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HOST-PARASITE AND GENOTYPE-BY-ENVIRONMENT INTERACTIONS:
TEMPERATURE MODIFIES POTENTIAL FOR SELECTION BY A
STERILIZING PATHOGEN
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Abstract.—Parasite-mediated selection is potentially of great importance in modulating genetic diversity. Genetic
variation for resistance, the fuel for natural selection, appears to be common in host-parasite interactions, but responses
to selection arerarely observed. In the present study, we tested whether environmental variation could mediate infection
and determine evolutionary outcomes. Temperature was shown to dramatically alter the potential for parasite-mediated
selection in two independent laboratory infection experiments at four temperatures. The bacterial parasite, Pasteuria
ramosa, was extremely virulent at 20°C and 25°C, sterilizing its host, Daphnia magna, so that females often never
produced a single brood. However, at 10°C and 15°C, the host-parasite interaction was much more benign, as nearly
all females produced broods before becoming sterile. This association between virulence and temperature alone could
stabilize coexistence and lead to the maintenance of diversity, because it would weaken parasite-mediated selection
during parts of the season. Additionally, highly significant genotype-by-environment interactions were found, with
changes in clone rank order for infection rates at different temperatures. Our results clearly show that the outcome

of parasite-mediated selection in this system is strongly context dependent.
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Parasites and pathogens are ubiquitous and often havelarge
fitness effects on their hosts, so that parasitism can strongly
shape host population sizes and genetic structure. Further-
more, because of the dynamic nature of adaptation and coun-
teradaptation between interactors, antagonistic coevolution
may maintain genetic diversity and promote recombination
(the Red Queen hypothesis). However, direct demonstrations
of parasite-mediated selection are rare—even exceptional
(Little 2002; Woolhouse et al. 2002). Nonetheless, in many
cases we expect it: there is widespread evidence for genetic
variation for resistance upon which selection could act (Little
2002). A potentially important explanation for the lack of
evidence for parasite-mediated selection is that environmen-
tal variables substantially affect (1) the strength of selection,
or (2) the response to selection due to genotype-by-environ-
ment (G X E) effects. If the strength of selection depends
on the environment, this might result in condition-dependent
virulence; that is, nasty parasites are not always nasty, and
resistant hosts are not always resistant.

However, in many host-pathogen studies, hosts are re-
garded as being resistant genotypes or susceptible genotypes,
and it is sometimes assumed that these represent fixed phe-
notypes in al environments. Certainly, many experimental
investigations of susceptibility necessarily attempt to mini-
mize environmental variation, to tease out genetic effects.
However, phenotypes represent genetic variation plus envi-
ronmentally induced variation and, potentially, G X E in-
teractions (e.g., Loeschcke 1987; De Jong 1990; Gomulk-
iewicz and Kirkpatrick 1992; Scheiner 1993; Via 1994,
Schlichting and Pigliucci 1998). Indeed, recent studies have
revealed that very small and realistic environmental alter-
ations may dramatically modify responses to parasitism (re-
viewed in Thomas and Blanford 2003). Thus the study of
differential environmental effects on host genotypes will fos-
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ter a more realistic view of coevolutionary outcomes in the
wild.

The direction and extent of environmental effects on the
phenotype is described by the reaction norm—the series of
phenotypes produced by a single genotype across a range of
environments (e.g., Gomulkiewicz and Kirkpatrick 1992).
Multiple reaction norms occur when different genotypes pro-
duce different phenotypesin the same environment, and these
are parallel when all additional phenotypic variation is due
to environment al one. However, when environmental and ge-
notypic effects are nonadditive, G X E interactions are pre-
sent and reaction norms cross, or at least have divergent
slopes (e.g., Via1994; Schlichting and Pigliucci 1998; Nager
et al. 2000). This means that selection in one environment
could predictably drive genetic change in the host population,
but may have no predictable effect in another environment,
or even an opposing effect if negative genetic correlations
occur (Gomulkiewicz and Kirkpatrick 1992; Via1994). Thus,
G X Einteractionsin aworld of variable environments could
prevent a strong response to selection.

Temperature is an important environmental variable that
impacts upon many biochemical, physiological, and behav-
ioral processes (e.g., Hochachka and Somero 1984; Johnston
and Bennett 1996) resulting in differing species- or genotype-
specific reaction norms of thermal performance (e.g., Huey
and Kingsolver 1989, 1993). Thus, temperature is expected
to change the nature of interspecific interactions and com-
munity structure (Hoffman and Parsons 1991; Begon et al.
1996; Moore et al. 1996). Here, we report on laboratory ex-
periments that test whether the interaction between the fresh-
water crustacean Daphnia magna and its bacterial pathogen
Pasteuria ramosa are temperature sensitive. In particular we
examined whether virulence varied with temperature and
G X E interactions were prevalent. Previous studies of this
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host-parasite system found considerable host genetic varia-
tion for parasite resistance, but these studies were all con-
ducted at one temperature, 20°C (e.g., Ebert et al. 1998; Little
and Ebert 2000; Carius et al. 2001). However, typical field
temperatures for this system are less than 15°C, exceeding
20°C only during late summer (e.g., Mitchell 1997; Mitchell
et al. 2004a). Temperature has major effects on phenotype
in Daphnia (e.g., Goss and Bunting 1983), with significant
G X Einteractionsreported for fitness-related traits (Mitchell
and Lampert 2000; Mitchell et al. 2004a). It seemed plausible
that temperature would also affect the outcome of infection,
and thus this study aimed to explain a conundrum of past P.
ramosa—D. magna field studies; namely, that responses to
selection could not be predicted from patterns of genetic var-
iation (Little and Ebert 2001).

MATERIALS AND METHODS

Study Organisms and Collections

Daphnia magna is a crustacean filter-feeding zooplankter
that reproduces by cyclical parthenogenesis. Temperature af-
fects growth rate and clutch sizes (faster growth, smaller
clutches at high temperatures) but females always reproduce
when food is nonlimiting and temperature is below 29°C
(Mitchell and Lampert 2000). Pasteuria ramosa is a bacte-
rium that is an obligate, spore-forming endoparasite of D.
magna. Hosts become infected by ingesting transmission
spores. Infected hosts become sterile, often never producing
asingle brood. Host death is essential for transmission, which
occurs horizontally only by mature spores released from the
remains of dead infected hosts (Ebert et al. 1996). Infective
transmission spores settle in the sediments where they form
long-lasting spore banks.

Daphnia clones and parasite spores were both collected
over five months from one 20 m X 10 m pond at Kaimes
East Mains Farm (2°20'43" W 55°42’'15" N) near Leitholm,
Scottish Borders, United Kingdom. Daphnia magna clonal
lineages were derived from individual females and clonally
propagated in the laboratory for several generations. Cellu-
lose acetate allozyme electrophoresis (Hebert and Beaton
1993) was used to identify unique clonal genotypes. A spore
preparation, which presumably contained a mixture of par-
asite genotypes, was generated by raising several clones of
Daphnia in jars containing sediment from the pond and rel-
atively low food levels. When thereis little food in the water
column, daphniids sift through sediment to search for food,
and this increases the encounter rate. All infected individuals
were removed and raised under high food conditions that
promoted host and parasite growth. Dead infected individuals
were combined and crushed in a small amount of water to
create a spore solution. Further cycles of spore generation
using this spore solution were completed to generate a large
bank of parasite sporesthat was frozenin aliquots. An aliquot
of spore solution was defrosted prior to each experiment and
thereafter stored at <4°C. Mature parasite spore density was
estimated from counts at 200x magnification using a he-
mocytometer (counting chamber).

Infection Experiment Structure

Two independent experiments were conducted to test for
the effect of temperature on infection rates. Throughout the
experiment and acclimation, D. magna clones were kept un-
der standardized conditions at a 14:10 h light:dark cycle in
controlled climate chambers. Regular water changesinvolved
transferring Daphnia to a clean jar containing water accli-
matized to the correct temperature. Water was made to a
modified recipe using deionized water and analytical grade
chemicals (Kluttgen et al. 1994) to ensure standardization
and reproducibility. The Daphnia were fed exclusively on
Scenedesmus obliquus, a green algae cultured in chemostats
with Chu B medium. During acclimation, clone replicates
were fed to excess and maintained as 10 females in 300 ml
water that was changed three times a week. Acclimation | ast-
ed for three generations in which each generation was started
using second- or third-clutch neonates.

The experiments followed similar procedures but differed
in prior acclimation and spore doses. In the first experiment,
host maternal lines were acclimated to the experimental tem-
perature, but acclimation periods were longer for lower tem-
peratures due to slower growth rates. Initiation of maternal
generations was staggered between temperatures in an effort
to synchronize the infection period among temperatures.
Batch effects resulted from lines releasing third-clutch ne-
onates on different days both among and within temperatures.
Temperature effects were tested across different clutches and
maternal lines, but spore dose was tested within a single
clutch. In contrast, in the second experiment, temperature
effects were tested within single clutches and spore doses
acrossdifferent clutches but within maternal lines. Thus, lines
at all temperatures shared exactly the same maternal history,
and the start of infection was synchronized among temper-
atures. Batch effects among temperatures were minimized but
remained within temperatures and among spore doses. Spore
dose could not be applied within clutches, as clones released
insufficient neonates (<80) to set up infections at both spore
doses simultaneously. Spore doses, as specified below for
each experiment, fell into three approximate ranges that we
refer to subsequently for ease of reference as high, medium,
and low.

Experiment 1.—Five replicates of eight clones were accli-
mated at four temperatures (10°C, 15°C, 20°C, or 25°C). For
each of the 160 independent maternal lines, 20 experimental
neonates from the third clutch were randomly assigned to
two jars and were given either a medium (1.2 X 105 spores
jar-1) or low (0.3 X 10° spores jar-1) spore dose and then
returned to the acclimation temperature.

Experiment 2.—Five replicates of nine clones were accli-
mated at one temperature (20°C). Two of the clones were
present in the first experiment to test repeatability of results
across experiments; the other seven clones were different, to
maximize the number of genotypes tested to assess generality
of the results. For each of the 45 independent maternal lines,
40 neonates from the third clutch were randomly assigned to
four jars containing water at 20°C, given a high spore dose
(2.0 X 105 sporesjar-1) and were placed at 10°C, 15°C, 20°C,
or 25°C. The original water temperature buffered the change
in temperature, which took several hours to complete and
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was found not to be stressful in pilot tests (S. Mitchell, un-
publ. data). Neonates from the next clutch were given a me-
dium spore dose (1.0 X 105 spores jar-1) following the same
procedure.

Experimental Procedure

Hosts were exposed to parasites during juvenile devel-
opment. Ten neonates <24 h old were placed in a 60 ml jar
containing 5 g fine laboratory sand and 50 ml water at the
prior acclimation temperature. Parasite spores were added as
detailed above, algae was added at 1.2 X 107 cellsjar-1 and
the water stirred well to ensure an even suspension of spores.
To maximize encounter rates, stirring was repeated daily. All
replicates set up on the same day were referred to as a batch.
All replicates within each batch and temperature were ran-
domized for position in trays that were moved among shelves
daily to minimize location effects.

The infection period lasted until the end of the juvenile
developmental instars, which varies with temperature. Daph-
nia at colder temperatures have longer development times,
slower filtering speed, and lower rates of food intake. There-
fore, to compensate for the differing developmental rates and
ensure equal exposure to parasite spores at each temperature,
the infection period was longer for lower temperatures: 12
days at 10°C, 9 days at 15°C, 7 days at 20°C, 5 days at 25°C.
The duration was calculated to last approximately the same
number of degree-days, here calculated as the product of
number of days and temperature (°C). During the infection
period, each jar was fed on the day of set-up (day 1) and
subsequently twice with either 1.2 X 107 cells jar-1 (first
experiment) or 0.8 X 107 cells jar—1 (second experiment), so
that the same amount of food in total was fed during the
infection period at each temperature. This feeding regime
ensured sufficient food to support a reasonable growth rate
but encouraged daphniids to graze algae settled on the sand
and promote encounters with the parasite.

At the end of the infection period, Daphnia were counted
and transferred to a jar containing 300 ml clean water equil-
ibrated to the correct temperature. Replicates were fed daily
with excess algae to ensure that there were sufficient re-
sources to enable reproduction so that if a female became
barren, it would be due to effects of the parasite. Food levels
during the observation period were increased at higher tem-
peratures to allow for faster growth and filtration rates, and
slightly lower in the second experiment at 10°C and 25°C,
but were still in excess. Food levels in cells algae jar-1 X
107 were: 10°C: 2.0/1.5 (experiment 1/experiment 2); 15°C:
2.0/2.0; 20°C: 3.5/3.5; 25°C: 6.0/4.5. Water was changed
three times a week (15°C, 20°C, and 25°C) or twice a week
(10°C) until day 19/35 (experiment 1/experiment 2) at 25°C
and 20°C, day 31/52 at 15°C, and day 49/99 at 10°C. The
total recording time was extended in the second experiment
until the number of infected and reproductive females sta-
bilized at each temperature, to be certain that all latent in-
fections had developed to a detectable stage.

Data Recording

Daphnia were checked regularly at intervals that allowed
comparisons among temperatures on the same day in real

time and approximately the same degree-days in *‘‘physio-
logical’’ time. The first appearance of neonates was only
recorded in the second experiment. Daphnia were scored to
track stages of infection development, from the initial latent
period, in which healthy and infected individuals were in-
distinguishable and infected females could reproduce, to ster-
ilization and finally appearance of visible parasite growth
within the transparent carapace. Healthy Daphnia continued
to reproduce throughout the experiment. Signs of infection,
when they developed, could be observed clearly without dis-
section under a dark field microscope, at magnifications be-
tween 10X and 63X. Daphnia in each replicate were scored
according to the following categories: juvenile, reproductive
adult with ovaries or eggs, barren adult (sterile), possibly
infected (barren adult) in which there were traces of parasite
structures, and infected adult. Dead Daphnia were removed
and infected status recorded.

Data Analysis

The numbers of Daphnia at each observational stage for
each day wererecorded as aproportion of thetotal individuals
in the replicate. Proportions were arcsine transformed for
mixed model analysis using the SAS (1999) procedure PROC
MIXED.

We converted the timescale from real time in days to a
degree-days timescale to enable more direct comparison
among temperatures at biologically relevant time periods,
particularly the first three instars when clutches are released
(approximately degree-day 260-380, where each instar lasts
approximately 50-60 degree-days under these experimental
conditions, see Fig. 1, top and middle panels).

Data were tested at two stages of the life-cycle in both
experiments: degree-day 260, which is approximately the
time when the first brood was released, and degree-day 380,
which is approximately when third and fourth broods were
released (and isthe final degree-day for which datawas avail-
able at all temperaturesin the first experiment). In the second
experiment, infection rates were also tested very late in the
life cycle when they had stabilized; that is, there was no
further development of infection or reduction in the propor-
tion reproducing, on degree-days 980 at 10°C, 780 at 15°C,
and 500 at 20°C and 25°C.

Data from the two experiments were analyzed indepen-
dently due to the different experimental structures. The first
experiment used the common brood set-up to analyze the
effect of spore dose within lines, thus statistically removing
among-line and batch effects, while in the second experiment
the common brood set-up statistically removed among-line
and batch effects from the effect of temperature. For com-
parisons of the performance of the two clones that were pre-
sent in both experiments, only the random batch effect could
be included in the analysis.

Fully factorial mixed models were run using SAS (1999)
PROC MIXED, for fixed effects of temperature, clone, and
spore dose on proportion infected or reproductive and min-
imized based on fit statistics and information criteria to pick
the best fitting model in the SAS (1999) procedures. Analyses
were repeated using clone as arandom variable to test wheth-
er the genetic variation detected among these clones could
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Fic. 1. Effect of temperature on reproductive status: comparison of absolute days (real time, top panel) and degree-days (physiological
time, middle panel). Degree-days give a more effective comparison among temperatures with respect to physiological time for Daphnia,
as evidenced by similar time of appearance of first neonates in the different temperature treatments. Vertical reference lines are the first
record of neonates, which were only recorded in the second experiment: solid line, 20°C and 25°C; dashed line, 10°C and 15°C. Data
are means across all clones and two spore doses at each temperature =1 SE. Bottom panel: effect of temperature on infection rates:
proportion of individuals infected by degree-day.
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be generalized to the population level. The significance of
random effects was estimated by chi-squared values that rep-
resent the difference in the — 2 restricted maximum likelihood
log-likelihood fits for models with and without that source
of variance. The mixed model also incorporated experimental
structure as additional random effects of batch (the day on
which the test was set up) in both experiments. In the first
experiment, replicate within clone was a second random var-
iable, as spores were tested on a single clutch per replicate.
The analysis of the second experiment included the random
variable replicate within clone, which included consecutive
clutches to which spore dose were applied, and clutch within
replicate X clone as individuals from the same clutch were
placed at the four temperatures.

REsULTS

The Effect of Temperature on Reproduction and
Infection Rates

The calculation of degree-days as the product of temper-
ature and number of days was sufficient to estimate physi-
ological time among temperatures for Daphnia, as evidenced
by the first appearance of neonates at between 250-285 de-
gree-days at all temperatures in the second experiment (Fig.
1, middle panel). In absolute days (Fig. 1, top panel), the
first neonates were recorded by day 10 at 25°C, day 12 at
20°C, day 19 at 15°C, and day 28 at 10°C in the second
experiment.

The patterns of loss of reproduction and infection devel-
opment were similar in the two experiments (Fig. 1). The
latent period of the infection increased at |lower temperatures,
resulting in temperature-dependent virulence (measured as
host sterilization). Lower temperatures delayed the onset of
both infection and host reproduction but, relative to the Daph-
nia life cycle, infection was disproportionately slowed. In-
fected Daphnia reared at lower temperatures were thus more
likely to reproduce before sterilization (Fig. 1). At 10°C and
15°C, nearly all females produced at least afirst clutch (>99%
reproducing on degree-day 260) and the proportion repro-
ductive remained high by degree-day 380, which is approx-
imately the time when third clutches would be released (Fig.
1; 10°C >95% reproductive, approx. two thirds at 15°C). In
contrast, at 20°C and 25°C only about two-thirds of females
produced a first clutch that reduced further to about half
remaining reproductive by the third clutch in the second ex-
periment (Fig. 1).

Infection rates differed among temperatures on particular
degree-days, with much slower development of the parasite
at lower temperatures. Early in the life cycle, when first
clutches were released (degree-day 260), approximately a
third of individuals wereinfected at 20°C and 25°C, compared
to zero infection at 10°C and 15°C (Fig. 1, lower panels).
Infection was increasingly delayed at colder temperatures so
that infection rates >10% occurred from degree-days 320/
385 (experiment 1/2) at 15°C and from degree-days 460/560
at 10°C (Fig. 1). In the second experiment, infection rates
became more similar among all temperatures at very late life-
cycle stages when the proportion of infected hosts stabilized,;
that is, no new infections appeared in replicates (Fig. 1). In
both experiments, infection rates were maximal at 15°C.

SUZANNE E. MITCHELL ET AL.

Genotype-by-Environment Interaction

Asfound in previous studies, there were clone differences
in susceptibility to infection at 20°C (clone effect in minimal
models with repeated measures test of both degree-days 260
and 380: experiment 1: F; 39 = 3.55, P = 0.0068; experiment
2: Fg757 = 3.23, P = 0.0033; where spore dose was not
significant and excluded from the minima models). Thus,
there was genetic variation in host resistance at this temper-
ature, as some clones had considerably lower infection prev-
alence than others.

However, the relative resistance of the clones depended on
temperature, with significant G X E interactions for both
infection rate and the loss of reproduction and changes in
clone rank order for infection (Figs. 2 and 3; Table 1). The
G X E interactions remained significant when clone was in-
cluded as a random effect: Infection: experiment 1, clone X
temperature X degree-day difference in —2 loglikelihood =
11.2, P = 0.0008; experiment 2, clone X temperature X spore
difference = 9.9, P = 0.0017; clone X temperature X degree
day difference = 11, P = 0.0009. Reproduction: experiment
1, clone difference = 6.9, P = 0.009; clone X temperature
difference = 7.8, P = 0.005; clone X degree-day difference
= 6.9, P = 0.009; clone X temperature X degree-day dif-
ference = 18.7, P < 0.0001; experiment 2, clone X tem-
perature X spore difference = 9.9, P = 0.0016; clone X
temperature X degree-day difference = 11, P = 0.0009.
These interactions are not due simply to lack of infection at
10°C and 15°C: clone X temperature (G X E) interactions
were significant when data from only the 20°C and 25°C
treatments were analyzed (degree-days 260 and 380, Fg745
= 2.84, P = 0.008; main effect of temperature: P = 0.19).
Many of these interactions were due to crossing reaction
norms, with the relative susceptibilities reversed at different
temperatures. For instance, on degree-day 380 in the first
experiment, at 20°C and 25°C clone 45 had higher infection
rates than clone 201 but at 15°C clone 201 had higher in-
fection rates than clone 45 (Fig. 2). Similarly, in the second
experiment, clones 91 and 85 reverse the order of infection
with 91 higher than 85 at 15°C but lower at 20°C and 25°C
(Fig. 3).

The census date affected the measured genetic variation
for reproduction and infection rates by degree-day 260 (clone
X degree-day interactions in Table 1), because at 10°C and
15°C, all clones had high proportions of reproductive females
and there were no differences among genotypes, whereas
genotype effects at 20°C and 25°C were significant. By de-
gree-day 380, genetic variation for both infection and repro-
ductive ratesremained low at 10°C, but had increased at 15°C
to 25°C (Figs. 2, 3). Post-hoc tests revealed the interaction
in the second experiment between clone and spore dose to
be due primarily to one clone (13) that had significantly high-
er infection rates under the high spore dose, as would be
expected. However, for all other clones, differences between
high and low spore dose were nonsignificant, apparently re-
flecting saturation of infection rates.

In the second experiment, data were recorded until infec-
tion rates stabilized at avery late stage in the life cycle when
clone and clone X temperature effects on infection rateswere
no longer significant, emphasizing that the estimation of ge-
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TABLE 1.
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Minimal models for significance of infection rates, including repeated measures over two time points: degree-day (dday) 260

when first clutches are produced and degree-day 380 when third clutches are produced.

Experiment 1

Experiment 2

Effect df df F P df df F P

A. Infection rates
Clone 7 146 1.76 0.1005 8 34 244 0.0328
Spore 1 151 69.47 <0.0001 1 38 0.15 0.7034
Clone X spore 8 38 4 0.0016
Temp 3 67 81.08 <0.0001 3 194 302.35 <0.0001
Temp X clone 21 142 1.95 0.0119 24 194 244 0.0004
Temp X spore 3 151 11.86 <0.0001 3 211 1.83 0.1424
Temp X clone X spore 24 211 2.35 0.0007
Dday 1 283 118.38 <0.0001 1 318 374.66 <0.0001
Clone X dday 7 283 1.67 0.1172 8 318 1.18 0.3134
Spore X dday 1 283 11.42 0.0008
Temp X dday 3 283 89.87 <0.0001 3 318 54.36 <0.0001
Temp X clone X dday 21 283 3 <0.0001 24 318 2.35 0.0005
Spore X temp X dday 3 283 3.29 0.021

B. Reproduction
Clone 7 139 1.62 0.1348 8 36 1.33 0.2622
Spore 1 149 69.98 <0.0001 1 39 0.32 0.5726
Clone X spore 8 39 3.98 0.0016
Temp 3 109 78.28 <0.0001 3 212 250.41 <0.0001
Temp X clone 21 137 1.94 0.0126 24 214 1.56 0.0509
Temp X spore 3 156 15.12 <0.0001 3 214 34 0.0188
Temp X clone X spore 24 214 1.74 0.0215
Dday 1 286 66.58 <0.0001 1 351 257.32 <0.0001
Clone X dday 7 286 1.49 0.17
Spore X dday 1 286 9.82 0.0019
Temp X dday 3 286 94.88 <0.0001 3 351 64.45 <0.0001
Temp X clone X dday 21 286 2.87 <0.0001

netic variation for resistance depends on the time of mea- Discussion

surement (Table 2). However, the main effect of temperature
remained highly significant, where infection rates at 15°C
were higher than those at other temperatures (Fig. 1). Al-
though the first experiment was terminated much earlier, the
trend already suggests that 15°C would have the highest in-
fection rates when they had stabilized at the colder temper-
atures.

The clone X temperature interactions were repeatable. The
two clones that were used in both experiments maintained a
similar rank order to each other and consistent clone X tem-
perature interaction across both experiments (F35; = 2.91,
P = 0.041), although infection rates at each temperature var-
ied slightly between experiments (experiment F, g; = 4.43,
P = 0.04, clone X experiment F4; = 4.19, P = 0.045).
Critically, however, clone X temperature X experiment in-
teractions were not significant.

These experiments revealed that temperature changed the
nature of the interaction between host and parasite. There
were two main results. First, the cost of parasitism was stron-
ger at higher temperatures (Fig. 1). Specifically, at 20°C and
25°C relatively few infected females were able to reproduce
before parasite-induced sterilization, whereas almost all re-
produced at 10°C and 15°C, with many releasing second and
third clutches before sterilization. Thus, parasite growth rate,
relative to the development rate of hosts, was faster at higher
temperatures. Second, genotypic (clone) differences in sus-
ceptibility were not stable across temperatures, and in some
cases reversed (Figs. 2 and 3; Table 1). For instance, the host
clone most infected at 20°C was not the same clone that was
most infected at 15°C.

Our evidence for the effects of temperature and of G X E

TaBLE 2. Minima models for infection and reproduction by clone, spore, and temperature at the end of experiment 2, when infection
rates had stabilized: degree-days 980 at 10°C, 780 at 15°C, and 500 at 20°C and 25°C.

Infection rates Reproduction
Effect df df F P df df F P
Clone 8 34.5 1.6 0.16 8 34.8 1.41 0.23
Spore 1 12.6 1.32 0.27 1 10.5 1.08 0.32
Clone X spore 8 36.3 2.23 0.047 8 36.5 2.44 0.032
Temp 3 263 14.73 <0.0001 3 263 13.07 <0.0001
Temp X spore 3 263 8.92 <0.0001 3 263 7.99 <0.0001
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interactions on infection rates is the first in this host-parasite
system, but the findings accord with G X E interactions for
other fitness-related traits in Daphnia, such as growth rates
(Mitchell and Lampert 2000; Mitchell et al. 2004a), fecundity
(Ebert et al. 1993) and antipredator traits (De Meester 1994;
De Meester et al. 1995; Weber and Declerck 1997; Decaes-
tecker et al. 2002). Though rarely considered during host-
parasite interactions, G X E interactions are fundamental to
many quantitative traits in many taxa (e.g., Via 1994,
Schlichting and Pigliucci 1998; Nager et al. 2000) and are
evolutionarily interesting as they may help to maintain her-
itable genetic variation within populations (e.g., Schlichting
and Pigliucci 1998).

We found significant genetic variation for infection and
sterilization rates at 20°C, as have others (e.g., Ebert et al.
1998; Carius et al. 2001; Mitchell et al. 2004b) and, on the
basis of those data alone, we would have predicted a strong
response to parasite-imposed selection. However, our results
from arange of temperatures may explain why field evidence
of parasite-mediated selection in this system has been hard
to find or interpret (e.g., Little and Ebert 2000, 2001; Mitchell
et al. 2004b). The temperatures experienced by most natural
populations are probably rarely over 15°C during an annual
cycle (Mitchell et al. 2004a). Under these conditions, infected
individuals will have released at least one, possibly several
clutches before sterilization (Fig. 1), which will contribute
toward long-term coexistence between host and parasite. As
early broods have most impact on individual fitness and pop-
ulation dynamics (Stearns 1992), particularly when popula-
tion growth is high, selective forces on older individual s have
weaker impact on the population structure. Even up to the
third clutch (degree day 380) at 10°C there was no variance
among clones for infection or reproduction (Figs. 2, 3; da-
tapoints mostly overlapping at 10°C). Thus, higher temper-
atures accentuated genetic differences, so that heritability es-
timates would be higher at higher temperatures (Figs. 2 and
3). This divergence of reaction norms from lower to higher
temperatures is similar to a pattern of increased variance at
higher temperatures for growth rates in Daphnia (Mitchell et
al. 2004a). Overall then, parasite-mediated selection could
be relatively weak in wild populations, even though P. ra-
mosa is a sterilizing pathogen, with demonstrably high vir-
ulence in the laboratory.

Even if selection was strong in the wild, the G X E in-
teractions we found make it very hard to predict the response
to selection, especially given the fluctuating diurnal and sea-
sonal thermal regimes that predominate in the small water
bodies inhabited by D. magna. The relationship between ge-
netics and susceptibility could be further muddied by awhole
range of other environmental conditions, such as food, den-
sity, light, presence and nature of predators, and behavior,
that show G X E interactions for other fitness-related traits
(e.g., Decaestecker et al. 2002). For instance, we also found
spore dose-by-clone-by-temperature interactions. The out-
come of host parasite-interactions would be yet further com-
plicated if different reaction norms occur for different par-
asite genotypes (Statler and Christianson 1993; Ferguson and
Read 2002; Stacey et al. 2003; Thomas and Blanford 2003).
Genotype-by-genotype interactions have been found in D.
magna—P. ramosa system (Carius et a. 2001); dissecting G

X G X E interactions is likely to prove a formidable exper-
imental challenge.

Condition-dependent outcomes appear to be acommon fea-
ture of antagonistic interactions, as indicated by studies of
both biotic and abiotic factors on a variety of animal and
plant taxa (e.g., Emaraand Freake 1981; Burdon 1987; Statler
and Christianson 1993; Grosholz 1994; Williamson 1998;
Coltman et al. 1999; Haussmann et al. 2000; Ellingboe 2001,
Ferguson and Read 2002; Ford et al. 2002; Stacey et al. 2003;
Thomas and Blanford 2003). Far fewer studies have inves-
tigated G X E interactions (e.g., Statler and Christianson
1993; Haussmann et al. 2000) but, in the animal context, G
X E (temperature) interactions have also been seen in at |east
one other host parasite system (Blanford et al. 2003; Stacey
et al. 2003).

In our experiments, the time when infection was assayed
was critical, because the cost to fitness depends on the extent
of the latent period of infection and not only whether the
individual picked up an infection. In this respect, our results
are similar to previous studiesin plants, in which temperature
variation modifies the latent and incubation periods once an
infection has become established (e.g., references in Burdon
1987; Ellingboe 2001). By the time infection rates had sta-
bilized in our second experiment, which is equivalent to mor-
tality as individuals do not lose the infection once it is ex-
pressed, clone-by-temperature interactions for infection were
no longer significant. Thus, clone-specific mortality due to
infection was similar across temperatures, which would have
(falsely) suggested that responses to infection were the same
across all temperatures if this was the only measure of in-
fection taken. The variable extent of the latent period sig-
nificantly impacts the selective effects of the pathogen: in
many instances susceptible genes will have been passed on
to offspring before the disease manifests in the host. In this
regard, the effects of P. ramosa may be more like a disease
of senescence.

In summary, our results demonstrate that host suscepti-
bility to parasites is condition- and genotype-dependent, re-
sulting in G X E interactions. Although this highlights the
difficulties for predicting or explaining patterns of gene fre-
quency change when host-parasite interactions are studied at
only one environment, it offers areaction-norm or phenotypic
plasticity approach that has been successful at explaining
patterns of gene frequency change in response to other se-
lective forces (e.g., Cousyn et al. 2001). Single environment
laboratory studies of genetic variation for resistance simply
may not tell us much about what happens in a genetically
diverse population inhabiting a heterogeneous natural envi-
ronment. However, the environmental effects we have re-
vealed offer an explanation for the common observation that
there is much heritability for resistance traits yet little con-
vincing evidence of parasite mediated selection in the wild
(Sorci et a 1997; Little 2002). For example, in the presence
of G X E effects, habitats that vary in time and space are
unlikely to see genotypes driven to extinction through natural
selection. However, if thereislittle or no correlation between
resistance phenotypes in natural and laboratory conditions,
it could also be that many heritability or virulence estimates
in the laboratory do not reflect the potential for parasite-
mediated selection in the wild.
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