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ABSTRACT

Evolutionary theory predicts that both the virulence and the sex ratio of a parasite can depend
upon its population structure, and be positively correlated. With only one or a low number
of strains within a host, a low sex ratio and a relatively low virulence are predicted. With
high numbers of strains within a host, a more even sex ratio and a high parasite virulence
are predicted. We examined gametocyte sex ratio and a possible correlate of virulence,
parasite density (parasitaemia), in natural populations of two species causing lizard malaria,
Plasmodium ‘tropiduri’ and P. balli. The mean sex ratios of both species were female-
biased, consistent with estimate selfing rates of 0.36 and 0.48 respectively. In P. ‘tropiduri’, as
we predicted, a positive correlation was also observed between our measure of virulence,
parasitaemia and the gametocyte sex ratio. Furthermore, the gametocyte sex ratio was posi-
tively correlated with gametocyte density (gametocytaemia). This is consistent with facultative
sex allocation in response to variable population structure if gametocytaemia is an indicator of
the number of clones within a host. These relationships were not observed in P. balli.
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INTRODUCTION

The study of population structure in parasites is potentially important for a number of
evolutionary, epidemiological and clinical reasons. For example, considerable attention has
recently been paid to how parasite virulence (defined here as the reduction in lifetime
reproductive success of a host following parasite infection) should depend upon population
structure within hosts (Herre, 1993; Bull, 1994; Ewald, 1994; Read, 1994; Ebert and Herre,
1996; Frank, 1996). In particular, a number of theoretical models have been developed
which suggest that increased numbers of unrelated strains (increased genetic variability)
within a host generates natural selection in favour of higher virulence (Bremermann and
Pickering, 1983; Frank, 1992, 1996; Nowak and May, 1994; Herre, 1995; May and Nowak,
1995). This occurs because the increased competition favours rapid growth in order to
achieve greater relative success within the host, and that virulence is assumed to correlate
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with parasite growth rate. However, there are very few empirical data to support this
hypothesis, mainly due to the difficulty of measuring population structure and virulence in
natural populations (Herre, 1993).

Sex allocation theory offers an excellent tool for inferring population structure in natural
populations of parasites (Read et al., 1992, 1995; West et al., in press). If mating takes place
in a subdivided population, where the offspring of one or a few mothers mate in a patch,
then a female-biased sex ratio (where sex ratio is defined as the proportion of males) is
favoured by a process termed ‘local mate competition’ (Hamilton, 1967). This female bias
arises because it reduces competition among brothers for mates, and because it increases the
number of mates for each of the mother’s sons (Taylor, 1981). For the purpose of our study,
a useful prediction of theory is that the optimal sex ratio, r*, is (1 − s)/2, where s is the selfing
rate, defined as the proportion of a mother’s daughters that are fertilized by her sons (Read
et al., 1992, 1995). The optimal sex ratio favoured by natural selection should thus decline
from 0.5 for complete outcrossing (s =0) to 0 for complete selfing (s = 1), the latter inter-
preted as meaning that a female should produce the minimum number of sons required to
fertilize all her daughters. This is one of the most well-verified areas in evolutionary biology.
It is able to explain considerable variation in sex ratio across populations and species
(Hamilton, 1967; Charnov, 1982; Waage, 1982; Herre, 1985, 1987; Wrensch and Ebbert,
1993; Herre et al., 1997; West and Herre, 1998a). Furthermore, individuals of numerous
species have been shown to facultatively adjust the sex ratio of their offspring in response
to variable local mate competition (Charnov, 1982; Werren, 1987; Godfray, 1994; Herre
et al., 1997).

Evolutionary theory thus predicts that both the sex ratio and virulence of a parasite species
will respond to the same change in population structure. They can even be theoretically
modelled in the same way (Frank, 1992, 1998; Herre, 1993). In the Appendix, we show that
this leads to the readily testable prediction that the sex ratio and virulence of a parasite
should be positively correlated (Fig. 1). With only one or a low number of strains within
a host (extremely subdivided population structures and large amounts of selfing), an
extremely low sex ratio and a relatively low virulence are predicted. With high numbers of
strains within a host (a more panmictic mating structure and low amounts of selfing), a
more even sex ratio and a high parasite virulence are predicted. This predicted correlation
between sex ratio and virulence could be tested across parasite species or between different
populations of the same species. In addition, if parasites can facultatively alter both sex
ratio and virulence in response to local conditions, the relationship would also be found
across hosts within a single population. This provides a relatively simple opportunity to test
how virulence evolves, because sex ratios can be substantially cheaper and easier to obtain
than genetic data on the population structure.

We test our prediction in two species causing lizard malaria, Plasmodium ‘tropiduri ’,
and P. balli. Both local mate competition and virulence theory have been applied to
Plasmodium. The life history of Plasmodium and related parasites is expected to lead to
local mate competition, and previous studies have shown that the average gametocyte sex
ratios of natural populations are broadly consistent with the predictions of local mate
competition theory (see background biology; Schall, 1989, 1996; Read et al., 1992, 1995;
Boudin et al., 1993; Paul et al., 1995; Shutler et al., 1995; Robert et al., 1996; West et al.,
in press). The applicability of virulence theory to malaria, and specifically the con-
sequences of parasite population structure, has been discussed recently by Read and
colleagues (Taylor et al., 1998; Mackinnon and Read, 1999a,b; Read et al., in press). We use
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the density of circulating parasites (parasitaemia) as a measure of virulence. This is based
on the assumptions that, all other things being equal, parasitaemia reflects parasite growth
rates, not just the number of parasites that infect an individual, and that host fitness is
inversely related to parasitaemia. In the Discussion, we present evidence for these assump-
tions, both in the context of lizard malaria and, more generally, human and rodent malaria.

MATERIALS AND METHODS

Background biology

We studied two malaria parasite species, P. ‘tropiduri’ and P. balli, in natural populations
of the lizard Anolis limifrons (Sauria, Iguanidae) in the Republic of Panama. The natural
history of these parasites, and their effect on A. limifrons populations, are described
elsewhere (Guerrero et al., 1977; Rand et al., 1983). For a description and additional
information on P. balli, see Telford (1969, 1974). For taxonomic considerations concerning
P. ‘tropiduri’, we follow Rand et al. (1983), who treat this taxon as a single species closely
related to P. floridense, P. tropiduri and P. minasense (see Telford, 1974, 1979). The ecology
of this population of A. limifrons has been described in further detail by Andrews (Andrews
et al., 1983; Andrews, 1991).

The biology of malaria parasites relevant to sex ratio evolution is discussed ad nauseum
by Read et al. (1992). Briefly, within vertebrate hosts, clonally proliferating haploid
parasites produce haploid gametocytes. Inside the vector, macro- (male) or micro- (female)
gametocytes rupture to release either a single macrogamete (functionally equivalent to a
single egg) or up to eight microgametes (functionally equivalent to sperm) respectively.
Fertilization between these gametes leads to the formation of a diploid zygote. Gametes
from the same clone are self-compatible, and random mating between gametes occurs
(Ranford-Cartwright et al., 1993; Babiker et al., 1994; Taylor et al., 1997a). The probability

Fig. 1. Predicted relationship between sex ratio and virulence. The figure is based upon equation (A3),
with (d + γ) = 1. k is the exponent in the relationship between transmission and virulence.
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of self-fertilization is determined by the frequency of a clone in the gametocyte population
in a blood meal; all else being equal, this is the inverse of the number of clones in the blood
meal. Thus, the potential for local mate competition arises because malaria populations
are structured: gametes competing for matings are those found in a single blood meal,
rather than the gametocyte population in many hosts. More formal proofs of this verbal
argument are given by Read et al. (1992, 1995) and Dye and Godfray (1993). In this paper,
we examine the gametocyte sex ratio, defined as the proportion of gametocytes in the
peripheral blood of lizards that were microgametocytes (male).

Methods

Blood samples were collected between May 1976 and December 1977 from wild-caught
lizards in the Panama Canal Zone. Blood was drawn from a clipped toe onto a slide,
fixed with methanol and stained with geimsa. Each sample was then examined under a
microscope at 1000×, and 1000 erythrocytes were counted recording the species, number
and type of parasites in these cells. We calculated the parasitaemia (proportion of blood
cells infected with parasites). This can be further broken down into gametocytaemia (pro-
portion of blood cells infected with gametocytes) and asexual parasitaemia (proportion
of blood cells infected with asexual parasites). The sex ratio of gametocytes was estimated
by counting males and females on the slide. The number of gametocytes counted per sample
ranged from 1 to 200, and this variation was weighted for in the sex ratio analyses
(see below). Male and female gametocytes are approximately equal in size and can be
distinguished by colour: males stain pink and females blue. Ten of the lizards infected with
P. ‘tropiduri’ were kept in captivity in cages outside, and further blood samples were taken
at periods for up to 4 months.

Statistical analysis

All analyses were carried out using the GLIM statistical package (Crawley, 1993). Pro-
portion data such as sex ratio usually have non-normally distributed error variance and
unequal sample sizes. To avoid these problems while retaining maximum power, we analysed
the data with a general linear model analysis of deviance, assuming binomial errors, and a
logit link function. The number of male gametocytes in a sample was used as the response
variable and the total number of gametocytes in a sample as the binomial denominator.
Importantly, this form of analysis weights each data point according to its sample size
(number of gametocytes in the sample) and so controls for the fact that different numbers
of gametocytes were counted from different samples, and that the error variance is greater
with small samples.

Initially, a full model was fitted to the data, including all explanatory variables and their
interactions. All continuous explanatory variables were assessed for non-linearity by
fitting quadratic terms. Terms were then removed from the full model by stepwise deletion
(Crawley, 1993). Whether the removal of a term caused a significant increase in deviance
was assessed with a χ2-test. The appropriateness of the assumption of binomial errors was
checked by comparing the residual deviance with the residual degrees of freedom after
fitting the explanatory variable. Large relative values of the residual deviance indicate over-
dispersion, which may result in overestimation of significance levels. To account for this, we
rescaled the deviance by the heterogeneity factor (HF), the ratio of the residual deviance to
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the degrees of freedom (McCullagh and Nelder, 1983). After correcting for overdispersion,
the significance of a term was tested for using an F-test (Crawley, 1993).

RESULTS

P. ‘tropiduri’ was found in 36 lizards and P. balli in 22 lizards. P. ‘tropiduri’ was more
common than P. balli: P. ‘tropiduri’ occurred in 73% (n = 16) of the lizards that contained
P. balli, and P. balli occurred in 44% (n = 16) of the lizards that contained P. ‘tropiduri’. The
mean, 95% confidence intervals, and percentile limits of parasitaemia, gametocytaemia and
gametocyte sex ratio are given in Table 1 for both species. The proportion of parasites
present as gametocytes is comparable to that seen in other species of lizard malaria (Schall,
1989, 1996), but substantially higher than levels observed in mammalian hosts (Taylor
and Read, 1997).

In both species, the gametocyte sex ratio was female-biased, and showed more variation
than was expected given a binomial distribution (P. ‘tropiduri’: HF = 4.19, Fig. 2a; P. balli:
HF = 3.26, Fig. 2b). The overall population gametocyte sex ratio showed a greater female
bias in P. balli (0.26) than in P. ‘tropiduri’ (0.32), a difference that was almost significant
(F1,56 = 3.74, 0.10 > P > 0.05, HF = 3.85). In both species, the gametocyte sex ratio did not
differ significantly between hosts that only contained that species (single-species infections)
and hosts that also contained the other species (mixed-species infections) (P. ‘tropiduri’:
F1,34 = 0.00004, P > 0.1, HF = 3.00; P. balli: F1,20 = 1.22, P > 0.1, HF = 3.26).

We examined whether the gametocyte sex ratio differed between the two Plasmodium
species when they co-occurred in the same host. There where five hosts with mixed-species
infections where the number of gametocytes counted were >10 for both species. For four of
these cases, the female bias was greater in P. balli. In these four cases, the sex ratio difference
was significant twice (χ1

2 = 8.40, P < 0.005; χ1
2 = 6.72, P < 0.01), verging on significance once

(χ1
2 = 3.74, 0.10 > P > 0.05), and not significant once (χ1

2 = 0.37, P > 0.10). In the fifth host,
the female bias was greater in P. ‘tropiduri’, a difference that was not significant (χ1

2 = 0.18,
P > 0.10).

We used regression analyses to determine whether the gametocyte sex ratio was positively
correlated with parasitaemia, as we predicted. In P. ‘tropiduri’, there was a significant
positive correlation between gametocyte sex ratio and parasitaemia across individuals

Table 1. The characteristics of natural infections of P. ‘tropiduri’ and P. balli*

Species Variable Mean 95% CI 5% Perc. 95% Perc.

P. ‘tropiduri’
P. ‘tropiduri’
P. ‘tropiduri’
P. balli
P. balli
P. balli

Parasitaemia
Gametocytaemia
Gametocyte sex ratio
Parasitaemia
Gametocytaemia
Gametocyte sex ratio

0.037
0.015
0.32
0.010
0.005
0.26

0.021–0.052
0.008–0.021
0.28–0.36

0.003–0.018
0.003–0.008
0.22–0.31

0.001
0.003
0.00
0.001
0.001
0.00

0.159
0.064
0.53
0.036
0.020
0.37

* Shown are the mean, 95% confidence intervals, 5% and 95% percentiles of parasitaemia (proportion of red blood
cells containing parasites), gametocytaemia (proportion of red blood cells containing gametocytes) and the
gametocyte sex ratio. The data represent 36 lizards infected with P. ‘tropiduri’ and 22 infected with P. balli. In
cases where individual lizards were sampled on multiple days, only the first sample was included.
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(F1,34 = 11.12, P < 0.01, r2 = 0.25, HF = 3.25; Fig. 3a). In P. balli, this relationship was also
positive, but non-significant (F1,20 = 1.29, P > 0.1, r2 = 0.06, HF = 3.38; Fig. 3b).

We then examined the variation in the gametocyte sex ratio data in more detail, to
examine whether parasitaemia was the only and best correlate. In P. ‘tropiduri’, the gameto-
cyte sex ratio of a sample was also positively correlated with gametocytaemia (F1,34 = 14.46,
P < 0.01, r2 = 0.30, HF = 3.00; Fig. 4a). Gametocytaemia explained the greatest percentage
of the variation in gametocyte sex ratio, and when they were all included in a multiple
regression analysis, both parasitaemia and asexual parasitaemia were non-significant (both
gave F1,20 = 1.23, P > 0.1). The correlation with parasitaemia when it was the only variable in

Fig. 2. Frequency distribution of gametocyte sex ratios (proportion of micro-gametocytes (males)).
(a) P. ‘tropiduri’, (b) P. balli. The solid bars represent samples with >15 gametocytes counted, while the
striped bars represent smaller samples.
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the analysis arises, therefore, because parasitaemia is correlated with gametocytaemia
(F1,35 = 12.25, P < 0.01, r2 = 0.66). In P. balli, the gametocyte sex ratio of a sample was also
positively correlated to gametocytaemia, but the relationship was non-significant (χ1

2 = 0.02,
P > 0.1, r2 < 0.01; Fig. 4b).

We also examined whether sex ratio changed within individual infections during the
course of an infection. We collected data on P. ‘tropiduri’ from 10 individuals that were
sampled more than once. For each lizard, we calculated the slopes of the relationships
between sex ratio, parasitaemia and gametocytaemia. These slopes show the correlations
within a host during the course of an infection and were the data points used in subsequent
analyses. This method meant that each individual lizard supplied only a single data point to

Fig. 3. The relationship between gametocyte sex ratio and parasitaemia (proportion of red blood cells
containing parasites). (a) P. ‘tropiduri’, (b) P. balli.

Fig. 4. The relationship between gametocyte sex ratio and gametocytaemia (proportion of red blood
cells containing gametocytes). (a) P. ‘tropiduri’, (b) P. balli.
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the analyses, thus avoiding pseudoreplication (Hurlbert, 1984). Within individuals, there
was a consistent trend for the sex ratio to be positively correlated with both parasitaemia
(7 of 9 individuals that had a non-zero slope; P = 0.037, Wilcoxon signed rank test) and
gametocytaemia (9 of 10 individuals; P = 0.002, Wilcoxon signed rank test).

DISCUSSION

The average and overall gametocyte sex ratios of both P. ‘tropiduri’ and P. balli were female-
biased (Table 1), as predicted by sex ratio theory under conditions of local mate com-
petition. In addition, the gametocyte sex ratio was more female-biased in the rarer species,
although this difference only verged on significance. Rarer species should have a greater
female bias because lower prevalence is likely to lead to less mixed infections (Read
et al., 1995; West and Herre, 1998a). Local mate competition theory predicts that, if the
sex ratio in a population is r, then the selfing rate s is given by the equation s = 1 − 2r (Read
et al., 1992). Our data estimate the mean selfing rates (and 95% confidence intervals) of
P. ‘tropiduri’ and P. balli to be 0.36 (0.27–0.43) and 0.48 (0.38–0.57) respectively. Note
that these, and in particular the estimate for P. balli, are lower bounds. This is because a
minimum proportion of male gametocytes is required to ensure that all the female gametes
are fertilized (Green et al., 1982; Read et al., 1992, 1995; Nagelkerke and Hardy, 1994; West
et al., 1997; West and Herre, 1998a,b). Nonetheless, our results provide further support for
the notion that high levels of selfing occur in some populations of malaria (Read et al.,
1992, 1995; Hill et al., 1995; Paul et al., 1995).

The results for P. ‘tropiduri’ provide evidence of facultative changes of gametocyte sex
ratio in response to variable levels of selfing (local mate competition). Gametocyte sex
ratios were less female-biased in hosts with higher parasitaemia and gametocytaemia
(Figs 3a and 4a). Multiple-regression analyses showed that gametocytaemia was the most
important correlate of gametocyte sex ratio, and that when it was included in the analysis,
the effect of parasitaemia and asexual parasitaemia were not significant. A similar corre-
lation between gametocyte sex ratio and gametocytaemia was reported in the rodent
malaria P. chabaudi in laboratory mice (Taylor, 1997). These correlations are predicted if
a facultative change of the gametocyte sex ratio occurs in response to variable levels of
selfing (local mate competition). If mixed-clone infections contain more parasites, and in
particular higher gametocytaemia, parasites could be adaptively adjusting their sex ratio in
response to local conditions. Evidence for this assumption comes from work on P. chabaudi,
in which mixed-clone infections have significantly higher gametocytaemias, and in the final
stages of an infection, higher parasitaemias (Taylor et al., 1997a,b, 1998; but see Read et al.,
in press).

We also observed a similar gametocyte sex ratio pattern within hosts during the course
of an infection: gametocyte sex ratios were more female-biased when there was less para-
sitaemia and gametocytaemia. The number of strains infecting an individual can increase
during the course of an infection due to new infections, or decrease through strains having
different reproductive strategies or mortality rates over time.

To be able to facultatively shift the gametocyte sex ratio in response to variable levels
of selfing (local mate competition), parasites must be able to determine the number of
clones and their relative frequency in an individual. In principle, there are a number
of mechanisms by which they could do this. Gametocyte densities per se, or a correlate of
gametocyte density, may be an indirect cue (Taylor et al., 1997a,b). Another possibility is
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that parasites could use the specificity of the antibodies produced by the immune system
to detect the presence and densities of antigenically distinct clones. Although our
‘tropiduri’ and Taylor’s (1997) data are consistent with facultative shifts in gametocyte
sex ratio in response to local gametocyte densities, we also note that correlations between
sex ratio and measures of parasite or gametocyte densities were not found in P. balli
(this study), other lizard malarias (Schall, 1989), P. falciparum in humans (Robert et al.,
1996), or Haemoproteus populations in birds (Shutler et al., 1995; Shutler and Read,
1998). A possible explanation for the cases in which predicted correlations were not
found is that ensuring there are male gametocytes in a blood meal is a limiting factor
(see below).

We predicted a positive relationship between sex ratio and our measure of virulence,
parasitaemia (Appendix; Fig. 1). This prediction arises because virulence and gametocyte
sex ratio are both predicted to increase facultatively with the number of strains in a host.
The data from P. ‘tropiduri’ support this prediction, both across individuals (Fig. 3a), and
within individuals during the course of an infection. Although data showing facultative
alteration of virulence in response to the strains in a host is lacking (Read et al., in press),
there is evidence for facultative variation in other life-history traits of malaria parasites
(Buckling et al., 1997). Our use of parasitaemia as a measure of virulence was based on two
assumptions. First, we assumed that high parasitaemias reflect greater growth rates and not
just infection levels. Experimental work with rodent malaria supports this prediction: peak
parasitaemia levels are determined by growth rates and not just the number of parasites
used to infect an individual (Grovenor et al., 1995; Mackinnon and Read, 1999a).

Second, we assumed that, all other things being equal, host fitness is inversely related
to parasitaemia. In animal (rodent) models under controlled experimental conditions,
measures of virulence (weight loss and probability of death) are strongly correlated with
parasitaemia (Taylor et al., 1998; Mackinnon and Read, 1999a,b). In experimental human
infections, there is also a strong correlation between the severity of symptoms and para-
sitemia with, for example, fever apparently triggered by high parasitaemias (Kwiatkowski
and Greenwood, 1989). In natural human infections, parasitaemia is clearly not the sole
cause of disease; other factors must also play a role (e.g. varying levels of acquired
immunity). Indeed, Taylor et al. (1998) found that even when there were non-significant
differences in the parasitaemia of rodent malaria infections, virulence was still significantly
higher in mixed-clone infections than single-clone infections. Nevertheless, parasitaemias
are almost always higher in symptomatic than asymptomatic infections (e.g. Englebrecht
et al., 1995; Contamin et al., 1996; Beck et al., 1997), and parasitaemias above a threshold
often form part of the definition of a clinical case of malaria (e.g. Contamin et al., 1996).

In the context of lizard malaria, there is also evidence that parasite densities and
virulence are correlated. Higher parasitaemia is associated with reduced success in com-
petitive interactions between males (Schall and Dearing, 1987), and with higher densities
of immature erythrocytes (Schall et al., 1982; Rand et al., 1983; Schall, 1983), which trigger
the principal physiological consequences of Plasmodium infection (Schall et al., 1982).
These relationships are relatively weak, perhaps because of time lags between high parasi-
taemia and its consequences (Schall, 1983). In addition, some components contributing to
virulence, such as the destruction of non-infected blood cells by the host’s immune system,
may be density-independent (Schall, 1996). Such effects, together with factors such as age,
previous exposure, innoculating dose, host genotype, and so on (Greenwood et al., 1991)
will, of course, weaken the statistical relationship between virulence and parasitaemia.
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Nevertheless, such noise should obscure any associations between sex ratio and our measure
of virulence (parasitaemia), rather than generate artefactual relationships.

Why did the patterns differ in P. balli ? Given our assumptions, this result may indicate
that P. balli clones do not facultatively adjust gametocyte sex ratio and/or virulence. How-
ever, the P. balli data set was smaller, showed less variation in all variables and gametocytes
were very rare (Table 1; Figs 3b and 4b). In particular, the gametocyte density in the blood is
low enough that ensuring there are male gametes in a blood meal may become the limiting
factor. In this case, natural selection favours a less female-biased sex ratio, and the sex
ratio is predicted to vary little with selfing rates. Similar arguments are thought to explain
variation in sex ratio in invertebrate species that produce small clutch sizes (Nagelkerke
and Hardy, 1994; Nagelkerke, 1996; West et al., 1997; West and Herre, 1998b). Two other
possible important factors with P. balli are that: (1) the low numbers of gametocytes used to
estimate the sex ratio would have limited our statistical power to detect any relationship
(type II error), and (2) the low variability in all variables suggests that the number of clones
does not vary much between natural infections in hosts, and so that either there is an
insufficiently strong pattern to detect, or there has been very little selection for facultative
strategies (Herre, 1987; Herre et al., 1997). With regards to all of these possibilities, it is
worth noting that, if we analyse the P. ‘tropiduri’ data using only points that occur in the
same range of parasitaemia levels as that observed in P. balli, then we find no significant
relationships with sex ratio.

Finally, we are well aware of the limitations of our data. Although one advantage is
that they are natural field data, our findings are observational and so open to multiple
explanations. For example, if female gametocyte mortality increases at higher parasitaemia,
our interpretations are suspect (we note, however, that at least in P. falciparum (Smalley and
Sinden, 1977) and other lizard malaria parasites (Schall, 1989), there is no evidence of
differential mortality, and that the two species we examined had significantly different sex
ratios within the same host). Nonetheless, the predicted relationship between sex ratio and
virulence provides a relatively easy way to test theory in natural populations. Our data are
the first test of this relationship, and are consistent with our prediction. These data suggest
several areas that should be examined experimentally and through the collection of more
field data. More generally, this also shows how evolutionary biology and optimality models
can be used to provide insights into matters of clinical and epidemiological importance,
such as disease virulence.
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APPENDIX

Here we formalize the general prediction that the virulence and sex ratio of a parasite subject to local
mate competition should be positively correlated. Assume that there are a number of parasite strains
(clones) in a host with a coefficient of relatedness. If n co-infecting strains are unrelated and equally
abundant, then the coefficient of relatedness equals 1/n (Frank, 1992). Several studies have shown
that the optimal level of virulence increases with higher n (Bremermann and Pickering, 1983; Frank,
1992, 1996). For example, Frank (1992, 1996) showed that, assuming the only trade-off was between
transmission and virulence, the optimal level of virulence (α*, the disease induced mortality rate) is
given by the equation

α* = k(d + γ)/(1/n − k) (A1)
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where d is the disease-free mortality rate, γ is the rate at which hosts clear the parasite, and k is the
exponent in the relationship between transmission (β(α)) and virulence, β(α) = bαk (for k < 1/n).

If we assume that mating occurs randomly between the strains that infect a host, then sex ratio
theory predicts that the optimal sex ratio is given by

r* = (n − 1)/2n (A2)

(Hamilton, 1967; Read et al., 1992). By rearranging equation (A1) and substituting it into equation
(A2), it can be shown that

r* =
α*(1 − k) − k(d + γ)

2α*

(A3)

which predicts a positive correlation between sex ratio and virulence (Fig. 1). Note that as α* → ∞,
r* = 0.5(1 − k). This does not asymptote necessarily at 0.5 because n < 1/k to give equation (A1)
(Frank, 1992, 1996). If mating only takes place between a subsample of the strains in a host that are
producing gametocytes at any particular time, then the same relationship would be predicted, but with
a lower (more female-biased) sex ratio for a given level of virulence.


