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Many have argued that we may be able to extend life and improve human health through hormesis, the beneficial effects of low-

level toxins and other stressors. But, studies of hormesis in model systems have not yet established whether stress-induced benefits

are cost free, artifacts of inbreeding, or come with deleterious side effects. Here, we provide evidence that hormesis results in

trade-offs with immunity. We find that a single topical dose of dead spores of the entomopathogenic fungus, Metarhizium

robertsii, increases the longevity of the fruit fly, Drosophila melanogaster, without significant decreases in fecundity. We find that

hormetic benefits of pathogen challenge are greater in lines that lack key components of antifungal immunity (Dif and Turandot

M). And, in outbred fly lines, we find that topical pathogen challenge enhances both survival and fecundity, but reduces ability

to fight off live infections. The results provide evidence that hormesis is manifested by stress-induced trade-offs with immunity,

not cost-free benefits or artifacts of inbreeding. Our findings illuminate mechanisms underlying pathogen-induced life-history

trade-offs, and indicate that reduced immune function may be an ironic side effect of the “elixirs of life.”

KEY WORDS: Drosophila melanogaster, ecological immunity, fitness, hormesis, life-history evolution, trade-offs.

Can organisms have it all? One of the central principles of life-
history theory is that, because they are constrained by resource
limitations, organisms cannot simultaneously optimize all aspects
of fitness (Kirkwood 1977; Stearns 1992; Zera and Harshman
2001; Roff 2002; Zuk and Stoehr 2002). This premise has been
challenged by studies reporting positive genetic correlations be-
tween fitness traits (Spitze 1991; Reznick et al. 2000; Hutch-
ings 2006; Brzek and Konarzewski 2007; Koenig et al. 2009;
Schroderus et al. 2012), studies revealing that longevity and fe-
cundity can be decoupled with molecular genetics (Flatt 2011;
Kenyon 2011), and studies documenting hormesis, which occurs
when low doses of stress-inducing physiological treatments, such
as heat shock, diet composition, and toxic chemicals, enhance
traits associated with fitness (Minois 2000; Merker et al. 2001;
Cypser and Johnson 2002; Hercus et al. 2003; Calabrese 2005;
Gems and Partridge 2008; Hunt et al. 2011).

Research on hormesis demands attention from an evolution-
ary perspective (Forbes 2000; Costantini et al. 2010). Although it
is not yet clear whether hormesis acts on Darwinian fitness, thou-
sands of studies have documented the beneficial influence of stres-

sors on important fitness traits, including longevity and fecundity
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(Calabrese 2005; Gems and Partridge 2008). Studies identifying
beneficial influences of stress on fitness would challenge our un-
derstanding of evolution because it would imply that life histories
are generally suboptimal (Forbes 2000). Still, with a handful of ex-
ceptions (Maynard Smith 1958; Krebs and Loeschcke 1994; Lane
etal. 1996; Markowska 1999; Le Bourg et al. 2000; Sgrensen et al.
2007), few studies have tested whether physiological treatments
that extend life come at a cost to other aspects of life history,
particularly in the ability to fight off live infections.

There are two lines of evidence implicating a link between
hormesis and immunity. First, although parasites usually reduce
the reproductive output and survival of their hosts (Lehmann
1993), a growing body of work shows that animals challenged
with dead or even live pathogens exhibit improvements in specific
aspects of their life history (Polak and Starmer 1998; Chadwick
and Little 2005; Ikeda et al. 2007). In some animals, pathogen
challenge increases resistance to subsequent infections (a pattern
referred to as immune priming, see Pham et al. 2007; Lawniczak
et al. 2007; Roth et al. 2009); but, in other animals, it enhances
aspects of physiology, often to the detriment of their ability to
fight off subsequent live infections (Leroy et al. 2012; Papp et al.
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2012; Ermolaeva et al. 2013). Although it is unknown whether
the physiological benefits of pathogen challenges fulfill the char-
acteristic pattern of hormesis (an inverted “U” dose-response
relationship with beneficial effects at low doses and toxic effects
at high doses), the finding that life-history traits can be improved
by a single dose of pathogen challenge suggests that hormesis can
be induced by host responses to pathogen challenge (Leroy et al.
2012; Papp et al. 2012; Ermolaeva et al. 2013).

Second, even when the source of stress response is not a
pathogen, hormesis appears to be driven by the expression of
genes associated with immunity (Calabrese et al. 2012). Heat
shock proteins not only contribute to heat shock induced increases
in life span (Tatar et al. 1997; Kristensen et al. 2003), but also
interact with components of the innate immune system (Chen
and Cao 2010). Additionally, the NF-kB innate immune gene Dif
has been shown to influence the hormetic benefits of cold shock
(Le Bourg et al. 2012) and its expression is known to have a
regulatory role in life-history trade-offs between longevity and
immunity (Gosselin and Abbadie 2003; Rea et al. 2005; Mattson
and Meffert 2006; Lemaitre and Hoffman 2007; Salminen et al.
2008; Pursall and Rolff 2011; Chirumbolo 2012; Gartner and
Akay 2013). Other work indicates that the activation of innate
immunity in response to pathogen challenge is linked both to
enhanced physiology and reduced ability to fight off subsequent
infections (Papp et al. 2012; Ermolaeva, et al. 2013).

Still, the evolutionary implications of hormesis are unre-
solved (Forbes 2000; Costantini et al. 2010). Does hormesis occur
in outbred lines or is it only an artifact seen in nearly isogenic
lines, as appears to be evident in diet-restricted, inbred mice (Liao
et al. 2010)? Does hormesis represent a switch of life history,
promoting survival in the detriment to other traits as suggested
for calorie restriction (Tatar et al. 2003)? Does the expression of
immune and stress genes generally facilitate or suppress enhance-
ments in longevity? Does it make sense to recommend low-level
stress as a therapy for human health, as some have done (Gems
and Partridge 2008; Rattan and Demirovic 2009; Vaiserman 2010;
Calabrese et al. 2012)? Or, does hormesis inevitably lead to trade-
offs with immunity? These are important questions to resolve not
only because they relate to how animals fight off infections and
whether we can use stress treatments to improve health, but also
because they provide a crucial test of the evolutionary principle
that life-history optimization is constrained.

Here, we address these questions using the fruit fly,
Drosophila melanogaster as host for the insect-generalist ento-
mopathogic fungus, Metarhizium robertsii (for further details,
see Gao et al. 2011; Zhong et al. 2013). This system has sev-
eral features that make it suitable for studies of pathogen-induced
fitness trade-offs and the age-specific genetic effects, which un-
derlie hormesis: topical application of dead Metarhizium spores
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is known to stimulate immune responses in insects (Xia et al.
2001). Flies can be challenged by the fungal pathogen en masse
by briefly agitating them in flasks with live or heat-killed fun-
gal spores (Zhong et al. 2013). The fruit fly is well suited for
large-scale experimental demography (Kohler 1994; Priest et al.
2002). By employing the Drosophila RNAi knockdown and mu-
tant knockout lines in conjunction with appropriate control lines,
we can assess the consequence of immune- and stress-response
gene expression on longevity. Furthermore, we can also investi-
gate the effects of pathogen treatment on life-history patterns in
outbred laboratory lines to eliminate the possibility that hormesis
is a side effect of inbreeding.

Our central hypothesis was that hormesis trades-off with im-
munity. This leads to the predictions that hormetic responses to
stress should be greater in animals lacking functional immune
responses and that hormesis should increase susceptibility to in-
fection. To test these predictions, we used the following method-
ology: (1) we used an isogenic mutant stock of flies, wl118, to
investigate the dose—response relationship between topical ex-
posure to heat-killed fungus and resistance to heat stress. This
established that a single dose of topical pathogen challenge was
sufficient to induce hormetic benefits. (2) We studied a knockout
mutant of Hsp83 and used RNAIi to down regulate three genes,
Dif, Turandot M, and Turandot C (all derived from the will8
background), to test how the expression of immune and stress
genes contributes to the fitness benefits of pathogen challenge. (3)
Employing two outbred laboratory lines, we tested for pathogen-
induced trade-offs between survival, fecundity, and susceptibility
to subsequent live infections.

We chose the mutant and outbred laboratory lines for specific
reasons. We investigated Dif because it is a key component of the
Toll pathway, which confers antifungal immunity and is a putative
regulator of hormesis (Le Bourg et al. 2012); Turandot M because
it is upregulated in response to infection and provides protection
against sexually fungal transmitted infections in flies (Ekengren
and Hultmark 2001; Brun et al. 2006; Zhong et al. 2013); Hsp83
as a positive control because previous work has established that
stress-associated molecular chaperones are essential for hormesis
(Tatar et al. 1997; Qin et al. 2005); and Turandot C because it
is upregulated in response to many different types of stress and
we had previously established that there was no evidence that it
confers immunity to topical fungal infection (Zhong et al. 2013).
But, findings in the aforementioned lines could be biased because
they are mutant and are derived from an isogenic background. We
therefore tested two wild-type lines, Oregon-R, a standard outbred
laboratory-adapted line maintained in two-week culture (Milkman
1966), and Dahomey, another standard laboratory-adapted line
maintained in large populations under age-independent culture
(Chapman and Partridge 1996).
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Methods
FLY AND FUNGUS STOCKS

All experimental animals were maintained at 25°C with 12:12
light:dark cycle in standard Drosophila shell vials at low densities
(approximately 50 flies/vial) for three generations prior to the start
of the experiments. We used an oatmeal-molasses-agar media with
added live baker’s yeast and an antifungal agent (Nipagin, Sigma-
Aldrich, St. Louis, MO), which inhibits the growth of naturally
occurring saprophytic fungi.

The Dahomey strain of D. melanogaster (obtained from Stu-
art Wigby, University of Oxford) was kept in large population
cages (I m®) with overlapping generations for two years be-
fore they were expanded over three generations in low-density
culture (approximately 50 larvae/vial). The Oregon-R strain (ob-
tained from Tim Karr, Arizona State University) was simultane-
ously expanded under low-density culture. We acquired the Hsp83
knockout mutant, Act5C-Gal4 constitutive promoter, and wl118
background strain on which the knockout and RNAI lines were
based from the Bloomington Stock Center. The UAS-TotM, UAS-
TotC, and UAS-Dif strains used were originally obtained from the
Vienna Drosophila RNAi Center, which contained the RNAi con-
structs for the Turandot M and C, and Dif genes, respectively (for
further information, see Dietzl et al. 2007; Zhong et al. 2013). The
Gal4/UAS system operates by expressing the RNAI transelement
for the target gene through the UAS promoter in all tissues of
the fly, driven by the ubiquitous Act5C-Gal4 transcription factor
providing universal knockdown of the gene.

We simultaneously generated nine distinct genotypes. We
crossed Act5C-Gal4/CyO females with males carrying one of
the UAS constructs to generate the genotypes with targeted
gene knockdowns and a knockout: Act5C-Gal4/UAS-TotM-
IR; Act5C-Gal4/UAS-TorC-IR; Act5C-Gal4/UAS-Dif-IR; and
Hsp83~/Hsp83~. We crossed Act5C-Gal4/CyO females, UAS
construct females, and w118 wild-type females to w1118 wild-
type males to generate control genotypes: +/+, Act5SC-Gal4/+-,
UAS-TotM-IR/+, UAS-TotC-IR/+, UAS-Dif-IR/+. Thus, for
each gene knockdown, there were three control genotypes (+/4,
Act5C-Gal4/+, and UAS-gene of interest-IR/+), which permitted
being able to account for independent effects of the Act5C-Gal4
promoter and UAS transgenes. The effectiveness of the knock-
downs was confirmed by semiquantitative PCR (E. Immonen and
M. G. Ritchie, unpubl. ms.). In total, we cultured 2592 vials of
flies at 50 = 10 larvae/vial before the start of the experiment (288
vials/genotype).

Metarhizium robertsii (isolate 2575) was obtained from the
Agricultural Research Service Collection of Entomopathogenic
Fungal Cultures (ARSEF, U.S. Department of Agriculture). This
fungus is a common soil-associated, insect-generalist pathogen
commonly used in pest control of large insects (Gao et al. 2011).

We inoculated quarter-strength sabouraud dextrose agar with
M. robertsii conidia (asexual fungal spores) and incubated the
plates at 28°C for four weeks before storing at 4°C for up to
three months. Conidia were collected by scraping the surface of
the sporulating culture with an inoculating loop. Conidia were
autoclaved by placing a large amount of live spores into a glass
universal that was taped inside an autoclave bag. This ensured no
moisture came into contact with the spores.

METHOD OF PATHOGEN CHALLENGE

Each pathogen challenge treatment involved placing approxi-
mately 300 mixed-sex flies of each genotype without CO, anes-
thesia into a 250-ml conical flask with 20 mg of autoclaved (heat-
killed) conidia and agitating the flask for 10 sec. Exposed flies
were held in temporary holding vials before being transferred to
new food vials and into 10 x 15 cm demography cages (see Priest
et al. 2002). This treatment method topically inoculates flies at
fairly consistent doses of fungus, even after accounting for the
effect of grooming on topical dose (Zhong et al. 2013). Sham-
treated control flies were manipulated identically by agitating
them in an empty flask. The procedure for testing susceptibility
to live infection was identical, except that the conidia were not
autoclaved before the treatment.

INDUCING HORMESIS THROUGH PATHOGEN
CHALLENGE

We first examined how the dose of pathogen challenge influenced
resistance to heat stress, to determine whether pathogen challenge
fits the inverted “U” (low-level, beneficial) pattern characteristic
to hormesis. Flies of the w118 (4/+) genotype were collected
from eclosion in a 24-h cohort and were left to mature in mixed-
sex vials in densities of 50 flies/vial for two days. Following
maturation, flies were placed on a 10-day regime where they were
exposed to varying frequencies of pathogen challenge using the
aforementioned method. The regime consisted of five treatments:
0—no pathogen challenge; 1—a single pathogen challenge on day
10; 1 early—a single pathogen challenge on day 2; 3—pathogen
challenges on days 2, 6, and 10; and 5—pathogen challenges on
days 2, 4, 6, 8, and 10. On days when flies on particular regimes
were not exposed to a pathogen challenge, they were conditioned
to sham treatment. This ensured that any responses observed were
the result of the pathogen treatment. At day 12, all flies were
conditioned to heat stress, 38.5°C for 45 min in a water bath, and

survival was assayed 20 h posttreatment.

EFFECTS OF PATHOGEN CHALLENGE ON LONGEVITY
AND FECUNDITY IN THE W1118 BACKGROUND
LINES

We used RNAi and mutant fly lines to assess the influence of
stress and immune genes on the pathogen-induced responses on
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longevity. For each of the nine genotypes, flies were collected over
24-h cohorts, and held in mixed-sex cages. At day 7, following
a randomized experimental design, the flies were either given a
sham treatment or single dose of a pathogen challenge. Survival
was assessed by recording and removing dead flies every two days
post-treatment until all flies perished.

The fecundity of female flies was also assessed in each
line to determine whether hormetic effects on longevity led to
trade-offs with reproduction. Females were collected as virgins
over a 4-h window (immediately subsequent to the original 24-h
cohort) and placed in media vials at 20 flies/vial. After two
days, 20 w1118 +/4 males were added to each media vial to
allow them to mate over a 24-h period. Twenty-four hours after
the males had been discarded, females were given a pathogen
challenge using the aforementioned method, except females were
treated in groups of 20 flies with 6 mg of heat-killed spores. The
females were then transferred to single-female food vials and
subsequently transferred to fresh food vials every two days for
a total of 10 days. Used food vials were held for 18 days after
collection at 25°C and then frozen after which the number of

hatched pupal cases was counted to estimate fecundity.

TRADE-OFFS BETWEEN HORMESIS AND IMMUNITY
IN WILD-TYPE LINES

We used two wild-type outbred fly lines, Oregon-R and Dahomey,
to assess the influence of a single dose of pathogen challenge on
survival, fecundity, and susceptibility to live infection. To assess
survival, flies were collected over a 24-h period and matured for
48 h in mixed-sex cages. Female flies were given a pathogen
challenge on day 4 and dead flies were removed and recorded
every two days post-treatment when fresh media vials were sup-
plied. Fecundity was assessed as above, except that the lines were
provided males of their own strain and fecundity measures were
taken over a total of four days.

To assess the influence of pathogen challenge on immu-
nity, flies were collected over a 24-h period and held for two
days in mixed-sex cages to ensure that they were mature prior
to the challenge. Following maturation, flies were either given a
pathogen challenge or a sham treatment. Two days post-treatment,
all groups were treated with live fungal spores. Dead flies were
recorded and removed daily following infection until all individ-
uals in the vials were dead. Food was replaced daily.

STATISTICAL ANALYSIS

We used chi-squared contingency tests to investigate the influ-
ence of the number of doses of topical treatment with heat-killed
fungus on resistance to heat stress. Initially, the proportion alive
following heat-stress was assessed across all treatment regimes.
Following this, further analyses were completed to compare be-
tween individual treatments.
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Cox proportional hazard regressions were used to analyze
the influence of pathogen treatment on survival and to assess
how the treatment responses differed between the genotypes. The
full model included genotype, pathogen treatment, and pathogen
treatment X genotype interaction as predictor variables, with age
at death as the response variable considered with information
on censoring (to account for the small number of flies that es-
caped during the study). ANOVAs were used to test the signifi-
cance of interactions between predictor variables by comparing
Cox regression models incorporating the interactions with mod-
els where they were removed. Separate Cox regressions were
performed for each genotype and additionally for each gene of
interest that only included the relevant knockdown and control
genotypes (e.g., the analysis of 7orM included the knockdown,
Act5C-Gal4/UAS-TotM-IR, and the three control lines, Act5C-
Gal4/+, +/UAS-TotM-IR, and +/+). For each gene of interest,
we first estimated the hazard ratios (the change in the probability
of death by the next event in pathogen-challenged animals relative
to uninfected animals) for the knockdown genotype and also for
its combined control genotypes (by pooling raw survival data of
the relevant control genotypes) from the Cox models. Sequential
Bonferroni corrections were completed on the significance values
across the four comparisons. Percentage changes in survival were
calculated by inverting the hazard ratio of the genotype to obtain
the proportional difference in relation to controls. For heuristic
purposes, mean longevity was also estimated for each genotype.
A Pearson’s correlation was used to assess concomitant changes
in fecundity for all genotypes. Additionally, linear models were
undertaken to identify the relationship between the effects on sur-
vival and fecundity for each knockdown/knockout genotype and
their associated controls. The full model included the number of
hatched pupae produced as the response variable and genotype,
pathogen treatment, and pathogen treatment X genotype inter-
action as predictor variables. Sequential Bonferroni corrections
were again completed across the four comparisons.

For the outbred wild-type lines, Cox regressions were
completed for pathogen challenged relative to sham-treated
animals when both infected and uninfected. Linear models were
used to assess the fecundity of these populations with total pupae
production as the response variable and treatment (pathogen
challenged vs. sham treated) as a fixed effect. All analyses
conformed to model assumptions and were performed with
R version 2.15 (R Core Team 2012).

Results

A SINGLE DOSE OF TOPICAL PATHOGEN CHALLENGE
ENHANCES RESISTANCE TO HEAT STRESS

We found that the influence of pathogen challenge on resistance
to heat stress follows the inverted “U” dose—response pattern that
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Figure 1. Percentage of flies surviving 20 h post heat stress fol-
lowing topical exposure to heat-killed fungal pathogens at differ-
ent dose regimes (+SE).

is characteristic of hormesis. The number of doses of topical ex-
posure to heat-killed spores influenced variation in resistance to
heat stress (x; = 57.4, P < 0.001; Fig. 1). More specifically, flies
that received one dose of pathogen challenge two days before heat
stress had increased resistance to heat stress compared with those
that received zero (x} = 7.2, P = 0.007), three (x; = 24.6, P <
0.001), or five (x% =29.0, P < 0.001) doses. We also found evi-
dence that the effect of a single dose on resistance to heat stress is
temporary, as animals that received one dose 10 days prior to heat
stress (1 early) had a nonsignificant difference in their heat stress
resistance than that of untreated animals (x% =0.3, P =0.576).

GENOTYPE x PATHOGEN TREATMENT EFFECTS ON
MORTALITY
We found that animals topically challenged with a single dose of
heat-killed fungus generally lived longer. The pathogen challenge
reduced the relative risk of death by 14% across all lines (Figs. 2A,
S1). In the overall model, there was evidence that longevity was
influenced by pathogen treatment, genotype, and the genotype x
pathogen treatment interaction (T: x% =77.6, P < 0.0001; G: x§
= 3099, P < 0.0001; G x T: X§ =644, P < 0.0001; Fig. 2B). It
was evident that the changes in longevity in response to pathogen
challenge were different in the knockdown and knockout
genotypes, as removing these genotypes led to nonsignificant
G x T interactions in the full model (T: x? = 38.1, P < 0.0001;
G:x3 =846, P < 0.0001; G x T: x; = 6.3, P = 0.178; Fig. S2).
The longevity benefits of pathogen challenge in isogenic
(+/+) wi118 animals depend on the expression of immunity and

stress genes. While, Dif and TotM knockdown animals exhibited
greater improvements in longevity in response to pathogen chal-
lenge than their associated control genotypes (G x T: x7 = 9.1,
P = 0.009; 7 = 30.0, P = 0.0004, respectively; Fig. 2B), TotC
knockdown flies showed no variation in survival in response to
pathogen challenge whereas their control counterparts benefited
(GxXT: x% =6.4, P=0.024). There was no evidence of variation in
the response to pathogen challenge on longevity in Hsp83 knock-
out animals and their control genotype (%} = 2.9, P = 0.089).

GENOTYPE x PATHOGEN TREATMENT EFFECTS ON
FECUNDITY

Across all of the lines, we found no evidence that enhanced
longevity in response to pathogen challenge came with reduc-
tions in fecundity (#; = 2.0, P = 0.092; Fig. S3). There was also
little evidence that changes in fecundity in response to pathogen
challenges were greater in the knockdowns and knockout than
their associated control genotypes (G x T: Dif, F1 33 = 4.3, P =
0.156; TotM, F 333 = 0.2, P = 0.701; Hsp83, F1,173 = 0.1, P =
0.759; TotC, F 334 = 2.4, P = 0.126).

TRADE-OFFS BETWEEN HORMESIS AND IMMUNITY
IN OUTBRED LINES

Pathogen challenge can generate trade-offs between survival,
reproduction, and immunity in outbred lines of flies. In the
Dahomey line, we find that, in comparison to untreated animals,
pathogen-challenged animals had higher survival, higher repro-
ductive output, but also higher susceptibility to live infections
(x7 = 124, P < 0.001, Fy 134 = 12.7, P < 0.001, x7 = 9.0,
P = 0.003, respectively; Fig. 3). Note that the 10% increase in
fecundity resulting from pathogen challenge in the Dahomey line
was confirmed in an independent study (F 161 = 8.4, P = 0.005).
The responses in the Oregon-R line to a pathogen challenge
were similar for survival, fecundity, and susceptibility to live
infection, although the survival was not significantly different
(x3=19,P=0.171; F1407 = 5.1, P = 0.024; x} = 63, P =
0.012, respectively; see Table S1 for mean values).

Discussion

Based on substantial documentation of hormesis (Calabrese
2005), many contemporary scientists have argued that we may
be able to employ treatments that incur low-level stress as ther-
apies for extending longevity and enhancing health (Gems and
Partridge 2008; Rattan 2008; Kahn and Olsen 2009; Rattan and
Demirovic 2009; Vaiserman 2010; Calabrese et al. 2012). This is
an important issue to address not only for its implications for pub-
lic health, but also for our understanding of life-history evolution
(Forbes 2000; Costantini et al. 2010). Our study shows that there
can be immunological costs for treatments that extend life.
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Although the induction of hormesis by topical challenge with
a dead pathogen may seem unusual, our findings are similar to
other described cases of pathogen-induced improvements in phys-
iology (Polak and Starmer 1998; Chadwick and Little 2005; Leroy
et al. 2012; Papp et al. 2012; Ermolaeva et al. 2013). The 18% av-
erage decrease in the hazard ratio of pathogen-challenged animals
observed across all wild-type and control genotype lines is also
comparable to the beneficial influences of other stress treatments
on longevity in fruit flies, including 5% and 10% from heat stress
(Khazaeli et al. 1997; Hercus et al. 2003), 15% from hypergravity
(Le Bourg and Minois 1997; Le Bourg et al. 2000); 30% from
spermidine (Eisenberg et al. 2009), and 13% and 9% from cold
stress (Le Bourg 2007; Le Bourg 2012).

Most of the previous work on the life-extending properties
of hormesis has focused on phenomenology, that is, how, but
not why, organisms benefit from stress (Forbes 2000; Gems and
Partridge 2008; Rattan 2008; Calabrese et al. 2012, although see
Costantini et al. 2010). Our results are consistent with the idea
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that animals shift their life histories in response to environmental
stress (Tatar et al. 2003). We found that topical exposure of dead
fungal spores changes a number of key life-history traits and that
immune and stress gene expression in the host alters the longevity
benefits of the pathogen challenge. We also documented hormetic
responses in both genetically mutant isogenic lines and outbred
laboratory lines, which indicates that hormesis is not simply an
artifact of inbreeding (Liao et al. 2010; Nakagawa et al. 2012).
Our findings provide clear evidence that stress genes facilitate and
immune genes suppress hormesis, which is in line with previous
studies of the genetic basis of hormesis (Kristensen et al. 2003;
Mattson 2010; Calabrese et al. 2012; Le Bourg et al. 2012; Gartner
and Akay 2013).

It is not clear whether mild exposure to stressors enhances
Darwinian fitness or alters one aspect of fitness at a cost to another
(Forbes 2000; Costantini et al. 2010). There are a handful of
studies that indicate that hormetic benefits on longevity are
temporary (Wu et al. 2008) and come with trade-offs in fecundity
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Figure 3. Evidence that pathogen-challenged flies experience in-
creased survival, increased fecundity but increased susceptibility
to infection in outbred lines. Estimated %change in trait values
are reported +SE. Dahomey line is indicated in black; Oregon-R
line is indicated in gray.

(Maynard Smith 1958; Krebs and Loeschcke 1994; Lane et al.
1996; Markowska 1999; Le Bourg et al. 2000; Sgrensen et al.
2007). But, many studies show that mild exposure to stressors can
simultaneously improve survival and fecundity (see Costantini
et al. 2010) and it is often presumed that hormetic benefits are
cost free (Rattan and Demirovic 2009; Calabrese et al. 2012).
Our findings are consistent with the trade-off explanation for
hormesis. We found that hormetic responses to stress were greater
in animals lacking expression of immune genes Dif and TotM,
which we had previously established provide protection against
direct or sexually transmitted fungal infections, respectively
(Zhong et al. 2013). Additionally, we found that although
pathogen challenge simultaneously increases survival and fecun-
dity, it leads to trade-offs with immunity. These results mirror
the finding that the activation of transcription factor SKN-1 in
nematodes enhances resistance to oxidative stress and longevity,
but increases susceptibility to infection (Papp et al. 2012).
Studies of immune priming have reported that both dead and
live pathogen challenges increase, not decrease, susceptibility to
subsequent infections (Lawniczak et al. 2007; Pham et al. 2007,
Roth et al. 2009). Although our findings seem to be at odds with
this result, it might be plausible that immune priming and horme-
sis might represent divergent strategies for fighting off infections.
When they are infected with a lethal pathogen, it is known
that animals adopt a myriad of life-history strategies, including
fecundity reduction, a long-term strategy that reduces reproduc-

tive output and increases resistance (Hurd 2001), and fecundity
compensation, a terminal strategy that temporarily increases
reproductive output and decreases immune function (Velando et
al. 2006; Weil et al. 2006). It is interesting to note that the dietary
and temperature conditions in which we carried the current study
are identical to those that lead to a terminal, fecundity compensa-
tion strategy in flies infected with a live fungus (V. L. Hunt et al.,
unpubl. ms.). Thus, it seems plausible that pathogen-induced
hormesis might have occurred in our study because flies are
mounting a terminal strategy to an infection that never comes.

An alternative explanation for our findings is that hormesis is
an artifact of domestication and/or laboratory adaptation (Naka-
gawa et al. 2012). As we only employed laboratory-selected lines
and strains based on isogenic laboratory stocks, our study was not
designed to test this question; however, whether hormesis only oc-
curs in domesticated animals does not detract from our findings.
The key point is that, when it occurs, hormesis leads to trade-offs
with other fitness traits.

Our findings do not necessarily imply that we should ban
low-level stress treatments as therapies for human health. It seems
quite plausible that in healthy patients, we could employ our natu-
ral life-history responses to environmental cues to further improve
their health. However, the consequences of hormetic treatments
for infected patients could be dire. It is clear that the immunolog-
ical trade-offs of hormesis need to be identified, acknowledged,
and explicitly tested, as others have stated (Gems and Partridge
2008; Rattan and Demirovic 2009; Vaiserman 2010; Calabrese
et al. 2012). Further studies of hormesis in humans and model
systems could eventually help us identify the selective forces and
molecular mechanisms that underlie life-history constraints.

ACKNOWLEDGMENTS

We thank C. Clark, S. Duxbury, F. Prentice, M. Turner, and O. Williams
for their assistance with running the project. We also extend our thanks to
Prof. M. Ritchie and Dr. M. Tinsley who supplied the UAS knockdown
lines. This work was financially supported by BBSRC studentships to
CDM and WZ, a University of Bath URS studentship to VLH, and by a
BBSRC, Defra, NERC, Scottish Government, and Wellcome Trust grant,
BB/1000836/1, to NKP.

DATA ARCHIVING
The doi for our data is 10.5061/dryad.85nn2.

LITERATURE CITED

Brun, S., S. Vidal, P. Spellman, K. Takahashi, H. Tricoire, and B. Lemaitre.
2006. The MAPKKK Mekk 1 regulates the expression of Turandot stress
genes in response to septic injury in Drosophila. Genes Cells 11:397—
407.

Brzek, P., and M. Konarzewski. 2007. Relationship between avian growth
rate and immune response depends on food availability. J. Exp. Biol.
210:2361-2367.

EVOLUTION AUGUST 2014 2231



COLIN D. MCCLURE ET AL.

Calabrese, E. J. 2005. Hormetic dose-response relationships in immunology:
occurrence, quantitative features of the dose response, mechanistic foun-
dations, and clinical implications. Crit. Rev. Toxicol. 35:89-295.

Calabrese, V., C. Cornelius, A. T. Dinkova-Kostova, 1. Iavicoli, R. Di Paola,
A. Koverech, S. Cuzzocrea, E. Rizzarelli, and E. J. Calabrese. 2012.
Cellular stress responses, hormetic phytochemicals and vitagenes in
aging and longevity. Biochim. Biophys. Acta 1822:753-783.

Chadwick, W., and T. J. Little. 2005. A parasite-mediated life-history shift in
Daphnia magna. Proc. R. Soc. B Biol. Sci. 272:505-509.

Chapman, T., and L. Partridge. 1996. Female fitness in Drosophila
melanogaster: an interaction between the effect of nutrition and of en-
counter rate with males. Proc. R. Soc. B Biol. Sci. 263:755-759.

Chen, T., and X. Cao. 2010. Stress for maintaining memory: HSP70 as a
mobile messenger for innate and adaptive immunity. Eur. J. Immunol.
40:1541-1544.

Chirumbolo, S. 2012. Possible role of NF-kB in hormesis during ageing.
Biogerontology 13:637-646.

Costantini, D., N. B. Metcalfe, and P. Monaghan. 2010. Ecological processes
in a hormetic framework. Ecol. Lett. 13:1435-1447.

Cypser, J. R., and T. E. Johnson. 2002. Multiple stressors in Caenorhabditis
elegans induce stress hormesis and extended longevity. J. Gerontol. A
Biol. Sci. Med. Sci. 57:B109-B114.

Dietzl, G., D. Chen, F. Schnorrer, K. Su, Y. Barinova, M. Fellner, B. Gasser, K.
Kinsey, S. Oppel, S. Scheiblauer, et al. 2007. A genome-wide transgenic
RNAI library for conditional gene inactivation in Drosophila. Nature
448:151-156.

Eisenberg, T., H. Knauer, A. Schauer, S. Biittner, C. Ruckenstuhl, D. Carmona-
Gutierrez, J. Ring, S. Schroeder, C. Magnes, L. Antonacci, et al. 2009.
Induction of autophagy by spermidine promotes longevity. Nat. Cell
Biol. 11:1305-1314.

Ekengren, S., and D. Hultmark. 2001. A family of Turandot-related genes
in the humoral stress response of Drosophila. Biochem. Biophys. Res.
Commun. 284:998-1003.

Ermolaeva, M. A., A. Segref, A. Dakhovnik, H. Ou, J. I. Schneider, O.
Utermohlen, T. Hoppe, and B. Schumacher. 2013. DNA damage in
germ cells induces an innate immune response that triggers systemic
stress resistance. Nature 501:416-420.

Flatt, T. 2011. Survival costs of reproduction in Drosophila. Exp. Gerontol.
46:369-75.

Forbes, V. E. 2000. Is hormesis an evolutionary expectation? Funct. Ecol.
14:12-24.

Gao, Q., K. Jin, S. Ying, Y. Zhang, G. Xiao, Y. Shang, Z. Duan, X. Hu, X. Xie,
G. Zhou, et al. 2011. Genome sequencing and comparative transcrip-
tomics of the model entomopathogenic fungi Metarhizium anisopliae
and M. acridum. PLoS Genet. 7:¢1001264.

Gartner, A., and A. Akay. 2013. Stress response: anything that doesn’t kill
you makes you stronger. Curr. Biol. 23:R1012-R1014.

Gems, D., and L. Partridge. 2008. Stress-response hormesis and aging: “that
which does not kill us makes us stronger”. Cell Metab. 7:200-203.
Gosselin, K., and C. Abbadie. 2003. Involvement of Rel/NF-kB transcription

factors in senescence. Exp. Gerontol. 38:1271-1283.

Hercus, M., V. Loeschcke, and S. I. S. Rattan. 2003. Lifespan extension of
Drosophila melanogaster through hormesis by repeated mild heat stress.
Biogerontology 4:149-156.

Hunt, P. R., T. G. Son, M. A. Wilson, Q. Yu, W. H. Wood, Y. Zhang, K.
G. Becker, N. H. Greig, M. P. Mattson, S. Camandola, et al. 2011.
Extension of lifespan in C. elegans by naphthoquinones that act through
stress hormesis mechanisms. PLoS One 6:21922.

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

2232 EVOLUTION AUGUST 2014

Hutchings, J. 2006. Survival consequences of sex-biased growth and the ab-
sence of a growth—mortality trade-off. Funct. Ecol. 20:347-353.

Ikeda, T., C. Yasui, K. Hoshino, K. Arikawa, and Y. Nishikawa. 2007. In-
fluence of lactic acid bacteria on longevity of Caenorhabditis elegans
and host defense against Salmonella enterica serovar enteritidis. Appl.
Environ. Microbiol. 73:6404-6409.

Kahn, A., and A. Olsen. 2009. Stress to the rescue: is hormesis a “cure” for
aging? Dose Response 8:48-52.

Kenyon, C. 2011. The first long-lived mutants: discovery of the insulin/IGF-1
pathway for aging. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366:9-16.

Khazaeli, A. A., M. Tatar, S. D. Pletcher, and J. W. Curtsinger. 1997. Heat-
induced longevity extension in Drosophila. 1. Heat treatment, mortality,
and thermotolerance. J. Gerontol. A Biol. Sci. Med. Sci. 52:B48-B52.

Kirkwood, T. B. 1977. Evolution of ageing. Nature 270:301-304.

Koenig, W. D.,J. M. H. Knops, W. J. Carmen, and R. D. Sage. 2009. No trade-
off between seed size and number in the valley oak Quercus lobata. Am.
Nat. 173:682-688.

Kohler, R. E. 1994. Lord of the flies: Drosophila genetics and the experimental
life. University of Chicago Press, Chicago, IL.

Krebs, R. A., and V. Loeschcke, 1994. Costs and benefits of activation of the
heat-shock response in Drosophila melanogaster. Funct. Ecol. 8:730—
737.

Kristensen, T. N., J. G. Sgrensen, and V. Loeschcke. 2003. Mild heat stress
at a young age in Drosophila melanogaster leads to increased Hsp70
synthesis after stress exposure later in life. J. Genet. 82:89-94.

Lane, M. A, D. J. Baer, W. V. Rumpler, R. Weindruch, D. K. Ingram, E. M.
Tilmont, R. G. Cutler, and G. S. Roth. 1996. Calorie restriction lowers
body temperature in rhesus monkeys, consistent with a postulated anti-
aging mechanism in rodents. Proc. Natl. Acad. Sci. USA 93:4159—
4164.

Lawniczak, M. K. N., A. I. Barnes, J. R. Linklater, J. M. Boone, S. Wigby,
and T. Chapman. 2007. Mating and immunity in invertebrates. Trends
Ecol. Evol. 22:48-55.

Le Bourg, E. 2007. Hormetic effects of repeated exposures to cold at young age
on longevity, aging and resistance to heat or cold shocks in Drosophila
melanogaster. Biogerontology 8:431-444.

. 2012. Combined effects of two mild stresses (cold and hypergrav-
ity) on longevity, behavioral aging, and resistance to severe stresses in
Drosophila melanogaster. Biogerontology 13:445-455.

Le Bourg, E., and N. Minois. 1997. Increased longevity and resistance to heat
shock in Drosophila melanogaster flies exposed to hypergravity. C. R.
Acad. Sci. IIT 320:215-221.

Le Bourg, E., N. Minois, P. Bullens, and P. Baret. 2000. A mild stress due to
hypergravity exposure at young age increases longevity in Drosophila
melanogaster males. Biogerontology 1:145-155.

Le Bourg, E., K. Malod, and I. Massou. 2012. The NF-kB-like factor DIF could
explain some positive effects of a mild stress on longevity, behavioral

aging, and resistance to strong stresses in Drosophila melanogaster.
Biogerontology 8:431-444.

Lehmann, T. 1993. Ectoparasites: direct impact on host fitness. Parasitol.
Today 9:8-13.

Lemaitre, B., and J. Hoffmann. 2007. The host defense of Drosophila
melanogaster. Annu. Rev. Immunol. 25:697-743.

Leroy, M., T. Mosser, X. Maniére, D. F. Alvarez, and I. Matic. 2012. Pathogen-
induced Caenorhabditis elegans developmental plasticity has a hormetic
effect on the resistance to biotic and abiotic stresses. BMC Evol. Biol.
12:187.

Liao, C. Y., B. A. Rikke, T. E. Johnson, V. Diaz, and J. F. Nelson. 2010.
Genetic variation in the murine lifespan response to dietary restriction:
from life extension to life shortening. Aging Cell 9:92-95.



TRADE-OFFS BETWEEN HORMESIS AND IMMUNITY

Markowska, A. L. 1999. Life-long diet restriction failed to retard cognitive
aging in Fischer-344 rats. Neurobiol. Aging 20:177-189.

Mattson, M. P. 2010. The fundamental role of hormesis in evolution. Humana
Press, Totowa, NJ.

Mattson, M. P., and M. K. Meffert. 2006. Roles for NF-kappaB in
nerve cell survival, plasticity, and disease. Cell Death Differ. 13:852—
860.

Maynard Smith, J. 1958. The effects of temperatures and of egg-laying on the
longevity of Drosophila subobscura. J. Exp. Biol. 35:832-842.

Merker, K., A. Stolzing, and T. Grune. 2001. Proteolysis, caloric restriction
and aging. Mech. Ageing Dev. 122:595-615.

Milkman, R. D. 1966. The genetic basis of natural variation. VIII. Synthesis
of cve polygenic combinations from laboratory strains of Drosophila
melanogaster. Genetics 53:863-874.

Minois, N. 2000. Longevity and aging: beneficial effects of exposure to mild
stress. Biogerontology 1:15-29.

Nakagawa, S., M. Lagisz, K. L. Hector, and H. G. Spencer. 2012. Comparative
and meta-analytic insights into life extension via dietary restriction.
Aging Cell 11:401-409.

Papp, D., P. Csermely, and C. Soti. 2012. A role for SKN-1/Nrf in pathogen
resistance and immunosenescence in Caenorhabditis elegans. PLoS
Pathog. 8:¢1002673.

Pham, L. N., M. S. Dionne, M. Shirasu-Hiza, and D. S. Schneider. 2007.
A specific primed immune response in Drosophila is dependent on
phagocytes. PLoS Pathog. 3:€26.

Polak, M., and W. T. Starmer. 1998. Parasite-induced risk of mortality ele-
vates reproductive effort in male Drosophila. Proc. R. Soc. B Biol. Sci.
265:2197-2201.

Priest, N. K., B. Mackowiak, and D. E. L. Promislow. 2002. The role
of parental age effects on the evolution of aging. Evolution 56:
927-35.

Pursall, E. R., and J. Rolff. 2011. Immune responses accelerate ageing: proof-
of-principle in an insect model. PLoS One 6:¢19972.

Qin, W., S. J. Neal, R. M. Robertson, J. T. Westwood, and V. K. Walker. 2005.
Cold hardening and transcriptional change in Drosophila melanogaster.
Insect Mol. Biol. 14:607-613.

Rattan, S. I. S. 2008. Hormesis in aging. Ageing Res. Rev. 7:63-78.

Rattan, S. I. S., and D. Demirovic. 2009. Hormesis can and does work in
humans. Dose Response 8:58-63.

R Core Team. 2012. R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.

Rea, S. L., D. Wu, J. R. Cypser, J. W. Vaupel, and T. E. Johnson. 2005. A
stress-sensitive reporter predicts longevity in isogenic populations of
Caenorhabditis elegans. Nat. Genet. 37:894-898.

Reznick, D., L. Nunney, and A. Tessier. 2000. Big houses, big cars, superfleas
and the costs of reproduction. Trends Ecol. Evol. 15:421-425.

Roff, D. 2002. Life history evolution. Sinauer Associates, Sunderland, MA.

Roth, O., B. M. Sadd, P. Schmid-Hempel, and J. Kurtz. 2009. Strain-specific
priming of resistance in the red flour beetle, Tribolium castaneum. Proc.
Biol. Sci. 276:145-151.

Salminen, A., A. Kauppinen, T. Suuronen, and K. Kaarniranta. 2008. SIRT1
longevity factor suppresses NF-kB-driven immune responses: regulation
of aging via NF-kB acetylation? BioEssays 30:939-942.

Schroderus, E., M. Koivula, E. Koskela, T. Mappes, T. A. Oksanen,
and T. Poikonen. 2012. Can number and size of offspring increase
simultaneously?—a central life-history trade-off reconsidered. BMC
Evol. Biol. 12:44.

Serensen, J. G., T. N. Kristensen, K. V. Kristensen, and V. Loeschcke.
2007. Sex specific effects of heat induced in Hsf-deficient Drosophila
melanogaster. Exp. Gerontol. 42:1123-1129.

Spitze, K. 1991. Chaoborus predation and life-history evolution in Daphnia
pulex: temporal pattern of population diversity, fitness, and mean life
history. Evolution 45:82-92.

Stearns, S. C. 1992. The evolution of life histories. Oxford Univ. Press, Oxford,
UK.

Tatar, M., A. A. Khazaeli, and J. W. Curtsinger, 1997. Chaperoning extended
life. Nature 390:30.

Tatar, M., A. Bartke, and A. Antebi. 2003. The endocrine regulation of aging
by insulin-like signals. Science 299:1346-1351.

Vaiserman, A. M. 2010. Hormesis, adaptive epigenetic reorganization, and
implications for human health and longevity. Dose Response 8:16-21.

Velando, A., H. Drummond, and R. Torres. 2006. Senescent birds redouble
reproductive effort when ill: confirmation of the terminal investment
hypothesis. Proc. Biol. Sci. 273:1443-1448.

Weil, Z. M., L. B. Martin, J. L. Workman, and R. J. Nelson. 2006. Immune
challenge retards seasonal reproductive regression in rodents: evidence
for terminal investment. Biol. Lett. 2:393-396.

Wu, D., J. R. Cypser, A. I. Yashin, and T. E. Johnson. 2008. The U-shaped
response of initial mortality in Caenorhabditis elegans to mild heat
shock: does it explain recent trends in human mortality? J. Gerontol. A
Biol. Sci. Med. Sci. 63:660-668.

Xia, Y., J. M. Clarkson, and A. K. Charnley. 2001. Acid phosphatases of
Metarhizium anisopliae during infection of the tobacco hornworm Man-
duca sexta. Arch. Microbiol. 176:427-434.

Zera, A., and L. Harshman. 2001. The physiology of life history trade-offs in
animals. Ann. Rev. Ecol. Syst. 32:95-126.

Zhong, W., C. D. McClure, C. R. Evans, D. T. Mlynski, E. Immonen, N.
K. Priest, and M. G. Ritchie. 2013. Immune anticipation of mating in
Drosophila: Turandot M promotes immunity against sexually transmit-
ted fungal infections. Proc. R. Soc. B Biol. Sci. 280:1-9.

Zuk, M., and A. M. Stoehr. 2002. Immune defense and host life history. Am.
Nat. 160(Suppl):S9-S22.

Associate Editor: T. Kawecki

Supporting Information

Figure S2. Survival curves for each of the nine genotypes.
Figure S3. Mean fecundity of each genotype.

outbred strains Dahomey and Oregon-R.

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Cox hazard proportions of pathogen-challenged flies in relation to their untreated counterparts (dashed line) for each genotype (+SE).

Table S1. Response of trait expression to exposure to heat-killed fungal spores (pathogen challenged) and untreated (control) conditions from the wild-type

EVOLUTION AUGUST 2014 2233



