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PREFACE 
 

 The first two chapters of this thesis introduce concepts that are meant to give 

context for the primary research presented in later chapters. Chapter 1 discusses the 

intracellular lives of pathogenic microbes and focuses on microsporidia. Chapter 2 is 

a review article that was published previously, and it describes the advantages of 

using Caenorhabditis elegans as a model for infection by intracellular pathogens. The 

research presented in Chapter 3 has recently been published in Nature Microbiology, 

and it focuses on the growth of microsporidia and how these growth strategies end up 

affecting host physiology and fitness. Chapter 4 was previously published in PLoS 

Pathogens, and the research relates to how hosts can affect the growth of 

microsporidia. Specifically, Chapter 4 reveals that there is natural variation in 

resistance to microsporidia infection among wild strains of C. elegans, and that this 

trait has a complex genetic basis. Chapter 5 includes unpublished work that follows 

up on observations made in Chapter 4 related to the clearance of microsporidia 

infection and the involvement of host ubiquitin and autophagy genes. The appendix 

includes unpublished data related to the work presented in Chapters 1-5, including an 

RNAseq study on resistance to microsporidia infection, results from a Genome Wide 

Association Study of resistance to microsporidia infection, and results from a 

Quantitative Trait Loci mapping experiment related to data presented in Chapter 4. 
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ABSTRACT OF THE DISSERTATION 

 

Microsporidia growth and host resistance in Nematocida-Caenorhabditis elegans 

interactions 

 

by 

 

Keir Morgan Balla 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2016 

 

Professor Emily Troemel, Chair 

  

The success of pathogens depends on their access to host space and 

resources. In addition to optimizing their use of the host environment, pathogens 

must evade host defenses. We investigated the growth dynamics of fungal-related 

obligate intracellular pathogens from the Microsporidia phylum in the context of a 
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whole animal host. Microsporidia infect virtually all animal phyla, but the details of 

their growth and interactions with the host are poorly characterized. We examined 

infections of the roundworm Caenorhabditis elegans by its natural microsporidian 

pathogens in the genus Nematocida. From these studies we have identified 

surprising pathogen growth strategies and constraints that limit this growth based on 

the host environment. Infection by just a single Nematocida parisii cell in a single host 

intestinal cell grows to fill the majority of the host organ before reaching the spore-

formation stage of the life cycle. Microsporidia infections spread between neighboring 

host cells by inducing them to fuse into syncytia. In keeping with its proliferative 

success in these organs, Nematocida displodere infections caused syncytia formation 

in the muscle and epidermis, but not in the intestine. We also found that the decision 

to switch from replication to differentiation in N. parisii was altered by the density of 

infection, suggesting that environmental cues influence the dynamics of the pathogen 

life cycle. Additionally, we found that the success of N. parisii growth varies 

depending on the host environment. Specifically, we determined that host genotype 

and age could strongly affect the outcome of infection. In particular we found that a 

strain of C. elegans from Hawaii was resistant to N. parisii growth and could eliminate 

infection in an age-dependent manner, which is a trait with a complex genetic basis. 

Thus, we show how microsporidia can maximize the use of host space for growth, 

that environmental cues in the host can regulate a developmental switch in the 

pathogen, and that certain host environments can clear microsporidia infection. 

These findings advance our understanding of the selective pressures that can shape 

both host and microsporidia genomes over the course of their co-evolution. 
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1 Introduction: Microsporidia growth in the host environment 
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	 Many microbes utilize the space and resources of host organisms to replicate 

and persist over time. Interactions with microbes can be beneficial, innocuous, or 

harmful for hosts, and the spectrum of these relationships is often used to distinguish 

among different microbial types. Obligate intracellular pathogens are a diverse 

category of microbes that require host organisms for replication and cause harm to 

these hosts (Casadevall, 2008). The harm caused by intracellular pathogens has 

contributed to the evolution of defensive capabilities in hosts that can antagonize 

microbial growth, leading to dynamic interactions between host and pathogen. Thus, 

the success of obligate intracellular pathogens depends on their ability to utilize the 

beneficial elements of the host environment while overcoming host defenses. 

The breadth of different growth strategies employed by pathogenic microbes 

is large, but all obligate intracellular pathogens benefit from spreading beyond the 

initially infected host cell to maximize the use of host space for replication before 

exiting and spreading to new hosts. There are multiple ways that pathogens can 

egress from the initially infected host cell, including the induction of lysis in the host 

cell and several more discreet strategies that leave the host cell intact (Friedrich et 

al., 2012). One potential benefit of living inside of host cells for microbes is 

consistency in the growth environment. Another theoretical advantage of residing in 

the intracellular environment for microbes is a reduction in exposure to detrimental 

molecules found in the extracellular environment, including those used by the host to 

sense and destroy harmful microbes. Regardless of the specific reasons why a 

pathogenic microbe might have evolved to remain in host cells during growth and 

spread, several dissemination strategies have been described for pathogens that 

maximize access to intracellular space. For example, bacterial pathogens in the 
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genera Listeria, Shigella, and Rickettsia have been shown to utilize host actin to 

move between host cells by inducing the uptake of a bacterium-containing host cell 

protrusion into a neighboring cell, thereby avoiding contact with the extracellular 

space during dissemination (Bernardini et al., 1989; Heinzen et al., 1993; Tilney and 

Portnoy, 1989). Vaccinia viruses have been shown to use host actin in a comparable 

fashion to spread between host cells (Cudmore et al., 1995). Thus, a wide variety of 

pathogenic microbes have converged on a common strategy for disseminating within 

a host without leaving the intracellular environment. 

In contrast to the actin-mediated shuttling of individual microbes between host 

cells described in the studies above, other pathogenic microbes have been observed 

to drastically restructure host cells to allow for intracellular dissemination. Several 

viruses avoid the extracellular space during spreading by coordinating the fusion of 

infected host cells with neighboring uninfected host cells to form syncytia 

(Ciechonska and Duncan, 2014). The Gram-negative bacteria Burkholderia can also 

cause host cell fusion as a means for spreading, and fusion is independent of host 

actin (French et al., 2011). In addition to spreading through an irreversible fusion of 

host cells, a recent study found that the bacterial pathogens Francisella tularensis 

and Salmonella enterica can be transferred to uninfected cells through an exchange 

of host cytoplasmic material during partial and temporary fusions of host cells in a 

process termed trogocytosis (Steele et al., 2016). These in vitro studies outline a set 

of growth strategies used by intracellular pathogens to expand their access to host 

space while remaining inside of host cells, although pathogen dissemination in vivo 

can involve alternative mechanisms. For example, L. monocytogenes can cross the 

barrier of intestinal epithelial cells without host actin via transcytosis into the basal 
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extracellular space (Nikitas et al., 2011). Because animals are composed of diverse 

and dynamic cells with complex structure, in vivo investigations are necessary to 

understand the relevant mechanisms utilized by intracellular pathogens to grow and 

spread within the host. 

In vivo studies are particularly important for studying infection by eukaryotic 

pathogens, which have especially complex growth dynamics often involving various 

stages of differentiation that can take place in several specific host environments 

(Swann et al., 2015). Apicomplexan parasites in the genus Plasmodium, the 

causative agents of malaria, require both a Dipteran insect and vertebrate host to 

complete their life cycle, which has several stages and takes place in many tissues of 

both hosts. One example of an intracellular strategy used by Plasmodium pathogens 

to spread into uninfected cells involves replicating in large multinucleate structures 

called merozoites that bud off from liver cells in compartments surrounded by host 

membrane in transit to a new tissue (Sturm et al., 2006). Growing and spreading 

throughout the Plasmodium life cycle likely involves several host- and tissue-specific 

strategies, most of which are not currently understood. Indeed, little is known about 

dissemination strategies for any eukaryotic pathogen. This gap in our understanding 

is in part due to the complex nature of the life cycles of eukaryotic pathogens and the 

host tissues in which they grow. 

Microsporidia comprise a large phylum of eukaryotic obligate intracellular 

pathogens that have multi-stage life cycles. There are more than 1400 species of 

microsporidia, and they can infect animals ranging from single-celled ciliates to 

humans (Stentiford et al., 2016; Stentiford et al., 2013). Fifteen species of 

microsporidia have been shown to infect humans, and it appears so far that all 
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human-infecting microsporidia show low host and tissue specificity (Weiss, 2014). 

Recent improvements in the identification of microsporidia have revealed that they 

can be unexpectedly common in populations of asymptomatic immunocompetent 

humans (Lobo et al., 2012; Sak et al., 2011a; Sak et al., 2011b). Because infections 

in humans are usually thought to cause harm only in immunocompromised patients, 

microsporidia are often considered “opportunistic” pathogens. There does not appear 

to be a widely accepted definition, but the use of the modifier “opportunistic” may 

reflect confusion around labeling microbes as either “pathogens” or “symbionts” 

(Perez-Brocal et al., 2013). Because microbes can only be characterized as 

pathogenic or symbiotic insofar as they cause harm to a host or not, the intended use 

of the modifier “opportunistic” may be to highlight the context-dependent spectrum of 

possible consequences for any given host-microbe interaction. It does not appear 

from the literature that microsporidia have ever been directly considered anything 

other than pathogens, but it remains possible that they could have non-pathogenic 

roles in affecting host physiology and microbial ecology. However, given the 

ubiquitous presence of microsporidia infections along with their capacity to drastically 

affect animal physiology and fitness it seems fair to characterize microsporidia as a 

group of widely successful pathogens. For example, microsporidia are commonly 

associated with hosts even in extreme environments such as deep-sea methane 

seeps (Sapir et al., 2014), and can cause the collapse of entire invertebrate and 

vertebrate populations (Becnel and Andreadis, 2014; Stentiford et al., 2016). The 

degree to which any individual microsporidia species might be considered an 

evolutionarily relevant pathogen of a given host species requires quantitative 
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measurements of the fitness costs involved in the interactions of naturally co-

occurring pairs. 

The life cycles of microsporidia can be broadly categorized into a replication 

phase and a spore phase, although various subdivisions of the life cycle have been 

inferred from diverse morphological data (Cali and Takvorian, 2014). To initiate 

infection, a unique microsporidian infection apparatus called a polar tube is thought to 

pierce the host cell membrane and inject spore contents directly into the host 

cytoplasm, though other modes of invasion have been proposed (Xu and Weiss, 

2005). The spore contents that gain access to the host cytoplasm are membrane 

bound and can be considered a cell, often called a sporoplasm. Many details remain 

unresolved about the invasion process for microsporidia, and nothing is known about 

the early events of infection after invasion.  

Replication by many species of microsporidia is carried out in direct contact 

with the host cytoplasm and/or nucleoplasm, and is characterized by nuclear 

duplication without cell division yielding multinucleate structures called meronts (Cali 

and Takvorian, 2014). There are no formal definitions of meronts in terms of size or 

number of nuclei, though these traits likely vary between species and also within 

species depending on the environmental context. It is not yet known how dynamic 

meronts might be, though we recently used live imaging to capture meronts 

spreading across two neighboring host intestinal cells (see Chapter 3). Future work 

utilizing live imaging and labeling of meronts should reveal if there are fission and 

fusion events during meront growth, among other potentially dynamic behaviors. The 

significance of the multinucleate nature of meronts is not known, but it may be 

interesting to connect observations of meronts to the concepts derived from studies of 
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several filamentous fungi that grow in multinucleate syncytial hyphae (Roper et al., 

2011). For example, it may be interesting to consider how transcription is coordinated 

throughout a meront during growth and differentiation. Also, assuming that mutation 

generates genetic diversity among the nuclei of a meront, there may be potential for 

genetic conflict and cooperation among nuclei that could affect the capacity of 

microsporidia to adapt. 

The final stage of the microsporidia life cycle involves differentiation from 

meronts into spores, which can exit the host cell and transmit infection. We have 

recently made some progress in identifying how microsporidia decide to transition 

from replication to sporulation based on the host environment (Botts et al., 2016), 

though the specific molecules involved in this process are still unknown. Our 

understanding of microsporidia growth comes from studies of cells or animals with 

constant exposure to relatively high levels of pathogen. As such, we have lacked an 

understanding of the progression that a single microsporidia cell takes as it grows 

within a single host cell of an intact animal to complete its life cycle. The work 

presented in Chapter 3 of this dissertation describes the growth of microsporidia at 

the resolution of single infectious events in single host cells of whole animals, 

following infections throughout the life cycle from just after invasion to dissemination 

and differentiation. 

 Host defenses are one set of factors that can limit the growth of 

microsporidia. Immune cells are commonly associated with microsporidia infections in 

fish, although it is not yet clear if or how fish immune cells are able to influence the 

growth of microsporidia (Rodriguez-Tovar et al., 2011). Recent experimental work 

utilized a natural zebrafish-microsporidia pair to show that infections increased in 
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severity and grew in more host tissues when animals were irradiated with gamma 

rays, stressed, or fed cortisol (Ramsay et al., 2009; Spagnoli et al., 2016). Because 

these treatments are commonly used to experimentally suppress the immune system, 

the authors concluded that immune cells influence microsporidia infections in 

zebrafish. However, immune cell number or activity was not assessed in these 

studies, and given the large number of potential effects gamma irradiation and stress 

can have on animals it remains unclear if the immune system influences 

microsporidia growth in fish.  

Mammals have immune systems that share many features with those of fish 

(Renshaw and Trede, 2012), and microsporidia infections in mammals are known to 

be influenced by the immune system (Didier and Khan, 2014). The specific immune 

cell that has been shown to have the greatest influence over the growth of 

microsporidia in mammals is the T-cell. In one study using a natural route of infection, 

mice that ingested Encephalitozoon cuniculi spores were killed only if antibodies were 

administered to block CD4+ and CD8+ T-cell subsets (Moretto et al., 2004). Another 

study in mice demonstrated that the cytotoxic activity of CD8+ T-cells was required 

for preventing the growth of microsporidia (Khan et al., 1999). The only other immune 

cell type that has been demonstrated to influence microsporidia growth in vivo is the 

dendritic cell, which primarily appears to be important for activating T-cells (Lawlor et 

al., 2010). In addition to the cells of the immune system, signaling pathways related to 

the immune response are known to act in non-immune cells to inhibit the growth of 

microsporidia. Specifically, mice lacking the interferon gamma receptor are highly 

susceptible to infection by Encephalitozoon intestinalis (Achbarou et al., 1996), and 

interferon gamma signaling in mice fibroblasts suppresses meront growth and spore 
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formation cell-autonomously (Ferreira-da-Silva Mda et al., 2014). Suppression of 

microsporidia growth in mouse fibroblasts was dependent on host cell necrosis 

mediated by interferon gamma signaling. Thus, induction of cell death in the host 

appears to be the predominant way in which mammalian hosts limit the growth of 

microsporidia infection. The widespread prevalence of microsporidia in 

immunocompetent hosts demonstrates that microsporidia have evolved ways to 

overcome vertebrate immune cells and signaling, among other potential barriers to 

growth. 

Most of the attention to infections in vertebrates has centered on the capacity 

of microsporidia to kill immunocompromised hosts. This has been important because 

microsporidia infections can be detrimental for immunocompromised humans. 

However, microsporidia infections are clearly much more common in 

immunocompetent animals than previously thought, and the biological bases of these 

host-microsporidia interactions are poorly understood. Because microsporidia mostly 

infect and grow in immunocompetent hosts, studying infections in these contexts 

should reveal much more about microsporidia biology. Furthermore, studying natural 

pairs should allow for the identification of the molecular interactions that are relevant 

for host-microsporidia co-evolution. All of the work so far that explicitly measures the 

overall fitness costs involved in natural host-microsporidia interactions utilizes 

invertebrate hosts. In these studies infected host animals can appear to be 

asymptomatic but exhibit significant decreases in lifespan and/or the number of 

progeny produced compared to uninfected hosts (Becnel and Andreadis, 2014; 

Stentiford and Dunn, 2014). One advantage of using invertebrates with relatively 

short lifespans to study microsporidia infections is that host-pathogen pairs can be 



10 

	

experimentally evolved in the laboratory or in the field to assess how the fitness 

dynamics change in the host, microsporidia, or both over evolutionary time (Berenos 

et al., 2012a, b; Kerstes et al., 2012; Vijendravarma et al., 2009; Zbinden et al., 

2008). These analyses reveal the capacity of hosts and microsporidia to apply 

selective pressure on one-another, but the molecular bases of these interactions 

remain unknown. Despite the large pressure applied on invertebrate hosts to resist 

infection, defenses against microsporidia in invertebrates are mostly unknown. 

Attempts at identifying the genetic bases for host resistance to microsporidia infection 

in invertebrates have revealed that these traits are complex, conferred by multiple 

genes whose identities remain unknown (Routtu and Ebert, 2015; Wegner et al., 

2009). Immune defenses that are important to resist other pathogens do not appear 

to be important for invertebrate resistance to microsporidia infection, and a study in 

Drosophila hosts found that the transcriptional responses to microsporidia and other 

pathogens were highly distinct (Roxstrom-Lindquist et al., 2004).  

The work presented in this dissertation was carried out to address some of the 

open questions in host-microsporidia biology discussed above, including how 

microsporidia grow and disseminate in an animal host at single-cell resolution and 

how invertebrate host resistance can limit microsporidia growth. These studies 

utilized the roundworm Caenorhabditis elegans, which is a powerful model system for 

studying infection by intracellular pathogens in a whole-animal host as described in 

Chapter 2. Several species of microsporidia in the genus Nematocida have been 

isolated from wild-caught nematodes around the world (Cuomo et al., 2012; Felix and 

Duveau, 2012; Luallen et al., 2016; Reinke et al., 2016; Troemel et al., 2008). The 

best-characterized species is Nematocida parisii, which invades and replicates 
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exclusively in the intestine. We recently identified another species of Nematocida 

called N. displodere, which invades several tissues including the intestine, muscle, 

epidermis, and nervous system (Luallen et al., 2016). Nematocida species, like many 

other species of microsporidia and other obligate intracellular pathogens, have 

extremely reduced and condensed genomes on average compared to free-living 

eukaryotes (Cuomo et al., 2012; Luallen et al., 2016; Reinke et al., 2016). Despite 

having highly reduced genomes on average, Nematocida species have undergone 

large species-specific expansions in certain gene families of unknown function 

(Cuomo et al., 2012; Reinke et al., 2016). It is interesting to consider how Nematocida 

species might expand certain gene families so drastically in the context of highly 

reduced and condensed genomes, as most experimental and theoretical work to date 

assumes that new genes are derived from spurious transcription of non-coding 

sequence co-opted to become coding after mutation and/or selection (Carvunis et al., 

2012). C. elegans and Nematocida species can impart selective pressure on each 

other, suggesting that these host/pathogen pairs likely co-evolve in the wild (see 

Chapters 3 & 4). For the work presented in this dissertation, we took advantage of the 

transparency and invariant cellular topology of C. elegans together with a collection of 

their natural microsporidian pathogens to build an ideal system for studying how 

microsporidia have evolved to grow in dynamic hosts with complex structure.	
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Summary

The genetically tractable nematode Caenorhabditis
elegans is a convenient host for studies of patho-
gen infection. With the recent identification of two
types of natural intracellular pathogens of C. el-
egans, this host now provides the opportunity to
examine interactions and defence against intracel-
lular pathogens in a whole-animal model for infec-
tion. C. elegans is the natural host for a genus
of microsporidia, which comprise a phylum of
fungal-related pathogens of widespread impor-
tance for agriculture and medicine. More recently,
C. elegans has been shown to be a natural host for
viruses related to the Nodaviridae family. Both
microsporidian and viral pathogens infect the
C. elegans intestine, which is composed of cells
that share striking similarities to human intestinal
epithelial cells. Because C. elegans nematodes are
transparent, these infections provide a unique
opportunity to visualize differentiated intestinal
cells in vivo during the course of intracellular
infection. Together, these two natural pathogens of
C. elegans provide powerful systems in which to
study microbial pathogenesis and host responses
to intracellular infection.

Introduction

An intracellular lifestyle offers benefits as well as chal-
lenges for microbial pathogens (Casadevall, 2008). By
invading and replicating inside of host cells, intracellular
pathogens can bypass antimicrobial defences in the
extracellular environment, and gain access to intracellular
resources. However, these pathogens must traverse cell

membranes to enter and exit the cell, navigate the host
cytoskeleton and also evade intracellular defences.
Despite these challenges, many pathogens have adopted
an intracellular lifestyle. Intracellular pathogens are clas-
sified as either facultative intracellular pathogens, which
are microbes that can replicate both intracellularly and
extracellularly, or obligate intracellular pathogens, which
are microbes that replicate exclusively inside of host cells.
Obligate intracellular pathogens are widespread through-
out nature and cause significant disease, but can be chal-
lenging to study in the laboratory because they often are
not culturable outside their hosts.

Epithelial cells provide major routes of entry for intrac-
ellular pathogens, such as epithelial cells of the skin, and
epithelial cells of the intestine (Gallo and Hooper, 2012).
Visualizing and studying infections in these cells in vivo is
important for understanding the mechanisms of disease
pathogenesis and transmission. In this review we will
describe the use of the nematode Caenorhabditis elegans
as a simple transparent host for studies of intestinal infec-
tion by intracellular pathogens in vivo. In particular, we will
focus on the recent identification of two natural, obligate
intracellular pathogens of the nematode that infect the
intestine.

The C. elegans body plan, defence system
and ecology

Caenorhabditis elegans is an important genetic model
system that has been the platform for many discoveries in
biology, including key findings in the fields of neurobiol-
ogy, development and small RNAs (Fire et al., 1998; The
C. elegans Sequencing Consortium, 1998; Marx, 2002).
Most of these studies have been performed with the
standard laboratory strain of C. elegans called N2, which
was isolated from Bristol, England decades ago (Brenner,
1974). In the last few years, the ecology of C. elegans in
the wild has gained more attention due to the increased
isolation of wild-caught nematodes and their associated
microbes (Félix and Duveau, 2012). C. elegans is com-
monly found in rotting fruits and stems, and appears to
feed on a variety of different microbes, which can be
nutritious or pathogenic. These studies have provided a
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Figure 2-1 Features of the C. elegans intestine 
	
	 	

global collection of wild-caught nematodes, and have
identified some of the natural pathogens of C. elegans
(see below).

Caenorhabditis elegans has a simple transparent body
plan, which has facilitated many studies in the worm. For
example, this transparency allowed C. elegans develop-
ment to be described in great detail, with every cell divi-
sion from a fertilized egg to a 1000-cell adult placed in a
cell lineage map that illustrates the formation of all tissues
in the animal (Sulston et al., 1983). The C. elegans
tissues that are in regular contact with microbes are the
hypodermis and the intestine. The hypodermis is a single
layer epithelium that surrounds the animal and is a multi-
nucleate syncytium that secretes collagen to form a tough
outer cuticle (Chisholm and Hardin, 2005). C. elegans
feeds on microbes that are ingested by the pharynx,
which helps degrade food sources before they reach the
intestine (Fig. 1A, B). The intestine is comprised of 20
epithelial cells that are mostly in pairs of cells that form a
tube that runs the length of the animal (McGhee, 2007).
C. elegans intestinal cells share many morphological simi-
larities with human intestinal epithelial cells, including
actin-rich microvilli on the apical side of cells that absorb
nutrients from the lumen (Fig. 1C, D). These microvilli are
anchored into a cytoskeletal structure called the terminal
web, which spans the cell and connects into apical cell–
cell junctions. Endocytosis and exocytosis in the worm

intestine operate through conserved cytoskeletal and traf-
ficking proteins, such as tubulin and small GTPases.
Polarized vesicular trafficking occurs in this tissue with
distinct sorting to apical and basolateral sides, similar to
trafficking in epithelial cells of humans. The ability to visu-
alize these structures and processes in a live animal
provides a powerful system in which to examine pathogen
infection of the intestine.

How does C. elegans defend itself against pathogen
infection? C. elegans does not appear to have profes-
sional immune cells, such as phagocytes (Irazoqui et al.,
2010a). Consequently, in terms of cellular defence, C. el-
egans appears to rely exclusively on epithelial cell immu-
nity, which is described in more detail below. Although
C. elegans does not have a canonical adaptive immune
system using specialized immune cells, it will avoid patho-
gens (Pujol et al., 2001). This avoidance is learned over
time, constituting a form of adaptive immunity using
behaviour instead of specialized immune cells (Zhang
et al., 2005). Induction of these aversive responses is
presumably driven by signals emanating from the intes-
tine to signal an infected or ‘sick’ state. RNA interference
(RNAi) is another adaptive immune mechanism employed
by C. elegans in defence, which protects against viral
re-infection after exposure during the life of the animal
and can even be passed to its progeny (Rechavi et al.,
2011). Thus, with a combination of epithelial immune
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Fig. 1. Features of the C. elegans intestine.
A. Simplified body plan of C. elegans. Microbes are ingested by the pharynx (yellow), which helps degrade food before it reaches the intestine
(purple).
B. Close-up model of the field highlighted by the dotted box in (A). Divisions between intestinal cells are shown, as well as nuclei and the
lumen.
C. Cell biology of intestinal cells.
D. Electron micrograph of a C. elegans intestinal cell.
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defences and aversive learning, C. elegans has been
able to thrive globally despite widespread microbial chal-
lenges (Félix and Braendle, 2010; Félix and Duveau,
2012). Some of the mechanisms employed by C. elegans
during pathogenic encounters are described below.

C. elegans infection by facultative intracellular
pathogens and host defence

Most infection studies in C. elegans thus far have focused
on clinically relevant pathogens, which have provided a
strong framework for studying infections in this host
(Irazoqui et al., 2010a; Pukkila-Worley and Ausubel,
2012). Feeding-based infections of C. elegans are rela-
tively straightforward to perform, which aids studies of
intestinal infections in this host. The primary food source
in a laboratory setting is the E. coli strain OP50, but other
bacteria and fungi also support growth and reproduction
(Brenner, 1974; Mylonakis et al., 2002). Several feeding-
based infection models have been developed, which
involve simply substituting a microbial pathogen in place
of the normal food source of E. coli. The lifespan of C. el-
egans on E. coli is only about 2 weeks, which makes it
easy to assess whether pathogens cause a shortening of
lifespan. The wide variety of microbial pathogens that
have been shown to infect and kill C. elegans have been
described in other reviews (e.g. see table 1 in Sifri et al.
2005), so we will only briefly point out here the infections
with facultative intracellular pathogens of humans, and
then highlight some features of C. elegans immunity.

There are several facultative intracellular pathogens of
clinical importance that have been shown to infect C. el-
egans (Table S1). These microbes include the human
fungal pathogen Cryptococcus neoformans, and the
human bacterial pathogens Shigella spp., Salmonella
enterica and Listeria spp. (Mylonakis et al., 2002; Burton
et al., 2006; Kesika and Balamurugan, 2012). Unlike in
mammals, these pathogens remain extracellular through-
out infection of C. elegans, with the exception of Salmo-
nella enterica Serovar Typhimurium. Early reports of
S. typhimurium infection indicated that it remained extra-
cellular (Aballay et al., 2000; Labrousse et al., 2000), but
a more recent report has indicated that S. typhimurium
can be found intracellularly and kills more efficiently when
autophagy genes are disrupted (Jia et al., 2009).
Autophagy may therefore constitute one of the conserved
mechanisms employed by C. elegans to defend against
intracellular pathogens. Listeria species have been
studied in C. elegans models of infection, but there are
conflicting reports of their pathogenicity and no intestinal
invasion has been observed (Thomsen et al., 2006;
Forrester et al., 2007; Guha et al., 2013). Part of the dif-
ficulty in modelling intracellular infections in C. elegans
with human pathogens may be due to intrinsic differences

in tissue architecture. For instance, Listeria monocy-
togenes invades mammalian intestinal cells specifically at
junctions during cell extrusion or through the lumenal side
of goblet cells, neither of which are features of the C. el-
egans intestine (Pentecost et al., 2006; Nikitas et al.,
2011). In order to use C. elegans as a host to model
intracellular intestinal infection by human pathogens, it
may be necessary to use pathogens that invade the
lumenal side of epithelial cells.

Caenorhabditis elegans responds to bacterial and
fungal pathogens by robust transcriptional upregulation of
many effector genes (Shivers et al., 2008; Irazoqui et al.,
2010b). Effectors include those that appear to provide
intracellular defence, such as UDP-glucoronysyl trans-
ferases and cytochrome P450s that could inactivate intra-
cellular toxins, and P-glycoprotein pumps that could
excrete toxins out of the cell. C. elegans also has a vast
repertoire of genes that could provide extracellular
defence. Indeed about 17% of the genes in the C. elegans
genome are predicted to encode secreted proteins, and a
third of those are upregulated by exposure to pathogens
(Suh and Hutter, 2012). These factors often are part of
expanded gene families and include some proteins con-
served with mammals, such as secreted C-type lectins,
which have anti-microbial activity, but most of these
secreted factors are nematode-specific. Two notable
examples include the C. elegans nlps or neuro-peptide-
like proteins and caenacins, both of which are secreted
peptides that have anti-fungal activity.

Effector gene expression is controlled by several dis-
tinct signalling pathways in C. elegans. For example, the
conserved PMK-1 p38 MAP kinase pathway controls
induction of nlps and other subsets of effectors, and pro-
vides defence against bacterial and fungal infection. What
induces activation of this and other defence pathways?
Classical pattern recognition receptors have not yet been
described in C. elegans. Instead, recent studies indicate
that defensive responses can be induced by pathogen-
directed perturbation of core processes, so-called
effector-triggered immunity (ETI). ETI was originally
described in plants, and is increasingly appreciated to be
important in animal immunity as well (Stuart et al., 2013).
For example, Pseudomonas aeruginosa-directed block of
host translation was shown to induce expression of some
PMK-1 dependent genes, and also activate the ZIP-2
bZIP transcription factor defence pathway in C. elegans
(Dunbar et al., 2012; McEwan et al., 2012). Interestingly,
some of the other pathogen-induced transcriptional
responses in C. elegans appear to be controlled non-cell-
autonomously by the nervous system. For example,
fungal infection induces expression of a TGF-beta ligand
in neurons, which then activates a hypodermal pathway to
induce expression of antimicrobial caenacins (Zugasti
and Ewbank, 2009). This interplay of tissues has parallels

© 2013 John Wiley & Sons Ltd, Cellular Microbiology, 15, 1313–1322
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with mammalian immunity, for which the nervous system
has increasingly been recognized as playing a regulatory
role (Chiu et al., 2012). Altogether, these findings provide
insights into how C. elegans can integrate signals
throughout the body to sense and respond to microbial
infection, and provide a foundation for making progress
with the recent discoveries of C. elegans infection by
natural, obligate intracellular pathogens, which are the
subject for the rest of the review.

C. elegans as a host for intracellular infection
by viruses

Natural viral infection models, as well as models using
non-natural viruses of C. elegans, have been established.
Viral infections of C. elegans can be followed from the
stages of invasion through to transmission. Furthermore,
C. elegans shares a conserved antiviral RNA interference
(RNAi) defence system with other animals. These advan-
tages make C. elegans a flexible platform for studying
host–virus interactions.

Non-natural virus models

Models of Flock House virus (FHV), vesicular stomatitis
virus (VSV) and vaccinia virus (VV) infections have been
established in C. elegans (Lu et al., 2005; Schott et al.,
2005; Wilkins et al., 2005; Liu et al., 2006). FHV has
been studied in C. elegans by introducing a genetically
encoded viral replicon in transgenic animals, while VSV
infections have been modelled by adding recombinant
virus particles to primary embryonic C. elegans cell cul-
tures. Experiments with these models identified a promi-
nent role for RNAi in defence against viruses, which is in
agreement with data from host–virus interactions mod-
elled in plants and insects. C. elegans mutants defective
for RNAi had higher levels of viral infection, while mutants
with hyperactive RNAi responses had lower levels of viral
infection. Thus, FHV and VSV subvert the wild-type C. el-
egans antiviral responses enough to replicate, but can
replicate more successfully when host defences are
defective. Further work in the FHV model identified host
factors that are conserved with mammalian antiviral pro-
teins (Lu et al., 2009). Among the genes that were
involved in viral interactions were Dicer-related helicases.
Homologous proteins in mammals have been shown
to both positively and negatively regulate immune
responses to viruses. Likewise, drh-1 was found to posi-
tively regulate immunity to FHV in C. elegans, while drh-2
exhibits negative regulation. These conserved RNAi
responses are hypothesized to have evolved in part to
limit viruses that have double-stranded RNA genomes or
that generate double-stranded RNA intermediates during
replication within host cells. VV is a double stranded DNA

virus that may generate double stranded RNA, but
mutants in the RNAi pathway did not affect the outcome of
infection in C. elegans. Instead, core members of the
programmed cell death pathway appear to limit VV repli-
cation, as mutant animals have higher pathogen load.
Interestingly, mutants in the programmed cell death
pathway were not more susceptible to killing, suggesting
that alternative mechanisms of resistance likely exist.

The experimental viral models discussed above have
provided valuable tools, and further work with these
models will likely reveal additional insight in to the mecha-
nisms of antiviral defence pathways. And with the recent
discovery of natural viral infections of C. elegans
described below, researchers should also be able to
address other key aspects of host-viral interactions, such
as transmission among live animals and the identification
of genetic substrates participating in co-evolutionary proc-
esses in the wild.

Natural virus models

Natural viral infections in C. elegans have recently been
identified, providing powerful models for investigating
co-evolution of intracellular interactions. Field surveys
carried out by Félix and colleagues led to the identification
of two infected Caenorhabditis isolates, a C. elegans
strain called JU1580 isolated from a rotting apple from
Orsay, and a Caenorhabditis briggsae strain called
JU1264 isolated from a snail found on a rotting grape from
Santeuil (Félix et al., 2011). Both strains exhibited a range
of intestinal pathologies observable by microscopy, which
overall appear to compromise the integrity of intestinal
cells (Fig. 2A). These phenotypes were not observed in
the progeny of bleached parents, arguing against the
possibility that the viruses were vertically transmitted.
Furthermore, the phenotypes could be reinitiated in
bleached progeny by adding a 0.2 mm filtrate from
affected animals, suggesting viral infection. Electron
micrographs of affected animals revealed the ultrastruc-
tural details of these cell pathologies, and detected elec-
tron dense particles that were reminiscent of virions.
Sequencing of affected animals identified two novel
viruses most closely related to the Nodaviridae family as
the causes of infection. And now a third virus infecting a
wild-caught C. briggsae from Le Blanc, France, has
recently been reported, which is also related to the Noda-
viridae family (Franz et al., 2012). Altogether, these
are the first models of natural host–virus infections in
Caenorhabditis.

Nodaviruses are well studied due to their small
genome sizes and ability to induce and suppress host
RNAi defences. The Orsay and Santeuil viruses were
identified as positive-sense RNA viruses with small
bi-partite genomes. Phylogenetic analyses positioned the
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Figure 2-2.     Intracellular pathogens studied in C. elegans and the cell biology of 
natural intracellular infections in C. elegans intestinal cells 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

Orsay and Santeuil viruses as distantly related to all
other characterized nodaviruses, and most similar to
each other. A predicted open reading frame unique to the
Orsay and Santeuil viruses was identified, but no func-
tional role has been attributed. No obvious homologue to
the RNAi suppression protein found in FHV was located
in the Orsay or Santeuil genomes, but several experi-
ments suggest that an antiviral RNAi response is initiated
during infection. Small RNAs from the Orsay genome
were identified in infected JU1580 animals. These small
RNAs had range of nucleotide lengths for the sense
strand RNAs, which is suggestive of non-specific Dicer
products. Antisense RNAs showed length and nucleotide
biases, favouring 22 nucleotide transcripts beginning
with a guanidine residue. The significance of this pattern
is not fully understood, but is generally indicative of a
regulated antiviral RNAi response. Additional support for
the antiviral response mounted during Orsay virus infec-
tion is the observation that the N2 strain, while normally
100-fold more resistant to infection (i.e. has 100-fold less
viral transcript) than JU1580, becomes just as suscepti-
ble when the RNAi pathway is disrupted, such as in

rde-1 Argonaute mutants. Thus, like nodaviruses, the
Orsay virus of C. elegans is genomically small and pro-
vokes RNAi defences.

In the Félix et al. study, the authors also provide evi-
dence for natural variation among strains in their ability to
resist viral infection. They tested a small collection of
genetically diverse C. elegans strains for responses to
exogenously added double-stranded RNA and the Orsay
virus, and found variation in the efficiency of endogenous
and antiviral RNA responses. A loose trend emerged,
suggesting that strains with compromised endogenous
RNAi pathways showed more symptoms of viral infection.
However, this hypothesis could not explain the data from
all the strains, pointing towards the likelihood that inde-
pendent mechanisms can regulate antiviral defences. The
phenotypes scored for antiviral responses were the intes-
tinal pathologies observed by microscopy. This method
could allow for detection of variation in the cell biology of
viral responses among strains. Expanding these studies
with additional strains is expected to permit genetic
mapping of loci that have evolved in C. elegans to cope
with natural viruses.

Microsporidium
invades via 
polar tube.

Replication occurs.
Actin is relocalized

basolaterallly.

Gaps form in the
terminal web.
Spores form.

Spores exit non-lytically
to the lumen.

Virion invades
and unpacks.

Replication occurs. Virions are
packaged.

Nuclei deform
and degrade.

Virions exit non-lytically.
Nuclei disappear.

Cells fuse.
Irregular terminal web.

A

B

Fig. 2. Intracellular pathogens studied in
C. elegans and the cell biology of natural
intracellular infections in C. elegans intestinal
cells.
A. Model of the predicted Orsay virus lifecycle
and intestinal phenotypes associated with
infection. Virions are drawn as purple
hexagons, viral RNA is drawn as purple
curved lines for positive strand transcripts and
green for negative strand transcripts. Shorter
lines represent small RNAs. Actin is drawn as
vertical orange lines, terminal web as blue
lines, and apical junctions as black ovals.
B. Model of the N. parisii lifecycle and
intestinal phenotypes associated with
microsporidia infection. Spores are drawn as
green ovals, polar tube is green line from
invading spore, replicating meronts are
irregular green shapes. Actin is drawn as
vertical orange lines, terminal web as blue
lines, and apical junctions as black ovals.

© 2013 John Wiley & Sons Ltd, Cellular Microbiology, 15, 1313–1322



22 

	

	

C. elegans as a host for intracellular infection
by microsporidia

The first natural intracellular pathogen identified in C. el-
egans defined a new genus and species of microsporidia
(Troemel et al., 2008). It was named Nematocida parisii
(strain ERTm1), or nematode-killer from Paris, because it
was found in wild-caught C. elegans from a compost pit
near Paris, and causes a lethal intestinal infection in its
host. Microsporidia comprise a phylum of obligate intrac-
ellular parasites with over 1200 species, which are most
closely related to fungi (Texier et al., 2010). They parasi-
tize all animal phyla, infecting single-celled ciliates to
mammals, with some microsporidian species able to
infect only one host, and other species able to infect a
broad range of hosts. Microsporidia infections in humans
and agriculturally important animals can be lethal, but the
mechanisms underlying these interactions are not well
understood (Didier and Weiss, 2011; Troemel, 2011).

The N. parisii life cycle inside the C. elegans host
shares overall similarities with other microsporidia infec-
tions (Fig. 2B). First, an ingested spore encounters a host
environment that triggers firing of an infection apparatus
called a polar tube, which serves to inject a nucleus and
sporoplasm into an intestinal cell. This invasion leads to
formation of a membrane-bound intracellular stage called
a meront that often replicates as a multi-nucleate meront.
These meronts eventually differentiate into spores, which
exit the cell and propagate infection. The details of these
processes may differ in other host/microsporidia pairs, but
the overall developmental structure appears to be well
conserved. As with many other intestinal pathogens,
N. parisii is transmitted via a faecal–oral route, whereby
spores are defecated out by the animal and subsequently
consumed by new hosts to continue the life cycle.

Little is known about the genetic and molecular details
of these steps in the microsporidia lifecycle in any system,
because it is not possible to manipulate microsporidia
genetically, and they can only grow inside of host cells.
The discovery of natural pathogens of C. elegans has
provided a tractable model to study microsporidia infec-
tion. In addition to N. parisii (ERTm1), microsporidia have
been isolated from nematodes around the world, indicat-
ing that these pathogens are a common cause of infection
for nematodes in the wild (Troemel et al., 2008; M.-A.
Félix, unpubl. data).

Nematocida parisii infection of C. elegans has recently
been used to illuminate key features of the exit strategy of
this species of microsporidia, which can be divided into
two main phases (Fig. 2B) (Troemel et al., 2008; Estes
et al., 2011). The first phase involves a restructuring of the
terminal web, which is a conserved structure of intestinal
cells. Intestinal actin is normally restricted to the apical
side of intestinal cells in the microvilli and terminal web.

However, as meronts develop, actin is ectopically redis-
tributed to the basolateral side of the cell where it forms
filaments. Soon after this relocalization, there are gaps
that appear in intermediate filaments at the terminal web.
These gaps may be triggered by actin redistribution away
from the apical side, as reducing levels of actin caused
gap formation in the absence of infection. Other patho-
gens of C. elegans do not appear to cause gaps to form in
the terminal web, indicating that gaps are due to a specific
perturbation caused by N. parisii infection. This terminal
web restructuring may serve to remove a barrier to exit, so
that spores can exit out the apical side of cells back into
the intestinal lumen.

In the second phase of exit spores are released from
the cell and defecated by the animal, with thousands of
spores being shed per hour. Spores begin to form shortly
after the appearance of holes in the terminal web, and
then exit the cell in a non-lytic manner. No host membrane
is visible around spores that have exited to the intestinal
lumen, suggesting that non-lytic exit does not occur via
budding. Spore exit appears to be highly directional –
spores only exit from the intestine on the apical side of
cells and not on the basolateral side. Thus, spores likely
use a directional cue from the host in order to escape into
the lumen, which is required for its faecal–oral life cycle.
The precise molecular mechanisms of this directional
escape by N. parisii remain to be determined.

To learn more about the pathogenic mechanisms of
N. parisii, as well as other microsporidian species, the
Microsporidian Genomes Consortium was recently
formed with the goal of sequencing several species of
microsporidia. The genomes of three Nematocida strains
were recently sequenced as part of this consortium,
including N. parisii (ERTm1), a related N. parisii strain
(ERTm3) isolated from wild-caught C. elegans in Santeuil,
France, and a divergent strain called Nematocida sp1
(ERTm2) isolated from a C. briggsae host in India (Cuomo
et al., 2012). Microsporidia have the smallest known
eukaryotic genomes (Keeling and Corradi, 2011), and in
keeping with that, Nematocida genomes are extremely
reduced. Genome sizes and sequence were highly similar
between N. parisii ERTm1 and ERTm3, sharing approxi-
mately 4.1 Mb of sequence that is 99.8% identical. Nema-
tocida sp1 ERTm2 was slightly larger at 4.6 Mb and
shared only 68.3% average identity with N. parisii. The
high divergence between ERTm1 and ERTm2 does not
appear to be due solely to differential host specification,
as both are infective to C. elegans and C. briggsae. Over
70% of the N. parisii genome is predicted to be coding
and intronless, with non-coding intergenic regions that are
short. Thus, Nematocida genomes are compact like some
other microsporidia genomes. This reduction is thought to
reflect a dependency on host factors, which can be redi-
rected to facilitate parasitic growth.
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How does a genomically reduced eukaryotic pathogen
succeed in a complex host environment? Phylogenomic
characterization of Nematocida, together with several
other microsporidia species, uncovered some of the
potential evolutionary strategies used by these pathogens
for obligate intracellular growth (Cuomo et al., 2012).
RNA-seq data of N. parisii expression over the course of
ERTm1 infection in C. elegans demonstrated a dramatic
takeover of intestinal cells, growing within infected cells
at an estimated doubling time of approximately three
hours. This rate is similar to yeast growing in rich media,
indicating that N. parisii is well-adapted to grow in this
intracellular environment. Common features identified in
microsporidian genomes that may explain their rapid
growth include the loss of the retinoblastoma (Rb) cell
cycle inhibitor, which is lost in most human cancers.
Because Rb serves as quality control in DNA replication,
loss of Rb may lead to a higher mutation rate and explain
the high sequence divergence among microsporidian
genomes. Another interesting observation that came out
of this study with potential parallels with cancer is that
microsporidia appear to secrete the metabolic enzyme
hexokinase into host cells early during infection. It is
unclear if this secreted hexokinase would benefit patho-
gen or host, but one possibility is that it could benefit the
pathogen by driving the host to upregulate glycolysis and
the pentose phosphate pathway to provide more building
blocks for growth like lipids, nucleotides and amino acids,
similar to the Warburg effect in cancer. Genome studies
have also revealed that microsporidia have horizontally
acquired nucleoside transporters (Katinka et al., 2001;
Cuomo et al., 2012), which presumably could import
these host-derived building blocks to favour pathogen
growth. Finally, genetic diversity in Nematocida and other
microsporidia may be increased through mating and
recombination, both of which were hypothesized from
Nematocida genome data. Together with the diversity
driven by rapid and mistake-prone growth, mating and
recombination may allow Nematocida to keep up with the
ongoing host–pathogen evolutionary arms race likely
taking place between hosts and their microsporidian
parasites.

Summary and future directions

Caenorhabditis elegans is an especially convenient
whole-animal model for obligate intracellular pathogen
infection, made possible by the recent identification of
natural virus and microsporidian pathogens that infect
its intestine. Although these pathogens infect internal
tissues, the transparency of C. elegans makes it possible
to visualize and study pathogenic mechanisms of entry,
replication and exit, as well as host defence mechanisms
within whole animals. The progression of infection can be

observed in real-time by light microscopy; a technique
that has been utilized to describe some of the basic
cell biology phenotypes associated with viral and micro-
sporidian infections (Fig. 2). Powerful new optogenetic
techniques may facilitate further dissection of these infec-
tions. For example, specific protein–protein interactions
between host and pathogen could be observed and
manipulated by tagging with a genetically encoded mini
singlet oxygen generator, allowing for visualization by
fluorescence microscopy, specific and localized protein
destruction by over-production of reactive oxygen
species, and high-resolution imaging by electron micros-
copy (Tour et al., 2003; Shu et al., 2011). These kinds of
experiments are ideally suited to the small, transparent,
genetically tractable C. elegans model.

Intracellular infections of C. elegans by natural patho-
gens are simple to propagate in the lab, providing a con-
venient system in which to study the mechanisms of
intracellular pathogen transmission. Horizontal transmis-
sion is commonly observed among intracellular patho-
gens, and was observed for the Orsay and Santeuil
viruses in Caenorhabditis. Similarly, only horizontal trans-
mission was observed during Nematocida infections, and
recent studies indicate that Nematocida exit occurs in a
directional manner into the intestinal lumen. This polar-
ized exit is crucial for all pathogens transmitted via a
faecal–oral route, but the underlying mechanisms are
unknown. Neither the virus nor microsporidia infections of
C. elegans characterized so far appear to be transmitted
vertically. The mechanisms that prevent this kind of trans-
mission are not well understood. Studying transmission
strategies in C. elegans may clarify how and why one
strategy may be favoured over another. Additionally,
transmission of the Orsay virus was only successful in
strains of C. elegans, while the Santeuil virus could only
be propagated in the C. briggsae isolate JU1264. In con-
trast, all three Nematocida strains could infect both C. el-
egans and C. briggsae. These models may therefore be
informative for understanding the factors that specify the
transmission strategies and host range of intracellular
pathogens.

Defences against intracellular pathogens seem to be
distinct from those defined for extracellular pathogens.
The RNAi pathway is a well-characterized regulator of
antiviral immunity in both C. elegans and other organisms
(Ding, 2010). Data from the first natural viral infections of
C. elegans indicate that other pathways will be involved in
regulating viral pathology. These may be elucidated in
both natural and artificial models of viral infection. Resist-
ance mechanisms that limit microsporidia infections are
not well understood for any host. In mammals, resistance
is known to involve T cells of adaptive immunity, but
the molecular mechanisms are unknown (Didier and
Weiss, 2011). In C. elegans, the major immune defence
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pathways regulated by p38 MAP kinase and insulin sig-
nalling pathways do not appear to be involved in defence
against N. parisii infection (Troemel et al., 2008), indicat-
ing that new pathways will be found to regulate defence
against this intracellular pathogen.

Other promising future directions for these models will
exploit the fact that the host and pathogens have presum-
ably co-evolved. In other systems, studies of natural host/
pathogen pairs have provided insights into the multi-
layered interactive networks that can occur through
coevolving bouts of adaptation and counter adaptation
(Woolhouse et al., 2002). One outcome of these interac-
tions can be mimicry by both host and pathogen of each
other (Elde and Malik, 2009). Efforts towards understand-
ing the selective pressures that have shaped immunity
and pathogenesis will be greatly bolstered by the ongoing
progress in identifying the ecology and global diversity of
C. elegans and its pathogens (Félix and Braendle, 2010;
Andersen et al., 2012; Cuomo et al., 2012; Félix and
Duveau, 2012). Recent work in C. elegans has provided
experimental support for pathogens being a driving force
behind sexual reproduction in their hosts, and has dem-
onstrated that co-evolutionary dynamics generate genetic
changes in host and pathogen that affect fitness within a
relatively brief time frame (Morran et al., 2011). Combin-
ing the increasing genetic data from wild isolates with
experimental co-evolution approaches should facilitate
the discovery of the specific molecular interactions that
determine the evolutionary trajectory of C. elegans and its
pathogens. While still quite new, the discovery of two
natural intracellular infections in C. elegans is expected to
provide new insights into the logic underlying the structure
of the C. elegans immune response and more generally,
the functional interactions between hosts and their intra-
cellular pathogens.
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Intracellular	Pathogen	Tested Intracellular	in	C.	elegans? Defensive	responses References

Bacteria
Shigella	flexneri No unknown Burton	et	al.,	2006
Shigella	boydii No expression	of	antimicrobial	genes Kesika	&	Balamurugan,	2012
Salmonella	enterica Yesa autophagy Aballay	et	al.,	2000;	Labrousse	et	al.,	2000;	Jia	et	al.,	2009
Listeria	monocytogenes No unknown Forrester	et	al.,	2007;	Guha	et	al.,	2013;	Thomsen	et	al.,	2006
Listeria	innocua No unknown Forrester	et	al.,	2007

Eukaryotes
Cryptococcus	neoformans No unknown Mylonakis	et	al.,	2002
Drechmeria	coniospora Yesb neuronal	and	cell-autonomous	induction	

of	hypodermal	antimicrobial	peptides;	G-
protein,	p38	and	TGF-beta	regulated	
defense	responses

Zugasti	and	Ewbank,	2009;	Reviewed	in	Irazoqui	et	al.,	2011b

Nematocida	parisii Yes unknown Cuomo	et	al.,	2012;	Estes	et	al.,	2011;	Troemel	et	al.,	2008

Viruses
Flock	House	virus Yesc RNAi Lu	et	al.,	2005;	Lu	et	al.,	2009;	
Vaccinia	virus Yes Programmed	cell	death	pathway Liu	et	al.,	2006
Vesicular	stomatitis	virus Yesd RNAi Schott	et	al.,	2005;	Wilkins	et	al.,	2005
Orsay	virus Yes RNAi Felix	et	al.,	2011

a	observed	in	intestinal	cells	when	autophagy	is	inhibited
b	invasive	fungal	pathogen
c		viral	genes	artificially	expressed	in	transgenic	animals
d	intracellular	in	primary	embryonic	C.	elegans	cells	in	culture
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Cell-to-cell spread of microsporidia causes
Caenorhabditis elegans organs to form syncytia
Keir M. Balla, Robert J. Luallen, Malina A. Bakowski and Emily R. Troemel*

The growth of pathogens is dictated by their interactions with
the host environment1. Obligate intracellular pathogens
undergo several cellular decisions as they progress through
their life cycles inside host cells2. We have studied this
process for microsporidian species in the genus Nematocida
as they grew and developed inside their co-evolved animal
host, Caenorhabditis elegans3–5. We found that microsporidia
can restructure multicellular host tissues into a single contigu-
ous multinucleate cell. In particular, we found that all three
Nematocida species we studied were able to spread across
the cells of C. elegans tissues before forming spores, with two
species causing syncytial formation in the intestine and one
species causing syncytial formation in the muscle. We also
found that the decision to switch from replication to differen-
tiation in Nematocida parisii was altered by the density of
infection, suggesting that environmental cues influence the
dynamics of the pathogen life cycle. These findings show how
microsporidia can maximize the use of host space for
growth and that environmental cues in the host can regulate
a developmental switch in the pathogen.

Intracellular pathogens are a diverse category of microbes that can
use the space and resources of their host organisms for replication2.
After invasion of a single host cell, it is beneficial for intracellular
pathogens to spread to other cells to maximize the use of host
space for replication before exiting and spreading to new hosts.
Several mechanisms have been described to aid dissemination by
pathogens. For example, both bacteria and viruses have been
shown to use host actin to move between host cells by inducing the
uptake of a microbe-containing host cell protrusion into a neigh-
bouring cell, thereby avoiding contact with the extracellular space
during dissemination6. Other pathogens avoid the extracellular
space by coordinating the fusion of infected host cells with neigh-
bouring uninfected host cells to form syncytia7,8. These studies high-
light growth strategies that can be used by intracellular pathogens to
expand their access to host space in vitro, although pathogen dissemi-
nation can involve alternative mechanisms in vivo9. In vivo studies
are particularly important for studying infection by eukaryotic
pathogens, which have especially complex growth dynamics, often
involving various stages of differentiation that can take place in
several specific host environments10.

Microsporidia are eukaryotic obligate intracellular pathogens
that form a phylum of more than 1,400 fungal-related species that
can infect animals ranging from single-celled ciliates to humans11.
Little is known about the progression that a single microsporidia
cell takes as it grows within a single host cell of an intact animal
to complete its life cycle12. Several species of microsporidia in the
genus Nematocida have been isolated from wild-caught
Caenorhabditis nematodes around the world3,5,13. Nematocida
species appear to have a life cycle similar to those of other micro-
sporidian species. After spore-mediated invasion of host cells,

Nematocida cells replicate in multinucleate structures called
meronts and then differentiate into spores to exit the host cell and
propagate infection3–5,14. The transparency and invariant cellular
topology of Caenorhabditis elegans together with a collection of
their natural microsporidian pathogens provides a powerful
system for studying how microsporidia have evolved to grow in a
whole-animal host15.

To characterize the in vivo growth dynamics of microsporidia
inside an animal, we generated populations of synchronized
Nematocida parisii infections consisting of a single parasite cell in a
single C. elegans intestinal cell and tracked the parasite life cycle
over time. We pulse-inoculated C. elegans with N. parisii spores to
obtain infected populations where most animals were either unin-
fected, or infected with a single microsporidian cell (Supplementary
Table 1). To visualize infection, we fixed a fraction of the population
at various hours post-inoculation (h.p.i.) and stained them using a
fluorescence in situ hybridization (FISH) probe that targets the
N. parisii small subunit rRNA. At 3 h.p.i. we found that N. parisii
cells are small and irregularly shaped, with a single nucleus
(Fig. 1a). N. parisii cells with two nuclei were not observed until
18 h.p.i. (Fig. 1b), indicating that replication only occurs after a sig-
nificant lag time post-infection. By 36 h.p.i., N. parisii had grown to
spread across several host intestinal cells (Fig. 1c). No spores had
formed at this time, indicating that N. parisii was able to grow
across the lateral cell boundaries of neighbouring intestinal cells
before differentiating into spores, which were previously thought to
be the only transmissible stage of infection. New spores were first
observed at 52 h.p.i., and by this time N. parisii had grown to fill a
large fraction of the intestine (Fig. 1d,e). We quantified the growth
in size of single microsporidia cell infections and found that
N. parisii grew to take up more than half the space of the entire intes-
tine by the time new spores were formed (Fig. 1f).

The growth of single N. parisii cells across the host intestine indi-
cated that the boundaries between neighbouring host cells might be
restructured during infection. To visualize host cell boundaries
during single microsporidia cell infections, we infected transgenic
animals expressing an intestinal GFP-tagged version of LET-413,
a highly conserved protein that localizes to the basolateral mem-
brane of polarized cells16. We observed deformation of intestinal
cell boundaries as N. parisii grew laterally (Fig. 2a). Imaging live
transgenic animals at this stage of infection demonstrated that
N. parisii can appose an intact intestinal cell boundary and then
grow across that boundary coincident with localized loss of lateral
LET-413 (Fig. 2b,c, and Supplementary Video 1). We quantified
this growth and found that by 27 h.p.i. N. parisii infections had
spread into one neighbouring host cell on average, and by the
time of sporulation the parasite had spread into 12 of the 20 total
host intestinal cells on average (Supplementary Fig. 1).

These results indicate that N. parisii spreads across cell bound-
aries during growth, leading to the question of whether
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Figure 3-1. A single N. parisii cell can grow to fill most of the C. elegans intestine 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

1 neighbouring intestinal cells join together to share cytoplasmic
2 space. To address this question we generated transgenic animals
3 that express the green-to-red photoconvertible fluorescent Dendra
4 protein in the cytoplasm of their intestinal cells. After infecting
5 these animals, we photoconverted Dendra in a single cell from
6 green to red and then recorded the diffusion of the red signal.
7 When Dendra was photoconverted in uninfected cells within an
8 infected animal that was infected elsewhere, we found that the red
9 signal remained restricted to the cell in which it was converted
10 (Fig. 2d and Supplementary Fig. 2), indicating that the cell bound-
11 aries were intact. In contrast, when Dendra was photoconverted in
12 an infected cell, we found that the red signal diffused across all
13 neighbouring cells where infection was present (Fig. 2e and

14Supplementary Fig. 2). These data show that N. parisii is able to
15spread across the boundaries of neighbouring host cells and in so
16doing causes intestinal cells to join together into syncytia. Thus,
17we show that a eukaryotic pathogen causes what appear to be abnor-
18mal cell fusion events in the host to allow for intercellular spread.
19As in other animals, cell fusion is essential for normal develop-
20ment in C. elegans and is carefully regulated by specific fusogens17.
21The abnormal fusion of intestinal cells caused by N. parisii infection
22could result from exploitation of host fusogens. To test this possi-
23bility, we infected two C. elegans fusion mutants: epithelial fusion
24failure (eff-1) mutants and anchor cell fusion failure (aff-1)
25mutants. We observed N. parisii spreading in both mutant strains
26(60/60 infections analysed per condition), demonstrating that
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Figure 1 | A single N. parisii cell can grow to fill most of the C. elegans intestine. a–d, Animals infected by a single N. parisii cell, then fixed and stained for
DNA with 4,6-diamidino-2-phenylindole (DAPI, blue) and for N. parisii with an rRNA FISH probe (red). Images are three-dimensional renderings of confocal
z-stacks, and all images are oriented with the anterior of the animal to the left. a, An animal infected by a single microsporidia cell at 3 h.p.i. Scale bar,
20 µm. The dashed box encloses a magnified region containing the microsporidia cell and its single nucleus (arrowhead, nuc) next to a larger host nucleus
(arrow, Nuc). Scale bar within the box, 5 µm. b, Image of infection at 18 h.p.i., marking the beginning of replication by the presence of two pathogen nuclei
(arrowheads, nuc). Scale bar, 5 µm. c, Image of infection at 36 h.p.i., in which the pathogen has replicated and grown across several intestinal cells (host
nuclei indicated by arrows, Nuc). Scale bar, 20 µm. d, Image of infection at 54 h.p.i., with extensive growth throughout the intestine and marking the
beginning of sporulation. Scale bar, 20 µm. e, Magnified image of sporulation at 54 h.p.i. in an animal stained with an N. parisii rRNA FISH probe (red) and
DY96 to label chitin (green). Microsporidia meronts begin to form rounded structures enclosing single nuclei (late meronts indicated by arrowheads, l.m.),
rod-shaped cells bearing chitin (immature spores indicated by asterisks, i.s.) and fully formed spores that exclude FISH staining (mature spores indicated by
arrows, m.s.). The dashed white line outlines the animal. Scale bar, 10 µm. f, Quantification of microsporidia growth from single cells over time in ten
individual animals. Each dot represents the measurement of a single animal. Black dots correspond to measurements of microsporidia volume (left y axis)
and red dots correspond to the same measurements expressed as a fraction of the total intestinal volume (right y axis).
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Figure 3-2. N.parisii can spread across and fuse host intestinal cells into a syncytial 
organ 

Figure 3-3. Spreading across host cells is a conserved microsporidia growth strategy 
with distinct host cell fusion patterns caused be distantly related Nematocida species  

1 these fusogens are not required for infection-induced intestinal cell
2 fusion (Supplementary Fig. 3).
3 Next, we investigated whether microsporidian infection-induced
4 fusion of host cells is a conserved growth strategy by characterizing the
5 growth of two other Nematocida species, N. sp. 1 and N. displodere.
6 Like N. parisii, N. sp. 1 only invades and replicates in the intestine
7 of C. elegans, while N. displodere invades and replicates within
8 several tissues3,5. All three species of Nematocida appear to invade
9 from the intestinal lumen, and N. displodere is thought to directly
10 invade non-intestinal tissues from the lumen because it has a
11 longer infection apparatus than N. parisii5. To determine whether
12 these other Nematocida species cause host-tissue syncytia for-
13 mation, we performed single-cell infections (Supplementary
14 Table 1) and quantified pathogen spread. First, we analysed
15 infections in the intestine and found that both N. parisii and
16 N. sp. 1 always spread across several host intestinal cells by the
17 time of spore formation (76 h.p.i.), but N. displodere was usually
18 restricted to a single intestinal cell by the time of spore formation
19 (120 h.p.i.) (Fig. 3a–c and Supplementary Fig. 4). We next analysed
20 spread in the muscle. Unlike skeletal and somatic muscle cells in
21 other animals, the 95 body wall muscle cells of C. elegans do not

22fuse into syncytia during normal development18. However, we
23observed that single-cell N. displodere infections induced syncytia
24formation and grew across many host muscle cells before forming
25spores, while N. parisii and N. sp. 1 did not invade or replicate in
26the muscle (0/60 animals analysed) (Fig. 3d and Supplementary
27Fig. 4). Furthermore, we observed four cases of single N. displodere
28cell infections that appeared to have spread out of the large hypo-
29dermal syncytium of C. elegans (hyp7) and into the anterior epi-
30dermal cells (Supplemental Fig. 5)19. These data demonstrate that,
31at least among natural pathogens of nematodes, intercellular
32spread through host-cell syncytia formation is a conserved growth
33strategy for microsporidia determined by species- and tissue-
34specific interactions.
35Although both N. parisii and N. sp. 1 grow in the intestine of
36C. elegans, we found that single N. sp. 1 cells spread into more
37host intestinal cells on average than single N. parisii cells by the
38time of spore formation (Supplementary Fig. 4). This observation
39indicated that there could be differences in the growth dynamics
40between species. To compare the dynamics of intestinal pathogen
41growth between species of microsporidia, we infected animals
42with single N. parisii or N. sp. 1 cells and measured their growth
43rates and spore formation over time. Infections by both species
44grew from a single nucleated cell within an animal to approximately
4550,000 nuclei during the life cycle (Fig. 4a). Interestingly, N. sp. 1
46grew slightly faster and formed spores much earlier than
47N. parisii. The average doubling times during the exponential
48stages of growth (18–48 h.p.i.) for N. parisii and N. sp. 1 were
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Figure 2 | N. parisii can spread across and fuse host intestinal cells into a
syncytial organ. a, Image of infection at 31 h.p.i. in a fixed transgenic animal
expressing a GFP-labelled basolateral protein LET-413 in the intestine
(green), stained for DNA with DAPI (blue) and N. parisii rRNA with FISH
(red). b, Image of a live infectedQ5 GFP::LET-413 animal. N. parisii is unlabelled
but observable as oval-shaped clearings in the fluorescent signal
(arrowheads). c, Image of the same animal as in b, but captured 1 min later.
d,e, Images of a live uninfected (d) or infected (e) transgenic animal
expressing the photoconvertible Dendra protein under an intestinal-specific
promoter before conversion (left), four seconds after conversion (middle)
and 2 min after conversion (right). Blue circles indicate the region targeted
for photoconversion. Arrowheads in e point to areas in which N. parisii can
be seen based on the absence of fluorescent signal. All scale bars, 10 µm.
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Figure 3 | Spreading across host cells is a conserved microsporidia growth
strategy with distinct host cell fusion patterns caused by distantly related
Nematocida species. a–c, Images of single-cell infections by N. parisii (a),
N. sp. 1 (b) or N. displodere (c) in the intestine at the time of sporulation.
The beginning of spore formation was at 76 h.p.i. for N. parisii and N. sp. 1,
or 120 h.p.i. for N. displodere, all at 15 °C. Transgenic animals with GFP
expressed in the cytoplasm and nuclei of intestinal cells (green) were fixed
and stained for DNA with DAPI (blue) and Nematocida rRNA with FISH
(red). Arrowheads point to host nuclei of cells with infection (inf), and
arrows point to host nuclei of cells without infection (un). Scale bars, 20 µm.
d, Image of a single-cell infection by N. displodere in a transgenic animal with
GFP expressed in the cytoplasm and nuclei of muscle cells. Green lines
angled through two of the uninfected nuclei are artefacts from pixel
saturation during image acquisition.
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Figure 3-4. Nematocida vary in growth and virulence, and the density of infection 
alters developmental speed 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

1 2.4 h and 2.1 h, respectively. In addition to completing its life cycle
2 more rapidly, N. sp. 1 infection had a much stronger negative effect
3 on host fitness than N. parisii infection. Single N. parisii cell infec-
4 tions only slightly reduced the host growth compared to uninfected
5 animals, while single N. sp. 1 cell infections drastically reduced host
6 growth (Fig. 4b). Furthermore, N. parisii infection decreased host
7 egg production at 60 h.p.i. compared to uninfected animals, while
8 N. sp. 1 infection essentially eliminated host egg production
9 (Fig. 4c). These observations reveal that related microsporidia
10 species can have distinct growth dynamics in the same niche and
11 can differentially exploit the host space with varied effects on
12 host fitness.
13 We noticed that infection by N. sp. 1 caused animals to be
14 smaller than with infection by N. parisii (Fig. 4b), and hypothesized
15 that differences in host size might influence the timing of the
16 decision to form new spores. To test this possibility, we infected
17 body size mutants with single N. parisii cells and compared spore
18 formation timing to wild-type animals. sma-6 and lon-1 mutations
19 occur in members of the transforming growth factor beta signalling

20pathway that lead to shorter or longer animals, respectively20,21.
21Despite the greater length of lon-1 animals, we found that both
22the sma-6 and lon-1 mutant strains were smaller in total area than
23wild-type animals (Fig. 4d). Interestingly, we found that single
24pathogen cell infections in these small mutant animals formed
25spores earlier than wild-type animals (Fig. 4e). These differences
26could result from a decrease in the time it takes for N. parisii to
27fill the host intestine, potentially providing a density-dependent
28cue to transition into the spore formation stage. We tested for the
29influence of infection density on the timing of spore formation by
30increasing the initial number of infections per animal, which
31would increase the rate at which N. parisii fills the host tissue.
32Consistent with our hypothesis, we found that more spores
33formed when the initial number of infections per animal was
34increased (Fig. 4f). Importantly, we found that the growth rate of
35N. parisii was similar in hosts of different sizes and with differing
36numbers of initial infections, demonstrating that infection density
37affects the timing of spore differentiation, but does not affect the
38lag phase or rate of replication (Supplementary Fig. 6). Thus, host
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Figure 4 | Nematocida vary in growth and virulence, and the density of infection alters developmental speed. a, Growth kinetics of single-cell N. parisii and
N. sp. 1 infections. Purple lines correspond to N. sp. 1 kinetics, and green lines correspond to N. parisii kinetics. Solid lines show the kinetics of microsporidia
copy number over time measured by qPCR with DNA extracted from 2,000 animals, 40% of which were infected. Dashed lines show the kinetics of spore
formation in the same populations of animals. Averages of two biological replicates are shown with standard deviation. b, Sizes of animals infected by single
N. parisii cells (green boxes) or N. sp. 1 cells (purple boxes) compared to uninfected animals (black boxes) over time. Box-and-whisker plots include data
from 50 animals per condition. c, Eggs in 50 animals infected by single N. parisii cells (green boxes) or N. sp. 1 cells (purple boxes) compared to uninfected
animals (black boxes) at 60 h.p.i. d, Sizes of wild-type (wt) and size mutant animals infected by single N. parisii cells at 53 h.p.i. Box-and-whisker plots
include data from 50 animals per condition. e, Spore clusters per animal measured in the same animals as in d. Dots represent measurements of individual
animals, and bars show averages with standard deviations. f, Spore clusters per animal at 52 h.p.i. in populations that were pulse-infected with different
dosages of N. parisii spores. Dosages of spores (×106) are shown under the graph, together with the average number of infections per animal at each dosage.
Box-and-whisker plots include 95% of the data from measurements of 50 animals per condition, and dots represent the remaining 5%. Significance was
tested by one-way analysis of variance. P values were generated with Tukey’s multiple comparisons test: ***P≤0.001; ****P≤0.0001. NS, not significant.
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1 size and infection density appear to influence the timing of a switch
2 from replication to differentiation into spores for microsporidia.
3 In this Letter, we have followed the progression of synchronized
4 infections initiated by a single microsporidia cell in a single host cell
5 of an intact animal from invasion until the final stage of the life
6 cycle. The most surprising observation is that Nematocida species
7 spread between host cells by fusing them together into syncytia,
8 with species- and tissue-specific patterns. It remains possible that
9 either host- and/or pathogen-encoded fusogens mediate true cell–
10 cell fusion, or alternatively Nematocida may spread to span several
11 neighbouring C. elegans cells by breaking down their lateral mem-
12 branes instead of fusing the two lipid bilayers. Previous studies
13 have shown that the intestinal cell integrity of C. elegans is main-
14 tained even at later stages of infection, indicating that cell-to-cell
15 spread of N. parisii does not compromise the overall integrity of
16 the intestinal organ22,23. Further studies on the molecular and struc-
17 tural changes involved in the Nematocida–C. elegans interactions we
18 described here will contribute to our understanding of how two sep-
19 arate cells can be joined together. Previous studies on infections of
20 both vertebrates and invertebrates reported that microsporidia cause
21 the formation of syncytia in host tissues24–26. These syncytia can
22 occur in structures called xenomas, which are described as hyper-
23 trophic host cells that increase in size and the number of nuclei27.
24 Some microsporidia-induced syncytia may therefore result from
25 nuclear replication without host cell division rather than through
26 fusion of neighbouring host cells, but together with the evidence
27 we present here it appears that the induction of host cell fusion is
28 a widely shared strategy for intercellular spread among diverse
29 species of microsporidia.
30 Our experiments lead us to speculate that the cue for transition-
31 ing from replication to spore formation in microsporidia may be
32 related to the sensing of host resource availability and/or the
33 sensing of self, both of which are related to the density of infection.
34 There is precedent for eukaryotic organisms making developmen-
35 tal decisions based on density, which is exemplified by several
36 fungal species that undergo developmental switches in response
37 to high density and nutrient availability28. As has been shown
38 for many other developmental switches in pathogens29, the specific
39 factors that regulate transitions in the microsporidia life cycle
40 probably involve responses made by both host and pathogen to
41 changes in their shared metabolic pool. Our finding that micro-
42 sporidia can grow across a substantial portion of the cells compris-
43 ing an entire animal organ before differentiating opens up a new
44 set of questions regarding the dynamic inputs that intracellular
45 pathogens interpret from the host environment to optimize
46 growth and transmission.

47 Methods
48 C. elegans andNematocida strains. C. elegans strains were maintained on nematode
49 growth medium (NGM) seeded with Escherichia coli OP50-1 (a streptomycin-
50 resistant OP50 strain) as previously described30. For simplicity, this strain is referred
51 to as OP50 throughout. To obtain starved and synchronized L1 larvae, gravid adults
52 were bleached to isolate eggs, which were then allowed to hatch overnight at 20 °C
53 (ref. 31). The C. elegans wild-type N2, small mutant CB1482 sma-6(e1482), long
54 mutant CB185 lon-1(e185) and intestinal GFP transgenic SJ4144 zcIs18 [ges-1p::GFP
55 (cyt)] strains were obtained from the Caenorhabditis Genetics Center. ERT351 was
56 derived from SJ4144 by backcrossing to N2 eight times. Transgenic animals with
57 intestinal expression of GFP-labelled LET-413 were generated by injection of
58 pET213 [vha-6p::GFP::let-413] and a myo-2::mCherry co-injection marker to
59 generate a multi-copy array strain. This strain was treated with ultraviolet psoralen at
60 700 µJ to generate the integrated ERT147 jyIs21[vha-6p::GFP::let-413, myo-2::
61 mCherry] strain. A cytoplasmic intestinal photoconvertible fluorescent protein
62 construct pET207 was generated using three-part Gateway recombination by fusing
63 the intestinal-specific vha-6 promoter to Dendra32 with the unc-54 3′UTR. This
64 construct was injected into N2 animals, and transgenic progeny were recovered to
65 generate a multi-copy array strain ERT113 jyEx46[vha-6p::dendra::unc-54 3′UTR].
66 Infection experiments were performed with Nematocida parisii strain ERTm1,
67 Nematocida sp. 1 strain ERTm2 and Nematocida displodere strain JUm2807
68 (refs 3–5). Spores were prepared and quantified as described previously22.

69Single microsporidia cell infections. Synchronized first-larval stage (L1) animals
70were inoculated with OP50 and a series of spore dilutions on NGM plates at 20 °C.
71These animals were collected two and a half hours after plating, washed three times
72with PBS containing 0.1% Tween 20 to remove spores, and re-plated with OP50 at
7320 °C. A fraction of the population was fixed at this time with 4% paraformaldehyde
74(PFA) for 30 min then stained by FISH with the Nematocida ribosomal RNA-
75specific MicroB probe3 conjugated to a red Cal Fluor 610 dye (Biosearch
76Technologies). The number of infectious events per animal was quantified in 50
77animals per dosage after mounting samples on agarose pads with VECTASHIELD
78mounting medium containing DAPI (Vector Labs) and imaging using a Zeiss
79AxioImager M1 upright fluorescent microscope with a ×40 oil immersion objective.
80A limiting dilution of Nematocida spores was tested to identify a concentration in
81which more than 83% of infected animals contained only a single microsporidia cell.
82The spore dosage that had this characteristic typically yielded a Poisson distribution
83of infection in which an average of 72% of the population was uninfected and 28%
84infected. Infection distributions were measured for all experiments to ensure that the
85vast majority of infected animals contained a single microsporidia cell
86(Supplementary Table 1).

87Measuring microsporidia growth by microscopy. The ERT351 strain was infected
88at the L1 stage at a dosage following the parameters described above for single
89microsporidia cell infections. Animals were fixed at various times post-inoculation
90in 4% PFA for FISH staining and microscopy-based analysis of growth. Samples
91were mounted on 5% agarose pads and imaged using a ×40 oil immersion objective
92or a ×10 objective on a Zeiss LSM700 confocal microscope run by ZEN2010
93software. Z-stacks were acquired of the entire intestinal space with a z-spacing of
941 µm (at ×400) or 6 µm (at ×100), collecting GFP signal (expressed in cytoplasm of
95intestine) and RFP signal (microsporidia signal stained by FISH). Analysis of these
96images was performed with Fiji software33. Briefly, the brightest slice was used to
97threshold GFP and RFP to binary signals. The three-dimensional objects counter
98function was used to measure voxels after converting signals, which were used to
99quantify the volume of intestine (GFP) and pathogen (RFP) in ten animals per time
100point. The percentage of intestinal volume taken up by pathogen was calculated by
101dividing RFP voxels by the sum of RFP and GFP voxels.

102Analysis of microsporidia growth across host intestinal cells. ERT147 animals
103were infected with a single microsporidia cell. These animals were imaged at various
104times post-inoculation either after being fixed and stained as described above or as
105live animals using a ×40 oil immersion objective on a Zeiss LSM700 confocal
106microscope run by ZEN2010 software. For live imaging, infected ERT147 animals
107were mounted on 5% agarose pads with microsphere beads and imaged with a ×63
108oil-immersion objective for 120 cycles at 1.58 µs pixel dwell time for 5 min. GFP was
109excited with a 488 nm laser at 2.1% power, and light was collected with the pinhole
110set to 44 µm. Quantifying the growth of microsporidia across intestinal cell
111boundaries was performed after fixing ERT147 animals and staining by FISH, as
112described above. To measure the diffusion of cytoplasm in intestinal cells, ERT113
113animals were infected at the L1 stage and imaged live 48 h post-inoculation with a
114×40 oil-immersion objective. A 488 nm laser at 0.5% power was used to excite green
115Dendra proteins, and a 555 nm laser at 14% power was used to excite red Dendra
116proteins. Light was collected with a pinhole size of 42 µm and a 3.15 µs pixel dwell
117time. Dendra proteins were converted in a 4-µm-diameter space with a 405 nm laser
118at 35% power with a pixel dwell time of 50 µs. Infected cells could be distinguished
119from uninfected cells based on exclusion of fluorescent signal. To quantify the
120diffusion of converted signal, the mean red signal was measured in a 15 µm2 area
121within the targeted cell or outside the targeted cell (at a distance of greater than
12230 µm from the targeted cell) before and 2 min after conversion.

123Comparing Nematocida growth across different host tissues. Transgenic animals
124expressing GFP in the cytoplasm and nuclei of intestinal or muscle cells were
125infected with single N. parisii, N. sp. 1, or N. displodere cells at 15 °C and fixed at the
126time of spore formation. These experiments were performed at the lower
127temperature of 15 °C (compared to the 20 °C used in other infection experiments) to
128facilitate the growth of N. displodere. For the intestinal-GFP strain ERT413 jySi21
129[spp-5p::GFP; cb-unc-119(+)] II 5, 1,000 synchronized L1 larvae were grown at 20 °C
130for 48 h to the young adult stage before being inoculated with 3.7 × 105 N. parisii
131spores, 3.2 × 105 N. sp. 1 spores or 1.25 × 104 N. displodere spores for 30 min. Spores
132were washed off and infection progressed at 15 °C. For the muscle-GFP strain HC46
133ccIs4251[myo-3::GFP-NLS, myo-3::GFP-MITO] I; mIs11[myo-2::GFP] IV (ref. 34),
1341,000 synchronized L1 larvae were infected in duplicate at 15 °C with 5.0–20.0 × 104

135spores of N. displodere on a 6 cm plate. A fraction of animals was fixed in 4% PFA
136diluted in PBS + 0.1% Tween-20 at 24 h.p.i. for FISH to verify infection distributions.
137At 76 h.p.i. (N. parisii and N. sp. 1) or 120 h.p.i. (N. displodere), animals were fixed
138for FISH with or without DY96 (10 µg ml–1) staining to stain infection and spores.
139DY96 stains chitin, which is a component of the spore wall35. N. displodere FISH was
140performed as described previously5. All analysis and imaging was conducted on a
141Zeiss LSM700 confocal microscope with a ×40 oil-immersion objective. The
142numbers of GFP+ host cell nuclei abutted by pathogen in a three-dimensional stack
143of confocal images were counted to quantify the number of host cells into which
144infection had spread by the time of sporulation.
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1 Measuring microsporidia growth by qPCR. The N2 strain was infected at the L1
2 stage at a dosage following the parameters described above for single microsporidia
3 cell infections. Animals were fixed at various times post-inoculation in Extracta
4 (Quanta Biosciences) to isolate DNA for qPCR-based analysis of growth.
5 Microsporidia copy number was quantified with iQ SYBR Green Supermix (Bio-
6 Rad) on a CFX Connect Real-time PCR Detection System (Bio-Rad). We measured
7 the relative abundance of Nematocida and C. elegans DNA in 30 ng of DNAwith the
8 following primer sets: Np_rDNAF1: aaaaggcaccaggttgattc, Np_rDNAR1:
9 agctctctgacgcttccttc, Ce_snb-F1: ccggataagaccatcttgacg, Ce_snb-R1:
10 gacgacttcatcaacctgagc. Microsporidia copy number was measured by normalizing to
11 samples infected by single microsporidia cells at early stages of growth when only a
12 single nucleus is observed. We validated the qPCR measurements of microsporidia
13 copy number by using a microscopy-based method of manually counting the
14 average number of microsporidia nuclei per infection during growth from a single
15 nucleus to 100 nuclei. Copy number measurement discrepancies between qPCR and
16 manual count analyses were within 11%.Q1 Primer efficiencies were measured, and fold
17 difference was calculated using the Livak comparative Ct method (2−ΔΔCt).

18 Measuring animal size, egg number and microsporidia spores. Animals were fixed
19 and stained by FISH as described above, then imaged using a Zeiss AxioImager M1
20 upright fluorescent microscope with a ×40 oil immersion objective. Fifty animals per
21 condition were manually outlined with Fiji software to calculate size (in µm2). The
22 numbers of eggs per animal were measured at 60 h.p.i. by adding DY96 (4 ng ml–1

23 with 0.1% SDS) to FISH-stained samples for 30 min before imaging. DY96 stains
24 chitin, which is a component of the eggshell. The 60 h.p.i. time point was chosen
25 because it is when uninfected animals first consistently contain eggs. Eggs were
26 counted in 50 animals per condition. Microsporidia spores also contain chitin, and
27 were stained with DY96. Spore clusters per infected animal in a total of 50 animals per
28 condition were counted. Each cluster of spores contained approximately 50 spores.
29 Spore clusters (which we define as regions withinmeronts that contain approximately
30 30 spores with bright chitin staining) were counted at 52 h.p.i., which is the time at
31 which single microsporidia cell infections begin to differentiate into spores in N2
32 animals as described above.

33 Received 12 May 2016; accepted 15 July 2016;
34 published XX XX 2016

35 References
36 1. Gog, J. R. et al. Seven challenges in modeling pathogen dynamics within-host
37 and across scales. Epidemics 10, 45–48 (2015).
38 2. Casadevall, A. Evolution of intracellular pathogens. Annu. Rev. Microbiol. 62,
39 19–33 (2008).
40 3. Troemel, E. R., Felix, M. A., Whiteman, N. K., Barriere, A. & Ausubel, F. M.
41 Microsporidia are natural intracellular parasites of the nematode Caenorhabditis
42 elegans. PLoS Biol. 6, 2736–2752 (2008).
43 4. Cuomo, C. A. et al. Microsporidian genome analysis reveals evolutionary
44 strategies for obligate intracellular growth. Genome Res. 22, 2478–2488 (2012).
45 5. Luallen, R. J. et al. Discovery of a natural microsporidian pathogen with a broad
46 tissue tropism in Caenorhabditis elegans. PLoS Pathogens 12, e1005724 (2016).
47 6. Welch, M. D. & Way, M. Arp2/3-mediated actin-based motility: a tail of
48 pathogen abuse. Cell Host Microbe 14, 242–255 (2013).
49 7. Ciechonska, M. & Duncan, R. Reovirus FAST proteins: virus-encoded cellular
50 fusogens. Trends Microbiol. 22, 715–724 (2014).
51 8. French, C. T. et al. Dissection of the Burkholderia intracellular life cycle using a
52 photothermal nanoblade. Proc. Natl Acad. Sci. USA 108, 12095–12100 (2011).
53 9. Nikitas, G. et al. Transcytosis of Listeria monocytogenes across the intestinal
54 barrier upon specific targeting of goblet cell accessible E-cadherin. J. Exp. Med.
55 208, 2263–2277 (2011).
56 10. Swann, J., Jamshidi, N., Lewis, N. E. & Winzeler, E. A. Systems analysis of host–
57 parasite interactions. Wiley Interdiscip. Rev. Syst. Biol. Med. 7, 381–400 (2015).
58 11. Stentiford, G. D. et al. Microsporidia—emergent pathogens in the global food
59 chain. Trends Parasitol. 32, 336–348 (2016).
60 12. Cali, A. & Takvorian, P. M. in Microsporidia 71–133 (Wiley, 2014).
61 13. Felix, M. A. & Duveau, F. Population dynamics and habitat sharing of natural
62 populations of Caenorhabditis elegans and C. briggsae. BMC Biol. 10, 59 (2012).
63 14. Bakowski, M. A. et al. Ubiquitin-mediated response to microsporidia and virus
64 infection in C. elegans. PLoS Pathogens 10, e1004200 (2014).
65 15. Balla, K. M. & Troemel, E. R. Caenorhabditis elegans as a model for intracellular
66 pathogen infection. Cell Microbiol. 15, 1313–1322 (2013).Q2
67 16. Legouis, R. et al. LET-413 is a basolateral protein required for the assembly of
68 adherens junctions in Caenorhabditis elegans. Nat. Cell Biol. 2, 415–422 (2000).

6917. Sapir, A., Avinoam, O., Podbilewicz, B. & Chernomordik, L. V. Viral and
70developmental cell fusion mechanisms: conservation and divergence. Dev. Cell
7114, 11–21 (2008).
7218. Altun, Z. F. & Hall, D. H. Muscle system, in WormAtlas (2009). Q3
7319. Altun, Z. F. & Hall, D. H. Epithelial system, in WormAtlas (2009). Q3
7420. Krishna, S., Maduzia, L. L. & Padgett, R. W. Specificity of TGFbeta signaling is
75conferred by distinct type I receptors and their associated SMAD proteins in
76Caenorhabditis elegans. Development 126, 251–260 (1999).
7721. Maduzia, L. L. et al. lon-1 regulates Caenorhabditis elegans body size
78downstream of the dbl-1 TGF beta signaling pathway. Dev. Biol. 246,
79418–428 (2002).
8022. Estes, K. A., Szumowski, S. C. & Troemel, E. R. Non-lytic, actin-based exit of
81intracellular parasites from C. elegans intestinal cells. PLoS Pathogens 7,
82e1002227 (2011).
8323. Szumowski, S. C., Botts, M. R., Popovich, J. J., Smelkinson, M. G. & Troemel,
84E. R. The small GTPase RAB-11 directs polarized exocytosis of the intracellular
85pathogen N. parisii for fecal–oral transmission from C. elegans. Proc. Natl Acad.
86Sci. USA 22, 8215–8220 (2014).
8724. Leitch, G. J., Shaw, A. P., Colden-Stanfield, M., Scanlon, M. & Visvesvara, G. S.
88Multinucleate host cells induced by Vittaforma corneae (Microsporidia). Folia
89Parasitol. (Praha) 52, 103–110 (2005).
9025. Morris, D. J., Terry, R. S. & Adams, A. Development and molecular
91characterisation of the microsporidian Schroedera airthreyi n. sp. in a freshwater
92bryozoan Plumatella sp. (Bryozoa: Phylactolaemata). J. Eukaryot. Microbiol. 52,
9331–37 (2005).
9426. Stentiford, G. D. et al. Areospora rohanae n.gen. n.sp. (Microsporidia;
95Areosporiidae n. fam.) elicits multi-nucleate giant-cell formation in southern
96king crab (Lithodes santolla). J. Invertebr. Pathol. 118, 1–11 (2014).
9727. Lom, J. & Dykova, I. Microsporidian xenomas in fish seen in wider perspective.
98Folia Parasitol. (Praha) 52, 69–81 (2005).
9928. Sprague, G. F. Jr &Winans, S. C. Eukaryotes learn how to count: quorum sensing
100by yeast. Genes Dev. 20, 1045–1049 (2006).
10129. Olive, A. J. & Sassetti, C. M. Metabolic crosstalk between host and pathogen:
102sensing, adapting and competing. Nat. Rev. Microbiol. 14, 221–234 (2016).
10330. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71–94 (1974).
10431. Stiernagle, T. Maintenance of C. elegans. in WormBook (WormBook, 2006). Q4
10532. Gurskaya, N. G. et al. Engineering of a monomeric green-to-red
106photoactivatable fluorescent protein induced by blue light. Nat. Biotechnol. 24,
107461–465 (2006).
10833. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
109Nat. Methods 9, 676–682 (2012).
11034. Winston, W. M., Molodowitch, C. & Hunter, C. P. Systemic RNAi in C. elegans
111requires the putative transmembrane protein SID-1. Science 295,
1122456–2459 (2002).
11335. Hoch, H. C., Galvani, C. D., Szarowski, D. H. & Turner, J. N. Two new
114fluorescent dyes applicable for visualization of fungal cell walls. Mycologia 97,
115580–588 (2005).

116Acknowledgements
117The authors thank M. Botts, K. Reddy and A. Reinke for comments on the manuscript.
118Some C. elegans strains were provided by the Caenorhabditis Genetics Center, which is
119funded by the National Institutes of Health (NIH) Office of Research Infrastructure
120Programs Grant P40 OD010440. This work was supported by National Science Foundation
121Graduate Research fellowships to K.M.B. and R.J.L., NIH grant no. R01GM114139, the
122David and Lucile Packard Foundation and a Burroughs Wellcome Fund fellowship
123to E.R.T.

124Author contributions
125K.M.B., R.J.L. and E.R.T. designed the experiments. K.M.B. and R.J.L. performed the
126experiments and analysed the data. M.A.B. generated the ERT147 transgenic strain. R.J.L.
127and M.A.B. contributed to the manuscript. K.M.B. and E.R.T. wrote the manuscript.

128Additional information
129Supplementary information is available online. Reprints and permissions information is
130available online atwww.nature.com/reprints. Correspondence and requests formaterials should
131be addressed to E.R.T.

132Competing interests
133The authors declare no competing financial interests.134

LETTERS NATURE MICROBIOLOGY DOI: 10.1038/NMICROBIOL.2016.144

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology6



34 

	

3.1 Supplemental Table and Figures 
 
 
 
Table 3-S1. Quantification of infection distributions. 
 

 
  

Supplemental Material 
 
 
Supplementary Video 1. Time lapse images of a live N. parisii-infected transgenic GFP::LET-
413 animal (Same animal as shown in Figure 2b-c). N. parisii is unlabeled but observable as 
oval-shaped clearings in fluorescent signal. The animal was mounted on a 5% agarose pad with 
microsphere beads and imaged with a 63X oil-immersion objective for 120 cycles at 1.58 µs pixel 
dwell time (one frame every 2 seconds) for four minutes using a Zeiss LSM700 confocal 
microscope run by ZEN2010 software. Video plays 10X faster than real time. GFP was excited 
with a 488nm laser at 2.1% power, and light was collected with the pinhole set to 44µm. 
 
 
 
 
Supplementary Table 1. Quantification of infection distributions. Measurements of the 
number of infections per animal across experiments. 
 
Samples # of 

animals 
counted 

% infected 
with 0 

% infected 
with 1 

% infected 
with 2 

% infected 
with 3 

% infected 
with >3 

Figure 1 100 79 19 2 0 0 
Figure 3 
(N. parisii) 
(intestine) 

100 66 23 10 1 0 

Figure 3 
(N. sp.1) 
(intestine) 

100 84 15 1 0 0 

Figure 3 
(N. displodere) 
(intestine) 

100 62 30 7 1 0 

Figure 3 
(N. displodere) 
(muscle) 

100 86 13 1 0 0 

Figure 4a-c    
(N. parisii) 

100 60 34 4 2 0 

Figure 4a-c    
(N. sp. 1) 

100 50 42 6 2 0 

Figure 4d-e (wt) 50 82 18 0 0 0 
Figure 4d-e 
(sma-6) 

50 80 20 0 0 0 

Figure 4d-e (lon-
1) 

50 82 18 0 0 0 

Figure 4f 
(0.3x10^6) 

50 78 20 2 0 0 

Figure 4f 
(0.6x10^6) 

50 64 28 6 2 0 

Figure 4f 
(1.2x10^6) 

50 38 46 16 0 0 

Figure 4f 
(2.4x10^6) 

50 14 54 20 8 4 

Figure 4f 
(4.8x10^6) 

50 8 24 18 30 20 

Figure 4f 
(9.6x10^6) 

50 0 2 16 12 70 
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Figure 3-S1. Quantification of N. parisii spreading across host intestinal cells 
over time. Transgenic GFP-labeled LET-413 animals were infected with single N. 
parisii cells and fixed at several time points to stain for infection by FISH and count 
the number of host intestinal cells that infection had spread to by confocal 
microscopy. 10 animals were counted per time point. Averages with standard 
deviations are plotted over time. The horizontal dashed black lines show where each 
of the 20 total host intestinal cells fall on the y-axis, the vertical dashed red line shows 
to time at which spores begin to form in some infected animals on the x-axis. 
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Figure 3-S2. Quantification of red Dendra signal diffusion in 10 uninfected cells 
of infected animals, or 10 infected cells. The amount of red signal was measured 
before and 2 minutes after conversion within the targeted cell and outside of the 
targeted cell (>30 µm from cell boundary into neighboring cell). Box plots show the 
fold change in red signal post- over pre- conversion. The labels for inside and outside 
indicate the cell that was measured with respect to the cell targeted for 
photoconversion. 
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Figure 3-S3. The C. elegans fusogens AFF-1 and EFF-1 are not required for N. 
parisii-induced fusion of intestinal cells. Wild type N2 or mutant strains aff-
1(tm2214) and eff-1(ok1021) were infected with single N. parisii cells. After 27 hours 
at 25°C animals were fixed and stained by FISH to analyze spreading of infection. 
Infections had spread across multiple intestinal cells in 60/60 animals analyzed for 
each background, wild type N2 animals (top panel), aff-1 animals (middle panel), and 
eff-1 animals (bottom panel). Scale bars span 100 µm. 
  

N2

aff-1

eff-1



38 

	

	

														 	 	
Figure 3-S4. Quantification of the number of host cells occupied by parasite by 
the time of sporulation. Beginning of spore formation was 76 hpi for N. parisii and 
N. sp. 1, or 120 hpi for N. displodere, all at 15°C. Data are combined from two 
independent experiments with 30 animals measured for N. parisii and N. sp. 1 
infections and 60 animals measured for N. displodere infections. Each dot is a 
measurement from a single animal. Red bars show averages, black bars show 
standard deviations. Significance was tested by one-way ANOVA, p-values 
generated with Tukey’s multiple comparisons test and indicated by asterisks with 
***≤0.001, and ****≤0.0001. 
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Figure 3-S5. N. displodere causes syncytia formation in the anterior 
hypodermal cells of C. elegans. Image of a single-cell infection by N. displodere in 
a transgenic animal with GFP expressed in the cytoplasm and nuclei of muscle cells 
(see infection distribution for muscle measurements in TableS1). Transgenic animals 
were fixed and stained for DNA with DAPI (blue) and Nematocida rRNA with FISH 
(red). Infection can be seen spreading across from the hyp7 hypodermal syncytium 
into the anterior hypodermal cells. Hypodermal cells around and to the left of the 
anterior bulb in this image are normally separated from the hyp7 syncytium, which 
encompasses the posterior bulb and continues to the right. Scale bar spans 20 µm. 
	 	

Anterior bulb Posterior bulb
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Figure 3-S6. Quantification of N. parisii growth rate in size mutants and 
increased initial infections. Animals were infected with single N. parisii cells or an 
average of 5 N. parisii cells (N2 high dose) and fixed at 22 hpi or 28 hpi. N. parisii 
was stained by FISH, nuclei were stained with DAPI, and nuclei per meront were 
counted in 10 meronts per condition by confocal microscopy. 
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Abstract
Microbial pathogens impose selective pressures on their hosts, and combatting these path-
ogens is fundamental to the propagation of a species. Innate immunity is an ancient system
that provides the foundation for pathogen resistance, with epithelial cells in humans increas-
ingly appreciated to play key roles in innate defense. Here, we show that the nematode
C. elegans displays genetic variation in epithelial immunity against intestinal infection by its
natural pathogen, Nematocida parisii. This pathogen belongs to the microsporidia phylum,
which comprises a large phylum of over 1400 species of fungal-related parasites that can in-
fect all animals, including humans, but are poorly understood. Strikingly, we find that a wild
C. elegans strain from Hawaii is able to clear intracellular infection by N. parisii, with this abil-
ity restricted to young larval animals. Notably, infection of older larvae does not impair prog-
eny production, while infection of younger larvae does. The early-life immunity of Hawaiian
larvae enables them to produce more progeny later in life, providing a selective advantage
in a laboratory setting—in the presence of parasite it is able to out-compete a susceptible
strain in just a few generations. We show that enhanced immunity is dominant to suscepti-
bility, and we use quantitative trait locus mapping to identify four genomic loci associated
with resistance. Furthermore, we generate near-isogenic strains to directly demonstrate
that two of these loci influence resistance. Thus, our findings show that early-life immunity
of C. elegans against microsporidia is a complex trait that enables the host to produce more
progeny later in life, likely improving its evolutionary success.

Author Summary
Infectious diseases caused by microbes create some of the strongest forces in evolution, by
killing their hosts, and impairing their ability to produce progeny. Microsporidia are very
common microbes that cause disease in all animals, including roundworms, insects, fish
and people. We investigated microsporidia infection in the roundworm C. elegans, and
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found that strains from diverse parts of the world have differing levels of resistance against
infection. Interestingly, a C. elegans strain from Hawaii can clear infection but only during
the earliest stage of life. This resistance appears to be evolutionarily important, because it
is during this early stage of life when infection can greatly reduce the number of progeny
produced by the host. Consistent with this idea, if the Hawaiian strain is infected when
young, it will ultimately produce more progeny than a susceptible strain of C. elegans. We
find that this early life resistance of Hawaiian animals is due to a combination of genetic
regions, which together provide enhanced immunity against a natural pathogen, thus en-
abling this strain to have more offspring.

Introduction
Infectious disease is one of the strongest drivers of evolution, generating diversification in hosts
and pathogens through a dynamic co-evolutionary process of adaptation and counter-adapta-
tion. The dynamism of these relationships is apparent in emerging infectious diseases, whereby
an interaction between organisms changes from being benign to being harmful for the host [1].
Emerging diseases can have devastating effects on their hosts, and understanding how infec-
tious diseases emerge is therefore a major goal for medicine, agriculture, and
evolutionary biology.

Microsporidia are emerging pathogens that comprise a diverse phylum of more than 1400
species of fungal-related obligate intracellular parasites that are able to infect virtually all ani-
mals [2–5]. Encephalitozoon intestinalis is one of the many species known to infect humans,
and stands out as having the smallest eukaryotic genome identified to date [6]. One conse-
quence of the genomic reduction observed in microsporidia is their reliance on host metabolic
machinery for propagation. Microsporidia commonly infect intestinal epithelial cells and can
be transmitted via a fecal-oral route, although tissue tropism varies broadly. Incidences of
microsporidia infection in humans were previously thought to be restricted to immunode-
ficient patients, but several recent studies have found an unexpectedly high prevalence among
healthy people in developed countries, although the overall impact of microsporidia on the
health of immunocompetent people is poorly defined [7–9]. In addition to their previously
underappreciated disease-causing potential in humans, microsporidia are considered emergent
pathogens of agriculturally important animals including fish and honeybees [10–12]. Despite
such ubiquity, little is known about the genetic and molecular basis for pathogen defense in
any host-microsporidia interaction.

Immune defense against pathogens such as microsporidia will provide evolutionary benefit
if it enables hosts to produce more progeny. As such, evolutionary theory predicts that there
will be less selection for immunity in post-reproductive animals [13]. The decline of immune
function is termed immunosenescence, and has been observed in post-reproductive animals
ranging from humans to invertebrates [14–16]. In the human population immunosenescence
has been shown to be a complex trait regulated by several genetic loci [17]. Several outstanding
questions remain regarding the process of immunosenescence, including its precise timing
over the lifetime of an organism and how it has been shaped by pathogens over
evolutionary time.

We use the nematode Caenorhabditis elegans as a convenient host to characterize resistance
to a natural microsporidian pathogen. This pathogen is called Nematocida parisii, or nema-
tode-killer from Paris, because it was isolated from wild-caught C. elegans from a compost pit
near Paris [18]. The life cycle of N. parisii is similar to those of other microsporidia species,
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which use a specialized infection apparatus called a polar tube to invade directly into host cells,
where they undergo their life cycle (S1 Fig.). In the case of N. parisii, spores are consumed by
C. elegans, enter the intestinal lumen, and then invade intestinal cells. This N. parisii ‘sporo-
plasm’ becomes a meront, which replicates in direct contact with host cytosol, and then differ-
entiates back into spores. These spores enter the host trafficking system, exit host cells via
apical exocytosis back into the intestinal lumen, and return to the outside environment via def-
ecation [19] (S1 Fig.). Wild-caught nematodes infected with Nematocida species have been iso-
lated from many distinct environmental locations [18, 20], suggesting that microsporidia have
imposed widespread evolutionary pressure on the defense system of C. elegans. C. elegans has
no known professional immune cells and relies predominantly on epithelial cells as ‘non-
professional’ immune cells for defense against infection [21, 22]. The C. elegans intestine is a
relatively simple structure composed of just 20 non-renewable epithelial cells that share
structural and functional similarity with human intestinal epithelial cells [23]. Thus, the natural
C. elegans-N. parisii host-pathogen pair provides an excellent system in which to investigate
epithelial defenses shaped over evolutionary time.

Here, we show that there is natural variation in C. elegans defense against microsporidia.
We find that a C. elegans strain from Hawaii has enhanced resistance to N. parisii compared to
other C. elegans strains. Interestingly, immunity in the Hawaiian strain occurs via clearance of
intracellular infection from intestinal epithelial cells. This clearance of N. parisii represents an
impressive example of non-professional immune cells being able to not just resist but eliminate
microbial infection. Intriguingly, only very young (first larval stage L1) animals are able to
clear infection; Hawaiian animals rapidly lose this ability even before they reach reproductive
age. We find that N. parisii infection impairs progeny production only when animals are inocu-
lated at the L1 stage, and not when they are inoculated at the later L4 stage, providing a likely
evolutionary explanation for why there is enhanced resistance only in L1 animals. Enhanced
resistance confers a selective advantage, allowing Hawaiian animals to outcompete a suscepti-
ble host strain in only a few generations. Finally, we determine that Hawaiian resistance to
N. parisii is a complex multigenic trait that maps to at least four quantitative trait loci (QTL),
and we show with near-isogenic lines (NILs) how two of these loci contribute to resistance.
These results demonstrate that intestinal epithelial cells in a wild C. elegans strain can eliminate
intracellular microsporidia infection. Interestingly, this complex trait acts only at a develop-
mental stage in which it promotes progeny production, and thus likely provides an evolution-
ary benefit to the host.

Results
Natural variation in survival and resistance to microsporidia infection
To determine whether there is natural variation in the ability of C. elegans to defend against its
natural intracellular pathogen N. parisii, we investigated infection in a collection of geographi-
cally diverse C. elegans strains. N. parisii has been shown to shorten the lifespan of C. elegans
due to a lethal intestinal infection [18], and so we first examined survival upon infection using
six strains that represent diverse haplotypes from a global collection of C. elegans [24]. We in-
fected populations of synchronized first larval stage (L1) animals with N. parisii spores and
quantified the percentage of animals alive over time. In these experiments, we observed varia-
tion in the survival during infection with time to 50% of animals dead (TD50) ranging from 90
to 120 hours among the various C. elegans strains (Fig. 1A). The standard C. elegans N2 labora-
tory strain from Bristol, England had a relatively short TD50 of about 90 hours. This strain has
been passaged under laboratory conditions for decades, and interestingly, did not have signifi-
cantly different longevity than the C. elegans wild-caught strain ERT002 from Paris, France,

Epithelial Clearance of Microsporidia inC. elegans
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which has been passaged very little under laboratory conditions. Also of note, ERT002 har-
bored the original isolate of N. parisii [18], indicating that it had been exposed to pressure from
microsporidia in the wild in the recent past. Strains JU778 from Portugal and JU258 fromMa-
deira had intermediate levels of survival upon infection. By contrast, strain ED3046 from South
Africa and strain CB4856 from Hawaii, USA (hereafter designated HW) survived significantly
longer than the other strains. Furthermore, we observed that all strains lived longer in the ab-
sence of infection (S2 Fig.). N2, HW, and JU258 had similar lifespans in the absence of infec-
tion, which were on average slightly longer than those of ERT002, JU778, and ED3046. Thus,
there is natural variation in survival of C. elegans upon infection by its natural intracellular
pathogen, N. parisii.

Variation in survival upon infection could be due to variation in resistance (the ability to con-
trol pathogen load) or tolerance (the ability to cope with infection). To discriminate between
these possibilities, we measured pathogen load 30 hours post-inoculation (hpi), which corre-
sponds to the meront stage of N. parisii development, before spores have formed (see S1 Fig. for
N. parisii life cycle). To measure pathogen load, we developed a quantitative PCR assay whereby
levels of N. parisii small subunit ribosomal RNA are measured and normalized to levels of C. ele-
gans small subunit ribosomal RNA as a control. Using this assay, we observed variation in patho-
gen load among strains (Fig. 1B) and found that most strains that survived longer had lower
pathogen load (S3 Fig.). These results demonstrate that there is natural variation in C. elegans re-
sistance against infection, i.e. the ability of C. elegans to control levels ofN. parisii pathogen load.

Young HW animals exhibit enhanced resistance to infection, which is
rapidly lost during development
Given the phenotypic extremes exhibited by N2 and HW, we further investigated the variation
in pathogen resistance between these two strains. In the experiments described above, we
found that HW was highly resistant to a strain of N. parisii that was isolated in the state of Ha-
waii (strain ERTm5—See Materials and Methods). We next infected N2 and HW with a strain

Figure 1. Natural variation inC. elegans response toN. parisii infection. (A) Survival curves of sixC. elegans strains upon infection by N. parisii. Data
are mean values of three plates containing 30 animals each and are representative of two independent experiments. Significance was measured by the Log-
rank (Mantel-Cox) test comparing each strain to N2, with asterisks indicating p-values where *<0.05, ***<0.001, and ****<0.0001. (B) Pathogen load 30
hpi measured by qRT-PCR targeting anN. parisii small subunit rRNA, normalized to aC. elegans small subunit rRNA (see Materials and Methods for details).
Data are mean values of four biological replicates from two independent experiments with error bars denoting standard deviation (SD). Differences among
means are statistically significant (P<0.05) by one-way ANOVA.

doi:10.1371/journal.ppat.1004583.g001
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of N. parisii that was isolated in Paris, France (strain ERTm1) to determine whether HW C. ele-
gans were also more resistant to a strain of N. parisii isolated from a distant geographical loca-
tion. Indeed, we found that HW also lived longer and was more resistant than N2 when
infected with the N. parisii strain from France (S4 Fig.). All subsequent experimentation was
performed with the N. parisii strain from Hawaii.

To confirm via a different assay that HW animals are more resistant to infection than N2
animals, we examined pathogen load in N2 and HW animals using a fluorescence in situ hy-
bridization (FISH) assay with a fluorescent probe that targets the N. parisii small subunit
rRNA. Consistent with the qPCR results (Fig. 1B), we found that pathogen load 30 hpi was
much lower in HW animals compared to N2 animals (Fig. 2A–B).

Figure 2. Age-dependent variation in resistance toN. parisii infection.Representative images of
N2 (A,C) and HW (B,D) infected with N. parisii as L1s (A,B) or L2s (C,D) and stained 30 hpi by FISH with an
N. parisii-specific rRNA probe (red). (E) Pathogen load in N2 and HW 30 hpi across the four larval stages.
Infection is quantified with a COPAS Biosort by measuring the mean redN. parisii FISH signal in individual
animals normalized to nematode size (assessed by time-of-flight, or TOF). Graph shows mean values across
three independent experiments with error bars as SD. For each experiment, the mean was determined from
two biological replicates, each containing 1500 animals.

doi:10.1371/journal.ppat.1004583.g002
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One potential reason for decreased pathogen load of HW animals is that they may simply
feed less than N2 animals and thereby ingest a lower initial inoculum of N. parisii spores. To
examine this possibility, we compared the feeding rate between N2 and HW at the L1 stage by
inoculating animals with GFP-labeled E. coli together with N. parisii spores and measuring
fluorescent accumulation in the intestinal lumens of individuals over time. These experiments
revealed that HW L1 animals did not feed less than N2 L1 animals and in fact fed slightly more
(S5 Fig.). Thus, lower pathogen load in HW animals is not simply caused by a lower rate of
feeding and a lower initial inoculum of pathogen.

The experiments described above were performed with animals infected at the first larval
stage of development, although previously we had described that N2 C. elegans are susceptible
to infection by N. parisii at all four larval stages (L1 through L4), as well as the adult stage [18].
Interestingly, we found that the difference in pathogen load between N2 and HW was vastly re-
duced when animals were inoculated with N. parisii at the L2 stage, compared to animals that
were inoculated at the L1 stage (Fig. 2C–D). We quantified pathogen load by FISH staining
and COPAS Biosort analysis of a population of animals 30 hpi at each of the four larval stages
and found that the differences between N2 and HW were restricted to infections initiated at
the L1 stage (Fig. 2E). These results indicate that young HW animals are much more resistant
to infection than young N2 animals, but this enhanced pathogen resistance of HW animals is
rapidly lost with age.

Young HW animals can clear infection, whereas N2 animals and older
HW animals cannot clear infection
The pathogen resistance of HW animals could be caused by an inability of N. parisii to invade
and establish an infection in these animals, or by the ability to limit or clear an infection once it
has been established. The results from our feeding experiments with fluorescent E. coli indicat-
ed that HW animals receive a similar initial inoculum of pathogen in their intestinal lumens
(S5 Fig.), but it remained possible that the pathogen may be less able to invade and establish an
infection inside intestinal cells of HW animals. To investigate this possibility, we analyzed in-
tracellular infection at a very early stage. Previously, we had identified the earliest signs of
N. parisii invasion and intracellular growth at 8 hpi [25] (and see life cycle in S1 Fig.), and
here we show that intracellular N. parisii parasite cells can be identified even earlier at 3 hpi,
by visualization of small, mono-nucleate N. parisii ‘sporoplasms’ inside C. elegans
intestinal cells (Fig. 3A). These sporoplasms then develop into larger, multi-nucleate
meronts by 20 hpi (Fig. 3B). We quantified this infection and found that approximately 90%
of animals in a population of either N2 or HW animals had at least one intracellular
pathogen cell in their intestines (Fig. 3C). To further quantify this initial invasion and
infection, we counted the number of parasite cells per animal at 3 hpi and found that this num-
ber was slightly lower in HW animals (Fig. 3D). The fact that a similar percentage of N2 or
HW animals is infected at 3 hpi lends further support to the hypothesis that the variation in re-
sistance is not caused by differences in the rate of pathogen exposure or invasion but rather by
an enhanced resistance in HW animals that acts post-invasion to mediate clearance
of infection.

Next, we directly assessed whether HW C. elegans can clear an infection by comparing in-
fection at different time points. Because it is necessary to fix and stain infected animals to con-
clusively identify pathogen cells, we cannot track a single parasite cell over time in the same
animal. Instead, we analyzed animals sampled from the same infected population over time. In
the previously described experiments analyzing infection at 30 hpi (Figs. 1 and 2), C. elegans
animals were inoculated with infectious N. parisii spores and were continuously exposed to

Epithelial Clearance of Microsporidia inC. elegans
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these spores throughout the course of the experiment. Under these conditions, all animals in
a population will eventually become infected. To create conditions in which it may be possible
to observe an animal clear an infection that has already been established, we developed a
‘pulsed-inoculation’ assay. Specifically, we took half of the animals from a population at 3 hpi
that had been analyzed as described above and re-plated them in the absence of spores. We
then harvested these animals at 20 hpi, fixed, FISH-stained to label pathogen cells and then de-
termined the percentage of animals exhibiting infection, where 0% means no animals in the
population had infection and 100% means that all animals in the population had at least one
pathogen cell present. Strikingly, the percentage of HW animals that showed any evidence
of infection was dramatically decreased from 90% at 3 hpi to only about 20% at 20 hpi,
indicating that most animals that were infected at 3 hpi were able to clear the infection by
20 hpi (Fig. 3C). By contrast, N2 animals did not show a lower percentage of animals
infected at 20 hpi, indicating they were not able to clear infection. Furthermore, when animals
were inoculated at the L4 stage, neither N2 nor HW animals were able to clear the infection
(Fig. 3C). Thus, it appears that young HW animals can clear an intracellular N. parisii infection
from their intestinal epithelial cells, but they lose this ability before reaching a
reproductive age.

Figure 3. Age- and strain-dependent variation in clearance ofN. parisii infection. (A) EarlyN. parisii sporoplasms in an N2 animal 3 hpi, fixed, and
stained for DNA with DAPI (blue) and for N. parisii rRNA with FISH (red). (B)N. parisiimulti-nucleate meronts in an N2 animal 20 hpi. (A, B) Arrows indicate
individual parasite cells, dotted white line indicates the intestine. (C) Percentage of animals that are infected at 3 hpi and 20 hpi. Solid lines show percentages
when animals are inoculated at the L1 stage, and dashed lines show percentages when animals are inoculated at the L4 stage. The mean percentage of
each condition from three independent experiments is shown with error bars as SD. Each experiment had at least 100 animals per condition. (D) Mean
number of parasite cells measured by FISH 3 hpi in infected L1 and L4 stage animals from three independent experiments with error bars as SD. Asterisks
indicate significance (P<0.001) by t-test. Each experiment had at least 100 animals per condition.

doi:10.1371/journal.ppat.1004583.g003
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Resistance in young HW animals reduces mortality, maintains fecundity,
and confers a selective advantage during infection
One potential driver of age-specific resistance could be variation in the selective pressure that is
applied by infection at different ages. Thus, we investigated the relative fitness of N2 and HW
animals exposed to pathogen at different ages, focusing first on survival as a measure of fitness.
In our results described above, HW animals lived about 33% longer than N2 animals during in-
fection (Fig. 1A). In these experiments, animals were inoculated as L1 animals and then ex-
posed to pathogen throughout their lifetimes. In order to more closely compare differential
immunity to exposure at different ages, we performed the ‘pulsed-inoculation’ for three hours,
removed animals from pathogen and then measured lifespan. With this ‘pulsed-inoculation’
introduced at the L1 stage, HW animals lived two and half times longer than N2 animals
(Fig. 4A). Strikingly, HW animals inoculated as L1 animals had relatively little decrease in sur-
vival compared to uninfected HW animals (Fig. 4A). By contrast, N2 animals inoculated as
L1 animals had dramatically decreased survival compared to uninfected N2 animals. Thus, the
early life immunity of HW L1 animals was sufficient to nearly eliminate the negative impact of
pathogen exposure on survival during this time. Interestingly, no significant difference in sur-
vival between N2 and HW animals was observed when pathogen inoculation occurred at the
L4 stage. In this experiment, both N2 and HW animals died much more quickly than
uninfected controls.

To further investigate how age-specific resistance of HW animals may affect fitness, we in-
vestigated overall progeny production, which is a key driver of evolutionary success. We found
that progeny production for both the N2 and HW strains was not significantly different in ani-
mals inoculated with pathogen at the L4 stage compared to animals that were not exposed to
pathogen. However, inoculation at the L1 stage led to a significant reduction in lifetime fecun-
dity. In particular, N2 had drastically fewer progeny, while HW had only slightly fewer progeny
(Fig. 4B). Thus, HW immunity at the L1 stage improves lifetime fecundity and is likely to im-
prove evolutionary success. By contrast, resistance at the L4 stage does not appear to be impor-
tant for evolutionary success, given that progeny number is not significantly reduced by
pathogen inoculation at this stage.

Both N2 and HW have reduced lifetime fecundity when infected at the L1 stage, but infected
HW animals have significantly more progeny than infected N2 animals. We tested to see if this
difference confers a competitive advantage to HW in an environment shared with N2. L1 stage
animals were inoculated with spores for three hours and then grown to the L4 stage in the ab-
sence of spores, followed by plating of equal numbers of N2 and HW animals on a shared
plate. The population was then expanded to saturation and analyzed for the relative abundance
of each C. elegans strain within the population. In uninfected populations the ratio of N2 to
HW animals was 58% to 42%, respectively (Fig. 4C). In the presence of pathogen, the ratio of
N2 to HW animals shifted to 19% and 81%, respectively (Fig. 4C). Taken together, these exper-
iments demonstrate that the enhanced resistance of young HW animals confers a selective ad-
vantage over N2 animals in a laboratory setting.

The HW phenotype of enhanced immunity is dominant to the N2
phenotype
Having established phenotypic variation in resistance to microsporidia infection, we sought to
characterize the underlying genetic variation. Several phenotypic differences between N2 and
HW have previously been investigated, and the causative genes responsible for those differ-
ences have been identified [26–34]. In particular, a variant in the npr-1 gene, which encodes a
neuropeptide Y-like G-protein-coupled receptor, is known to mediate several fitness-related

Epithelial Clearance of Microsporidia inC. elegans
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Figure 4. Survival, fecundity, and competition between N2 and HW strains in the presence and
absence of infection. (A) Survival curves of uninfected N2 and HW animals, animals infected at the L1
stage, and animals infected at the L4 stage plotted on the number of days post L1 stage. Significance was
measured by the Log-rank (Mantel-Cox) test comparing infected groups to uninfected of the same strain with
asterisks indicating p-values where ****<0.0001. (B) Lifetime fecundity of uninfected and infected animals is
shown. Conditions were compared by one-way ANOVA and Tukey’s multiple comparison test with
significance reported for comparisons with uninfected controls. Asterisks indicate p-values, where **<0.001
and ***<0.0001. Data for (A) and (B) are from the same animals. Both (A) and (B) are a representative of two
independent experiments each with 20 animals per condition. n.s. means not significant. (C) Competitive
outcome of an environment shared by N2 and HW in the absence and presence of infection. The proportion
of the population that is N2 is shown in red and HW in blue. Mean proportions across three independent
experiments are shown, each with three biological replicates, with error bars as SD from all nine
biological replicates.

doi:10.1371/journal.ppat.1004583.g004
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differences between N2 and HW in a laboratory setting, including lifetime fecundity and avoid-
ance of the human pathogen Pseudomonas aeruginosa [26, 34]. To determine whether npr-1 is
responsible for the differences in resistance to microsporidia, we measured pathogen load in
N2 and HW strains harboring an introgressed npr-1 locus from the other strain and found no
significant differences between the introgressed strains and the parental strains (S6 Fig.). Fur-
thermore, a deletion mutation for npr-1 in the N2 background had similar pathogen load as
the N2 strain (S6 Fig.). Thus, the npr-1 gene does not appear to be responsible for the enhanced
resistance to microsporidia infection of HW animals compared to N2 animals.

The increased resistance of HW animals to infection by N. parisii could be caused by the ab-
sence of a host factor important for N. parisii growth or by the presence of an increased host
immune response. To distinguish between these two models, we examined whether the HW re-
sistance phenotype was dominant or recessive to the N2 phenotype. We tested the F1 heterozy-
gous progeny from a cross between N2 and HW for pathogen load by FISH and found that
heterozygotes were as resistant as HW homozygotes (S7 Fig.), indicating that resistance is
dominant. Together with the data on clearance of infection, these results support the model
that HW has an increased immune response to N. parisii infection compared to N2.

Resistance to microsporidia infection is a complex trait
Next, we sought to identify the number and location of the genetic regions contributing to the
variation in immunity between N2 and HW animals. We used quantitative genetic analyses to
map the causal quantitative trait loci (QTL) by infecting 179 recombinant inbred advanced in-
tercross lines (RIAILs) between the N2 and HW strains [35] and measuring pathogen load 30
hpi by qRT-PCR (S1 Table). Pathogen load values for RIAILs varied continuously and were
generally well bounded by the parental values (S8 Fig.). Replicate data from the parents and all
RIAILs indicated that the broad-sense heritability of resistance was 69%, signifying that much
of the variation in resistance is caused by genetic factors. Single-marker regression revealed
four loci on chromosomes II, III, and V that are associated with variation in resistance (Fig. 5A
and S2 Table). RIAILs bearing the HW allele at these loci had significantly lower pathogen
loads than those carrying the N2 allele. We named these loci Resistant Against Microsporidia
Infection (rami): rami-1, rami-2, rami-3, and rami-4. Together, these four genetic loci account
for 51% of the phenotypic variance. Thus, the rami QTL appear to explain the majority (51/69
= 74%) of the N2-HW genetic variance.

To confirm that the genetic loci identified by QTL analysis could influence pathogen resis-
tance, we made and tested NILs, which bear either an interval from the N2 strain introgressed
into the HW strain or an interval from the HW strain introgressed into the N2 strain. We in-
vestigated the rami-1 and rami-4 loci, which should account for about 15% and 12% of the phe-
notypic variance respectively (S2 Table). We generated NILs for rami-1 and rami-4 where the
N2 interval was introgressed in the HW strain and vice versa. We then infected these strains
with N. parisii and quantified pathogen load by qRT-PCR. Compared to the N2 strain, NILs in
the N2 background with the rami-1 or rami-4 locus from HW had on average a 44% or 36% re-
duction in pathogen load, respectively (Fig. 5B). When both rami-1 and rami-4 from HWwere
present in the N2 background there was a 62% reduction in pathogen load compared to N2.
The opposite effect was seen for NILs that were made in the HW background with rami-1 or
rami-4 from N2; i.e., these animals were more susceptible than HW. Compared to the HW
strain, NILs with rami-1 or rami-4 from N2 were 39% and 31% more susceptible, respectively,
and 67% more susceptible when rami-1 and rami-4 were combined (Fig. 5B). Additionally, we
tested the rami-4 NIL in the N2 background for pathogen load with the FISH assay and found
that with this assay as well, the rami-4 locus made N2 significantly more resistant to infection
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Figure 5. Linkagemapping results for N2 and HW resistance to N. parisii infection. (A) Logarithm of the
odds (LOD) ratios for linkage between pathogen load and genomic position in RIAILs. Dotted line is the
5% genome-wide significance threshold obtained after 10,000 permutations of the phenotype data. Red
triangles indicate rami loci. (B) Pathogen load measured by qRT-PCR in parental strains and near-isogenic
lines (NILs) bearing the QTL intervals for chromosome II and/or chromosome V. Graphed are the mean
values with error bars as SD from at least eight replicates over four experiments. Chromosomes are drawn
red for N2 genotype and blue for HW genotype. The written genotype describes markers at the indicated
QTL.

doi:10.1371/journal.ppat.1004583.g005
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(S9 Fig.). Altogether, our results indicate that the rami-1 and rami-4 loci both additively pro-
mote C. elegans resistance to N. parisii.

Discussion
Our findings demonstrate that there is natural variation in C. elegans host defense against
microsporidia infection. We used variation between the N2 and HW strains to characterize the
phenotypic and genetic basis of resistance to N. parisii. Surprisingly, we found that intestinal
epithelial cells can clear intracellular infection in the HW strain but only when infection occurs
at a young age. We observed that infection has a large negative impact on progeny production
if it occurs at a very young age but not at a later pre-reproductive age, delineating one potential
evolutionary reason for the age-specific resistance we identified. We used RIAILs generated
from crosses between the susceptible N2 strain and the resistant HW strain to identify four
QTL that contribute to a complex genetic basis of resistance to a natural intracellular pathogen.

Age-related decline in immune response has been widely observed among animals [15], al-
though our findings of loss of immune function at such an early, pre-reproductive stage are un-
usual. Most studies of immunosenescence focus on reproductive or post-reproductive animals.
For example, a master regulator of immune defense in C. elegans is the p38 MAPK PMK-1,
which has been shown to functionally decline around day six of adulthood [16], after reproduc-
tion has ended. In addition, the C. elegans JNK-like MAPK KGB-1 has a reversal in protective
function beginning in adulthood [36]. Here, we made the surprising observation that the en-
hanced resistance of the HW strain to N. parisii infection is limited to very young animals, and
that immunity to this pathogen declines well before animals have begun adulthood and pro-
duction of progeny. Our analysis suggests that the absence of enhanced immunity in older, al-
beit pre-reproductive, HW animals may have been shaped by weakened selective pressure.
Employing a strong immune response may have negative consequences, including metabolic
costs and the potential for self-damage. In the absence of selective pressure imposed by infec-
tion on progeny production that we observed in older larvae, maintaining a robust immune re-
sponse may be superfluous and costly to the evolutionary success of the individual. It is
surprising that infection of older pre-reproductive animals led to sharp decreases in lifespan
but not to significant decreases in production of progeny. Because older animals were not able
to clear infection, perhaps resources at older age are reallocated from immunity to reproduc-
tion. Our data indicate a drastic decline in immune responses to pathogens that occur earlier
than those results described in other studies.

As wild C. elegans strains infected by microsporidia have been isolated from around the
world [18, 20], it is likely that co-evolution has contributed to genetic diversity and natural var-
iation in resistance. Researchers have isolated strains of C. elegans from six continents, and the
genetic diversity among these strains was recently documented [24]. The N2 and HW strains
are highly divergent from each other, and we found that they vary in resistance to N. parisii.
The enhanced resistance of the HW strain may incur costs that make it less fit in the absence of
infection. Our data on relative fitness support this idea, in that HW has a shorter lifespan than
N2 in the absence of infection (Fig. 4A). However, this difference may be explained by variation
in the npr-1 gene [26], while the difference we see in resistance to N. parisii cannot (S6 Fig.).
Regardless, variation between these two strains may not necessarily capture variation that is
relevant to evolution in a natural setting due to adaptations that may have occurred in a labora-
tory setting. A case in point is the variation between N2 and HW in NPR-1-mediated behav-
iors, which were originally believed to be naturally derived but have since been convincingly
shown to be due to a laboratory adaptation in N2 [32, 35]. As discussed above, variation in
NPR-1 between N2 and HW gives N2 a fitness advantage in standard laboratory conditions.
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This variation confounds our ability to assess the potential costs of immunity that may be part
of the resistance of the HW strain. We tested four additional wild isolates that span the geo-
graphic and genetic range of strains characterized so far and found equal proportions of rela-
tive resistance and susceptibility. The data from this limited set of strains suggest that natural
variation in resistance to N. parisii is an ecologically relevant trait. Genetic association studies
with additional strains may identify the resistance alleles that are segregating in the
global population.

We found that increased survival upon N. parisii infection among different C. elegans
strains generally correlated with increased pathogen resistance (ability to control N. parisii
pathogen load). However, the C. elegans strain JU778 survived infection as long as the JU258
strain despite having higher pathogen load 30 hpi, suggesting that both tolerance and resistance
vary among wild strains (S2 Fig.). Also supporting the variation in tolerance is the observation
that the JU778 strain slightly outlived the N2 strain when infected but died faster in the absence
of infection (S1 Fig.). These observations indicate that the longevity advantage of the JU778
strain may be specific to the context of N. parisii infection. Although there may be variation
among strains in their ability to tolerate N. parisii infection, we focused on variation in resis-
tance. We found that the enhanced resistance of HW is mediated by an active clearance of in-
fection from intestinal epithelial cells. To our knowledge, clearance of intracellular pathogens
by intestinal epithelial cells has not previously been demonstrated in any animal host. The cell-
intrinsic immune capabilities of epithelial cells are increasingly appreciated in mammals [37].
For example, autophagy in epithelial cells can limit invasion and dissemination of bacterial
pathogens [38]. Microsporidia commonly infect intestinal epithelial cells in humans. Interest-
ingly, studies of microsporidia infection in humans suggest that intestinal infections by micro-
sporidia might be cleared by immunocompetent people [2, 39]. It is known that the adaptive
immune system is important for clearing microsporidia infections in humans, but it is attrac-
tive to speculate that human intestinal epithelial cells may also play a role in clearing infections,
similar to C. elegans intestinal epithelial cells. Identifying the mechanisms of clearance in C. ele-
gansmay help elucidate the immune capacity of epithelial cells in general, which are the first
line of defense against many microbial infections.

Although previous studies in C. elegans found that variation in resistance to the human
pathogen P. aeruginosa was a simple trait determined predominantly by a single gene [34], we
found that C. elegans resistance to N. parisii infection is a complex genetic trait. We mapped
four loci that explain a large fraction of the genotypic variance and used NILs to directly con-
firm the effects of rami-1 and rami-4. Immunity-related genes have undergone exceptional
amounts of positive selection in humans and other organisms [40]. For example, genes encod-
ing major histocompatibility locus (MHC) proteins, immune signaling proteins and antimicro-
bial peptides have increased in diversity over recent evolutionary time. Hundreds of genes fall
within the rami loci, and one approach to identifying candidates for further study may be to
screen for genes that display signatures of positive selection. For example, the ubiquitin-depen-
dent proteasome adaptors encoded by F-box and MATH-BTB genes are among the most rap-
idly diversifying genes in the C. elegans genome and have unparalleled rates of birth-death
evolution [41]. These genes are under strong positive selection in their substrate-binding do-
mains but not in their Cullin-binding domains, suggesting that they have evolved to detect and
degrade foreign proteins as an immune defense mechanism [41]. Ubiquitin-mediated proteoly-
sis has been implicated in host-pathogen interactions in both plants and animals [42] and is an
attractive hypothesis for how C. elegansmight combat an intracellular invasion such as N. pari-
sii infection. In support of this hypothesis, we recently found that components of the ubiqui-
tin-proteasome system are upregulated during infection and that disrupting the ubiquitin-
proteasome system or autophagy in C. elegans during N. parisii infection increases pathogen
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load in the N2 strain [43]. Further refinement of our infection assays, together with genetic and
molecular analyses, should uncover the specific genetic polymorphisms that have evolved to
produce enhanced epithelial resistance in the HW strain. Epithelial cells are critical sites of
host interactions with pathogens, and we find that they can directly eliminate intracellular in-
fection based on several genetic loci that are tailored to the success of propagating the species.

Materials and Methods
C. elegans and N. parisii strains
C. elegans strains were maintained on nematode growth media (NGM) seeded with E. coli
OP50–1 (which is a streptomycin-resistant OP50 strain) as previously described [44]. For sim-
plicity, this strain is referred to as OP50 throughout. To obtain starved and synchronized L1
larvae, gravid adults were bleached to isolate eggs, which then were allowed to hatch overnight
at 20°C [45]. The C. elegans strains N2, CB4856 (HW), JU778, JU258, and ED3046 were ob-
tained from the Caenorhabditis Genetics Center. ERT002 is derived from strain CPA24, which
was previously isolated from a compost pile in Franconville, France and was the original strain
of C. elegans isolated with N. parisii ERTm1 infection [18, 25]. Strain CPA24 was subsequently
bleached to remove the infection and renamed ERT002 to conform to C. elegans nomenclature
conventions. For mapping, we used a set of advanced intercross recombinant inbred lines gen-
erated previously with the N2 and CB4856 strains [35]. The N. parisii strain we used in all in-
fection experiments except S4 Fig. was ERTm5, a N. parisii strain isolated from JU2055, a
Caenorhabditis briggsae strain found in a rotting breadfruit sampled in early April 2011 by
Christopher Nelson in Limahuli Gardens, Haena, Kauai (Hawaii 22.219 North, -159.5763
West). Spores were prepared and quantified as previously described [46].

Survival assays
For survival measurements in the six C. elegans strains during infection (Fig. 1), synchronized
L1 larvae were plated on 6 cm NGM plates seeded with OP50 and inoculated with 2 × 106 N.
parisii spores at 25°C. At 48 hpi, 30 animals were transferred to 3.5 cm plates seeded with
OP50 with three plates per experiment. Live animals were quantified every 24 hours and trans-
ferred to fresh plates. For survival in N2 and HW during infection and in the absence of infec-
tion (Fig. 4), 1200 synchronized L1 larvae were inoculated with 100 μl of a 10x concentrate of
an overnight OP50 culture and 2 × 106 N. parisii spores on 6 cm NGM plates at 25°C for three
hours. Animals were then washed several times to remove spores and re-plated with OP50
until 48 hpi at 20°C. Uninfected animals followed the same conditions in the absence of spores.
L4-infected animals followed the same conditions but were infected for three hours at the L4
stage. 20 individuals from each condition were then plated on 3.5 cm NGM plates seeded with
OP50, incubated at 20°C, and transferred to fresh plates every 24 hours until death or progeny
production stopped. Mortality was recorded every 24 hours. Data were analyzed in Prism 6
with the Log-rank (Mantel-Cox) test.

Infection assays
Animals were infected in liquid culture or on solid media. For liquid culture infections, 2000 syn-
chronized L1 larvae in 0.5 mL of M9 buffer were plated per well in a 24-well plate. 0.5 mL of M9
buffer containing OP50 and 2 × 106 N. parisii spores was then added to each well. Plates were in-
cubated on a rocker at 25°C. For solid media infections, 1200 synchronized L1 larvae were inocu-
lated with 100 μl of a 10x concentrate of an overnight OP50 culture and 2 × 106 N. parisii spores
on 6 cm NGM plates. When plating, media was evenly distributed across the entire plate. Plates

Epithelial Clearance of Microsporidia inC. elegans

PLOS Pathogens | DOI:10.1371/journal.ppat.1004583 February 13, 2015 14 / 21



56 

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

were then incubated at 25°C. For infections initiated at stages other than the L1 stage, animals
were plated for 24 hours at 20°C before adding spores for the L2 stage, plated for 24 hours at 25°
C before adding spores for the L3 stage or plated for 24 hours at 20°C followed by 24 hours at 15°
C before adding spores for the L4 stage. Samples were fixed different times post-inoculation with
Tri-Reagent (Molecular Research Center) to extract RNA or with acetone to stain by FISH.

Measurements of pathogen load by qRT-PCR
RNA was isolated by extraction with Tri-Reagent and bromochloropropane (BCP) (Molecular
Research Center). 250 ng of RNA from each sample was used to synthesize cDNA with the
RETROscript kit (Ambion). cDNA was quantified with iQ SYBR Green Supermix (Bio-Rad)
on a CFx Connect Real-time PCR Detection System (Bio-Rad). We measured pathogen load by
measuring the relative abundance of an N. parisii rDNA transcript normalized to a C. elegans
rDNA transcript with the following primer sets: Np_rDNAF1: aaaaggcaccaggttgattc,
Np_rDNAR1: agctctctgacgcttccttc, Ce18S_F1: ttgcgtacggctcattagag, Ce18S_R1: agctccag-
tatttccgcagt. Primer efficiencies were measured, and fold difference was calculated using the
Livak comparative Ct method (2-ΔΔCt).

Measurements of pathogen load by FISH
We used the MicroB probe conjugated to a red Cal Fluor 610 dye (Biosearch Technologies) to
stain infected animals for an N. parsii ribosomal RNA small subunit sequence as previously de-
scribed [18]. Pathogen load was measured with the COPAS Biosort (Union Biometric) or by
microscopy. For analysis with the COPAS Biosort, greater than 600 animals per condition were
measured for time of flight (TOF, a measure of size) and red fluorescence. Pathogen load per
individual was determined by normalizing the red signal to TOF. For microscopy, samples
were mounted on agarose pads with VECTASHIELD mounting medium containing DAPI
(Vector Labs) and imaged using fluorescent microscopy on a Zeiss AxioImager M1 upright mi-
croscope with a 10x or 100x oil immersion objective equipped with an AxioCam digital camera
and AxioVision software. Sporoplasms at 3 hpi were imaged by confocal microscopy acquired
on a Zeiss LSM700 at 630x magnification using ZEN2010 software.

Pathogen clearance assay
For L1 experiments, 1200 synchronized L1 larvae were inoculated with 100 μl of a 10x concen-
trate of an overnight OP50 culture and 2 × 106 N. parisii spores on 6 cm NGM plates at 25°C
for three hours. Animals were then washed several times to remove spores and half were fixed
in acetone while the other half was re-plated with OP50 and incubated at 25°C until fixing 20
hpi. L4 experiments followed the same procedure, but infections were initiated at the L4 stage.
Sample were stained by FISH and analyzed by microscopy. For the 3 hpi samples, 100 animals
per condition were imaged at 1000x to count the number of infected individuals and the num-
ber of parasite cells per animal. For the 20 hpi samples, 100 animals were imaged at 100x to
count the number of infected individuals.

Pulsed infection and lifetime fecundity assay
1200 synchronized L1 larvae were inoculated with 100 μl of a 10x concentrate of an overnight
OP50 culture and 2 × 106 N. parisii spores on 6 cm NGM plates at 25°C for three hours. Ani-
mals were then washed several times to remove spores and re-plated with OP50 until 48 hpi at
20°C. Uninfected animals followed the same conditions in the absence of spores. L4-infected
animals followed the same conditions but were infected for three hours at the L4 stage. Twenty

Epithelial Clearance of Microsporidia inC. elegans

PLOS Pathogens | DOI:10.1371/journal.ppat.1004583 February 13, 2015 15 / 21



57 

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

individuals from each condition were then plated on 3.5 cm NGM plates seeded with OP50, in-
cubated at 20°C, and transferred to fresh plates every 24 hours until death or progeny produc-
tion stopped. Progeny per animal were counted every 24 hours following the L4 stage. After
transferring to fresh plates, the source plates were incubated at 20°C for 24 hours to allow all
eggs to hatch, then incubated at 15°C for 24 hours before counting. Data were analyzed in
Prism 6 by one-way ANOVA and Tukey’s multiple comparison test.

Competition assay
Infection was initiated as in the lifetime fecundity experiments. Once animals had reached the L4
stage, 15 N2 and 15 HW animals were added to 15 cm NGM plates seeded with 3 mL of a 10x
concentrate of an overnight OP50 culture and incubated at 20°C. Animals were harvested once
food was nearly depleted, which was approximately five days post-plating for uninfected popula-
tions and approximately seven days post-plating for infected populations. Each condition was re-
peated in triplicate per experiment over three total experiments. Genomic DNA was obtained by
phenol-chloroform extraction. To determine the ratio of N2 to HW genomic DNA in the sam-
ples, we used qPCR to measure the relative abundance of a transcript in the zeel-1 locus (deleted
in HW) normalized to a snb-1 transcript (present in both) with the following primer sets:
zeel1_N2F1: gggcaattttcaaaagcaga, zeel1_N2R1: gttggtgtgctgaattttct, snb-F1: ccggataagaccatctt-
gacg, snb-R1: gacgacttcatcaacctgagc. Standard curves of measuring N2 and HW genomic DNA
independently and at different known combined concentrations over several biological and tech-
nical replicates revealed that on average the observed ratio was 5% off from the expected ratio.

Feeding rate measurements
For each condition, 2000 synchronized L1 larvae in 0.5 mL of M9 buffer were plated per well in
a 24-well plate. 0.5 mL of M9 buffer containing unlabeled OP50 or GFP-labeled OP50 and 2 ×
106 N. parisii spores was then added to each well. Plates were incubated on a rocker at 25°C.
Animals were collected each hour for three hours post-plating and mounted on agarose pads
for imaging using fluorescent microscopy at a constant exposure time on a Zeiss AxioImager
M1 upright microscope with a 40x oil immersion objective equipped with an AxioCam digital
camera and AxioVision software. The relative amount of GFP-labeled bacteria in the intestinal
lumens of animals was quantified by outlining individual animals and calculating the mean
fluorescent intensity with AxioVision software.

Pathogen load in F1 heterozygotes and homozygotes from crosses
between N2 and HW
For analyzing infection in F1 progeny of N2 and HW crosses, 50 L4 stage males were set up
with 30 L4 stage hermaphrodites overnight. Gravid hermaphrodites were bleached on 3.5 cm
plates to yield eggs that hatched in the absence of food to obtain synchronized F1 progeny.
OP50 was added, and synchronized larvae were inoculated with 7 × 105 N. parisii spores and
incubated at 25°C for 16 hours. Animals were fixed and stained by FISH, mounted on agarose
pads, and imaged on a Zeiss AxioImager M1 upright microscope with a 10x objective equipped
with an AxioCam digital camera and AxioVision software. 30 animals per condition were out-
lined and measured for mean fluorescent intensity in the red channel.

QTL mapping
179 recombinant inbred advanced intercross lines (RIAILs) from a cross between the Bristol
(N2) and Hawaii (CB4856) strain were phenotyped by isolating RNA from infected animals
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30 hpi and measuring pathogen load by qRT-PCR (see above). N2 and HW were phenotyped
in parallel for each experiment, and pathogen load in the RIAILs was normalized to N2. 21
RIAILs were phenotyped on solid media and 158 RIAILs were phenotyped in liquid media (see
above for setup, data shown in S1 Table). The normalized fraction of N. parisii DNA of each
RIAIL and the respective genotype data [35] were entered into the R statistical programming
environment and processed using the qtl package [47]. The phenotypic distribution of the
RIAILs had a long right tail, so QTL were mapped using non-parametric marker regression.
The 5% genome-wide significance threshold was calculated based on 10,000 permutations of
the phenotype data [48]. The most significant marker was used as a covariate to identify addi-
tional QTL until no more significant QTL were detected. The total phenotypic variance ex-
plained was calculated by squaring the rank-sum correlation of genotype and phenotype for
each QTL. Broad-sense heritability was calculated as the fraction of phenotypic variance ex-
plained by strain from fit of a linear mixed-model of repeat phenotypic measures of the parents
and some recombinant strains [49]. The total variance explained by each QTL was divided by
the broad-sense heritability to determine how much of the heritability is explained by each
QTL. Confidence intervals were defined as the regions contained within a 1.5 LOD drop from
the maximum LOD score.

Near-isogenic line construction
RIAILs were selected that contained N2 or CB4856 genomic regions spanning the QTL inter-
vals for chromosome II or chromosome V. We backcrossed these regions to the appropriate
parental strain at least 12 times for each line, genotyping at SNPs bounding the interval at each
cross. To generate strain ERT246 jyIR1[CB4856> N2] II, Qx228 males were crossed to N2 her-
maphrodites and the F2’s that segregated CB4856 markers at SNPs corresponding to the physi-
cal locations 1,373,016 and 2,090,144 were selected and homozygosed. Male progeny
homozygous for CB4856 markers were crossed to N2 hermaphrodites, which was repeated
until the F12 generation. NILs were then genotyped at markers across the arms and centers of
all autosomes to confirm that they were N2 outside of the interval. The same basic strategy was
followed for generating the other three single NILs, with the chromosome V interval genotyped
at physical locations 16,734,456 and 17,917,291: the Qx88 strain was used to generate strain
ERT247 jyIR2[N2> CB4856] II, the Qx217 strain was used to generate strain ERT248 jyIR3
[CB4856> N2] V, and the Qx239 strain was used to generate strain ERT249 jyIR4[N2>
CB4856] V. Double NILs bearing both QTL intervals from one parent in the reciprocal back-
ground were generated by crossing single NILs and genotyping at the bounding markers listed
above for homozygotes in the F2 progeny. Double NIL strains are ERT250 and ERT251.

Supporting Information
S1 Table. Pathogen load data for RIAILs and parental strains used for QTL mapping. Raw
pathogen load data used for mapping, organized by strain and experimental date.
(xLSx)

S2 Table. Summary of the locations, sizes and phenotypic variance of QTL associated with
resistance. Information on the names, chromosomal positions, and percentages of the pheno-
typic variance explained by the four QTL associated with variation in resistance.
(DOCx)

S1 Fig. Lifecycle of N. parisii in C. elegans. Pathogen is outlined in red, nuclei of host and
pathogen are shown in blue. After C. elegans ingests an N. parisii spore, the mono-nucleate
contents of that spore invade an intestinal epithelial cell. Over time, a replicative multi-nucleate
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form called a meront is established before differentiation into new spores. These spores exit the
host cell via exocytosis and transmit infection to other animals after being defecated into the
environment. The approximate timing of these events are shown from infections that occur at
25°C.
(TIF)

S2 Fig. Longevity of wild strains in the absence of infection. Lifespan curves of six C. elegans
strains in the absence of infection. Data are mean values of three independent experiments,
each with three replicate plates containing 30 animals for each strain.
(TIF)

S3 Fig. Correlation between pathogen load and survival upon N. parisii infection. Data
from Fig. 1A and 1B were plotted against each other, and the correlation coefficient was deter-
mined by simple linear regression analysis.
(TIF)

S4 Fig. Variation in the response of N2 and HW C. elegans strains to infection by N. parisii
strain ERTm1 from France. (A) Survival curves of the N2 and HW C. elegans strains upon in-
fection by an N. parisii strain from France. Data are mean values of three plates containing 30
animals each and are representative of eight independent experiments. (B) Pathogen load at 30
hpi measured by qPCR targeting an N. parisii small subunit rDNA, normalized to a C. elegans
small subunit rDNA. Data are mean values of two biological replicates from a representative of
two independent experiments with error bars showing standard deviation (SD).
(TIF)

S5 Fig. Measurement of feeding rate in N2 and HW L1 animals. Starved L1 animals were in-
cubated with GFP-labeled E. coli (DH5α::GFP) or an unlabeled control E. coli strain (OP50) to
measure autofluorescence. Feeding was assessed by measuring fluorescence in the intestinal lu-
mens of individuals at 1 hpi, 2 hpi and 3 hpi. Individual values are plotted with mean and error
bars as SD for each treatment.
(TIF)

S6 Fig. Analysis of resistance against N. parisii in C. elegans strains that vary in the npr-1
gene. Strains in the N2 background carrying a deletion in npr-1(ky13) (Cx4148) or the npr-1
locus introgressed from HW (QG1) and a strain in the HW background carrying the npr-1
locus introgressed from N2 (Cx11400) were infected and analyzed for pathogen load 30 hpi by
qRT-PCR. Mean values are shown from biological duplicates with error bars as SD.
(TIF)

S7 Fig. HW resistance to N. parisii is dominant to N2. Pathogen load 16 hpi measured by
FISH in homozygous and heterozygous progeny of N2 and HW parents. The mean is indicated
by the wide horizontal bar with SEM. Data are from three representative experiments. The
male parental strain is indicated with a symbol, and the hermaphrodite parental strain has
no symbol.
(TIF)

S8 Fig. Pathogen load distribution in parents and RIAILs. Replicate data from parents and
RIAILs across all experiments. Tukey boxplots show interquartile range (IQR) from 25th to
75th percentile with horizontal lines indicating medians. The range bars encompass all data
within 1.5 IQR above and below the upper and lower IQRs, respectively. The y-axis is the path-
ogen load value (N. parisii rRNA normalized to C. elegans rRNA) for each replicate.
(TIF)
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S9 Fig. Pathogen load in NILs measured by FISH. Pathogen load measured 30 hpi by FISH
in parental strains and a near-isogenic line bearing the QTL interval for chromosome V
(rami-4). Graphed are the mean values from eight replicates over two experiments. Significance
between the N2 and rami-4 strain in the N2 background was determined by t-test. Chromo-
somes are drawn red for N2 genotype and blue for HW genotype. The written genotype de-
scribes markers at the indicated QTL.
(TIF)
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Figure 4-S1. Lifecycle of N. parisii in C. elegans. Pathogen is outlined in red, 
nuclei of host and pathogen are shown in blue. After C. elegans ingests an N. parisii 
spore, the mono-nucleate contents of that spore invade an intestinal epithelial cell. 
Over time, a replicative multi-nucleate form called a meront is established before 
differentiation into new spores. These spores exit the host cell via exocytosis and 
transmit infection to other animals after being defecated into the environment. The 
approximate timing of these events are shown from infections that occur at 25°C. 
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Figure 4-S2. Longevity of wild strains in the absence of infection. Lifespan 
curves of six C. elegans strains in the absence of infection. Data are mean values of 
three independent experiments, each with three replicate plates containing 30 
animals for each strain. 
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Figure 4-S3. Correlation between pathogen load and survival upon N. parisii 
infection. Data from Figure 1A and 1B were plotted against each other, and the 
correlation coefficient was determined by simple linear regression analysis. 
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Figure 4-S4. Variation in the response of N2 and HW C. elegans strains to 
infection by N. parisii strain ERTm1 from France. (A) Survival curves of the N2 
and HW C. elegans strains upon infection by an N. parisii strain from France. Data 
are mean values of three plates containing 30 animals each and are representative of 
eight independent experiments. (B) Pathogen load at 30 hpi measured by qPCR 
targeting an N. parisii small subunit rDNA, normalized to a C. elegans small subunit 
rDNA. Data are mean values of two biological replicates from a representative of two 
independent experiments with error bars showing standard deviation (SD). 
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Figure 4-S5. Measurement of feeding rate in N2 and HW L1 animals. Starved L1 
animals were incubated with GFP-labeled E. coli (DH5α::GFP) or an unlabeled 
control E. coli strain (OP50) to measure autofluorescence. Feeding was assessed by 
measuring fluorescence in the intestinal lumens of individuals at 1 hpi, 2 hpi and 3 
hpi. Individual values are plotted with mean and error bars as SD for each treatment. 
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Figure 4-S6. Analysis of resistance against N. parisii in C. elegans strains that 
vary in the npr-1 gene. Strains in the N2 background carrying a deletion in npr-
1(ky13) (Cx4148) or the npr-1 locus introgressed from HW (QG1) and a strain in the 
HW background carrying the npr-1 locus introgressed from N2 (Cx11400) were 
infected and analyzed for pathogen load 30 hpi by qRT-PCR. Mean values are shown 
from biological duplicates with error bars as SD. 
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Figure 4-S7. HW resistance to N. parisii is dominant to N2. Pathogen load 16 hpi 
measured by FISH in homozygous and heterozygous progeny of N2 and HW parents. 
The mean is indicated by the wide horizontal bar with SEM. Data are from three 
representative experiments. The male parental strain is indicated with a symbol, and 
the hermaphrodite parental strain has no symbol. 
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Figure 4-S8. Pathogen load distribution in parents and RIAILs. Replicate data 
from parents and RIAILs across all experiments. Tukey boxplots show interquartile 
range (IQR) from 25th to 75th percentile with horizontal lines indicating medians. The 
range bars encompass all data within 1.5 IQR above and below the upper and lower 
IQRs, respectively. The y-axis is the pathogen load value (N. parisii rRNA normalized 
to C. elegans rRNA) for each replicate. 
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Figure 4-S9. Pathogen load in NILs measured by FISH. Pathogen load measured 
30 hpi by FISH in parental strains and a near-isogenic line bearing the QTL interval 
for chromosome V (rami-4). Graphed are the mean values from eight replicates over 
two experiments. Significance between the N2 and rami-4 strain in the N2 
background was determined by t-test. Chromosomes are drawn red for N2 genotype 
and blue for HW genotype. The written genotype describes markers at the indicated 
QTL. 
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5 Associations of host ubiquitin and autophagy proteins with microsporidia cells 
during elimination of infection in intestinal epithelial cells 
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	 Microsporidia comprise a phylum of widely successful obligate intracellular 

pathogens of animals (see Chapter 1), and infections can be detrimental for hosts. In 

some contexts hosts are able to diminish the negative effects imposed by 

microsporidia by eliminating infection. In mammals the mechanism of clearance 

appears to require the killing of infected host cells, either cell-autonomously through 

the activation of interferon gamma signaling or through interactions with cytotoxic T-

cells (Ferreira-da-Silva Mda et al., 2014; Khan et al., 1999). It is not yet known if host 

cell death is sufficient to completely eradicate microsporidia infections, and the bases 

of host defense and elimination of microsporidia infection in other vertebrates and 

invertebrates have not been identified. 

 There are more than 1500 species of microsporidia that have been identified 

so far, and a large number of them grow in invertebrate hosts (Vavra and Lukes, 

2013). Microsporidia infections negatively affect the fitness of invertebrates, and this 

observation has led research into the potential for host defenses. The host 

transcriptional responses to microsporidia infections of mosquitoes, honey bees, fruit 

flies, and silkworms all involve upregulation of genes thought to be involved in 

immune defenses (Desjardins et al., 2015; Dussaubat et al., 2012; Ma et al., 2013; 

Roxstrom-Lindquist et al., 2004). However, no host gene or signaling pathway has 

been demonstrated to affect microsporidia in these hosts. Grasshoppers inoculated 

with microsporidia spores through feeding have been observed to prefer 

temperatures that are 6°C higher than uninfected controls, and incubating infected 

animals at elevated temperature led to greater longevity compared to infected 

animals incubated at the lower temperature preferred by uninfected animals 

(Boorstein and Ewald, 1987). It is not yet clear if the behavioral preference for 
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increased temperatures during infection affects the host fitness alone or also the 

fitness of microsporidia. Variation in host resistance to microsporidia infection has 

been reported in the water flea, though the genetic basis of this variation is complex 

and no specific defense genes or pathways have been identified (Routtu and Ebert, 

2015). We have found that when the roundworm Caenorhabditis elegans is infected 

by its natural microsporidian pathogen Nematocida parisii, the host upregulates many 

ubiquitin ligase genes, and demonstrated that host ubiquitylation components, the 

proteasome, and the autophagy pathway can all negatively affect the growth of 

microsporidia (Bakowski et al., 2014). Thus, we hypothesize that host ubiquitylation 

and autophagic processes are important defenses against microsporidia infections in 

invertebrates and potentially other hosts. 

 While we have found that host ubiquitylation and autophagic processes can 

negatively affect microsporidia growth in C. elegans (Bakowski et al., 2014), the 

potential for these host pathways to affect the overall fitness of the host or pathogen 

during infection is not yet clear. In a separate approach to identifying host defenses, 

we found that there is variation among C. elegans strains in their ability to resist 

microsporidia infection (Chapter 4). This study focused on the resistance differences 

between the N2 and CB4856 (hereafter designated HW) strains to infection by 

Nematocida ironsii (ERTm5). At the time of the study we assumed that ERTm5 was a 

strain of N. parisii because they share identical rRNA sequence. However, after 

whole genome sequencing of ERTm5 we found that it is a novel sister species of N. 

parisii, sharing an average amino acid identity of 84.7% (Reinke et al., 2016). We 

found that HW is much more resistant to N. ironsii than N2, and that resistance is 

achieved at least in part through the complete elimination of infection by HW animals 
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(Figure 4-3). Notably, only young HW animals could clear infection. This stands out 

for being different from reports of microsporidia infections in mammals and fruit flies, 

where young hosts are much more susceptible to infection than adult hosts 

(Snowden, 2014; Vijendravarma et al., 2008). We went on to show that the immune 

defense of young HW animals provided a fitness advantage in the context of N. ironsii 

infection compared to susceptible N2 animals, thereby establishing a context in which 

both host and microsporidia can impart selective pressure on one-another (Figure 4-

4). Mapping the genetic loci responsible for the differences between N2 and HW 

revealed that resistance to N. ironsii is a complex trait potentially conferred by many 

genes (Figure 4-5). Among the hundreds of genes that fall within the loci that we 

mapped is an abundance of F-box genes, which are substrate-binding proteins that 

act as ubiquitin ligase adapters. Interestingly, there is some overlap between the loci 

we mapped and regions of the genome characterized as containing clusters of rapidly 

evolving F-box genes (Thomas, 2006). Together with the observation that host 

ubiquitylation and autophagic processes can negatively affect microsporidia growth in 

the susceptible N2 strain (Bakowski et al., 2014), the potential variation in F-box 

genes leads us to hypothesize that these processes might be enhanced in the 

resistant HW strain to coordinate the elimination of microsporidia infection and 

provide a fitness advantage to the host. 

 To test the hypothesis that ubiquitylation and autophagic processes are 

involved in the elimination of microsporidia infection, we first analyzed the localization 

of ubiquitin and autophagy proteins during N. ironsii infection in the susceptible N2 

strain and the resistant HW strain. To assess the localization of ubiquitin and 

autophagy proteins during infection, we created transgenic strains in the N2 and HW 
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backgrounds that expressed a GFP-tagged version of UBQ-2 under the expression of 

an intestinal-specific promoter (vha-6), a dual mCherry-GFP-tagged version of LGG-1 

under the expression of the lgg-1 promoter, or a GFP-tagged version of LGG-2 under 

the expression of the lgg-2 promoter. The UBQ-2 protein is a canonical ubiquitin 

protein fused to the L40 ribosomal large subunit protein, which is broadly conserved 

among eukaryotes (Schlesinger and Bond, 1987). The closest homologs of LGG-1 

and LGG-2 in mammals are the autophagy proteins GABARAP and LC3, respectively 

(Manil-Segalen et al., 2014). N2 genomic DNA was used for cloning all transgenic 

constructs. In comparing genomic sequences of N2 and HW (as annotated in 

WormBase), there are no differences in ubq-2, no differences in the vha-6 promoter, 

one SNP in the 3’UTR of lgg-1, two SNPs (one in the first intron and another in the 

promoter) and one single-nucleotide deletion in the promoter of lgg-2. All transgenic 

strains bear extrachromosomal arrays of the constructs described above. We infected 

these transgenic strains with N. ironsii and assessed the localization of the GFP-

fusion proteins over time. There were instances of transgenic protein localization 

around N. ironsii cells in all of the strains that we analyzed (Figure 5-1, columns 1-4). 

When we compared the frequency of localization, we found that UBQ-2 and LGG-2 

followed a similar pattern of localization around N. ironsii cells with high frequency in 

the resistant HW background and low frequency in the N2 background, and that 

LGG-1 was frequently localized around N. ironsii cells in both backgrounds (Figure 5-

1, last column). Specifically, localization of both UBQ-2 and LGG-2 around N. ironsii 

cells increased in frequency with time in the HW background early in infection and 

decreased in frequency later during infection, while these proteins were infrequently 

found around N. ironsii cells in the N2 background throughout infection. In contrast, 



78 

	

the frequency of transgenic host LGG-1 around N. ironsii cells increased steadily with 

time in both HW and N2 backgrounds. 

 

Figure 5-1. Host ubiquitin and autophagy proteins localize around 
microsporidia cells with distinct patterns in the resistant HW strain and 
susceptible N2 strain. (Columns 1-4) Examples of transgenic host proteins localized 
around N. ironsii cells. The top and bottom rows show N. ironsii in Red (FISH staining 
for rRNA) in the first column, GFP-tagged transgenic host proteins in the second 
column, DNA stained with DAPI in the third column, and a merged image in the fourth 
column. The middle row shows mCherry-tagged transgenic host LGG-1 in the first 
column, GFP-tagged transgenic host LGG-1 in the second column, N. ironsii in Blue 
in the third column, and a merged image in the fourth column. Scale bars in the fourth 
column all show 5 µm. The arrows point to N. ironsii cells. The images for GFP::UBQ-
2 were from transgenic HW animals fixed 10 hpi, mCherry::GFP::LGG-1 16 hpi, and 
GFP::LGG-2 12 hpi. (Column 5) Frequencies of host transgenic fusion proteins 
localized around N. ironsii cells over time. Each dot represents an average frequency 
of localization around more than 10 N. ironsii cells per sample. Blue dots represent 
the frequencies observed in HW animals; red dots represent frequencies in N2 
animals. Data shown are compiled from more than three independent experiments 
per strain. 
 

 Because extrachromosomal arrays are inherently variable in expression 
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strains when infected by N. ironsii (15 hpi) compared to uninfected animals (Figure 5-

2). Proteins of the expected sizes were visible and specific for each transgenic 

construct, along with background staining in all animals including non-transgenic 

strains especially at around 50kD (Figure 5-2A). Ponceau S staining did not reveal 

any drastic differences in total protein loaded per sample (Figure 5-2B), and 

 

 

Figure 5-2. GFP-fusion ubiquitin and autophagy protein expression varies 
among transgenic N2 and HW strains. (A) Proteins were extracted from uninfected 
and N. ironsii (ERTm5) infected animals (15 hpi) and analyzed by SDS-PAGE 
followed by Western blot using an anti-GFP antibody. Background staining of proteins 
from non-transgenic infected animals is shown in the last two columns. (B) Loading of 
all proteins per sample visualized by Ponceau S staining. (C) Transgenic GFP 
expression measured on an individual animal basis. Boxplots show the interquartile 
range (IQR) from 25th to 75th percentile with horizontal lines indicating medians. The 
range bars encompass all data within 1.5 IQR above and below the upper and lower 
IQRs, respectively. Dots show individuals outside of that range. Only GFP levels in 
GFP+ animals are plotted, where GFP+ includes all animals with GFP levels above 
non-transgenic N2 animals. More than 1000 animals were measured per strain and 
condition. 
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comparing levels of GFP fusion proteins between samples by Western blot did not 

suggest that protein levels varied (Figure 5-2A). However, when GFP levels were 

measured on an individual animal basis in live animals with the COPAS Biosorter 

(Union Biometrica), we found variation in the levels of GFP expression between 

samples and variation in the percentage of transgenic GFP+ animals within samples 

(Figure 5-2C). The differences in transgenic protein expression that we measured 

between strains were not clearly correlated with the differences that we observed in 

the associations of transgenic proteins with N. ironsii cells (Figure 5-1), leading us to 

conclude that the increased frequency in localization of host GFP::UBQ-2 and 

GFP::LGG-2 around N. ironsii cells in the resistant HW strain compared to the 

susceptible N2 strain was not due to an increase in transgenic protein abundance. 

Additionally, we note that N. ironsii infection increased the levels of transgenic LGG-1 

proteins in both N2 and HW strains (Figure 5-2C). Infection with N. parisii does not 

lead to transcriptional differences in ubq-2, lgg-1, or lgg-2 (Bakowski et al., 2014), 

which suggests that the autophagy protein LGG-1 may be differentially regulated 

during microsporidia infection post-transcriptionally.  

 The increased frequency of UBQ-2 and LGG-2 localization around N. ironsii 

cells in the resistant HW strain compared to the susceptible N2 strain is consistent 

with a role for host ubiquitin and autophagy proteins in the elimination of 

microsporidia infection. To gain additional insights into the potential links between 

host ubiquitylation and the elimination of infection, we measured the clearance of 

infection in the HW strain in greater detail. We previously saw that L1 stage HW 

animals could clear N. ironsii infections sometime between 3 and 20 hours post 
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inoculation at 25°C (Figure 4-3). Using a similar experimental setup in which L1 stage 

animals were pulse-inoculated with N. ironsii spores, we observed that the 

percentage of HW animals with infection gradually declined over time at 25°C (Figure 

5-3A). The protein localization around N. ironsii cells was observed during infections 

at 20°C, and to more accurately compare the elimination of infection with protein 

localization we also tested clearance at 20°C. Similarly to infections at 25C, HW 

animals infected at the L1 stage gradually cleared infection over time at 20°C (Figure 

5-3B). These experiments demonstrate that the clearance of N. ironsii infections by 

HW animals occurs gradually after invasion, and that clearance appears to be most 

evident only after 15 hours of infection at 20°C. 

 

 

Figure 5-3. Clearance of N. ironsii (ERTm5) infections occurs gradually over 
time in HW animals at both 25°C and 20°C. (A) HW L1 animals were pulse-
inoculated with N. ironsii spores and fractions of the population were fixed at several 
time points afterwards to assess the frequency of infection. Experiments were carried 
out at 25°C. Data from three independent experiments are shown in blue lines. (B) 
Same experimental setup described above in (A), only the experiment was carried 
out at 20°C. 
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In Chapter 3 we discuss how Nematocida species can vary in their growth 

dynamics and ability to cause harm to the host. In our experiments with HW 

clearance of N. ironsii infections we always observed that some animals failed to 

eliminate infection, indicating that there was variation in the ability of host to clear 

infection and/or variation in the ability of microsporidia to evade clearance. To test for 

variation in the ability of Nematocida species to evade elimination by HW hosts, we 

pulse-inoculated HW L1 animals with N. ironsii (ERTm5), N. parisii (ERTm1), or N. 

sp. 1 (ERTm2) spores and quantified the percentage of infected animals in these 

populations over time. We observed much less clearance of N. parisii or N. sp. 1 

infections compared to clearance of N. ironsii infections in HW L1 animals (Figure 5-

4A). Similarly to our findings described in Chapter 4, we found that if infections were 

initiated at an older but still pre-reproductive age (L4 stage) then HW animals were 

not able to clear N. ironsii, and were also incapable of clearing N. parisii or N. sp. 1 

(Figure 5-4B). Thus, in addition to genetic age-dependent variation in the host ability 

to eliminate infection we demonstrate that there is variation in the ability of 

Nematocida species to evade elimination by HW L1 animals. 
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Figure 5-4. Nematocida species vary in their ability to evade elimination by L1 
stage HW hosts. (A) HW L1 animals were pulse-inoculated with Nematocida spores 
and fractions of the population were fixed at several time points afterwards to assess 
the frequency of N. ironsii (blue line), N. parisii (green line), or N. sp.1 (purple line) 
infections. Experiments were carried out at 20°C. (B) Same experimental setup 
described above in (A), only HW animals were infected at the L4 stage. 
 

 

To compare the protein localization around microsporidia cells with the 

clearance phenotypes observed in HW animals, we measured the localization of 

GFP::UBQ-2 during infection by the three Nematocida species described above. We 
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was much less frequently associated with N. parisii or N. sp. 1 cells (Figure 5-5A). 

The localization of host ubiquitin around N. ironsii cells increased in frequency with 

time during the early stages of infection, and decreased in frequency at later stages 

of infection. Additionally, the frequent localization of host ubiquitin around N. ironsii 

cells in HW L1 was not observed in older HW L4 animals, which had a frequency 

closer to N2 L1 or L4 animals (Figure 5-5B). 

 

 

0 10 20 30 40 50
0

20

40

60

80

100

0 10 20 30 40 50
0

20

40

60

80

100

hours post inoculation hours post inoculation

%
 o

f a
ni

m
al

s 
in

fe
ct

ed
 b

y 
N

em
at

oc
id

a

%
 o

f a
ni

m
al

s 
in

fe
ct

ed
 b

y 
N

em
at

oc
id

aA B

N. ironsii
N. parisii
N. sp. 1

N. ironsii
N. parisii
N. sp. 1



84 

	

 

Figure 5-5. The localization of host ubiquitin around Nematocida cells is most 
frequent in contexts where infection is eliminated. (A) Transgenic GFP::UBQ-2 
HW L1 animals were pulse-inoculated with Nematocida spores and fractions of the 
population were fixed at several time points afterwards to assess the frequency of 
UBQ-2 localization around N. ironsii (blue line), N. parisii (green line), or N. sp.1 
(purple line) cells. Data shown are representative of two independent experiments. 
Experiments were carried out at 20°C. (B) Transgenic GFP::UBQ-2 N2 and HW 
animals were inoculated with N. ironsii spores at the L1 stage or L4 stage and fixed 
10 hpi to quantify the frequency of UBQ-2 localization around N. ironsii cells. Data for 
L1 infections are from six independent experiments, data for L4 infections are from 
two independent experiments. Averages are shown with standard deviations. 
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around microsporidia cells in the host suggest that they may have at least partially 

independent functions. In mammals it is thought that GABARAP and LC3 (the LGG-1 

and LGG-2 homologs in C. elegans, respectively) are both essential but act at 

different stages of autophagosome formation and maturation (Weidberg et al., 2010). 

In the context of host defense, a previous study identified a unique role for LC3C in 

selecting intracellular pathogenic bacteria for degradation through autophagy in 

human cells (von Muhlinen et al., 2012). In C. elegans, depleting both lgg-1 and lgg-2 

transcripts by RNAi decreases longevity synergistically (Alberti et al., 2010), and 

LGG-2 appears to act sequentially after LGG-1 in the embryo to control the 

maturation of autophagosomes (Manil-Segalen et al., 2014). A recent study found 

that subtle structural differences between LGG-1 and LGG-2 confer distinct functions 

in the degradation of substrates, with lgg-1 being required for the degradation of all 

protein aggregates and lgg-2 having a more cargo-specific role in degradation (Wu et 

al., 2015). Also in support of the notion that LGG-1 and LGG-2 can have non-

overlapping functions are the observations that the putative null allele lgg-1(tm3489) 

is lethal while the putative null allele lgg-2(tm5755) does not have developmental or 

fertility defects (Manil-Segalen et al., 2014). Because lgg-2(tm5755) mutants are 

viable and LGG-2 localization around microsporidia cells correlates with the 

clearance of infection, generating a null allele for lgg-2 in the HW background may be 

a good way to test the hypothesis that autophagic processes are enhanced in the HW 

strain to coordinate the elimination of N. ironsii infection. It is important to keep in 

mind that all the transgenic protein localization experiments were performed in the 

context of extrachromosomal array expression, which can have many confounding 

effects due to a mosaic nature and large changes in protein abundances compared to 
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wild type contexts. However, the observations presented in this chapter may assist 

investigations aimed at identifying the specific interactions that coordinate the 

elimination of microsporidia cells. 

 

5.1 Materials & Methods 

 

5.1.1 C. elegans and Nematocida Strains 

C. elegans were maintained on nematode growth medium seeded with 

Escherichia coli (OP50) as previously described (Brenner, 1974). The N2 and 

CB4856 (HW in the text) strains were obtained from the CGC. All transgenic strains 

described in this chapter carry extrachromosomal arrays. The N2 strain expressing 

GFP-tagged UBQ-2 (strain ERT261) was generated by injection of the pET341 

plasmid [vha-6p:::GFP::UBQ-2::unc-54 3’UTR, cb-unc-119(+)] as previously 

described (Bakowski et al., 2014). CB4856 animals were injected with pET341 to 

generate HW GFP::UBQ-2 animals (strain ERT337). To generate transgenic 

mCherry::GFP-tagged LGG-1 animals we injected N2 or CB4856 animals with the 

pMH878 plasmid from the Hansen lab [lgg-1p::mCherry::GFP::LGG-1::lgg-1 3’UTR]. 

This yielded strains ERT426 and ERT429 in the CB4856 and N2 backgrounds, 

respectively. To generate transgenic GFP-tagged LGG-2 animals we injected 

QX1015 animals (unc-119 mutant in CB4856 background) and bombarded EG6699 

animals (unc-119 mutant in N2 background) with the pRD117 plasmid from the 

Legouis lab [lgg-2p::GFP::LGG-2::lgg-2 3'UTR::unc-119]. This yielded strains 

ERT496 and ERT511, respectively. Infection experiments were performed with N. 

ironsii strain ERTm5, N. parisii strain ERTm1, and N. sp. 1 strain ERTm2 (Cuomo et 
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al., 2012; Reinke et al., 2016). Spores were prepared and quantified as previously 

described (Estes et al., 2011). 

 

5.1.2 Nematocida Infection Assays and Imaging 

 Host animals were either continuously exposed to Nematocida spores or 

pulse-inoculated with spores for 3 hours as described in the figure legends. Infections 

of L1 stage animals or L4 stage animals were initiated as described in Chapter 4. All 

experiments were carried out at 20°C unless otherwise noted. Animals were fixed at 

various times post inoculation with 4% PFA in PBS with 0.1% Tween 20 for 45 

minutes. N2, HW, and GFP::UBQ-2 and GFP::LGG-2 transgenic animals were 

stained with the MicroB FISH probe conjugated to the CAL Fluor Red 610 dye at 

5ng/µl overnight, then resuspended in Vectashield with DAPI (Vector Labs) to stain 

DNA. mCherry::GFP::LGG-1 animals were stained with the MicroB FISH probe 

conjugated to the Pacific Blue dye at 10ng/µl overnight, with no staining of DNA. For 

infection clearance experiments, the percentage of infected animals out of 100 total 

animals per sample was calculated as described in Chapter 4. To image the 

localization of transgenic proteins during Nematocida infections, fixed and stained 

animals were mounted on 5% agarose pads and imaged using a ×40 oil immersion 

objective on a Zeiss LSM700 confocal microscope run by ZEN2010 software. At least 

10 infected transgenic animals were imaged per sample and Nematocida cells were 

counted as having transgenic proteins localized around them or not.  

 

5.1.3 Measurements of transgenic protein levels 
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For Western blot measurements of protein levels, Animals were washed off 

NGM plates with M9 buffer, and then washed once with PBS with 0.1% Tween 20 to 

remove bacteria. Samples were then resuspended in sample buffer with 1% SDS and 

50 mM DTT and boiled at 95°C for 10 minutes. Lysates were then run on a 4-20% 

gradient SDS-PAGE gel (Bio-Rad) and transferred to PVDF membrane (Bio-Rad). 

The blots were stained with Ponseau S stain (Sigma-Aldrich) and imaged for total 

protein before staining with an anti-GFP antibody made in rabbits (from Arshad Desai 

lab at UC San Diego) diluted at 1:5000 overnight at 4°C, then staining with an anti-

rabbit HRP antibody at 1:10000 for 45 minutes at room temperature. The blots were 

treated with ECL reagent (Amersham GE Healthcare Life Sciences) and imaged on a 

Bio-Rad ChemiDoc. For measurements of GFP protein levels in live animals, 

uninfected and N. ironsii infected animals were collected 15 hpi and measured on the 

COPAS Biosorter (Union Biometrica) for size (TOF) and GFP (green). More than 

1000 animals were measured per sample. Animals expressing transgenic GFP were 

distinguished from non-expressing animals by measuring GFP levels in wild type N2 

animals and only analyzing GFP levels in animals above this threshold. 
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A.1 Additional data on genetic variation in resistance to Nematocida 

infection 

 In Chapter 4 we discussed the value of using natural variation in the host 

genetic background to identify novel features of interactions between microsporidia 

and their hosts. We identified variation among six strains of C. elegans in their ability 

to resist infection by N. ironsii strain ERTm5 (described as a strain of N. parisii at the 

time), and focused on variation between the N2 and CB4856 (HW) strains (see 

Chapter 4). In these studies we inoculated N2, HW, and a set of recombinant inbred 

lines (RILs) generated from crosses between N2 and HW at the L1 stage of life with 

N. ironsii spores in liquid culture at 25°C, isolated RNA 30 hpi, generated cDNA, and 

measured pathogen load by quantitative RT-PCR analysis of the relative amount of 

N. ironsii rRNA compared to C. elegans rRNA. The values we obtained from these 

measurements were then used to map regions of the genome that were statistically 

associated with differences in pathogen load, which demonstrated that the N2-HW 

differences in resistance to N. ironsii has a complex genetic basis conferred by 

several loci (Figure 4-5).  

In the same studies described above, we found that HW was also more 

resistant to N. parisii than N2 (Figure 4-S4), and we were interested following up with 

these observations to compare the genetic bases of resistance to N. parisii and N. 

ironsii. Together with Kirthi Reddy and two undergraduate assistants (Chelsea 

Herrmann and David Nguyen), we used an alternative pathogen load assay to test 

resistance phenotypes in N2, HW, and 43 RILs when infected by N. parisii. In 

contrast to the assay described above, infections with N. parisii in these experiments 

were setup on solid media. Infections were still carried out at 25°C for 30 hours, but 



93 

	

were fixed in acetone and stained by FISH to measure animal size and pathogen load 

with the COPAS Biosorter. Each strain was tested at least twice, and the phenotypic 

values obtained from these experiments were used to map regions of the genome 

that were significantly associated with variation in resistance (in collaboration with 

Erik Andersen). When using the size (time of flight) phenotypic measurements, we 

identified a locus on the X chromosome previously known to be responsible for body 

size variation between N2 and HW (Andersen et al., 2014), which suggests that the 

genetic variation tested in the assay can provide the statistical power needed to 

detect regions of the genome important for phenotypic differences (Figure A.1-1, blue 

line). When using the pathogen load data as the phenotype we found that a locus on 

chromosome V was significantly associated with variation between N2 and HW 

resistance to N. parisii (Figure A.1-1, black line). This locus overlaps with a locus we 

mapped using phenotypic measurements of N. ironsii pathogen load in liquid culture 

by quantitative RT-PCR. Thus, despite differences in the infection assay, the methods 

of pathogen load measurement, and the species of microsporidia used, we recovered 

a shared resistance locus. These observations suggest that there could be at least 

some shared genetic basis in HW resistance to both N. ironsii and N. parisii. While 

this may not be entirely unexpected given that N. ironsii and N. parisii share an 

average amino acid identity of 84.7%, it is interesting to note that there is phenotypic 

variation in these microsporidia species in their ability to resist clearance by HW 

(Figure 5-4). 
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Figure A.1-1. Linkage mapping results for N2 and HW size and resistance to N. 
parisii (ERTm1) infection. The y-axis shows logarithm of the odds (LOD) ratios for 
linkage between phenotype and genomic position (x-axis) in 43 RILs. Dotted line is 
the 5% genome-wide significance threshold obtained after 10,000 permutations of the 
phenotype data. Phenotypes were quantified on the COPAS Biosorter. Blue line 
shows linkage calculated from size (time of flight) data, black line shows linkage 
calculated from pathogen load (red FISH signal). 
 
 
 While we identified genomic loci that varied between N2 and HW that were 

important for phenotypic differences in their abilities to resist N. ironsii and N. parisii 

infection, it was not clear if these loci were also involved in the potential differences 

among other strains of C. elegans in resistance to microsporidia infection. One 

approach to identifying such loci is to perform a genome-wide association study 

(GWAS) with phenotype data from a panel of host strains. We returned to the 

infection assays used for mapping resistance to N. ironsii (liquid culture infections and 

pathogen load measured by qRT-PCR) and measured N. ironsii pathogen load 30 hpi 

in 54 strains of C. elegans. These experiments revealed a wide range in N. ironsii 

pathogen load among strains, with approximately 150-fold differences between the 

most resistant strain (HW) and the most susceptible strain (CB4852) (Figure A.1-2A). 
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IV (interval from position 1221066 to 1940138) and a locus on the right arm of the X 

chromosome (interval from position 12672773 to 13479780) (Figure A.1-2B).  

 

 

Figure A.1-2. Natural variation among 54 wild C. elegans strains in resistance to 
N. ironsii (ERTm5) infection maps to two unique genomic loci. (A) Pathogen load 
was measured 30 hpi after inoculation with N. ironsii spores in liquid culture by RNA 
extraction followed by qRT-PCR. Each strain was measured at least twice; averages 
are shown with standard deviations. Values were normalized to N2 (red bar). (B) 
Mapping linkage of data from (A) reveals SNPs that are significantly linked to 
variation in resistance (red dots) on chromosomes IV and X. 
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 The results of the GWAS demonstrate that beyond the N2-HW genetic 

variation underlying resistance identified in Figure 4-5, there are additional loci 

segregating in wild populations of C. elegans that influence the amount of N. ironsii 

growth. There are hundreds of genes within the confidence intervals, and any of them 

could act individually or in a combinatorial way to effect N. ironsii growth. Not all 

genes vary within these intervals among the strains we tested, and one method for 

prioritizing genes to test is to focus on those that are known to vary. The Andersen 

lab used their genome sequence data from the strains we tested combined with the 

GWAS data to identify genes with variants within the confidence intervals, then 

correlated the variation within these genes with the pathogen load phenotype and 

selected the most highly correlated (or anti-correlated) variant for each gene (Table 

A.1-1). The genes that were selected with these characteristics included 8 genes 

within the confidence interval on chromosome IV and 20 genes within the confidence 

interval on the X chromosome. There are mutants with 9 presumed loss-of-function 

alleles for 8 out of the 20 candidate genes within the interval on the X chromosome 

that we ordered from the CGC, and no mutants available for genes on chromosome 

IV. We also have RNAi clones that are predicted to target 25 of the 28 total candidate 

genes, though none of them have been sequenced to confirm this. We measured N. 

ironsii pathogen load in mutant animals and N2 animals fed RNAi bacteria, but 

observed no significant differences in pathogen load compared to control animals 

(Figure A.1-3). As such, efforts to associate any specific candidate genes within the 

confidence intervals with differences in N. ironsii levels are thus far inconclusive. 
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Table A.1-1. Ranked genes based on variation between C. elegans strains and 
correlation with pathogen load. 
 

 

 

 

PB303 0.0039615 -0.0088756

JU774 0.0038492 -0.0048583

MY10 0.0034880 -0.0052194

PS2025 0.0032882 -0.0095489

MY18 0.0031374 -0.0096997

JU258 0.0030952 -0.0158943

ED3005 0.0024745 -0.0165151

MY23 0.0023264 -0.0105107

JU775 0.0022487 -0.0064587

ED3046 0.0018489 -0.0171407

CB4856 0.0004000 -0.0131114

Ranked Genes
interval external_transcript_name external_gene_name gene_id spearman_cor abs_spearman_cor

IV_1221066_1940138 F38A1.5 clec-166 WBGene00009518 -0.4869581 0.4869581

IV_1221066_1940138 F38A1.14 clec-169 WBGene00009526 -0.4509462 0.4509462

IV_1221066_1940138 C34H4.1a C34H4.1 WBGene00016424 0.4216925 0.4216925

IV_1221066_1940138 C34H4.1b C34H4.1 WBGene00016424 0.4216925 0.4216925

IV_1221066_1940138 F38A1.11 F38A1.11 WBGene00009524 -0.4183756 0.4183756

IV_1221066_1940138 Y104H12BR.1a plst-1 WBGene00022425 0.4096505 0.4096505

IV_1221066_1940138 F38A1.4 clec-167 WBGene00009517 0.3939092 0.3939092

IV_1221066_1940138 F38A1.1 clec-170 WBGene00009515 0.3927767 0.3927767

X_12672773_13479780 F09A5.4a F09A5.4 WBGene00008601 0.4689840 0.4689840

X_12672773_13479780 R03G8.4 R03G8.4 WBGene00010999 0.4512267 0.4512267

X_12672773_13479780 F09A5.1 spin-3 WBGene00008598 0.4459309 0.4459309

X_12672773_13479780 R03G8.6 R03G8.6 WBGene00011000 0.4051801 0.4051801

X_12672773_13479780 K03A11.3 ceh-28 WBGene00000450 0.4050741 0.4050741

X_12672773_13479780 F48C11.2a cwp-5 WBGene00009844 0.3909197 0.3909197

X_12672773_13479780 T22H6.6a gei-3 WBGene00001560 0.3898745 0.3898745

X_12672773_13479780 K03A11.1 K03A11.1 WBGene00010519 0.3718880 0.3718880

X_12672773_13479780 T14G8.2 T14G8.2 WBGene00011770 0.3679900 0.3679900

X_12672773_13479780 T14G8.4 T14G8.4 WBGene00011772 0.3679900 0.3679900

X_12672773_13479780 R04D3.10 srxa-8 WBGene00011013 0.3656707 0.3656707

X_12672773_13479780 R04D3.12 srd-38 WBGene00005116 0.3515254 0.3515254

X_12672773_13479780 R04D3.4 R04D3.4 WBGene00011012 0.3505341 0.3505341

X_12672773_13479780 F02C12.2 F02C12.2 WBGene00008516 0.3472644 0.3472644

X_12672773_13479780 K09A11.3 cyp-14A2 WBGene00010706 0.3454939 0.3454939

X_12672773_13479780 F02C12.1 F02C12.1 WBGene00008515 -0.3388201 0.3388201

X_12672773_13479780 F02D10.7 set-8 WBGene00008527 -0.3388201 0.3388201

X_12672773_13479780 C29F7.3 C29F7.3 WBGene00007812 0.3367812 0.3367812

X_12672773_13479780 C49F8.2 gem-1 WBGene00008214 0.3367812 0.3367812

X_12672773_13479780 F46G10.2 F46G10.2 WBGene00009797 0.3367812 0.3367812

Variant Phenotype

PxG for Peaks
## [1] "ALT strains ::"
## Source: local data table [5 x 3]
## Groups: CHROM, startPOS
## 
##   CHROM startPOS     strain
## 1    IV  1221066 CB4851_CGC
## 2    IV  1221066     CB4852
## 3    IV  1221066      JU367
## 4    IV  1221066      JU394
## 5    IV  1221066      JU406
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Figure A.1-3. Inhibiting gene function by RNAi or mutation to investigate 
functions for candidate genes identified by GWAS in controlling N. ironsii 
levels. (A) Transgenic N2 animals with integrated [ges-1p::GFP] (strain ERT351) 
were pulse-inoculated with N. ironsii spores and OP50 for 3 hours, then washed off 
and re-plated on plates seeded with RNAi bacteria for 48 hours at 20°C before fixing 
in acetone and staining by FISH to analyze pathogen load on the COPAS Biosorter. 
Knockdown of GFP expression in control condition was confirmed by eye. Data are 
from a single experiment. (B) Pathogen load was measured 28 hpi at 25°C after 
inoculation with N. ironsii spores with OP50 on solid media by DNA extraction 
followed by qPCR. Data show averages with standard deviation from two 
independent experiments.  
 

No strong conclusions can be drawn regarding the involvement of any gene 

identified from this GWAS in controlling N. ironsii levels in C. elegans. The negative 

results from the genes tested above do not discount their potential involvement. If the 
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approaches taken have worked as intended we could only expect to identify genes 

that have a loss- or reduction-of-function pathogen load phenotype. This is not an 

assumption that can be made. For example, the difference between N. ironsii levels 

in N2 relative to CB4852 could be due to a gain-of-function change in CB4852 that 

might not be detected by inhibiting the N2 version of the gene. It is also not clear that 

the candidates we have focused on from the hundreds of all genes within the 

confidence intervals we mapped are necessarily the causative genes for differences 

in N. ironsii levels. Candidates were selected in part based on having variation in the 

coding regions of genes. Variation at other genomic regions within the confidence 

intervals, for example in promoter regions, may be just as likely to cause to 

phenotypic differences.  

Another issue in testing of candidates is the high amount of phenotypic 

variation measured in the mutant strain pathogen load experiments. We highlighted 

the variation in measurements of pathogen load in Chapter 4 (Figure 4-S8), and it is 

still not clear how much of this variability can be attributed to technical constraints and 

errors versus variation inherent to the biology. One observation that we have made 

that is absolutely critical to comparing infections in populations of animals between 

samples is that the ratio of bacteria to spores must be as consistent as possible. This 

can become problematic when animals are infected with spores combined with 

bacteria from different cultures for each sample, for example when testing infection in 

the context of many different RNAi cultures. Caution should be taken to carefully 

measure optical density in these cases, though this might not be completely sufficient 

when comparing infections of animals fed with different strains and species of 

bacteria. Other considerations that we have made regarding factors that could 
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contribute to variability include how animals are bleached to obtain the test 

populations; the time, temperature, and density that bleached eggs hatch in 

(Artyukhin et al., 2013); the numbers of generations that the parents of the test 

populations have gone through without starvation; whether infections take place in 

liquid culture or on solid media; and the absolute numbers and density of animals 

during infection experiments. These factors and others have all been compared in 

some fashion, but have not yet been shown to contribute substantially to variation in 

pathogen load. Improvements in the infection assays may facilitate the detection of 

factors that affect the growth of microsporidia in C. elegans, which will be important 

for identifying host genes that are predicted to contribute relatively subtle yet 

evolutionarily relevant effects. One potential approach to improving the reliability and 

resolution of pathogen load measurements is to measure pathogen growth rate 

across samples, which may be more informative and consistent than relative 

measurements at a single point in time. This is challenging with the techniques 

currently available, but could be feasible with fluorescently labeled infections in live 

animals. 

 

A.2 RNA expression in N2 and HW animals infected by N. parisii for eight 

hours in the L1 stage or L4 stage 

 In previous chapters we showed that C. elegans genotype and age could 

have a strong effect on Nematocida growth, and that differences in Nematocida 

growth among host strains have complex genetic bases. We previously characterized 

the transcriptional response to infection in the N2 host background, a strain that is 

permissive to N. parisii growth (Bakowski et al., 2014). We are interested in 
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identifying the transcriptional signature that is unique to a host environment that is 

restrictive to microsporidia growth. To search for this signature we infected a strain 

that is permissive to growth at all ages (N2) and a strain that is restrictive to growth at 

a young age (HW) with N. parisii for 8 hours and isolated RNA. Both strains were 

infected at the L1 stage and L3 stage along with uninfected controls. We obtained a 

Frontiers of Innovation Scholars Program Graduate Student Fellowship from UCSD 

for funding to perform RNA-seq with these samples, and collaborated with Professor 

Terry Gaasterland and her student Niema Moshiri to assist with setting up analyses. 

 The details of the experimental setup are as follows: animals used for testing 

were obtained by plating 20 L4s that had not undergone starvation for greater than 5 

generations on 10 cm plates, with 5 replicate plates for each strain. Four days later, 

these plates were combined in one 15 mL tube/strain and bleached with fresh Fischer 

bleach and NaOH. Eggs hatched overnight at 20°C. L1 animals were quantified the 

next morning, typically yielding approximately 20 L1s per µL in 5 mL total volume with 

approximately 5% eggs that had not hatched. For infections at the L1 stage, 6000 L1s 

were plated on unseeded 10 cm plates along with 150 µL OP50 superfood (KB stock 

generated 2/3/14 and thawed the night before the experiment), 5x106 N. parisii 

(ERTm1) spores (lot 13), and M9 buffer to 725 µL total volume. Uninfected animals 

were plated with the same conditions but without spores. L1 samples were plated in 

quadruplicate for each condition. After drying, plates were incubated at 25°C. 8 hours 

after adding animals to plates samples were collected, washed three times with PBS 

containing 0.1% Tween 20, and fixed in 1 mL of Tri-Reagent and frozen at -80C. For 

infections at the L3 stage, 4000 L1s were plated on unseeded 10 cm plates with 200 

µL OP50 superfood in the morning and incubated at 25°C. 24 hours later (animals 
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were around the L3 stage), 5x106 ERTm1 spores (lot 13) were added with 150 µL 

OP50 superfood in 725 µL total volume with M9. There were duplicate plates for each 

strain and condition, all of which were collected 8 hpi and fixed in Tri-Reagent. 

Animals were approximately at the L4 stage at time of fixing. The fourth repeat of this 

setup was performed with superfood made by lab undergrads and 25x106 instead of 

5x106 ERTm1 spores (lot 14) at, as this was empirically determined to give roughly 

the same pathogen load as lot 13 at the lower dosage lot 13 spores were no longer 

available. RNA was extracted from all samples and analyzed on a NanoDrop (Table 

A.2-1). 
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Table A.2-1. RNA sample concentrations and absorbance used for RNAseq. 

 

 

Several basic observations were made related to the characteristics of the 

samples. In one of the replicate experiments an extra plate of infected L1 animals 

was included to analyze the number of infections per animal by FISH at the time that 

RNA was extracted. This revealed that 100 percent of N2 animals were infected in 

this experiment with an average of 15 infectious events per animal, and that 92 

Sample ng/µl 260/280 260/230 yield (µg) 
N2L1 uninf exp I 158.33 1.90 1.31 3.16 
HWL1 uninf exp I 123.95 1.87 1.45 2.48 
N2L1 m1 exp I 120.66 1.92 1.80 2.42 
HWL1 m1 exp I 90.52 1.86 1.67 1.8 
N2L3 uninf exp I 282.38 1.94 2.27 14.1 
HWL3 uninf exp I 554.05 1.99 2.36 27.7 
N2L3 m1 exp I 275.50 1.95 2.30 13.8 
HWL3 m1 exp I 443.15 1.92 2.46 22.2 
N2L1 uninf exp II 191.74 1.96 1.29 3.84 
HWL1 uninf exp II 187.41 1.92 1.56 3.74 
N2L1 m1 exp II 191.99 1.91 1.73 3.84 
HWL1 m1 exp II 101.62 1.86 1.76 2.02 
N2L3 uninf exp II 355.11 1.95 2.27 17.7 
HWL3 uninf exp II 435.75 1.93 2.34 21.8 
N2L3 m1 exp II 329.67 1.94 2.42 16.5 
HWL3 m1 exp II 389.07 1.93 2.41 19.4 
N2L1 uninf exp III 210.88 1.90 1.71 4.2 
HWL1 uninf exp III 189.95 1.90 1.22 3.8 
N2L1 m1 exp III 159.71 1.88 1.54 3.2 
HWL1 m1 exp III 186.39 1.91 1.93 3.7 
N2L3 uninf exp III 368.79 1.93 2.39 18.4 
HWL3 uninf exp III 442.77 1.93 2.24 22.1 
N2L3 m1 exp III 350.20 1.95 1.87 17.5 
HWL3 m1 exp III 465.15 1.92 2.44 23.2 
N2L1 uninf exp IV 185.62 1.89 1.88 3.72 
HWL1 uninf exp IV 151.95 1.86 1.44 3.04 
N2L1 m1 exp IV 219.04 1.89 1.57 4.38 
HWL1 m1 exp IV 187.73 1.89 1.36 3.76 
N2L3 uninf exp IV 434.13 1.93 2.19 21.7 
HWL3 uninf exp IV 382.51 1.93 2.36 19.1 
N2L3 m1 exp IV 366.99 1.92 1.75 18.3 
HWL3 m1 exp IV 378.18 1.93 2.41 18.9 
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percent of HW animals were infected with an average of 7 infectious events per 

animal (Figure A.2-1).  

 

 

Figure A.2-1. Example of the percentage of infected L1 animals and number of 
infectious events per L1 animal in samples used for RNAseq. Fixed animals were 
stained by FISH to count the percentage of infected animals out of 100 total animals 
(black bars) along with the average number of infectious events per animal (white 
numbers within bars). 

 

 

Another inquiry that we made in assessing the samples that we submitted for 

RNAseq was to use some of the RNA to make cDNA to measure N. parisii levels and 

host expression of the infection induced gene C17H1.6 by qRT-PCR. We found that 

N. parisii beta tubulin abundance was approximately 2-fold higher in N2 L1s 

compared to HW L1s on average, and approximately 3-fold higher in N2 L3s 

compared to HW L3s on average (Figure A.2-2A). Overall levels were fairly similar 
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across experimental replicates, with the exception of N2 L3 samples that varied as 

much as 5-fold in one experiment. Expression of the C17H1.6 gene was also 

consistent across infected replicates, and was expressed more highly in HW samples 

on average than in N2 samples (Figure A.2-2B). These data agree with the 

differences between N. parisii levels measured by FISH in L1 animals, and 

demonstrate that an infection response gene identified in previous RNAseq and 

microarray experiments is similarly induced in these samples. RNA from these 

samples and one additional replicate experiment were combined to one tube per 

condition to submit for library preparation and RNA sequencing. 

 

Figure A.2-2. Pathogen load and infection-induced host gene expression in 
samples used for RNAseq. (A) Relative N. parisii beta tubulin transcript levels in 
samples across three of the experimental replicates. (B) Relative C17H1.6 gene 
expression in samples. 
 

We submitted the samples to the UCSD Institute for Genomic Medicine for 

library preparation and 100bp paired-end sequencing on an Illumina HiSeq2500 with 

reagents and settings for a v4 Highoutput run. Sequencing yielded approximately 50 

million paired-end reads per sample. Reads were uploaded to Galaxy (Afgan et al., 

2016) for analyses. We first aligned all reads to the C. elegans N2 genome assembly 

(version ce10) using TopHat, part of the Tuxedo suite of bioinformatics tools for 
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transcriptome assembly and differential expression analysis for RNAseq (Trapnell et 

al., 2010). These reads were used to build transcripts with Cufflinks, and relative 

expression of genes was calculated in fragments per kilobase of exon per million 

fragments mapped (FPKM) was determined by CuffDiff. Because only a single 

combined replicate was a sequenced, no statistical analysis of abundance differences 

between samples was possible. Instead, expression differences were determined by 

comparing FPKM between samples. We classified genes uniquely expressed in N. 

parisii-infected HW L1 animals as those with ≥ 2-fold the number of FPKM in this 

sample compared to any other sample. There were 112 total genes identified as 

uniquely expressed in N. parisii-infected HW L1 animals (Table A.2-2). We analyzed 

this gene list with the Database for Annotation, Visualization, and Integrated 

Discovery (DAVID) program (Huang da et al., 2009) to look for enrichment of 

functional classes (Table A.2-3). In this analysis the only functional class enriched 

with significant P-values was related to the cuticle and body size. 
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Table A.2-2. Uniquely expressed genes in N. parisii-infected HW L1 animals 
(only genes annotated with gene names are shown). 

 

WormBase Gene ID Gene Name Sequence Name
WBGene00016973 abch-1 C56E6.5
WBGene00000220 atf-2 K08F8.2
WBGene00017535 atf-8 F17A9.3
WBGene00021726 bath-10 Y49F6C.4
WBGene00044617 bus-1 R03H4.6
WBGene00000402 cdh-10 C45G7.5
WBGene00022103 cdh-12 Y71D11A.1
WBGene00000421 ced-7 C48B4.4
WBGene00008891 clec-42 F16H6.1
WBGene00044343 clec-77 Y46C8AR.3
WBGene00000618 col-41 T10B10.1
WBGene00000623 col-46 Y18H1A.13
WBGene00015135 cyp-23A1 B0304.3
WBGene00017565 ddo-2 F18E3.7
WBGene00001072 dpy-10 T14B4.7
WBGene00001064 dpy-2 T14B4.6
WBGene00001065 dpy-3 EGAP7.1
WBGene00001069 dpy-7 F46C8.6
WBGene00001070 dpy-8 C31H2.2
WBGene00001071 dpy-9 T21D12.2
WBGene00012980 efhd-1 Y48B6A.6
WBGene00022479 fbxa-36 Y119D3A.4
WBGene00008632 fbxa-88 F10A3.2
WBGene00019918 fbxc-36 R07C3.2
WBGene00001570 gei-13 F58A4.11
WBGene00013597 gpi-1 Y87G2A.8
WBGene00001707 grh-1 Y48G8AR.1
WBGene00013852 hhat-1 ZC101.3
WBGene00022717 hipr-1 ZK370.3
WBGene00001946 his-72 Y49E10.6
WBGene00001958 hlh-14 C18A3.8
WBGene00002116 ins-33 W09C5.4
WBGene00015574 irg-1 C07G3.2
WBGene00219559 linc-5 C04C11.24
WBGene00012261 lpr-3 W04G3.8
WBGene00012257 lpr-4 W04G3.3
WBGene00012256 lpr-5 W04G3.2
WBGene00003150 mbk-2 F49E11.1
WBGene00007174 mboa-1 B0395.2
WBGene00012186 mlt-11 W01F3.3
WBGene00003834 nxf-1 C15H11.3
WBGene00018707 oac-31 F52F10.3
WBGene00008852 ubql-1 F15C11.2
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Table A.2-3. Enrichment for functional classes among genes uniquely 
expressed in N. parisii-infected HW L1 animals. 

 

Annotation Cluster 1 Enrichment Score: 5.383279394327951
Term Count % PValue
2301309:COLlagen 8 9.3023 2.02E-06
2301561:DumPY : shorter than wild-type 8 9.3023 2.02E-06
2302609:SQuaT 8 9.3023 2.02E-06
2302961:BLIstered cuticle 8 9.3023 2.02E-06
2307110:SQuaT 8 9.3023 2.02E-06
2311353:ROLler: helically twisted, animals roll when moving 8 9.3023 2.02E-06
2311772:Y69H2.14 8 9.3023 2.02E-06
2313599:LONg 8 9.3023 2.02E-06
2323863:abnormal RAy Morphology 8 9.3023 2.02E-06
IPR008160:Collagen triple helix repeat 8 9.3023 7.96E-06
2302375:DumPY : shorter than wild-type 7 8.1395 2.86E-05
2306674:COLlagen 7 8.1395 2.86E-05
2328634:DumPY : shorter than wild-type 7 8.1395 2.86E-05
GO:0042302~structural constituent of cuticle 7 8.1395 1.54E-04
IPR002486:Nematode cuticle collagen, N-terminal 6 6.9767 3.07E-04
GO:0010171~body morphogenesis 10 11.628 4.93E-04
GO:0040002~collagen and cuticulin-based cuticle development 5 5.814 4.94E-04
GO:0007592~protein-based cuticle development 5 5.814 5.38E-04
GO:0042335~cuticle development 5 5.814 5.38E-04
mutagenesis site 5 5.814 0.0049974
collagen 4 4.6512 0.0082968
region of interest:Triple-helical region 3 3.4884 0.0084366
cuticle 3 3.4884 0.009782
GO:0005198~structural molecule activity 7 8.1395 0.036881
signal peptide 5 5.814 0.0972455
signal 5 5.814 0.1078406
disulfide bond 3 3.4884 0.2844691

Annotation Cluster 2 Enrichment Score: 1.9255775601348215
Term Count % PValue
GO:0040002~collagen and cuticulin-based cuticle development 5 5.814 4.94E-04
GO:0042335~cuticle development 5 5.814 5.38E-04
GO:0007592~protein-based cuticle development 5 5.814 5.38E-04
GO:0040010~positive regulation of growth rate 12 13.953 0.0897915
GO:0040009~regulation of growth rate 12 13.953 0.0900955
GO:0045927~positive regulation of growth 12 13.953 0.1558963
GO:0040008~regulation of growth 12 13.953 0.1840534

Annotation Cluster 3 Enrichment Score: 0.7318371151855065
Term Count % PValue
GO:0018991~oviposition 4 4.6512 0.1186643
GO:0033057~reproductive behavior in a multicellular organism 4 4.6512 0.1223466
GO:0019098~reproductive behavior 4 4.6512 0.1260721
GO:0007610~behavior 4 4.6512 0.2463303
GO:0048609~reproductive process in a multicellular organism 4 4.6512 0.2996512
GO:0032504~multicellular organism reproduction 4 4.6512 0.3008239

Annotation Cluster 4 Enrichment Score: 0.25823779274736086
Term Count % PValue
GO:0009791~post-embryonic development 10 11.628 0.3260063
GO:0002119~nematode larval development 8 9.3023 0.6352446
GO:0002164~larval development 8 9.3023 0.6359027
GO:0040007~growth 6 6.9767 0.703868

Annotation Cluster 5 Enrichment Score: 0.13207458993718724
Term Count % PValue
dna-binding 3 3.4884 0.7210491
GO:0003677~DNA binding 5 5.814 0.7290098
nucleus 4 4.6512 0.763973

Annotation Cluster 6 Enrichment Score: 0.09160573909088807
Term Count % PValue
GO:0005509~calcium ion binding 3 3.4884 0.313041
GO:0046872~metal ion binding 8 9.3023 0.9240851
GO:0043169~cation binding 8 9.3023 0.9368263
GO:0043167~ion binding 8 9.3023 0.9382289
metal-binding 3 3.4884 0.9394417
GO:0008270~zinc ion binding 4 4.6512 0.9740549
GO:0046914~transition metal ion binding 5 5.814 0.9818055

Annotation Cluster 7 Enrichment Score: 0.08134406478060938
Term Count % PValue
GO:0003677~DNA binding 5 5.814 0.7290098
GO:0045449~regulation of transcription 3 3.4884 0.8725315
GO:0030528~transcription regulator activity 3 3.4884 0.8962998

Annotation Cluster 8 Enrichment Score: 0.038688000381235724
Term Count % PValue
atp-binding 3 3.4884 0.7697135
nucleotide-binding 3 3.4884 0.8721208
GO:0005524~ATP binding 4 4.6512 0.899887
GO:0032559~adenyl ribonucleotide binding 4 4.6512 0.9007289
GO:0030554~adenyl nucleotide binding 4 4.6512 0.924954
GO:0001883~purine nucleoside binding 4 4.6512 0.9252821
GO:0001882~nucleoside binding 4 4.6512 0.9275442
GO:0032553~ribonucleotide binding 4 4.6512 0.9545026
GO:0032555~purine ribonucleotide binding 4 4.6512 0.9545026
GO:0017076~purine nucleotide binding 4 4.6512 0.9668056
GO:0000166~nucleotide binding 4 4.6512 0.9865563
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 There are no obvious candidate genes or pathways that stand out from these 

analyses as being obviously involved in the elimination of microsporidia infection, and 

there are many potential reasons for this. Less than half of the genes we classified as 

being uniquely expressed in N. parisii-infected HW L1s have gene ontology 

annotation, which means that pathway enrichment analysis through DAVID or other 

gene ontology enrichment programs is restricted to a minority of the genes that are 

expressed. Other methods for clustering and comparing expression data may yield a 

better understanding of the meaningful differences, for example with gene set 

enrichment analysis (Subramanian et al., 2005). Another issue is the underlying 

difficulty in comparing gene expression between two polymorphic strains. The 

genome assembly of HW demonstrated that while on average there is a SNP only 

every 100bp compared to the N2 genome, there are highly polymorphic regions 

including more than 1Mbp of unique sequence in each of the two strains (Thompson 

et al., 2015). Regions of the genome of exceptional diversity between the two strains 

happen to fall within regions that we mapped as being important for the differences in 

resistance to N. ironsii pathogen load. Additionally, some genes that are unique to the 

N2 strain are among the most highly induced by N. parisii infection, including 

F26F2.1. This highlights the likelihood that some relevant reads from the HW 

samples were unmapped to the N2 reference genome because the sequences are 

too polymorphic or absent altogether from the N2 assembly. To account for these 

considerations we have also mapped all reads to the HW genome assembly. The 

annotation file for the HW genome was compiled using unpublished software called 

Genefinder (Thompson et al., 2015), and does not include annotation that is 

compatible with gene names in the N2 annotation file. Our strategy for assigning 



110 

	

gene identities is to identify transcripts de novo with Cufflinks (without using the 

annotation file), to define coding regions within transcripts using TransDecoder 

(developed by Brian Haas at the Broad, available here: 

https://github.com/TransDecoder/TransDecoder/releases), and to identify orthologous 

and paralogous proteins between N2 and HW using all HW proteins identified in the 

TransDecoder output and all annotated proteins in the N2 genome as input for 

OrthoMCL 2.0.9 (Li et al., 2003). This work is ongoing, and should contribute 

important information regarding the unique expression of genes in N. parisii-infected 

HW L1 animals. One potentially useful analysis of these data could be to screen 

through the upstream regions of all genes of interest to identify shared motifs. This 

might point to a transcriptional network that is unique to HW L1 animals that can be 

inhibited to test for a role in infection. An additional consideration to make is that the 

transcriptional differences between N2 and HW may not be the only reason for 

differences in clearance of infection. For example, the genes that are involved in 

clearance may be equally expressed in both strains but have important coding 

polymorphisms. This could be addressed by focusing on the N. parisii-induced genes 

in HW L1s without removing those genes that are also induced in N2 L1s and 

highlighting those with coding variation. It is also important to note that in Chapter 5 

we discussed how HW L1 animals clear infection by N. ironsii much better than N. 

parisii infection, and this could be reflected in the host transcriptional differences. 

Another important possibility to keep in mind is that the elimination of microsporidia 

infection in HW L1 animals might not be predominantly coordinated transcriptionally 

but by some other mechanism. Regardless of the limitations discussed above, the 

data generated in these studies provide a resource that can be applied to 
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investigations of several aspects of the biology underlying Nematocida-C. elegans 

interactions. 
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