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ABSTRACT

Studying the immune system in the context of ecology has been critical for
our understanding of host-parasite interactions. Fundamental to this approach is
the recognition that immunity is costly to organisms. From this research field we
have learned that internal constraints caused by the high costs of immunity have
frequently led to measurable variation among individuals in parasite defense.
Understanding the factors influencing the evolution of host defenses is of interest
not just because of the devastating effects of parasites on host populations, but
also for understanding a major class of interspecific interactions.

However, studies frequently fail to measure immune costs. One explanation is
that immune responses only impact host fithness under certain ecological
conditions. Studies have implicated host nutrition as one such condition, but it is
likely that other ecological factors play an important role as well. In this
dissertation, | use pea aphids (Acrythosiphon pisum) and their natural microbial
communities to study how ecological factors influence susceptibility to pathogens
and the link between immunity and host fitness. | first measure aphid
reproductive fitness in response to several natural microbial pathogens, and
demonstrate that exposure to several aphid-specific fungal pathogens is costly. |
then show that the expression of these costs is influenced by ecological factors:
exposure to environmental stressors that lead to the production of a winged
dispersing morph, and the presence of intracellular bacteria that protect their
hosts from fungal pathogens. By combining experiments, immune assays, and
measures of gene expression, this work aims to increase our understanding of
the link between immunity and host fithess, and to enhance our mechanistic
understanding of immune costs.
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CHAPTER 1: INTRODUCTION

COSTS OF IMMUNITY

Organisms face a diverse array of pathogens and parasites, and have evolved a
set of defenses to protect themselves from infection. Genetics and molecular
biology have uncovered many of these immunological mechanisms, and have
focused primarily on how they work. The emerging field of ‘ecological
immunology,’ in contrast, explores the impact of pathogens on host life-history
traits and population dynamics with specific reference to the mechanisms of
immunity in their environmental context (Schulenburg et al. 2007; Sadd and
Schmid-Hempel 2009). Fundamental to this approach is the recognition that
immunity is costly to organisms in both an ecological and evolutionary context
(Rolff and Siva-Jothy 2003).

The simplest empirical demonstrations of the idea that parasite defenses are
costly come from studies that directly measure fitness traits (Ahmed et al. 2002;
Armitage et al. 2003). For example, bacterial infection decreases the
reproductive success of burying beetles (Cotter et al. 2010), and exposure to a
vaccine decreases parental effort in blue tits (Raberg et al. 2000). These studies
demonstrate that there are fithess consequences of the activation of immune
mechanisms. Similarly, increasing investment in life-history traits can have
consequences for immunity. For example, inducing faster developmental rate in
juvenile Daphnia increases susceptibility to a bacterial pathogen (Allen and Little

2011). In addition, immune mechanisms can be costly even in the absence of



pathogens and parasites. For example, immunodeficient Drosophila have longer
life-spans compared to immunocompetent flies (Valtonen et al. 2010), suggesting
that the maintenance of immune mechanisms can be costly even when an
immune response is not elicited.

Another approach to studying immune costs focuses on evolutionary trade-
offs between fitness and immunity. Early studies showed tradeoffs in response to
artificial selection for parasite defense. For example, Drosophila larvae that were
selected for wasp resistance showed a reduced ability to compete for resources
with unselected lines (Kraaijeveld and Godfray 1997), which was show to be a
result of reduced feeding rate (Kraaijeveld et al. 2001). Other studies have shown
negative pleiotropy between increased immunity and other traits (Kraaijeveld and
Godfray 1997; Kraaijeveld et al. 2001; Sadd and Schmid-Hempel 2006; Cotter et
al. 2010; Valtonen et al. 2010), for example with a negative correlation between
Drosophila genotypes with high fecundity in the absence of infection and those
that are resistant to bacterial infection (Mckean et al. 2008). These studies

suggest that parasite defense can also be costly in an evolutionary context.

IMMUNE COSTS GENERATE VARIATION IN HOST DEFENSES

The most obvious way that immune costs influence host-pathogen coevolution is
by generating variation among hosts in parasite defense. An important distinction
needs to be made between two types of host defenses: mechanisms of
resistance, which actively reduce parasite burden, and mechanisms of tolerance,

which limit the impact of infection on host fitness without reducing parasite



infection or growth. In populations exposed to parasites, hosts that are able to
resist parasites have high fitness, and pressure from parasites therefore selects
for parasite defenses. This in turn reduces parasite prevalence, and makes costly
defense mechanisms less beneficial, leading to negative frequency-dependent
selection and variation among individuals in resistance (Lively and Dybdahl 2000;
Woolhouse et al. 2002; Gandon et al. 2008). Costs of resistance can therefore
contribute to the maintenance of variation in parasite defense among hosts.

Like resistance, mechanisms of tolerance protect host fitness and therefore
benefit hosts. But in contrast to mechanisms of resistance that reduce pathogen
fitness, mechanisms of tolerance benefit pathogens by increasing transmission
and pathogen prevalence (Roy and Kirchner 2000; Miller et al. 2005; Svensson
and Raberg 2010). Tolerance mechanisms are therefore predicted to generate
positive feedback and the absence of genetic variation. The role of immune costs
in the evolution of tolerance is less clear, but some studies have suggested that
there can be costs to parasite tolerance (Kraaijeveld and Godfray 2008). More
concretely, empirical studies have shown negative correlations between
resistance and tolerance (Fineblum and Rausher 1995), and theoretical work has
shown that these tradeoffs, coupled with immune costs, can lead to variation in
tolerance (Best et al. 2008).

Variation in pathogen defenses has been tied to polymorphisms in genes of
the immune system. For example, allelic diversity at a specific locus in
Arabidopsis thaliana explained patterns of resistance to microbial infection and

herbivory (and also explained why more resistant A. thaliana strains had slower



leaf production and lower biomass) (Todesco et al. 2010). Similarly, genetic
polymorphisms have been linked to variation in Drosophila resistance to several
pathogens (e.g. bacteria (Lazzaro et al. 2004); fungi (Tinsley et al. 2006)), and

this variation has been linked to patterns of gene expression (Ye et al. 2009).

INVESTMENT IN IMMUNITY AND CONTEXT-DEPENDENT COSTS:
A LIMITED RESOURCE POOL

The idea that immune responses are costly for hosts is supported by a growing
number of empirical studies, yet there are also studies that have failed to
measure immune costs (e.g. in European starlings (Williams et al. 1999); in
Daphnia resistance to a bacterial pathogen (Labbé et al. 2010)). In addition there
are a number of studies that only measure immune costs under certain
conditions, for example, in conditions of starvation or low nutrient availability
(Kraaijeveld and Godfray 1997; Moret and Schmid-Hempel 2000; Mckean et al.
2008). In the first of these studies, healthy bumblebees were shown not to suffer
from immune activation while starved bees showed a decrease in survival after
immune activation (Moret and Schmid-Hempel 2000). The explanation for these
context-dependent immune costs is that in resource-rich conditions, the pool of
available resources is sufficient to produce an immune response without
negatively influencing measured fitness-traits, but in resource-limited conditions
immunity trades-off with fitness.

This idea is supported by another area of research showing that individuals

raised in optimal environmental conditions can invest more in immune responses



than those raised in poor conditions (Triggs and Knell 2011). Of particular
interest is the influence of nutritional status on immunity. Some studies have
linked changes in susceptibility to pathogens or parasites to differences in food
availability (Vass and Nappi 1998; Klemola et al. 2007); others have linked such
changes to food quality (Lee et al. 2006; 2008). Differences in host susceptibility
have been explained by changes in specific mechanisms of immunity—for
example, dietary protein quality was shown to influence lysozyme-like activity in
caterpillar larvae (Myers et al. 2011), and nutritional deprivation was shown to
down-regulate phenoloxidase activity in beetles (Siva-Jothy and Thompson
2002).

Together, these studies suggest that immune mechanisms are costly to hosts
only under certain ecological conditions. Host nutrition has been identified as one
such condition, but it is possible that there are other ecological factors that
influence the expression of costs as well. In this thesis, | use pea aphids
(Acrythosiphon pisum) and their suite of associated microbes with the goal of
gaining a better understanding of the role of ecological factors in how the
fecundity costs of immunity are expressed. In chapters 3 and 6 of this thesis, |
examine the roles of two ecological contexts: a stress-induced wing polyphenism,
and associations with symbiotic bacteria, as factors influencing the expression of
immune costs. A study of immune costs using aphids that ignored these contexts
would not have found immune costs in this system, and this work therefore
suggests that our lack of understanding of the context-dependency of the

expression of costs represents a significant gap in our understanding of



ecological immunology. Immune costs are an important factor underlying host-
pathogen coevolution, and understanding the ecological conditions under which
immunity influences host fitness is critical for our general understanding of host-

pathogen interactions.

THE INVERTEBRATE IMMUNE SYSTEM

Insects are particularly attractive for studies of immune costs because they have
relatively simple immune systems and they are amenable to experimentation.
Insects do not have an adaptive, antigen—based response typical of vertebrates.
They do, however, have an innate immune response, which is typically divided
into cellular and humoral responses. Cellular responses are mediated by blood
cells, which include encapsulation, phagocytosis, and melanization (Strand
2008). These responses are induced immediately after recognition of a foreign
invader, and it has been suggested that cellular responses clear a large
proportion of pathogens quickly after infection (Haine et al. 2008). Humoral
responses are characterized by signaling cascades that culminate in the
production and activation of immune cells or effector molecules that attack
invasive organisms (Govind 2008). This component of innate immunity takes
longer to generate, on the order of several hours (e.g. Lavine et al. 2005), and
can persist for weeks (Sadd and Schmid-Hempel 2006). The specificity of insect
humoral pathways is poorly understood (Dionne and Schneider 2008), but some
studies have linked signaling pathways to defense against specific classes of

parasites. For example, the immunodeficiency (IMD) pathway has been



implicated in defense against Gram-negative bacteria in Drosophila (Lemaitre et
al. 1997).

Invertebrates also defend themselves from infection without using the
conventional mechanisms of the immune system (Figure 1-1). Hosts can reduce
the likelihood they are infected by reducing the probability that they are exposed
to a parasite. For example, the honey bee (Apis mellifera) displays a social
grooming behavior that actively removes Varroa ectoparasitic mites from colony
members, a behavior that appears to be a main mechanism of resistance to the
parasite (Sammataro et al. 2000). Hosts can also sequester compounds that
reduce infection probability—a form of ‘prophylactic self-medication’. By mixing
resin (a plant material rich in volatile compounds) with nest material, wood ants
(Formica paralugubris) can increase their survival rates if challenged with
bacterial and fungal parasites (Chapuisat et al. 2007). Hosts can also reduce the
growth or burden of parasites once infection has occurred. For example,
parasitoid-infected arctiid caterpillars (Grammia incorrupta) can increase the
uptake of anti-parasitic chemicals from their food, which reduces parasitoid
success (Singer et al. 2009). Also, parasite-infected monarch butterflies (Danaus
plexippus) preferentially lay their eggs on plants that reduce parasite growth in
their offspring (Lefévre et al. 2010). These are two forms of therapeutic
medication. The microbial symbiont community of a host can also influence
parasite growth after infection. Invertebrates are often protected from parasites
by symbiotic bacteria (Haine 2008; Brownlie and Johnson 2009), which can

strongly influence population dynamics (e.g. Jaenike et al. 2010). For example,



southern pine beetles harbor a beneficial fungus that provides nourishment for
developing larvae. This beetle fungus mutualism can be disrupted by a second,
pathogenic fungus. Recent work has shown that an actinomycetous bacterium
produces antibiotics that inhibit the pathogenic fungus, showing a complex
relationship between host and multiple microbes that influences disease
dynamics (Scott et al. 2008). Lastly, even if they cannot reduce the probability of
infection or reduce parasite growth, some hosts can compensate for the fitness
lost from infection through ‘fecundity compensation’. This is where an individual
changes the timing of her reproductive efforts in response to parasitism. The
water-flea (Daphnia magna) produces more offspring early in life when exposed
to the microsporidian parasite Glugoides intestinalis compared with uninfected
controls (Chadwick and Little 2005; Vale and Little 2012).

Our current model of insect innate immunity relies heavily on a few model
organisms (e.g., Drosophila melanogaster (Lemaitre et al. 1997; Lemaitre and
Hoffmann 2007), Anopheles gambiae (Christophides et al. 2004), Tribolium
castaneum (Zou et al. 2007). The immune systems of some insects, however,
differ from these models of innate immunity (Smith et al. 2011a,b). For example,
annotation of the immune system of the honey bee revealed that they have
approximately one-third as many immune-system genes as Drosophila or
Anopheles mosquitoes, and that expected genes are missing from multiple
pathways. Some have suggested that social defenses such as hygienic and
grooming behaviors are effective in reducing parasite pressure, and as a result

honey bees are not as dependent on the mechanisms of innate immunity. The



exploration of the immune systems of non-model invertebrates has called into
question the generality of our current picture of insect immunity, and suggests
that complicated interactions between ecological factors and various forms of

immune defense shapes animal immune systems.
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Figure 1-1. An expanded view of host—parasite coevolution. Host—parasite
coevolution is driven by parasites selecting for host defense (bottom arrow) and
host defense selecting for parasites that can overcome this defense (top arrow).
Host selection on parasites is mediated not only through evolution of immune
system-based pathways and processes, but also by pre-infection and post-
infection mechanisms of non-immunological defense. Non-immunological and
immune system-based defenses in turn influence the evolution of each other as
well as other host processes due to the cost of defense (middle arrow).
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APHIDS AND THEIR MICROBIAL COMMUNITY
Aphids are soft-bodied, hemimetabolous insects that feed on plant phloem and
cause hundreds of millions of dollars in lost agricultural production each year
(Brisson and Stern 2006). They face infection by a diverse array of pathogens
and parasites, including parasitoid wasps, viruses, bacteria, and fungal
pathogens, some of which have been shown to cause significant decline of
natural aphid populations (VandenHeuvel et al. 1997; Hufbauer 2002). Aphids
are also dependent on microbes for their survival. All aphids harbor intracellular
Gram-—negative bacteria called Buchnera aphidicola, which have the ability to
synthesize the required amino acids that are not available from a diet of plant
phloem. In addition, some aphids also harbor one or more additional Gram—
negative bacterial symbionts, the best characterized of which are Hamitonella
defensa, Serratia symbiotica, and Regiella insecticola (Moran and Telang 1998).
Pea aphids and their associated microbial partners have emerged as the primary
insect system to study host-symbiont interactions due to extensive genomic
resources available for both aphid and bacterial associates (International Aphid
Genomics Consortium 2010; Hansen et al. 2012), the relative ease with which
their diverse symbionts can be systematically manipulated (i.e. introduced or
eliminated) within or among clonal aphid lines (Oliver et al. 2010), and their utility
in experimental studies investigating natural host-enemy interactions (Henter and
Via 1995; Ferrari and Godfray 2003).

Experimental studies have documented a wide range of ecologically

important traits conferred to aphids by harboring facultative symbionts (Oliver et
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al. 2010). The focus of this thesis is on one common gamma-proteobacterial
secondary symbiont, Regiella insecticola. Regiella has been shown to confer
protection to aphids against several entomopathogenic fungi (Scarborough et al.
2005; Lukasik et al. 2012; Parker et al. 2013) including Pandora neoaphidis, a
pea aphid fungal pathogen. In chapter 5, | expand our understanding of this
protection by showing that Regiella protects aphids from several species of aphid
specialist fungal pathogens, but not against a generalist insect fungal pathogen.
It is not known how this protection works, though hypotheses include the
production of toxins that directly impact fungal growth or that Regiella provides
resources that boost pea aphid immunity (Brownlie and Johnson 2009). Because
Pandora must kill its host in order to complete its life cycle, strong selective
forces exist that shape the characteristics and maintenance of this defensive
symbiosis.

Though they are beneficial under certain ecological conditions, recent work
has also shown that infection with the facultative symbionts has a negative effect
on aphid fitness (Vorburger and Gouskov 2011). Symbionts are expected to have
their own requirements for energy, which they must obtain from their hosts
(Haine 2008). Although such energetic costs have not been measured directly,
they have been measured indirectly. Oliver et al. (2008) conducted cage
experiments that monitored the population dynamics of aphids infected with
Hamiltonella defensa (a facultative symbiont that has been found to offer
protection against parasitoid wasps) (Oliver et al. 2003). The frequency of aphids

harboring H. defensa increased in the presence of parasitic wasps. However, the
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frequency of aphids harboring the symbiont decreased in the absence of

parasites, suggesting that harboring symbionts is costly.

It is perhaps no surprise that symbiont-mediated protection against Pandora
arose in aphids, as this fungus is one of its host’s primary natural pathogens (Pell
et al. 2001). Aphid-Pandora interactions have been extensively studied because
Pandora is used as a means of biocontrol for this important agricultural pest
(Hajek and Delalibera 2010; Jackson et al. 2010). For many years aphids were
used as an example of the tremendous clonal variation found among wild
populations in susceptibility to fungal pathogens (Henter and Via 1995; Ferrari et
al. 2001). Initially it was assumed that this variation was due to genetic
differences among aphid clones, but protection from Regiella brings this
assumption into doubt. However, in chapter 4 | study variation among aphid
lineages, and find that genotypes vary in their ability to resist Pandora infection in
the absence of protective symbionts. This finding suggests that variation among
clones is likely due to a combination of genetic variation in host immunity,
variation in symbiont presence, and variation in symbiont genotype.

Symbionts may, however, have had an impact on the evolution of the aphid
immune system. As part of the recent manual annotation of the newly available
pea aphid genome sequence, we identified genes thought to be involved in the
aphid immune system based on homologs of other insects sequenced to date
(e.g. Drosophila melanogaster, Anophales gambiae, Tribolium castenatum)

(Gerardo et al. 2010). These experiments provided us with a preliminary picture
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of what the aphid response to a variety of pathogens might look like, and in
particular, indicated that genes thought to be part of responses to fungal
pathogens in other insects might be present in the aphid genome (Figure 1-2).
However, our annotation efforts also revealed that aphids are missing some
genes thought to be critical for immunity. Annotation of the pea aphid genome
showed that pea aphids are missing much of the immune deficiency (IMD)
pathway, are lacking peptidoglycan recognition proteins (PGRPs) (Gerardo et al.
2010), and produce no homologs of known antibacterial peptides (Altincicek et al.
2008). Functional studies found a surprisingly reduced upregulation of transcripts
and proteins upon infection in aphids compared with other insects. This suggests
that aphids have a much different immune system than other insects studied to
date (Gerardo et al. 2010). While alternative immune-system based defenses
might still be uncovered through additional functional assays, one explanation for
this reduction is that the benefits afforded to the aphid by obligate and facultative
symbionts have selected for reduced use of the immune system in the host to
facilitate these symbiotic relationships. Alternatively, symbiont-conferred
resistance might cause immune mechanisms to become redundant (Altnicicek et
al. 2008).

Overall, our understanding of the aphid immune system from the aphid
genome project, the variety of pathogens and parasites developed for lab
assays, and a depth of research on the ecology of aphids and their microbial
communities make aphids an ideal system to explore the role of ecological

factors in aphid immunity. In chapter two | first test for costs of immunity to a
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broad array of pathogens, and measure fecundity costs of resistance to fungal
pathogens. In chapter three | show that these costs are limited to a winged
polyphenic morph, and identify mechanisms of immunity that may explain this
pattern. Immune costs can contribute to the maintenance of variation in
susceptibility among individuals, and in chapter four | measure variation in
susceptibility among aphid genotypes in the absence of protective symbionts. In
chapter five | test for symbiont-conferred protection against several fungal
pathogens, and suggest that pathogen specialization may be necessary for
symbiont-conferred protection to evolve. Lastly, in chapter 6 | show that
protective symbionts are also an important ecological factor underlying the
expression of immune costs. Overall, this work demonstrates a role for several
previously unrecognized factors in determining host susceptibility to pathogens
and in determining the link between immunity and fitness, and in general
highlights the importance of ecological context for studies of host-pathogen

interactions.
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Figure 1-2: Pea aphid humoral immunity: Studies of several invertebrate
immune systems have indicated that innate immune signaling pathways, shown
here, are conserved across insects. Many of the genes involved in these
pathways were found in pea aphids (shown in green), but a number of genes
thought to be critical to these pathways were found to be missing in pea aphids
(shown in red dotted lines).
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CHAPTER 2: EXPOSURE TO NATURAL PATHOGENS REVEALS

COSTLY APHID RESPONSE TO FUNGI BUT NOT BACTERIA

ABSTRACT

Immune responses are costly, causing trade-offs between defense and other
host life history traits. Aphids present a special system to explore the costs
associated with immune activation since they are missing several humoral and
cellular mechanisms thought to be important for microbial resistance, and it is
unknown whether they have alternative, novel immune responses to deal with
microbial threats. Here we expose pea aphids to an array of heat-killed natural
pathogens, which should stimulate immune responses without pathogen
virulence, and measure changes in life-history traits. We find significant reduction
in lifetime fecundity upon exposure to fungal pathogens, but not to bacterial
pathogens. This finding complements recent genomic and immunological studies
indicating that pea aphids are missing mechanisms important for bacterial
resistance, which may have important implications for how aphids interact with
their beneficial bacterial symbionts. In general, recent exploration of the immune
systems of non-model invertebrates has called into question the generality of our
current picture of insect immunity. Our data highlights that taking an ecological
approach and measuring life-history traits to a broad array of pathogens provides

valuable information that can complement traditional approaches.
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INTRODUCTION

Invertebrates rely on innate immune mechanisms for protection against diverse
parasitic organisms. Our current model of insect innate immunity relies heavily on
knowledge from relatively few model organisms (e.g., Drosophila melanogaster
(Lemaitre and Hoffmann 2007), Anopheles gambiae (Christophides et al. 2004),
Tribolium castaneum (Zou et al. 2007)). The immune systems of some insects,
however, differ from these models of innate immunity (Evans et al. 2006; Smith
et al. 2011a,b), questioning the generality of our current picture of insect
immunity. For example, genomic and experimental studies using traditional
immunological approaches revealed that pea aphids (Acyrthosiphon pisum)
seem to lack many critical immune genes (e.g., bacterial recognition molecules,
common antimicrobial peptides, are missing much of the IMD
(immunodeficiency) pathway) (Gerardo et al. 2010), have relatively few
hemocytes (Laughton et al. 2011a), have weakly functioning lysozymes
(Altincicek et al. 2008), and have no detectable antimicrobial peptides via
standard functional (Laughton et al. 2011a) and proteomic assays (Gerardo et al.
2010). We expect that exploration of immune mechanisms across more diverse
hosts, which is being facilitated by the declining costs of genome sequencing and
thus of comparative genomics, will lead to a growing number of examples of
organisms that do not fit the conventional models of immunity. In these
situations, it is difficult to determine whether organisms are unable to respond to
particular parasites or whether they are responding to parasite challenge using

unknown mechanisms. Addressing these two possibilities will facilitate
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investigation of the evolution of host-microbe associations in many non-model
systems of host-parasite coevolution and symbiosis.

Evolutionary theory suggests an alternative way to capture an immune
response. Immune responses come at a high energetic cost, causing a trade-off
between pathogen defense and other life history traits (Sheldon and Verhulst
1996; Rolff and Siva-Jothy 2003). Here we illustrate that by measuring life-history
traits of organisms after pathogen exposure we can reveal immune responses
that are recalcitrant to traditional approaches (Boughton et al. 2011). We expose
aphids to several heat-killed natural aphid pathogens—two species of Gram-
negative bacteria, a Gram-positive bacterium, and two species of aphid-specific

entomopathogenic fungi—and measure fitness traits after exposure.

METHODS

Fungal pathogens. Zoophthora occidentalis and Pandora neoaphidis are both
aphid specific fungal entomopathogens. We cultured Zoophthora occidentalis in
100 mL potato dextrose broth shaking at room temperature for two days. We
then passed the total culture through a vacuum filter and scraped the filtered
fungal culture into 250 uL Ringers solution. We cultured Pandora neoaphidis on
plates of SDAEY (Fungi: Entomophthorales 1997) for 14 days, and scraped 1
cm? of fungal growth into 250 uL of Ringer’s solution. To expose insects to fungal
signals but not to pathogen virulence, we heat-killed both fungal pathogens by

autoclaving the exposure solutions at 121°C for 20 minutes.
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Bacterial Pathogens. We isolated bacteria from laboratory stock aphids by
crushing individual sick aphids in 500 uL Carlson’s solution and plating a portion
of this solution onto Luria Broth (LB) plates, which were then cultured at 28°C
overnight. We sequenced a portion of the 16s RNA gene (primers 27F: 5-
AGAGTTTGATYMTGGCTCAG, 1492R: 5- TACCTTGTTAYGACTT) and
identified the bacteria using the Ribosomal Database Project (Cole et al. 2009),
NCBI BlastN and phylogenetic analyses (data not shown). Strain Ng5b is
Enterobacter c f. cloacae, strain n1324b is Bacillus c.f. pumilus, and strain s8d is
Serratia c.f. fonticola.

To assess pathogenicity of the bacteria strains, we plated bacteria onto LB
from glycerol stocks and grew them overnight at 30°C. We then picked multiple
colonies and grew then to ODgpo = 0.5. We stabbed six-day old aphids (line 5A0)
with a minutin pin dipped into either sterile LB (control) or the live bacterial
solution. In two experiments (first experiment: control sterile stab, Ng5b, s8d;
second experiment: control sterile stab, Ng5b, n1324b), we stabbed 12 aphids
per treatment sub-cuticularly into the ventral side of the abdomen and to one side
of the midline to avoid rupturing the gut. Thirty minutes after stabbing, aphids
were transferred from sterile Petri dishes to fava bean plants and monitored for
survival.

As with the fungal elicitors, to measure the costs associated with mounting an
immune response rather than the damage caused by bacterial pathogen
virulence, we exposed the insects to heat-killed pathogens. We cultured bacteria

Ng5b and n1234b in LB overnight at 37°C, standardized a final volume of 250 uL
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to ODgoo = 0.5, spun each suspension at 2000 x g for two minutes and
resuspended the pellets in 250 uL Ringers solution. To make a more
concentrated solution of s8d, we followed the same procedure but resuspended
a pellet from 2000 uL bacterial solution (ODegpo= 0.5) in 250 uL Ringers solution.
Finally, we heat-killed the bacteria by autoclaving the solutions at 121°C for 20

minutes.

Cost of Pathogen Signal Exposure

We maintained aphids asexually on fava bean (Vicia faba) plants in 16 hr light: 8
hr dark conditions at 20°C. We used aphid clones 5A0 (Oliver et al. 2003) and
LSR1-01 (International Aphid Genomics Consortium 2010), which are free of
secondary, facultative symbionts but harbor the obligate bacterial symbiont,
Buchnera aphidicola. Pea aphids produce two distinct phenotypic morphs, a
dispersing winged morph and a more sedentary unwinged morph. Immune costs
are often context dependent, only appearing under energetically limiting
conditions (e.g. Moret and Schmid-Hempel 2000). Therefore, we targeted costs
of pathogen exposure in winged aphids since they have the additional energetic
burden of producing wings and the associated musculature (Artacho et al. 2011).
To induce the production of winged offspring, we exposed developing aphids to
the alarm pheromone (E)-B-farnesene (EBF) (5 uL of 1000 ng/uL EBF every 48
hrs for 10 days). We then grew offspring of these EBF-exposed aphids for six
days, and exposed them to a suspension of heat killed pathogen by stabbing

them ventrally (Altincicek et al. 2011) in the thorax with a minutin pin
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contaminated with heat killed pathogen solution. All aphids were born within 24
hours of one another to reduce differences among individuals. We allowed
aphids to heal in a clean dish before we put them individually onto plants. We
monitored survival and counted their offspring every 2-4 days. We removed
offspring from plants after counting to prevent overcrowding, and trimmed the
plants as necessary.

We conducted two experiments. In Experiment 1, we used heat-killed
solutions of the bacterial pathogens Enterobacter Ng5b (Gram —) and Bacillus
n1324b (Gram +) and the aphid-specific fungal pathogen Z. occidentalis. We also
included two control conditions by stabbing aphids with sterile Ringers solution
and by handling unstabbed aphids. We blocked Experiment 1 into two replicates,
and used aphid genotype 5A0 (66 aphids per treatment). In Experiment 2, to
extend our experiment to additional pathogen species and an additional aphid
genotype, we stabbed aphids with either sterile Ringers solution, a solution of
heat-killed bacterial pathogen Serratia s8d (Gram —), or a solution of heat killed
P. neoaphidis. We used two genotypes (LSR1-01 and 5A0) and included 56

individuals per treatment per genotype.

STATISTICAL METHODS
We used survival analysis to confirm bacterial virulence, fitting a non-parametric
(cox proportional hazard) model to analyze survival after confirming that the

assumption of proportional hazards was met. We conducted a post-hoc multiple
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comparisons test using the ‘multcomp’ package in R to determine which levels
were significantly different within bacterial treatment.

For the first assay of costs to pathogen signal exposure (Experiment 1) we
analyzed total reproduction, last day of reproduction, and day of death using
analyses of variance (ANOVA), followed by Tukey’s HSD post hoc tests, after
Yeo-Johnson power transformations (lambda = 3.164, 1.964, 1.621 respectively,
using the ‘car’ package in R) to correct for deviation from assumptions of
normality and homogeneity of variance. We analyzed total reproduction from
Experiment 2 in the same fashion (lambda = 2.306). In both experiments we
excluded individuals that had fewer than 10 offspring or that died within the first
six days, as these were likely damaged from the experimental exposure. We

used R (2.10.0, R Development Core Team, 2010) for all analyses.

RESULTS

Confirming Pathogen Virulence

Both fungal pathogens, Z. occidentalis and P. neopahidis significantly reduce
aphid survival upon infection (Ferrari et al. 2001; Parker et al. 2013). Exposure to
each of the three bacterial strains used here also significantly reduced aphid
survival (Supplemental Figure S2-1). In both infection assays, bacterial treatment
significantly reduced survival (Infection 1 — ngbb and s8d, x° = 40.51, 2 Df, P <
0.0001; Infection 2 — ng5b and n1324b, x° =13.67, 2 Df, P = 0.001). The Gram-

negative Enterobacter bacterium ng5b was the most virulent, killing aphids
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significantly faster than the Gram-negative bacterium Serratia s8d (z = 3.25, P =

0.003) and the Gram-positive bacterium Bacillus n1324b (z = 2.34, P = 0.048).

Costs of Pathogen Signal Exposure

Experiment 1. Exposure to heat-killed pathogens significantly influenced lifetime
reproduction (Figure 2-1; F4 282 = 5.91, P < 0.001) with aphids exposed to the
entomopathogenic fungus Z. occidentalis having lower reproduction than any
other exposure group, although it was statistically indistinguishable from aphids
exposed to the Gram-positive bacteria n1324b. Exposure did not significantly
influence the length of reproductive period or longevity (Figure S2-2 & S2-3, F4,
282=2.10, P =0.08; F4,282= 1.85, P = 0.12, respectively). Block had a significant
effect on total reproduction (F1 282 = 11.69, P = 0.0008), but there was no
significant interaction between replicate block and exposure indicating that the

treatment effects were consistent across blocks.
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Figure 2-1. Mean lifetime reproduction + bootstrapped 95% confidence intervals
for naive control aphids (clone 5A0) or aphids exposed to a sterile, Gram-
negative, Gram-positive or fungal challenge (Experiment 1). Letters denote
Tukey’s HSD groups.

Experiment 2. Aphids of two genotypes given the second suite of heat-killed

pathogens again had significantly reduced lifetime reproduction (Figure 2-2, F»,
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302 = 25.26, P < 0.0001) with exposure to the fungal pathogen P. neoaphidis
reducing fecundity. Exposure to the Gram-negative bacteria s8d did not
significantly alter reproduction. The genotypes differed in overall fecundity, but
there was no significant interaction between aphid genotype and treatment.
Figure 2. Mean lifetime reproduction * bootstrapped 95% confidence intervals for
aphids from two clones (5A0, LSR1-01) exposed to a sterile, Gram-negative or

fungal challenge (Experiment 2). Letters denote Tukey’s HSD groups.
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Figure 2-2. Mean lifetime reproduction + bootstrapped 95% confidence intervals
for aphids from two clones (5A0, LSR1-01) exposed to a sterile, Gram-negative
or fungal challenge (Experiment 2). Letters denote Tukey’'s HSD groups.

DiSCUSSION

Aphids suffered fithess costs after exposure to signals of two ecologically

relevant fungal pathogens. There was no difference between sterile-stab and
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unstabbed control aphids, indicating that the fithess loss was the result of
pathogen exposure not of wounding. Exposure to heat-killed Gram-negative
bacteria failed to significantly reduce any fithess measures, although exposure to
the Gram-positive antigen did slightly reduce reproduction. To increase the
likelihood of seeing a response to Gram-negative bacteria in Experiment 2 we
used a higher concentration of bacterial elicitors, and yet we still did not detect a
cost of immunity. Across the two experiments, we also used two species of
Gram-negative bacteria, one highly and one moderately virulent (Figure S2-1) to
limit the possibility of a lack of response being due to immune evasiveness of a
selected pathogen. These results are consistent with previous studies that did
not detect substantial immune responses to bacterial challenge using
transcriptomic (Altincicek et al. 2008; Gerardo et al. 2010), proteomic (Gerardo et
al. 2010) and immunological assays (Altincicek et al. 2008; 2011; Laughton et al.

2011a).

Thus, the fitness costs of an immune response can be detected in pea aphids,
and these costs are only apparent when aphids are given fungal cues. Pea
aphids lack most of the IMD pathway and many of the effector molecules
presumed necessary to deal with infection (Gerardo et al. 2010). In this way we
use the pea aphid immune system as a natural knockout, as it lacks one arm of
the insect immune response. The specificity of insect humoral pathways is poorly
understood (Dionne and Schneider 2008), but the IMD pathway is critical for

fighting many Gram-negative bacteria in Drosophila (Lemaitre et al. 1997), and



28

studies have found changes in susceptibility to some fungal pathogens in IMD
knock-out Drosophila (Dionne and Schneider 2008). Pea aphids do, however,
retain other important pathways (i.e., Toll, JNK and JAK/STAT pathways) and
can phagocytose invading microbes (Laughton et al. 2011a; The cellular immune
response of the pea aphid to foreign intrusion and symbiotic challenge. 2012).
Our finding that aphids respond to fungus through a costly response opens the
door for investigations into the molecular mechanisms behind aphid-fungal
resistance and will facilitate study of the evolution of aphid-fungal pathogen
interactions and how these interactions are shaped by the coupling of host
immune responses and aphid bacterial symbionts known to confer protection
against fungal pathogens (Scarborough et al. 2005; Parker et al. 2013). In
general, when studying the immune system of a non-model host, it is not clear
what parasite challenge one should study, and how to measure a fitness
response to parasite challenge (Boughton et al. 2011). This work suggests that
measuring life-history traits after pathogen exposure provides valuable

information about natural host-pathogen interactions in non-model systems.
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Figure S2-1. Survival curves from live bacterial virulence trials. The survival
of aphids stabbed with a minutin pin dipped in sterile LB (Control) or live bacterial
solution was monitored for five days. Two trials were conducted, (Left):
comparing the two Gram negative bacteria (s8d and ng5b) and (Right):
comparing the Gram positive bacteria (n1324b) with ng5b.
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CHAPTER 3: INCREASED PATHOGEN SUSCEPTIBILITY AND

IMMUNE COSTS IN A DISPERSAL POLYPHENISM

ABSTRACT

Animal dispersal is an important factor influencing host-pathogen interactions.
Here we test the idea that dispersal can influence dynamics by increasing host
susceptibility. We study a classic example of dispersal polylphenism, pea aphids
(Acyrthosiphon pisum), which produce a winged morph in response to crowding,
predation, or pathogen exposure. We first measure the fecundity costs of an
immune response in both winged and unwinged morphs, and find that immune
costs are limited to winged aphids. We then show that winged aphids are more
susceptible to infection with a natural aphid-specific fungal pathogen (Pandora
neoaphidis), and we tie this to differences between morphs in measures of
cellular immunity and gene expression. Our findings are consistent with the idea
that energetic limitations from costly wing production lead to decreased
investment in immunity. This suggests that the costs associated with dispersal
can influence host—pathogen ecology and evolution by increasing host
susceptibility. Our findings also suggest that the pool of available resources in
winged aphids is insufficient to produce an immune response without influence
host fithess, showing that polyphenism can influence the expression of immune

costs.
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INTRODUCTION

Animal dispersal can influence the between-host transmission of pathogens and
parasites, and therefore has important consequences for the ecological and
evolutionary dynamics of host-pathogen interactions. Most studies of this link
focus on the role of host dispersal in the spatial spread of pathogens (Boots and
Mealor 2007; Best et al. 2011), exposure risk (Dwyer 1991; Parker et al. 2010),
and in contacting new pathogen strains (Waldenstrom et al. 2002). An additional
possibility is that dispersal might influence host-pathogen interactions because
the associated energetic demands increase host susceptibility. Tests of this idea
are rare, but a few studies have linked the effects of long-distance flight to
changes in immune measures in migrating birds, suggesting that the energetic
demands of migration can influence susceptibility through host immunity (Owen
and Moore 2008a,b; Altizer et al. 2011).

The costs of dispersal are often discussed in the context of life-history.
Studies focus on clear dispersal polyphenisms (e.g. winged vs. wingless or short-
winged morphs (Simpson et al. 2011)), varying life-history strategies (Krug et al.
2012), or on variation in dispersal behavior (Hanski et al. 2006; Guershon and
Ayali 2012), and have generally shown tradeoffs between dispersal and fitness
(Karlsson and Johansson 2008; Bonte et al. 2012). Similarly, the field of
ecological immunology has demonstrated life history tradeoffs between immunity
to pathogens and host fitness, indicating that immunity is costly for hosts in terms
of evolving (Kraaijeveld and Godfray 1997; Kraaijeveld et al. 2001; Valtonen et

al. 2010) and using (Jacot et al. 2004) immune mechanisms. Fundamental to this
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approach is the idea that a limited pool of resources fuels the immune system
and other fitness-related traits (Hamilton and Zuk 1982; Simms and Rausher
1987). This idea is further supported by work linking differences in susceptibility
to parasites and immune function to host nutritional condition (Vass and Nappi
1998; Lee et al. 2006; Klemola et al. 2007; Lee et al. 2008; Myers et al. 2011).
For example, starvation increases the susceptibility of Rhodinus prolixus bugs to
bacterial infection (Feder et al. 1997), and was shown to down-regulate immune
activity in beetles (Siva-Jothy and Thompson 2002).

Here we investigate the possibility that the energetic demands associated
with the production of a dispersing morph lower the resource pool available for
mounting an immune response and increase host susceptibility. We use a classic
example of wing polyphenism, the pea aphid Acrythosiphon pisum (Brisson and
Stern 2006), where the production of a winged, dispersing morph is triggered by
exposure to signals of danger, including high host density (Brisson and Stern
2006), predation (Kunert et al. 2005; Balog et al. 2013), or exposure to fungal
pathogens (Hatano et al. 2012). Dispersing aphids invest in wings and
associated musculature, and as a result winged aphids have been shown to have
different energetic requirements (Hatano et al. 2010) and produce fewer offspring
than genetically identical unwinged aphids (Groeters and Dingle 1989). We first
show that the costs of mounting an immune response to a heat-killed fungal
pathogen signal are limited only to the dispersing morph. We then show, using
live infections, that winged aphids are more susceptible to fungal infection than

unwinged aphids, and we uncover differences in immune mechanisms between
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morphs. These results suggest that increasing pathogen susceptibility is an
additional and under-recognized mechanism by which animal dispersal can

influence host-pathogen interactions.

RESULTS & DISCUSSION

Our goal was first to measure the fitness consequences of immune responses in
aphids. We measured reproductive fithess in winged and unwinged aphids by
counting offspring produced over the course of an aphid’s lifespan. To assess the
impacts of immune reaction without the consequences of pathogen virulence, we
measured the fitness of control aphids vs. those exposed to a heat-killed
pathogen (Pandora neoaphidis, a natural aphid-specific fungal entomopathogen).
We found that winged aphids had lower lifetime fecundity than unwinged aphids,
and that aphids exposed to heat-killed Pandora solution had lower fecundity
(Table 3-1, Figure 3-1), confirming the results presented in Chapter 2. Most
importantly, there was also a significant interaction between exposure and morph
(Table 3-1, Figure 3-1), and post-hoc tests found no effect of Pandora exposure
on unwinged aphids, suggesting that the effect of Pandora was limited to winged
aphids. These findings were consistent across three experimental replicates,
each using a different pea aphid genotype (Table 3-1), although there were
differences among replicates in overall fecundity (Table 3-1, Supplementary
Information 3A). We found no effects of heat-killed Pandora on aphid survival

(Supplementary Information 3B).
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3-1) Fecundity cost of exposure to heat-killed Pandora: We measured
lifetime reproductive fithess of winged (left panel) and unwinged (right panel)
aphids that were either stabbed with a needle dipped in sterile PBS (light grey) or
with a needle dipped in a solution of PBS and heat-killed Pandora mycelium
(dark grey). Boxes show the 95% confidence estimates of lifetime fecundity.



Table 3-1
Test df. | p
Statistic
Cost of Exposure
Morph F=113 1 | p<0.0001
Exposure F=5.33 1 | p=0.02
Block/Genotype F =69.6 2 | p<0.0001
Morph * Exposure F=6.87 1 | p=0.009
Morph * Block/Genotype F=11.2 2 | p<0.0001
Exposure * Block/Genotype F=125 2 |p=0.28
Morph * Exposure * Block/Genotype | F =0.076 2 |p=0.92
Cost of Exposure — Post-hoc comparisons
Unwinged:Control vs. Unwinged:Fungus N.S.
Unwinged:Control vs. Winged:Control p <0.001
Winged:Control vs. Winged:Fungus p <0.05
Survival to 8 days after live infection
Morph x?=13.3 1 | p<0.0001
Treatment ¥’ =64.7 1 | p<0.0001
Morph * Treatment x?=7.08 1 | p=0.0080
Genotype x?=17.0 2 | p=0.0002
Morph * Genotype x? = 3.59 2 |p=0.16
Treatment * Genotype ¥ =4.06 2 |p=0.13
Morph * Treatment * Genotype x?=1.04 2 |p=0.59
Pathogen Load
Morph F=6.76 1 |p=0.01
Day F=63.4 1 | p<0.0001
Genotype F=6.30 2 | p=0.0045
Morph * Day F=0.16 1 | p=0.688
Morph * Genotype F=2.80 2 | p=0.742
Day * Genotype F =0.09 2 |p=0.916
Morph * Day * Genotype F=0.23 2 | p=0.797
Cell concentration after heat-killed challenge
Morph F=114 1 | p=0.0015
Treatment F=11.5 2 | p<0.0001
Morph * Treatment F=7.96 2 | p=0.0011
Cell concentrations after live infection
Morph F=4.35 1 |p=0.04
Treatment F =6.53 1 | p=0.01
Time Point F=2.61 1 |p=0.11
Morph * Treatment F=1.43 1 |p=0.24
Morph * Time Point F=0.14 1 |p=0.70
Treatment * Time Point F=4.40 1 |p=0.04
Morph * Treatment * Time Point F=14.6 1 | p=0.0003

37
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Effect of Pre-treatment
Morph x* = 8.46 1 | p=0.0036
Pre-Treatment x> =11.1 1 | p=0.00085
Morph * Pre-Treatment x?=19.6 1 | p <0.0001

Two hypotheses could explain the finding that immune costs are limited to
winged aphids. The first possibility is that winged aphids mount a stronger
immune response than unwinged aphids. Winged aphids are produced in
response to ecological conditions, such as crowding, that could increase the
probability of pathogen exposure. Winged aphids may be investing more heavily
in immunity in response to this risk, and therefore experience greater costs than
unwinged aphids. The second possibility is that the immune costs we observed in
this system are condition dependent. The production of wings and the associated
musculature requires host resources, and leads to lower lifetime fecundity
(Figure 3-1, Groeters and Dingle 1989)—as a result winged aphids may be
energetically limited such that the pool of resources in winged aphids is
insufficient to produce an immune response without negatively influencing
fecundity. Such condition-dependent immune costs have been observed in other
systems (Kraaijeveld and Godfray 1997; Mckean et al. 2008; Cotter et al. 2010).
For example, studies have reported costs only in conditions of starvation or low
nutrient availability (Moret and Schmid-Hempel 2000).

To test these hypotheses, we characterized the susceptibility of both morphs
to a live Pandora infection. We reasoned that if winged aphids were investing
more in an immune response they should be less susceptible to Pandora

infection than unwinged aphids. If, on the other hand, winged aphids are
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energetically limited leading to context-dependent immune costs, we expected
that winged aphids would be more or equally susceptible to live Pandora
infection than unwinged aphids. We infected aphids from both morphs with
Pandora spores and recorded whether each aphid died after pathogen exposure.
We found that winged aphids were significantly more susceptible to fungal
infection than unwinged aphids (Table 3-1, Figure 3-2A), and that this trend was
consistent across multiple genotypes (Table 3-1, Supplementary Information 3C).
In addition to measuring survival, we also recorded whether each aphid produced
Pandora spores after death. Pandora is transmitted after it produces a
sporulating cadaver, and the success or failure of spore production is therefore
relevant to pathogen transmission. We found that winged aphids were
significantly more likely to produce a sporulating cadaver than unwinged aphids
(Supplementary Information 3D). We performed a second experiment where we
stabbed aphids with infectious spores instead of infecting aphids through the
cuticle, and again found that winged aphids were more susceptible than
unwinged aphids to Pandora (Supplementary Information 3E). This suggests that
differences in Pandora susceptibility that we measured with a natural infection
route were not driven by differences in the ability of spores to penetrate the host

cuticle.
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3-2) Susceptibility of morphs to live Pandora infection: A. Percent survival:
Shows the percent survival 8 days after Pandora infection of winged (left) and
unwinged (right) aphids. Control aphids (unexposed) are shown in light grey, and
exposed aphids are dark grey. Error bars show standard error of the mean. B.
Pathogen load: Shows the number of copies of Pandora 18S measured with
quantitative PCR for winged (dotted line, open circles) and unwinged (solid line,
solid circles) aphids at 1, 2, 3, and 4 days after exposure. The y-axis is a log
scale.
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We next used quantitative PCR to measure the pathogen load of unwinged
and unwinged aphids over the course of a Pandora infection. Recent work has
suggested that studies in ecological immunology should measure pathogen load
in addition to other fitness traits because of complex relationships between host
fitness and within-host pathogen load (Graham et al. 2011). Pandora grew
logarithmically during the first four days of infection (Table 1, Figure 2B). Winged
aphids had higher pathogen loads than unwinged aphids across the time course
of infection (Table 3-1, Figure 3-2B), and this effect was consistent across
genotypes though genotypes differed significantly in pathogen load (Table 3-1).
Together these results show that winged aphids are more susceptible than
unwinged aphids to Pandora infection.

We next aimed to link these results to measures of immunity. As a first step,
we investigated the cellular immune response of winged and unwinged aphids.
Previous work on aphid immunity has shown that aphids possess several distinct
cell (hemocyte) types (Laughton et al. 2011a; Schmitz et al. 2012). Of these cell
types, granulocytes were shown to have a role in the aphid immune response
(Laughton et al. 2011a; Schmitz et al. 2012), and so we quantified the number of
granulocytes in fixed volumes of hemolymph from winged and unwinged aphids
that were either exposed to heat-killed Pandora, control stabbed, or unstabbed.
In a pilot study using only control aphids, we found that winged aphids had about
half as much hemolymph as unwinged aphids, but had a higher concentration of

granulocytes. We therefore do not make direct comparisons between morphs
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using cell concentrations, and instead compare changes in cell titer as a result of
Pandora exposure between morphs. We found that winged aphids showed a
significant depletion of immune cells when exposed to heat-killed Pandora
compared to sterile stab and control aphids, but found no significant changes in
cell concentration in unwinged aphids (Table 3-1, Figure 3-3A).

We next quantified the number of granulocytes in winged and unwinged
aphids after live Pandora infection. We sampled aphids at two time points (48hrs
and 96hrs after infection), and found that at 96 hours we again saw the depletion
phenotype observed above in winged aphids, and again found no effect in
unwinged aphids (Table 3-1, Figure 3-3B). We found no changes in cell titers at

48 hours post-exposure in either morph.
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3-3) Cell counts: The y-axes of these plots show the relative concentrations of
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for that morph. Unwinged aphids are shown on the left, winged aphids are shown
on the right. A. Cellular immunity after heat-killed pathogen exposure: Here
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we measured cell concentration of control (not stabbed) aphids (light grey),
aphids stabbed with a needle dipped in sterile PBS (medium grey), or with a
needle dipped in a solution of PBS and heat-killed Pandora mycelium (dark
grey). Error bars show standard error. These data were collected 24 hrs after
stabs. B. Cellular immunity after live infection: Here we measured cell
concentrations of control (light grey) and Pandora exposed (dark grey) aphids 96
hours after exposure. Error bars show standard error. We conducted these live
infections on adult aphids.

A number of studies have interpreted changes in hemocyte counts as
evidence for differences in immune activity. For example, higher number of
hemocytes in solitary vs. gregarious lepidopterans was taken as greater
investment in immunity (Wilson et al. 2003), and increases in hemocyte numbers
have been reported in response to parasitic wasp infection in Drosophila
(Sorrentino et al. 2002; Markus et al. 2009). In our study, neither winged or
unwinged aphids showed increases in hemocyte counts after fungal infection,
and we only observed a decrease in hemocyte numbers in winged aphids, which
are less resistant to Pandora. There are fewer studies in the literature to use as
precedent for interpreting decreases in cell concentrations, but work in
bumblebees has shown that when worker bees transition from nursing to
foraging activities, they show a decrease in hemocyte number. This result is
interpreted as a reaction to selection to optimal resource allocation (Amdam et al.
2005)—most bees perish shortly after transitioning to foraging activities, and so
selection does not favor investing in immunity. The results we report in aphids

could reflect a shift in resource allocation from immunity to other energetic needs

(e.g. repair or fecundity). Alternatively, the cell depletion we observe could reflect
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winged aphids’ inability to sustain granulocyte titers after mounting a cellular
immune response to Pandora infection.

We next turned to patterns of gene expression in response to Pandora
infection. Information on genes involved in the invertebrate immune response to
fungi is limited, but previous work has implicated several innate immune signaling
pathways as important to fungal defense in Drosophila (Lemaitre et al. 1997;
Lemaitre and Hoffmann 2007). We previously measured the expression of a
number of pea aphid homologs to these genes in response to fungal infection
and found no significant patterns of differential expression (Gerardo et al. 2010).
To overcome this problem here, we used RNAseq to sequence mRNA from
winged and unwinged aphids to determine which genes were differentially
expressed in response to Pandora infection. A small number of genes were
significantly differentially expressed in response to fungal exposure (winged: 625;
unwinged: 419). This gene list contained a number of potential immune genes,
including phenoloxidase, which is a key component of immune function in
invertebrates (Laughton et al. 2011b), and a group of cathepsins, which are
proteases that have been shown to be expressed in hemocytes and to have
lysozymal activity against bacterial and viruses in other invertebrates (Tryselius
and Hultmark 1997; Serbielle et al. 2009; Nishikori et al. 2009; Hamilton et al.
2011).

We then used quantitative real-time PCR to assess patterns of gene
expression in winged and unwinged aphids in response to Pandora infection

across multiple time-points during infection. We included three of the putative
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immune genes identified above, and also included Cathepsin L (which was not
found to be differentially expressed in our RNAseq analysis). We first compared
the expression of these genes between uninfected winged and unwinged aphids
as a comparison of constitutive expression. Unwinged aphids consistently
expressed these genes more strongly than winged aphids (Figure 3-4). This
pattern of higher constitutive expression of putative immune genes in unwinged
aphids matched patterns seen in the transcriptome (Figure 3-SF). When
comparing expression between control and infected aphids, we found no
evidence of up- or down-regulation of putative immune genes early during the
infection (12 and 24 hours), but found that several of these genes were
upregulated 48 hours after infection (Figure 3-4). We further found that these
genes were upregulated more strongly in unwinged than winged aphids (Figure
3-4). Together these results suggest that unwinged aphids invest more strongly
in immunity and in an immune response than winged aphids. This lends support
to the second hypothesis described above; that winged aphids are more
susceptible to Pandora infection and invest less in an immune response because

they are energetically limited as a result of wing production.
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3-4) Putative immune gene expression data: \We used quantitative PCR to
measure the expression of our putative aphid fungal immunity genes. A.
Differential expression: The y-axis shows the relative fold change of Pandora
infected vs. control aphids. Differential expression was measured for winged
(dotted lines) and unwinged (solid) lines at three time points after Pandora
exposure (12 hrs, 24 hrs, and 48 hrs). The error bars show standard error across
three biological replicates for each point. Asterisks indicate statistically significant
differences, as determined by the interaction effect between morph and
treatment at each time-point. B. Constitutive expression: We averaged the
expression of control aphids (unexposed) across the three timepoints, and
compared the expression of these unexposed aphids between unwinged (light
grey) and winged (dark grey) aphids as a measure of constitutive gene
expression. Statistical significance is indicated by asterisks, error bars show
standard error.

We last explored the effects of morph on an aphid’s ability to mount a
subsequent immune response after an initial heat-killed immune challenge. In
many systems, active upregulation of immune mechanisms because of
preliminary exposure leads to later immune protection in a mechanism termed
‘immunological priming’ (Moret and Siva-Jothy 2003; Konrad et al. 2012). We
instead found that winged aphids were more susceptible to Pandora infection
after a heat-killed fungal pre-treatment, but found no effect in unwinged aphids
(Table 3-1, Figure 3-5). This result indicates that after pre-treatment, winged
aphids were less successful at mounting a subsequent response to live infection,
but that unwinged aphids were not affected by pre-treatment. Some have
speculated on the interaction between immune costs and immunological priming
(Little and Kraaijeveld 2004), and this finding suggests that increased

susceptibility to a subsequent pathogen challenge after priming is an additional

way in which immunity can be costly for hosts.
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3-5) Survival curves of Pandora aphids after pre-treatment: \We measured
survival between 2 and 7 days after exposure to Pandora of winged (dotted lines)
and unwinged (solid lines) aphids that were exposed to one of two pre-
treatments: a stab with a needle dipped in sterile PBS (light grey) or with a
needle dipped in a solution of PBS and heat-killed Pandora mycelium (dark

grey).

CONCLUSIONS

We found that measurable costs of immunity to Pandora are limited to winged
aphids both in terms of lifetime fecundity and in terms of the ability of aphids to
respond to a subsequent pathogen infection after initial immune challenge. We
further found that winged aphids are more susceptible to Pandora infection than
unwinged aphids, and that they do not invest as heavily in immune mechanisms.
These findings are consistent with the idea that because winged aphids are
energy limited from the production of wings and associated musculature, the pool
of available resources is not sufficient to produce an immune response without

negatively influencing lifetime fecundity.
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Recent work has emphasized the importance of winged aphids for the spread
of fungal pathogens (Feng et al. 2004; Chen and Feng 2004; 2005; 2006), and
has suggested that dispersing winged aphids may be the primary source of
transmission of aphid fungal pathogens (Feng et al. 2007). The increased
susceptibility of dispersing aphids is likely an important driver of disease
dynamics in this system, and future efforts to characterize fungal pathogen
epidemics in aphid populations (Plantegenest et al. 2001) and in the use of
fungal pathogens for aphid biocontrol (Hajek and Delalibera 2010) will benefit
from considering this difference. More generally, many species exhibit
physiological differences associated with dispersal. A well-studied example
comes from locusts, where high population densities lead to a switch from a
solitary non-dispersing morph to a swarming migratory morph (Simpson et al.
2011; Guershon and Ayali 2012). Other examples include monarch butterflies,
where individuals from migrating populations are larger than those from non-
migratory populations (Altizer and Davis 2010), and termites that can produce
winged sexual and unwinged worker castes (Korb and Katrantzis 2004). There
are also energetic demands from dispersing itself that influence resource
availability for immunity (Roff 1977; Owen and Moore 2008b). We therefore
expect that dispersal can influence disease dynamics through host susceptibility
in a wide variety of organisms, but clearly more research is needed.

Lastly, these findings have important implications for evolution. The rates of
dispersal of hosts and pathogens affect the evolution of local adaptation (Gandon

et al. 1996; Lively 1999). An increase in host susceptibility because of the
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physiological demands of dispersal could increase parasite transmission, which
would therefore influence host-pathogen co-evolution. In addition, we found that
costs of immunity were condition dependent, with effects only in the dispersing
morph. Condition-dependent immune costs have been found in several previous
studies (Kraaijeveld and Godfray 1997; Moret and Schmid-Hempel 2000;
Mckean et al. 2008; Cotter et al. 2010), focusing mostly on the role of host
nutritional state. Our results suggest that polyphenism is an additional and
previously unrecognized condition under which immune costs can be expressed,
which may be important in a number of well-characterized host-pathogen
systems where hosts exhibit polyphenism (Simpson et al. 2011). The fitness
costs associated with immunity have been used in the explanations of a number
of observations in host-parasite interactions, from why we see variation among
individuals in parasite susceptibility (Schmid-Hempel 2003; Sadd and Schmid-
Hempel 2009) to how parasite virulence evolves (Gandon and Michalakis 2000;
Mackinnon and Read 2004; de Roode et al. 2011). Determining the conditions
under which immunity has an impact on host fitness is therefore critical for our

understanding of host-pathogen interactions.

METHODS

Study organism: We maintained pea aphids asexually on fava bean (Vicia faba)
plants in 16 hr light: 8 hr dark conditions at 20°C. All aphids used in a given
experiment were born within 24 hours of one another to reduce ontogenetic

differences among individuals. We exposed developing aphids to the alarm
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pheromone (E)-B-farnesene (EBF) at a dose that causes them as adults to give
birth to approximately 50% winged and 50% unwinged offspring (dose based on
preliminary experiments, 5 uL of 1000 ng/uL EBF every other day for 10 days).
For the experimental work described below (cost of exposure experiments and
assays of resistance) we used three genotypes: LSR1-01, 5A0, and G6 (Table

3-S1). For the immunological assays we used genotype LSR1-01.

Cost of Exposure Assays: We obtained an isolate of Pandora (genotype
ARSEF 2588) from the USDA ARS Collection of Entomopathogenic Fungal
Cultures and grew it for 2 weeks on SDAEY plates at 20°C (Papierok and Hajek
1997). We added approximately 1 cm? of mycelium to 250ul Ringers solution,
and autoclaved this solution at 121°C for 20 minutes and then homogenized the
solution. We exposed 6 day old aphids to this heat-killed Pandora by stabbing
them ventrally in the thorax with a 0.10mm minutin pin contaminated with the
heat-killed pathogen, or with a sterile minutin pin dipped in Ringers solution as a
control (Altincicek et al. 2008; Barribeau et al. 2010). We then allowed the aphids
30 minutes to heal in a clean Petri dish before we put them individually onto fava
bean plants in cup cages. We performed three replicates of the experiment, each
in a different host genotype (LSR1-01, 5A0, G6). Every 48 hours we counted the
number of offspring produced by each aphid. During each check, offspring were
removed from the plants after counting to prevent overcrowding, and plants were
trimmed as necessary. We replaced the plants every 14 days, and continued the

experiment until all subjects stopped reproducing. We analyzed these data using
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generalized linear models, with a quasipoisson distribution and log link function,
implemented in R version 2.11. We included morph, treatment, and block factors.
Note that for each of the three blocks we used a different genotype to ensure that
results were consistent across both genotype and experimental replicate.
Minimal models were derived by removing terms followed by model comparisons
using ANOVA. Terms were retained if their removal significantly reduced the
explanatory power of the model. An interaction effect between morph and
treatment indicated that immune costs differed between morphs. We then
performed multiple comparison tests using the multcomp package in R (Hothorn
et al. 2008) to determine whether significant effects of treatment were limited to
the winged morph. Although we used a sterile stab as a control, our previous
work has shown that there is no effect of stabbing on aphid survival or fecundity

(Barribeau et al., in review).

Live infection: We infected aphids with Pandora by exposing them to a ‘spore
shower’ (based on (Scarborough et al. 2005; Baverstock et al. 2006; 2008;
Hatano et al. 2012; Parker et al. 2013)). Pandora was grown on SDAEY plates
as above, and small pieces of fungal mycelium were cut and placed onto 1.5%
tap water agar. After approximately 15 hours, the fungus begins to sporulate, at
which time it was inverted over hollow tubes with aphids at the bottom of the
chamber. Fungus plates were rotated among treatment groups to ensure that
each treatment received an equal inoculation dose, and control aphids were

handled similarly but were not exposed to spores. We exposed winged and
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unwinged aphids (same three genotypes used above) to fungus. At 8 days after
infection we recorded the survival of each aphid, and analyzed these data using
a binomial GLM (with logit link function). We included morph, treatment, and

genotype as factors in the model, and performed model comparisons as above.

Quantifying pathogen load: We used quantitative PCR to measure spore load
of infected aphids. A live infection was performed as described above, but using
a high spore dose designed to produce 100% lethality. Aphids were flash frozen
in liquid nitrogen at 24, 48, 72, and 96 hours after infection, and then stored at -
80°C, after which DNA was extracted using Bender buffer (with Proteinase K)
and ethanol precipitation (based on (Bender et al. 1983)). At each time point, we
collected two biological replicates of five aphids. Both winged and unwinged
aphids were collected from three. Primers for Pandora 18S ribosomal RNA gene
(Accession: EU267189.1) were designed using Primer Express 3.0
(supplementary information), and primer and template DNA efficiencies were
optimized to 100 +/- 5% efficiency. We used the Invitrogen TOPO TA cloning kit
with pCR 2.1 vector to clone our target fragment into One Shot TOP10
competent e. coli cells, and we extracted amplified plasmids using GE
Healthcare illustra plastmidPrep Mini Spin Kit under recommended conditions.
The cloned fragment was sequenced with M13F primer to confirm its identity. We
used the standard curve method on an Applied Biosystems Step One Plus
platform, measuring target amplification in experimental samples and in a

standard dilution series (using 6 dilutions of 1:5 starting with 3.2 x 10° copies),
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with three technical replicates. The comparative threshold cycle (Ct) was
averaged across technical replicates, and Pandora 18S copy number was
determined using Applied Biosystems Step One Plus software. We then used a

quasipoisson GLM as above with morph, genotype, and day as factors.

Cellular Immunity Assays: Our protocol for characterizing the cellular immune
response is based on (Laughton et al. 2011a), and involves collecting and
staining hemolymph and performing cytological identification under a light
microscope. Hemolymph was collected from leg wounds from several aphids
until 0.25ul was obtained, and samples were then smeared onto a slide.
Hemolymph was then fixed and stained using a Diff-Quick stain kit, and the
number of granulocytes was counted under a light-microscope. We performed
two experiments using this basic protocol. In the first experiment, we stabbed
aphids with a heat-killed Pandora solution as above, with a sterile stab control
and a no stab control, and collected hemolymph 24 hours after infection. In the
second experiment we performed a live infection as described above, and
collected hemolymph from infected and uninfected aphids at 48 and 96 hours

after exposure.

Identifying candidate immune genes: To identify genes that play a role in
aphid fungal immunity, we used RNAseq to measure the transcriptional response
of winged and unwinged aphids to Pandora infection. Aphids were infected as

above, but here we used spores from three fungal strains (ARSEF 2588, 2755,
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and 5403). RNA was extracted from aphids 48 and 72 hours after pathogen
exposure using Trizol and isopropanol precipitation. For each combination of
treatment (control, Pandora infected) and morph (winged, unwinged), RNA from
10 aphids (from two host plants) from each timepoint was pooled, and libraries
were constructed using lllumina kit B. CDNA libraries were then sequenced on
an lllumina hi-seq machine. Reads were mapped to the pea aphid genome
assembly version 2 using tophat (v.1). Differential expression of mapped
transcripts was determined using cufflinks v. 2.1 (Trapnell et al. 2012), and genes
were assigned function based on published annotation from the pea aphid

genome project (International Aphid Genomics Consortium 2010).

qPCR assays of candidate immune gene expression: We infected winged
and unwinged aphids with Pandora as above (with Pandora strain 2588), and
flash-froze aphids in liquid nitrogen at 12, 24, and 48 hours after exposure.
Aphids were stored at -80°C until RNA extraction using the trizol protocol
described above. Genomic DNA contamination was reduced using the Invitrogen
Turbo DNA-free kit and recommended protocols, and RNA was converted to
cDNA using Invitrogen SuperScript Il First-Strand Synthesis under
recommended protocols. Primers were designed based on the RNAseq data
generated above and sequence from the aphid genome sequencing project using
Primer Express 3.0. Primer and template cDNA concentrations were optimized to
100 +/- 5% efficiency (Supplementary Information). A. pisum Ef1a was used as

an endogenous control (Wilson et al. 2006). We subtracted the critical threshold
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value (Ct) for the endogenous control from the target gene for each sample
(ACt). We analyzed the differential expression of each gene at each time-point by
using ANOVA to compare the ACt values for control and infected aphids from
both morphs. A significant interaction effect between morph and treatment
indicated that the magnitude of difference in the change in expression of the

target gene differed between morphs.

Resistance after pre-treatment: We tested the effect of a heat-killed fungal
‘pre-treatment’ on resistance of winged and unwinged aphids. Stabs were carried
out as described above, this time on 9-day old LSR1-01 aphids with heat-killed
Pandora and a sterile stab control. Aphids were placed in a Petri dish for 3 hours
and were then exposed to spores as described above. Aphid survival was
recorded every 24 hours for 7 days. Data were analyzed using a non-parametric
survival model with a Coxph distribution using the Survival package in R version
2.11. A test of proportional hazards was conducted to ensure that the data fit
model assumptions. Significance was determined using model comparisons as

described above.
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SUPPLEMENTARY INFORMATION

Supplementary Information 3A: Costs of immunity across genotypes

We performed three replicates of the cost of exposure experiment, each using a
different aphid genotype. We found a significant effect of block/genotype on
overall fecundity (Table 1), suggesting that genotypes differed in their overall
reproductive fitness under experimental conditions. We did not find a significant
interaction between morph, exposure, and block/genotype, suggesting that the
trend of stronger immune costs in winged vs. unwinged aphids was consistent
across replicate/block. However, when we analyze the data from each genotype
separately, we find no significant interaction between morph and treatment in
genotype G6 (stats). This could be the result of a smaller sample size in this
genotype (n = ). Alternatively, this could suggest that immune costs are not found
in all genotypes, and future work will need to determine the role of host genotype
in immune costs in this system.

5A0 LSR1 G6
Unwinged Winged Unwinged Winged Unwinged Winged
100 - 100 - ‘ 100 '

== | |
- -iE =5 I

80

B =m
7 EE 70-5 E

©
o

o)
o
1

60 60

E -

1
d ' d
' 40 ' 40 '
Sterile Heat-killed Sterile Heat-killed Sterile  Heat-killed Sterile Heat-killed Sterile  Heat-killed Sterile Heat-killed
stab  fungalstab stab  fungal stab stab  fungalstab stab  fungal stab stab  fungalstab stab  fungal stab

Total Offspring
g 3

50 -

a
o
1

N
o
L

Figure SA: Cost of exposure data by replicate/genotype. Total lifetime
fecundity is shown for the aphids used in the cost of exposure experiment,
broken down into the three replicates of the experiment, each of which used a
different host genotype. Boxes show the 95% confidence intervals; lighter
colored boxes show control aphids, darker boxes show aphids exposed to heat-
killed fungus. Data is broken down into unwinged (left panels) and winged aphids
(right panels).
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Supplementary Information 3B: Survival analysis of aphids exposed to
heat-killed Pandora solution:

We found no effect of heat-killed Pandora exposure on survival of winged aphids.
Data were analyzed using non-parametric survival models with a Coxph
distribution using the Survival package in R version 2.11. A test of proportional
hazards was conducted to ensure that the data fit model assumptions. Minimal
models were derived by removing terms followed by model comparisons using
ANOVA. Terms were retained if their removal significantly reduced the
explanatory power of the model. Winged aphids had significantly higher survival
across the course of the experiment (x* = 10.3, 1DF, p = 0.001), but there was no
effect of treatment or block so these terms were removed from the model (Figure
SB).
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Figure SB: Survival of aphids exposed to heat-killed pathogen solution. Dark
grey lines show survival of winged aphids, light grey shows survival of unwinged
aphids. The dotted line indicates that aphids were exposed to heat-killed
Pandora, the solid lines represent control stabbed aphids.
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Supplementary Information 3C: Live Pandora fungal infections across
genotypes

We used a binomial GLM to analyze infection status 8 days after Pandora
exposure. There were significant differences among genotypes in overall survival
(Table 1), but neither the interaction between genotype and treatment, or the
three-way interaction between genotype, morph, and treatment, were significant.
This suggests that the trend of higher susceptibility in winged aphids was
consistent across genotypes.
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Figure SC: Survival of aphids 8 days after Pandora exposure. The light bars
show unexposed aphids, and the dark bars show aphids exposed to Pandora.
Overall winged aphids were more susceptible to Pandora infection. The error
bars show standard error.
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Supplementary Information 3D: Sporulation after live Pandora fungal
exposure

Of aphids exposed to fungus, morph significantly impacted the likelihood of
producing a sporulating cadaver (3?1219 = 32.9, p < 0.0001).
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Figure SD: The percent of aphids that produce a sporulating cadaver. No control
aphids produced a sporulating cadaver—they are not included in the plot. Aphids
either survived until the end of the experiment, died but did not produce a
cadaver, or produced a sporulating cadaver. In the wild, producing a sporulating
cadaver is necessary for Pandora transmission. The left panel shows the
frequency of aphids that were exposed to fungus that produced a sporulating
cadaver. The right panel shows the frequency of the aphids that were both
exposed, and died before the end of the experiment, that produced a sporulating
cadaver. The lighter grey shows unwinged aphids, the darker grey shows winged
aphids. For both measures, winged aphids produced a sporulating cadaver more
frequently than unwinged aphids.
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Supplementary Information 3E: Survival of aphids stabbed with infectious
Pandora spores

We made a solution of live spores by crushing up three sporulating aphid
cadavers in 100ul PBS. Winged and unwinged aphids were reared as described
in the methods, and at 9 days old were stabbed in the thorax with a 0.10mm
minutin pin contaminated with the spore solution. We measured the daily survival
of stabbed aphids for 5 days after exposure. Data were analyzed using a coxph
survival model after testing for the proportional hazards assumption. Significance
was determined using a likelihood ratio test comparing survival models with and
without morph as a factor. Winged aphids had significantly lower survival than
unwinged aphids (x? = 16.241, 1 DoF, p < 0.0001). This suggests that like the
other measures of aphid fithess we report, winged aphids are more susceptible
to fungal pathogens even when spores are injected directly into the hemolymph.
This suggests that the differences in susceptibility we measure through infection
by spore showere were not solely due to differences in winged and unwinged
aphid cuticle thickness (Although winged aphids have ticker cuticles than
unwinged aphids (Brisson and Stern 2006), suggesting that if cuticular thickness
were an issue, we would see the reverse trend of winged aphids being more
resistant than unwinged aphids).
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Figure SE: Survival of Winged and Unwinged aphids after Pandora stabs. The
dotted line shows survival of winged aphids, and the solid line shows unwinged
aphids.
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Supplementary Information 3F: Constitutive gene expression from RNAseq
data
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Figure SF: Constitutive expression of putative immune genes. FPKM
(Fragments Per Kilobase per million Mapped reads) is compared between
uninfected unwinged (light grey) and winged (dark grey) aphids.



Table 3-S1: Aphid Genotypes:
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LSR1-01 Ithaca, NY Alfalfa 1998 (International Aphid
Genomics Consortium
2010)
G6 Atlanta, GA | Mixed weeds | 2008 | (Barribeau et al. 2010)
5A0 Madison, WI Alfalfa 1999 | (Russell & Moran 2006)

Pathogen Load Primers:

Quantitative PCR

Pandora 18S F

TCTTTGGGCTTAGTTGGTACTTTACTG

Pandora 18S R

GCCCGCTTTGAACACTCTAATT

qPCR primer efficiencies:

Gene DNA [ Mean C" | Slope Efficiency
(Primer Concentration
Concentration) (ng/ul)
PO sub2 50 | 21.7 -3.32 100.2%
(100nM) 10 | 23.9
2,264
PO sub2 50| 20.9 -3.22 104.2%
(200nM) 10 | 231
21255
PO sub2 50| 20.9 -3.38 97.6%
(300nM) 10 | 231
21256
Cathepsin B16C 50 | 19.6 -3.20 105.4%
(100nM) 51223
0.5]26.0
Cathepsin B16C 50 19.9 -2.96 117.5%
(200nM) 51228
0.5]25.9
Cathepsin B16C 50| 19.8 -2.96 117.9%
(300nM) 51226
0.5]|25.7
Cathepsin BS00014 50214 -3.21 105.1%
(100nM) 10 | 23.7
21259
Cathepsin BS00014 501213 -3.26 102.5%




(200nM) 10 | 23.5

21259
Cathepsin BS00014 50]21.0 -3.38 97.5%
(300nM) 10 | 23.3

2257
Cathepsin L 50 | 21.8 -3.34 99.4%
(100nM) 10 | 24.0

2264
Cathepsin L 50 | 21.3 -3.32 100.0%
(200nM) 10 | 23.7

2126.0
Cathepsin L 50 | 21.4 -3.23 103.8%
(300nM) 10 | 23.6

21259

65
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Supplementary Information 3G: Survival of aphids used in transcriptional
analysis

We infected aphids in addition to those used to produce RNA for sequencing to
verify that the Pandora infection worked and that the pattern of susceptibility in
winged and unwinged aphids was consistent throughout all of our infections. We
recorded survival at Day 8 of winged and unwinged aphids that were exposed to
Pandora or were unexposed as a control (n = 27 per treatment per morph). We
analyzed these data using a binomial GLM, and performed model comparisons
using ANOVA. Morph (x? = 4.45, 1DF, p = 0.034) and treatment (y* = 40.3, 1DF,
p < 0.0001) both significantly influenced the proportion of aphids alive at Day 8,
as did the interaction between Morph and Treatment (x* = 5.36, 1DF, p = 0.021).

100 -
80 - D Unwinged
. Winged
60 -
40 - I
20 A
0 - | e

Control Fungus

This indicates that as before, winged aphids were more susceptible to Pandora
infection than unwinged aphids.

Figure SG: Survival at Day 8 for the transcriptome experiment. We found that
winged aphids were more susceptible to Pandora infection than unwinged
aphids, consistent with previous experiments (Figure 3).
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CHAPTER 4: GENETIC VARIATION IN RESISTANCE AND

FECUNDITY TOLERANCE IN A NATURAL HOST—PATHOGEN

INTERACTION

ABSTRACT

Not all host defenses against pathogens are subject to the same selective
pressures. One important distinction is between mechanisms of resistance,
which actively fight off infection, and tolerance, which limit the impact of infection
on host fitness. Theory predicts variation among genotypes in resistance, but not
in all mechanisms of tolerance. In addition, environmental factors can complicate
host—pathogen coevolution. For example, pea aphids are protected from fungal
pathogens by several species of symbiotic bacteria. Here we look for variation
among aphid genotypes in measures of resistance and tolerance in the absence
of protective bacteria. We find variation in resistance among symbiont-free
genotypes, suggesting that selection can maintain variation in host resistance
even when host-pathogen evolutionary dynamics are influenced by protective
symbionts. We also find evidence of variation among genotypes in tolerance of
the effects of pathogen infection on host fecundity, but no variation in measures
of tolerance of pathogen-induced mortality, validating theoretical predictions.
These results highlight the complexity of the evolutionary pressures generating

variation in host defenses.
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INTRODUCTION

Pathogens are ubiquitous in nature and impose strong selective pressures on
their hosts. In turn, hosts have evolved ways to defend against pathogens. A
fundamental insight into this interaction is that there can be measurable variation
in these defenses among hosts (Rolff and Siva-Jothy 2003; Sadd and Schmid-
Hempel 2009). This variation has consequences for host-pathogen coevolution,
and determining the evolutionary forces generating variation in defenses has
been critical for addressing a number of biological questions (e.g. variation in
disease prevalence across ecological gradients (Altizer et al. 2011; Mgller et al.
2011); the evolution of pathogen virulence (Gandon and Michalakis 2000;
Mackinnon and Read 2004; de Roode et al. 2011)).

This task is difficult, however, because there are a variety of ways that hosts
defend against pathogens, and not all of these defenses have the same effects
on host-pathogen coevolution. One important distinction is often made between
mechanisms of resistance, which actively reduce pathogen burden, and
mechanisms of tolerance, which limit the impact of infection on host fitness
without reducing pathogen infection or growth. Because they have different
effects on pathogen fitness, theory predicts differences in the patterns of
variation found in resistance and tolerance in wild populations. Resistance
mechanisms reduce pathogen fitness by directly combating infection, and
pressure from pathogens selects for resistant hosts. This in turn reduces
pathogen prevalence, makes expensive resistance mechanisms less beneficial

(see Chapters 2 & 3), and leads to negative frequency-dependent selection,
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generating variation in resistance mechanisms among hosts (Lively and Dybdahl
2000; Woolhouse et al. 2002; Gandon et al. 2008). Tolerance mechanisms also
alleviate the reduction of host fitness due to pathogen infection, but in contrast to
mechanisms of resistance, tolerance also benefits the pathogen by increasing
transmission and pathogen prevalence (Roy and Kirchner 2000; Miller et al.
2005; Svensson and Raberg 2010). Tolerance mechanisms are therefore
predicted to generate positive feedback and the absence of genetic variation.
Recent theory has made an additional distinction between tolerance of pathogen-
induced mortality (‘mortality tolerance’) and tolerance of the effects of pathogen
infection on host fecundity (‘fecundity tolerance’). While mortality tolerance has a
positive effect on pathogen fithess, fecundity tolerance is predicted to be neutral
for horizontally transmitted pathogens (Best et al. 2008). We might therefore
expect to find variation among genotypes in fecundity tolerance due to genetic
drift, but empirical validation of these predictions is needed.

In addition, researchers have recently started to recognize the importance of
microbial symbionts in host defense (reviewed in Haine 2008; Brownlie and
Johnson 2009). The human gut, for example, is host to symbiotic bacteria that
defend against colonization by opportunistic pathogens (Round and Mazmanian
2009; Maynard et al. 2012). Other examples of symbiont-mediated protection
include fungi that protect plants from pathogen attack (Arnold et al. 2003) and
Spiroplasma bacteria that protect Drosophila flies from parasitic nematodes
(Jaenike et al. 2010). The number of examples in the literature of protective

associations is rapidly increasing in a taxonomically diverse set of hosts.
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However, how symbiont-mediated protection influences the evolution of hosts’
immune system-based defenses is unclear (Boughton et al. 2011; Parker et al.
2011). One possibility is that symbiont-mediated protection leads to relaxed
selection on immune mechanisms (Altincicek et al. 2008).

Understanding the complexity of host defenses within an ecological and
evolutionary context is critical for understanding a major class of interspecific
interactions. Here we use pea aphids (Acyrthosiphon pisum) and a natural aphid
fungal entomopathogen, Pandora neoaphidis, to look for empirical validation of
existing theory about the evolutionary sources of variation in host defenses. Initial
characterizations of natural aphid populations revealed a large amount of
variation in susceptibility to Pandora (Henter and Via 1995; Ferrari et al. 2001),
and it was presumed that this variation was due to genetic differences among
aphid clones. It was eventually discovered, however, that pea aphids are
protected from Pandora and other fungal pathogens by several Gram-negative
bacterial symbionts (Scarborough et al. 2005; Lukasik et al. 2012; Parker et al.
2013). In this system where symbiont-mediated protection is known to play a
substantial role in host-pathogen coevolution, we measure fitness (survival,
percent sporulation, and fecundity) of aphid genotypes that do not harbor
protective symbionts to determine whether we still find genetic variation in

resistance and tolerance in the absence of protective symbionts.
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METHODS

Pea aphids reproduce asexually by parthenogenesis during the summer,
producing genetically identical offspring that are born live—a single female can
produce ~15 offspring per day during her peak reproductive period. Before
infection, aphids were reared in identical conditions of 16L:8D at 20°C on Vicia
faba plants. The pea aphid lineages used were collected in North America (see
Table S1 in the Supplementary Information). PCR was used to determine that
aphids did not harbor secondary symbionts (primer sequences and PCR
protocols can be found in Table S2). The absence of secondary symbionts was
also confirmed by cytological staining (Laughton et al. 2011a).

We amplified microsatellite loci to look for genetic differences among
lineages. DNA was extracted from 20 aphids of each lineage using Bender buffer
(with Proteinase K) and ethanol precipitation (Bender et al. 1983). We used the
Qiagen Type-it Microsatellite PCR Kit under recommended conditions with
primers Ap02, Ap03, and Ap05 (Kurokawa et al. 2004) and s17b (Wilson et al.
2004). Amplified products were run on a capillary sequencing instrument, and
data was analyzed using GeneMarker version 2.4.0 (see the Supplementary
Information for details).

Pandora is transmitted among individuals as infectious spores, which, upon
contact with a suitable host, penetrate the host's cuticle. Recent work has
emphasized the importance of horizontal transmission through movement
behavior (Baverstock et al. 2005a), overwintering spores (Fournier et al. 2010),

and the production and dispersal of winged aphid morphs (Feng et al. 2004;
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2007) in aphid—Pandora dynamics. Vertical transmission likely also occurs
between sporulating aphids and closely located offspring, but the relative
importance of these two modes of transmission is unknown. After exposure,
mycelia fill the host until new spores are produced and released into the
environment. A pea aphid infected with Pandora will die and begin to sporulate
between 4 and 10 days after exposure. To mimic a natural mode of transmission
under the controlled environment of the laboratory, we infected aphids with
Pandora by placing them under a spore shower (based on (Scarborough et al.
2005; Baverstock et al. 2005b; 2006; 2008; Hatano et al. 2012). An isolate of
Pandora (genotype ARSEF 2588) was obtained from the USDA ARS Collection
of Entomopathogenic Fungal Cultures and grown for 2 weeks on SDAEY plates
at 20°C (Papierok and Hajek 1997). Twelve hours before infection, small pieces
of mycelium (3mm?) were cut with a sterile instrument and placed on 1.5% tap
water agar plates, causing the fungus to sporulate. To infect aphids, the agar
plates were inverted over a hollow tube with aphids at the bottom of the chamber.
The plates were rotated among aphid lineages during infection to ensure that
aphids of each lineage were exposed to equal doses of fungal spores. We
included a glass slide in this rotation so that spores could be counted under a
light microscope to determine the spore density for each treatment. Infection
spore dose was recorded as the number of spores per mm? counted on these
glass slides, and we used four spore doses in our infections (0 spores / mm?, 8
spores / mm?, 16 spores / mm?, and 24 spores / mm?). After infection, aphids

were assigned a random number so that data collection would be blind to
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treatment and lineage, and each aphid was then housed individually on a fava
plant. For the first four days after infection, plants were enclosed in a solid plastic
cup that kept the aphids in high humidity (> 90%), as Pandora requires high
humidity to infect aphids (Papierok and Hajek 1997). Every 24 hours following
this initial four-day infection period we recorded survival, the number of offspring
produced by each aphid, and whether each aphid showed visible signs of
sporulation. We continued recording data until 18 days after infection (when all
aphids had stopped reproducing). Offspring were removed from each plant each
day after counting to prevent overcrowding.

We took a subset of infected aphids and used quantitative PCR to measure
pathogen burden. We froze eight aphids per lineage and treatment in liquid
nitrogen at four days after infection, and extracted genomic DNA as above.
Primers for P. neoaphidis 18S ribosomal RNA gene (GenBank Accession:
EU267189.1) were designed using Primer Express 3.0 (Table S2), and primer
and template DNA concentrations were optimized to 100 +/- 10% efficiency. We
used the standard curve method on Applied Biosystems Step One Plus. To
generate gPCR standards, the target PCR fragment was cloned using Invitrogen
TOPO TA cloning kit with pCR2.1 vector into One Shot TOP10 competent cells,
and plasmids were extracted using GE Healthcare illustra plasmidPrep Mini Spin
Kit under recommended conditions. The cloned insert was sequenced with the
M13F primer to confirm its identity. Target amplification was measured in
experimental samples and in a standard dilution series (using 6 dilutions of 1:5

starting with 3.2 x 10° copies), with three technical replicates each. The
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comparative threshold cycle (Ct) was averaged across technical replicates, and
the absolute quantity of Pandora 18S copies was determined using Applied

Biosystems Step One Plus software.

STATISTICAL METHODS

All statistical analyses were carried out in R, version 2.11.1. The number of
copies of Pandora 18S was log1o transformed, and normality was confirmed
using a Shapiro-Wilk normality test. A 2-way Analysis of Variance (ANOVA) was
conducted using genotype and infection dose as factors.

Survival data were analyzed using non-parametric survival models with a
Coxph distribution using the Survival package in R version 2.11. A test of
proportional hazards was conducted to ensure that the data fit model
assumptions. Other measures of host fithess (whether an aphid produced
Pandora spores and lifetime fecundity) were analyzed using logistic regression
by generalized linear models (GLM). Individuals that died due to handling, and
aphids that failed to reproduce (with a lifetime fecundity of zero), were removed
from the analysis. We fit a binomial distribution (with logit link function) to analyze
the percent of aphids that produced spores. We fit a quasipoisson distribution
(with log link function) to analyze the total lifetime fecundity of each aphid. We
included uninfected aphids in our analyses for each of these measures to
account for the fitness of each aphid genotype in the absence of pathogen
infection, allowing us to distinguish between tolerance and general vigor (Raberg

et al. 2007; Svensson and Raberg 2010; Lefévre et al. 2011; Graham et al. 2011;
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Baucom and de Roode 2011). For each of these models of pathogen defense we
treated genotype and infection dose as fixed effects, although we repeated the
analysis using linear mixed-effects models with genotype as a random effect
using the nlme package and a poisson distribution (Pinheiro and Bates 2000),
which had no effect on the significance of the results. For each model we also fit
a quadratic term for infection dose to test for a non-linear relationship between
infection dose and host fitness. The quadratic term was significant for sporulation
frequency, so we also analyzed sporulation frequency without including
uninfected aphids, for which (infection dose)? was not significant (Table 1).
Minimal models were derived by removing terms followed by model comparisons
using ANOVA. Terms were retained if their removal significantly reduced the
explanatory power of the model. Here we are measuring tolerance as the slope
of host fitness against pathogen load (Raberg et al. 2007; Svensson and Raberg
2010; Baucom and de Roode 2011; Graham et al. 2011)—for each analysis a
significant interaction term between infection dose and host genotype indicates

that genotypes varied in their tolerance of the pathogen.

RESULTS

Our analysis of microsatellite diversity among the aphid lineages tested found six
distinct sets of microsatellite genotypes, suggesting that there are genetic
differences among our aphid lineages (Table S3). However, two lineages, G15
and BP15 (which were collected in Atlanta, GA in 2008 and 2010, respectively),

were identical at the four microsatellite loci tested. There were no statistically
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significant differences between these two lineages in copies of Pandora 18S at 4
days after infection (F = 0.507, 1 df, p = 0.561), survival (X2 =0.962, 1 df,p =
0.327), sporulation frequency (X2 = 2.31, 1 df, p = 0.129), or lifetime fecundity (F
=11.6, 1 df, p = 0.315). To err on the side of caution we excluded one of these
lineages (G15) from the analyses and present the results of analyses with the six
remaining genotypes—however, including G15 in the analyses had no effect on
the significance of the analyses described below.

The reaction-norm method we employ for measuring tolerance assays the
fitness of aphid genotypes at different levels of pathogen burden. An ideal
system for this experimental design would allow the experimenter to set a fixed
pathogen burden that would remain constant throughout measurements of
fitness (although there has been some discussion in the tolerance literature
about the relative benefits of using naturally vs. artificially imposed pathogen
burden (Tiffin and Inouye 2000; Inouye et al. 2003; Lehtila 2003; Baucom and de
Roode 2011)). In this system, however, we do not have an external indicator of
pathogen burden, and any measurement of pathogen burden constantly changes
as Pandora replicates inside of its aphid host. A solution from other studies of
tolerance is to use variable infection doses as a means of experimentally
manipulating pathogen burden (Lefévre et al. 2011). To determine whether this
was a suitable approach in our system, we tested whether individuals exposed to
higher infection doses had higher pathogen burdens after four days of pathogen
growth. We found that pathogen burden was higher with increasing infection

doses (ANOVA, F(1,6) = 97.7, p < 0.0001, Figure S1A). Genotypes varied in day



77

4 pathogen burden (F(5,6) = 47.3, p < 0.0001, Figure S1B), but there was no
significant interaction between infection dose and genotype (F(5,6) = 1.70, p =
0.268). This suggests that, as in other studies, we can use variable infection
doses as a means of experimentally manipulating pathogen burden.

Higher infection doses led to lower survival (Table 4-1, Figure 4-1A) and
higher frequency of sporulation (Table 4-1, Figure 4-1C). We also found
significant variation among genotypes in survival (Table 4-1, Figure 4-1B) and
sporulation frequency (Table 4-1, Figure 4-1D), indicating that genotypes varied
in pathogen resistance. We did not find evidence of an interaction effect between
genotype and infection dose for survival or sporulation frequency (Table 4-1),
indicating that aphid genotypes did not vary in these measures of mortality
tolerance. We found that exposure to fungus significantly reduced lifetime
fecundity and that genotypes varied in the number of offspring they produced
(Table 4-1, Figure 4-2). Furthermore, we found that aphid genotypes varied in the
extent to which fungal exposure reduced their lifetime fecundity, suggesting that

aphid genotypes vary in fecundity tolerance.



Table 4-1: Statistical Analysis

Model Term Test Statistic d.f. | p-value
Survival
Infection dose v*=81.9 1 p <0.0001"
(Infection dose)? x?=1.07 1 p = 0.302
Genotype x?=38.6 5 |p<0.0001"
Genotype x Infection dose v =246 5 |p=0.783
Genotype x (Infection dose)? x> =4.35 5 |p=0.500

Sporulation Frequency

Infection dose v =102 1 p <0.0001"
(Infection dose)? x*=10.8 1 p =0.0001"
Genotype x> =455 5 | p<0.0001"
Genotype x Infection dose v?=8.83 5 |p=0.116
Genotype x (Infection dose)? x*=1.68 5 |p=0.892

Sporulation Frequency (not including control aphids)

Infection dose v?=25.0 1 p <0.0001"
(Infection dose)? x*=0.01 1 p =0.935
Genotype x> =52.6 5 |p<0.0001"
Genotype x Infection dose v?=8.72 5 |p=0.121
Genotype x (Infection dose)? x% = 3.40 5 |p=0.639

Lifetime Fecundity

Infection dose F =86.8 1 p <0.0001"
(Infection dose)? F=0.08 1 p=0.780
Genotype F=203 5 |p<0.0001"
Genotype x Infection dose F =267 5 |p=0.0221"
Genotype x (Infection dose)? F=1.70 5 |p=0.134
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Figure 4-1: Measures of Resistance. Aphids were more susceptible to higher
doses of Pandora (left column), and there was significant variation among
genotypes in resistance (right column. We found no evidence of interaction
between genotype and infection dose for either of these measures. A: Survival
curves averaged across genotypes. Each line represents a different infection
dose as indicated. No data was collected during an initial infection period (days
0-3). B: Survival curves for each genotype, averaged across infection dose, not
including control (infection dose = 0) aphids. C: Percent of aphids that showed
visible signs of sporulation at each infection dose, averaged across genotypes.
D: Percent of aphids of each genotype that showed visible signs of sporulation,
not including control aphids (infection dose = 0). All error bars show +/- standard
error.
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Figure 4-2: Fecundity as a function of infection dose. The grey points
indicate the lifetime fecundity of each aphid, which are jittered so that they do not
overlap. The lines represent a linear regression of infection dose against lifetime
fecundity, with each genotype shown by a different color (using the same colors
as in Figure 1). The differences in slope among these lines indicate variation in
fecundity tolerance.
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DISCUSSION

We found substantial variation among hosts in resistance to Pandora, as
indicated by significant variation among aphid genotypes in survival (Figure 1B)
and the percent of aphids that produced Pandora spores (Figure 1D) after fungal
infection. We found no differences among genotypes in mortality tolerance when
looking at survival or percent sporulation. We did find a significant interaction
between infection dose and genotype on lifetime fecundity, a measure of
fecundity tolerance, indicating that some aphid genotypes experienced a sharper
decline in lifetime fecundity as infection dose increased than other genotypes
(Figure 2).

Facultative symbionts play a role in aphid resistance against Pandora
(Scarborough et al. 2005; Lukasik et al. 2012; Parker et al. 2013). It therefore has
been unclear whether aphid genotype contributes to variation in resistance to
Pandora, and more generally, whether we still find variation among hosts that
rely heavily on symbionts for pathogen defense. One possibility is that reliance
on symbiont-mediated immunity could lead to relaxed selection on the pea
aphid’s immune response (Altincicek et al. 2008), and result in lack of variation
among host resistance in the absence of symbionts (Oliver et al. 2005). Indeed,
investigations of the pea aphid immune system have shown a reduced
complement of immune defenses relative to other invertebrates studied to date
(Gerardo et al. 2010; Altincicek et al. 2011; Grell et al. 2011; Laughton et al.

2011a). Our findings show that there is substantial variation among hosts in
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resistance to Pandora in the absence of symbionts. In this system, resistance
variation is therefore likely due to a combination of genetic variation in host
immunity, variation in symbiont presence, and variation in symbiont genotype
(and potentially host genotype by symbiont genotype interactions). More broadly,
this work suggests that natural selection can still maintain variation in host
defense mechanisms even when host resistance is strongly influenced by other
forms of defense. Future work will need to determine the relative influence of
host mechanisms and symbionts on resistance (e.g., (Vorburger et al. 2009), and
how natural selection acts on resistance in the presence of protective symbionts.
We found no evidence of variation among genotypes in tolerance when
measuring survival or percent sporulation, but we did find evidence of variation in
tolerance of the effects of pathogen infection on host fecundity. Theoretical work
predicts that tolerance can enhance both host and pathogen fitness resulting in
fixation and an absence of variation (Roy and Kirchner 2000; Miller et al. 2005;
Svensson and Raberg 2010). However, the findings of empirical studies of
variation in tolerance have been mixed, and several studies have found evidence
of genetic variation in tolerance mechanisms (e.g. (Simms and Triplett 1994;
Koskela et al. 2002; Kover and Schaal 2002; Raberg et al. 2007; Corby-Harris et
al. 2007; Ayres and Schneider 2008). A possible explanation for this discrepancy
between theory and empirical studies is that many studies have focused on non-
natural host—pathogen interactions (Corby-Harris et al. 2007; Raberg et al.
2007; Ayres and Schneider 2008) or wild-caught individuals that could be subject

to environmental influences (Blanchet et al. 2010). Indeed, recent work has
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shown how host ecology can influence pathogen tolerance (Sternberg et al.
2012). Another explanation comes from looking at how different mechanisms of
tolerance recover host fithess. For example, mechanisms of tolerance that
recover host fecundity during infection are predicted to be neutral or costly to
pathogen fithess depending on trade-offs in the host, resulting in the
maintenance of genetic variation in fecundity tolerance (Best et al. 2008). Our
finding of an absence of variation in mortality tolerance and variation among
genotypes in fecundity tolerance therefore supports existing theory. One
possibility is that tolerant genotypes may be shifting their reproductive efforts
earlier in their reproductive period in response to infection (coming at a cost to
any future reproduction). This process, termed ‘fecundity compensation,” has
been shown to occur in aphids in response to bacterial signals (Altincicek et al.
2008; Barribeau et al. 2010), and a recent study in Daphnia showed that
genotypes can vary in the magnitude of this shift (Vale and Little 2012). Future
work will need to determine the mechanisms underlying aphid—Pandora
interactions, and to tie these mechanisms to immune costs and to patterns of

variation in resistance and tolerance.
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SUPPORTING INFORMATION

Table S1: Aphid Genotypes

Genotype Geographic Host-Plant | Date Reference
Location
721 Cayuga Co., NY Alfalfa 2001 N.A. Moran,
unpublished
ZA29 Montgomery Co., PA Alfalfa / 2010 K.M. Oliver,
Clover unpublished
BP15 Atlanta, GA Pea 2010 This paper
BP14 Atlanta, GA Crimson 2010 This paper
Clover
G15 Atlanta, GA Mixed 2008 This paper
weeds
LSR Ithaca, NY Alfalfa 1998 (International Aphid
Genomics
Consortium 2010)
G6 Atlanta, GA Mixed 2008 (Barribeau et al.
weeds 2010)
Table S2: Primer Sequences and PCR protocols
Primer name Primer Sequence Ref.
Symbiont Screening
35R CCTTCATCGCCTCTGACTGC (Russell et al.
2003)
U1279F CGAACGTAAGCGAACCTCAT (Russell et al.
2003)
R1279F CGAGAGCAAGCGGACCTCAC (Russell et al.
2003)
T1279F CGAGGGAAAGCGGAACTCAG (Russell et al.
2003)

PCR Reaction: Primers - .25uM each, Taq — 1 unit, ANTPs - .2uM each
nucleotide, MgCl, — 2.5mM

Cycles: 2 min @ 94°C, 40 cycles x (15 sec @ 94°C, 30 sec @ 48°C, 45 sec @
70°C), 7 min @ 70°C

16S_23SF GCACTGCAGGATCCAGAGTTTGATCA This paper
TGGCTCAGATTG

16S_23SR GCAGGTACCGCGGCCGCGCTCGCGT This paper
ACCACTTTAAATGGCG

PCR Reaction: 1X Buffer w/ MgCl,, Primers — .2uM each, Taq — 1 Unit, ANTPs —
300uM each nucleotide

Cycles: 2 min @ 94°C, 40 cycles x (30 sec @ 94°C, 30 sec @ 59°C, 2 min @
70°C), 7 min @ 70°C
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Microsatellite Analysis

APO2F CGTCGCGACCTACCTGTAAT (Kurokawa et al.
2004)

APO2R GGGTCCGGTGTAAAAATTGA (Kurokawa et al.
2004)

APO3F GCAGCAAACAGCAGGTGTAAA (Kurokawa et al.
2004)

APO3R ACAATTGCTCGATGGTCCTC (Kurokawa et al.
2004; Vorburger
et al. 2009;
Hansen et al.
2012)

APO5F TCACCAAGGCATCCCTCTAC (Kurokawa et al.
2004)

APO5R GTAGCGAATTTTTCCGGTTG (Kurokawa et al.
2004)

S17bF TTCTGGCTTCATTCCGGTCG (Wilson et al.
2004)

S17bR CGTCGCGTTAGTGAACCGTG (Wilson et al.
2004)

PCR Reaction: 1X Buffer w/ MgCls,, Primers - .25uM each, Tag — 1 Unit, dNTPs -
375uM each nucleotide

Cycles: 2 min @ 94°C, 8 cycles x (30 sec @ 94°C, 1 min @ 62°C (decrease by
1°C per cycle), 45 sec @ 72°C), 22 cycles x (30 sec @ 94°C, 1 min @ 55°C, 45
sec @ 72°C), 6 min @ 72°C

Quantitative PCR

Pandora_18S_F | TCTTTGGGCTTAGTTGGTACTTTACTG This paper

Pandora_18S R | GCCCGCTTTGAACACTCTAATT This paper

Microsatellite Analysis:

Microsatellites were analyzed using the GS500_1_old size standard as this
standard excludes the 250 bp standard fragment, which can migrate
anomalously and result in inaccurate size estimation (Akbari et al. 2008). Size
calls were made using the Local Southern algorithm. Each peak was visually
inspected to confirm it was a true allele. Two allele sizes are listed under one
locus name if the aphid was heterozygous at that locus. The allele sizes shown in
Table S2 are rounded to the nearest whole number. Every aphid line had a
distinct microsatellite genotype except BP15 and G15, which were identical at
these four loci. The 263 and 267 alleles at the Ap05 locus were out of the range
of sizes previously reported (Kurokawa et al. 2004).



Table S3: Allele sizes for each microsatellite locus
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Locus
Genotype | s17b Ap02 Ap03 Ap05
721 208 210 | 228 241 253 262
BP14 211 225 240 242 | 263
BP15 208 210 | 225 235 240 | 263 267
G15 208 210 | 225 235 240 | 263 267
G6 208 210 | 225 228 | 241 260 263
LSR 211 220 225 | 241 254 | 260
ZA29 208 210 | 228 241 253 260
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Figure S1: Pathogen burden at 4 days after infection, determined by the number
of copies of Pandora 18S as measured by qPCR. The y-axes show Pandora 18S
copy number (x 106). A: The pathogen load at day 4, averaged across
genotypes, is greater at increasing infection doses. Bars show standard error. B:

Day 4 pathogen load is shown for each genotype at the three infection doses.
We found variation among genotypes in pathogen load, but no interaction
between infection dose and genotype.
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CHAPTER 5: SYMBIONT-MEDIATED PROTECTION AGAINST

FUNGAL PATHOGENS IN PEA APHIDS: A ROLE FOR PATHOGEN

SPECIFICITY?

Modified from Parker, B.J., Spragg, C.J., Altincicek, B., & Gerardo, N.M.
Symbiont-Mediated Protection against Fungal Pathogens in Pea Aphids: a Role
for Pathogen Specificity? Appl. Environ. Microbiol. 2013, 79(7):2455.

ABSTRACT

Here we show that a bacterial endosymbiont, Regiella insecticola, protects pea
aphids (Acrythosiphon pisum) from the aphid-specific fungal entomopathogen
Zoophthora occidentalis, but not from the generalist insect fungal pathogen
Beauveria bassiana. This finding highlights the complex influence of fungi on the

dynamics of this economically important agricultural pest.

Symbiotic relationships between invertebrates and vertically transmitted
microbes are widespread. One feature of this mutualistic relationship is that
symbionts depend on host resources for their own survival and reproduction
(Haine et al. 2008), and theory therefore predicts that in the absence of
manipulation of host reproduction, beneficial symbionts must provide a fitness
advantage to spread through a host population (Brownlie and Johnson 2009).

Studying ecologically relevant traits conferred to hosts by symbionts is critical for
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understanding host-microbe dynamics, and researchers have therefore searched
for fitness advantages of harboring symbionts in a number of systems. Several
recent studies have shown that one advantage conferred by some symbionts is
protection against pathogens and parasites (Oliver et al. 2005; Scott et al. 2008;
Teixeira et al. 2008; Jaenike et al. 2010; Vorburger et al. 2010). For example,
pea aphids (Acyrthosiphon pisum), which are a model system for the study of
host-symbiont dynamics, are protected against the fungal entomopathogen
Pandora neoaphidis (Zygomycota: Entomophthorales) by several facultative,
vertically transmitted bacteria, including the gammaproteobacteria Regiella
insecticola (Scarborough et al. 2005; Lukasik et al. 2012). Fungi are important
natural pathogens of aphids and are used in biocontrol (Pell et al. 2010; Hajek
and Delalibera 2010), and symbiont-mediated protection to fungi is likely an
important factor influencing the population dynamics of aphids and their
symbionts. However, aphids encounter several diverse species of fungal
pathogens in the wild (Nielsen and Hajek 2005). It is not known if Regiella-
conferred protection is specific to Pandora or if it extends to other species of
fungus as well, which would suggest that multiple fungal species are influencing
aphid-Regiella dynamics. We therefore exposed pea aphids, with and without
symbionts, to two additional species of fungal pathogens: Zoophthora
occidentalis (Zygomycota: Entomophthorales), a highly aphid-specific
entomopathogen, and Beauveria bassiana (Ascomycota:: Hypocreales), a
generalist that has been found in a variety of hosts, including species of

Coleoptera, Hemiptera, and Diptera (Nielsen and Hajek 2005; Vega et al. 2009;
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Hatano et al. 2012). These fungal species are highly divergent (with some
estimates as high as 1000 mya (Hibbett et al. 2007)), but both species reproduce
by passively releasing spores (conidia) that penetrate the cuticle of a suitable
host. Mycelia then colonize the host’s body tissue until the death of the host,
when new spores are produced and released into the environment.

We used two aphid genotypes, both with and without Regiella present (5A,
collected in the wild in 1999 near Madison, Wisconsin and subsequently injected
with Regiella symbionts from an aphid collected in Tompkins Co., NY, in 2000;
and LSR1, collected on alfalfa near Ithaca, NY in 1998 with a natural Regiella
infection and then artificially cleared of symbionts.) (International Aphid
Genomics Consortium 2010). The use of two aphid genotypes each with and
without Regiella allowed us to control for effects of aphid genotype on pathogen
susceptibility. Before fungal infection, we maintained pea aphids asexually on
fava bean (Vicia faba) plants at 16hrs light: 8hrs dark at 20°C. We exposed
adults to fungus after their final molt (at nine days of age), as we found that
molting shortly after exposure strongly reduces infection probability. After
exposure, aphids were kept individually for 4 days on fava bean plants under
near 100% humidity, after which the humidity was reduced to 70%. This allowed
enough time for fungal penetration of the aphid cuticle, which requires high

humidity.
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Zoophthora (specialist) infection:

We infected aphids with Zoophthora by placing them under a ‘spore shower
(based on(Scarborough et al. 2005; Baverstock et al. 2005a; 2006; 2008; Hatano
et al. 2012). An isolate of Zoophthora was obtained from the USDA ARS
Collection of Entomopathogenic Fungal Cultures, and was grown for 2 weeks on
SDAEY plates at 20°C (Papierok and Hajek 1997). Approximately 15 hours
before infection, several small pieces of fungal mycelium (3mm?) were cut with a
sterile instrument and placed onto 1.5% tap water agar, which causes the fungus
to sporulate. At the time of infection, the agar plates were inverted over a hollow
tube for 60 minutes with aphids at the bottom of the chamber. The agar plates
were rotated among treatment groups during infection to ensure that each
treatment group was exposed to an equal dose of fungal spores (approximately
16.5 spores/mm?). We included a glass slide in this rotation so that spores could
be counted under a light microscope to estimate spore density. Control aphids
were handled similarly but were not exposed to fungus.

The Zoophthora infection was divided into three blocks conducted several
days apart from one another. In each block, we exposed two-thirds of the
individuals from each genotype to fungus, and kept one-third under identical
conditions as a control. Half of the aphids of each genotype harbored Regiella.
Nine days after exposure, we recorded the survival of each aphid. We fit a
logistic regression model (a Generalized Linear Model (GLM) with quasibinomial
error structure and logit link function) to aphid survival with symbiont, fungal

exposure, and block as fixed effects. We used R version 2.11 for our statistical
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analyses. As expected, aphids exposed to fungus had significantly lower survival
than control aphids (odds ratio (OR) = 0.33, 95% confidence interval (Cl) = [0.15,
0.72], p = 5.8*10°). There was also a significant interaction between exposure
and symbiont-infection on aphid survival (OR = 3.7, Cl =[1.2, 11], p = 0.021), but
no effect of Regiella independently (OR = 0.70, Cl =[0.28, 1.73], p = 0.44). This
means that in the absence of fungal infection Regiella did not have a significant
impact on aphid survival, but it increased survival of aphids exposed to fungus
(figure 1). The trends were consistent across three blocks, but aphid survival
differed across blocks (block 2: OR =2.6, Cl =[1.4,4.7],p = 2.5*10 and block
3: OR=3.4,Cl=[1.8,6.7], p = 3.2*10™). The trend was consistent across both
aphid genotypes, and there was no significant effect of aphid genotype on
survival; it was therefore removed from the model. More aphid genotypes will
need to be tested to determine the effect, if any, of aphid genotype on fungal
infection outcome. Using this same protocol and these same genotypes, we also
confirmed the results of Scarborough et al. (2005)—that Regiella protects pea
aphids from Pandora, which, like Zoophthora, is an aphid-specific fungal
pathogen (Supplementary Figure 5A-1). We also conducted a repeat of the
Zoophthora infection, using a second pathogen genotype, to ensure that our
results were consistent across multiple experiments (Supplementary Figure 5A-

2).
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Figure 5-1: Results of infection with Zoophthora. Survival of each aphid was
recorded 9 days after infection and is reported as the percent survival of each
group. White bars represent aphids with no secondary symbionts (n = 138), and
gray bars represent aphids that harbored Regiella (n = 131). Error bars are
standard errors.

BEAUVERIA (GENERALIST) INFECTION:

Cultures of Beauveria did not sporulate upon transfer to tap water agar, so we
instead made up solutions of Beauveria spores (Strain GHA, Botanigard es) in
distilled water. Spores were washed and separated via centrifuge from inert
ingredients, and 0.7uL of the solution was pipetted onto the dorsal side of the
abdomen of each aphid. Half of the aphids of each genotype harbored Regiella.
We exposed aphids to four different spore doses (0, 25, 250, and 2500 spores,

estimated using a HYCOR KOVA Glasstic hemocytometer). Aphids became
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infected with Beauveria faster than with Zoophthora, so for the Beauveria
infections we recorded the survival status of each aphid at 24hr intervals after
exposure, and we analyze this data using a survival analysis (Figure 5-2). For the
Beauveria infection we took the additional precaution of transferring the symbiont
from the 5A line into the LSR1 aphid genotype. Symbiont free first instar LSR1
aphids were exposed to the hemolymph of 5A adult aphids that harbored
Regiella via intrahemocoellic microinjection. Aphids were then kept for at least 10
generations to allow the symbiosis to stabilize and to allow the host lines to adapt
to the presence of the bacteria (Koga et al. 2003). This allowed us to compare
survival of genetically identical hosts with two different genotypes of symbionts.
Survival data were analyzed using age-specific parametric survival models with a
Weibull distribution using the Survival package in R version 2.11. The dose of
fungal pathogen exposure had a significant impact on aphid survival (minimal
model containing spore dose only: x> = 935.96 on 3 d.f., p < 0.0001). However,
symbiont status had no significant effect on survival, had no interaction with
dose, and was removed from the minimal model. This suggests that Regiella did
not protect aphids from infection with Beauveria (Figure 5-2). Aphid genotype
had no significant effect on survival and was also removed from the minimal
model. We repeated this experiment with aphids that harbored two other species
of aphid secondary symbionts, H. defensa and S. symbiotica, and again found no
effect of symbionts on aphid susceptibility to Beauveria (Supplementary Figure
5B-1). We also conducted a repeat of the Beauveria infection using different

spore doses and found no effect of Regiella (Supplementary Figure 5B-2). Lastly,
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to ensure that this negative result was not due to a sampling effect of Regiella
genotypes, we conducted an additional experiment where we collected aphids
with and without Regiella from several geographical locations, and assayed their
resistance to Beauveria. With this experimental design, we are not controlling for
host genotype, as each strain used in the experiment will differ both in terms of
symbiont and host genotypic background. However, we are able to determine if
multiple wild—collected lines with Regiella are, on average, more resistant to
Beauveria than wild—collected lines without symbionts. We found significant
variation in resistance to Beauveria among aphid genotypes, but no effect of
harboring Regiella symbionts (see Supplementary information 5C), suggesting

that our results are not due to a lack of diversity in symbiont genotypes.
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Figure 5-2: Results of infection with Beauveria. Survival of each aphid was
recorded every 24 h between 0 and 8 days after infection and is reported as
survival curves measured in percent survival of each group. (A) Spore dose.
Each line represents a different spore dose (control, O spores/aphid; low, 25;
medium, 250; high, 2,500), n = 175 per dose. (B) Symbiont status. The solid
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line shows infected aphids without Regiella (n = 210). The dotted line shows
infected aphids that harbored Regiella (n = 315).

Together these data suggest that Regiella symbionts confer protection
against several specialist fungal pathogens, but not against a generalist
pathogen. Regiella frequencies vary among aphid populations (Tsuchida et al.
2002; Moran et al. 2005a), and researchers have tried to determine the factors
that influence symbiont frequencies as a way of better understanding this model
host-microbe interaction. Variation in Regiella frequency is explained in part as a
balance between the benefits of protection from fungal pathogens and the costs
of harboring bacteria. Our results suggest that several species of fungal
pathogens may be driving this interaction, but that Regiella is not beneficial
against all species of fungi. In addition, these fungal pathogens are used in aphid
biocontrol (Hajek and Delalibera 2010; Jackson et al. 2010), and our results
suggest that symbiont-mediated protection against pathogens may be an
important consideration when selecting and developing biocontrol agents.

In general, researchers are working to develop an understanding of how
evolution acts on alternative defenses (like that conferred from symbionts)
organisms have to protect themselves from pathogens and parasites (Parker et
al. 2011). One possible explanation for the pattern of symbiont-mediated
protection observed here is that Regiella protection has evolved in response to
pressure from individual species of fungal pathogens. A second possibility is that
protection in this system has evolved in response to fungal pathogens that

specialize on aphids, but not to generalist insect pathogens, perhaps due to
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broad differences found in the infection strategies of generalists vs. specialists
(Schlenke et al. 2007). Pathogen specificity has been shown to be an important
factor influencing host-enemy interactions (Antonovics et al. 2012; Barrett and
Heil 2012), and we therefore highlight the relative specificity of these pathogens
as a potential explanation for the pattern of protection observed in this system,
but clearly more data are needed. It is possible that close co-evolution between
aphid specialists and Regiella is needed to develop or maintain protection

conferred by symbionts.
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SUPPORTING INFORMATION

Supplementary Information 5A

Scarborough et al. (2005) found that harboring the intracellular symbiotic bacteria
Regiella insecticola protects pea aphids from the aphid-specific fungal
entomopathogen Pandora neoaphidis. We confirmed this result by exposing pea
aphids from two genotypes, with and without Regiella, to Pandora spores. We
used the same infection protocol as described for Zoophthora in the main text.
Approximately half of the aphids used harbored symbionts. Eight days after

exposure we recorded the survival of each aphid. We fit a logistic regression
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model (a Generalized Linear Model (GLM) with quasibinomial error structure and
logit link function) to aphid survival with symbiont, fungal exposure, and genotype
as fixed effects. As expected, aphids exposed to fungus had significantly lower
survival than control aphids (odds ratio (OR) = 0.082, 95% confidence interval
(Cl)=10.037,0.17], p = 1.4*10‘10). There was also a significant interaction
between exposure and symbiont-infection (OR = 4.4, Cl = [1.4, 14], p = 0.012),
but no effect of Regiella independently (OR = 1.4, Cl =[0.52, 3.8], p = 0.52).
Survival also differed between the two genotypes (OR = 0.46, Cl =[0.25, 0.83], p
= 0.0093). These results confirm that aphids are less susceptible to Pandora

when they harbor the strains of Regiella used in our experiments.
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Supplementary Figure 5A-1: Results of infection with Pandora. Survival of
each aphid was recorded 8 days after infection, and is reported as % survival of
each group. Lighter bars represent aphids with no secondary symbionts, and
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darker bars represent aphids that harbored Regiella for each genotype. Bars are
+/- standard error.

To ensure that the results of our Zoophthora infection were consistent across
experimental replicates and across pathogen genotypes, we repeated the
infection using a second fungal genotype in the LSR aphid genotype. We used
the same infection protocol as described for Zoophthora in the main text. Nine
days after exposure we recorded the survival of each aphid. We fit a logistic
regression model (a Generalized Linear Model (GLM) with quasibinomial error
structure and logit link function) to aphid survival with symbiont and fungal
exposure as fixed effects. Aphids exposed to ZO again had lower survival than
control aphids (OR = 0.059, Cl = [0.024, 0.15], p = 2.5*10). There was again a
significant interaction between exposure and symbiont-infection (OR = 5.4, Cl =
[1.6, 18], p = 0.0076), but no effect of Regiella independently (OR =0.77, Cl =

[0.28, 2.1], p = 0.62).



99

o
O f—
A .
= No Symbiont
W Regiella
[e)] o _|
> [ee)
(0]
a
®
g 8-
c
>
n
Re]
£ 9-
<
<
(0]
I
[0 o _]
o N

Control Zoophthora

Supplementary Figure 5A-2: Infection with an alternative Zoophthora
genotype. Survival of each aphid was recorded 9 days after infection, and is
reported as % survival of each group. Lighter bars represent aphids with no
secondary symbionts, and darker bars represent aphids that harbored Regiella.
All aphids used were from the LSR genotype. Bars are +/- standard error.
Supplementary Information 5B

We repeated the Beauveria infection with two additional species of aphid
secondary symbionts, Hamiltonella defensa and Serratia symbioftica, to see if
these symbionts confer protection to pea aphids against Beauveria. All three
secondary symbionts were established in genotype 5A at the same time, and
have been maintained in the lab under identical conditions for several years. We
used a higher spore dose in this trial (approximately 7000 spores). For control

treatments, spores were heat-killed by autoclaving (20 min at 121°C and 1.5 bar

pressure) prior to use. Aphids (3 per plate) were put on agar plates (10 cm in
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diameter) containing a square of tap-water agar with a fresh fava bean leaf
inserted into it. Plates were then sealed with parafilm to ensure high humidity
over the infection period. Survival of each aphid was recorded 2, 3, and 4 days
after infection. We used a cox proportional hazards model (with censoring) in R
version 2.11. Minimal models were derived by removing terms followed by model
comparison with a likelihood ratio test. Terms were retained in the minimal model
if their removal significantly reduced the explanatory power of the model.
Exposure to Beauveria significantly reduced host survival (p = 7.7*107%).
Harboring a symbiont and host genotype had no effect on survival. These results
confirm that Regiella has no protective effect against Beauveria infection, and
suggest further that the tested Hamiltonella and Serratia genotypes also do not

protect aphids against Beauveria infection.
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Supplementary Figure 5B-1: Beauveria infection with other secondary
symbionts. Survival of each aphid was recorded 2, 3, and 4 days after infection,
and is shown as a survival curve for each group. The graph shows aphids of
genotype 5A (n = 208), for which we included lines with all three secondary
symbionts (5A0 — no symbiont, 5AR — Serratia symbiotica, SAT — Hamiltonella
defensa, 5AU — Regiella insecticola). The dotted line indicates control aphids
(n=59).

We repeated the infection with Beauveria at four different spore doses and
recorded the survival status of each aphid four days after exposure. We fit a
logistic regression model (this time with a binomial error structure). The dose of
fungal pathogen exposure had a significant impact on aphid survival (OR = 0.91,

Cl =[0.89, 0.92], p = 2.0*10™*®), but symbiont and genotype had no effect and

were removed from the model.
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Supplementary Figure 5B-2: Repeat of infection with Beauveria. Survival of
each aphid was recorded 4 days after infection, and is shown as % survival in
each group. White bars represent aphids with no secondary symbionts (n = 198),
and grey bars represent aphids that harbored Regiella (n = 199), displayed for
both genotypes (5A: n = 198, LSR: n = 199). The x-axis shows the dose of
spores given to each group. Error bars are +/- standard error.

Supplementary Information 5C

Symbiont genotypes are likely to vary among populations, and this genetic
variation is expected to influence the extent to which protective symbionts are
able to increase the resistance of their hosts. In the main text, we discuss how in

two pairs of host and symbiont, Regiella does not confer protection from the

generalist fungal pathogen Beauveria bassiana. To ensure that these results
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were not specific to the two strains we used in the experiment, we assayed
several additional wild-caught lines, some with and some without Regiella, for
symbiont—mediated protection. With this experimental design, we are not
controlling for host genotype, as each strain used in the experiment will differ
both in terms of symbiont and host genotypic background. However, we are able
to determine if multiple wild-collected lines with Regiella are, on average, more
resistant to Beauveria than wild-collected lines without symbionts. We fit a
logistic regression model (a Generalized Linear Model (GLM) with binomial error
structure and logit link function) to aphid survival with symbiont, fungal exposure,
and genotype as fixed effects. Minimal models were derived by removing terms
followed by model comparison, and terms were retained in the minimal model if
their removal significantly reduced the explanatory power of the model. Exposure
to Beauveria significantly reduced survival (Binomial GLM, x? =394, df.=1,p =
2.2*107"%), and we found significant variation in survival (x* = 23.5, d.f. = 13, p =
0.036) and in resistance to Beauveria among aphid genotypes (Treatment *
Genotype interaction, x? = 51.1, d.f. = 13, p = 1.9*10°°). Symbiont status had no
effect on survival or Beauveria resistance, and thus it was removed from the
model. Variation in protection among Regiella genotypes is an ongoing area of
investigation, and clearly more data are needed. However, these results suggest
that the lack of protection from Beauveria we describe in two genotypes in the

main text is not merely a sampling effect.
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Supplementary Figure 5C: Beauveria infection with wild-collected lines.
Survival of each aphid was recorded 5 days after infection. Pink bars (ZA13,
ZA21A, ZA26, XA16, G12, ZA23, ZA4) represent aphid lines that harbor Regiella,
black bars (XA15, ZA21B, G15, BP14, BP15, ZA29, G6) represent symbiont-free
genotypes. The darker bars of each color are Control aphids, and the lighter bars
are Beauveria infected aphids. Error bars are +/- standard error.
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CHAPTER 6: IMMUNE COSTS IN THE PRESENCE OF PROTECTIVE

MICROBES

INTRODUCTION
Researchers are increasingly considering the importance of ecological context
when studying an organism’s immune response. A first principle of this field,
which has been termed ecological immunology, is that immune responses are
costly for hosts, leading to a tradeoff between investment in pathogen defense
and other life-history traits (Rolff and Siva-Jothy 2003; Sadd and Schmid-Hempel
2009). However, the tradeoff between immunity and life history traits is context
dependent (Moret and Schmid-Hempel 2000; Otti et al. 2012). Exploring the
conditions that determine the impact of an immune response on an individual's
fitness is critical for understanding how evolution acts on parasite defense.
Recent work has demonstrated the important role that an organism’s
microbial community can play in mitigating disease (reviewed in Brownlie and
Johnson 2009). The human gut, for example, is host to symbiotic bacteria that
defend against colonization by opportunistic pathogens (Round and Mazmanian
2009). Other examples include fungi that protect plants from pathogen attack
(Arnold et al. 2003), a herpes virus that confers resistance against two
pathogenic bacteria of mice (Barton et al. 2007), and Spiroplasma bacteria that
protect Drosophila flies from parasitic nematodes (an advantage that may have

led to the spread of Spiroplasma through a North American fly population
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(Jaenike et al. 2010)). The number of examples of protective associations is
rapidly increasing, indicating that symbiont-mediated protection commonly
influences disease outcome in a taxonomically diverse set of hosts.

A number of recent studies have looked at interactions between symbionts
and host immune systems, and have found that immune responses can play a
role in regulating symbiont populations (e.g. (Anselme et al. 2006; Nyholm et al.
2009; McFall-Ngai et al. 2010; Lazzaro and Rolff 2011; Login et al. 2011; Nyholm
and Graf 2012). However, extent to which symbiont-mediated protection from a
pathogen changes a host’s own response when infected remains to be
determined. As a first step towards this understanding, we measure immune
costs in hosts with and without symbionts to determine whether protective
symbionts can modify the costs of immunity. We use the best-understood model
of microbial symbiosis, that of pea aphids (Acyrthosiphon pisum) and their
facultative bacterial symbionts. All aphids harbor the primary symbiont Buchnera
aphidicola, which is responsible for amino acid synthesis, and individual aphids
within a population may also harbor zero to a few facultative, ‘secondary’
symbionts (Moran et al. 2005a,b). Aphid symbionts are vertically transmitted with
high fidelity and live both intracellularly in bacteriocytes and other cells, and
extracellularly in the insect’s body cavity (Moran and Dunbar 2006). Aphid
secondary symbionts confer a number of ecologically relevant traits to their
hosts, including defense against parasitic wasps and fungal pathogens (Oliver et
al. 2003; 2005; Scarborough et al. 2005; Oliver et al. 2009). Here we focus on

the association between pea aphids and the Gram-negative secondary symbiont
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Regiella insecticola, which confers substantial protection to the pea aphid against
the natural aphid-specific fungal pathogen Pandora neoaphidis (Scarborough et

al. 2005; Lukasik et al. 2012; Parker et al. 2013).

METHODS

We first established a set of three aphid lineages that varied in symbiont
composition but which had the same host genetic background. We used
genotype LSR, which was collected with a strain of Regiella (LSR-Ri). This line
was cleared with antibiotics, producing an uninfected strain (LSR01), and was
subsequently infected with a second strain of Regiella (LSR 5.15) via
intrahemocoellic microinjection with hemolymph transferred from another species
of aphid, Myzus persicae (Vorburger et al. 2010; Hansen et al. 2012).

In natural populations of pea aphids, Regiella (including strain LSR-Ri)
protects aphids from the fungal pathogen Pandora (Scarborough et al. 2005;
Parker et al. 2013; Lukasik et al. 2012), but has no effect on other pathogens and
parasites (Oliver et al. 2010). Regiella 5.15 in natural populations of M. persicae
was shown to protect its aphid host from infection with parasitoid wasps
(Vorburger et al. 2010). Subsequent genomic analysis revealed substantial
genetic differences between strains—the genome of Regiella 5.15 contained
intact Type 1 and 3 secretion system and other pathogenicity factors not found in
LSR-Ri thought to be responsible for the protection seen against wasps (Hansen
et al. 2012). We first tested these two strains against the fungal pathogen

Pandora to see of Regiella 5.15 protected pea aphid hosts against fungi.
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We exposed the three aphid lineages with different symbiont backgrounds
(No Regiella symbiont (LSR01), Regiella symbiont (LSR-Ri), Regiella symbiont
(5.15)) to two different treatments (control, fungal pathogen). We used
standardized laboratory infection protocols in which aphids were exposed to a
shower of spores of a single fungal strain (genotype ARSEF 2588) and then
transferred to plants (Parker et al. 2013). Kept in high humidity (< 90%), Pandora
kills susceptible aphids between 4 and 9 days after exposure (Fig. 1b), and we
recorded the survival of each aphid during this period. Pandora is transmitted
when infected hosts produce sporulating cadavers the release spores into the
environment, and we recorded whether each killed aphid produced spores as a
second measure of resistance against Pandora. Survival data were analyzed
using non-parametric survival models using the ‘Survival’ package in Rv. 2.15. A
test of proportional hazards was conducted to ensure the data fit model
assumptions. Minimal models were derived with model comparisons using
ANOVA; terms were removed if their removal did not significantly influence
model fit. A Tukey’s post-hoc test was conducted between all combinations of
factors using the multcomp package in R (Hothorn et al. 2008). We analyzed
whether each aphid produced a sporulating cadaver after Pandora exposure
using a binomial generalized linear model (GLM) in R with symbiont background
as a fixed effect. We then screened for immune costs by first creating a heat-
killed suspension of Pandora and then injecting aphids with pathogen signal.
After a fungal infection, five sporulating cadavers were removed from plants at

the first sign of infection and dehydrated at 4°C. These cadavers were stored at
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4°C for one month, at which point they were crushed up in 200uL Insect Ringer’'s
Solution, and autoclaved for 20 minutes at 121°C. Aphids produce two
genetically identical polyphenic morphs, with and without wings, and in our
previous work (Chapters 2 & 3) we found that immune costs to Pandora were
limited to winged aphids. We produced winged aphids by exposed developing
aphids to the alarm pheromone (E)-B-farnesene (EBF) (5 uL of 1000 ng/uL EBF
every 48 hrs for 10 days). We then reared offspring of these EBF-exposed
aphids, born within a 24-hour period, on fava plants for seven days. Aphids were
divided randomly into two treatments: a control treatment where they were
stabbed ventrally in the thorax with a minutin pin (0.15mm) dipped in autoclaved
Ringer’s solution (without Pandora), and an exposed treatment where they were
stabbed with a needle dipped in the autoclaved Pandora solution. Aphids were
allowed to heal in a Petri dish for 1 hour, and were then reared to adults. We
recorded fecundity at 12 days after treatment. Fecundity data were analyzed
using a quasipoisson GLM in R with treatment and symbiont background as fixed
effects. Minimal models were derived as described above.

We investigated the cellular immune response of aphids from two of the
symbiont backgrounds (symbiont free and Regiella LSR-Ri). Aphids possess
several distinct cell (hemocyte) types, one of which (granulocyte) has a
demonstrated role in aphid immunity (Laughton et al. 2011a; Schmitz et al.
2012). We sampled aphids at 72 and 96 hours post Pandora infection, and
quantified the number of cells in fixed volumes (0.25uL) of hemolymph taken

from Pandora-infected and control aphids as a measure of cellular immunity
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(Sorrentino et al. 2002; Wilson et al. 2003; Amdam et al. 2005; Markus et al.
2009). Cell count data were analyzed using a quasipoisson GLM with treatment

and symbiont background as fixed effects.

RESULTS

Symbiont background (y? = 9.52, 2DF, p = 0.0085), Pandora treatment (x* = 201,
1DF, p < 0.0001), and the interaction between symbiont and treatment (x? = 53.1,
2DF, p < 0.0001) all significantly affected pea aphid survival (Figure 1). Post-hoc
tests showed that the survival of Pandora infected aphids that harbored Regiella
LSR-Ri was significantly higher than those that did not have symbionts (z = 4.09,
p < 0.001) and those that harbored Regiella 5.15 (z = 9.26, p < 0.001), but there
was no significant difference in survival between symbiont-free aphids and
aphids that harbored Regiella 5.15 (z = 2.7, p = 0.07). This showed that there
was no protective effect of Regiella 5.15. In addition, harboring Regiella LSR-RIi
significantly reduced the number of Pandora-exposed aphids that produced a
sporulating cadaver (z =-6.10, p < 0.0001), but harboring Regiella 5.15 had no

effect on sporulation (z = 1.08, p = 0.28) (Figure 6-1).
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Figure 6-1: Resistance of aphids with different symbiont backgrounds. The
left panel shows survival of control (dotted lines) and Pandora exposed aphids
(solid lines) between 0 and 9 days after treatment. Harboring Regiella LSR-Ri
significantly increased survival of Pandora-exposed aphids relative to aphids
harboring Regiella 5.15 and symbiont-free aphids. The right panel shows the
percent of aphids exposed to Pandora that produced a sporulating cadaver.
Again, harboring Regiella LSR-Ri significantly increased aphid resistance to
Pandora. Error bars show +/- standard error.

Exposure to heat-killed Pandora significantly reduced aphid lifetime fecundity
(F =9.95, 2DF, p = 0.0030), confirming our previous findings (Chapters 2 & 3)
that there is a cost of immunity to Pandora. Harboring symbionts had no direct
effect on aphid fecundity (F = 1.79, 1DF, p = 0.17), but there was a significant
interaction between symbiont and treatment (F = 3.38, 2DF, p = 0.35). Post-hoc
tests indicated there was a significant difference in the effect of Pandora between
LSRO1 and LSR-Ri (t = 2.22, p = 0.027), but no difference between LSR01 and
LSR5.15 (t = 0.0, p = 0.99). This indicates that immune costs were limited to

symbiont-free aphids and aphids harboring the 5.15 symbiont. Aphids harboring
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LSR-Ri, which protected aphids from Pandora, did not experience a significant

cost of immunity (Figure 6-2).
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Figure 6-2: Immune costs. The y-axis shows fecundity at 12-days after
exposure of aphids from the three symbiont backgrounds. Control aphids are
shown in light grey, aphids exposed to heat-killed Pandora are shown in dark
grey. The boxes represent the 95% confidence intervals for each value. There
we significant costs of exposure to Pandora in aphids harboring Regiella 5.15
and symbiont-free aphids, but no costs in aphids harboring the protective LSR-RI
strain.

There was no significant effect of symbiont background independently on the
number of immune cells (F = 2.1, 1DF, p = 0.16). Treatment significantly
increased the number of immune cells (F = 18, 1DF, p < 0.0001), and there was
a significant interaction between treatment and symbiont background (F = 5.11,
1DF, p = 0.029) indicating that the increase in cells was stronger in aphids that

harbored Regiella LSR-Ri (Figure 6-3). There was no effect of time point on cell

counts. Lastly, post-hoc tests showed that there was no effect of treatment on
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symbiont-free (LSR01) aphids (t = 8.6, p = 0.16), suggesting that significant

changes in cell numbers were limited to aphids harboring Regiella.
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Figure 6-3: Cellular immune response after infection. The y-axis shows the
average number of granulocytes in 0.25uL hemolymph. Control aphids are
shown in dark grey, Pandora-infected aphids are light grey. Bars show +/-
standard error.

DiscussioN

Infections with Pandora confirmed that Regiella isolated from pea aphids protects
its host from fungal infection. We also found that Regiella strain 5.15 (from M.
persicae) did not protect pea aphids from Pandora infection. This allowed us to
compare the costs of immunity in aphids with protective and non-protective

strains of Regiella. We found significant costs of exposure to Pandora in
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symbiont-free aphids, but found no costs in genetically-identical aphids that
harbored a protective Regiella symbiont. Further, we found costs in aphids
harboring a non-protective strain of Regiella, suggesting that this reduction in
costs is not due solely to harboring a symbiont. Lastly, we found that harboring a
protective Regiella led to an increase in immune cell titer after Pandora
challenge.

There are two potential explanations for the patterns of immune costs seen
here. First, aphids may be investing less in an immune response when they
harbor established protective symbionts. Alternatively, symbionts could be
provisioning the host with additional resources that increase immune investment
but mask the cost-of-immunity. Recent studies have shown how the presence of
bacteria can enhance a host’s own immune response (e.g. infection with the
bacterial symbiont Wolbachia in Drosophila increases the expression of immune-
system genes (Xi et al. 2008)). Our immune cell titer data suggests that this may
be the case in aphids as well—that harboring Regiella activates the aphid’s own
cellular immune response to Pandora, but clearly more data are needed.

Our results suggest that in addition to being an important determinant of
disease outcome, symbiont—mediated protection is a common ecological factor
that can influence the expression of immune costs. Recent work has emphasized
the importance of host nutrition (Kraaijeveld and Godfray 1997; Moret and
Schmid-Hempel 2000; Mckean et al. 2008; Cotter et al. 2010) and predation (Otti
et al. 2012) as ecological factors that influence the expression of immune costs.

This work expands our understanding of these contexts to protective symbionts,
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and suggests that a broad array of ecological factors determine the link between

immunity and host fitness.
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CHAPTER 7: CONCLUSIONS

For natural selection to act on disease resistance, hosts must vary in their
susceptibility to a disease (Gillespie 1975), and so variability in disease
resistance is a widely studied phenomenon. Several early studies in aphids
contributed to our understanding of this variation: pea aphids were found to vary
dramatically in susceptibility to fungal pathogens and parasitoid wasps (Henter
and Via 1995; Ferrari and Godfray 2003). This variation was assumed to be due
to variation in host genetics, and as a result, aphids were used as an example of
the tremendous genetic variation in susceptibility among individuals in wild
populations. Eventually, however, it was discovered that symbiotic bacteria
conferred protection to aphids against these parasites (Oliver et al. 2003;
Scarborough et al. 2005; Oliver et al. 2005; 2009; Vorburger et al. 2010; Parker
et al. 2013; Lukasik et al. 2012), leaving unclear the roles that host immune
responses and variation in host genotype in play aphid parasite defense.

Since this discovery, significant work has been done to characterize the aphid
immune response to pathogens. Altincicek et al. (2008) found no detectable
lysozyme-like activity of pea aphids to live bacterial infection, and no homologs of
antimicrobial peptides. Similarly, Gerardo et al. (2010) found using genome
annotation that aphids are missing many genes thought to be critical for
recognition, signaling, and killing of microbes. Subsequent work has shown that

aphids have relative few immune cells, have a limited cellular immune response
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(Laughton et al. 2011a), and are susceptible to e. coli that are harmless to other
insects (Altincicek et al. 2011).

These two groups of findings, that aphids are protected from pathogens by
symbionts and also have a limited immune repertoire, together suggested to
some researchers that the reason that aphids have a reduced immune system is
because reliance on protection from symbionts relaxed selection on host-derived
mechanisms of resistance (Altincicek et al. 2008). More generally, symbiont-
mediated protection is a common phenomenon influencing host-pathogen
dynamics in a range of taxa (Currie et al. 2003; Barton et al. 2007; Haine 2008;
Brownlie and Johnson 2009; Jaenike et al. 2010). What remains unclear is the
relative importance of host and symbiont defenses in these systems.

In chapter three | describe several immunological mechanisms that aphids
may be using to defend against their primary aphid-specific fungal pathogen
Pandora neoaphidis. Cellular immune assays showed changes in granulocyte
titer upon fungal infection, implicating hemocytes in fungal defense. Similarly,
sequencing of the mRNA transcripts of infected vs. control aphids uncovered a
number of putative immune genes with potential roles in cellular immunity, and
using quantitative PCR | demonstrated that several of these genes are
upregulated upon Pandora infection. In chapter four | then look for variation in
Pandora resistance among genotypes that were collected without symbionts, and
found substantial variation due to aphid genotype in the absence of symbionts.

Together, these findings suggest that reliance on symbiont-mediated

immunity has not led to relaxed selection on aphid fungal defenses, and
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therefore does not support the hypothesis that aphids have a reduced immune
system because of their reliance on symbionts for protection. In general, this
work shows that even in systems where symbiont-mediated protection is an
important factor influencing host-pathogen dynamics, natural selection can still
maintain host mechanisms for combating infection and variation in resistance.
This work on variation in susceptibility highlights some interesting questions
for future work concerning the nature of this variation. In addition to variation in
resistance, | also demonstrate that aphid genotypes vary in their ability to recover
reproductive fitness during Pandora infection, a processes termed ‘fecundity
tolerance’. One form of fecundity tolerance that has been highlighted in recent
work (Vale and Little 2012) has been termed ‘fecundity compensation,” where
individuals shift their reproductive efforts earlier in their reproductive period in
response to infection (at a cost to future reproduction). Several studies in aphids
have highlighted the importance of fecundity compensation as a response to
infection (Altincicek et al. 2008; Barribeau et al. 2010), especially in light of other
reduced defenses. Future work in this system should determine the relative roles
of host resistance mechanisms, symbiont-mediated protection, and mechanisms
of tolerance such as fecundity compensation as a way of gaining a
comprehensive understanding of how the immune system and non-
immunological defenses interact in an evolutionary context (Parker et al. 2011).
Chapters five and six also contribute to our understanding of variation in
pathogen susceptibility. In chapter five | show that the protection conferred to

aphids by Regiella extends to two species of aphid specific fungal pathogens, but



119

not to a generalist insect fungal pathogen. Different processes underlie evolution
between hosts and specialist vs. generalist pathogens. In particular, pathogen
specialization can lead to co-evolution with hosts, where interactions between
hosts and parasites generates selection for adaptations, and counter-adaptations
(Agrawal and Lively 2002). Hosts and generalist pathogens may not experience
this close co-evolution if pathogens can easily find susceptible hosts, and so the
findings of chapter five may suggest that close coevolution between aphids,
symbionts, and fungal pathogens is needed for symbiont-mediated protection to
arise against a particular pathogen.

Similarly, in chapter six, | demonstrate that strains of Regiella isolated from
different species of aphids (A. pisum and M. persicae) vary in protection
conferred to hosts. Clearly more data are needed using additional strains of
Regiella, but this finding raises the possibility that variation among symbiont
genotypes is an additional factor contributing to variation in host susceptibility to
pathogens. How evolution acts on traits determined by both host and symbiont
genetic traits is unknown, and in my future work, | plan to use this system to ask
how natural selection acting on disease resistance shapes associations between
aphids and Regiella. Specifically, | plan to use RNAseq to determine how
Regiella gene expression varies in different host genotypic backgrounds.
Variation in this expression would suggest that natural selection can act on
pathogen resistance by altering the relationships between hosts and their

symbionts.
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Inherent to the discussion so far is the idea of costs. The hypothesis that aphids
have a reduced immune system due to protection from symbionts relies on the
implicit assumption that these host-derived immune mechanisms are costly, and
therefore should be selected against in the absence of pressure from Pandora.
Indeed, the idea that immune responses are costly for hosts is fundamental to
our understanding of host-pathogen coevolution. Because an organism’s
resources are limited, they must be allocated in a way that maximizes fitness.
Maximizing costly parasite defenses might not be the best evolutionary strategy
for an organism if this comes at the expense of growth, maintenance, and
fecundity. The internal constraints caused by costs, combined with the variation
in parasite prevalence found in nature, leads to variation among individuals in
defense traits.

Despite the importance of immune costs for our understanding of a diverse
array of observations in host-pathogen coevolution (e.g. why disease prevalence
varies across ecological gradients (Altizer et al. 2011; Mgller et al. 2011); how
parasite virulence evolves (Gandon and Michalakis 2000; Mackinnon and Read
2004; de Roode et al. 2011)), studies frequently report no changes in host fitness
after eliciting an immune response (Williams et al. 1999; Labbé et al. 2010).
Some have suggested that studying costs of tolerance in addition to costs of
resistance may account for these studies (Baucom and de Roode 2011).

Another possibility is that the costs of resistance are dependent on ecological
context, and that studies fail to measure immune costs because they are not

incorporating ecological factors influencing the expression of costs into their
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experimental design. Previous work has emphasized the important role that host
nutritional status (e.g. starvation vs. abundant resources) plays in the expression
of costs (Kraaijeveld and Godfray 1997; Moret and Schmid-Hempel 2000;
Mckean et al. 2008; Cotter et al. 2010). My work demonstrates that additional
ecological factors play a role in the expression of costs. In chapter three, | show
that immune costs to Pandora are limited to winged aphids; a polyphenic trait
produced in response to environmental cues of stress or pathogen exposure.
There are a number of host pathogen systems where individuals are of different
polyphonic morphs (Amdam et al. 2005), and this work suggests that
polyphenism is an important and previously unrecognized context for the
expression of immune costs. Similarly, in chapter six, | demonstrate that aphids
that harbor the protective symbiont Regiella do not experience a fecundity cost of
Pandora exposure. This result suggests that host microbial community is a
common, but previously unrecognized ecological context for the expression of
immune costs. Together these two results expand our understanding of how
ecological factors contribute to the expression of immune costs. A study that
searched for immune costs in pea aphids, but only focused on unwinged
individuals, might have incorrectly assumed that there were no costs of immunity
in this system. Similarly, a study focusing only in aphids harboring Regiella might
have reached similar incorrect conclusions. The factors determining the link
between immunity and fitness will vary between systems, but these results
highlight the importance of considering ecological factors when studying immune

costs.
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In summary, this thesis contributes to our understanding of two aspects of
host-pathogen evolutionary biology. First, | show that aphid resistance to fungal
pathogens is determined by a complex suite of factors, including polyphenic
morph, host genotype, harboring secondary symbionts, and symbiont genotype.
These findings demonstrate the complexity of the factors generating variation in
host defenses. Second, | show that the expression of costs of immunity to fungal
pathogens in an aphid are determined by its polyphenic morph and by its
microbial community, indicating that several ecological factors determine when
immune responses to pathogens affect host fithess. Together these findings
emphasize the need for ecological context in studies of host-pathogen

interactions.
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