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Evolutionary ecology predicts that parasite life-history traits, including a parasite’s survivorship and

fecundity within a host, will evolve in response to selection and that their evolution will be constrained by

trade-offs between traits. Here, we test these predictions using a nematode parasite of rats, Strongyloides

ratti, as a model. We performed a selection experiment by passage of parasite progeny from either early in

an infection (‘fast’ lines) or late in an infection (‘slow’ lines). We found that parasite fecundity responded to

selection but that parasite survivorship did not. We found a trade-off mediated via conspecific density-

dependent constraints; namely, that fast lines exhibit higher density-independent fecundity than slow lines,

but fast lines suffered greater reduction in fecundity in the presence of density-dependent constraints

than slow lines. We also found that slow lines both stimulate a higher level of IgG1, which is a marker for a

Th2-type immune response, and show less of a reduction in fecundity in response to IgG1 levels than for

fast lines. Our results confirm the general prediction that parasite life-history traits can evolve in response

to selection and indicate that such evolutionary responses may have significant implications for the

epidemiology of infectious disease.
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1. INTRODUCTION
Parasitic nematodes infect up to two billion people world-

wide, are a major cause of economic losses in livestock and

infect virtually all wild vertebrate populations (Gulland

1995; Larsen et al. 1995; de Silva et al. 2003). The diseases

caused by these parasites are therefore a major concern for

human and animal health. From an ecological and

evolutionary perspective, the ubiquity of nematode infection

suggests that these parasites play a significant role in the

population dynamics of their hosts (Anderson & May 1978;

May & Anderson 1978; Anderson & May 1992) and act as a

driver for natural and sexual selection in their host

populations (Haldane 1949; Hamilton & Zuk 1982).

While an increasingbodyofwork provides empirical support

for the effects of nematode parasites on the ecology and

evolution of their hosts (Gulland et al. 1993; Hudson et al.

1998; Paterson et al. 1998; Tompkins et al. 2002), there is far

less work on the evolutionary ecology of the parasites

themselves (Skorping et al. 1991; Gemmill et al. 1999;

Grenfell et al. 2002).

Survivorship and fecundity within a host are life-history

traits that are critical to the fitness of parasitic nematodes

(Skorping et al. 1991; Anderson & May 1992). Determin-

ing the ecological factors that shape the evolution of

parasite survivorship and fecundity is therefore of direct

relevance to understanding the epidemiology of infectious

disease. Thus, the persistence of an infection within an

individual and the transmission of infection between

individuals are directly related to parasite survivorship

and fecundity, respectively (Paterson & Viney 2003).

Reducing either the persistence or transmission of

infection—by using chemotherapy, vaccination or public

health measures—will reduce the prevalence and intensity
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of infection and disease. Epidemiological models,

however, tend to assume that parasite life-history traits,

such as survivorship and fecundity, remain constant

through time. Several commentators have questioned

this assumption and argue that parasite life-history traits

will evolve in response to drug or vaccine treatments

aimed at reducing the prevalence or intensity of infection

(Poulin 1998; Skorping & Read 1998). This evolution by

the parasite population may often act to compromise the

intended effect of the drug or vaccine treatment. For

example, Poulin (1998) suggests that shortening the

duration of a nematode infection by drug treatment will

negate any advantage to a parasite being long-lived, which

may lead to an evolutionary response in the parasite

population for a shorter age to maturity and/or an

increased investment in fecundity. In other words, the

survivorship of a parasite may trade-off against other

traits, such as age to maturity and fecundity. Such trade-

offs are a cornerstone of evolutionary ecology and have

been empirically validated for a range of free-living

organisms (Rose 1984; Partridge & Sibly 1991; Stearns

1992). A priori, there is no reason why such trade-offs

ought not to apply to parasitic nematodes and may act as

natural constraints on the persistence and transmission of

nematode infections.

One important difference between a free-living organ-

ism and a parasite of vertebrates is that the parasite must

survive and reproduce in the face of a sophisticated

immune response directed against it (Wakelin 1996). For

a parasitic nematode, the effects of this immune response

on its survivorship and fecundity are generally density

dependent (Keymer 1982; Paterson & Viney 2002). That

is, the more worms inside a host, the greater the level of

immune activation and the greater the reduction in

survivorship and fecundity experienced by each individual
This journal is q 2007 The Royal Society
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parasite. Thus, the ability of an individual parasite to

survive and reproduce is very much dependent on the

number of other conspecifics within a host and on a host’s

immunological memory of previous infections. Since the

survivorship of individual worms will affect the density of

conspecifics within a host, the evolutionary dynamics of

such a system are potentially complex.

Strongyloides ratti provides a tractable laboratory model

to study the evolutionary ecology of nematode infections

(Viney 1999; Paterson & Viney 2003). It is a natural

parasite of rats, readily maintained in laboratory infec-

tions, and sister species within the genus infect a range of

mammals, including humans (Dawkins 1989). In

previous work, we have demonstrated that genetic

variation among naturally occurring S. ratti genotypes

leads to variation in their survivorship and fecundity

within a host (Paterson & Viney 2003). We have also

shown that S. ratti survivorship and fecundity are

negatively affected by the density of conspecifics within

an infection and that these density-dependent effects are

mediated by the host immune response (Paterson & Viney

2002). Here, we use this system to select lines of S. ratti by

repeated passage of the progeny produced either early or

late in the course of an infection. A priori, we predict that

(i) passaging progeny taken from early in an infection will

select for increased early fecundity and relax selection for

survivorship and (ii) passaging progeny taken from late in

an infection will select for increased late fecundity and

increased survivorship. Here, we test these predictions and

test for trade-offs between life-history traits.
2. MATERIAL AND METHODS
(a) Study system

Strongyloides ratti in the wild is soil-transmitted (Dawkins

1989). Infection is by skin penetration, followed by migration

through muscle, lungs, nasopharyngeal region and finally the

small intestine, where the adult parasites mature and

reproduce (Tindall & Wilson 1988). The parasitic stages

are exclusively female and produce eggs by mitotic parthe-

nogenesis (Viney 1994), which are passed in the faeces and

can then develop by one of two developmental routes (Viney

1996; Harvey et al. 2000). In homogonic development, eggs

develop directly into infective third-stage larvae (iL3s). In

heterogonic development, eggs develop into free-living males

and females, which mate and produce eggs that develop into

iL3s. For the work presented here, all lines were maintained

by discarding the initial burst of homogonic iL3s after 3 days

of culture at 198C and collecting only those larvae produced

after 8 days of culture, which greatly enriches for iL3s

produced heterogonically from the mating of (and hence

genetic recombination between) free-living adults.

(b) Selected lines

In order to provide a broad genetic base on which selection

could act, selected lines were initiated by crossing lines

ED248 and ED321, which were originally isolated from

Japan and the USA, respectively (Paterson & Viney 2003).

Female Wistar rats (Charles River, UK) were infected with a

mixture of 100 iL3s of each of ED248 and ED321 and from

this infection iL3s were then collected that resulted from the

mating of free-living adults in culture. Two selection regimes

were used. First, a ‘fast’ regime, where pairs of Wistar rats

were each infected with 100 iL3s by subcutaneous injection.
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Faeces were collected together from each pair of rats at 5 days

post-infection (p.i.), cultured as described previously, and the

resulting iL3s used to initiate the next generation. Second, a

‘slow’ regime maintained in the same manner except that iL3s

collected from faeces at least day 34 p.i. were used. Thus, five

fast and seven slow lines were generated. Since S. ratti cannot

reliably be cryopreserved, lines were maintained by this

passage procedure throughout the period of this work and

with the fast and slow lines out of synchronization with each

other. As a result, the assays described were performed on

lines having undergone a different number of generations of

selection, ranging from 20 to 50 generations.
(c) Experiment 1. Assay of survivorship and fecundity

in selected lines

Groups of 24 female Wistar rats were each infected with 100

iL3s from one of two fast lines (LIV10F or LIV12F) or from

one of two slow lines (LIV2S or LIV3S). The experiment was

split into two blocks, with LIV10F and LIV3S in one block

and LIV12F and LIV2S in the other block. On days 5, 12, 19

and 26 p.i., faeces were collected from four rats from each

group overnight and on day 33 p.i., faeces were collected from

the remaining eight animals in each group. These faeces were

cultured at 198C for 3 days to measure the reproductive output

of each infection, i.e. the number of viable eggs produced by an

infection, as described previously (Paterson & Viney 2003).

On days 6, 13, 20, 27 and 34 p.i., animals were fasted

overnight and culled on the following morning, dissected and

guts frozen until the number of parasitic females could be

counted by slitting guts longitudinally and pressing between

two glass plates (Paterson & Viney 2003). Unfortunately, a

technical error prevented the accurate estimation of viable

eggs for LIV2S and LIV12F on day 5 p.i., so these data were

excluded from subsequent analyses.
(d) Experiment 2. Immune interaction with

selected lines

Groups of four female Wistar rats were each infected with 100

iL3s from one of four fast lines or one of five slow lines. On

day 5 p.i., peripheral blood was collected from two animals in

each group for IgG1 quantification (below) and then faeces

were collected from these animals overnight. On day 6 p.i.,

animals were fasted overnight and culled on the following

morning, dissected and guts frozen until the number of

parasitic females could be counted, as performed for

experiment 1. These same procedures were performed on

the remaining animals in each group during days 33–35 p.i.
(e) Experiment 3. Length of parasitic females

from selected lines

Groups of six female Wistar rats were infected with 100 iL3s

from either a fast line (LIV10F) or a slow line (LIV2S). On

days 4–6, 11, 18 and 21 p.i., one rat from each group was

culled and small intestines dissected, slit longitudinally and

hung in measuring cylinders containing RPMI at 378C for

1 h. Intestines were transferred to fresh RPMI and hung for a

further hour. Parasitic females were collected from the

bottom of measuring cylinders and transferred to steaming

formal saline (Wilkes et al. 2004). From each rat, 15–20

females were digitally photographed under a dissecting

microscope and their length calculated using IMAGEJ software

(http://rsb.info.nih.gov/ij/ ).

http://rsb.info.nih.gov/ij/


Table 1. Experiment 1: minimal models for assays of survivorship and fecundity. ((a) kZ3.71, AICZ733, residual d.f.Z93.
(b) kZ1.10, AICZ1074, residual d.f.Z74.)

term coefficient 95% CI likelihood ratio p-value

(a) survivorship
intercept 3.72 3.46, 3.98 — —
day p.i. K0.0311 K0.0422, K0.0201 26.6 !0.001

(b) fecundity
intercept 3.00 K0.526, 6.59 — —
blocka K1.97 K3.21, K0.784 — !0.01
treatment (slow)a K1.26 K3.54, 1.04 — n.s.
day p.i.a 0.0782 K0.0546, 0.216 — n.s.
log(parasitic females)a 0.335 K0.734, 1.43 — n.s.
block: treatment (slow) K1.36 K2.21, K0.514 9.34 !0.001
block: day p.i. 0.133 0.0862, 0.180 26.3 !0.001
day p.i.: log(parasitic females) K0.0714 K0.117, K0.0280 10.2 !0.01
treatment (slow): log(parasitic females) 1.17 0.392, 1.96 8.29 !0.01

a It is not possible to estimate likelihood ratios for these terms since they are all involved in significant higher-order interactions, and hence p-
values for these terms are instead estimated from their confidence intervals.
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(f ) IgG1 quantification

The concentration of parasite-specific immunoglobulin was

assayed using an indirect capture ELISA. Samples were used in

duplicate in a doubling serial dilution; 100 ml BSA–PBS–Tween

(0.5% w/v BSA in 0.1% v/v Tween-20 in PBS) was used for

negative controls. Each plate contained samples from both fast

and slow lines. ELISA plates were coated with 100 ml parasitic

female antigen at a concentration of 5 mg mlK1 in 0.05 M

carbonate–bicarbonate buffer (pH 9.6; Sigma) and incubated

overnight at 48C. Plates were then washed in 300 ml PBS–

Tween three times and tapped dry; they were then blocked with

100 ml BSA–PBS–Tween and incubated at room temperature

(RT) for 1 h. Plates were washed again (as above) and then

100 ml of sample or negative control was added and diluted in

BSA–PBS–Tween. The plates were incubated at RT for 2 h.

Plates were then washed, as above, and 100 ml of detection

antibody (GARa/IgG1/PO, Nordic) diluted 1 : 3000 in BSA–

PBS–Tween was added and the plates were incubated at RT for

2 h. Plates were then washed again and 100 ml 0.04% w/v

o-phenylenediamine dihydrochloride (Sigma) and 1.2% v/v

hydrogen peroxide in 0.05 M phosphate–citrate buffer (pH 5.0;

Sigma) were added; plates were kept in the dark at RT for

approximately 10 min. Reactions were stopped with 50 ml of

3 M sulphuric acid per well and optical densities were measured

at 490 nm with a background reading at 415 nm, using a

molecular devices microplate reader.
(g) Statistical analysis

All analyses were performed in R (http://www.r-project.org).

Experiment 1 was analysed using a generalized linear model

(GLM) with a negative binomial error distribution. To

analyse per capita fecundity, the reproductive output was

used as the dependent variable with the log transform of the

number of parasitic females as an offset variable. To analyse

survivorship, the number of parasitic females was used as the

dependent variable. Minimal models were selected by

deletion testing and comparison of the likelihood ratio

statistic against a c-distribution (Wilson et al. 1996).

Preliminary analysis indicated that the minimal model

produced by a GLM with a negative binomial error was

very similar to that produced by a linear model on log-

transformed explanatory variables. However, the GLM is

preferred since it is generally less prone to type I and type II

errors (Wilson et al. 1996).
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Experiment 2 was analysed using a linear mixed effects

(LME) model with selected line fitted as a random effect

(Paterson 2001; Paterson & Lello 2003). To analyse per capita

fecundity, a log transform of the reproductive output was

used as the dependent variable with the log transform of the

number of parasitic females as an offset variable. To analyse

survivorship, a log transform of the number of parasitic

females was used as the dependent variable. To analyse IgG1

response, a logC1 transform of IgG1 concentration was used

as the dependent variable. Model fitting used standard

restricted estimate maximum-likelihood methods. Explana-

tory variables were fitted to these models as fixed effects and

their significance determined by examining t- and p-values

from the model output. Standard errors and confidence

intervals for each coefficient were then confirmed by Monte

Carlo Markov chain methods. Preliminary analysis indicated

that LME models with these transforms provided a fit to the

data equivalent to that from generalized linear mixed models

with a Poisson response and scale parameter. However, LME

models were preferred, since their convergence was more

consistent and methods for model selection more reliable.

Lengths of parasitic females, in experiment 3, were analysed

using a LME model with rat as a random effect.
3. RESULTS
As an infection progressed, there were fewer surviving

parasitic females in a host and each female had a lower

fecundity relative to early in an infection (tables 1, 2a,b

and 3). Late in an infection, the per capita fecundity of

parasitic females was negatively associated with the

number of females in the host, i.e. negative density

dependence (tables 1b, 2b and 3; figures 1 and 2a,b).

These results are found in both experiments 1 and 2 and

concur with previous work (Paterson & Viney 2002).

Parasite-specific IgG1 is used here as a correlate of

immunity, particularly of the Th2-biased response typi-

cally found in helminth infections (Bancroft et al. 2001).

As one might expect of an acquired immune response,

parasite-specific IgG1 increased over the course of an

infection (table 2c). In turn, the concentration of parasite-

specific IgG1 within a host is significantly associated with

the per capita fecundity of parasitic females but not with

their survivorship (table 2b; figure 2b,d ).

http://www.r-project.org


Table 2. Experiment 2: minimal models for assays of survivorship, fecundity and IgG1 response. ((a) Random effect; line,
s2Z0.0255. (b) Random effect; line, s2!0.01. (c) Random effect; line, s2Z0.141.)

fixed effects coefficient 95% CI p-valuea

(a) survivorship
intercept 3.25 2.90, 3.55 —
time (late) K0.514 K0.970, K0.0519 !0.05

(b) fecundity
intercept 4.03 2.15, 5.93 —
time (late) 2.85 0.00496, 5.69 !0.05
treatment (slow) K3.81 K6.35, K1.32 !0.01
log(parasitic females) 0.537 K0.0524, 1.11 n.s.b

log(IgG1C1) K1.25 K2.18, K0.324 !0.05
treatment (slow): log(parasitic females) 0.800 0.0612, 1.54 !0.05
log(parasitic females):time (late) K1.798 K2.75, K0.847 !0.001
treatment (slow): log(IgG1C1) 1.45 0.499, 2.44 !0.01

(c) parasite-specific IgG1 concentration (mg mlK1)
intercept K0.0326 K0.458, 0.382 —
time (late) 0.678 0.255, 1.13 !0.01
treatment (slow) 0.662 0.199, 1.15 !0.01

a p-values in all the cases are estimates based on Monte Carlo Markov chain samples.
b This term is included as a main effect since it is involved in significant higher-order interactions.

Table 3. Summary of effects on fecundity

term experiment 1 experiment 2 commentary

time:parasitic females Y, p!0.01 Y, p!0.001 in a typical S. ratti infection, fecundity is
reduced by density-dependent effects that
become increasingly severe with time

treatment fastOslow, n.s. fastOslow, p!0.01 fast lines exhibit higher fecundity in the
absence of density dependence, but suffer a
greater reduction in fecundity as a con-
sequence of density- and immune-depen-
dent effects

treatment:parasitic females slowOfast, p!0.01 slowOfast, p!0.05
treatment:IgG1 n.d. slowOfast, p!0.01
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The minimal models for both experiments 1 and 2

demonstrate significant differences between fast and slow

lines in their per capita fecundity but not in their

survivorship. For fecundity, selection regime appears as a

single-order term and as an interaction term with number

of parasitic females for both experiments 1 and 2. The

single-order term for selection regime suggests that fast

lines have a higher per capita fecundity than slow lines in

the absence of density-dependent effects, i.e. the models

predict a higher fecundity for fast lines compared with

slow lines where there is only a single parasitic female in a

host. In both experiments 1 and 2, a highly significant

interaction term is found such that the per capita fecundity

of fast lines drops more quickly than that for slow lines

with increasing numbers of parasitic females, i.e. the

density-dependent reduction in fecundity is more severe

for fast lines than for slow lines. Where the results for

experiments 1 and 2 differ is that, over the range of

densities of parasitic females found in each of the two

experiments, the parasitic females from slow lines tend to

exhibit higher per capita fecundity than fast lines in

experiment 1, whereas the reverse is seen in experiment 2.

For fecundity, no significant interaction between selection

regime and time was observed. No significant differences

between the length or growth rate of parasitic females

from fast and slow lines were observed. As shown in

figure 3, females grow rapidly in length following their
Proc. R. Soc. B
arrival in the gut at day 4 p.i. and decrease slowly in size

during the later stages of the infection.

In experiment 2, a significant interaction between

selection regime and parasite-specific IgG1 concentration

is observed. As shown in table 2b and figure 2b,d, the per

capita fecundity of fast lines exhibits a greater reduction

with increasing IgG1 concentration than that observed for

slow lines. Hosts infected with slow lines exhibited a

significantly higher IgG1 response than those infected

with fast lines (table 2c).
4. DISCUSSION
We applied a selection regime on S. ratti whereby we

passaged progeny produced either early or late in an

infection. At the outset of the experiment, our prediction

was that passaging progeny from early in an infection

would remove the need for parasites to survive for

prolonged periods within a host and instead select for

high, early fecundity. Conversely, we predicted that

passaging progeny late in an infection would remove the

need for parasites to mature and reproduce rapidly at the

start of an infection and instead select for parasites able to

both survive and reproduce late in an infection. In fact, we

observed no response of parasite survivorship to selection

nor did we find differences between the fecundity of

selected lines as an interaction with time. We did, however,
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Figure 1. (a–e) Per capita fecundity of fast (in red) and slow (in blue) selected S. ratti lines assayed in experiment 1 on days 5, 12,
19, 26 and 33 p.i. Symbols are data points and lines the model fit. The S. ratti lines used are: LIV2S (blue triangle, dotted line);
LIV3S (blue circle, solid line); LIV12F (red triangle, dotted line); and LIV10F (red circle, solid line).
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find that fecundity responded to selection and that the

density of conspecifics was crucial to describing this

response. Thus, our statistical models (tables 1b, 2b and 3)

indicate that, first, fast lines have higher per capita

fecundity than slow lines, but only in the absence of

density-dependent constraints. Second, that fast lines are

subject to greater density-dependent constraints than slow

lines, i.e. the per capita fecundity of fast lines drops more
Proc. R. Soc. B
rapidly with increasing density than for slow lines. This

result is found in both experiments 1 and 2 and represents

a novel and unexpected trade-off among different aspects

of a fitness trait, i.e. the fecundity of S. ratti with and

without density-dependent constraints. The result is

unexpected since, a priori, we predicted that our selection

regime would reveal a trade-off between parasite fecundity

and parasite survivorship, but no such trade-off was



0.05

0.50

5.00

50.00

pe
r 

ca
pi

ta
 f

ec
un

di
ty

pe
r 

ca
pi

ta
 f

ec
un

di
ty

(a)

(c)

(b)

5 10 20 50 100

0.05

0.50

5.00

50.00

no. of parasitic females

1 2 5 10 20

IgG1 concentration +1 (µg ml–1)

(d )

Figure 2. Per capita fecundity of fast (in red) and slow (in blue) selected S. ratti lines assayed in experiment 2 on days (a, b) 5 and
(c, d ) 33 p.i. Open circles show the data and filled circles the model fit.

fe
m

al
e 

le
ng

th
 (

m
m

)

2.6

2.4

2.2

2.0

1.8

5 10 15 20
days p.i.

Figure 3. Length of parasitic females from fast (diamonds)
and slow (squares) selected S. ratti lines assayed in
experiment 3. The error bars are standard errors and the
dotted line is a cubic spline fitted to the data.

6 S. Paterson & R. Barber Experimental evolution of S. ratti
observed. We also failed to find significant differences

between fast and slow lines in the length of parasitic

females, as one might expect since female length is

generally correlated with fecundity (Stear et al. 1995).

Other authors have suggested the potential for a trade-off

between age to maturity and fecundity, since parasites that

spend more time growing before the onset of maturity will

usually be larger and so produce more eggs (Morand

1996; Skorping & Read 1998). The fact that we found no

difference in female length between fast and slow lines

would argue against this trade-off, although it would be

informative to perform further, finer scale studies to

determine accurately the onset of egg production.

Similarly, there may be other potential trade-offs that

would warrant further study, such as numbers versus

quality of offspring that might arise from provisioning of

eggs by a female (Lack 1948).

In previous work, we have shown that density-

dependent constraints on S. ratti fitness traits are mediated

by the immune response (Paterson & Viney 2002), i.e. the

higher the dose of S. ratti infecting a host, the greater the

level of immune stimulation and the greater the reduction

in fitness experienced by each parasite. Here, we used

IgG1 as a marker for the immune response, since we have
Proc. R. Soc. B
shown previously that levels of circulating IgG1 following

S. ratti infection rise in a dose-dependent fashion and that

levels of IgG1 exhibit a strong, negative correlation with S.

ratti fecundity. Within the wider literature, IgG1 is
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generally recognized as indicative of a protective, Th2-

type immune response (Maizels & Holland 1998;

Bancroft et al. 2001). Here, we find that, in a regression

model that already has the number of parasitic females

fitted as an explanatory variable, there is an additional

effect of IgG1, such that the fecundity of fast lines is more

severely affected by increasing levels of IgG1 than for slow

lines. These results are similar to those reported by

Dobson and colleagues for a line of Heligmosomoides

polygyrus selected by passage through immunized mice

(Dobson & Owen 1977). However, H. polygyrus immu-

nomodulates the host immune response (Behnke et al.

1978) and the selected line generated by Dobson appears

to induce a lower IgG1 response than the control line

(which was passaged through naive mice; Zhong &

Dobson 1997). By contrast, immunomodulation has not

been reported for S. ratti and the slow lines presented here

actually elicit a stronger IgG1 response than fast lines

(table 2c). Given this, it may be the case that slow lines

have responded to selection by increasing their ability to

withstand, rather than evade or modulate, the deleterious

effects of host immune response (Viney 2002; Maizels &

Yazdanbakhsh 2003). Nevertheless, while IgG1 is a

measure of systemic immune stimulation, we cannot

exclude the possibility that parasites from slow lines may

exhibit an increased ability to downregulate immune

effectors within the immediate environment of the parasite

in the host gut.

The wider aim of this work was to help understand the

potential for parasitic nematode populations to evolve in

nature. Thus, a major application of epidemiological

models is to predict the population dynamics of a parasite

population in response to vaccination or chemotherapy

strategies. However, we show that fecundity, a major life-

history trait that is crucial in predicting a parasite’s

population dynamic response, will itself respond

evolutionarily to selection. Poulin (1998) and Skorping &

Read (1998) discussed the potential for drug treatment to

shorten the duration of helminth infections and select for

parasites that reach age to maturity more quickly, and so

exhibit a smaller body size but a higher fecundity early in

an infection. Our fast lines represent shortened infections

and suggest that, for S. ratti, there is no obvious change in

the worm length or early reproduction, but rather an

increase in fecundity in the absence of density-dependent

constraints. Gandon et al. (2001) have discussed various

ways by which parasites, particularly microparasites such

as Plasmodium, might respond to imperfect vaccines, i.e.

vaccines that reduce parasite fitness rather than immedi-

ately kill them. Our slow lines indicate that the fecundity of

S. ratti is able to respond to an unfavourable host immune

environment, much as one might expect an imperfect

vaccine to induce. Our results reinforce the need for

epidemiological models that incorporate both the popu-

lation and evolutionary dynamics of parasite populations

and indicate that the interplay between parasite density

and adaptation will be particularly important in models of

macroparasite infection (Skorping et al. 1991; Skorping &

Read 1998; Gemmill et al. 1999; Crossan et al. in press).

Selection experiments such as ours also provide a means to

investigate the molecular and genetic basis of fecundity in

parasitic nematodes and to investigate how parasite

fecundity is maintained in the face of a hostile immune

response. In doing so, one might hope to discover new
Proc. R. Soc. B
drug or vaccine treatments that reduce the transmission

and incidence of nematode disease.
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