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Abstract

Insects are exposed to a variety of potential pathogens in their environment, many of which
can severely impact fitness and health. Consequently, hosts have evolved resistance and
tolerance strategies to suppress or cope with infections. Hosts utilising resistance improve
fitness by clearing or reducing pathogen loads and hosts utilising tolerance reduce harmful
fitness effects per pathogen load. To understand variation in, and selective pressures on
resistance and tolerance we asked to what degree they are shaped by host genetic
background, whether plasticity in these responses depends upon dietary environment, and
whether there are interactions between these two factors. Females from ten wild-type
Drosophila melanogaster genotypes were kept on high or low protein (yeast) diets, and
infected with one of two opportunistic bacterial pathogens, Lactococcus lactis or
Pseudomonas entomophila. We measured host resistance as the inverse of bacterial load in
the early infection phase. The slope linking fly fecundity and individual-level bacteria load
provided our fecundity tolerance measure. Genotype and dietary yeast determined host
fecundity and strongly affected survival after infection with pathogenic P. entomophila.
There was considerable genetic variation in host resistance, a commonly found phenomenon
resulting from e.g. varying resistance costs or frequency-dependent selection. Despite this
variation and the reproductive cost of higher P. entomophila loads, the slopes linking bacteria
load and fecundity did not vary across genotypes. Absence of genetic variation in tolerance
may suggest that at this early infection stage fecundity tolerance is fixed or that any evolved

tolerance mechanisms are not expressed under these infection conditions.

Keywords: diet, DGRP, ecological immunology, fecundity tolerance, fitness, Lactococcus

lactis, pathogen, Pseudomonas entomophila, resistance, yeast.
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Introduction

The composition of a hosts' microbial community is in part determined by how a host
responds towards invading microbes. Such host reactions towards microbes are composed of
resistance and tolerance, two disparate strategies whose deployment may ultimately depend
on a combination of intrinsic, innate factors and external, environmental factors (Raberg et
al., 2009; Graham et al., 2011; Kutzer & Armitage, 2016a). Once an infection becomes
established within a host, a host can actively resist the pathogen by clearance or by targeting
pathogen replication rate, which can aid host recovery time, but often comes at a cost to host
fitness (Kraaijeveld et al., 2002). In contrast, host tolerance limits the deleterious fitness and
health effects of a pathogenic infection without targeting pathogen load (Roy & Kirchner,
2000; Raberg et al., 2007). Both strategies can have far reaching impacts on host-pathogen

co-evolutionary trajectories (Best et al., 2014).

The co-evolution of host resistance and pathogen virulence has been well characterised (e.g.
Masri et al., 2015; Woolhouse et al., 2002). Briefly, when a host resists a pathogenic
infection, it reduces pathogen prevalence in a population. After the pathogen counter-adapts
to circumvent the host resistance mechanisms, pathogen frequency increases in the host
population, resulting in a negative feedback loop and antagonistic co-evolution in both the
host and pathogen populations (Roy & Kirchner, 2000). Resistance mechanisms can be highly
host-pathogen specific or they can be more general. For example, resistance can result from
allelic variation in only a few loci (Luijckx et al., 2013), the same antimicrobial peptide
(AMP) can increase in expression to a range of different pathogens (e.g. Lemaitre, Reichhart
& Hoffmann 1997), and different AMPs can act synergistically against one pathogen (Marxer

etal.,2016).
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Models predict that the evolution of host tolerance can act in two ways in a population,
depending upon whether hosts show fecundity- or mortality-tolerance (Best et al., 2010,
2014). Mortality-tolerance is the ability to reduce the negative effect of infection on host
survival, and is important for pathogen prevalence. If an infected host lives longer, then the
pathogen also has a greater chance of being transmitted among hosts, which could lead to
disease reservoir expansion, and greater mortality in the host population (Roy & Kirchner,
2000; Miller et al., 2006; Best et al., 2008; Vale et al., 2011). Fecundity tolerance, which we
test here and is the ability to reduce the negative effect of infection on host fecundity, should
be neutral to pathogen prevalence because the pathogen’s infectious period is neither
prolonged nor shortened (Best ef al., 2010). However, if fecundity tolerance comes at a cost
to host lifespan, the pathogen’s infectious period will be reduced along with host lifespan,

which can lead to a negative feedback and potentially, genetic variation in fecundity tolerance

(Best et al., 2008).

Numerous mechanisms can lead to disease tolerance in animals, and these seem to be
dependent on pathogen and host type (Ayres & Schneider, 2012). Both hosts and pathogens
have optimal fitness strategies (Raberg, 2014), but these need not be fixed in their respective
populations (Best et al., 2008). Host tolerance can be, but is not necessarily, genetically
determined (e.g. Réberg et al. 2007; Blanchet, Rey & Loot 2010; Sternberg et al. 2013;
Howick & Lazzaro 2014; Parker, Garcia & Gerardo 2014), and it can also be a plastic
response, where its expression is determined by the host environment, for example
concentration of dietary glucose (Howick & Lazzaro, 2014) or yeast (Kutzer & Armitage
2016b). Thereby, variation in defense strategies within and between populations can be
attributed to genetic (G) and environmental (E) factors or a combination of both (i.e. G x E

interactions), but studies exploring how different populations express resistance and tolerance
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in response to changing environmental factors are under-represented (but see Howick &
Lazzaro 2014). Genetic variation in host immune function in particular can be maintained and
selected for by fluctuations in the host environment (Mitchell ez al., 2005; Lazzaro & Little,

2009; Hawley & Altizer, 2011; Sadd, 2011).

Resource availability and acquisition are important for mounting and maintaining an effective
immune response. Hosts can mask the deleterious effects of infection by increasing their
resource intake (Ayres & Schneider, 2009; Bashir-Tanoli & Tinsley, 2014), therefore
manipulating dietary components like protein or carbohydrates may uncover trade-offs or
costs that are not present under ad libitum conditions (Moret & Schmid-Hempel 2000;
Sternberg et al. 2012; Howick & Lazzaro 2014; Kutzer & Armitage 2016b). Such
physiological trade-offs (i.e. immune function versus fitness) are central to life history theory,
and can be either genetically fixed or variable, which will ultimately determine if the trade-off
is selected for in a population (Flatt e al., 2011). In Drosophila melanogaster, experimental
dietary manipulation has mixed effects on the immune response, giving weight to the idea that
these relationships are largely context dependent (Vale et al., 2011). For example, dietary
yeast restriction uncovered pathogen dependent, intra-genotypic variation in host tolerance
but not resistance in a single population of flies infected with Escherichia coli (Kutzer &
Armitage, 2016b), but in a separate study, resistance to E. coli was improved in flies with ad
libitum access to food compared with their counterparts on standard medium (McKean &
Nunney, 2005). Infections can impose considerable costs on hosts by competing for host
resources, decreasing host reproductive output, and causing host death (Stearns, 1992; Hurd,
2009), so hosts may use different immune strategies depending on an infection’s pathology.
That is, fecundity compensation or reduction may be caused by infection or it may be a host

strategy (Hurd, 2001), which should be intimately connected to host defense strategies like
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resistance and tolerance. For example a pathogenic infection may result in a host allocating
resources away from resistance to reproduction, appearing tolerant in the short-term (Vale &

Little, 2012; Leventhal et al., 2014).

Resistance and tolerance can be plastic responses, changing over the course of an infection
(Howick & Lazzaro, 2014; Lough et al., 2015; Kutzer & Armitage, 2016b; Louie et al.,
2016), but we were curious to know to what extent these responses show environmental
plasticity and genetic variability. Therefore, our novel approach was to test whether dietary
restriction through yeast (protein) limitation affects resistance and tolerance, and examine the
environmental interaction with genotype by testing ten wild-type D. melanogaster genotypes.
We infected flies with one of two opportunistic bacterial pathogens,

Pseudomonas entomophila and Lactococcus lactis, with different infection progressions and
contrasting short-term pathogenicity, and examined acute-phase resistance and tolerance to
infection to explore the extent to which these strategies are affected by genotype and the
environment. Here we defined acute phase infections as early stage infections occurring
between 0 and 72 hours post infection when pathogen levels are at their peak (e.g. Howick &
Lazzaro 2014). We measured range tolerance (Little ef al., 2010), where the slope of the
regression that results from the pathogen load and fecundity for every individual in the group,
describes tolerance for each treatment group (Raberg et al., 2007; Graham et al., 2011;
Lefevre et al., 2011). This provides more information than a single mean value for bacterial
load because host tolerance is measured over a range of pathogen loads. A group with a
steeper negative slope is less tolerant than a group with a flatter slope, because the former
loses their fitness more rapidly as pathogen load increases. Our use of range tolerance
contrasts with other studies on D. melanogaster (except Kutzer & Armitage 2016b), which

used means per group or different individuals for estimates of fecundity and bacteria load



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

(Corby-Harris et al., 2007; Ayres & Schneider, 2008; Howick & Lazzaro, 2014). Because the
expression of defense strategies could be determined by a combination of infection pathology,
resource availability, and genetic factors, we predicted that 1. there is genetic variation for
resistance and tolerance, 2. dietary restriction would uncover costs manifested as reduced
fecundity tolerance in response to infection with a pathogenic bacterium, P. entomophila, and
3. dietary restriction may uncover trade-offs between resistance and tolerance. We find that
while fecundity and survival are determined by host genotype and dietary yeast, resistance is
largely genetically determined, and fecundity tolerance is unaffected by either genotype or

environment.

Methods

Drosophila melanogaster culture conditions

We used ten wild-type populations. The locally-collected population used in this study
(1_4WS; Kutzer & Armitage 2016b) was maintained in a population cage with overlapping
generations. Nine populations with variable fecundity (Ral208, Ral350, Ral367, Ral373,
Ral375, Ral379, Ral406, Ral509, Ral765) from the Drosophila Genetic Reference Panel
(DGRP) originating from North Carolina, USA (Mackay et al., 2012) were maintained in
vials and placed onto new food every two weeks. For the purposes of this study we consider
each of these populations as being a distinct genotype (e.g. Mackay et al., 2012), but we note
that the populations will inevitably differ from one another not only in their genetics, but also
in factors such as the microbiota that they contain. Therefore, we use ‘genotype’ in a broader
sense. All stocks were kept at 25 °C, 70 % relative humidity on a 12-12 hour light-dark cycle,
and were reared on a standard sugar, yeast, agar medium (SYA medium: 1.5 % agar, 5 %

sugar, 10 % brewer’s yeast [inactive Saccharomyces cerevisiae that is approximately 45 %
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protein], 3 % nipagin, 0.3 % propionic acid) (Bass et al., 2007). The procedures described

below were repeated independently to give a total of seven experimental replicates.

Experimental animals and dietary treatments

The individuals used in the experiment, as well as their parents, were reared at constant larval
density following protocols described in Kutzer & Armitage (2016b) with the following
modifications. Between 300 — 500 flies from each DGRP genotype were placed in embryo
collection cages to generate the F1 generation for each of the seven replicates. We collected
approximately 400 to 500 larvae of each of the ten genotypes for both the F1 and F2
generations. After the F2 generation eclosed, virgin females were allocated in groups of 20 to
one of the two dietary treatments, SYA or reduced yeast (RY) medium. RY medium
contained 25 % of the yeast contained in the SYA medium (Kutzer & Armitage, 2016b).

Males were kept in groups of 20 on SYA medium until mating.

Mating assay and diet treatments

Five to six days after adult eclosion we performed group mating assays at room temperature.
Beginning at 9:00 am, 10 male flies were placed into vials with 10 virgin females and allowed
30 minutes to mate. Limiting the time to 30 minutes decreased the chance of remating, which
could affect the immune response (Short ef al., 2012). Female and male flies were separated
by brief CO; anaesthetization. Males were discarded and females were individualised on a RY
diet or on an added yeast (AY) diet. The AY diet was SYA medium supplemented with active

baker’s yeast granules, giving ad libitum access to yeast.

Bacterial preparation and infections
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We chose two infective bacteria species with distinct infection dynamics. L. lactis does not
cause significant host death between 0 and 24 hours post-injection (hpi) when injected with
the dose we use below, but replicates rapidly in the host from 0 to 24 hpi (Kutzer & Armitage,
2016b). P. entomophila is comparatively more pathogenic hence the lower injection dose
used below, and can cause host death beginning approximately 20 - 22 hpi (personal
observation). Our L. lactis strain (gift from Brian Lazzaro) was isolated from a wild caught D.
melanogaster in State College, Pennsylvania (Lazzaro, 2002). The P. entomophila strain was
isolated from a wild caught fruit fly in Guadeloupe (gift from Bruno Lemaitre) (Vodovar et
al., 2005; Vallet-Gely et al., 2008). Both are opportunistic pathogens of D. melanogaster.
Aliquots of L. lactis and P. entomophila were stored in 34.4 % glycerol at -80 °C. L. lactis
was plated on lysogeny broth (LB) agar and P. entomophila was plated on LB agar containing
1 % milk to select for protease positive clones (Neyen ef al., 2012), after which, bacterial
preparation and infections were carried out following Kutzer & Armitage (2016b) using a
randomized block design of 60 total treatment groups (10 genotypes x 2 diets x 3 infection
treatments). In each experimental replicate we processed 3 flies per treatment group, giving
21 flies per genotype x diet x infection treatment, i.e. 1260 flies in total. A volume of 18.4 nL
of bacterial or a control solution was injected into the lateral side of the thorax using a fine
glass capillary attached to a Nanoject II™ (Drummond). For P. entomophila we injected 18.4
nL of a 5 x 10% cells mL"! bacterial solution where the bacteria was suspended in Drosophila
Ringer’s solution (Werner et al., 2000), which was equivalent to approximately 92 bacteria
per individual. In preliminary experiments with the 1 4WS genotype we found that this dose
resulted in about 10 % mortality 24 hpi. Flies infected with L. lactis were injected with 18.4
nL of a 1 x 10% cells mL"! bacterial solution, which was equivalent to 1840 bacteria per fly.
Control flies were injected with 18.4 nL of Drosophila Ringer’s solution. Females were

returned to 25 °C, 70 % relative humidity after infection. We diluted the leftover injection
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bacteria aliquots to 1 x 10° cells/ mL! and plated 50 ul of each on LB plates, which should
have yielded 50 CFUs. Bacterial counts from each aliquot ranged from 30 to 76 CFUs for L.
lactis and 23 and 67 for P. entomophila. We found no evidence of contamination for any

replicate.

Fitness measure

We measured pre-infection fitness as the total number of adult offspring produced by females
in the ~26 hours between mating and injections. Infected fitness was the total number of adult
offspring produced by each individual female in the 24 hpi. After we had removed females
from their vials for the bacterial load assay (below), the vials were kept at 25 °C until the
offspring had completed development and eclosed. Flies on the AY medium were given 12
days to complete development and those on the RY medium were given 17 days. The vials
were then turned upside down, frozen, and the offspring were counted after the experiment

ended.

Standardising fecundity for fecundity tolerance

There were considerable genotypic differences in the number of adult offspring produced by
uninfected flies (general vigour), which will partly determine fly fecundity when infected.
Following the example of Graham ef al. (2011) we therefore assessed fecundity as the cost of
infection. We standardised the values by calculating the percent change in adult offspring
number relative to uninfected Ringer’s controls as our response variable. The calculations
were performed using the mean fecundity of the Ringer’s group for each genotype/diet
combination. The percent change for each individual was therefore calculated as ((individual

infected fecundity w; — mean Ringer’s group fecundity wo) / @o) x 100. For statistical reasons,

10
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we standardized the change in fitness in this way to make the fecundity values more

comparable across the two dietary treatments (Kutzer & Armitage 2016).

Bacterial load assay

We assayed bacterial load at 24 hpi. The inverse of load determines the resistance of
individual flies (methods as described in Kutzer & Armitage 2016b). In brief, after surface
sterilisation, we serially diluted homogenates of whole flies infected with L. lactis in LB
medium at 1:1, 1:100 and 1:1000 and homogenates of flies infected with P. entomophila were
diluted 1:1 and 1:50 for each replicate. We plated 50 pl of each dilution onto LB agar and
incubated the plates at 30 °C for 20 hours and then counted bacterial colony forming units
(CFUs). We did not homogenize control flies injected with Drosophila Ringer’s solution
because we found from previous work that these were usually negative for bacterial growth
(e.g. Kutzer & Armitage, 2016b, 7 % of all treatment groups had colony morphology that was
inconsistent with the injected bacteria). If a plate contained too many CFUs to count at the
highest dilution (~2%), we assigned the value as the greatest number of CFUs counted in the

genotype/treatment group (e.g. Vincent & Sharp, 2014).

Statistical analyses

Statistical analyses were performed in R version 3.3.1 (R Core Team, 2016). The statistical
models are detailed in Appendix S1, and model parameter estimates and standard errors are in
Tables S1-S4. Because of the substantial mortality in flies infected with P. entomophila on

RY medium we removed this group from all analyses except for tests on survival.

Genome wide association study for resistance to P. entomophila infection

11
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We took advantage of the availability of whole genome sequences for the 9 DGRP genotypes,
and performed an exploratory genome wide association study to test for associations between
SNPs/INDELs and resistance to P. entomophila, using median bacterial load per genotype for
the AY environment. We used P. entomophila load because we reasoned that it showed the

strongest phenotypic differences across genotypes (see Results).

Results

Effect of diet and genotype on survival

Survival 24 hpi with Ringer’s or L. /actis was high (mean % survival = SE: Ringer’s: 98.8 +
0.47 %; L. lactis: 98.6 + 0.61 %) and unaffected by either diet or fly genotype (Figs 1A and
B; Table 1). However, after infection with P. entomophila, the genotypes differed in the
degree to which diet reduced their survival (Fig. 1C, interaction between genotype and diet in
Table 1). A reduced yeast diet strongly reduced survival, and there were significant

differences in how well the genotypes could survive infection over this short time (Fig. 1C,

Table 1).

Effect of diet and genotype on bacterial load and bacterial load correlations

Fly genotypes varied in their L. lactis bacterial loads (Fig. 2A, Table 2). However, we found
no evidence for a dietary effect or genotype-by-diet interaction on L. /actis load. There was a
marked difference in P. entomophila load across genotypes (Fig. 2B, Table 2). We were not
able to test whether there was a dietary effect on bacterial load because of the high mortality
we observed in the RY treatment (Fig. 1C). There was no relationship between L. lactis and
P. entomophila load across the ten genotypes using mean (Spearman’s rank correlation, rho =

-0.55, p=0.10) or median load (rtho =0.17, p = 0.65).

12



288  Effect of diet, infection status and genotype on fecundity

289  Post-injection fecundity, i.e. adult offspring, was unaffected by infection treatment (Ringer’s,
290 L. lactis, P. entomophila) in flies on AY media (Table 3, Model 3a). However, fecundity
291  varied significantly across genotypes (Figs 3A, B and C; Table 3) and there was a strong
292 positive correlation between pre- and post-infection fecundity (Table 3). We found

293  interactions between diet x genotype and genotype x infection status when comparing post-
294  infection fecundity among dietary treatments in flies injected with Ringer’s solution or L.
295  lactis (Figs 3A, B, D and E, Table 3, Model 3b). Diet, genotype and pre-infection fecundity
296  were also significant predictors of post-infection fecundity in this model. A number of

297  females did not produce adult offspring, which may have been due to protein restriction
298  and/or the possibility that the flies did not mate during the group mating assay. However,
299  female fecundity after group matings in this experiment was comparable to fecundity after
300  observations of single pair matings: in this experiment 17 % of 1_4WS females on RY

301  medium produced zero offspring, which is similar to a previous experiment in which we
302  observed single pair matings (22 % with zero offspring, genotype 1 4WS on RY medium,
303  (Kutzer & Armitage, 2016b)

304

305  Effect of diet and genotype on fecundity tolerance

306 We found no effect of bacterial load on fecundity tolerance to L. lactis. Tolerance towards L.
307  lactis did not vary by genotype or diet, or a combination of both, which is illustrated by the
308 lack of significant interactions between these factors and bacterial load (Fig. 4A, Table 4).
309  However, genotype and diet affected percent change in adult offspring (Table 4).

310

13



311  Fecundity tolerance to P. entomophila tended to decrease as bacteria load increased, which
312 was independent of genotype (Fig. 4B). We observed no effect of genotype on fecundity

313  tolerance to a P. entomophila infection (Table 4).

314

315 Genome wide association study for resistance to P. entomophila infection

316  We found no significant associations between median P. entomophila load per genotype and
317  any of the SNPs or INDELS present in those genotypes (Fig. S1), which is most likely due to
318  alack of power from only nine genotypes. Therefore, we do not discuss this analysis further.
319

320  Discussion

321  We tested the degree to which host genotype, dietary environment and G x E interactions
322  influence survival, fecundity, resistance, and fecundity tolerance to two acute phase bacterial
323  infections in ten wild-type D. melanogaster populations. Host genotype strongly predicted
324  variation in fecundity and resistance, but not tolerance, after infection with both L. lactis and
325  P. entomophila. As expected, a lower dietary yeast environment reduced fecundity, however,
326 it did not affect host resistance or tolerance to L. lactis. In contrast, lower dietary yeast

327  markedly reduced survival after a P. enfomophila infection, which in combination with

328  genotype and a G x E effect on survival suggests that dietary environment and genetic

329  background play central roles in host defense during the early stages of a pathogenic

330 infection.

331

332 Host genotype and diet determine survival after P. entomophila infection

333 The importance of nutrition on traits including immune function, reproduction, and lifespan
334  cannot be disputed (Moret & Schmid-Hempel, 2000; Siva-Jothy & Thompson, 2002; McKean

335 etal, 2008; Ayres & Schneider, 2009; Sadd, 2011; Sternberg et al., 2012; Stahlschmidt ez al.,

14
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2013; Howick & Lazzaro, 2014; Kutzer & Armitage, 2016b). In our study, adult dietary yeast
restriction had a stronger negative effect on the survival of some genotypes infected with P.
entomophila, indicating a G x E interaction for this phenotype, which may suggest genotypic
variation for adult nutritional acquisition or energy storage (e.g. Bashir-Tanoli & Tinsley,
2014; Unckless et al., 2015a, b). Furthermore, lower yeast availability consistently reduced
the survival of P. entomophila-infected flies across the ten genotypes tested, suggesting that
resource acquisition and/or availability is an important determinant of infection outcome in
this host-pathogen interaction and highlights the importance of considering the environmental
context in immune studies. It is interesting that survival after systemic infection of P.
entomophila in eight of the DGRP genotypes found in this study is positively correlated
(Spearman’s rank correlation: rho = 0.84, p = 0.009) with survival three days after an oral P.
entomophila infection using the same genotypes in another study (Sleiman et al., 2015,
Ral367 was not used by these authors), despite the fact that the studies used different
infection routes and were done in different laboratories. Survival in the L. /lactis and Ringer’s

treatments was high and unaffected by any of our experimental factors.

Genotypic variation in resistance to acute infections

Evolutionary models predict that individuals within a host population will vary in their ability
to ward off infection (Miller et al., 2007; Duffy & Forde, 2009; Boots et al., 2012). In
addition, environmental heterogeneity can alter the expression of host susceptibility to
pathogens and resistance. However, adult dietary manipulation did not result in diet-induced
variability in resistance in the L. /actis infected groups, or G x E effects, and we were unable
to test this hypothesis explicitly in the P. entomophila infected groups because of high
mortality on the reduced yeast diet. The L. lactis observations were consistent with the results

of a previous study, where reduced access to protein did not affect bacterial load within a

15



361  single wild-type genotype (Kutzer & Armitage, 2016b). We found genotypic variation for
362  resistance (the inverse of bacteria load) in response to acute stage infection with both bacteria
363  species. Resistance is predicted to vary among genotypes or populations (Miller et al., 2007;
364  Duffy & Forde, 2009; Boots et al., 2012; Vale & Little, 2012), so it is not unexpected that
365  these 10 genotypes exhibit variation in their capacity for resistance. The genotypic variation
366  in resistance to a P. entomophila infection was considerable, highlighting the importance of
367 testing infections across different host genetic backgrounds and the difficulty in making

368  generalisations from single genotypes, as suggested by Sleiman et a/l. (2015). The five-fold
369  change in median P. entomophila load from the most to the least resistant genotype could
370  result from both variation in host immune responses and, potentially, the ability of the

371  bacteria to grow inside the host, for example if resources available for bacterial growth vary
372 across hosts. Genotypic variation in resistance is pervasive, it has been found across D.

373 melanogaster genotypes (Lazzaro et al., 2006; Magwire et al., 2012; Hotson & Schneider,
374  2015; Unckless et al., 2015b), including those orally infected with P. entomophila (Sleiman et
375  al., 2015), or injected with L. lactis (Lazzaro et al., 2006). Lazzaro, Sackton & Clarke (2006)
376  found that many genotypes infected with L. lactis displayed a narrow phenotypic distribution,
377  which they suggest is driven by high bacteria loads. In the present study, we observed high
378  loads and a flat distribution at the maximum load, and there seemed to be an infection ceiling
379  of approximately 1 x 10® bacteria per fly, which may indicate that L. lactis reaches a growth
380 plateau within the fly independent of genetic variation. Furthermore, the individual bacterial
381  loads of L. lactis infected flies were surprisingly variable, especially given that the DGRP
382  genotypes were initially inbred for 20 generations. Individual variation for resistance

383  therefore seems surprising, but it is noteworthy that considerable phenotypic variation within

384  DGRP genotypes has been observed for traits such as antiviral resistance and susceptibility,
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385  sleep, and food acquisition (Magwire et al., 2012; Harbison et al., 2013; Garlapow et al.,
386  2015).

387

388  Genotype and diet, but not infection, influence post-infection fecundity

389  Hosts must balance the costs of mounting an immune response, infection clearance, and
390  repairing infection induced- or self- damage, with life history traits such as reproduction.
391 Insects are sensitive to changes in their dietary environment and rapidly adjust egg production
392  accordingly (e.g. Kutzer & Armitage 2016a), therefore we predicted that adult offspring
393  numbers would decrease in response to protein restriction and that there would be variation
394  across genotypes, which was the case. We observed a marginal effect of infection and

395  genotype on host fecundity but this may have been driven by the addition of diet in the model,
396  as we found no interaction effect when we compared fecundity within the ad libitum yeast
397  groups. This may have been due to the ability of the flies to compensate for the effects of
398 infection with a pathogenic bacterium like P. entomophila, which reduces survival (e.g.
399  McKean et al. 2008). Interestingly, we also found that the degree of reduction in adult

400  offspring after yeast restriction varied across genotypes.

401

402  No evidence for variation in host tolerance

403  The expression of host tolerance within populations should be dependent upon disease

404  pathology and host immunopathology. Pathogen infection dynamics vary according to

405 infective dose, the route of infection, and infection outcome (Schmid-Hempel, 2011;

406  Schneider, 2011). Considering this, we used two bacteria with different infection dynamics
407  and differing degrees of virulence to explore the relationship among host fitness, diet, and
408  bacteria load to estimate fecundity tolerance.

409
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410  We predicted genetic variation for tolerance phenotypes in response to infection and

411  environment with at least one bacteria species, given that a number of studies have found such
412  effects (e.g. Raberg et al., 2007; Blanchet et al., 2010; Graham et al., 2011; Adelman et al.,
413 2013; Sternberg et al., 2013; Parker et al., 2014). For example, dietary manipulation of

414  glucose lead to a genotype-by-environment effect for D. melanogaster fecundity tolerance
415  that was most pronounced early during a Providencia rettgeri infection (Howick & Lazzaro,
416  2014). However, we found no inter-genotypic differences in fecundity tolerance in response
417  to infection with either bacteria species, and fecundity tolerance to L. lactis was not affected
418 by changes in host diet. The latter result confirms a previous study, where it was shown that
419  under similar experimental conditions the 1 4WS genotype does not show environmentally
420  induced variation for tolerance in response to infection with L. lactis (Kutzer & Armitage,
421  2016b). We also note that the considerable variation in our response variables, fecundity and
422  bacteria load, makes it potentially difficult to detect relationships between these two

423 variables.

424

425  Despite striking differences in bacterial load across genotypes, all genotypes showed similar
426  reductions in fitness with increasing P. entomophila load, indicating a general reproductive
427  cost to an increasing bacteria load. It is possible that assaying fecundity at an earlier infection
428  time point would have uncovered genotypic variation in host tolerance (e.g. Howick &

429  Lazzaro, 2014; Kutzer & Armitage, 2016b), or that fecundity tolerance is somehow fixed or
430  has reached saturation (e.g. Miller ef al., 2006). It is also possible that the co-expression of
431  host immune strategies shows temporal variation in this system, with flies surviving infection
432 by P. entomophila expressing resistance early on and then expressing tolerance later in the
433  infection compared to non-survivors (e.g. Lough et al., 2015), which may explain the

434  considerable variation in resistance we see across these ten genotypes.
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Eco-immunological studies have found support for genetic variation in host tolerance but
such variation is not the rule. For instance mortality tolerance declined in families of monarch
butterflies as Ophryocystis elektroscirrha inoculation dose increased, but was unaffected by
genotype (Lefevre et al., 2011), and aphid genotypes displayed variation in fecundity
tolerance but not in mortality tolerance (Parker et al., 2014). A common theme that emerges
from these studies is the importance in the choice of the fitness or health measure and its
relationship to the pathogen in question, i.e. the relationship between fitness and disease
pathology. We suggest that fitness measures should be carefully considered in light of disease

pathology and infection dynamics.

Conclusion

Here we tested the effects of dietary environment and genotype on resistance and tolerance to
two acute phase bacterial infections. Genotype and dietary environment were strong
predictors of mortality from an infection with P. entomophila as well as predictors of
fecundity. We show that there is considerable genetic variability in resistance to infection,
while tolerance does not vary among genotypes or according to environment in the ten tested
genotypes. Context dependence is a recurring theme in the resistance and tolerance literature.
The expression of these immune strategies depends on genetics, environment and the unique
infection trajectories of the pathogens. Plotting detailed infection trajectories that cover an
entire course of infection whether at the individual or genotype level, as well as successively
quantifying within host damage, will help to tease apart the mechanisms governing the

expression of resistance and tolerance.

Acknowledgements

19



460

461

462

463

We would like to thank (acknowledgments redacted for blind review).

Data Accessibility

Data from the manuscript will be made accessible upon acceptance in the Dryad database.

20



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

References

Adelman, J.S., Kirkpatrick, L., Grodio, J.L. & Hawley, D.M. 2013. House finch populations
differ in early inflammatory signaling and pathogen tolerance at the peak of
Mycoplasma gallisepticum infection. Am. Nat. 181: 674-89.

Ayres, J.S. & Schneider, D.S. 2008. A signaling protease required for melanization in
Drosophila affects resistance and tolerance of infections. PLoS Biol. 6: 2764-2773.

Ayres, J.S. & Schneider, D.S. 2009. The role of anorexia in resistance and tolerance to
infections in Drosophila. PLoS Biol. 7: €1000150.

Ayres, J.S. & Schneider, D.S. 2012. Tolerance of Infections. Annu. Rev. Immunol. 30: 271—
294.

Bashir-Tanoli, S. & Tinsley, M.C. 2014. Immune response costs are associated with changes
in resource acquisition and not resource reallocation. Funct. Ecol. 28: 1011-1019.

Bass, T.M., Grandison, R.C., Wong, R., Martinez, P., Partridge, L. & Piper, M.D.W. 2007.
Optimization of dietary restriction protocols in Drosophila. J. Gerontol. 62A: 1071—
1081.

Best, A., White, A. & Boots, M. 2008. Maintenance of host variation in tolerance to
pathogens and parasites. Proc. Natl. Acad. Sci. U. S. A. 105: 20786-20791.

Best, A., White, A. & Boots, M. 2010. Resistance is futile but tolerance can explain why
parasites do not always castrate their hosts. Evolution. 64: 348-357.

Best, A., White, A. & Boots, M. 2014. The coevolutionary implications of host tolerance.
Evolution. 68: 1426—-1435.

Blanchet, S., Rey, O. & Loot, G. 2010. Evidence for host variation in parasite tolerance in a
wild fish population. Evol. Ecol. 24: 1129-1139.

Boots, M., White, A., Best, A. & Bowers, R. 2012. The importance of who infects whom: the

evolution of diversity in host resistance to infectious disease. Ecol. Lett. 15: 1104—11.

21



489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

Carr, D.E., Murphy, J.F. & Eubanks, M.D. 2006. Genetic variation and covariation for
resistance and tolerance to Cucumber mosaic virus in Mimulus guttatus (Phrymaceae): a
test for costs and constraints. Heredity. 96: 29-38.

Corby-Harris, V., Habel, K.E., Ali, F.G. & Promislow, D.E.L. 2007. Alternative measures of
response to Pseudomonas aeruginosa infection in Drosophila melanogaster. J. Evol.
Biol. 20: 526-533.

Dufty, M.A. & Forde, S.E. 2009. Ecological feedbacks and the evolution of resistance.

Fineblum, W.L. & Rausher, M.D. 1995. Tradeoff between resistance and tolerance to
herbivore damage in a morning glory. Nature 377: 517-520.

Flatt, T., Heyland, A. & Stearns, S.C. 2011. What mechanistic insights can or cannot
contribute to life history evolution. In: Mechanisms of Life History Evolution: The
Genetics and Physiology of Life History Traits and Trade-Offs (T. Flatt & A. Heyland,
eds), pp. 375-379. Oxford University Press, Oxford.

Garlapow, M.E., Huang, W., Yarboro, M.T., Peterson, K.R. & Mackay, T.F.C. 2015.
Quantitative genetics of food intake in Drosophila melanogaster. PLoS One 10.

Graham, A.L., Shuker, D.M., Pollitt, L.C., Auld, S.K.J.R., Wilson, A.J. & Little, T.J. 2011.
Fitness consequences of immune responses: Strengthening the empirical framework for
ecoimmunology. Funct. Ecol. 25: 5-17.

Harbison, S.T., McCoy, L.J. & Mackay, T.F.C. 2013. Genome-wide association study of
sleep in Drosophila melanogaster. BMC Genomics 14: 281.

Hawley, D.M. & Altizer, S.M. 2011. Disease ecology meets ecological immunology:
Understanding the links between organismal immunity and infection dynamics in
natural populations. Funct. Ecol. 25: 48—60.

Hotson, A.G. & Schneider, D.S. 2015. Drosophila melanogaster Natural Variation Affects

Growth Dynamics of Infecting Listeria monocytogenes. G3 Genes|Genomes|Genetics 5:

22



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

2593-2600.

Howick, V.M. & Lazzaro, B.P. 2014. Genotype and diet shape resistance and tolerance
across distinct phases of bacterial infection. BMC Evol. Biol. 14: 56.

Hurd, H. 2009. Chapter 4 Evolutionary Drivers of Parasite-Induced Changes in Insect Life-
History Traits. From Theory to Underlying Mechanisms. Adv. Parasitol. 68: 85—110.

Hurd, H. 2001. Host fecundity reduction: A strategy for damage limitation? 7Trends Parasitol.
17: 363-368.

Kraaijeveld, A.R., Ferrari, J. & Godfray, H.C.J. 2002. Costs of resistance in insect-parasite
and insect-parasitoid interactions. Parasitology 125 Suppl: S71-S82.

Kutzer, M.A.M. & Armitage, S.A.O. 2016a. Maximising fitness in the face of parasites: a
review of host tolerance. Zoology 119: 281-289.

Kutzer, M.A.M. & Armitage, S.A.O. 2016b. The effect of diet and time after bacterial
infection on fecundity, resistance, and tolerance in Drosophila melanogaster. Ecol. Evol.
6: 4229-42.
Lazzaro, B.P. 2002. A Population and Quantitative Genetic Analysis of the Drosophila
melanogaster Antibacterial Immune Response. The Pennsylvania State University.
Lazzaro, B.P. & Little, T.J. 2009. Immunity in a variable world. Philos. Trans. R. Soc. Lond.
B. Biol. Sci. 364: 15-26.

Lazzaro, B.P. & Rolff, J. 2011. Danger, microbes, and homeostasis. Science. 332: 43—44.

Lazzaro, B.P., Sackton, T.B. & Clark, A.G. 2006. Genetic variation in Drosophila
melanogaster resistance to infection: A comparison across bacteria. Genetics 174: 1539—
1554.

Lefévre, T., Williams, A.J. & de Roode, J.C. 2011. Genetic variation in resistance, but not
tolerance, to a protozoan parasite in the monarch butterfly. Proc. R. Soc. B 278: 751—

759.

23



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Lemaitre, B., Reichhart, ].M. & Hoffmann, J.A. 1997. Drosophila host defense: differential
induction of antimicrobial peptide genes after infection by various classes of
microorganisms. Proc. Natl. Acad. Sci. U. S. A. 94: 14614-9.

Leventhal, G.E., Diinner, R.P. & Barribeau, S.M. 2014. Delayed Virulence and Limited Costs
Promote Fecundity Compensation upon Infection. 4m. Nat. 183: 480-93.

Little, T.J., Shuker, D.M., Colegrave, N., Day, T. & Graham, A.L. 2010. The coevolution of
virulence: tolerance in perspective. PLoS Pathog. 6: €1001006.

Lough, G., Kyriazakis, 1., Bergman, S., Lengeling, A. & Doeschl-Wilson, A.B. 2015. Health
trajectories reveal the dynamic contributions of host genetic resistance and tolerance to
infection outcome. Proc. R. Soc. B-Biological Sci. 282: 20152151.

Louie, A., Song, K.H., Hotson, A., Thomas Tate, A. & Schneider, D.S. 2016. How Many
Parameters Does It Take to Describe Disease Tolerance? PLoS Biol. 14.

Luijckx, P., Fienberg, H., Duneau, D. & Ebert, D. 2013. A matching-allele model explains
host resistance to parasites. Curr. Biol. 23: 1085—1088.

Mackay, T.F.C., Richards, S., Stone, E.A., Barbadilla, A., Ayroles, J.F., Zhu, D., et al. 2012.
The Drosophila melanogaster Genetic Reference Panel. Nature 482: 173—178. Nature
Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.

Magwire, M.M., Fabian, D.K., Schweyen, H., Cao, C., Longdon, B., Bayer, F., et al. 2012.
Genome-Wide Association Studies Reveal a Simple Genetic Basis of Resistance to
Naturally Coevolving Viruses in Drosophila melanogaster. PLoS Genet 8: €1003057.

Marxer, M., Vollenweider, V. & Schmid-Hempel, P. 2016. Insect antimicrobial peptides act
synergistically to inhibit a trypanosome parasite. Phil. Trans. R. Soc. B 371: 20150302.

Mauricio, R., Rausher, M.D. & Burdick, D.S. 1997. Variation in the defense strategies of
plants: Are resistance and tolerance mutually exclusive?

McKean, K.A. & Nunney, L. 2005. Bateman’s principle and immunity: phenotypically

24



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

plastic reproductive strategies predict changes in immunological sex differences.
Evolution 59: 1510-1517.

McKean, K.A., Yourth, C.P., Lazzaro, B.P. & Clark, A.G. 2008. The evolutionary costs of
immunological maintenance and deployment. BMC Evol. Biol. 8: 76.

Miller, M.R., White, A. & Boots, M. 2007. Host life span and the evolution of resistance
characteristics. Evolution. 61: 2—14.

Miller, M.R., White, A. & Boots, M. 2006. The evolution of parasites in response to
tolerance in their hosts: the good, the bad, and apparent commensalism. Evolution 60:
945-956.

Mitchell, S.E., Rogers, E.S., Little, T.J. & Read, A.F. 2005. Host-Parasite and Genotype-By-
Environment Interactions: Temperature Modifies Potential for Selection By a Sterilizing
Pathogen. Evolution. 59: 70-80.

Moreno-Garcia, M., Condé¢, R., Bello-Bedoy, R. & Lanz-Mendoza, H. 2014. The damage
threshold hypothesis and the immune strategies of insects. Infect. Genet. Evol. 24: 25—
33.

Moret, Y. & Schmid-Hempel, P. 2000. Survival for immunity: the price of immune system
activation for bumblebee workers. Science. 290: 1166—1168.

Neyen, C., Poidevin, M., Roussel, A. & Lemaitre, B. 2012. Tissue- and ligand-specific
sensing of gram-negative infection in Drosophila by PGRP-LC isoforms and PGRP-LE.
J. Immunol. 189: 1886-97.

Parker, B.J., Garcia, J.R. & Gerardo, N.M. 2014. Genetic variation in resistance and
fecundity tolerance in a natural host-pathogen interaction. Evolution. 68: 2421-2429.

Raberg, L. 2014. How to Live with the Enemy: Understanding Tolerance to Parasites. PLoS
Biol. 12: €1001989.

Raberg, L., Graham, A.L. & Read, A.F. 2009. Decomposing health: tolerance and resistance

25



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

to parasites in animals. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 364: 37-49.

Raberg, L., Sim, D. & Read, A.F. 2007. Disentangling genetic variation for resistance and
tolerance to infectious diseases in animals. Science. 318: 8§12—-814.

R Core Team. 2016. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Restif, O. & Koella, J.C. 2004. Concurrent evolution of resistance and tolerance to
pathogens. Am. Nat. 164: E90-E102.

Roy, B.A. & Kirchner, J.W. 2000. Evolutionary dynamics of pathogen resistance and
tolerance. Evolution. 54: 51-63.

Sadd, B.M. 2011. Food-environment mediates the outcome of specific interactions between a
bumblebee and its trypanosome parasite. Evolution. 65: 2995-3001.

Schmid-Hempel, P. 2011. Evolutionary Parasitology: The Integrated Study of Infections,
Immunology, Ecology, and Genetics, 2nd ed. Oxford University Press, Oxford.

Schneider, D.S. 2011. Tracing personalized health curves during infections. PLoS Biol. 9.

Short, S.M., Wolfner, M.F. & Lazzaro, B.P. 2012. Female Drosophila melanogaster suffer
reduced defense against infection due to seminal fluid components. J. Insect Physiol. 58:
1192-1201.

Siva-Jothy, M.T. & Thompson, J.J.W. 2002. Short-term nutrient deprivation affects immune
function. Physiol. Entomol. 27: 206-212.

Sleiman, M.S., Osman, D., Massouras, A., Hoffmann, A.A., Lemaitre, B. & Deplancke, B.
2015. Genetic, molecular and physiological basis of variation in Drosophila gut
immunocompetence. Nat Commun 6: 7829.

Stahlschmidt, Z.R., Rollinson, N., Acker, M. & Adamo, S. a. 2013. Are all eggs created
equal? Food availability and the fitness trade-off between reproduction and immunity.

Funct. Ecol. 27: 800-806.

26



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

Stearns, S.C. 1992. The Evolution of Life Histories. Oxford University Press, London.

Sternberg, E.D., Lefevre, T., Li, J., de Castillejo, C.L.F., Li, H., Hunter, M.D., et al. 2012.
Food plant derived disease tolerance and resistance in a natural butterfly-plant-parasite
interactions. Evolution. 66: 3367-3376.

Sternberg, E.D., Li, H., Wang, R., Gowler, C. & de Roode, J.C. 2013. Patterns of host-
parasite adaptation in three populations of monarch butterflies infected with a naturally
occurring protozoan disease: virulence, resistance, and tolerance. Am. Nat. 182: E235—
E248.

Unckless, R.L., Rottschaefer, S.M. & Lazzaro, B.P. 2015a. A Genome-Wide Association
Study for Nutritional Indices in Drosophila. G3 Genes|Genomes|Genetics
23.114.016477.

Unckless, R.L., Rottschaefer, S.M. & Lazzaro, B.P. 2015b. The Complex Contributions of
Genetics and Nutrition to Immunity in Drosophila melanogaster. PLoS Genet. 11:
€1005030.

Vale, P.F. & Little, T.J. 2012. Fecundity compensation and tolerance to a sterilizing pathogen
in Daphnia. J. Evol. Biol. 25: 1888—1896.

Vale, P.F., Wilson, A.J., Best, A., Boots, M. & Little, T.J. 2011. Epidemiological,
evolutionary, and coevolutionary implications of context-dependent parasitism. Am. Nat.
177: 510-21.

Vallet-Gely, 1., Lemaitre, B. & Boccard, F. 2008. Bacterial strategies to overcome insect
defences. Nat. Rev. Microbiol. 6: 302-313.

Vincent, C.M. & Sharp, N.P. 2014. Sexual antagonism for resistance and tolerance to
infection in Drosophila melanogaster. Proc. R. Soc. B 281: 20140987.

Vodovar, N., Vinals, M., Liehl, P., Basset, A., Degrouard, J., Spellman, P., et al. 2005.

Drosophila host defense after oral infection by an entomopathogenic Pseudomonas

27



639

640

641

642

643

644

645

646

647

648

649

650

species. Proc. Natl. Acad. Sci. U. S. A. 102: 11414-9.

Werner, T., Liu, G., Kang, D., Ekengren, S., Steiner, H. & Hultmark, D. 2000. A family of
peptidoglycan recognition proteins in the fruit fly Drosophila melanogaster. Proc. Natl.
Acad. Sci. U. S. A. 97: 13772-17.

Woolhouse, M.E.J., Webster, J.P., Domingo, E., Charlesworth, B. & Levin, B.R. (2002)
Biological and biomedical implications of the co-evolution of pathogens and their hosts.

Nat. Genet. 32, 569-577.

Online Supporting Information
Appendix S1. Statistical analyses.
Figure S1. P-value plots of GWAS.

Table S1-S4. Parameter estimates for statistical models.

28



651

652

653

654

655

Tables

Table 1. The effect of diet and genotype on fly survival 24 hours after injection with either

Ringer’s, L. lactis or P. entomophila.

Tested effect df Dev Resid.df Resid.dev P

Diet 1 0.2 138 34.85 0.65
Model 1a:

Genotype 9 6.9 129 27.96 0.65
Ringer’s

Genotype x Diet 9 6.85 120 21.12 0.65

Diet 1 0.69 138 39.29 0.41
Model 1b:

Genotype 9 9.02 129 30.27 0.44
L. lactis

Genotype x Diet 9 7.81 120 22.45 0.55

Diet 1 202.99 138 214.49 <0.0001
Model Ic:

Genotype 9  69.05 129 145.45 <0.0001
P. entomophila

Genotype x Diet 9 2294 120 122.51 0.006
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656  Table 2. The effect of diet and genotype on bacteria load 24 hours post infection. The dashes

657  (-) indicate that diet and diet x genotype could not be tested.

Model 2a: L. lactis Model 2b: P. entomophila
Tested effect numDF  denDF F P numDF denDF F P
Diet 1 369 0.58 0.446 - - - -
Genotype 9 369 457  <0.0001 9 150 19.25 <0.0001
Diet x Genotype 9 369 0.50 0.874 - - - -

658
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659  Table 3. The effect of diet, genotype and infection status on post-infection fecundity,

660  measured as adult offspring number. Pre-infection fecundity was included as a covariate.

661  High mortality in the P. entomophila group on reduced yeast (RY) precluded testing one fully
662  factorial fecundity model. Therefore Model 3a tests fecundity of the three infection groups,
663 i.e., injection of Ringer’s, L. lactis or P. entomophila, where flies had only ad libitum (AY)
664  access to yeast. The dashes (-) indicate that diet and interactions with diet could not be tested.

665  Model 3b tests the fecundity of only Ringer’s and L. lactis injected flies, on either AY or RY.

Model 3a: AY fecundity Model 3b: AY vs RY fecundity

Tested effect df F P df F P
Diet - - - 1 63 <0.0001
Genotype 9 9.22 <0.0001 9 12.006 <0.0001
Infection status 2 0.13 0.88 1 1.569 0.211
Diet x Genotype - - - 9 9.46 <0.0001
Diet x Infection status - - - 1 1.441 0.23
Genotype x Infection status 18 0.69 0.82 9 1.931 0.045
Pre-infection fecundity 1 233.23 <0.0001 1 46.51 <0.0001
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670
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672

673

Table 4. The effects of bacteria load (CFU), diet and genotype on post-infection fecundity
(measured as % adult offspring produced relative to the uninfected Ringer’s control) after
infection with L. lactis or P. entomophila. Significant interactions between CFU and either or
both of the other factors would indicate variation in fecundity tolerance. The dashes (-)

indicate that diet and interactions with diet could not be tested.

Model 4a: L. lactis Model 4b: P. entomophila
Tested effect numDF  denDF F P numDF denDF F P
CFU 1 349 277 0.097 1 140 11.1  0.001
Diet 1 349 19.62 <0.0001 - - - -
Genotype 9 349 483 <0.0001 9 140 1.63 0.114
CFU x Diet 1 349 0.01 0.907 - - - -
CFU x Genotype 9 349 0.96 0.475 9 140 0.57  0.821
Diet x Genotype 9 349 1.39 0.191 - - - -
CFU x Diet x Genotype 9 349 1.24 0.271 - - - -
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Figure legends

Figure 1. D. melanogaster survival 24 hours post injection. Females were kept on a diet of
ad libitum yeast (AY) or reduced yeast (RY) and injected with (A) Ringer’s solution as an
injection control, or one of two bacteria, (B) L. lactis, or (C) P. entomophila. Each line
represents the reaction norm of one of ten genotypes. Some reactions norms overlap. Each

dot represents the proportion of 21 flies that survived.

Figure 2. Bacteria load for each genotype 24 hours post infection. Females were injected
with either (A) L. lactis or (B) P. entomophila. Bacteria load was quantified as the number of
colony forming units (CFUs) counted on agar plates containing individual whole fly
homogenates. There was no effect of diet on L. lactis loads, so AY and RY individuals are
combined in (A). Genotypes are arranged in ascending order and diamonds represent medians
calculated from between 37 and 42 female flies in (A) and between 15 and 21 female flies in
(B). To visualise the data on a log scale, we added 1 to all CFU counts. The dotted lines

indicate the approximate infection doses.

Figure 3. Fecundity measured as the number of adult offspring produced in the 24 hours
post injection. Female flies were subjected to one of the following injection treatments and
diet combinations: (A) Ringer’s injected AY medium, (B) L. lactis injected AY medium, (C)
P. entomophila injected AY medium, (D) Ringer’s injected RY medium, (E) L. lactis injected
RY medium. Diamonds represent medians calculated from between 15 and 21 female flies per
treatment group. Genotypes are arranged in descending order of offspring numbers. Data
points with darker shades of grey indicate where the values of more than one individual

overlap.

33



699

700

701

702

703

704

705

706

707

708

Figure 4. Fecundity tolerance after infection with L. lactis and P. entomophila. (A)
Fecundity tolerance after L. lactis infection is unaffected by diet or genotype; (B) Fitness
decreases in response to increasing P. entomophila load regardless of genotype. The natural
log of bacterial load (CFU) is plotted against the percent change in adult offspring number.
Each data point represents the bacteria load and fitness of one female fly. Reaction norms are
plotted for AY (solid lines) and RY (dashed lines; L. lactis only) for each genotype 24 hours
post injection. Data points with darker shades of grey indicate where the values of more than
one individual overlap. Mortality was too high in P. entomophila infected individuals on the

RY medium to include them in the analysis.
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