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Introduction

Interactions between different organisms, such as parasites
and hosts, are influenced by their environment (Lazzaro &
Little, 2009; Wolinska & King, 2009). In general, the more
stressful the environment, the more costly it is for a host to
harbour parasites (Bedhomme et al., 2004; Restif & Kaltz,
2006; Tseng, 2006). Thus, under more stressful conditions,
selection for resistant hosts should become stronger.
However, some alleged parasites have been found to aid
their hosts in stressful environments (Michalakis et al., 1992;
Brownlie & Johnson, 2009). Such conditional benefits to
infection by otherwise costly symbionts are crucial for the
evolution of normally parasitic relationships towards mutu-
alism (Fellous & Salvaudon, 2009), a situation in which both
partners benefit from the interaction (Bronstein, 1994).
Still little is known about the factors and conditions that
affect the beneficial effects of parasitism, in particular
regarding the generality of such observations. For example,
in various systems, the sign and magnitude of antagonistic
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Abstract

Under certain conditions, otherwise parasitic organisms may become beneficial to
their host. Parasite-mediated heat and osmotic stress resistance have been
demonstrated for Paramecium caudatum, infected by several species of parasitic
bacteria of the genus Holospora. Here, using the micronucleus-specific bacterium
Holospora undulata, we investigate how infection mediates the response of two
genotypes (clones ‘K8 and ‘VEN’) of P. caudatum to heat (35°C) and osmotic
(0.24% NaCl) stress. In contrast to previous findings, we find no evidence for heat
stress protection in infected individuals. We do, however, show an effect of
symbiont-mediated osmotic stress resistance for the K8 clone, with infected
individuals having higher survival than their uninfected counterparts up to 24 h
after the onset of salt exposure. Despite this, both infected and uninfected
individuals of the VEN clone showed higher survival rates than clone K8
individuals under osmotic stress. Thus, it would seem that parasite-mediated
stress protection is restricted to certain combinations of host genotypes and types
of stress and does not represent a general phenomenon in this system.

interactions have been shown to depend on complex inter-
actions between environmental conditions and the genetic
identity of the host and the parasite (Lambrechts et al., 2006;
Tétard-Jones et al., 2007; Wolinska & King, 2009). It is thus
conceivable that certain genotypes are protected by sym-
bionts against environmental stress, while others are not
(Salvaudon et al., 2008). Moreover, organisms often face
various types of stress and it is unclear whether the same
symbiont can protect against multiple stresses, in particular,
when they act simultaneously, and whether such a response
is influenced by the host (or parasite) genotype.

We investigated the potential for multiple stress protec-
tion and the role of host genotype in the association between
the ciliate Paramecium caudatum and its bacterial symbiont,
Holospora undulata. Organisms that inhabit freshwater face
buffered, but sometimes challenging changes in their envir-
onment. Temperature and ion concentration, among other
things, can vary and threaten the survival of maladapted
species and genotypes. Indeed, species of the genus Para-
mecium are well known to be highly sensitive to temperature
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or salinity stress (Wichterman, 1986). However, under these
conditions, survival of P. caudatum can be enhanced when
harbouring bacterial symbionts of the genus Holospora
(Smurov & Fokin, 1998; Hori & Fujishima, 2003; Fujishima
et al., 2005; Hori et al., 2008). Under standard conditions,
these symbionts are normally considered parasites that
reduce host division and survival (Kaltz & Koella, 2003;
Fokin, 2004; Restif & Kaltz, 2006; Nidelet et al., 2009).
However, at an elevated temperature (35 °C), infection with
Holospora obtusa or Holospora elegans increases host survival
(Hori & Fujishima, 2003; Hori et al., 2008). Similarly,
H. undulata and H. obtusa can increase survival under
osmotic stress (Smurov & Fokin, 1998). These positive
effects may be explained by the constitutive overexpression
of hsp70 heat-shock proteins (hsps) in infected individuals
(Hori & Fujishima, 2003). Heat-shock proteins are involved
in general physiological responses to stress (Feder & Hof-
mann, 2003). As chaperones, they stabilize the conforma-
tion of proteins and ensure the resistance of the cell’s
biochemical pathways to environmental perturbations. The
elevated expression of hsp70 in Holospora-infected parame-
cia may be a host response to reduce physiological distur-
bance caused by infection. The already elevated expression
of heat-shock proteins then doubles up as protection against
other types of stresses. It is, though, questionable whether a
host genotype already resistant to a particular environmen-
tal challenge would benefit from symbiont-mediated pro-
tection. We therefore may expect host genotypes that vary in
their tolerance to stressful environments to benefit differ-
ently from infection.

Here, we investigate whether H. undulata confers in-
creased tolerance to two laboratory strains of P. caudatum
to heat stress, and investigate whether there is extended
protection against osmotic stress. We identify (1) how host
survival differs between the two clones under osmotic and
heat stress; (2) how the combined effects of these abiotic
stresses affect host survival; and (3) how infection modifies
the effects of these stresses on host life history.

Material and methods

Study organisms

Paramecium caudatum is a freshwater ciliate found in still
water bodies in the northern hemisphere that feeds on
bacteria and detritus within the water column (Wichterman,
1986). Reproduction is predominantly asexual through mi-
totic division, with most gene expression occurring in the
polyploid macronucleus; sexual reproduction occurs by con-
jugation between different mating types (E and O). Under
exponential growth conditions, P. caudatum divides up to
three times every 24 h. Optimal growth temperatures gener-
ally range between 24 and 28 °C, depending on the species
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(Wichterman, 1986). Similarly, species differ in their capa-
cities to tolerate osmotic stress, allowing them to live in
habitats of varying levels of salinity (e.g. brackish water;
Smurov & Fokin, 1999). There is also evidence of within-
species genetic variation in growth and survival at different
temperatures (Fels & Kaltz, 2006). In our laboratory, cultures
of P. caudatum are maintained at 23 °C, in a culture medium
prepared from dried organic lettuce (Nidelet & Kaltz, 2007)
and supplemented with the bacterium Serratia marcescens
(strain A173, Institut Pasteur, Paris, France) for food.

Holospora undulata, a gram-negative alphaproteobac-
terium (Amann et al, 1991), is a natural parasite of
P. caudatum. Infection occurs through ingestion of infec-
tious forms (15-20 pm) while feeding. Infectious forms are
transferred to the micronucleus upon fusion with the
parasite-containing food vesicle minutes after ingestion.
After ~24h, infectious forms differentiate into reproductive
forms (5 pm), which multiply and begin to fill the micro-
nucleus. After 7-10 days, an accumulation of reproductive
forms will stimulate the production of infectious forms.
Hosts can simultaneously harbour both spore types and a
heavily infected host can be infected with up to several
hundred infectious spores. Vertical transmission is achieved
through segregation of reproductive forms into the two
daughter micronuclei during asexual reproduction. Hori-
zontal transmission occurs when infectious forms are re-
leased into the environment during host division or upon
host death.

Host and parasite origins

Two host clones were used in this experiment. Clone K8 was
established in 2002, by crossing strains KNZ 5 (mating type
03) and KNZ 2 (mating type E3; both strains provided by T.
Watanabe, Tohoku University, Japan); the clone VEN (un-
known mating type, originally collected near Venice, Italy)
was provided by P. Fliigel (Krakow, Poland) in 2007. In June
2009, we established mass cultures of each clone from single
individuals. In order to investigate the effect of infection, we
infected half of each mass culture with H. wundulata 5
months before the beginning of our experiment. The para-
site inocula comprised a mix of bacteria retrieved from six
different infected P. caudatum clones; controls received a
mock inoculum without bacteria. Mass cultures were dis-
tributed across 50-mL Falcon tubes.

Two subclones were created from each of the four cultures (2
clones x 2 infection status) to control for environmental varia-
tion between mass cultures. Each subclone originated from
individual Paramecium cells chosen at random from the mass
cultures and propagated for seven to eight generations before
the onset of the experiment. Single Paramecium cells for the
survival experiment came from each of these eight subclones (2
clones x 2 infection status x 2 founding Paramecium).

FEMS Microbiol Ecol 74 (2010) 353-360

20z Iudy Gz uo 1senB AQ Z9888G/ESE/Z/¥L/BI0INE/08SWSY/W00 dNO"OlWaPEDE//:SARY WO POPEOIUMO]



Stress protection by parasite

Following the protocol of Barth et al. (2006), we se-
quenced a fragment of the cytochrome oxidase subunit 1
(COI, on the mitochondrial genome) P. caudatum gene. We
sequenced two independent subclones of each clone to be
sure that both are genetically homogeneous. The total
fragment length was > 800bp, from which we selected a
300-bp region with the best sequence quality. Across this
region, we identified 20 single-nucleotide polymorphisms
that differed between clones (6.7% genetic distance between
clones). We found no difference between subclones of the
same clone. Sequencing the COI gene thus revealed the two
clones to be genetically distinct at the sequence level in
addition to their phenotypic differences.

Experimental protocol

We tested the effects of osmotic and heat stress, alone and in
combination, on infected and uninfected Paramecium. Heat
stress was delivered by placing the Paramecium in an
incubator set to 35°C. Osmotic stress was achieved by
adding 0.24% NaCl (Sigma, France) to the salad medium.
Salinity levels and temperatures are within the range of the
ones for which Holospora has been shown to protect its host.

The effect of these conditions was determined on a single
Paramecium. For each combination of temperature, salinity,
infection and genotype, we phenotyped 45 individuals.
These 45 cells were spread over five blocks, each containing
nine individuals from each treatment. The individuals from
the two subclones of each genotype—infection combination
were separate among blocks: one subclone seeded three
blocks and the other seeded the two remaining blocks. These
blocks were used as the basic unit of replication in our
statistical analyses.

Individual Paramecium were placed in 60-uL drops of
culture medium (with and without NaCl) arranged inside
the lids of 24-microwell plates (Nunc™, Fisher Scientific,
France). Each experimental block contained six plates
comprising 144 Paramecium. Three of these plates were
placed in an incubator at 23 °C and three at 35°C. Para-
mecium clones, infected and uninfected individuals and salt
exposure were arranged systematically across plates. Plates
were sealed using Parafilm™ (Dutscher, France) and placed
in a box containing a wet towel to minimize evaporation
during the experiment. The paramecia were checked for
survival and/or division 3, 6, 9 and 24 h after the start of the
experiment.

Statistical analysis

We considered the ‘subclone’ as the relevant unit of replica-
tion for statistical analysis. Thus, for each experimental
block, we calculated the proportion of survivors among the
nine individuals per subclone and treatment. This yielded a
total of 80 observations of proportion survival per time
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point (2 clones x 2 infection status x 2 salt treatments x 2
temperature treatments X 5 blocks). As there was no sig-
nificant effect of experimental block on proportion survival
at any of the four time points (all Fy ;5 < 2.09, P > 0.09),
this factor was excluded from all further analyses. We used
factorial aNOvA to analyse, first, how temperature and
osmotic stress affected the survival of uninfected Parame-
cium from each clone. Subclone was nested within host
clone and crossed with salt and temperature treatments.
Proportion survival at the different time points was arcsine-
square-root transformed to meet assumptions of ANOVA.
Where appropriate, initially, fully factorial statistical models
were simplified by backward elimination of nonsignificant
terms.

Second, we analysed the effects of the infection on the
proportion survival in the presence or absence of abiotic
stresses. Because of the high mortality under simultaneous
salt and temperature stress, we did not have sufficient
statistical resolution to analyse all four effects (infection
status, temperature treatment, salt treatment and host
clone) in a single ANovA. Instead, we performed two separate
analyses; one focussing on the temperature treatment and
one on the salt treatment. Factorial statistical models were
constructed by the same method as above, with the clonal
replicate population nested within the host clone and
infection status. All statistics were performed using the
statistical software jMp version 5.0.1.2.

Results

Effects of abiotic stress (uninfected individuals
only)

Both the high-salt and the high-temperature treatment
reduced the survival of uninfected paramecia, but to differ-
ent degrees (Fig. 1a and b). Overall, a 24-h exposure to 35 °C
(in the absence of salt) reduced survival by c. 20%, relative to
the 23 °C control treatment (F; 4= 6.59, P=0.0223). This
reduction did not differ significantly between clones (tem-
perature  treatment X clone interaction: F; ;,=0.83,
P=0.3765).

The high-salt treatment strongly reduced survival, and
> 50% of the paramecia died within the first 6h of the
experiment. Statistical analysis of survival after 6 h revealed
a significant temperature treatment X salt treatment X clone
interaction (F; 30=6.22, P=0.0184). This indicates, first, a
synergistic effect of the two stresses: simultaneous exposure
to high-salt and high-temperature treatments produced
disproportionate rates of mortality (Fig. la and b). More
than 90% of the individuals died within 3 h; after 6h, all
paramecia were dead under combined stress. Second, one of
the two clones (VEN) was more tolerant to salt stress, at
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Fig. 1. Proportion of Paramecium caudatum surviving 3, 6, 9 and 24 h postexposure to osmotic and heat stress. (a) Survival for uninfected clone K8; (b)
survival for uninfected clone VEN; (c) survival for infected clone K8; and (d) survival for infected clone VEN.

least at 23 °C, where this clone had a threefold higher
survival than the other clone (K8; Fig. 1a and b).

Effects of infection

Temperature treatment

In the absence of salt, we did not observe a significant overall
effect of infection on host survival after 24h (F; ,=0.15,
P=0.7169, Fig. 2a and b), nor did the effect of infection vary
significantly with temperature or host genotype (all interac-
tions including infection status: F < 0.2, P > 0.7). Note that
the first divisions occurred between 9 and 24 h. Overall, the
proportion of paramecia that divided was more than twice
as high for uninfected individuals (5146%) than for
infected ones (22 % 5%), but, again, the effect of infection
did not significantly vary with temperature or host clone
identity (both interactions: P > 0.78, in analysis on log-
transformed number of individuals). Thus, there was no
evidence for parasite-mediated heat-stress protection. At a
high temperature, infection neither specifically increased
nor decreased host survival and reproduction during the
24 h of the experiment.

Salt treatment

At 23 °C, significant salt treatment X infection x clone inter-
actions for survival were detected as early as 6h after the
start of the experiment (Table 1). That is, the response to the
salt treatment depended on both the infection status and the
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clone identity. For the VEN clone, infection decreased
survival in the high-salt treatment at 6, 9 and 24h post-
exposure; in contrast, for the K8 clone, infection increased
survival in the high-salt treatment (see multiple contrasts;
Fig. 3a and b). Thus, under osmotic stress, infection was
costly for the VEN clone, while it was beneficial for the K8
clone. Despite this beneficial effect, both infected and
uninfected VEN individuals had a higher general salt
tolerance and thus higher survival than their K8 counter-
parts (Fig. 3a and b).

Discussion

The two P. caudatum genotypes used in this experiment
differed in their response to osmotic and heat stress, as well
as in the way this response was modified by infection with
H. undulata. We first discuss the combined effects of the two
abiotic stressors in the absence of infection; second, we focus
on the interactions between stress, infection and host
genotype.

Combination of biotic stresses in the absence of
infection

Our experiment confirms the negative effects of heat and
osmotic stress on the survival of uninfected P. caudatum
(Wichterman, 1986; Smurov & Fokin, 1999; Fujishima et al.,
2005). Osmotic stress was more harmful than temperature
stress, causing a 50% reduction in survival. The combined
effects of the two stresses had a disproportionate effect on
host survival, causing 100% mortality within 6 h. While the
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Table 1. Test statistics of the three-way interaction between infection
status x salt exposure x host clone in anova on the proportion of Para-
mecium surviving 3, 6, 9 and 24 h after exposure

3h 6h 9h 24h
Fia 0.29 10.76 44.58 9.72
P-value 0.6162 0.0305 0.0026 0.0356

This interaction term (1 df) was tested over the corresponding interaction
at the within-clone level [clonal replicate population x salt exposure
(infection status, salt exposure), 4 df].

two clones did not differ in their tolerance to heat stress, the
VEN clone had a moderately higher tolerance to osmotic
stress at 23 °C. These results illustrate that it can be difficult
for an organism to simultaneously manage two environ-
mental stresses.

Tolerance to heat stress in many organisms including
Paramecium involves the upregulation of heat-shock pro-
teins. This tolerance mechanism against a number of
environmental stresses is conserved across the animal king-
dom (Feder & Hofmann, 2003). It is unknown whether they
function for tolerance against osmotic stress in P. caudatums;
however, their upregulation has been observed in other
ciliate species adapted to osmotic conditions (Plekhanov
et al., 2006). Osmoregulation in Paramecium relies on feed-
back between the internal mechanisms that control the
osmolarity of the cell and permeability of the plasma
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membrane. Paramecium adapted to osmotic environments
equal to or higher than, their intracellular environment will
increase the ion concentration in their cells so that they can
continue normal activity (Stock et al., 2002). However, there
must be a limit beyond which they can no longer increase
this concentration when water is drawn from the cell,
causing it to rupture. Our results show that Paramecium
cannot tolerate two abiotic stresses simultaneously. Whether
or not heat-shock proteins assist in tolerance to osmotic
stress remains unclear. However, the high mortality under
combined heat and osmotic stresses suggests that some of
the tolerance mechanisms against these two stresses differ. A
conflict may therefore arise between their simultaneous
functioning, leading to a failure of either to function
properly.

Genetic variation between the two clones for tolerance
against osmotic stress suggests that selection can act on this
trait and that clone VEN would have a selective advantage
over clone K8 under high-salt conditions. This difference in
salt tolerance could be attributable to a difference in the
origin of the two clones and a difference in their evolu-
tionary histories in environments with different salinities.
Differences in salt tolerance are known between closely
related Paramecium species, probably attributable to their
origin and to salinities they are adapted to (Smurov & Fokin,
1999). However, one should note that our two clones have
spent several years in the lab before we conducted this assay.
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It is therefore difficult to attribute phenotypic differences to
the evolutionary origins of each clone.

Effect of infection

Previous studies revealed that Paramecium infected with
Holospora spp. have increased tolerance to heat and osmotic
stress (Smurov & Fokin, 1998; Hori & Fujishima, 2003;
Fokin, 2004; Fujishima et al., 2005; Hori et al., 2008). In this
experiment, we found that infection provided protection
against osmotic stress only, and this was true for only one
host genotype.

Contrary to reports with other Holospora species in other
Paramecium genotypes, infection did not protect the host
against heat stress. Nor did we find a synergistic effect of
temperature and infection where the parasite becomes more
virulent in more stressful environments, as observed fre-
quently in other systems (e.g. Bedhomme et al., 2004; Jokela
et al., 2005). Infected individuals were observed to have
lower levels of division, although this was not affected by
temperature. The absence of an effect of infection on
survival at different temperatures may be due to the host
genotypes used in this experiment. Differences in the life-
history traits for infected and uninfected Paramecium in
various environments are well-documented (Kaltz & Koella,
2003; Fels & Kaltz, 2006; Restif & Kaltz, 2006), and it would
seem that the two genotypes used in this experiment
respond similarly to heat stress, infected and uninfected.
Alternatively, it could also be that H. undulata does not
provide protection against heat as, to our knowledge, such
an effect has never been described before.

There was a difference between the two clones in their
response to osmotic stress. Consistent with previous find-
ings, we find evidence for parasite-mediated protection for
clone K8, infected individuals showing higher survival. The
opposite was true for clone VEN, with infected individuals
showing lower survival throughout the experiment, includ-
ing under osmotic stress. One must be cautious in general-
izing to species the observations based on one clone. Our
results do not question the validity of the repeated observa-
tion that a Holospora symbiont can protect paramecia
against abiotic stresses, but they do suggest that these effects
may not be as universal as previously thought.

Differences between genotypes in their tolerance to
abiotic stress when infected may arise through parasite-
induced upregulation of heat-shock proteins (Hori & Fu-
jishima, 2003). There is then no reason why an already
tolerant genotype should benefit from infection, being able
to upregulate heat-shock proteins itself or already having
high constitutive levels of hsps. This may be true for the
VEN clone in environments presenting an osmotic stress.
Nonetheless, all infected paramecia must pay a cost to
carrying the symbiont and providing the resources necessary
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for its growth. This cost may be offset, and thus hidden,
when the host benefits from symbiont-induced tolerance to
stress, but is visible when the host does not need the
symbiont. This cost may be reflected by the lower survival
we observe for infected VEN individuals.

The observation that different host genotypes do not
benefit equally from infection relates to the standing genetic
variation for tolerance against osmotic stress and the
mechanisms by which stress adaptation may occur. This
observation has broad consequences for the evolution of
host—parasite interactions towards mutualistic relationships.
If a host already possesses tolerance to an abiotic stress,
symbiont-mediated protection should provide no benefit.
Consequently, an already tolerant genotype, such as for
clone VEN, should not gain from infection and instead pays
the cost of infection, as we observe. Conversely, when a
genotype benefits from symbiont-mediated protection in
stressful environments, selection should favour infected
individuals and the symbiont may become fixed in the
population, possibly leading to mutualism. Weneed to be
cautious, though, when interpreting these results. Selection
would favour infected K8 hosts in a monoclonal population
facing osmotic stress. However, this population would be
easily invaded by both infected and uninfected VEN hosts,
both having higher levels of survival than infected K8 hosts
under osmotic stress. Our results support recent theory for
the evolution of mutualism when symbionts help their hosts
(Fellous & Salvaudon, 2009), and underline the complex
interactions present in natural systems between hosts and
parasites.

Conclusions and perspectives

This experiment reveals how different host genotypes re-
spond to combinations of biotic and abiotic stresses. The
lack of a general finding for parasite-mediated protection
against abiotic stress for both genotypes highlights the need
for multiple genotypes to be included in future investiga-
tion. Further, we show how infection with a different, but
closely related parasite, can differentially affect host life
history. We cannot be sure whether this result is attributable
to host genotype or parasite species. It would be interesting
to extend this work to see how different parasites affect the
host when faced with different abiotic stresses and to
observe the direct effects of abiotic stress on parasite life
history. In particular, the survival of parasite spores outside
the host when faced with thermal and osmotic stress and
also whether prior exposure of an infected host to such
environments confers a selective advantage for the parasite.
Such findings would not be surprising and would highlight
the complex dynamics present in host—parasite interactions.
Finally, our results reflect the survival of single Paramecium
cells. The costs and benefit to infection that we measured
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may not be directly extrapolated to populations as the effects
of parasites may change depending on the population
structure (Bedhomme et al., 2005). Further work is thus
required to understand how combinations of infection and
abiotic stresses interact with the competition present in
Paramecium microcosm populations.

Acknowledgements

Thanks are due to Lucie Salvaudon, Pedro Vale, Riks
Laanbroek and two anonymous reviewers for helpful com-
ments on this manuscript. This work was supported by
grants from Université Montpellier 2 (A.B.D.), Agence
National de la Recherche (‘ANR-09-BLAN-0099’, S.E. and
0.K.) and Institut National des Sciences de I'Univers (‘PIR
EC2CO’, O.K.).

Authors’contribution
A.B.D. and S.E contributed equally to this work.

References

Amann R, Springer N, Ludwig W, Gortz HD & Schleifer KH
(1991) Identification in situ and phylogeny of uncultured
bacterial endosymbionts. Nature 351: 161-164.

Barth D, Krenek S, Fokin S & Berendonk TU (2006) Intraspecific
genetic variation in Paramecium revealed by cytochrome ¢
oxydase I sequences. J Eukaryot Microbiol 53: 20-25.

Bedhomme S, Agnew P, Sidobre C & Michalakis Y (2004)
Virulence reaction norms across a food gradient. P Roy Soc
Lond B-Bio 271: 739-744.

Bedhomme S, Agnew P, Vital Y, Sidobre C & Michalakis Y (2005)
Prevalence-dependent costs of parasite virulence. PLoS Biol 3:
€262.

Bronstein JL (1994) Our current understanding of mutualism. Q
Rev Biol 69: 31-51.

Brownlie JC & Johnson KN (2009) Symbiont-mediated
protection in insect hosts. Trends Microbiol 17: 348-354.

Feder ME & Hofmann GE (2003) Heat-shock proteins,
molecular chaperones, and the stress response:
evolutionary and ecological Physiology. Annu Rev Physiol 61:
243-282.

Fellous S & Salvaudon L (2009) How can your parasites become
your allies? Trends Parasitol 25: 62—66.

Fels D & Kaltz O (2006) Temperature-dependent transmission
and latency of Holospora undulata, a micronucleus-specific
parasite of the ciliate Paramecium caudatum. P Roy Soc Lond
B-Bio 273: 1031-1038.

Fokin SI (2004) Bacterial endocytobionts of ciliophora
and their interactions with the host cell. Int Rev Cytol 236:
181-249.

FEMS Microbiol Ecol 74 (2010) 353-360

359

Fujishima M, Kawai M & Yamamoto R (2005) Paramecium
caudatum acquires heat-shock resistance in ciliary
movement by infection with the endonuclear symbiotic
bacterium Holospora obtusa. FEMS Microbiol Lett 243:
101-105.

Hori M & Fujishima M (2003) The endosymbiotie bacterium
Holospora obtusa enhances heat-shock gene expression
of the host Paramecium caudatum. ] Eukaryot Microbiol 50:
293-298.

Hori M, Fujii K & Fujishima M (2008) Micronucleus-specific
bacterium Holospora elegans irreversibly enhances stress gene
expression of the host Paramecium caudatum. ] Eukaryot
Microbiol 55: 515-521.

Jokela J, Taskinen J, Mutikainen P & Kopp K (2005) Virulence
of parasites in hosts under environmental stress:
experiments with anoxia and starvation. Oikos 108:

156-164.

Kaltz O & Koella JC (2003) Host growth conditions regulate the
plasticity of horizontal and vertical transmission in Holospora
undulata, a bacterial parasite of the protozoan Paramecium
caudatum. Evolution 57: 1535-1542.

Lambrechts L, Fellous S & Koella JC (2006) Coevolutionary
interactions between host and parasite genotypes. Trends
Parasitol 22: 12-16.

Lazzaro BP & Little TJ (2009) Immunity in a variable world.
Philos T Roy Soc B 364: 15-26.

Michalakis Y, Olivieri I, Renaud F & Raymond M (1992)
Pleiotropic action of parasites: how to be good for the host.
Trends Ecol Evol 7: 59-63.

Nidelet T & Kaltz O (2007) Direct and correlated responses to
selection in a host—parasite system: testing for the emergence
of genotype specificity. Evolution 61: 1803—1811.

Nidelet T, Koella JC & Kaltz O (2009) Effects of shortened
host life span on the evolution of parasite life history and
virulence in a microbial host—parasite system. BMC Evol Biol
9: 65.

Plekhanov A, Smurov AO, Podlipaeva Iu I, Ivanova LO & Gudkov
AV (2006) Heat shock proteins of freshwater protists and their
involvement in adaptation to changes in the environmental
salinity. Tsitologiia 48: 530-534.

Restif O & Kaltz O (2006) Condition-dependent virulence in a
horizontally and vertically transmitted bacterial parasite. Oikos
114: 148-158.

Salvaudon L, Héraudet V & Shykoff JA (2008) Arabidopsis
thaliana and the Robin Hood parasite: a chivalrous oomycete
that steals fitness from fecund hosts and benefits the poorest
one? Biol Lett 4: 526-529.

Smurov AO & Fokin SI (1998) Resistance of Paramecium
caudatum infected with endonuclear bacteria
Holospora against salinity impact. Proc Zool Ins RAS 276:
175-178.

Smurov AO & Fokin SI (1999) Resistance of Paramecium species
(Ciliophora, Peniculia) to salinity of environment. Protistology
1: 43-53.

© 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

20z Iudy Gz uo 1senB AQ Z9888G/ESE/Z/¥L/BI0INE/08SWSY/W00 dNO"OlWaPEDE//:SARY WO POPEOIUMO]



360

Stock C, Gronlien HK, Allen RD & Naitoh Y (2002)
Osmoregulation in Paramecium: in situ ion gradients permit

water to cascade through the cytosol to the contractile vacuole.

J Cell Sci 115: 2339-2348.

Tétard-Jones C, Kertesz MA, Gallois P & Preziosi RF (2007)
Genotype-by-genotype interactions modified by a third
species in a plant—insect system. Am Nat 170: 492—499.

© 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

A.B. Duncan et al.

Tseng M (2006) Interactions between the parasite’s previous and
current environment mediate the outcome of parasite
Infection. Am Nat 168: 565-571.

Wichterman R (1986) The Biology of Paramecium. Plenum Press,
New York.

Wolinska J & King KC (2009) Environment can alter selection in
host—parasite interactions. Trends Parasitol 25: 236—244.

FEMS Microbiol Ecol 74 (2010) 353-360

20z Iudy Gz uo 1senB AQ Z9888G/ESE/Z/¥L/BI0INE/08SWSY/W00 dNO"OlWaPEDE//:SARY WO POPEOIUMO]



