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2Eawag, Swiss Federal Institute of Aquatic Science and Technology, 8600 Dübendorf, Switzerland
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Co-infecting parasite genotypes typically compete for host resources limiting their fitness. The intensity of

such competition depends on whether parasites are reproducing in a host, or using it primarily as a trans-

mission vehicle while not multiplying in host tissues (referred to as ‘competition hypothesis’).

Alternatively, simultaneous attack and co-infection by several parasite genotypes might facilitate parasite

infection because such a diverse attack could present an additional challenge to host immune defence

(referred to as ‘facilitation hypothesis’). We tested the competition hypothesis by comparing the pro-

duction of transmission stages (cercariae) from snails infected with one or two genotypes of the

trematode Diplostomum pseudospathaceum. We found that cercarial production did not differ between

the two groups of snails, suggesting lower per genotype production in double infections, and competition

for host resources. Second, we tested the facilitation hypothesis by comparing parasite infection success

on fishes (proportion of parasites establishing in the host) using cercariae originating from single-infected

snails, double-infected snails and artificial mixtures of the single genotypes. In both cases, we found

higher infection success when fishes were challenged with two parasite genotypes instead of one, support-

ing the facilitation hypothesis. Our results suggest that constraints defining the success of multiple

genotype infections in parasites with multiple host life cycles include both between-genotype resource

competition in the host and performance of host immune defences against a diverse parasite challenge.

Keywords: host–parasite interaction; multiple genotype infection; competition; facilitation;

complex life cycle
1. INTRODUCTION
Co-infection, the infection of a host individual by two or

more parasite genotypes or strains, is common in natu-

rally infected hosts [1,2]. This within-host diversity can

lead to competitive interactions among co-infecting para-

sites and have significant implications for epidemiology

and evolution of host–parasite interactions [1]. Competi-

tive interactions are typically strong during parasite life

stages that multiply rapidly, show high host exploitation

rate and compete directly for host resources [3,4].

Under such circumstances, competition may result in

decreased rate of reproduction per genotype if sharing

the host means fewer available resources for each co-

infecting genotype. We refer to this as ‘competition

hypothesis’ below. Alternatively, competition could also

lead to increased rate of host exploitation and parasite

multiplication when compared with a single-genotype

infection [5]. Direct competition for resources, however,

may be less severe in life stages that do not multiply
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within hosts. Such life stages are common in trophically

transmitted parasites that encapsulate in intermediate

host individuals and use them as vehicles to predatory

definitive hosts.

Simultaneous attack and subsequent co-infection may

also facilitate parasite infection, because simultaneous

exposure to several parasite strains may compromise the

immune system of the host [6]. Such a simultaneous

exposure may be the result of a multiple infection in the

previous host, but also of a synchronous release of

genetically distinct transmission stages by several host

individuals. If synchronous co-exposure is advantageous,

it may lead to facilitation among parasite strains during

transmission and have significant evolutionary consequences

for parasite transmission strategies. This is referred to as

‘facilitation hypothesis’ below. To our knowledge, however,

the relative importance of within-host competition and gen-

etic heterogeneity of exposure for parasite transmission to

the next host has not been addressed in a single study system.

We tested the competition and facilitation hypotheses

by determining the rate of production of the infective

stages (cercariae), and their infection success on fishes

(proportion of parasites establishing in the host), in

single- and double-genotype infections of the trematode
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eye fluke Diplostomum pseudospathaceum. This parasitic

worm has a complex life cycle involving snail, fish and

bird hosts. Adult worms live in the gut of the bird and

reproduce sexually releasing eggs to the environment.

Larvae that hatch from these eggs (miracidia) actively

search for snail hosts and infect their gonad tissue. This

is followed by exploitation of host resources, which ulti-

mately leads to castration of the snail. All miracidia

are genetically different, but one snail can be infected

with more than one miracidia, which leads to multiple-

genotype infection. Parasites in the infected gonad tissue

produce cercariae larvae by multiplying asexually, which

effectively clones the original genotype of the miracidia.

In other words, cercariae emerging from one single-

infected snail are genetically identical. Cercariae are

released from snails in water where they infect fishes and

develop to metacercariae in the eye lenses. These long-

lived metacercariae do not multiply in the fishes and do

not consume fish resources to a great extent, but settle in

the lens until the fish is consumed by a bird. The range

of immune responses against the parasite that are activated

in fishes [7] can only take place during cercarial migration

towards the eye, within 24 h from exposure. Afterwards,

parasites are protected from host responses in the eye

lenses which lack blood veins and circulating antibodies.

In this study, we first measured the rate of cercarial

production from single- and double-genotype infected

snail hosts to test the competition hypothesis. Second,

we exposed fishes to cercariae originating from natural

single- and double-genotype infections in the snails to

address the facilitation hypothesis on infection success

in the fish. We also tested the facilitation hypothesis

using artificial mixtures of genotypes from the single-

genotype infected snails in varying proportions. This

set-up removed the possible confounding effect of

between-genotype competition in the snail on the parasite

transmission success on fishes. Our results were consist-

ent with the competition hypothesis in the snail, where

co-infection decreased the overall rate of transmission of

the two genotypes, but also consistent with the facilitation

hypothesis during the parasite establishment in the fish,

where co-exposure of hosts by two parasite genotypes

resulted in higher average infection success.
2. MATERIAL AND METHODS
(a) Sampling and microsatellite analysis

Lymnaea stagnalis snails were collected from Lake Vuojärvi

(628 N, 258 E), Central Finland, in July 2009. Snails were

brought to the laboratory, where 15 D. pseudospathaceum cer-

caria larvae were randomly picked from each infected snail.

Cercariae were stored individually in 1.5 ml Eppendorf

tubes in 15 ml of water and frozen at 2208C for subsequent

genetic analysis. In addition, a bulk sample of 15 cercariae

was picked from each snail and stored in Eppendorf tubes

as described above, resulting in a total of 30 cercariae that

were collected and analysed from each snail. Individually

stored cercariae were analysed to determine the relative pro-

portions of the two parasite genotypes in the double-infected

snails. The bulk samples of 15 cercariae from each snail were

analysed separately and used to corroborate the number of

parasite genotypes (one or two) in each snail. Infected

snails were stored individually in 1 l of water at ,58C
immediately after sampling and fed ad libitum with lettuce
Proc. R. Soc. B (2012)
for one week until the beginning of the experiment. Cold

temperature effectively stops parasite development, repro-

duction and cercarial release in the snails [8,9], which is

why the genotype proportions in the double-infected snails

were likely to remain unaltered during this time.

DNA from the individual cercariae and bulk samples was ex-

tracted with Chelex 100 resin [10]. Three microsatellite markers

(Diplo06, Diplo09, Diplo23) designed for D. pseudospathaceum

[11] were used to determine the number of parasite genotypes

within the snails as described in Louhi et al. [12]. All snails

were infected by different parasite multi-locus genotypes

(appendix A in the electronic supplementary material), which

was expected as these microsatellites are highly polymorphic

(in a total of 32 parasite multi-locus genotypes we found 17

(Diplo06), 27 (Diplo09) and 11 (Diplo23) alleles per loci)),

miracidia are produced sexually in the definitive host and

these microsatellite loci have proved to be sufficient to separate

parasite multi-locus genotypes [12]. We calculated the prob-

ability of a double infection in a snail by two genotypes

exhibiting the same multi-locus genotype in relation to the

allele frequencies of the lake population (estimated from a

larger sample of infected snails from the same lake) and found

this probability to be very low (,1025; appendix A in the

electronic supplementary material).

The probability of detecting a genotype in a double-infected

snail based on the cercarial numbers can be calculated as 1 2

(1 2 p)n, where p is the frequency of the genotype and n

the number of cercariae analysed. For example, in our case,

by analysing 30 cercariae from each snail, the probability of

detecting a rare parasite genotype would be 96 per cent if the

rare genotype accounted for 10 per cent of the total cercarial

production in a double-infected snail. Moreover, we calculated

relatedness [13] between the co-infecting parasite genotypes

using the software SPAGEDI [14] to analyse whether it had

an effect on parasite infection success in natural double infec-

tions or in the artificial mixtures of the single genotypes

(appendix B in the electronic supplementary material).

(b) Experimental exposures

Cercariae from 12 snails naturally infected with one parasite

genotype and 10 snails infected with two parasite genotypes

were used in the fish exposures. Prior to the exposures,

all snails were taken out of the cold room, placed individually

in 2.5 dl of water (178C), and allowed to produce cercariae for

3 h. Cercarial density in the suspension, as well as the total

number of cercariae produced, was estimated by taking

five 1 ml samples from each snail. In the first experiment, 10

previously unexposed rainbow trout (Oncorhynchus mykiss,

mean length+ s.e. ¼ 102.83+0.66 mm) were exposed indi-

vidually to 100 cercariae from each of the 22 snails harbouring

either one or two parasite genotypes, totalling 220 fish. In the

second experiment, artificial mixtures of two parasite geno-

types were produced by randomly assigning the 12 single-

infected snails in six pairs (named snails A and B), and com-

bining cercariae of each snail in a pair in seven different

proportions while keeping the total parasite dose constant at

100 cercariae per fish. The proportions were 100 : 0, 90 : 10,

75 : 25, 50 : 50, 25 : 75, 10 : 90 and 0 : 100, from snail A and

B in a pair, respectively. Ten rainbow trout were exposed indi-

vidually to parasites from each combination of the six snail

pairs and the seven genotype proportions, totalling 420 fish

(data for single genotype exposures (100 : 0 and 0 : 100) came

from experiment 1). Both experiments were conducted at the

same time, and the exposures took place in containers with
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Figure 1. Box plot showing the infection success of Diplosto-
mum pseudospathaceum cercariae on naive rainbow trout.
Parasites originated from either single- (left, n ¼ 12) or
double-genotype infected (right, n ¼ 10) Lymnaea stagnalis
snails. Infection success is defined as the proportion of
parasites establishing in the eye lenses of the fish.
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0.5 l of water (178C) and lasted for 30 min. After the exposure,

fish were placed in 35� 35 � 35 cm mesh cages, one group of

10 fish in each. The cages were placed randomly in five holding

tanks (1500 l, continuous water flow, 178C) so that the treat-

ments from the first (single versus double infection) and the

second experiment (genotype proportions and snail pair) were

assigned to multiple tanks. This minimized any possible tank

effect. Fish were maintained in these conditions for 48 h to

allow parasite establishment after which they were euthanized

with an overdose of MS-222 anaesthetic and dissected for the

number of parasites in the eye lenses.

(c) Statistical analysis

In the first experiment, parasite infection success in natural

single- and double-genotype exposures was analysed using

a nested ANOVA with the number of genotypes as a fixed

factor and snail as a random factor nested within the

number of genotypes. In the second experiment, analysis

on artificial genotype mixtures was carried out using an

ANOVA with genotype proportion as a fixed factor and

snail pair as a random factor. A polynomial contrast (quadra-

tic prediction) was used to test if more even mixtures of

genotypes resulted in higher infection success. All data ful-

filled the assumptions of equal variance and normal

distribution. Fish length was not different between the

groups exposed to one or two parasite genotypes (nested

ANOVA: F1,197 ¼ 0.460, p ¼ 0.498 (number of genotypes);

F20,197 ¼ 1.294, p ¼ 0.186 (snail nested within the number

of genotypes)) in the first experiment, or to different geno-

type proportions in artificial mixtures (nested ANOVA:

F6,377 ¼ 0.549, p ¼ 0.771 (genotype proportion); F35,377 ¼

1.127, p ¼ 0.290 (snail pair nested within the genotype pro-

portion)) in the second experiment, and was therefore not

included in the ANOVA models. Two fish died during the

experiments and were excluded from data leaving a total of

219 and 419 fish for the first and second analysis, respect-

ively. All analyses were conducted using SPSS v. 16.0.
proportion of parasite genotypes
single B10 : 9025 : 7550 : 5075 : 2590 : 10single A

Figure 2. Mean infection success (+s.e.) of Diplostomum
pseudospathaceum cercariae in single-genotype infections
and in artificial mixtures of two genotypes in different pro-

portions. Mixtures were produced by randomly assigning
the 12 single-infected snails (figure 1) to six pairs (snails
denoted by A and B in each pair).
3. RESULTS
There was no difference in the mean cercarial output from

the snails infected with one (mean+ s.e. ¼ 17 366+2106

cercariae 3 h21) or two (18 287+2207 cercariae 3 h21)

parasite genotypes (t-test: t20 ¼ 0.301, p ¼ 0.767).

Moreover, genotype proportions had no effect on the cer-

carial production of the double-infected snails (Pearson

correlation: r ¼ 20.213, n ¼ 10, p ¼ 0.556).

In both experiments, all fish became infected. In the first

experiment, cercariae originating from double-genotype

infected snails had a significantly higher infection success

(25.5% difference) on fish than cercariae from single-

genotype infected snails (mean+ s.e. ¼ 68.6+3.7 versus

54.7+2.0 parasites per fish, respectively) (nested

ANOVA: F1,197¼ 12.167, p ¼ 0.002; figure 1). We also

found a significant variation in infection success of cercariae

originating from different snail individuals (F20,197¼ 2.559,

p ¼ 0.0005). However, the infection success was not

affected by the actual proportions of the two parasite geno-

types in double-infected snails (6.7–46.7% of the emerging

cercariae were produced by the less common genotype, but

this did not correlate with the infection success (Pearson

correlation: r ¼ 20.117, n ¼ 99, p ¼ 0.247)).

In the second experiment, artificial genotype mixtures

had a higher infection success than single genotypes. The
Proc. R. Soc. B (2012)
largest difference (16.0%) was observed when genotypes

were mixed in equal proportions (polynomial contrast:

F6,377¼ 2.798, p ¼ 0.011; quadratic prediction provi-

ded the best fit (p , 0.001) and captured the shape of the

relationship; figure 2). There was also a significant differ-

ence among the snail pairs (ANOVA: F5,377¼ 4.172, p ¼

0.005 (snail pair); F6,377¼ 2.146, p ¼ 0.077 (genotype

proportion); F30,377 ¼ 1.304, p ¼ 0.135 (interaction)).

Relatedness among the co-infecting parasite genotypes

was low and did not have any effect on parasite infection

success either in the first or in the second experiment (see

appendix B in the electronic supplementary material).
4. DISCUSSION
The dominating paradigm in host–parasite research is

that interactions among parasite genotypes are antagon-

istic. Alternative hypotheses predicting that parasite
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genotypes could facilitate each other’s success have

received very little attention. Most of the examples show-

ing facilitative interactions among parasite genotypes

discuss cooperation in related pathogen strains and are

motivated by kin selection [15–17]. In this paper, we

examined the costs of competition for production of

transmission stages, and the benefits of co-exposures for

the establishment of the transmission stages, in conse-

cutive hosts of a trematode parasite. We postulated that

the advantage of co-infection in the establishment of

transmission stages could be mediated by parasite diver-

sity, which compromises host immune defences and

leads to higher average parasite infection success. In our

snail-fish-trematode system, the parasites first multiply

in the snail, relying heavily on host resources (high host

exploitation rate), and are then transmitted to fishes,

where they are less dependent on host resources and use

the fishes mainly as a vehicle to reach the definitive host

(low host exploitation rate). Therefore, the competition

is probably stronger in the snail host and the opportunity

for facilitation is higher during transmission/establish-

ment to/in the fish host. The optimal strategy for the

parasite would then be to avoid co-infection and com-

petition in the snail, and promote simultaneous attack

with another genotype during transmission and establish-

ment in the fishes. Our results are in accordance with this

prediction.

We found that double-genotype infections produced

fewer cercariae per parasite genotype, as predicted by

the competition hypothesis. The most likely explanation

for this is the reduced host resources available for each

co-infecting genotype in a competitive situation. The

idea of resource limitation is supported by the fact that

the daily production of cercariae from the snails decreases

with the age of infection [18], although this has not been

investigated in relation to the number of parasite geno-

types within a snail. Moreover, we observed that the

relative proportions of the two parasite genotypes in

double-infected snails had no effect on cercarial pro-

duction. This is surprising as it could be expected that

more equal proportions of the genotypes would intensify

competition and host exploitation rate, resulting in

higher production of transmission stages. The lack of

such a pattern, however, suggests that genotypes do not

actively increase their exploitation rate while sharing a

host, which again supports the overall conclusion that

the magnitude of cercarial production is mainly driven

by the available host resources for each genotype.

The results from the first experiment indicated that

cercariae from these natural double-genotype infections

had a higher infection success in fishes when compared

with single-genotype infections, supporting the facili-

tation hypothesis. To our knowledge, these data are the

first to show higher infection success of natural mixed-

genotype infections in a macroparasite. For example,

Davies et al. [5] studied the effect of double-genotype

infections in Biomphalaria glabrata snails on the cercarial

infection success of Schistosoma mansoni in mice and

found no difference when compared with cercariae

originating from single-genotype infections in the snails.

To our knowledge, the only study where such effects

have previously been reported dealt with transmission

success in mixed-strain infections of the rodent malaria

Plasmodium chabaudi in mice showing higher transmission
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to mosquitoes when compared with single-strain infec-

tions [19]. Our results suggest that although the average

infection success of genotypes from double-infected

snails was higher, the per genotype production of trans-

mission stages was lower than in single-infected snails.

More specifically, while cercariae from double-infected

snails had, on average, 25.5 per cent higher infection suc-

cess when compared with single-genotype infections, each

parasite genotype in double-infected snails produced, on

average, 50 per cent less cercariae. This suggests that in

cases where the proportions of the genotypes in the

snail are close to 50 : 50, the benefit from higher infection

success is eroded and both genotypes actually suffer from

co-infection in terms of reduced production of infective

stages. The overall transmission success could decrease

further if double infection decreased snail survival, thus

shortening the period of cercarial production. We do

not know if this is the case in our system, but it has

been described in other snail–trematode interactions [5].

In the second experiment, we determined whether

artificial mixtures of the parasite genotypes originating

from single-infected snails also lead to higher infection

success in fishes when compared with a single-genotype

attack, and if the success increased when genotypes

were mixed in more equal proportions. It is important

to note that this set-up excluded the possible confounding

effect of competition in the snail host and thus the differ-

ences in the infection success should come from the

responses of the fishes. We found that artificially mixed

genotypes were more successful than single genotypes,

and that the difference peaked when genotypes were

mixed in equal proportions (figure 2). This suggests

that the increase in infection success in double infections,

as already found in the first experiment, primarily orig-

inates from the heterogeneity of exposure and not from

specific characteristics of cercariae produced under con-

ditions of within-snail competition. Earlier studies on

parasites with complex life cycles have reported increased

[20], decreased [21] or unaltered [22] infection success in

artificial mixtures of parasite genotypes, suggesting

species-specific variation in these interactions. In other

systems, infection success was also shown to depend on

relatedness of the co-infecting parasite genotypes [23–

25], but this was not the case in this system. The low

level of relatedness among the parasite genotypes is not

surprising given the lack of genetic structure among the

parasite populations even over a large geographical scale

[12]. In our experiment, the infection success on fishes

was highest when genotypes were mixed in equal pro-

portions, which supports the hypothesis that higher

infection success was owing to a decrease in the effective-

ness of the host defence to cope with simultaneous attack

by two genotypes. This effect, however, was absent in

naturally double-infected snails in the first experiment

(see above) despite the considerable variation in genotype

proportions, which suggests that interactions exist

between the within-snail competition and the fish’s ability

to respond. The exact mechanism underlying these differ-

ent results, however, is unknown. Taken together, our

results suggest that parasites suffer from co-existence in

the snail, but infection of individual genotypes on fishes

is facilitated by the diversity of exposure.

We point out that we did not determine the relative pro-

portions of the co-infecting genotypes after establishment in
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fishes. It is possible, or even expected, that the interaction

between individual genotypes and the fish host involves

complex processes where one genotype may benefit dispro-

portionally when compared with the other. In extreme

cases, one genotype may also suffer from co-infection. As

the parasite life cycle includes a sexual stage and co-infec-

tions occur between random genotypes, natural selection

should operate on the average infection success of genotypes

exhibiting particular traits. This is what our result showed.

The average success of a parasite genotype co-infecting

the fish with another genotype was higher than the average

success of a single genotype. Also, average cercarial pro-

duction rate per genotype in the snail host was lower if a

genotype shared the snail with another genotype. We

assume that the key difference between the snail and the

fish host is that opportunity for competition between the

parasite genotypes in fishes is low because metacercariae

are unlikely to consume fish resources to a significant

extent. An eye lens of an individual fish can harbour

hundreds of metacercariae [26–28], suggesting that compe-

tition for space within the lens is also likely to be negligible

in infection intensities observed in wild fishes and used in

this experiment.

Higher success of parasite genotypes that attack simul-

taneously with others may have significant evolutionary

consequences for parasite transmission strategies. In this

system, there are several potential mechanisms for how

co-exposure could emerge. First, snail habitats are

restricted to shallow littoral zones of water bodies concen-

trating high numbers of hosts in a relatively small area and

creating infection ‘hotspots’ [29]. Second, the release of

cercariae from snails takes place synchronously within a

few weeks during summer [9] and mainly during the

day [18]. Given that natural fish hosts of these parasites

inhabit the same areas as the snails, and actively move

within and between the infection ‘hotspots’, a simul-

taneous co-exposure to multiple parasite genotypes is

likely to be the norm rather than an exception. Infection

of fishes by multiple genotypes may be advantageous

also later in the life cycle as it decreases the probability

of inbreeding when parasites become transmitted to an

avian definitive host and reproduce sexually [30]. Overall,

our results suggest that facilitative parasite genotype inter-

actions could be much more common than previously

acknowledged, while this does not exclude the possibility

for competition in hosts where exploitation rates are high.

Earlier, such facilitation has mainly been considered in

the context of kin selection of related pathogen strains

where the term ‘cooperation’ is typically used [15–17],

but studies considering advantages for transmission to

the next host are rare [31]. However, further empirical

and theoretical studies on cost–benefit ratios associated

with single versus multiple genotype interactions are

needed in different systems to address the generality of

these findings.
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