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Parasite heterogeneity affects infection success
and the occurrence of within-host competition:
An experimental study with a cestode
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ABSTRACT

It has been suggested that a main benefit of sex is genetic heterogeneity among offspring, so as
to be better prepared for unpredictable interactions faced in the next generation. This may be
especially important in the co-evolutionary arms race between parasites and their hosts. The
aim of this study was to determine whether parasite heterogeneity influences transmission and
growth of the cestode Schistocephalus solidus in its copepod host. S. solidus can either repro-
duce by selfing or by outcrossing, producing different degrees of genetic heterogeneity in the
offspring. It is, however, not sufficient to compare selfed with outcrossed parasites, because
these two types may also vary, for example in their load of genetic damage caused by inbreeding
depression. We therefore used 10 parasite sibships to infect copepods, each with six larvae, that
came from either a single clutch (‘pure’ exposure; i.e. low heterogeneity) or a mixture of two
clutches (‘mixed’ exposure; i.e. high heterogeneity). We found that infection was more likely in
mixed exposures (increase in prevalence >50%). We also found that multiple infections were
more common in pure exposures. Parasite transmission rates were therefore only slightly
increased in mixed exposures (22%). Since parasite growth was reduced in multiple infections,
parasites from mixed exposures were on average more than 50% larger than those from pure
exposures at a time when they were infectious to the next intermediate host. One day after
exposure, we distributed the copepods between two different housing conditions, and let the
parasites grow within the hosts for 2 weeks. These two conditions resulted in different parasite
growth rates and different host mortalities. However, the conditions did not have a significant
influence on the prevalence and the parasite transmission rates either in the pure or the mixed
exposures. Sexual reproduction in this parasite appears to be advantageous because hetero-
geneity increases the range of hosts that can be infected, while it decreases the occurrence of
within-host competition. The parasite-host interaction that determines how many worms reach
their infectious stage appears to take place during the very early stages of infection.
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INTRODUCTION

One group of theories predicts that diversity-generating mechanisms like sex enable the
spread or even the creation of advantageous traits (see reviews in Michod and Levin, 1987,
Stearns, 1987; Kondrashov, 1993; Howard and Lively, 1994; Hurst and Peck, 1996). These
hypotheses typically require that the direction of selection is continuously changing; that is,
the main source of mortality is short-term environmental changes. This condition is fulfilled
in particular in co-evolving systems, such as parasite-host communities (e.g. Jaenike, 1978;
Hamilton, 1980; Hamilton ez al., 1990; Little and Ebert, 1999).

The effect of genetic diversity on parasite-host co-evolution has been studied almost
exclusively from the host’s point of view (see, for example, reviews in Ladle, 1992; Sorci et
al., 1997). However, the argument can be turned around to predict that sexual reproduction
in parasite populations is maintained as a diversity-generating mechanism to counteract the
rapidly changing selection imposed by the hosts’ immune system (Wedekind, 1999; for
examples in vertebrate hosts, see Read and Viney, 1996; Gemmill et al., 1997; Taylor et al.,
1997, 1998).

We tested experimentally whether parasite heterogeneity within a multiple exposure has
an influence on transmission and growth in a host. Our model species were the pseudo-
phyllidean cestode Schistocephalus solidus and its first intermediate host, the cyclopoid
copepod Macrocyclops albidus. S. solidus has a complex life cycle. It matures and reproduces
within a few days in the gut of piscivorous birds. The eggs pass out with the faeces into
water. After several weeks of development, a free-living larva, the coracidium, hatches and
is taken up by a copepod. Development to the procercoid stage and growth occur in the
body cavity of the crustacean and, if the latter is swallowed by a stickleback (Gasterosteus
aculeatus), the parasite develops into the plerocercoid stage and grows in the body cavity of
the fish. The life cycle is completed if the infected stickleback is swallowed by a bird and the
plerocercoid develops to the adult worm (Hopkins and Smyth, 1951; Clarke, 1954).
S. solidus causes a reduction in fitness in its copepod host (Clarke, 1954; Wedekind and
Milinski, 1996; Wedekind, 1997; Jakobsen and Wedekind, 1998) and in its fish host (liter-
ature summarized by LoBue and Bell, 1993), while it appears to cause little harm to its bird
host (Clarke, 1954; Tierney and Crompton, 1992).

Adult S. solidus live for only a few days in the gut of a bird. Therefore, birds will spread
eggs for only a few days (Tierney and Crompton, 1992; Schiarer and Wedekind, 1999). This
should happen where the two intermediate hosts of S. solidus are common, typically in
small ponds or shallow regions of larger ponds where the dispersion of eggs is often not
very widespread. We observed that, under laboratory conditions, coracidia from a clutch
typically hatch quite synchronously (i.e. within about a week) and normally live for only a
few hours but up to about one day. It is therefore likely that multiple infections in copepods
are often by sib-mates.

Adult S. solidus are simultaneous hermaphrodites that can reproduce either by selfing
or by outcrossing (Smyth, 1946, 1954; Wedekind et al., 1998; Schiarer and Wedekind,
1999; Scharer et al., submitted). This produces different degrees of genetic heterogeneity
in the offspring, which could influence the transmission dynamics in exposure. However, for
testing the effect of parasite heterogeneity on transmission, it is not sufficient to compare
selfed with outcrossed individuals, because these different types are also likely to vary
in their load of genetic damage caused by inbreeding depression (Charlesworth and
Charlesworth, 1987). Outcrossing is also likely to result in a generally increased degree of



Parasite heterogeneity affects infection 1033

heterozygosity. This could also covary with a general viability (Brown, 1997). Wedekind et
al. (1998) found that eggs of S. solidus that were forced to reproduce by selfing reached
lower hatching rates than outcrossed eggs from two-worm cultures 10 weeks after egg
production. They also found that outcrossers and selfers differed in their maternal invest-
ment per egg. Eggs of selfers were on average smaller and contained even smaller embryos
per given egg size than eggs of outcrossers (see also Scharer and Wedekind, 1999). Here, we
controlled for all these potential confounding variables by using the larvae of 10 different
clutches (sibships of S. solidus) to experimentally infest copepod hosts either by six larvae
of a single clutch or by three larvae from each of two clutches.

It takes procercoids a week or more to develop a cercomer and thereby reach the
infective stage in the copepod host; that is, the stage at which the larva has the potential to
successfully establish itself in the next host (Clarke, 1954; Wedekind, 1997). The procercoids
in this study were allowed to grow for 14 days, and their hosts were distributed between two
housing conditions, which began 1 day after exposure. This also allowed us to test whether
the degree of parasite heterogeneity in a multiple exposure influences early establishment
or later parasite growth under two different housing conditions.

METHODS

We caught naturally infected sticklebacks from a pond in Bochum, Germany, and kept
them for several months in the laboratory until we began the experiments. We used 17 fish
that contained 1-8 S. solidus plerocercoids weighing 52-693 mg. The copepods stem from
cultures that have been maintained in our laboratory for several years following techniques
described by Orr and Hopkins (1969).

We obtained cestode eggs of known sibship by letting the worms reproduce in an in vitro
apparature that replaces the bird host (modified from Smyth, 1954). The plerocercoids
were removed aseptically from sticklebacks (on a balance to measure their weight simul-
taneously) and immediately inserted into seamless semi-permeable tubes. One or two tubes
were suspended in a 500-ml bottle filled with sterilized culture medium at 40°C and shaken
continuously for 4 days during incubation (for more details, see Wedekind, 1997). The eggs
of each culture (later designated as ‘clutches’) were collected and kept at 20°C in tap water
until they hatched.

To limit the genetic heterogeneity within a sibship as much as possible in our experi-
ments, we mainly used eggs of one-worm cultures that were expected to be selfed
(Smyth, 1954). However, we know from our own experience that selfed eggs of S. solidus
normally do not hatch very well under laboratory conditions (see also Wedekind et al,
1998), whereas clutches of multi-worm cultures that are likely to be largely outbred
normally achieve good hatching rates. To ensure enough hatchlings, we also initiated
some multi-worm cultures. We began 22 cultures with one worm, one culture with three
worms, and four cultures with four worms each. In the multi-worm cultures, we combined
worms that were of similar weights and, if possible, from different donor fish (the excep-
tion was the four-worm culture ‘D’, in which two worms came from two fish each). Any
potential differences between single-worm and multi-worm cultures would not influence
the conclusions of our study. These potentially confounding differences were controlled
for by the way the experiment was set up and by the data analysis we chose (see below
and Results section).
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Before infestation, copepods without egg sacks were filtered from the culture tanks and
transferred singly into wells (volume of water ~ 2 ml) of ELISA plates where they were
kept throughout the experiment. Six coracidia of S. solidus (retrieved with a micropipette)
were then added to the individual copepods. These six coracidia were either from the same
clutch (‘pure’ exposure) or from two different clutches (‘mixed’ exposure, three coracidia
of each). It should be noted that there is still some genetic heterogeneity within the off-
spring of a clutch. This is especially so in the clutches of multi-worm cultures, but also in
the clutches of one-worm cultures, since selfing is still a form of sexual reproduction.
However, to give the two treatments a name, we use the terms ‘pure’ and ‘mixed’ exposure
here.

Pure and mixed exposures were balanced with respect to the well in the ELISA plates, and
randomized with respect to the copepods’ capture order (which might be correlated with a
number of traits; see Wedekind and Milinski, 1996). Infections took place over several days,
but all copepods within an ELISA plate were exposed to coracidia on the same day. The rate
of pure and mixed exposures per day was similar; on average, 36.2% (standard error = 2.1%)
of the copepods per ELISA plate were exposed to a mixed set of coracidia. Which coracidia
were used for pure and mixed exposure was dependent on the hatching pattern of the
different cultures and hence on the availability of coracidia. That this resulted in a non-
random mixing was taken into consideration in the analyses (see Results). In several para-
site sibships, only a few coracidia hatched during the time the copepods were exposed.
Sibships in which less than five copepods could be exposed per pure and mixed exposure
were not included in the analyses (the ‘worst’ culture included in the analyses was sibship ‘C’
with 20 exposed and surviving copepods). We could therefore only use six one-worm
cultures (plerocercoid weight, x=335.5% 58.2 mg; mean + standard error) and all four
four-worm cultures (¢ = 300.5 £ 15.2 mg). They were not significantly different in terms of
their mean weight (z-test for separated variances, ¢t =0.54, P =0.61, two-tailed). The six
one-worm cultures came from six different donor fish and the four-worm cultures came
from 11 different donor fish (12 donor fish in total).

The copepods were not fed in the ELISA plates before exposure and for 24 h after
exposure. At that time, about half of the ELISA plates (containing 53.3% of all copepods)
were closed with a net and sunk in a tank containing plants and stones in aged pond water
with Paramecium sp. added as a constant food supply (22.5°C, constant light and current;
‘first housing condition’). The other ELISA plates with copepods were placed in a climate
chamber (20°C, 12 h light/12 h dark) and fed every 4 days with two freshly hatched Artemia,
starting from day 1 after exposure (‘second housing condition’).

To determine infection success and the sizes of the hosts and the parasites, all copepods
were filmed under a microscope 14 days after exposure. The number of procercoids was
recorded and, after removing them from the copepod with two fine needles, they were filmed
for subsequent determination of their size (by A.R., who did not know which copepods had
been exposed to pure or mixed sets of coracidia). The size of the copepods was determined
by measuring the distance from the base of the first antenna to the end of the 4th thoracic
segment to the nearest | gm and converting to the copepod volume using the formula:

copepod volume = % -length*** )

(Wedekind et al., in press). The size of the cercomer correlates well with the size of the
rest of the procercoid (Wedekind et al., in press). Therefore, if the procercoid possessed a
cercomer, procercoid volume (which includes the cercomer) was estimated by measuring the
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maximal area of the longitudinal section of its body, excluding the cercomer, and converting
it to procercoid volume using the formula:

procercoid volume = - area'** ?)

For the few procercoids that had not yet developed their cercomer, we used the formula:

0.279 , 1.385 (3)

procercoid volume = ¢ area

(Wedekind et al., in press). To measure the severity of an infection, we calculated the total
volume of all parasites in a copepod as the percentage of the body volume of its host
(= ‘parasite index’).

RESULTS

Of the 462 copepods, 49 (10.6%) died for unknown reasons. Whether or not the copepods
were infected by a pure or mixed set of coracidia did not correlate significantly with mortal-
ity (Fisher’s exact test, P = 0.43, two-tailed). However, the two housing conditions resulted
in different mortalities, 14.0% mortality when submerged in a tank and 6.8% when kept in a
climate chamber (Fisher’s exact test, P =0.015, two-tailed).

Of the 413 surviving copepods, 74 were infected with 1-4 parasite larvae. The prevalence
and the number of larvae per infected copepod were not significantly different between
the two housing conditions (in both comparisons, P > 0.30). One-worm and four-worm
cultures did not differ significantly with respect to their prevalence in pure exposures
(Mann-Whitney U=11.5, P=0.92) or with respect to the number of larvae per infected
host (U=2.5, P=0.08, two-tailed) (Tables 1 and 2). However, the analysis of differences
between these two mating groups lacked statistical power, as they consisted of very few
sibships; with the sample sizes here (n, =4, n,=6) and a two-tailed a-value of 0.05, the
probability of finding a medium effect of d= 0.5 is below 10% and of finding a strong effect
of d=0.8 it is still below 25% (Cohen 1988, p. 36).

When examining the effect of mixed versus pure exposure, we had to control for possible
differences of the 10 sibships used. This was necessary because, when exposing the cope-
pods, the different sibships could not be mixed randomly but had to be mixed according to
the availability of coracidia. The outcome of mixed exposures was therefore compared to a
null-expectancy calculated from the outcome of the various pure exposures (see more
detailed explanation in the respective table headings). This resulted in 10 paired replicates
(i.e. observations and calculated null-expectancies for 10 sibships). However, these replicates
were not fully independent as required by the ¢-statistics. To test the influence of this
violation of the model assumption of the z-test, we performed a randomization test. In this
procedure, the partners for mixed exposures were newly assigned for each sibship using
a random number generator, and a new null-expectancy for this assignment was calculated.
This was repeated 1000 times for each sibship. In this way, we obtained a frequency
distribution of possible null-expectancies to which the observed and expected values could
be compared. Tables 1-3 and Table 5 show the means (% standard deviation, s) of these
frequency distributions and the percentage of respective simulation runs that resulted in
differences of the same sign (i.e. the difference given in the tables and used for the #-tests). In
nearly all cases, this was over 50% and was often 100% (i.e. there is no possible way of
calculating a null-expectancy that would lead to a qualitatively different result as that
shown).
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Table 2. Average number of parasite larvae per infected copepod in pure and in mixed exposures. The
numbers of infected copepods per sibship are given in parentheses. The expected number of parasite
larvae per mixed infection and the randomization tests were calculated analogously to the procedure
described in Table 1

Outcome of

Observed randomization test:
Expected mean expectancy s
Cestode Pure Mixed for mixed {% runs with same Relative
sibship exposure exposure exposure sign of difference} difference*
A 1.0 (1) 1.0 (1) 1.50 1.00 £0.08 {56.7%} -33.3%
B 2.0(1) 1.0 (5) 1.74 1.62£0.12 {100%} —42.5%
C 1.5(2) 1.0 (1) 1.68 1.51 £0.20 {99.9%} —40.5%
D** 2.0(3) 1.2 (10) 1.70 1.72+£0.11 {100%} -29.4%
E** — (0) 1.0(3) 0.96 0.76 £0.18 {87.7%} +4.2%
F 1.0(3) 1.5(6) 1.52 1.28+£0.12 {3.3%} -1.3%
G 1.5(6) 1.7(7) 1.68 1.44 £0.15 {99.0%} +1.8%
H 1.0 (1) 1.0(3) 1.54 1.29£0.20 {99.5%} -35.1%
I** 1.5 (10) 1.4 (10) 1.77 1.52£0.19 {64.3%} -20.9%
J* 2.2(13) 1.4 (22) 1.85 1.79+£0.07 {100%} -22.7%
Average 1.52 1.22 1.59 1.39 -22.0%

* (Observation in mixed exposure — expected) - 100/(expected).
** Offspring from four-worm cultures.

The prevalence of infected copepods was on average 58.6% higher in mixed exposures
than in pure exposures (Table 1, Fig. 1a). However, since the expected prevalences for mixed
exposures were calculated from the pure exposures, and the numbers of infected copepods
resulting from pure exposures were often very low (see Table 1), the relative differences
should be regarded as rough estimates for some of the sibships.

If infected, copepods from the mixed exposures harboured on average 22.0% less
parasites than would have been expected from pure exposures (Table 2, Fig. 1b). The trans-
mission rate — that is, the percentage of parasite larvae that survived and could establish in
the host — was therefore only slightly higher in mixed exposures (compared to calculated
null-expectancies: ¢, = 1.93, P =0.086; compared to pure exposure: ¢, = 2.58, P =0.03, two-
tailed) (Table 3, Fig. 1c).

As a second control for the robustness of the z-statistics, we assessed whether parasite
sibships that achieved higher prevalence were used more often for mixed exposures (Table 1,
Fig. 1a). This was not the case (Spearman’s r,=0.19, P = 0.601, two-tailed). When assessing
whether parasite sibships that achieved higher numbers of parasites per infected copepod
were used less often for mixed exposures, we found that they tended in fact to be used more
often (r,=0.66, P =0.055), which would obscure the effect described in Table 2 and Fig. 1b
rather than artificially produce it. The transmission probabilities of the 10 sibships did not
correlate significantly with how often they had been used for mixed exposures (r, = 0.32,
P =0.374).

The parasite index used to estimate the severity of an infection — that is, the total parasite
volume as a percentage of copepod volume — ranged from 0.06% to 8.67%. This index was
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Fig. 1. Performance of the cestodes in their copepod host when the parasite heterogeneity at exposure
was high (mixed exposure) or low (expected values calculated from pure exposure; see text for explan-
ation). (A) Prevalence (paired t-test, 1 =4.75, n = 10); (B) average number of procercoids per infected
copepod (¢t =4.25, n=10); (C) transmission rates, i.e. the survival per individual coracidia (¢ =1.93,
n=10); (D) the average procercoid volume per infected copepod (¢ =2.35, n=10). All values are
reported as the mean + standard error. P-values are two-tailed.

significantly different between the two housing conditions and whether or not a copepod
was infected by one or several parasite larvae (Table 4). However, the parasite index did not
appear to depend on whether the exposure was a mixed or a pure one (Table 4). When
submerged in a tank the parasite index was on average 1.13% (standard error = 0.15), while
when kept in the climate chamber it was on average 2.71% (standard error = 0.33). Singly
infected copepods had an average parasite index of 1.39% (standard error = 0.17), while the
parasite index of multiple infected copepods was on average 3.34% (standard error = 0.47).
Although the parasite index was higher in multiple infected copepods, the mean size of the
individual parasites was smaller with higher numbers of competitors within a host (ANOVA,
F=06.787, d.f. =3, P<0.001). This result, combined with that in Table 2, leads to the pre-
diction that the mean size of the parasites per copepod should be larger in mixed exposures
than pure exposures. This was the case; the increase in procercoid size in mixed exposures
was on average 98.1% (median = 56.5%) (Table 5, Fig. 1d). In singly infected copepods, the
procercoids of mixed and of pure exposures were of similar size (¢ =0.71, P = 0.48).
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Table 3. Transmission rate (i.e. the percentage of parasite larvae that survived and could establish
themselves in the host) in pure and in mixed exposures. The expected number of parasite larvae per
mixed infection and the randomization tests were calculated analogously to the procedure described in
Table 1

Observed Randomization test:
Expected mean expectancy £ s

Cestode Pure Mixed for mixed {% runs with same Relative
sibship exposure exposure exposure sign of difference} difference*
A 1.28 2.38 3.10 2.41 +£0.68 {52.9%} -23.1
B 2.08 3.09 4.02 2.81+0.81 {36.4%} -23.3
C 2.94 2.08 2.47 3.18 £ 1.26 {80.3%} -15.5
D** 2.56 3.70 3.42 2.98+0.76 {78.8%} +8.3
E** 0.00 2.94 1.52 1.88£1.10 {70.3%} +92.9
F 1.43 5.56 3.48 2.52+£0.85 {100%} +59.4
G 8.33 8.00 5.36 5.57+0.70 {100%} +49.2
H 0.98 3.57 3.56 2.29+1.30 {69.2%} +0.2
I** 7.35 8.97 6.51 5.15£1.05 {100%} +37.9
Jrx 6.62 6.25 4.98 4.81+£0.47 {100%} +25.5
Average 3.36 4.65 3.84 3.36 +21.2

* (Observation in mixed exposure — expected) - 100/(expected).
** Offspring from four-worm cultures.

Table 4. Results of a three-way analysis of variance on the parasite index of infected
copepods (i.e. the total parasite volume as a percentage of copepod volume)

Source of variation SS d.f. F P
Housing condition 21.65 1 10.3 0.002
Pure vs mixed exposure 0.05 1 0.03 0.88
Single vs multiple infection 27.74 1 13.1 0.001
All possible interactions 3.05 4 0.02-0.67 0.42-0.89
Error 135.08 64

DISCUSSION

We tested experimentally whether parasite heterogeneity affects infection success. When the
six coracidia used to expose the copepod originated from two different parasite sibships
(‘mixed exposure’), we observed a more than 50% increase in prevalence compared with
exposures with six coracidia of one sibship only (‘pure exposure’). However, this cannot be
translated directly to a higher parasite transmission. Copepods that were successfully
infected by a pure exposure harboured on average more parasites than those infected by a
mixed exposure. Parasite transmission rates were therefore only slightly and not signifi-
cantly increased in mixed exposures.

This slightly increased transmission rate is not the only potential advantage for parasites
in mixed exposures. Procercoid growth is limited by the size of its copepod host and by
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the number of competitors within a host (Wedekind, 1997). Although the overall parasite
index — that is, the total volume of the parasites as a percentage of copepod volume —
increased with increasing number of parasites, the individual parasites of multiple
infections did not grow as large as those that were alone in a host. Since procercoids from
mixed exposures were more often alone in hosts, they would be expected to grow larger; this
was the case. The difference in growth was clearly more than 50% in favour of parasites that
came from mixed exposures. However, it is unclear what influence this size difference has
on transmission and growth in the next intermediate hosts — that is, how it translates into
fitness. There are no data available on this aspect.

The two housing conditions used resulted in different mortalities and in different parasite
growth. The copepods appeared to be better fed and less stressed when kept in closed 2-ml
wells and fed with Artemia than when kept in net enclosures submerged in an 80-litre tank
with Paramecium sp. added to the water. Nevertheless, the prevalence and the number of
parasites per infected copepod were not significantly different between the two conditions.
Moreover, the outcome of the exposure by pure or by mixed groups of parasites did
not interact significantly with the two housing conditions (see interactions in Table 4).
This suggests that the housing conditions influenced the growth rate of the parasites but
not their survival, although sometimes procercoids die during the first 14 days in their host
(L. Schirer and C. Wedekind, unpublished observations). The main interaction between
the parasites and their copepod host (i.e. the interaction that determines how many worms
are successfully transmitted) appeared to take place during the very early stages of
infection. Differences between the two housing conditions started 24 h after exposure
and did not significantly influence parasite transmission as measured 14 days after
exposure.

That pure exposures resulted in multiple infection more often than mixed exposures
indicates that there may be a kind of a strain-for-strain interaction between S. solidus and
its copepod host. It would appear that, if a parasite is able to establish itself in the host,
siblings of this successful individual have a higher probability of establishing themselves
than non-siblings. An alternative explanation for our findings is that coracidia or early
procercoids possess mechanisms to directly compete (or even kill) each other in the copepod
host. If such competition exists, it could potentially be stronger between non-siblings than
between siblings.

Our results show that heterogeneity in parasites plays a crucial role in their infection
success and in the occurrence of within-host competition. The amount of heterogeneity
that we produced in our experiments cannot yet be compared to that which pairing would
produce, especially because helminths often perform some selfing even in the presence of a
partner (Nollen, 1983). The amount of heterogeneity that we produced could, therefore, be
more than sex between worms in the same bird would generate. Nevertheless, offspring of
an outbred clutch can be assumed to be genetically more heterogeneous than those of a
selfed clutch. The important benefits from outbreeding in this parasite appear to be (1) that
the offspring can infect a broader range of hosts and achieve even slightly higher transmis-
sion rates (supporting the ‘lottery model’, Williams, 1975) and (2) that infections result in
larger procercoids because multiple infections, and hence within-host competition, are less
likely. These benefits of outcrossing would add to the likely benefits of reduced inbreeding
depression (Charlesworth and Charlesworth, 1987) and a potential general heterozygosity
advantage (Brown, 1997).
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