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Abstract

In an effort to understand what limits the virulence of malaria parasites, we infected inbred mice of three genotypes (C57BI/6J, CBA/Ca
and DBA/2) with one of two parasite lines of the rodent malRt&smodiumchabaudi. One of these parasite lines had been serially passaged
through C57BI/6J mice and had evolved higher asexual growth rate, virulence and transmission in the process. The other parasite line was
the unadapted ancestral line which had low virulence. In all three host genotypes, the C57BI/6J-adapted parasite line was more virulent
than the ancestral line thus indicating that trade-offs in virulence between alternative host genotypes had not placed strong constraints
on the evolution of high virulence in this system. By examining the infection dynamics for fitness-related components—asexual parasite
population growth, transmission and virulence—we revealed alternative possible explanations for what sets the upper limit to virulence in
nature. The total number of transmission forms (gametocytes) produced during the infection, a measure of parasite Darwinian fithess, was
four-fold higher in mice that survived the infection than those which died. Among mice that survived, total gametocyte production was
greatest in the host genotype that suffered intermediate levels of morbidity (anaemia and weight loss). Thus, there were transmission costs
of high virulence that were partly due to host death (as most theoretical models of virulence evolution assume), but perhaps partly due to
some factor related to high morbidity. Both mortality and morbidity-related factors might therefore influence the upper limit on virulence
of malaria parasites. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Turner et al., 1995; Ebert and Mangin, 1997; Lipsitch and
Moxon, 1997 Mackinnon and Read, 19994, But despite
Many theoretical models for the evolution of parasite its logical appeal, data to support the second assumption—
virulence (defined in these models as the infection-induced that host death incurs a cost to lifetime transmission
host mortality rate) assume that virulence confers both success—are rar&¢nner et al., 1956; Fenner et al., 1257
benefits and costs to parasite fitness (total lifetime transmis-Moreover, other factors might constrain virulence evolution
sion). Parasites that extract more resources from their hostjn nature. After continual propagation in novel hosts or in
it is argued, produce more transmission forms per unit time, vitro cell cultures, parasites almost invariably increase in
and for a longer period (the benefits). However, they do virulence and growth rate in these novel environments, but
so at an increasing risk of host death, which cuts short theshow decreased virulence in their original hosEbdit,
infectious period (the cost). Thus, host death is assumed t01998, 2000. This is consistent with two constraints on
act as a brake on natural selection for ever-increasing viru- virulence other than host death. First, where there are two
lence (evin and Pimentel, 1981; Anderson and May, 1982; stages to the parasite’s life cycle—one for asexual growth
Bremermann and Pickering, 1983; May and Anderson, and one for the production of sexual stages for transmission
1983; Frank, 1996 to new hosts (as in malaria parasites)—life history theory
Data to support this widely discussed evolutionary theory predicts a trade-off between parasite growth and reproduc-
are scarce. Evidence is mounting to support the assumptiontion (Sasaki and Iwasa, 1991; Stearns, 1992; McKenzie
that transmission rate is positively and genetically related and Bossert, 1998In serial passage experiments, the con-
to virulence Anderson and May, 1982; Diffley et al., 1987; straints of producing transmission forms and host death are
usually absent. Second, the expression of virulence may be
"~ Corresponding author. Tel:44-131-6507706: hlghly hos_t ge_notype-s_pemflc such that parasite genotypes
fax: 444-131-6506564. causing high virulence in one host genotype may cause low
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interaction. This could explain the attenuation of virulence 1989. The two parasite genotypes used in this experiment
in the parasite’s natural host as a result of serial passagewere the adapted, virulent line (denoted CW-V) that had
in novel hosts Ebert, 1998, 2000 In nature, virulence  evolved to grow well in C57BI/6J mice by serial passage
might therefore be limited because host genetic diversity (11 passages, each with 12 replication cycles of 24 h each),
prevents the parasite from achieving high host-specific vir- and its ancestral line (denoted CW-0) which was relatively
ulence Ebert, 1994; Dybdahl and Lively, 1998; Lively and avirulent (Mackinnon and Read, 1998bThe lines had
Dybdahl, 2000; Regoes et al., 2000; Carius et al., 2001; been stored in liquid nitrogen and underwent, for mainte-
Woolhouse et al., 2001 nance reasons, a further 4 and 3 passages, respectively, in
In our previous studies on malaria parasite virulence C57BI/6J mice prior to being used to infect the mice in this
(taken from hereon to include host morbidity as well as experiment.
mortality) using the rodent malarka chabaudi in C57BI/6J
mice, host death was not the primary limitation on parasite 2.2. Infections
virulence Mackinnon and Read, 199RtDespite strong di-
vergent selection within an avirulent parasite clone for caus- Each mouse was infected with“parasites obtained from
ing higher or lower probability of host mortality, both the female C57BI/6J donor mice which had themselves been in-
high and low selection lines evolved to cause much higher fected from frozen aliquots of infected blood 13 days pre-
morbidity than the ancestral line. Thus, strong between-hostviously. Measures of asexual parasite density, gametocyte
selection against host death failed to prevent the parasitedensity, red blood cell (RBC) density and mouse live-weight
from evolving higher virulence. We assume that this was were taken every 2—3 days until Day 22 post-infection (PI)
due to the overriding strength of within-host selection. Fur- using routine procedure3gylor et al., 1998
thermore, when the same selection regime was applied to
a virulent clone, morbidity levels were unaltered, thus sug- 2.3. Satistical analyses
gesting some regulatory factor governing maximum mor-
bidity (Mackinnon and Read, 199R8bMortality rates (4% All analyses were performed using the SAS statistical
over all lines and generations) were insufficient to explain analysis software (version 6.1, SAS Institute, Cary, NC,
this upper limit on morbidity. There was also no apparent USA). Three sets of response variables relating to asexual
trade-off between growth and reproduction: transmission parasite load, gametocyte production (transmission poten-
increased with virulencafackinnon and Read, 19993.b tial) and virulence, were analysed for the effects of host
Here we investigated the possibility that host genotype genotype, parasite line and the interaction between them
by parasite genotype cross-over interactions constrain vir- by analysis of variance fitting these terms as fixed effects.
ulence by infecting mice of less resistant genotypes with Where data comprised repeated observations on the same
the evolved, virulent parasite line and its ancestral control mouse, an additional random effect for mouse was also fitted.
line. The infection dynamics, and consequential mortality, Parasite numbers were expressed in terms of the proportion
morbidity and transmission, were examined in order to of cells infected (asexual parasitaemia or gametocytaemia)
understand the basis of potential constraints on virulenceand in terms of parasite densities (calculated from the prod-
evolution. uct of the proportion of cells infected and RBC density).
The proportion of asexual parasites that produced gameto-
cytes (conversion ratio) was calculated for each day of sam-

2. Materials and methods pling using the method describedRBuckling et al., (1999)
In addition to the values on individual days, maximum val-
2.1. Mouse and parasite genotypes ues, average values and areas under the parasite number by

time curves were calculated to represent summary measures
We used the rodent malariB, chabaudi, as a model for  of the infection. Logg transformations were applied to ga-
our studies because of its similarity in life history and genetic metocyte densities, gametocytaemias and conversion ratios
characteristics to the most virulent of the human malarias, in order to normalise the data. Mortality was analysed by

P. falciparum (Cox, 1988. The natural host o. chabaudi logistic regression to allow for its binomial nature, or us-
is the thicket rat,Thamnomys rutilans, a sibling genus of  ing Fisher’s exact test. The two measures of morbidity that
the laboratory mice used in these studiggrman, 194D we analysed were the maximum amount of live-weight lost

In this experiment, three mouse host genotypes were eachduring the infection, and the maximum reduction in RBC
infected with one of two parasite lines. This gave six exper- density, both calculated as differences between their minima
imental groups, each comprised of five female, 6-week-old and the values at the beginning of the infection. The days
mice (Harlan, UK). Host genotypes were C57BI/6J, DBA/2 on which these minima occurred were also analysed as re-
and CBA/Ca. These inbred genotypes are known to be rel-sponse variables using logistic regression. If the mouse died
atively resistant tdP. chabaudi malaria Stevenson et al.,  during the course of the experiment, all the data available
1982 and are genetically different from each other, includ- until the time of death were included in the analysis unless
ing at the major histocompatibility locugyon and Searle,  stated otherwise.
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We also analysed for differences between the mice that3. Results
survived and the mice that died by fitting a linear model with
survival category as a fixed effect, with or without additional At the start of the experiment, CBA/Ca mice were on
fixed effects for host genotype, parasite line and their in- average slightly heavier (Z2+ 0.53g, P = 0.07) and
teraction. Further, we investigated the relationships amongDBA/2 mice were significantly lighter (18 + 0.53g,
traits, e.g. between transmission and virulence traits, usingP < 0.01) than C57BIl/6J mice (20 + 0.53g). Hosts
regression analyses. Evidence of trade-offs between traitsgenotypes had similar mean RBC densities at the begin-
was sought by fitting a quadratic as well as a linear term ning of the infection £ > 0.10). There were no signif-
for the regressor in the model. Fixed effects for host geno- icant parasite line effects on these initial measus>(
type and parasite line were not included in the latter models 0.10).
because we wanted to examine the general relationship be-
tween pairs of traits across a wide range of virulence levels, 3.1. Host genotype and parasite line effects
as afforded by the different host and parasite genotypes, and
because of lack of statistical power to detect within-group  Fig. 1 shows the average infection patterns through time
relationships among traits. for each host genotype by parasite line combination, and
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Fig. 1. Mean infection profiles for three mouse genotypes (C57BI/6, solid line; CBA, short dash line; DBA/2, long dash line) infected with either an

avirulent, ancestral line of parasites (CW-0, left side) or a mouse-adapted line of parasites (CW-V, right side). (A and B) Asexual paras#te(@ensitie

and D) Deviations in RBC densities from initial values. (E and F) Deviations in mouse live-weights from initial values. (G and H) Gametocyte densities
Data from mice that died are included in the means until their death occurred. Days of death are marked in D by closed and open circles for DBA/2

and CBA/Ca mice, respectively.
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Fig. 2. Mean values of summary measures of the infection from mice infected with the ancestral parasite line, CW-0 (white bars) or the adapted parasite

line CW-V (black bars). Symbols above pairs of bars denote significant parasite line differences within host genotypes-(0.490; () P < 0.10;
*) P <0.05; (**) P <0.01; (***) P < 0.001). Letters on white bars denote significant differences between host genotypes infected with the CW-0
line relative to the C57BI/6J genotype (&)> 0.05; (b) P < 0.05; (c) P < 0.01; (d) P < 0.001).

Fig. 2 shows the mean values of summary measures of theweight loss and maximum parasitaemias, but these differ-

infection. ences became non-significait & 0.10) when host geno-
type, parasite line and their interaction were included in the
3.1.1. Mortality model. This suggests that there were host genotype influ-

During the experiment, 7 out of the 30 mice died as aresult ences on mortality that were not fully explained by weight
of infection: all of these occurred between days 10 and 15 PI. loss or maximum parasitaemia. Nevertheless, of the seven
Four of these were euthanased because, based on experiencmice that died, weight was still decreasing on the day of
they were very likely to die within the ensuing 24 h. All death in six cases, whereas parasite density was still increas-
of the mice that died were infected with the CW-V line, ing and RBC density still decreasing on or before the day
four in CBA/Ca mice and three in DBA/2 micéig. 2A). of death in one and two cases, respectively. Thus, continued
Combined, the mortality in these two genotypes (70%) was weight loss appeared to be a better predictor of death than
significantly higher £ < 0.05, one-tailed Fisher's exact parasite load or RBC loss.
test) than the zero mortality in the C57BI/6J genotype when  Maximum conversion ratios, total number of gametocytes
infected with the CW-V parasite line. The average day of and total gametocytaemia during the infection were signif-
death in CBA/Ca mice was 12.5 and in DBA/2 mice was icantly lower in mice that died than in survivor§aple J.

11.3, which were not significantly differenP(> 0.10). However, there was no evidence that parasites increased their

Mice that died had similar maximum parasite densities, gametocyte production in the mice about to die: gametocyte
initial growth rates and maximum RBC loss to those that densities and gametocytaemias for individual days were sim-
survived {Table 1. However, they had significantly higher ilar in surviving and non-surviving mice after allowing for
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Table 1
Differences in mean values of asexual parasite growth, virulence and transmission traits in mice that survived vs. those that died duringiihfection w
P. chabaudi

Trait Mean (S.E) Significancé
Survived i = 23) Died =7) Unadjusted Adjusted
Asexual growth
Parasite density Day"5 0.0157 (0.0031) 0.0144 (0.0057)
Maximum parasitaemia (%) 22.1 (1.9) 31.2 (3.4) *
Maximum parasite density 1.46 (0.13) 1.80 (0.24)
Total no. parasités 6.42 (0.57) 6.36 (1.03) *
Virulence
Maximum weight loss (g) 1.92 (0.37) 4.10 (0.68) o
Maximum RBC los8 6.61 (0.37) 6.55 (0.68)
Transmissiofi
Total gametocyte density 32.4 (6.8) 8.4 (12.3) T *
Total gametocytaemia 5.14 (1.02) 1.22 (1.86) T .
Average conversion ratio (%) 1.71 (0.31) 0.91 (0.56) *
Maximum conversion ratio (%) 10.6 (2.0) 2.2 (3.7) U .

a‘Adjusted’ and ‘unadjusted’ mean that host genotype, parasite line and their interaction (where signffieaftp5) were included and excluded
from the model respectively. Means are presented on the raw scale and are not adjusted for any fixed effects.

bMeasured in no./mk10°.

¢As reflected by gametocyte production. ‘Total gametocyte density’ and ‘total gametocytaemia’ are areas under gametocyte density by time and
gametocytaemia by time curves between Days 0 and 22 PI, in units of no. gametocytes per mt Binak 10°, and no. of gametocytes per 1000
RBC x days, respectively.

* P < 0.05.

P <0.01.

Tp <010

host genotype and parasite line effects (not shown), and av-host genotypes in resisting the slow-growing CW-0 para-
erage conversion ratios up to the time of death or clearancesite clone, and that there was some upper bound on parasite
were, in fact, significantly higher in mice that survived ver- density beyond which this capacity could not be expressed.
sus mice that diedTable ). Thus, there was a direct cost This upper bound was not host death because only one of
of host death to total lifetime transmission, i.e. this cost was the seven mice that died did so before peak parasite density
not indirectly due to intrinsic differences among host or par- was observed. Total number of asexual parasites produced
asite genotypes in gametocyte production. The magnitudeto Day 22 Pl showed similar patterrsig. 2F) to maximum

of the cost was large: mice that died produced 26% of the levels (interaction termP = 0.08).

number of gametocytes produced by survivors (average of

untransformed data across all genotypes). This cost to life-3.1.3. Morbidity

time transmission resulted from the fact that the majority of ~ Profiles of RBC density and live-weights tended to mir-
deaths (six out of seven) occurred on or before Day 12 PI, ror those for asexual parasite densities, although with a
after which the bulk of the gametocytes (83% in survivors) 1-2-day delay between maximum parasite density and max-

were produced. imum morbidity Fig. 1). When infected with the ancestral
CW-0 line there were differences between the host geno-
3.1.2. Asexual parasites types in maximum RBC loss and maximum weight loss, with

There were no host genotype or parasite line effects on CBA/Ca suffering the most, followed by DBA/2 and then
early growth rate as measured by parasite density on Days 5C57BI/6J Fig. 2B and . These genotype differences were
and 8 Pl ¢ > 0.10, data not shown). However, there were not present when mice were infected with the CW-V line
clear differences between the host genotypes in maximum(Fig. 2B and §. This suggests an upper bound to morbidity.
parasite densityHig. 2D) and maximum parasitaemia (data Six and two of the seven mice that died had their respec-
not shown) when infected with the CW-0 line. CBA/Ca mice tive observed minimum weight and RBC density on their
had the highest densities, followed by DBA/2 and C57BI/6J. day of death, supporting the observation above that weight
These host genotype effects disappeared when mice were inloss was related to the probability of dying, while minimum
fected with the CW-V line, which produced higher asexual RBC density was either not directly related to mortality, or
parasite loads on average, giving an overall interaction sig- was regulated by other factors.
nificance level ofP < 0.01. These results suggest that the  After the acute phase of the infection (i.e. post-peak par-
higher asexual growth capacity of the evolved CW-V line asitaemia), all surviving mice recovered to approximately
was sufficient to overcome the basal differences betweenequal weights and RBC densitieBig. 1), but there were
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too few surviving mice to analyse for parasite line by host
genotype interactions in persistence of the infection.

3.1.4. Gametocytes
When data from mice that died were excluded, the total

number of gametocytes, maximum and average gametocyte

conversion ratios were the same in the CW-0 line as in the
CW-V line for all three host genotype® (> 0.10), though
total gametocytaemia was higher in the CW-0 line than in the
CW-V line in DBA/2 and CBA/Ca mice® < 0.05 for both
traits). Maximum and average gametocyte conversion ratios
were significantly higher in DBA/2 and CBA/Ca mice (<
0.01) than in C57BI/6J mice, while total gametocyte density
and gametocytaemia were higher in DBA/2 mice than the
other two host genotype#(< 0.01). Thus DBA/2 mice had
the highest transmission potential, while CBA/Ca mice had
intermediate levels, and C57BI/6J mice had the lowest levels
whether infected with the CW-0 or CW-V lines, which were
approximately the same. However, when data from mice that
died were included in the analysis, the CW-V line suffered
considerable loss in transmission potential as a result of
premature host deatfTgble J) in the two susceptible host
genotypes.

Gametocyte conversion ratios showed a similar pattern
through time in all three host genotypes and in both para-
site lines Fig. 3), though with an approximate 2-day delay
in CW-V compared with CW-0 and an earlier clearance in
C57BI/6J mice, followed by CBA/Ca and then DBA/2 mice.
When only data with non-zero gametocyte conversion ratios
were included in the analyses in order to exclude this clear-
ance effect, host differences became non-signific&nt>(
0.10), though parasite line differences remaind< 0.05).
Also when non-zero ratios were excluded, there were no

host genotype or parasite line differences on the slope of the

log-linear increase between Days 8 and 16, indicating that
the factors that lead to a change in conversion ratio through
time were qualitatively the same in both parasite lines and
in all three host genotypes.

3.2. Relationships among traits

In the absence of host death, virulence-related morbidity
(weight and RBC loss) was positively related to maximum
parasitaemia, with evidence of a ‘plateau’ (significant nega-
tive quadratic effect in addition to a significant linear effect)
at high levels of virulence in the case of maximum RBC loss
but not weight lossTable 2. Transmission traits were lin-
early and positively related to maximum parasitaemia with
no evidence of curvilinearity. However, transmission traits
showed curvilinear relationships with virulence-related mor-
bidity, especially with RBC loss, with maxima occurring at
intermediate levels of virulence, giving a ‘humped’ relation-
ship rather than a plateau-like relationshiifle 9. These
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Fig. 3. Mean gametocyte conversion ratios through time in groups of mice
of genotype C57BI/6J, DBA/2 or CBA/Ca infected with an avirulent line
(CW-0, solid line) or a virulent, adapted (CW-V, broken line) lineRf
chabaudi.

the humped relationship is shownhiig. 4. The curvilinear
components in these relationships existed in the absence of
host death and so were generated by other causes: host death
merely exacerbated thenigble 2, consistent with earlier
results on mortality-related trait3gble J).

The humped relationship between gametocyte numbers
and RBC loss suggests that there is a cost to transmission
at high morbidity levels in the absence of host death. As
illustrated inFig. 4, it is clear that this relationship was
driven by the higher gametocyte production in DBA/2 mice
which also had intermediate levels of morbidity. However,
we cannot say whether this higher gametocyte production
was due to some host genotype-specific effect, or whether
it fitted within a general relationship that was common to
all host genotypes and parasite lines. When host genotype,
parasite line and their interaction were fitted in the model,

patterns were broadly consistent across transmission traitghere were no relationships among any of the traits. How-
indicating that these results were not due to auto-correlationsever, when examined within each host genotype separately,
generated by their method of calculation. An example of the relationships between RBC loss and all the gametocyte
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Table 2
Relationships among asexual parasite load, virulence and transmission traits from regression analyses fitting a model with linear and mséatic ter
the regressor

Trait analysed Regressor Survivors only Survivors and non-survivors
Linea® Quadratié Linear Quadratic
Virulence vs. asexual growth
Maximum weight loss Maximum parasitaemia 0.182 —0.001 0.340* —0.005"
Maximum RBC loss Maximum parasitaemia 0.376 —0.006 0.371* —0.006
Transmission vs. asexual growth
Total gametocytes Maximum parasitaemia 0.0822 —0.0013 0.0709 —0.0013 T
Total gametocytes post-crisis Maximum parasitaemia 0.0832 —0.0012 n.&. n.a.
Total gametocytaemia Maximum parasitaemia 0.0623 —0.0010 0.0532 —0.0010
Total gametocytaemia post-crisis Maximum parasitaemia 00635 —0.0010 n.a. n.a.
Average conversion ratio Maximum parasitaemia 0.0445 —0.0004 0.0480 —0.0006
Maximum conversion ratio Maximum parasitaemia 0.0407 —0.0003 0.0481 —0.0008
Transmission vs. virulen€e
Total gametocytes Maximum weight loss 0.156 —0.048" 0.107 —0.035 T
Total gametocytes post-crisis Maximum weight loss 0.125 —0.049 n.a. n.a.
Total gametocytaemia Maximum weight loss 0.114 —0.036" 0.076 ~0.026'
Total gametocytaemia post-crisis Maximum weight loss 0.093 —0.033 n.a. n.a.
Average conversion ratio Maximum weight loss 0.159 —0.043 0.126 —0.031
Maximum conversion ratio Maximum weight loss 0.192 —0.051 0.135 —0.041
Total gametocytes Maximum RBC loss 0.906 —0.067" 0.634'T —0.046'
Total gametocytes post-crisis Maximum RBC loss 1.383 —0.103% n.a. n.a.
Total gametocytaemia Maximum RBC loss 0.779 —0.058 0.469 ~0.035'
Total gametocytaemia post-crisis Maximum RBC loss 0.999 -0.075 n.a. n.a.
Average conversion ratio Maximum RBC loss 0.963 —0.071" 0.635 —0.047"
Maximum conversion ratio Maximum RBC loss 0.858 —0.063 0.712 —0.052'T

aSignificance tests for the linear terms relate to a model without the quadratic term fitted, while significance tests for the quadratic terms relate to a
model with both linear and quadratic terms fitted.
b post-crisis values are from Days 12 to 22 PI. ‘Transmission’ traits are based on gametocyte numb&ahleSédor trait definitions and units.
Estimates given are on the transformed scale.
®n.a. denotes ‘not applicable’ because data on the trait were available from survivors only.

* P < 0.05.
* p < 0,01
Tp <o0.10.
Ttp <01s.

density and gametocytaemia traits were found to have aresistance to one strain & chabaudi would also be less
significant negative quadratic component (i.e. intermediate resistant to other strains. The experimental design of this

maximum) in the DBA/2 mice # < 0.05 andP < 0.10,
respectively), but not in the other host genotypes.

4, Discussion

study does not, however, allow us to rule out some degree
of host-specific adaptation in addition to general adaptation:
to do so would require adapting parasite lines to all three
host genotypes and then testing each line in each host geno-
type. We can only conclude that any host genotype-specific
adaptation that might have occurred was not large enough

The results from this study shed some light on what evolu- to overwhelm general adaptation.

tionary factors regulate maximum virulence in malaria par-  We did, however, find support for one of the key assump-
asites. We found that a parasite lineRothabaudi that had tions of a large class of virulence evolution models, namely,
adapted to grow well in a single strain of inbred mouse, that host death causes a cost to total lifetime transmission,
C57BI/6J, also grew faster and caused more mortality andi.e. parasite fitness. Mice that died had 26% of the trans-
morbidity in two other, less resistant, strains of inbred mice mission potential of those that survived: this was because
compared with its ancestral control line. Thus, our data do they died just before the peak of the infectious period. Simi-
not support the hypothesis that strong host genotype-specifidarly, in the major human malaria speci€sfalciparumand

adaptation of parasites leads to maladaptation when infect-P. vivax, peak gametocyte production occurs soon after the
ing alternative host genotypes. Instead, our data suggest thaacute phase and persists for up to many moniitiien,

parasite adaptation towards higher virulence in C57Bl/6J 1949. Thus, itis possible that malaria-induced human death
mice was general such that any host genotype with lower rates, which in endemic areas of Africa amount to 10% of
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100 1989, and which can differ with host HLA type, may have
controlled parasite loads in the slower growing line: this ex-
planation is consistent with the difference in timing of peak

— -
5 % parasite densityHig. 1). Whatever the factors regulating
g'ﬁ peak parasite load, however, the equal maximum morbid-
29 ity observed in all three host genotypes when infected with
g the virulent line shows that host death is not the only factor
= . .. .y

o § regulating the upper limit of morbidity.

23 The second constraint on parasite fithess-related traits,
.

other than host death, suggested by these data was a cost of
high morbidity to lifetime gametocyte production. (The lat-
ter, we assume to represent lifetime transmission on the ba-
2 4 6 8 10 sis of previous studies that show a high correlation between
post-peak gametocyte production and successful transmis-
sion to mosquitoesBuckling et al., 1997; Taylor and Read,

Fig. 4. Curvilinear relationship between a measure of total lifetime trans- 1998; Mackinnon and Read, 199%aln this experiment,
mission and virulence-related morbidity B chabaudi infections. Max- maximum lifetime transmission stage production occurred
imum reduction in RBC density reached by the mouse is onxthgis; at intermediate levels of host morbidity, with declining lev-

and total gametocytaemia between Days 5 and 22 Pl is ory-toés. .
Each symbol represents a measure on an individual mouse of either geno-e'S of gametocyte numbers at high levels of RBC loss. In our

type C57BI/6J (circles), CBA/Ca (triangles) or DBA/2 (squares) infected Previous studies, we have only seen positiv_e relationships
with parasites of either an avirulent unadapted line (CW-0, closed sym- between gametocyte production and anaemia, but have not
bols) or a virulent mouse-adapted line (CW-V, open symbols). Symbols seen negative relationships between these traits at high mor-
in grey indicate that the mouse died before Day 22. The solid line is the bidity levels Mackinnon and Read 19993‘_ Ve may have
least-squares best-fit quadratic relationship between the two traits afterdone s0 here because we used Ie’ss resis,tant enotvoes. thus
excluding data from mice that died. . e ,g ypes,
extending the range of morbidity and mortality observed.
The humped relationship between gametocyte production

Maximum RBC loss (RBC/ml x 109)

children under 5 years dying from falciparum infection and morbidity Table 2 Fig. 4) could be due to some un-
(Snow et al., 1999 may be a significant force in limiting  defined factor promoting gametocyte production that is spe-
the virulence of this major parasite of humans. cific to DBA/2 mice. Alternatively, it may be that the data

Our data also suggest that host death is not the only factorfell on a curve reflecting a general causal relationship be-
setting the upper limit on disease severity. In the absence oftween gametocyte production and morbidity. However, we
host death, two other constraints on parasite fithess-relateddid not have enough experimental power, or sufficient num-
traits were apparent. First, we observed an upper limit on bers of susceptible host genotypes, or sufficient overlap be-
morbidity (in the absence of host death). This was evi- tween genotypes to distinguish between these hypotheses.
dent from (1) the smaller differences among host genotypesin favour of the latter hypothesis was that the humped re-
when infected with the virulent, evolved line than when lationship was also found within the DBA/2 genotype, and
infected with the avirulent, ancestral lin€ig. 2) and (2) that theoretical and experimental studies show that low RBC
the plateau-like relationship between morbidity and maxi- supply can be partly responsible for limiting asexual pop-
mum parasitaemialble 9. Results from previous experi- ulation growth ratesHellriegel, 1992; Yap and Stevenson,
ments have also indicated such a limit, namely (1) the lack 1994; Gravenor et al., 1995; Hetzel and Anderson, 1996
of evolution to higher morbidity during serial passage of Since gametocyte production depends on asexual parasite
a clone that already had high virulenc®lgckinnon and density, limits on asexual parasite density might also limit
Read, 1999pband (2) the convergence in morbidity lev- gametocyte density. A humped relationship could also arise
els between a virulent and avirulent clone as parasite in- if parasites adaptively down-regulate the production of ga-
oculation dose increasedifhms et al., 200 Combined, metocytes during periods of acute anaemia. We did not find
these suggest that some factor limits parasite densities andhis, however, since gametocyte conversion ratios continued
hence virulence. This may be RBC supply or some other to increase in a highly consistent, log-linear fashion during
host-derived factor that neutralises parasite growth such asthe acute phase in this experimehrtg. 3) and in previous
immunity. An alternative explanation for the smaller differ- studies Buckling et al., 1999 Whatever the causal basis,
ences in morbidity between host genotypes when infected our data are consistent with a fithess cost of high morbidity
with the virulent line than infected with the avirulent line in the absence of host death, and with a life history trade-off
is that cytokine-mediated, non-specific immunity may have between growth and reproduction, both of which are poten-
been responsible for controlling peak parasite density in the tial explanations for why parasites do not evolve higher vir-
faster growing line, whereas antibody-mediated immunity ulence. More experiments are required to determine whether
which does not become effective until around Day 10 PI this result is general across a range of host and parasite
(McLean et al., 1982; Jarra et al., 1986; Jarra and Brown, genotypes and environmental conditions.
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We do not know if the same morbidity-related constraints Anderson, R.A., Knols, B.G.J., Koella, J.C., 2060asmodium falciparum
on virulence observed here apply in the human malaria, sporozoites increase_ feeding-asspciated mortality of their mosquito
P. falciparum. Levels of parasitaemia and anaemia are rarely __hostsAnopheles gambiae s.I. Parasitology 120, 329-333. o
as severe as in the chabaudi-mouse svstem. However Bergstrom, C.T., McElhaney, P., Real, L.A., 1999. Transmission

" . _y : 0 bottlenecks as determinants of virulence in rapidly evolving pathogens.

absolute values are not important to virulence constraints:  proc. Natl. Acad. Sci. U.S.A. 96, 5095-5100.
what matters is the marginal change in transmission per unitBoots, M., Sasaki, A., 1999. Small worlds and the evolution of virulence:
change in virulence or growth. Unfortunately, little is known g‘fgggonlgggufgg'%ca”y and at a distance. Proc. R. Soc. London Ser.
about the transm|_SS|on Consequen_ces of f?.CtOI‘S that IFegu_Bremermann, H.J., Pickering, J., 1983. A game-theoretical model of
late growth and virulence in malaria parasites of human_s. parasite virulence. J. Theor. Biol. 100, 411-426.
We also do not know whether host genotype by parasite Buckling, A.G.L., Read, A.F., 2001. The effect of partial host immunity
genotype interactions are strong in human malaria, though on the transmission of malaria parasites. Proc. R. Soc. London Ser. B
given that substantial genetic variation in host resistance 268. 1-6.
Weath Il 198 d ite virul t al Buckling, A.G.L., Taylor, L.H., Carlton, J.M.R., Read, A.F., 1997.
(Weathera ! _Yan parasie viru enceQ(ravenor € "’.1" Adaptive changes irPlasmodium transmission strategies following
1995; Chotivanich et al., 20QGor P. falciparum malaria chloroquine chemotherapy. Proc. R. Soc. London Ser. B 264, 553-559.
exists, there is certainly the potential for them. In addition Buckling, A.G.L., Crooks, L., Read, A.F., 199%lasmodium chabaudi:
to the virulence-limiting factors examined in this study, we effect of antimalarial drugs on gametocytogenesis. Exp. Parasitol. 93,
also envisage other potential barriers to high virulence in 45-54.

L . . - Carius, H.J., Little, T.J., Ebert, D., 2001. Genetic variation in a host-
malaria in the field. One of these might be fitness costs to parasite association: potential for coevolution and frequency-dependent

the mosquito of carrying malaria transmission forrasi(d selection. Evolution 55, 1136-1145.
et al., 1995; Koella et al., 1998; Anderson et al., 2000; Chotivanich, K.T., Udomsangpetch, R., Simpson, J.A., Newton, P.,
Ferguson and Read, 200Dther possible constraints on vir- Pukrittayakamee, S., Looareesuwan, S., White, N.J., 2000. Parasite

L . - multiplication potential and the severity of falciparum malaria. J. Infect.
ulence evolution include mutation accumulati@g(gstrom Dis. 181, 1206-1209.

etal., 1999; Elena et al., 20pand spatial structure-{psitch Cox, F.E.G., 1988. Major models in malaria research: rodent.
et al., 1995; Boots and Sasaki, 1999; Haraguchi and Sasaki, In: Wernsdorfer, W.H., McGregor, . (Eds.), Malaria: Principles
2000. Nonetheless, the picture building up from our stud- and Practice of Malariology. Churchill Livingstone, Edinburgh,
ies is that the genetic differences in virulence among _ PP- 1053-1543.

P chabaudi cl d in th b h Diffley, P., Scott, J.O., Mama, K., Tsen, T.N.R., 1987. The rate of
- Chabaudi clones as measured In the vertebrate host are proliferation among African trypanosomes is a stable trait that is

consistent across a range of conditions such as daser(s directly related to virulence. Am. J. Trop. Med. Hyg. 36, 533-540.

etal., 200}, host sex (unpublished data), hostimmune status Dybdahl, M.F., Lively, C.M., 1998. Host-parasite coevolution: evidence

(Buckling and Read, 20Q1drug treatmentRuckling et al., :Eor rla:e ac;\;anltggg alrg)cééime-lagged selection in a natural population.
; ; Bes volution 52, - .

1997, the presenFe of competing par:.isn'e genoty d Ebert, D., 1994. Virulence and local adaptation of a horizontally

and Taylor, 2001; Taylor et al., 1998; Timms, 290and transmitted parasite. Science 265, 1084—1086.

now host genotype. If the virulence property of these para- Ebert, D., 1998. Experimental evolution of parasites. Science 282, 1432—
site lines continues to prove to be robust to the many other 1435, _ _ . _ .
factors that determine disease severity, we will have more Ebert, D., 2000. Experimental evidence for rapid parasite adaptation

fid inth uti th derived f th and its consequences for the evolution of virulence. In: Poulin, R.,
confidence in the evolutionary theory derived from these em- Morand, S., Skorping, A. (Eds.), Evolutionary Biology of Host—

pirical studies, such as predictions of the public health conse-  parasite Relationships: Theory meets Reality. Elsevier, Amsterdam,
guences of using anti-disease vaccir@ar{don et al., 2001 pp. 163-184.
Ebert, D., Mangin, K.L., 1997. The influence of host demography on the
evolution of virulence of a microsporidian gut parasite. Evolution 56,
1828-1837.
Acknowledgements Elena, S.F., Sanjuan, R., Borderia, A.V., Turner, P.E., 2001. Transmission
bottlenecks and the evolution of fitness in rapidly evolving RNA

We thank Heather M. Ferguson, Sylvain Gandon and Lucy __Viruses. Infect. Genet. Evol. 1, 41-48. . .
Ellerman, J.R., 1940. The Families and Genera of Living Rodents: With

Crooks for helpful comment; on the_manuscrlpt, a_‘nd B. a List of Named Forms (1758-1936). British Museum, London.
Chan and J. de Roode for assistance with data collection. Therenner, F., Day, M.F., Woodroofe, G.M., 1956. The epidemiological
work was supported by the Leverhulme Trust, the BBSRC  conseguences of the mechanical transmission of myxomatosis by
and the University of Edinburgh. Experimental work on mice _ mosquitoes. J. Hyg. 54, 284-303.

was conducted in accordance with the Animal (Scientific ~e"ner: F. Poole, W.E., Marshall, 1.D., Dyce, A.L., 1957. Studies in the
epidemiology of infectious myxomatosis. Part VI. The experimental

Procedures) Act 1986 administered by the Home Office of  jyiroduction of the European strain of myxoma virus into Australian
the U.K. (Personal Licence PIL 60/5649). wild rabbit populations. J. Hyg. 55, 192—206.
Ferguson, H.M., Read, A.F., 2002. Genetic and environmental
determinants of malaria parasite virulence in mosquitoes, Proc. R. Soc.
London Ser. B (in press).
References Frank, S.A., 1996. Models of parasite virulence. Quart. Rev. Biol. 71,
37-78.
Anderson, R.M., May, R.M., 1982. Co-evolution of hosts and parasites. Gandon, S., Mackinnon, M.J., Nee, S., Read, A.F.,, 2001. Imperfect
Parasitology 85, 411-426. vaccines and the evolution of parasite virulence. Nature 414, 751-756.



296 M.J. Mackinnon et al./ Infection, Genetics and Evolution 1 (2002) 287—-296

Gravenor, M.B., McLean, A.R., Kwiatkowski, D., 1995. The regulation May, R.M., Anderson, R.M., 1983. Epidemiology and genetics in the
of malaria parasitaemia: parameter estimates for a population model.  coevolution of parasites and hosts. Proc. R. Soc. London Ser. B 219,

Parasitology 110, 115-122. 281-313.

Haraguchi, Y., Sasaki, A., 2000. The evolution of parasite virulence and McLean, S.A., Pearson, C.D., Phillips, R.S., 198Plasmodium
transmission rate in a spatially structured population. J. Theor. Biol. chabaudi: antigenic variation during recrudescent parasitaemias in
203, 85-96. mice. Exp. Parasitol. 54., 296-302.

Hellriegel, B., 1992. Modelling the immune response to malaria. Proc. McKenzie, F.E., Bossert, W.H., 1998. A target for intervention in
R. Soc. London Ser. B 250, 249-256. Plasmodium falciparum infections. Am. J. Trop. Med. Hyg. 58, 763—

Hetzel, C., Anderson, R.M., 1996. The within-host cellular dynamics of 767.
bloodstage malaria: theoretical and experimental studies. Parasitology Read, A.F., Taylor, L.H., 2001. The ecology of genetically diverse
113, 25-38. infections. Science 292, 1099-1102.
Hurd, H., Hogg, J.C., Renshaw, M., 1995. Interactions between Regoes, R.R., Nowak, M.A., Bonhoeffer, S., 2000. Evolution of virulence
bloodfeeding, fecundity and infection in mosquitoes. Parasitol. Today in a heterogeneous host population. Evolution 54, 64-71.
11, 411-416. Sasaki, A., lwasa, Y., 1991. Optimal growth schedule of pathogens within
Jarra, W., Brown, K.N., 1989. Protective immunity to malaria: studies a host: switching between lytic and latent cycles. Theor. Pop. Biol.
with cloned lines of rodent malaria in CBA/Ca mice. Part IV. The 39, 201-239.
specificity of mechanisms resulting in crisis and resolution of the Snow, R.W., Craig, M., Deichmann, U., Marsh, K., 1999. Estimating

primary acute phase parasitaemiaRb&smodium chabaudi chabaudi mortality, morbidity, and disability due to malaria among Africa’s
and P. yodlii yodlii. Parasite Immunol. 11, 1-13. non-pregnant population. Bull. Who 77, 624-640.

Jarra, W., Hills, L.A., March, J.C., Brown, K.N., 1986. Protective Stearns, S.C., 1992. The Evolution of Life Histories. Oxford University
immunity to malaria. Studies with cloned lines dflasmodium Press, New York.

chabaudi chabaudi and P. berghei in CBA/Ca mice. Part Il. The Stevenson, M.M., Lyanga, J.J., Skamene, E., 1982. Murine malaria: genetic
effectiveness and inter- or intra-species specificity of the passive  control of resistance td?lasmodium chabaudi. Infect. Immun. 38,

transfer of immunity with serum. Parasite Immunol. 8, 239-254. 80-88.
Kitchen, S.F., 1949. Symptomatology: general considerations. In: Boyd, Taylor, L.H., Read, A.F., 1998. Why so few transmission stages?
M.F. (Ed.), Malariology. Saunders, London, pp. 967-994. Reproductive restraint by malaria parasites. Parasitol. Today 13, 135-

Koella, J.C., Sorensen, F.L., Anderson, R.A., 1998. The malaria parasite,  140.
Plasmodium falciparum, increases the frequency of multiple feeding  Taylor, L.H., Mackinnon, M.J., Read, A.F., 1998. Virulence of mixed-clone

of its mosquito vectorAnopheles gambiae. Proc. R. Soc. London Ser. and single-clone infections of the rodent mal@iasmodium chabaudi.
B 265, 763-768. Evolution 52, 583-591.

Levin, S.A., Pimentel, D., 1981. Selection of intermediate rates of increase Timms, R., 2001. The ecology and evolution of virulence in mixed
in parasite—host systems. Am. Nat. 117, 308-315. infections of malaria parasites, Ph.D. Thesis. University of Edinburgh,

Lipsitch, M., Herre, E.A., Nowak, M.A., 1995. Host population structure Edinburgh.
and the evolution of virulence: a law of diminishing returns. Evolution Timms, R., Colegrave, N., Chan, B.H.K., Read, A.F., 2001. The effect

49, 743-748. of parasite dose on disease severity in the rodent maphagnodium
Lipsitch, M., Moxon, E.R., 1997. Virulence and transmissibility of chabaudi. Parasitology 123, 1-11.
pathogens: what is the relationship? Trends Microbiol. 5, 31-36. Turner, C.M.R., Aslam, N., Dye, C., 1995. Replication, differentiation,
Lively, C.M., Dybdahl, M.F., 2000. Parasite adaptation to locally common growth and the virulence ofTrypanosoma brucei infections.
host genotypes. Nature 405, 679-681. Parasitology 111, 289-300.
Lyon, M.F., Searle, A.G., 1989. Genetic Variants and Strains of the Weatherall, D.J., 1987. Common genetic disorders of the red cell
Laboratory Mouse. Oxford University Press, Oxford. and the malaria hypothesis. Ann. Trop. Med. Parasitol. 81, 538—
Mackinnon, M.J., Read, A.F., 1999a. Genetic relationships between  539.
parasite virulence and transmission in the rodent maRidamodium Woolhouse, M.E.J., Taylor, L.H., Haydon, D.T., 2001. Population biology
chabaudi. Evolution 53, 689-703. of multihost pathogens. Science 292, 1109-1112.
Mackinnon, M.J., Read, A.F., 1999b. Selection for high and low virulence Yap, G.S., Stevenson, M.M., 1994. Blood transfusion alters the course
in the malaria parasit®lasmodium chabaudi. Proc. R. Soc. London and outcome oPlasmodium chabaudi chabaudi AS infection in mice.

Ser. B 266, 741-748. Infect. Immun. 62, 3761-3765.



	Virulence in rodent malaria: host genotype by parasite genotype interactions
	Introduction
	Materials and methods
	Mouse and parasite genotypes
	Infections
	Statistical analyses

	Results
	Host genotype and parasite line effects
	Mortality
	Asexual parasites
	Morbidity
	Gametocytes

	Relationships among traits

	Discussion
	Acknowledgements
	References


