mixed linear model, p = 0.01). After
ten generations, JU1580 males made-up 25% of the infected population, compared to 14%
in mock-infected conditions and CB4856 males were 5% more prevalent in infected than
uninfected populations. Thus, we concluded that viral presence can change mating dynamics

although it was not clear in which way male resistance contributes to this phenomenon.
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Figure 2 Male frequency over ten generations — The percentage of males in isogenic N2, CB4856 and
JU1580 populations over 10 generations (30 days). Counts from mock populations are shown in grey,
counts in OrV infected populations in blue. Each dot represents a technical replicate (plate with nematodes)

and the technical replicates are equally divided over three biological replicates (having a different start date).
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Viral infection and sex

Males prefer healthy over infected hermaphrodites modulating sex

To investigate if male C. elegans nematodes showed a preference for healthy hermaphrodites, a
mating choice assay was designed. Healthy 48h-old males or hermaphrodites of the strains N2,
CB4856 and JU1580 were given a choice between the lysate of mock-treated or the lysate of
OrV-infected hermaphrodite populations (Dataset S5). Two types of lysate were used: lysates
obtained from N2 or JU1580 nematodes. The number of nematodes on each spot was counted
at 2 and 24 hours after placing them on the plate (nematode age is 50 and 72 hours respectively)
(Figure 3A). Our results show that after 2 hours males and hermaphrodites do not show a
preference for either the mock or virus spot on the plate (Figure 3B). However, after 24 hours
adult males of all three genotypes display a significant preference for the N2-based mock
lysate over the lysate of infected nematodes (Figure 3B). For the JU1580-based lysate the same
trend was observed but was not significant for JU1580 males (Figure 3). Hermaphrodites did
not show a preference for the mock lysate (Figure 3). Together, these results suggested that

adult males were more attracted to healthy than infected hermaphrodites.

Males may distinguish infected- and mock-treated lysates by pheromones released by the
hermaphrodites. Therefore, we used RB859 daf-22 mutants, that do not excrete any male-
attracting pheromones. We obtained the lysate of mock-treated and OrV-infected RB859
mutants for use in our choice assay (Supplementary Figure S6) (Dataset S5) (Von Reuss
et al. 2012). Interestingly, the choice that males make between the lysates appears independent
from pheromone signals, because we observed that adult males also favor uninfected over
infected pheromone-free lysate of daf-22 nematodes (chi-square test, p < 0.001) (Figure S6).
Additionally, also young adult hermaphrodites choose the mock lysate in this experiment
(chi-square test, p < 0.001), yet with a weaker preference than the males. Thus, males appear

to have another way to distinguish uninfected from infected lysates.
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50 hpb and 72 hpb: the amount of

A 48 hpb:15 males or hermaphrodites
nematodes in each droplet is counted

are placed between bacterial droplets with
mock or OrV lysate

7 )
e ) 7 ) - ~ =
'C; _ $s [ o }\,)
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T T T T
H_ I - H H N2 hermaphrodites
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N2 lysate

JU1580 hermaphrodites
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Figure 3 Choice assay between mock- and OrV-infected nematode lysate — A) Males and hermaphrodite
of the genotypes CB4856, JU1580 and N2 were allowed to choose between a bacterial droplet containing
the lysate of either a mock-treated or infected population of mixed-stage hermaphrodites. Fifteen male or
hermaphrodite nematodes were placed in-between these droplets and were observed at 2 and 24h after
placement. B) The percentage of nematodes that were observed in the mock or OrV droplet on the plate at
2 or 24 hours after placement. Only nematodes that were in either the mock or OrV droplet were counted.
Mock and OrV lysates were made by lysing either N2 or JU1580 populations. The dotted line indicates where
nematodes would not prefer either of the spots. Error bars indicate standard error of the mean. Nematodes

that showed a significant preference for one of the spots are indicated with an asterisk (test, p < 0.05).

110



Viral infection and sex

To investigate if the preference for the lysate of healthy hermaphrodites translates into mating
behavior, we performed a mating assay. Males were placed with a single (un)infected, young
adult hermaphrodite (Figure 4A). Subsequently, mating behavior of N2 males towards
mock- or OrV-infected nematodes was quantified by filming their movements for 20 minutes
(Movie S1) (Dataset S6). We recorded the time it took for males to 1) enter the bacterial
droplet, 2) touch the hermaphrodite and 3) mate (Figure 4B-E). The videos show that when
the hermaphrodite was infected, males took longer between the first contact and mating
(t-test, p = 0.023) (Figure 4D). The overall process from entering the bacterial droplet to
mating took 45% longer for infected than uninfected nematodes (t-test, p = 0.003) (Figure 4E).

Behavioral differences between healthy and infected hermaphrodites could determine mating
efficiency. Therefore, hermaphrodite movements were measured before and after contact with
the male (Dataset S6). OrV infected hermaphrodites moved faster than healthy hermaphrodites
even before contact with the male (t-test, p = 0.04) (Figure S7A). Nevertheless, the speed
of movement did not appear to (strongly) determine effective mating in our assay, because
1) both fast and slower moving nematodes were mated and 2) there was only a weak
correlation between velocity and time from the first contact to mating (linear model, R?=0.15,
p = 0.07) (Figure S7B). Hermaphrodites could also avoid male mating attempts by crawling
away after contact with the male. We investigated the change in speed after male contact, but
did not observe a stronger avoidance response for infected than in healthy hermaphrodites
(t-test, p = 0.63) (Figure S7C). Concluding, both attraction assays performed here
indicate that male C. elegans nematodes would sooner mate with uninfected over OrV
infected hermaphrodites. In cases where OrV infection affects the progeny production
of hermaphrodites this altered mating behavior could determine male percentages and

outcrossing in infected populations.
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A 16 hpb: hermaphrodites are 48 hpb: hermaphrodites are 62 hpb: infection status is checked and
mock-treated or infected singled out mating assay is performed
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Figure 4 Mating assay with mock-treated and OrV-infected hermaphrodites - A) For the mating assay
hermaphrodite populations of the reporter strain ERT54 (pals-5::GFP) were either mock-treated or infected
with the OrV. Once the hermaphrodites were 48 hours old they were placed on individual plates for 14
hours. Then, nematodes were checked for expression of GFP indicating successful infection. Successfully
infected individuals and mock-treated individuals were placed in a camera set-up. A young adult male was
added at a set distance and mating behavior was observed for 20 minutes. B) The time recorded for the
male to enter the bacterial droplet. C) The time recorded between the male entering the bacterial droplet
and the first physical contact between male and hermaphrodite. D) The time recorded between the first
contact and mating. E) The time recorded between the male entering the bacterial droplet and mating. For
B-E statistically significant samples are indicated with an asterisk (t-test, p < 0.05). The number of technical
replicates (nematodes filmed) was n = 64 for mock-treated hermaphrodites and n = 66 for OrV infected
hermaphrodites. The technical replicates were divided over 5 biological replicates (different days). Each dot
represents a technical replicate and when a certain behavior was not observed in the 20-minute timeframe

less dots than technical replicates are shown in the graph.
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Discussion

Pathogens have various manners to perturb mating system dynamics. Unravelling the
mechanisms by which pathogens interfere in the mating dynamics of their hosts provides
insight in the way pathogens affect the world around them. Here, we studied the differences
in OrV infection of males versus hermaphrodites of the nematode C. elegans. We found that
males of the strain N2 were less susceptible than hermaphrodites and that males had higher
IPR activity. Viral infection changed the mating dynamics in infected population. Infected
hermaphrodites were less attractive partners for males and viral presence can increase male
presence in a population. Our findings provide a novel perspective for how pathogens shape

mating dynamics in isogenic populations of C. elegans.

C. elegans-pathogen co-evolution experiments illustrate that multiple factors contribute to
outcrossing in C. elegans (Lopes et al. 2008; Lynch et al. 2018; Morran et al. 2009, 2011).
Mated hermaphrodites produce 50% male offspring and unmated hermaphrodites only
have 0.2% male offspring (Anderson ef al. 2010; Cutter et al. 2019), therefore an increase in
C. elegans males implies outcrossing takes place in that population. Presence of the bacterial
pathogen Serratia marcescens increases male frequencies in C. elegans populations and
their outcrossed offspring is more fit to counteract infection than offspring from selfing
hermaphrodites (Morran et al. 2011). On the other hand, the bacterial pathogen Bacillus
thuringiensis decreased outcrossing in C. elegans populations. Interestingly, males suffer
disproportionally from infection to B. thurgiensis, yet stayed stably present at rate of about
10%. This suggests that despite the direct disadvantage of susceptible males, the overall
populations still indirectly benefits from outcrossing (Masri et al. 2013). However, male
frequencies can also increase under stress in isogenic populations that cannot benefit from
fitness-increasing genetic recombination (Lynch et al. 2018; Morran et al. 2009). In one of
these cases, increased male presence is linked to their higher resistance to starvation-induced
stress. Our data demonstrates that males prefer mating with healthy (instead of OrV infected)
hermaphrodites. In highly susceptible populations OrV infection can reduce offspring
numbers, but not all individuals in the population become infected (Ashe et al. 2013). Our
findings advocate males would mostly mate with healthy hermaphrodites within infected
populations. These healthy mated hermaphrodites have the highest oftfspring numbers and
produce 50% males. On the other hand, unmated hermaphrodites with lower brood sizes
produce only hermaphrodites. Over time, this would lead to an increase in male presence in
infected populations which may explain the observations we made in JU1580 and CB4856

populations.
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Mating behavior depends on more than just the presence of a pathogen. In general, C. elegans
males are characterized by their inefficient mating behavior and N2 males even belong to
the poorest outcrossers for this species (Garcia et al. 2007; Wegewitz et al. 2008). In contrast,
CB4856 nematodes exhibit relatively efficient mating behavior (Wegewitz et al. 2008). Even
though our results suggest that males may become more prevalent in infected populations
by selecting the best partners, they will need to mate efficiently, or else male numbers will
dwindle quickly. Thus, the inefficient mating behavior of N2 males may help to explain why
viral presence did not lead to an increase in males in infected N2 populations. Additionally,
the mating behavior of hermaphrodites may also change when they are infected. Infected
individuals for many species behave differentially which can lead to divergent mating
frequencies (Beltran-Bech & Richard 2014; Burand et al. 2005; Paciéncia et al. 2019). Under
standard conditions C. elegans hermaphrodites can avoid (costly) mating among other by
keeping on moving during the mating attempts of the male (Chasnov & Chow 2002; Garcia
et al. 2007; Woodruft et al. 2014). Non-favorable mating conditions could have occurred more
often for infected hermaphrodites since we have observed that they moved quicker even before
the male has made contact with them. Although we could not conclude that hermaphrodite

behavior affects mating from our data, we can also not fully reject this hypothesis.

Molecular cues are commonly used to distinguish infection from non-infected potential
partners (Beltran-Bech & Richard 2014). C. elegans males are normally attracted by
hermaphrodite-produced ascarosides (Chasnov et al. 2007; Pungaliya et al. 2009; Srinivasan
et al. 2008). However, our choice experiment using an ascaroside-lacking daf-22 mutant
(Von Reuss et al. 2012) suggests that ascaroside signals do not play an essential role for
males to distinguish healthy from infected hermaphrodites. In addition, publicly available
transcriptional data shows that the main genes in the ascaroside-producing pathway (acox-
1, maoc-1, dhs-28 and daf-22) remain equally expressed in infected nematodes (Chapter 3)
(Chen et al. 2017; Sarkies et al. 2013). Hence, other ways of (chemical) communication might
contribute to the mating preference for uninfected hermaphrodites by C. elegans males. For
example, C. elegans can recognize a small RNA to avoid a pathogenic bacterium (Kaletsky

et al. 2020), which illustrates another way by which infected nematodes may be recognized.

Our findings indicate that sex-based susceptibility differences occur in a genotype-dependent
manner based on the viral loads of three genetically distinct strains. Of note, the viral loads in
hermaphrodite populations are likely underestimations since these populations contained the
first eggs at the moment of collection. Eggs cannot be infected by the OrV (Félix et al. 2011),
but embryos do express the reference genes that are used to normalize the viral expression.
Previous studies indicated IPR gene expression is enhanced in L4 stage males (Gerstein et al.
2014; Leyva-Diaz et al. 2017) and we found that some IPR genes are also higher expressed

in adult males. Notably, males are also more resistant to an intracellular fungus, although
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the connection with the IPR has not been studied (Van Den Berg et al. 2006). Not all genes
in the IPR network were more active in virus infected males than hermaphrodites. The
IPR upregulates a large network of 80 genes against a broad range of stressors (Chen et al.
2017; Reddy et al. 2017, 2019), but the biochemical reaction to counteract the stress appears
more specific. For example, the IPR proteins that promote thermotolerance do not enhance
pathogen resistance (Panek et al. 2020) and drh-1 is only required for induction of the antiviral
IPR (Sowa et al. 2019). Furthermore, the IPR genes in JU1580 and CB4856 hermaphrodites
respond different to OrV infection than in N2 (Chapter 3) (Sarkies et al. 2013); this may relate
to similar viral susceptibilities for JU1580 and CB4856 between males and hermaphrodites.
Thus, a more thorough understanding of the IPR is necessary to draw firm conclusions about

IPR involvement in sex-specific viral susceptibility.

The importance of C. elegans males remains a topic of debate with most studies indicating
their disadvantages and only a few providing them with a potential ecological role (Cutter
et al. 2019). C. elegans males are typically rare in nature, further contributing to the idea that
they may be less relevant for the species (Barriére & Félix 2005; Félix & Duveau 2012; Richaud
et al. 2018; Sivasundar & Hey 2005). Nevertheless, males may prove beneficial under stress
conditions, including viral infections, and could thereby play a supporting role in the natural
history of C. elegans. Here, we have shown how the presence of an intracellular pathogen

shifts mating behavior and shapes flexible outcrossing in this species.
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Materials and methods

Caenorhabditis elegans strains and culturing

C. elegans wild isolate strains N2, CB4856 and JU1580 were used. Mutant strain RB859
daf-22(0k693) was obtained from the Caenorhabditis Genetic Center. The strain ERT54
(jyls8[pals-5p::GFB, myo-2p::mCherry] X) was a kind gift from Emily Troemel (Reddy et al.
2017, 2019). The strains were grown on nematode growth medium (NGM) plates seeded
with Escherichia coli OP50 as food source (Brenner 1974). Male populations were maintained
weekly by crossing adult males with L4 hermaphrodites in a 3:1 ratio. Experiments were
started by transferring a starved population to a fresh NGM dish followed by bleaching after
the adults were egg-laying (3 days after transfer at 20°C, 4 days after transfer at 16°C) (Brenner
1974). All experiments were performed at 20°C unless indicated otherwise.

Orsay virus stock and mock lysate

Standard used Orsay virus (OrV) stock was prepared as previously described (Félix et al.
2011). One modification was made, namely to use modified NGM medium with 34g/L agar
(mNGM) plates to grow the nematodes as this prevented the nematode from burrowing into
the agar. Briefly, persistently infected JU1580 starved nematodes were washed of 100 9cm
diameter mNGM plates and flash-frozen in liquid nitrogen. The lysate was collected and
filtered through a 0.2um filter and stored at -80°C until used. The infectivity of the OrV stock
was tested by a dose-response experiment in JU1580 (Sterken et al. 2014).

For the choice-assay experiments additional Orsay virus and mock stocks were created. Mock
stocks were used in these experiments, because then both mock and OrV stocks contain
nematode lysate that was expected to affect attraction of males. Mock and OrV stocks were
made in parallel to minimize batch effects by the nematodes used. All animals were grown
at 16°C. First, Orsay virus JU1580 mock stock was prepared by bleaching a persistently
infected JU1580 population to remove the OrV. After the bleached population was starved
it was transferred to 100 new 9cm mNGM plates. Subsequently, the same protocol as for
obtaining the OrV stock was followed (Félix et al. 2011; Sterken et al. 2014). Second, N2-
and RB859-based mock and OrV stocks were made by infecting and lysing N2 or RB859
nematodes instead of JU1580 nematodes. To infect the N2 or RB859 nematodes 100uL of
previously obtained JU1580 OrV stock was added to a 9cm mNGM plate with a proliferating
N2 population. Once this population was starved, the plate was divided over 100 fresh 9cm
mNGM plates of which the populations were flash-frozen upon starvation. Afterwards the
standard protocol was followed (Félix et al. 2011; Sterken et al. 2014). Third, young adult
mock and OrV stocks were made by infecting N2 or RB589 L1 nematodes of collected from
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10 9cm mNGM plates (24 hours post bleaching) with either 200uL RB589 mock or OrV stock
(obtained from starved populations as described above) according to the protocol described
by (Sterken et al. 2014). Populations were washed five times with M9 (instead of the standard
three times) after exposure to the mock or OrV stock for 1h. Populations were collected when
the first eggs appeared on the plate (90 hours post bleaching for N2 nematodes, 104 hours
post bleaching for RB589 nematodes). The ‘young adult’ N2 and RB589 stocks were used in
the daf-22 choice assay experiment.

Orsay virus infection experiments

For the single-sex experiments male and hermaphrodite nematodes were separated ~44
hours post bleaching by placing them on fresh plates. After 200 nematodes were handpicked
per plate the populations were washed into an Eppendorf tube and infected 48 hours post
bleaching as described previously (Sterken et al. 2014). Mock infections were performed by
adding M9 instead of OrV unless indicated that a mock lysate (lysate of uninfected nematodes)
was used. The experiment was performed in technical duplicate, therefore every sample
contained ~400 nematodes. The samples for small RNA (sRNA) sequencing contained ~600
nematodes. However, for some experiments, not enough males (less than 400) were present
on the plates to pick males from and in these cases a total of 200 male nematodes were picked
per sample (and also for the hermaphrodite samples within the same experimental batch).
Infected populations were collected 30 hours post infection (78 hours post bleaching). Viral
loads were obtained as described by (Sterken et al. 2014).

As the viral loads for single-sex infections did not follow normal distributions and some
samples were zero-inflated, a nonparametric bootstrap approach was used to estimate
sampling distributions and perform statistical tests (Kulesa et al. 2015). Bootstrap samples
were drawn 10,000 times and used to calculate the bootstrap test statistic (the simulated
difference in mean viral load of males and hermaphrodites). Each bootstrap sample was drawn
by randomly selecting a set of n experimentally observed viral loads (n being the number
of observations made for both males and hermaphrodites; 20 for N2 and CB4856, 16 for
JU1580) from the full dataset with replacement (meaning that the same observed viral load
can be drawn multiple times). Every bootstrap sample draws half of the observations from
male samples and half of the observations from hermaphrodite samples. The bootstrapped
p-value was calculated by dividing the number of bootstrapped test statistics that were greater
than the experimentally observed test statistic by the total number of bootstrap test statistics

of 10,000. The bootstrap analysis has been performed in R (version 4.0.2).

For the mixed-sex experiments, 30 L4 hermaphrodites and 90 adult males were transferred
to a plate that was incubated overnight. Hermaphrodites in absence of males were picked

as a control. Subsequently, 30 male- or self-fertilized nematodes were transferred to a new
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plate where they were allowed to lay eggs for 6 hours before the hermaphrodites were
removed from the plate. The resulting eggs were incubated for 20 hours after which they
were infected with the OrV as previously described (Sterken et al. 2014). Nematodes were
collected as young adults 30 hours post infection (56 hours post start of egg-laying). Viral
loads were obtained as described by (Sterken et al. 2014) and mixed and hermaphrodite-

only samples were compared with a student t-test with equal variances.

RNA isolation

RNA isolation was performed using the Maxwell 16 AS2000 instrument with the Maxwell’
16 LEV simply RNA Tissue Kit (Promega). The recommended protocol was followed, except
for adding 10mg of proteinase K per sample after addition of the lysis buffer. The lysis
was performed in a shaker for 10 minutes at 65°C (1000rpm) (Eppendorf). RNA sample

quantity and quality were measured by using NanoDrop (Thermo Scientific).

Gene expression measurements by RT-gPCR

cDNA was made from 1pg of RNA using the GoScript Reverse Transcriptase kit (Promega)
and following the recommended protocol with random hexamers (Thermo Scientific).
Gene-expression measurements were performed on cDNA of ~100 untreated male or
hermaphrodite nematodes (collected 48 hours post bleaching). Samples were collected for
5 biological replicates. Gene expression was quantified by RT-qPCR using custom designed
primers (Dataset S7) that overlap at least one exon-exon border to prevent unintended
amplification of any remaining DNA. RT-qPCR was performed on the MyIQ using iQ SYBR
Green Supermix (Biorad) and the recommended protocol. Primer efficiencies were checked
by testing dilution ranges for N2 and JU1580 male populations. Correct primer annealing
to the CB4856 genome was tested in silico (Thompson et al. 2015). Gene expression in each
sample was quantified for the gene of interest and two reference genes (Y37E3.8 and rpl-6)
in technical duplicate. Gene expression was determined according to (Sterken et al. 2014)

and the effect of sex and strain were determined per gene via a linear model

Y=5+G+5xG+ ¢

with Y being the log, gene expression. Y was explained over sex (S; male or hermaphrodite),
genotype (G; N2, CB4856 or JU1580), the interaction between sex and strain and the error
term &. When gene expression for a certain combination of gene and sample remained
under the detection limit by RT-qPCR (Ct > 40) that measurement was excluded from the

analysis.
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Whole-genome gene expression by microarray

For whole-genome gene-expression measurements, microarrays were used on 8 biological
replicates of N2 mock-treated or OrV-infected males and hermaphrodites (obtained via
the ‘single-sex’ infection protocol). Only samples where the OrV could be detected by RT-
qPCR were used for this analysis. Gene Expression Microarray 4X44K C. elegans V2 slides
were used for the microarrays (Agilent Technologies, Santa Clara, CA, USA). Microarrays
were performed based on the ‘Two-Color Microarray-Based Gene Expression Analysis;
Low Input Quick Amp Labeling’ protocol, version 6.0 from Agilent (Agilent Technologies,
Santa Clara, CA, USA), starting from step five. The microarrays were scanned (Agilent
High Resolution C Scanner) and extracted using the Agilent Feature Extraction Software
(version 10.7.1.1) with the recommended settings. Normalization was performed separately
per sex using the Limma package in R (version 4.0.2). The Loess method was used for
within-array normalization and the Quantile method for between array normalization. The
obtained single channel normalized intensities were log, transformed. The log, intensities
were used in further analysis using the package Tidyverse (1.3.0) in R (version 4.0.2). Gene
expression of control genes that should either similar (rpl-6) or differentially (tra-1, fem-3)

expressed between the sexes were checked to validate the data.

Basal gene expression differences in IPR gene expression were determined by selecting
transcriptional data of the mock-treated samples (log, intensities) and running the

following linear model

where Y is the log, normalized intensity of spot i (1, 2, ..., 45220) was explained over sex
(S, male or hermaphrodite), and the error term e. A significance threshold was by the
p-adjust function, using the Benjamini & Hochberg correction (FDR < 0.05) (Benjamini &
Hochberg 1995).

The effect of treatment on the IPR gene response was analyzed by selecting transcriptional
data (log, intensities) for the 80 IPR genes (as described by (Reddy et al. 2019)) and running

the following linear model per sex

Yi=T+ ¢
where Y is the log, normalized intensity of spot i (1, 2, ..., 109) was explained over treatment
(T, mock or infected), and the error term e. A common significance threshold was

determined after combining the datasets of both sexes and using the p.adjust function with
the Benjamini & Hochberg correction (FDR < 0.05) (Benjamini & Hochberg 1995).
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Small RNA sequencing

Samples for small RNA sequencing contained at least 1ug of RNA with a concentration
> 50ng/pL. Samples were sequenced by DNBseq™ Small RNA sequencing (BGI) using
either a 5’-dependent or 5’-independent protocol. The protocol type refers to ligation of
the 5-adaptor. The 5’-dependent protocol detects only monophosphorylated small RNA
strands, whereas the 5’-independent protocol also allows detection of small RNA strands
that had 5’-triphosphate or 5’-capped modification. The read data was aligned to the Orsay
virus genome (GenBank: HM030970.2 and HM030971.2) using Bowtie2 via the public
server at usegalaxy.org to map the data (Afgan et al. 2018; Langmead & Salzberg 2013).
Reads that aligned to the OrV genome were subsequently analyzed in R (version 4.0.2).

Reads with a mapping quality lower than 40 were excluded from analysis.

Pumping rate counts

Pumping rates were counted for L4 (48 hours post bleaching) and young adult (72 hours
post bleaching) N2, CB4856 and JU1580 nematodes using a Leitz Greenough microscope
and a counter. The pumping rates were counted twice for 20s per nematodes and the average
of both measurements was used in further analysis. Pumping rate counting was performed
at room temperature (~20°C) and the experiment was performed over 5 independent

biological experiments counting 6 nematodes of each genotype/sex per experiment.

Fluorescent bead accumulation

To estimate the volume of food intake nematodes were either exposed to the fluorescent
beads in liquid or whilst feeding on the plate. The plate feeding assay was performed as
previously described (Bakowski et al. 2014). In short, nematodes were incubated on the
plate for 30 minutes at 25°C before feeding was halted by placing the plates on ice. The
NGM plates were incubated with a mixture of 30 uL E. coli OP50 and 5pL of Fluoresbrite®
Polychromatic Red Microspheres (1.00um particles, 4.55-10'° particles/ml) (Polysciences,
Inc.). The liquid exposed nematodes were incubated in a mixture of 30uL E. coli OP50, 5uL
of Fluoresbrite® Polychromatic Red Microspheres (1.00um particles, 4.55-10" particles/ml)
(Polysciences, Inc.), 105uL 0.1% NGM and 15uL OrV stock for 1h at room temperature to
mimic the OrV infection assay. Then nematodes were washed once with 0.25mM levamisole
in M9 to stop the feeding and remove the surplus of fluorescent beads. For both assays
nematodes were fixed in 0.25mM levamisole in M9 and nematodes were imaged using the
Axio Observer Z1m inverted microscope (Zeiss). The exposure time for the red fluorescent
channel (A=453 nm) was fixed at 440ms. These experiments were performed independently

for 5 times. Each biological replicate contained between 10-50 nematodes for imaging.
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Images were analyzed using the Image] software (v1.51f, National Institutes of Health). The
total surface area of the nematode was selected by using the Wand Tool on the brightfield
image. Images for which the surface area of the nematode could not be selected due to
nearby presence of, for example, a bubble were excluded from the analysis. Subsequently,
the area size and minimum-, maximum- and mean fluorescence were determined for the
selected area. The data was tested for normality by a Kruskal-Wallis test and subsequently

analyzed by the two-sample Wilcoxon signed-rank test in R (version 4.0.2).

Male frequency counts

Before the start of the experiment 30 male and 10 hermaphrodite L4 nematodes were
crossed to obtain isogenic male populations for each genotype (N2, CB4856 and JU1580)
and grown until starved at 20°C. From the same plate 10 hermaphrodites were picked
that were also grown to starvation. Starved plates were transferred onto 10 9cm mNGM
plates per genotype/sex combination at incubated at 20°C. Three days later nematodes
were bleached and again incubated at 20°C. When nematodes reached the L4 stage (48
hours post bleaching) 15 males (from the mixed male-hermaphrodite plates) and 135
hermaphrodites (from the hermaphrodite only plates) per genotype/sex combination were
placed onto a new plate. For each genotype/sex combination 4 plates were made of which 2
were mock infected by adding 100pL mock stock lysate and 2 were OrV infected by adding
100puL OrV stock lysate. The experiment was performed in biological triplicate resulting in
six technical replicates per genotype/treatment combination. After the preparation of the
plates the experiment was blinded by removing the name tags and replacing them for a
number by a colleague not involved in the experiment. The plates were incubated at 20°C

throughout the experiment.

Every 3 days the number of adult males and total adult nematodes was counted using a
dissecting microscope. Counting started 6 days after bleaching and continued for 10
transfers. Plates were divided into 8 parts with the use of a pen and parts were counted till
a total of at least 100 adult individuals were observed. After counting, the nematodes were
washed off the plate in 2mL M9 and for each population approximately 100 nematodes were
transferred by pipetting to a fresh mNGM plate. The remaining nematodes were pelleted
and flash frozen for RNA isolation after transfer number 1, 5 and 10 and these samples
were checked for OrV presence as a control. Based on this analysis two technical replicates
of OrV-infected CB4856 were excluded from the analysis as they appeared to have cleared
the infection.
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After the counting, the samples were unblinded and analyzed using a pre-written R script.
Statistical analysis was performed using a linear mixed effect model for each genotype
separately, explaining the observed male frequency over the fixed effects transfer, treatment
and interaction between transfer and treatment. Replicate was used as a random variable.
The analysis was performed in R (version 4.0.2) using the packages ImerTest’ and Ime4’
and the variance was analyzed using Satterthwaite’s method (Bates et al. 2015; Kuznetsova
et al. 2017; Satterthwaite 1941).

Choice assay

Choice assay experiments were based on chemical and bacterial choice assays described
previously (Bargmann et al. 1993; Zhang et al. 2005). Two droplets of 15uL E. coli OP50 were
placed on a 6cm NGM dish after which the plates were incubated at room temperature for
two days (~20°C). Before the start of the assay either 15uL OrV stock or 15pL mock stock
lysate was pipetted on top of the droplets. After the plates dried 15 N2, CB4856 or JU1580 L4
males or hermaphrodites (48 hours post bleaching) were placed in the middle between the
droplets. After 2h and 24h the number of nematodes in each droplet was noted. Data was
collected for five biological replicates. Per biological replicate the behavior of 45 nematodes
for each genotype/sex combination was tested using 3 separate plates with 15 nematodes each.
The data in this experiment was analyzed by combining the total counts of nematodes in the

mock or OrV droplet and performing a Chi-square test in R (version 4.0.2).

Mating assay

N2 male and ERT54 populations were synchronized by bleaching. 16 hours post bleaching
either 50 pL OrV stock or M9 was added to an ERT54 population on a 9m NGM plate. 48
hours post bleaching N2 males were placed on 9cm NGM plate without hermaphrodites. At
the same time, (un)infected ERT54 nematodes were individually transferred to 3cm NGM
plates. Next, young adult ERT'54 nematodes (62hpb) were inspected for pals-5::GFP expression
under an Axio Observer Z1m inverted microscope (Zeiss). Animals with high intestinal pals-
5::GFP expression were selected as positively infected nematodes, whereas animals without
this expression were not used in the assay. Subsequently, N2 males from the male-only plate
were added to either a mock-treated or an OrV-infected ERT54 individual. Males were placed
at 0.9cm distance from the middle of the bacterial food droplet. Directly after adding the
male to the plate filming for 20 minutes started. Movies captured 1 frame per second and
were made at room temperature (~20°C) using 4 USB cameras simultaneously (Conrad, cat.
nr. 191341-62) using the video capturing program VirtualDub (version 1.10.2) and Image]
(version 1.52) (Schindelin et al. 2012; Schneider et al. 2012). Filming was performed using
62-66 hour old nematodes that did not start egg-laying yet.
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Movies were inspected manually and for each of the movies three characteristics were
reported: 1) the time it took before the male entered the bacterial droplet, 2) the time it took
before the male first touched the hermaphrodite, 3) the time it took before mating started. A
mating was noted when the males tail stayed attached to the hermaphrodites vulva for at least
3 frames and mating attempts stopped afterwards (based results by (LeBoeuf et al. 2014)). The
time the mating started was noted as the time to mating. Statistical analysis of the data was

performed with a student t-test assuming equal variances.

Hermaphrodite movements were investigated for 30 seconds before and 90 seconds after the
first contact between male and hermaphrodite. A longer timeframe to measure the velocity of
hermaphrodites after contact with the male was chosen, because males did often not directly
start mating attempts and thus it may take longer than 30 seconds to see an effect of male
mating attempts on the hermaphrodite velocity. Tracking was performed using the plugin
‘Manual Tracking’ in Image] (version 1.52) (Schindelin et al. 2012; Schneider et al. 2012). The
movement data was subsequently analyzed in R (version 4.0.2). The velocity of the nematodes
was compared using student t-test with equal variances and the correlation between 1) the
time passed between first contact of the nematodes and mating and 2) the average velocity of

the hermaphrodite was calculated by a general linear model.

Data availability

All custom written scripts in R can be accessed via https://git.wur.nl/lisavansluijs/Male_
hermaphrodite_viral_susceptibility. Microarray datasets are deposited at ArrayExpress
(E-MTAB-9561).
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Supplementary information

20

Viral load (log2)
)

N2 hermaphrodites N2 mixed

Figure S1 Viral susceptibility of hermaphrodite and mixed-sex populations - The viral susceptibility
of hermaphrodite populations and mixed male and hermaphrodite populations 56 hours post bleaching
(30 hours post infection). Infected populations were obtained by infecting the offspring of mated or selfing
hermaphrodites.
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Figure S2 Food intake quantification for males and hermaphrodites - A) Food intake in males and
hermaphrodites of the strains N2, CB4856 and JU1580 was quantified by i) measuring pumping rates
by observing pharyngeal movements and ii) measuring accumulation of red fluorescent beads. The
accumulation of red fluorescent beads was observed for L4 nematodes feeding in liquid (to mimic the viral
exposure conditions) and L4 and young adult nematodes on the plate (to mimic incubation conditions).
Pumping rates were counted for L4 and young adult nematodes feeding on the plate only. B) Pumping rates
for N2, CB4856 and JU1580 males and hermaphrodites. C) Mean fluorescence measured for N2, CB4856
and JU1580 males and hermaphrodites. D) Total fluorescence measured for N2, CB4856 and JU1580 males
and hermaphrodites. Statistical differences between the sexes are indicated with an asterisk (p<0.05). Each

dot represents a technical replicate (observed nematode) which were divided over 5 biological replicates.
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Figure S3 Small RNA sequencing data for infected N2 males and hermaphrodites - Small RNA profile
for N2 males and hermaphrodites showing small RNA between 15 and 35 nucleotides in length that match
the OrV genome. The fraction of sense reads is depicted on the positive y-axis, whereas antisense reads
are shown on the negative y-axis. A) Small RNA sequencing profiles for samples that were sequenced
in a 5-dependent manner; only detecting monophosphorylated small RNAs. This data does not show
secondary siRNAs as these are triphosphorylated in C. elegans. For these two samples males displayed a
lower viral load than hermaphrodites. B) Small RNA sequencing data profiles for samples sequenced in a
5’-independent manner, which allowed for detection of triphosphorylated siRNAs. For these two samples
males and hermaphrodites had comparable viral loads. C) Small RNA mapped to the OrV genome. These
samples show clustering of 23-nt RNAs (primary siRNAs) that were obtained via 5-independent sequencing.

For these two samples males and hermaphrodites had comparable viral loads.
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Figure $4 Transcriptional response of N2 males and hermaphrodites to the Orsay virus by microarray
- A) Viral loads of the samples that were analyzed by microarray. B) The effect of OrV infection on IPR genes
in hermaphrodites where 39 genes (represented by 65 spots) are differentially expressed upon infection and
the effect of OrV infection on IPR genes in males where 10 genes (represented by 20 spots) are differentially
expressed upon infection. For both volcano plots the effect sizes are shown on the x-axis and the significance
per spot is shown on the y-axis. The dotted line represents the statistical threshold (FDR = 0.05). C) Gene
expression (log, intensities) of the IPR genes for mock-treated or OrV infected males and hermaphrodites.

Underlined genes were differentially expressed between males and hermaphrodites under mock conditions,
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whereas red asterisks indicate different expression upon OrV infection per sex.
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Figure S5 Transcriptional response of N2, JU1580 and CB4856 males and hermaphrodites to the
Orsay virus by RT-qPCR - Gene expression of pals-22, pals-25, pals-6, pals-14 and eol-1 for untreated
L4 N2, JU1580 and CB4856 males and hermaphrodites as determined by RT-qPCR. The data represents
5 biological replicates, but samples that expressed the gene of interest under the RT-qPCR detection limit

were excluded from the analysis.
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Figure S6 Choice assay between mock and OrV lysate of N2 and daf-22 hermaphrodites - Choice assay
where nematodes choose between the lysate of mock-treated or OrV infected young adult nematodes of
either the genotype N2 or RB859 (daf-22 mutant). The percentage of males and hermaphrodites that was
observed in the mock or OrV lysate spot after 2 and 24 hours is shown. Error bars indicate standard error
of the mean. Nematodes that showed a significant preference for one of the spots are indicated with an

asterisk (test, p < 0.05).
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Figure S7 Hermaphrodite movements — A) Average velocity of the hermaphrodites during the 30 seconds
before the first contact with the male. Velocities are depicted in arbitrary units. Each dot shows the velocity of
a hermaphrodite and the shape of the dot (triangle = mated, dot = unmated) indicates if the hermaphrodite
was mated before the end of the assay (20 minutes after placement of the male). The asterisk indicates a
significant difference (t-test, p < 0.05). B) Relationship between hermaphrodite velocity and mating times.
Each dot represents the data from a mated nematode. The x-axis shows the time it took between the first
contact between male and hermaphrodite and the time before the mating took place. The y-axis displays the
average velocity of the hermaphrodites during 30 seconds before and 90 seconds after the first contact with
the male. C) Change in velocity after the male and hermaphrodite make contact. The change is calculated
by dividing the average velocity (measured over 30s) before and after (measured over 90s) the contact. The
shape of the dot (triangle = mated, dot = unmated) shows if the hermaphrodite was mated before the end
of the assay (20 minutes after placement of the male).
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Supplementary Table S2 Food intake - A) Food intake as measured by pumping rate in L4 and young
adult nematodes for males and hermaphrodites. B) Food intake measured by feeding fluorescent beads in
liquid to L4 nematodes for both sexes. C) Food intake measured by feeding fluorescent beads on plates to L4
nematodes for both sexes. D) Food intake measured by feeding fluorescent beads on plates to young adult

nematodes for both sexes.

Measurement Strain Sex Stage Date Pumping rate 1 Pumping rate 2
1 CB4856 m L4 20171206 64 64
2 CB4856 m L4 20171206 61 63
3 CB4856 m L4 20171206 64 54
' . T Area . ‘
Measurement Strain Sex Experiment date Stage nematodes Treatment number number Area Mean Min Max Median
measured
1 CB4856 h 20190123 L4 liquid_1h_20C 18 1 79634 1.578 0 94 0
2 CB4856 h 20190123 L4 liquid_1h_20C 20 2 85481 2.316 0 88 0
3 CB4856 h 20190123 L4 liquid_1h_20C 21 3 65235 0.853 0 82 0
. . TeEe Area . .
Measurement Strain Sex Experiment date Stage nematodes Treatment number number Area Mean Min Max Median
measured
1 CB4856 h 20181105 L4 plate_30min_25C 1 1 75586 1.053 0 6 1
2 CB4856 h 20181105 L4 plate_30min_25C 2 1 118456 1.064 0 16 1
3 CB4856 h 20181105 L4 plate_30min_25C 3 2 76525 1.688 0 43 1
. ' i Area ' .
Measurement Strain Sex Experiment date Stage nematodes Treatment number number Area Mean Min Max Median
measured
1 CB4856 h 20190214 YA plate_30min_25C 35 1 186104 2.621 0 91 2
2 CB4856 h 20190214 YA plate_30min_25C 36 2 196555 1.514 0 53 1
3 CB4856 h 20190214 YA plate_30min_25C 38 3 216837 4933 0 94 2
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Supplementary Table S3 Gene expression data — A) The viral loads of the microarray samples. B) IPR
gene expression under mock-conditions as determined by whole-transcriptome microarrays (young adult
nematodes. C) IPR gene expression upon infection as determined by whole-transcriptome microarrays

young adult nematodes. D) Gene expression of IPR genes as determined by RT-qPCR in untreated L4
nematodes.

Sample qPCR . :
Strain Sex Treatment Viral load
number
19 N2 m OrV infected 3.7
20 N2 h OrV infected 14.7
31 N2 m OrV infected 22.0
o Significance o
SpotID Gene WBID Term Significance (FDR) Effect Significant
1 sex 0.31 0.51 -0.31 no
sex 0.63 0.20 -0.030 no
sex 0.31 0.51 -0.037 no
Signif-
Signifi- 29 Ef-  Signif-
SpotID Gene WBID Sex Term icance ]
cance fect icant
(FDR)
WB-
659 B0284.1 h treatment 0.026 1.58 0.39 yes
Gene00007131
1075 CO8E3.10 We- h treat t  0.0089 2.051 043
. reatmen X X . es
Gene00015602 y
WB-
1526 Y46G5A.20 h treatment 0.016 1.79 0.39 yes
Gene00012910
X Gene expression
Measurement Strain Sex Gene
(log2)
1 N2 h pals-22 9.15
2 N2 m pals-22 9.55
3 CB4856 h pals-22 8.60

Supplementary Table S4 Male frequencies - Contains data about the percentage of males observed in
mock-treated and OrV infected populations of N2, CB4856 and JU1580 over 10 transfers.

Sample number Sample Date Transfer Males Total Percentage
1 N2 mock 27-4-2019 0 15 150 10.0
2 CB4856 virus 27-4-2019 0 15 150 10.0
3 CB4856 mock  27-4-2019 0 15 150 10.0
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Supplementary Table S5 Choice assay - Contains observations for the choice assays performed on the
lysate of N2, JU1580 and RB859 nematodes. The number of nematodes in either the mock or OrV droplet
is noted for 2 and 24 hours after placement. A) Observations for the JU1580 mock and OrV lysate. B)
Observations for the N2 mock and OrV lysate. C) Observations for the N2 and RB859 mock and OrV lysate.

. . . Technical Biological .
Strain Sex Timepoint . . Mock Virus
replicate replicate
N2 h 2 1 1 4 7
N2 h 2 2 1 3 3
N2 h 2 3 1 6 7
Technical Biologi
Strain Sex Timepoint e .nlca ' c.>g|ca Mock Virus
replicate replicate
N2 h 2 1 0 0 5
N2 h 2 2 0 1 1
N2 h 2 3 0 0 2
. . . Technical Biological .
Strain Lysate Sex Timepoint . ; Mock Virus
replicate replicate
N2 N2 h 2 1 1 8 0
N2 N2 h 2 2 1 2 4
N2 N2 h 2 3 1 1 5
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Chapter 6

Caenorhabditis elegans has kept a central position in biology since its introduction as a genetic
model by Sydney Brenner in 1974 (Ankeny 2001; Corsi et al. 2015). Currently, five scientific
papers are published every day mentioning the nematode. Most of these publications study the
molecular functioning of genes and only a minority regards the natural life of C. elegans. Yet,
the ecology of the nematode can help explain the biological function of genes, in particular of
those with a currently unassigned role. On top of that, most studies consider the strain Bristol
N2 as the genetic and functional standard, but wild C. elegans strains reveal additional genetic
architectures and functioning protein variants (Cook et al. 2017; Gao et al. 2018; Lee et al. 2020;
Sterken et al. 2015; Volkers et al. 2013). For example, the use of wild strains was key to study
molecular mechanisms behind epigenetic inheritance, pheromone sensing and telomere length
(Cook et al. 2016; Frézal et al. 2018; Lee et al. 2019).

In this thesis I investigated host-virus interactions in C. elegans. Viruses are ubiquitous
obligatory parasites and one of nature’s strongest selective forces. Viral presence changes
the genetic composition of host loci involved in virus interaction (both immune- and non-
immune genes) (Enard & Petrov 2020; Enard et al. 2016). Bioinformatic analyses of sequence
data from wild populations revealed that antipathogenic genetic variation in the Intracellular
Pathogen Response (IPR) has been maintained since the time that an outcrossing ancestor
of C. elegans still existed (Chapter 3). The genetic variation present in the IPR between the
C. elegans strains N2 and CB4856 underlies transcriptional differences in activity of this pathway
(Chapter 3). Additionally, genetic variation on chromosome IV between the N2 and CB4856
strains contributes to the success of infection and the maximum viral load reached in infected
populations (Chapter 4). The IPR also appears to determine viral susceptibilities between
males and hermaphrodites, as males with a highly active IPR are less susceptible for infection
(Chapter 5). Viral infection in male and mixed-sex populations not only revealed a sexual
dimorphism in viral susceptibility, but also uncovered that mating dynamics changed under
pathogenic conditions. Males preferred mating with healthy hermaphrodites and the proportion
of males increased in infected populations of some strains. Together, the findings in this thesis
illustrate mechanisms by which genetic and sex variation determine viral susceptibility and how
the host-virus arms race has shaped parts of the C. elegans genome. In this chapter, I will place

these insights into a broader perspective and provide my view on relevant follow-up experiments.

Linking genetic variation to antiviral defense in Caenorhabditis elegans

C. elegans may have emerged as a model organism almost 50 years ago, large-scale efforts to
understand the ecology of the organism only started 30 years later (Felix & Braendle 2010).
Around the same time C. elegans became used more often in quantitative genetic studies that
were in search for the genetic variants that underlie phenotypic variation (Gaertner & Phillips

2010). Nevertheless, these early studies were hampered by the relatively low genetic diversity in
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the strains available at that time. Since then, increased ecological knowledge about C. elegans
has driven the collection of genetically more diverse strains (Cook et al. 2017; Frézal & Félix
2015). Genetic tools and resources to study these strains are now rapidly developed and
shared by the scientific community. Classical RIL and IL panels are described in Chapter 2,
but also multiparent RILs have recently been established. The first multiparent mapping panel
was created by crossing 16 parental strains, followed by a regime of experimental evolution
for 50 generations (under control or increased salt conditions) (Noble et al. 2017). The second
panel was made by crossing four parents under standard lab conditions (Snoek et al. 2019).
The Caenorhabditis elegans Natural Diversity Resource (CeNDR) now facilitates the central
organization of sampling efforts by collecting, maintaining, sequencing and distributing wild
strains (Cook et al. 2017). Additionally, computational tools became increasingly user-friendly
and accessible over the years. CeNDR has a tool for GWAS mappings and WormQTL facilitates
comparative analysis of publicly available ()QTL datasets (Cook et al. 2017; Snoek et al. 2020).
These tools enhance understanding of the C. elegans genome.

In this thesis I made use of the novel tools to detect traces of viral selection in the C. elegans
genome. In 2012, population genetic modelling analyses showed that much of the genetic
diversity in C. elegans was eliminated by recent selective sweeps covering four of the six
chromosomes (Andersen et al. 2012). Large regions of strong linkage disequilibrium (especially
in the center of the chromosomes) underlie a further lack of genetic variability (Rockman et al.
2010). Nevertheless, de novo assembly of the CB4856 genome identified 61 regions that contain
elevated levels of genetic variability (Thompson et al. 2015). These highly variable regions
are undergoing long-term balancing selection and are enriched with ecologically relevant
genes (Lee et al. 2020; Thompson et al. 2015). They cover among other genetic variations in
two chemosensory genes and the two natural haplotypes identified likely represent different
foraging strategies (Greene et al. 2016a,b; Thompson et al. 2015). The findings presented in this
thesis provide additional evidence that balancing selection shaped the C. elegans genome. Using
sequence information from CeNDR, the pals-genes, core genes within the IPR, were found
to be under balancing selection. Using WormQTL it became clear that many pals-genes are
transcriptionally regulated by local or distant genetic variation (Chapter 3) (Cook et al. 2017;
Snoek et al. 2020). An intertwined network like this may be less prone to evolutionary change
(Alvarez-Ponce et al. 2017; Fraser 2002; Helsen et al. 2019; Koubkova-Yu et al. 2018), but when a
change occurs, functional diversity can be generated (Helsen et al. 2019; Koubkova-Yu et al. 2018).
Indeed, limited genetic variations are found within the IPR and distinct IPR regulator (pals-22/
pals-25) haplotypes may determine transcriptionally distinct IPR profiles for two strains N2 and
CB4856 (Chapter 3). A third haplotype (WN2002) has not been investigated, but could uncover
an extreme phenotype, because this strain has an even more genetically distinct pals-22/pals-25
locus compared to N2. Together these recent findings reveal how environmentally important

genetic variation can be maintained for a species that mainly reproduces by self-fertilization.
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Based on the finding that N2 and CB4856 have different viral susceptibilities, a QTL mapping
approach was taken to uncover the causal genetic variation (Chapter 4). This study revealed
that chromosome IV contains genetic variants that determine OrV susceptibility. Although a
region was fine mapped and IPR gene cul-6 was found to contribute to the difference between
N2 and CB4856, it only explained part of the observed phenotype. Like many other studies,
Chapter 4 focuses on a single genetic variant encoding a protein change. Yet complex traits
are proposedly affected by many, if not most, genes across the genome (Boyle et al. 2017;
Consortium 2009; Fernandez-Tajes et al. 2019; Loh et al. 2015; Shi et al. 2016; Visscher et al.
2006). According to the latter omnigenic model, core genes (for example protein encoding
varjants) can directly affect a trait, but these are influenced by trans-regulatory effects
of omnipresent peripheral genes expressed in the same tissue (Liu et al. 2019). The viral
susceptibilities of the N2 and CB4856 ILs follow this reasoning: they pointed towards multiple
loci affecting viral susceptibility (Chapter 4). Perhaps if ILs covering other chromosomes were

tested for viral susceptibility, more contributing loci would have been found.

Unraveling the full genetic basis of complex traits is challenging. Large-effect size loci can
be relatively well identified by genetic mapping, but often still explain little of the overall
phenotypic variation (Figure 1) (Manolio et al. 2009; Rockman 2012). Moreover, closely
located modest effect loci may add up in the linkage analysis to show a single QTL peak and
the many genes with a relative small effect (peripheral genes) are difficult to identify in genetic
linkage studies (Figure 1) (Boyle et al. 2017; Liu et al. 2019; Rockman 2012). Furthermore,
extensive genetic linkage disequilibrium in C. elegans can complicate pinpointing causal
loci (Gaertner & Phillips 2010). Chapter 3 suggests that the IPR regulators pals-22 and
pals-25 could determine different transcriptional activity of the IPR in N2 and CB4856.
Pals-22 and pals-25 are trans-acting master regulators that control at least 80 IPR genes
across the genome (Reddy et al. 2019), but these were not detected by the QTL mapping here
(Chapter 4). To resolve if pals-22 and pals-25 determine IPR activity and viral susceptibility,
an gene expression QTL mapping (eQTL) approach could provide more information, because
it also indicates target genes of regulators (Liu et al. 2019). Yet, a QTL approach mapping viral
susceptibility was chosen here because eQTL mapping would require higher replication of viral
infection in the RILs (due to the small effect of viral infection on the complete transcriptome;
(Chapter 3)). Also, eQTL mapping has higher costs and core IPR genes with sufficient effect
sizes (like cul-6) can still be detected by QTL mapping (Chapter 4).
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Figure 1 Genetic linkage studies — Genetic linkage studies aim to link causal genetic variants to phenotypic
differences. Evidence is accumulating that for complex traits most genes in the genome will contribute to
the phenotypic variation. Pinpointing these genes presents a challenge. Genes with a large effect size on the
phenotype, such as drh-1 on Orsay virus susceptibility, can give a bright signal (a major GWAS or QTL
peak). But genes with a smaller effect remain unnoticed (here represented by the weak spots), because they
produce a signal below the detection limit (perhaps genetic variants of IPR genes fall into this category).
Still, together all these weak signals can contribute much to the overall trait. Finally, when multiple small or
medium effect size alleles group closely together, this may result in a major GWAS or QTL peak. Yet, when
trying to dissect the signal it is found it consists out of multiple signals (which could be ongoing with genes

contributing to viral susceptibility on chromosome IV).
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How do IPR haplotypes perform under natural conditions?

A remaining question is how the different IPR haplotypes perform in nature. Because the
three pals-22/pals-25 haplotypes are found worldwide this suggests active maintenance
throughout the natural history of C. elegans (Chapter 3). Most strains in the CeNDR database
carry an N2-like pals-22/pals-25 haplotype (83%). Only few strains have a CB4856 (10%) or
WN2002 (7%) haplotype at this locus, despite our results indicate that CB4856-like strains
could have a more constantly active IPR (Chapter 3). The N2-haplotype bias may occur
because strains that invest in immunity cannot invest these resources in growth (Reddy et al.
2019). Hence the strains with a robust IPR may only increase in presence under non-favorable
conditions when an active IPR provides an evolutionary advantage. It should be noted though
that so far these fitness effects were only studied in N2 mutants and not in other genetic
backgrounds (Reddy et al. 2019). Still, under optimal conditions a growth optimized IPR may
be more advantageous than an antipathogenic IPR. Indeed, strains that are in minority in
nature can be specialized for non-favorable conditions. This is illustrated by the observation
that minority strains sampled from an orchard in France were better competitors under
pathogenic conditions than the commonly sampled genotype. Yet under standard laboratory
conditions, the minority strains were always outcompeted (Richaud et al. 2018). Because only
one of these strains was sequenced, their IPR genotypes cannot be directly linked to these
observations. Furthermore, the pals-22/pals-25 N2-haplotype bias may also (partly) result
from an overall N2-like strain bias in the CeNDR database. Strains from Europe, historically
the most widely sampled continent, are often genetically similar to N2 (Schulenburg & Félix
2017). Future studies that investigate the IPR in a broader selection of wild strains are thus

necessary.

Wild strains are often sampled from locations where C. elegans was previously found (hence
these sites may have beneficial environments) and during fall when food seems most abundant
(Schulenburg & Félix 2017). Sampling under less favorable conditions could gain insight in
the evolutionary dynamics in natural populations, but can come with the challenge of not
finding C. elegans. To illustrate this, in our lab, we have performed spring sampling trips to
locations where we consistently find C. elegans in fall. Yet, in spring we could not find a single
C. elegans individual on substrates (rotting plants, fruits and vegetables) or vectors (slugs,
snails or isopods). More regular sampling for over 1.5 years in Germany also showed a lack
of C. elegans during winter and spring (Petersen et al. 2014) and to date it is unknown where
and how C. elegans hibernates during these seasons. Another way to collect strains that were
exposed to divergent conditions is to sample in different locations. In particular, collecting
C. elegans in the Pacific region appears promising. The Pacific holds the world’s most diverse
C. elegans strains and over the years it appeared that many of these were not affected by the

selective sweep that reduced genetic variation elsewhere (Andersen et al. 2012; Crombie
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et al. 2019). Naturally, this sparked enthusiasm among C. elegans researchers to uncover
population structures in this region. A large sampling effort on Hawaii revealed that this may
be the birthplace of the species (Crombie et al. 2019). The continuing sampling trips made
by C. elegans researchers, but also citizen scientists (contact the Laboratory of Nematology at
Wageningen University and/or see elegansvariation.org/outreach if you like to give this a try),

will continue to expand our knowledge about C. elegans in the wild.

Males to counteract pathogenic stress

To assess the evolutionary impact of genetic variation in a species, it is necessary to consider
its natural life cycle (Chapter 1). An important aspect of life for many animals is sexual
reproduction via male-female mating. However, C. elegans has a more peculiar lifecycle.
C. elegans mainly reproduces via self-fertilizing hermaphrodites and in nature males are
rarely found (maximum 1% of the individuals) (Barriére & Félix 2005; Richaud et al. 2018;
Sivasundar & Hey 2005). To illustrate, I have never come across a wild C. elegans male for over
five years of sampling (at least once a year) around Wageningen. On top of that, males exhibit
clumsy sexual behavior and hermaphrodites tend to avoid mating attempts further limiting
sexual reproduction (Garcia et al. 2007). Even so, under unfavorable conditions male numbers
can increase (Anderson et al. 2010; Kleemann & Basolo 2007; Lopes et al. 2008; Lynch et al.
2018; Masri et al. 2013; Morran et al. 2011). Interestingly, the single study that found relatively
high male frequencies sampled soil (Sivasundar & Hey 2005): a substrate that later turned
out non-optimal for C. elegans. Moreover, the few males sampled by Richaud et al. may have
been found under non-optimal conditions too, because during this particular sampling trip
proliferating populations were more scarce than for the other two excursions to the same
place (Richaud et al. 2018). There is also genetic evidence that marks the (historical) presence
of C. elegans males. The chromosome arms of C. elegans are more likely to recombine than
the chromosome tips or centers during meiosis. The chromosome arms contain higher levels
of genetic variation which indicates that outcrossing took place (Rockman & Kruglyak 2009).
Moreover, albeit some genes involved in sexual competition have eroded to less-functional
variants (Fierst et al. 2015; Noble et al. 2015; Thomas et al. 2012; Yin & Haag 2019), most

male-specific functions have been conserved (Cutter et al. 2019).

The question remains if C. elegans males still have an ecologically relevant role (Chasnov
2013; Chasnov & Chow 2002; Cutter et al. 2019). Sex is costly, because males cannot produce
offspring themselves, it halves genetic contributions from the parent to the offspring and
sexual behavior takes energy and comes with risks (Gibson et al. 2017; Maynard Smith 1978).
On the other hand, sex can prevent accumulation and fixation of deleterious mutations
and provide efficient ways of natural selection (Chelo et al. 2019; Cutter 2005; Kondrashov
1984, 1985; Van Valen 1973). For C. elegans, the latter has proven essential under pathogenic
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conditions. The Red Queen Hypothesis (RQH) predicts that co-evolving pathogens generate
persistently dynamic selective conditions that favor outcrossing of the host (Van Valen 1973).
Observations in C. elegans support this theory and show that outcrossed offspring with
increased fitness towards the pathogen is essential for survival of the population (Masri et al.
2013; Morran et al. 2011; Slowinski et al. 2016). The starting populations in these experiments
were genetically diverse (either resulting from mutagenesis or imposed outcrossing) and thus
had enough standing genetic variation to generate fitter offspring after outcrossing. However,
natural populations of C. elegans typically harbor little genetic variation and many sampled
substrates reveal presence of a single genotype (Barriere & Félix 2007; Frézal & Félix 2015;
Richaud et al. 2018). Therefore, I argue that (rare) male presence in the wild will often be driven
by other factors than Red Queen dynamics.

The proportion of males in C. elegans populations can increase under (at least) three conditions
that are ecologically relevant. First, males can become more prevalent after passing the dauer
state. For some strains, males have higher dauer-survival chances and post-dauer mating is
more efficient (Morran et al. 2009). Because natural populations of C. elegans are often found
in the dauer state (Barriére & Félix 2005, 2007; Cook et al. 2017; Frézal & Félix 2015; Richaud
et al. 2018), dauer-induced male presence may occur frequently (Figure 2). Second, adult
males can be more stress resistant to pesticides and pathogens than hermaphrodites (Figure
2) (Chapter 5) (Lopes et al. 2008; Tan et al. 1999; Van Den Berg et al. 2006). If hermaphrodites
perish more often than males under stress, males can become comparatively more common in
the population. Yet little is known about sexual dimorphism in resistance to natural stressors.
Third, I found that males are likely to select the fittest hermaphrodites within a stress-affected
population (Chapter 5). Even within isogenic populations, not every individual is equally
impaired by stress. Pathogens do not always infect every individual in an isogenic population
(Chapter 3) (Ashe et al. 2013; Frézal et al. 2019) and individuals within isogenic populations
differ in fitness and behavior (Perez et al. 2017; Stern et al. 2017). When males pick the fittest
hermaphrodites (that produce most offspring) to mate with, the result is an increase in males,
because mated hermaphrodites produce 50% males and unmated hermaphrodites (virtually)
100% hermaphrodites (Figure 2). Male mate choice for healthy hermaphrodites was only show

under OrV infection but could possibly be more common.

Importantly, the three reasons mentioned above can increase male proportions in isogenic or
low-polymorphic populations that are often found in nature (Barriére & Félix 2007; Frézal &
Félix 2015; Richaud et al. 2018). In isogenic populations mating will result in biparental offspring
with the same genotype. This prevents fitness loss due to outbreeding depression which is one
of the suggested reasons for male absence (Chasnov 2013; Dolgin et al. 2007). Yet, a fourth
reason for increased male frequencies can be found in genetically variable populations under

constant pathogen exposure where Red Queen dynamics could contribute to male maintenance
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(Lynch et al. 2018; Masri et al. 2013; Morran et al. 2011) (Figure 2). Red Queen dynamics may
be relatively uncommon in natural C. elegans populations, because these are often short-lived
and genetically uniform (Frézal & Félix 2015). Increased male presence based on mate choice,
survival chances and Red Queen dynamics depends on presence of stress; once gone there will
be no (in)direct selection for males anymore so their numbers will drop. Together, this could
underlie effective mating dynamics where (costly) sexual reproduction only takes place when

needed, whilst when circumstances permit asexual reproduction becomes prevailing.

To gain better understanding about the effect of pathogens on mating dynamics additional data
could be collected. Here, a link between male mate choice and male frequencies was presumed,
but not experimentally proven (Chapter 5). An experiment that proves mate choice controls
male frequencies in Orsay virus infected populations will be practically challenging, because
it would require following the movements of the nematodes for generations. Moreover, the
Orsay virus itself cannot be directly visualized in living animals and the currently available OrV
reporter strains make use of GFP tagged IPR genes in an N2 background (Bakowski et al. 2014;
Tanguy et al. 2017). These GFP-tagged IPR constructs could be inserted in other strains too,
but because these IPR genes are differentially expressed in distinct genetic backgrounds and in
males, this may not present a one-fits-all solution (Chapter 3, 5) (Sarkies ef al. 2013). Therefore,
ecological modelling could help to ratify my interpretations of experimental data (Ashby &
Boots 2015; Campbell et al. 2017; Tybur & Gangestad 2011). New experiments could also use
the more potent OrV isolate JUv2572 (Félix & Wang 2019; Frézal et al. 2019). This OrV isolate
infects more individuals and could therefore lead to different male frequencies if mate choice
matters. Furthermore, data could be collected in a complementary model system: that of the
nematode Caenorhabditis briggsae and the viruses Le Blanc, Mélnik and Santeuil (Félix & Wang
2019; Félix et al. 2011; Franz et al. 2012; Frézal et al. 2019). Like OrV, these viruses belong
to the nodaviruses and C. briggsae also reproduces via a male-hermaphrodite system. Using
this system, it could be tested if pathogen-induced changes in mating dynamics are conserved

between nematode species.
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after dauer leads to relatively more males
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2. males become more prevalent 4. Red Queen dynamics select for
resulting from higher stress resistance sexual reproduction

Figure 2 Natural causes for male increase - Male frequencies could rise in nature for four reasons. First,
after passing through dauer (a common stage of natural life and often found on vectors as snails) C. elegans
populations can have an increased presence of males. Second, males can be more resistant to lethal threats
(for example a pesticide) and after hermaphrodites perish from the population relatively more males are
present. Third, males can mate selectively with hermaphrodites that produce most offspring (for example
the ones less affected by viral infection). Because these mated hermaphrodites will produce high numbers of
offspring, of which 50% will be males, hermaphrodite frequencies are lowered. Fourth, when pathogens (for
example pathogenic bacteria) co-evolve in a genetically diverse C. elegans population, constant co-adaption

via Red Queen dynamics can underlie male presence.
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Laboratory insights into natural host-virus interactions

In this discussion and in my experimental work (Chapter 3, 5), I base my arguments on a
combination of data from laboratory experiments and field studies. The conclusions are likely
oversimplified because of the restricted, non-natural laboratory environment. Researchers
typically ease some difficult aspects of C. elegans natural life in laboratory experiments by
providing endless food and transferring the nematodes by picking or chunking them (replacing
the natural role of isopods, slugs and snails). The oxygenic NGM plates C. elegans is usually
grown on are detrimental for many wild isolates (Chang et al. 2006; Gray et al. 2004; Rogers et al.
2006; Sterken et al. 2015) and also prevent C. elegans from displaying natural dispersal behavior
(Lee et al. 2012, 2017). Moreover, the sustained laboratory diet of a non-naturally associated E.
coli OP50 determines the nematodes fitness (Berg et al. 2016; Dirksen et al. 2016, 2020; Samuel
et al. 2016). Orsay virus infection can change the microbiome of C. elegans that were fed a
variety of bacteria (Guo et al. 2017) which would lead to indirect fitness effects of viral infection
in nature. Diet can also affect the IPR: pals-22 mutant animals grown on HT115, another strain

of E. coli, lacked increased thermotolerance (Panek et al. 2020).

The main challenge in trying to study the ecology of a microscopic animal is that they cannot
be directly observed in their natural habitat. Yet, trying to provide a more-natural laboratory
environment for C. elegans is within reach. CeMbio is a selection of bacteria that mimic the
natural C. elegans microbiome providing all necessary nutrients for healthy growth (Dirksen
et al. 2020). To retain the benefits of controlled laboratory experiments a complete molecular
toolkit, that includes genome sequences, PCR primers and metabolic networks, has been
developed for these bacteria (Dirksen et al. 2020). Furthermore, the growth substrate could
mimic more-natural circumstances using microcosms or worm balls (Figure 3). Microcosms
use soil as a substrate and nematodes are harvested at the end of the experiment using filter
paper (Baath et al. 1981; Franco et al. 2017; Gingold et al. 2013; Kenney et al. 2006). Worm balls
lack the edges of normal plates and enable continuous movement of the nematode (Schulte et al.
2012). Moreover, applying technologies like 3D-printing of substrate and using a natural day-
and-night temperature regime would contribute to naturalization of laboratory experiments.
Undoubtedly these techniques would be more realistic than the flat NGM plates used most
often, nevertheless the C. elegans community would benefit even more from larger set-ups that
allow for targeted semi-wild studies. For example, by using a terrarium-like set-up that can be
placed outside to perform seasonal field studies (Figure 3). A set-up like this would for example
allow to perform competition experiments between the same strains under different semi-
natural circumstances (for example by adding a pathogen to part of the ‘terraria’). Additionally,
this type of set-up may reveal more aspects of the C. elegans life cycle, for example where they

reside during winter.

149



Chapter 6

NGM plate microcosms terrarium

w &

Figure 3 Different C. elegans culture methods - On the left a standard NGM (Nematode Growth Medium)
plate containing a layer of the typical lab-fed bacterium E. coli OP50 is shown. In the middle microcosms
are depicted: these contain soil and can be inoculated with bacteria like the CeMbio selection. Finally, to the
right a small ecosystem is resembled in a terrarium like setting. Using this set-up has not been described for

C. elegans, but may help close the knowledge gap between field studies and laboratory experiments.

The data provided in this thesis revealed a broad spectrum of insights into host-virus
interactions. The effects of Orsay virus infection are relatively mild compared to that of other
intracellular pathogens such as microsporidia that trigger the same defense pathway and
appear to be more common in nature (Frézal et al. 2019; Zhang et al. 2016). Therefore, the
genetic hallmarks I have related to viral infection might also be linked to presence of other
intracellular pathogens like microsporidia (but also oomycetes or fungi). By performing
microsporidian infections in males, the role of the IPR in determining fitness differences
between the sexes could be further understood. Based on this thesis, I would also suggest
studying ecologically relevant traits in the laboratory in a semi-natural set-up including a
natural diet. Studying viral infections in a ‘terrarium’ would help considering the trade-ofts
between fitness and immunity in a natural environment and could be used to determine
the role of different IPR haplotypes. Despite the remaining questions this thesis provides
a novel understanding of how genetic and sex variation determine C. elegans-Orsay virus
interactions. Therefore, this thesis provides a basis for further uncovering the natural host-

pathogen ecology of this unique nematode species.
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English summary

The nematode Caenorhabditis elegans belongs to the world’s most powerful genetic model
organisms. Studying the genome of this nematode is facilitated by the androdiecious (male-
hermaphrodite) mode of reproduction. A single hermaphrodite can start a population that
will contain of hundreds of genetically identical individuals after only a couple of days. Males
are not necessary for reproduction but are used to recombine genomes, for instance to
introduce a mutation into a population. Although the nematode has provided a wealth of
genetic knowledge, a large part of the C. elegans genome does not have a known function yet.
Many of the genes without an assigned role will likely have a function in natural populations,
for example by providing protection against the natural pathogens that are ubiquitous in
nature. Viruses strongly shape the genome of their host and in this thesis, the interaction

between the positive-strand RNA virus, the Orsay virus (OrV), and C. elegans was studied.

Chapter 2 reviews quantitative genetic studies investigating antiviral defense and discusses
the practical tools to perform these studies in model organisms. Natural genetic variation
in the genome of the host leads to different viral susceptibilities for individuals of the same
species. Understanding the consequences of host genetic variation is expected to lead to better
treatments and personalized medicine for human patients. But studying viral infections in
humans comes with ethical and practical challenges. Therefore, quantitative genetic studies
in model organisms can help to better understand the mechanisms by which host genetic
variation defines viral susceptibility. To study host-virus interactions in three genetic model
organisms, mouse (Mus musculus), fruit fly (Drosophila melanogaster) and nematode (C.
elegans), different tools have been developed over the years. These include two- or multiparent
Recombinant Inbred Lines (RILs) and Introgression Lines (ILs) that are genetic mosaics of
their parental strains. Additionally, Genome Wide Association Studies (GWAS) link genetic
variation in populations of genetically distinct individuals to viral susceptibility. The use of
these tools has led to identification of genetic variants that contribute to viral susceptibility in
evolutionary conserved pathways and has improved the understanding of human-infecting

viruses such as West Nile, Influenza and Ebola.

Chapter 3 investigates natural genetic variation in antiviral defense in C. elegans populations.
Because viruses represent such a strong selective pressure, their natural presence also leads to
genetic changes in the genome of their host. Traces of pathogenic selection were identified in
C. elegans by analyzing the genetic composition of antiviral genes of the Intracellular Pathogen
Response (IPR) in strains that were collected worldwide. This led to the discovery that natural
strains carry a limited set of pals-gene variants, a class of genes fundamental within the IPR,
that are maintained in C. elegans populations by balancing selection. Only three haplotypes
were found worldwide for the IPR regulators pals-22 and pals-25 and two strains with distinct
pals-22/pals-25 haplotypes had a different IPR activity. The pals-22/pals-25 haplotype of the
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standard reference strain, Bristol N2, was most common in currently samples strains. The N2
strain had low basal IPR expression that strongly increased upon OrV infection. Contrary, the
Hawaiian strain CB4856, had a constantly active IPR that did not change after OrV exposure.
The strain CB4856 had lower viral susceptibility than the N2 strain after short term exposure,
which might relate to IPR activity.

Chapter 4 studies the genetic loci that determine viral susceptibility in N2 and CB4856. To
uncover genetic variants that underlie the different viral susceptibility of N2 and CB4856, a
quantitative trait locus (QTL) mapping approach was used. Thereto, a panel of N2xCB4856
RILs was infected and statistical associations between viral susceptibility and genetic
background linked to chromosome IV. Using ILs from both genetic backgrounds, a small
region containing 34 polymorphic genes was found to affect the viral susceptibility of N2
and CB4856. One of the genes located in this region is the IPR gene cul-6. This gene contains
a single nucleotide polymorphism between N2 and CB4856 at a conserved site near the
binding domain with another cul-6 complex member. After infection of CRISPR-Cas9 allele
swap strains it became clear that cul-6 contributes to the viral susceptibility. Nevertheless,
having a CB4856 cul-6 allele only did not confer resistance. Together with the finding that
multiple genetic loci contribute to differences between N2 and CB4856 this shows that viral

susceptibility is a complex trait with a polygenic basis.

Chapter 5 investigated viral infection in mixed-sex populations of C. elegans. Sex is another
factor that is genetically determined, and sexual differences can underlie different viral
susceptibilities. Both sexes (males and hermaphrodites) of three genetically distinct strains
were exposed to the OrV. Males of the reference strain N2 were more resistant to the OrV
than hermaphrodites. This could result from higher IPR activity in males under standard
conditions, possibly protecting them from infection. Viral presence can also change population
and mating dynamics. Indeed, male frequencies increased in the isogenic populations of the
genotypes CB4856 and JU1580. Moreover, males rather mated with healthy than infected
hermaphrodites. Together, this shows that viral infection can result in flexible outcrossing in

C. elegans populations.

The research presented in this thesis displays how viral presence can have shaped the genome
of C. elegans and how genetic variation determines viral susceptibility to date. Although
these observations have been made in the laboratory, they were placed in the context of field
observations to provide a better ecological context for this model organism. The findings
made here suggest an evolutionary advantage for individuals with an active IPR haplotype
under pathogenic conditions. Moreover, these results indicate an ecological advantage of
having males, even in the frequently isogenic populations that are found in nature. Together,
this thesis invites for investigation of host-virus interactions in a more natural set-up to fully

incorporate lab and field studies.
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Nederlandse samenvatting

De nematode Caenorhabditis elegans is een aaltje dat wereldwijd wordt gebruikt als
modelorganisme voor genetische studies. Deze studies proberen het functioneren van onze
genen te begrijpen. Zo wordt er bijvoorbeeld onderzocht wat de invloed is van natuurlijke
variaties in de genen op allerlei eigenschappen, zoals bijvoorbeeld de vatbaarheid voor
ziekten. C. elegans is hiervoor een uitermate geschikt model, omdat het een bijzondere
manier van voorplanten heeft. De zichzelf bevruchtende C. elegans hermafrodieten hebben
geen mannetje nodig om zich voort te planten. Daardoor is slechts één hermafrodiet nodig
om een populatie te verkrijgen van honderden genetisch identieke individuen. De veel
zeldzamere mannetjes kunnen wel worden ingezet voor het recombineren van genomen of
het introduceren van mutaties in de populatie. Dit is waardevol voor onderzoekers, want met
behulp van genetische recombinatie kan het effect van natuurlijke voorkomende genetische
variaties achterhaald worden. Door middel van mutaties kan een gen worden uitgezet en het
effect van dat gen in het functioneren van het aaltje worden bestudeerd. Hoewel C. elegans
één van de best bestudeerde organismen op aarde is, weten we van behoorlijk wat genen nog
niet waarvoor ze dienen. Veel van deze genen hebben waarschijnlijk een functie in de natuur,
en zullen daarom niet opvallen in de steriele en onveranderlijke omgeving waar lab studies
plaatsvinden. Een deel van deze genen zou bijvoorbeeld kunnen beschermen tegen virale
infectie. In deze thesis is daarom de interactie tussen een natuurlijk voorkomend virus, het

Orsay virus (OrV) en C. elegans bestudeerd.

In hoofdstuk 2 worden studies bediscussieerd die het effect van natuurlijk voorkomende
genetische variaties op de vatbaarheid voor virussen bestudeerden. Het uitgangspunt is het
verkrijgen van een duidelijker beeld waarom de ene persoon soms wel ziek wordt (bijvoorbeeld
vande griep) en de ander niet. Het begrijpen van deze genetische aanleg voor virale vatbaarheid
leidt naar verwachting tot betere behandelingen en medicijnen voor patiénten. Virale ziekten
kunnen vaak echter niet op een moleculair niveau in mensen worden bestudeerd, en er kunnen
al helemaal geen gerichte studies worden uitgevoerd waarin mensen bijvoorbeeld expres ziek
zouden worden gemaakt. Daarom gebruiken we zogenaamde modelorganismen om virale
infecties te begrijpen. Dit hoofdstuk richt zich op drie modelorganismen: muis, fruitvlieg
en nematode. In het hoofdstuk worden studies beschreven die zich richtten op de interactie
tussen natuurlijke variaties in het genoom van de gastheer en virus in deze organismen.
Daarbij worden de genetische hulpmiddelen die beschikbaar zijn om onderzoekers te helpen
efficiént en gericht onderzoek uit te voeren samengevat. Het gebruik van deze middelen
heeft ervoor gezorgd dat we nu genetische variaties kennen die bijdragen aan de vatbaarheid
voor humane virussen, zoals het West Nijl virus (veroorzaker Westnijlkoorst), Influenza virus

(veroorzaker griep) en Ebolavirus.
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In hoofdstuk 3 wordt de natuurlijke variatie in antivirale genen in C. elegans onderzocht.
Omdat virussen in de natuur een sterke selectiedruk geven (enkel de sterkste individuen
overleven en kunnen hun genen doorgeven aan een volgende generatie), zorgen virussen na
verloop van tijd voor genetische veranderingen in het genoom van hun gastheer. Om te kijken
of virussen ook sporen hebben nagelaten in C. elegans werd de genoomdata van 330 wilde
C. elegans lijnen vergeleken. Daaruit bleek dat de veel zogenaamde pals-genen die zorgen voor
de antivirale Intracellulaire Pathogeen Reactie (IPR) slechts weinig variabel waren. En van
de genen die relatief variabel waren, komen er wereldwijd maar een paar combinaties van de
genen voor. De IPR regulatoren pals-22 en pals-25 sturen de IPR aan en wereldwijd vonden
we slechts drie combinaties van genetische variaties. De pals-22/pals-25 combinatie van de
standaard gebruikte Engelse C. elegans lijn N2 kwam het meest voor. De N2 lijn laat een sterke
IPR zien na infectie. De Hawaiaanse lijn CB4856 daarentegen had geen sterke IPR na infectie,
maar onder normale omstandigheden waren de IPR genen al veel actiever in deze lijn. We
vonden ook dat CB4856 een lagere virale vatbaarheid had dan N2 na korte blootstelling aan

het Orsay virus, en dat zou daarom gerelateerd kunnen zijn aan de IPR activiteit voor infectie.

In hoofdstuk 4 wordt er gezocht naar genen die het verschil in virale vatbaarheid tussen N2
en CB4856 kunnen verklaren. Hiervoor wordt een zogenaamde QTL analyse uitgevoerd.
Hierbij wordt voor verschillende nakomelingen van een kruising tussen N2 en CB4856 de
vatbaarheid voor virus gemeten. Die verschillende nakomelingen verschillen net zo van
elkaar als broers en zussen doen. Van iedere van deze zogenaamde RIL lijnen kennen we
ook alle genetische variaties. Vervolgens hebben we deze genetische variaties gelinkt aan de
vatbaarheid voor virus van de RIL lijnen en zo twee genetische locaties op chromosoom IV
ontdekt die waarschijnlijk bedragen aan het verschil in vatbaarheid tussen N2 en CB4856. Van
één van deze locaties konden we experimenteel bevestigen dat deze een rol speelt. Dat deden
we door IL lijnen te infecteren. In tegenstelling tot de RIL lijnen, die een mix van genetische
fragmenten van de ouders zijn, bevatten IL lijnen slecht een klein genetisch fragment van
één ouder in het genoom van de andere ouder. Hiermee kun je heel specifiek aantonen dat
dit fragment een effect heeft als de vatbaarheid van de IL anders is dan die van de ouder. Op
de locatie die wij vonden liggen 34 interessante genen, waaronder één IPR gen: het gen cul-6.
Tussen N2 en CB4856 zit er een codeverschil in het gen dat resulteert in een ander eiwitproduct
en mogelijk het functioneren van het eiwit in de cel verandert. Het effect van deze natuurlijk
variatie hebben we getest door twee lijnen te gebruiken die het verschil in dit specifieke gen
uitwisselen tussen N2 en CB4856. Deze lijnen zijn gemaakt met CRISPR, waardoor zulke
specifieke uitwisselingen mogelijk zijn. Infecties in de CRISPR lijnen bevestigden dat cul-6
bijdraagt aan virale vatbaarheid. De experimenten lieten ook zien dat je wel ziek kan worden
door de verkeerde genetische variatie, maar niet automatisch beter wordt van de goede. Dat

komt omdat meerdere genen een rol spelen in het bepalen van vatbaarheid voor een virus.
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In hoofdstuk 5 is de virale vatbaarheid van mannelijke en hermafrodiete C. elegans nematoden
onderzocht in drie verschillende C. elegans lijnen (N2, CB4856 en JU1580). De mannetjes van
N2 bleken minder vatbaar voor het Orsay virus dan de vrouwtjes. De N2 mannetjes hadden
ook een hogere IPR activiteit zonder dat er virus aanwezig is en wellicht biedt dit bescherming
tijdens een infectie. Daarnaast hebben we het effect van een infectie op de dynamiek
in de populatie en het paren van de nematoden bekeken. Normaal gesproken bevatten
C. elegans populaties slechts weinig mannetjes, maar we vonden dat dit aantal tijdens een
virusinfectie kan toenemen. We zagen ook dat mannetjes een voorkeur hadden om te paren
met gezonde in plaats van geinfecteerde hermafrodieten. Mogelijk verklaart deze partnerkeuze
de toename van mannetjes: paren met gezonde hermafrodieten leidt immers tot een hoger
aantal mannelijke nakomelingen. Dit toont aan dat C. elegans nematoden zich flexibel
kunnen voorplanten: door middel van zelfbevruchting onder gunstige omstandigheden en

door middel van paringen wanneer de populatie geinfecteerd is met virus.

Het onderzoek in deze thesis toont aan hoe virale infecties het genoom van C. elegans
kunnen hebben veranderd en hoe natuurlijke genetische variaties de vatbaarheid voor virus
beinvloeden. De observaties zijn allemaal in het laboratorium gedaan, maar wel vergeleken
met veldobservaties om een beter ecologisch inzicht te krijgen in dit modelorganisme. De
bevindingen suggereren dat individuen in virus geinfecteerde populaties profijt kunnen
hebben van een hoge IPR activiteit. Verder laten ze zien dat mannetjes een voordeel
zouden kunnen opleveren voor C. elegans als soort, zelfs wanneer de populatie genetisch
weinig variabel is (wat vaak wordt waargenomen in de natuur). Uiteindelijk zouden deze
eigenschappen in een meer natuurlijke proefopstelling bestudeerd kunnen worden om lab-

en veldstudies in de toekomst beter te verbinden.
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