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The Red Queen hypothesis is based on the
assumption that parasites must genetically
match their hosts to infect them successfully. If
the parasites fail, they are assumed to be killed
by the host’s immune system. Here, we tested
this using sympatric (mostly susceptible) and
allopatric (mostly resistant) populations of a
freshwater snail and its trematode parasite.
We determined whether parasites which do not
infect are either killed or passed through the
host’s digestive tract and remain infectious. Our
results show that parasites do not get a second
chance: they either infect or are killed by the
host. The results suggest strong selection against
parasites that are not adapted to local host
genotypes.
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1. INTRODUCTION
The Red Queen hypothesis posits that selection
favours rare host genotypes in the presence of coevol-
ving parasites [1–3]. In turn, parasites should be
under strong selection to infect local host genotypes.
Some degree of genetic matching is essential, such
that a parasite genotype is recognized as ‘self ’ by the
host to evade the immune system [4–7]. Neither the
consequences of failed infection nor selection on para-
sites are commonly examined (for an exception, see
[8]), but strong selection is nonetheless an important
assumption of the Red Queen hypothesis [9,10].

Host–parasite interactions can be highly specific.
For example, invertebrates can be infected with and
also resist specific parasite genotypes (e.g. [11,12]),
as well as exhibit variation in these traits [13].
This specificity is clear from local adaptation
experiments, wherein sympatric host–parasite combi-
nations yield higher infection rates than allopatric
combinations (e.g. [14,15]), as well as from long-
term studies showing parasite tracking of common
host genotypes [16–18]. It is known that allopatric
parasites are less infective than sympatric parasites,
but unknown whether unsuccessful parasites are killed.

For natural selection to favour parasite genotypes
adapted to common host genotypes, parasites unable
to infect should pay a high fitness cost [10]. Selection
would be weak if parasites were not killed after an
unsuccessful contact [19] and returned to the environ-
ment for a second try on another host, or if parasites
were capable of reproducing without infecting a host.
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We tested whether unsuccessful parasites were killed
by the host or released alive, using a freshwater snail
and its trematode parasite. Parasite local adaptation
and host–parasite coevolution have been demon-
strated in this system [18,20–22]. We found little
support for the idea that failed parasites pass through
the snail unharmed. They either infect or die in the
snail host, but do not get a second chance. This con-
firms that there is probably strong selection against
parasites unable to infect the local host genotypes.
2. MATERIAL AND METHODS
(a) Study system

Potamopyrgus antipodarum is the first intermediate host for
Microphallus sp. This trematode parasite has a complex life cycle,
and requires two host species to reproduce: snails and waterfowl.
The parasite produces encysted larvae (i.e. metacercariae) and
sterilizes the snail after three months. It develops to the adult stage
after ingestion by the final waterfowl host, and then produces eggs
passed in bird faeces. Snails are exposed upon ingesting the eggs.
Trematode eggs hatch in the snail gut, and the parasite penetrates
the snail tissues to develop in the gonads [23]. Hatched parasites
not killed by snail digestive enzymes in the gut may be killed
during tissue invasion [24]. If the parasite eggs fail to hatch, they
may be released alive in the snail faeces [23].

(b) Experimental infections

We collected snails from shallow (,2 m) regions in Lakes Alexan-
drina and Poerua on the South Island of New Zealand. These
natural populations are under negative frequency-dependent selec-
tion from Microphallus sp. parasites [18,25], and parasite local
adaptation has been repeatedly found [22]. We collected parasites
from waterfowl faeces along the lake margins.

Exposures were conducted at the Edward Percival Field Station
in Kaikoura, New Zealand. Parasite eggs were obtained by washing
bird faeces with water and filtering the mixture through 1 mm
mesh. The experimental design is illustrated in figure 1. For each
‘field parasite’ treatment, we set-up three replicate containers
(1 l water) of 50 snails from each host 1 source. Eggs from each
population were equally divided among the replicate snail containers
within each ‘field parasite’ treatment. Host 1 snails were exposed for
12 h and then moved to containers without parasites for 12 h; this
was repeated over 3 days. Snail faeces were collected during the
second 12 h interval for the ‘released parasite’ treatment. The
host 1 snail-faeces mixture was divided into two equal volumes, one
for each of the host 2 sources. Three replicate containers of 50
snails from each host 2 source were exposed to the ‘released parasite’
treatment for 7 days. Snail faeces degrade rapidly (personal
observation), so host 2 snails would have encountered any parasite
eggs released from host 1.

All snails were transported to Indiana University. Snails were fed
Spirulina, and the water was changed regularly. Three months post-
exposure, we dissected all snails and recorded their infection status
and the parasite stage.

(c) Analyses

Statistical analyses were conducted using SPSS 17.0. We considered
only uninfected snails and experimentally infected snails (early-stage
infections); natural infections are easy to identify as they are fully
developed metacercariae.

We tested whether (i) parasite genotypes were better at infecting
sympatric host 1 than allopatric host 1 in the ‘field parasite’
treatment (i.e. parasite local adaptation). We also wanted to determine
whether failed sympatric parasite genotypes could pass through the
snail gut unharmed by testing (ii) whether sympatric host 2 were
more infected than allopatric host 2 in the ‘released parasite’ treat-
ments (total of four contrasts), and (iii) whether sympatric host 2
exposed to allopatric host 1 snail faeces were more infected than
those exposed to sympatric host 1 snail faeces (total of two contrasts).
The latter hypothesis is derived from the idea that if infections
establish in sympatric host 1, then the proportion of failed parasites
will be lower than in allopatric host 1. Thus, sympatric host 2
groups may be exposed to different numbers of parasites.

To examine hypothesis (i), we used a two-way analysis of variance
to test for differences in infection frequency among host and parasite
sources in the ‘field parasite’ treatment. Parasite and host sources
were treated as fixed factors. We used t-tests (assuming unequal var-
iances) to contrast infection frequencies among host sources within
each parasite source. In the ‘released parasite’ treatment, there
This journal is q 2010 The Royal Society
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Figure 1. Infection experiment with sympatric and allopatric

host–parasite populations. The first column represents the
‘field parasite’ treatment, where snails (host 1) were exposed
to parasites from waterfowl faeces collected from the field.
The second column represents the ‘released parasite’ treatment,
where snails (host 2) were exposed to host 1 snail faeces. Sym,

sympatric snails (dark grey) and allo, allopatric snails (white).
Arrows indicate the potential movement of parasites.

Table 1. Analysis of variance (ANOVA) and contrasts of

infection frequencies in the ‘field parasite’ (host 1)
treatments. Lake Alexandrina parasites: sym, sympatric
Lake Alexandrina snails; allo, allopatric Lake Poerua snails.
Lake Poerua parasites: sym, Lake Poerua snails; allo, Lake

Alexandrina snails.

ANOVA d.f. M.S. F p

host 1 1 0.016 18.047 0.003
parasites 1 0.004 4.859 0.059
host 1 � parasites 1 0.058 66.502 ,0.001

error 8 0.001

contrasts diff. t p

Lake Alexandrina parasites
symhost 1 2 allohost 1 0.21 6.678 0.017

Lake Poerua parasites
symhost 1 2 allohost 1 0.07 5.266 0.007
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Figure 2. Experimental infection frequencies (mean þ1s.e.)
on (a) host 1 sources in the ‘field parasite’ treatment, and
(b) host 2 sources in the ‘released parasite’ treatment from

exposures to Lake Alexandrina and Lake Poerua parasites.
Sym, sympatric snails (dark circles) and allo, allopatric
snails (open circles).
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were only eight infected snails out of 1021 host 2 individuals. Mean
infection frequencies were less than 3 per cent. Therefore, we per-
formed non-parametric Mann–Whitney tests on the six contrasts
described in hypotheses (ii) and (iii) above. We were unable to con-
trol for ‘field parasite’ dose, and so we only compared infection
frequencies within parasite sources.
3. RESULTS
Infection frequencies were higher in the ‘field parasite’
treatments than in the ‘released parasite’ treatments. In
the ‘field parasite’ treatments, sympatric host 1 was
significantly more infected than allopatric host 1, con-
sistently among parasite groups (table 1 and figure 2a).
This indicates that the parasites were locally adapted,
and thus better at infecting sympatric hosts than
allopatric hosts (hypothesis (i)).

In the ‘released parasite’ treatment, infection
frequencies were very low, at less than 3 per cent on
average (figure 2b). Each of the six contrasts was
insignificant (table 2 and figure 2b). Contrasts of infec-
tion frequencies between the four sympatric–allopatric
Biol. Lett. (2011)
host 2 groups (hypothesis (ii)) were insignificant after
we applied a Bonferonni correction (p , 0.0083). In
addition, the infection frequencies between sympatric
host 2 groups (hypothesis (iii)) were not significantly
different. These results suggest that failed parasites
are not regularly released alive.
4. DISCUSSION
Host-imposed selection on parasites is of central
importance to the Red Queen [10]. Our data suggest
strong selection against parasites that are not adapted
to local host genotypes. First, in the ‘field parasite’
treatment, while many sympatric parasites were suc-
cessful, fewer allopatric parasites infected, a finding
consistent with local adaptation experiments using
this system (e.g. [22]). Second, few snails in the
‘released parasite’ treatments were infected
(figure 2b), suggesting that most parasites either
infect or are killed, but not released. The benefits of
being adapted to infect local hosts are substantial,
much like the costs of failure. This is a requirement
for parasites to evolve with host populations, and par-
ticularly to maintain sexual reproduction [5,7,10,26].



Table 2. Mann–Whitney tests of contrasts in the ‘released parasite’ (host 2) treatments. Lake Alexandrina parasites: sym,
Lake Alexandrina snails; allo, Lake Poerua snails. Lake Poerua parasites: sym, Lake Poerua snails; allo, Lake Alexandrina
snails. Hypotheses (ii) and (iii) are indicated as described in the §2. n.a. indicates that we could not statistically compare two
host groups without infections. Differences in infection frequency are significant at p ¼ 0.0083 (Bonferonni correction).

hypothesis contrast diff. U p

Lake Alexandrina parasites
(ii) symhost 1, symhost 2 2 allohost 2 0.010 3.0 0.317
(ii) allohost 1, symhost 2 2 allohost 2 0.028 1.5 0.121
(iii) symhost 1, symhost 2 2 allohost 1, symhost 2 0.017 3.0 0.487

Lake Poerua parasites
(ii) symhost 1, symhost 2 2 allohost 2 0.008 3.0 0.317
(ii) allohost 1, symhost 2 2 allohost 2 0.026 0.0 0.037
(iii) symhost 1, symhost 2 2 allohost 1, symhost 2 0.000 n.a. n.a.
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Coevolution with specific genetic interactions has
been documented between several invertebrate species
and their parasites, including Daphnia waterfleas with
bacterial parasites [11], the bumble-bee Bombus
terrestris with trypanosomes [27] and P. antipodarum
snails with trematodes [17]. While parasite hatching
may not be host-specific [28], the snail immune system
may be specific. Few parasites were given a second
chance. The presence of less than 3 per cent infections,
on average, in the ‘released parasite’ treatment suggests
that some parasites pass through the snail gut unharmed
(as suggested in Byrd & Maples [23]). In the ‘field para-
site’ treatment, snails were exposed to probably higher
doses than in nature. Thus, the immune system of the
snails may have been overwhelmed, although this
remains speculative. Regardless, the percentage of
released parasites is likely too low to weaken selection.

Under the Red Queen hypothesis, strong selection
on parasites will promote adaptation to local host
genotypes. Our results show that parasites will die if
they cannot infect, and are therefore, under strong
selection to infect hosts in the local population.
Strong selection on parasites should be widespread in
natural host–parasite systems. However, further
empirical evidence is necessary to quantify the selec-
tion on parasites in natural populations, as well as
determine host effects on parasite evolution [8].

We are grateful to Tom Little for helpful suggestions.
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