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Determinants of transmission success of individual clones
from mixed-clone infections of the rodent malaria parasite,
Plasmodium chabaudi
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Abstract

Interactions between malaria parasite clones within mixed infections can have a profound effect on transmission and
therefore the epidemiology of the disease. However, factors which determine the relative transmission success of
individual clones from mixed infections are unknown. We have used two clones of the rodent malaria Plasmodium
chabaudi to investigate changes in the clonal composition of asexual parasites over the course of mixed-clone infections
in mice and how these relate to the clonal composition of transmission (oocyst) populations in mosquitoes. Clonal
composition was determined using monoclonal antibody analyses for the asexual blood stage populations and PCR
analysis of single oocysts for the transmission populations in mosquitoes. The relative frequency of the two clones
changed dramatically during the course of the infection in mice, depending on their ratio in the inoculum. The clonal
composition of parasites within mosquitoes most closely resembled that in the asexual infection at the time of transmission
rather than that at any point earlier in the infection. These results provide no evidence that clones increase rates of
gametocytogenesis in response to competitive suppression. Most likely, transmission success follows from asexual success
in the later parts of the infection. The clone which dominated the earlier part of the infection. when most parasites are
produced, did not necessarily dominate the transmission from the infection. The two clones differed in competitive
ability and the data suggest that interactions with the host immune system may be a major factor in determining
transmission success from mixed-clone infections. € 1998 Australian Society for Parasitology. Published by Elsevier
Science Ltd.
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1. Introduction The relative transmission success of co-infecting
clones wil] therefore be a major component of natu-

Mixed infections of human malaria parasites are ral selection on parasite genes expressed in verte-
common in many, if not most, endemic areas [1]. brate hosts. Any within-host interactions between

clones which affect transmission may also affect
levels of infectiousness, outcrossing rates, and
population-wide gene frequencies. Despite the
theoretical and practical importance of these issues,
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the vertebrate host and the consequences of these
dynamics on the transmission of individual clones.

To that end, we have been studying the per-
formance of two clones (denoted ER and CR) of the
rodent malaria Plasmodium chabaudi in laboratory
mice, using mAb labelling of asexual parasites and
PCR analysis of single oocysts to distinguish the
clones of parasites in mice and mosquitoes respec-
tively [2, 3]. Interactions between clones within
mixed infections were complex and had a significant
effect on both overall infectiousness and the trans-
mission success of individual clones. Total trans-
misston from mixed infections was higher than from
single-clone infections [2]. Competing clones could
substantially suppress asexual replication rates and
hence the population size of individual clones
within mice. The relative frequencies of clones
within asexual parasite populations often altered
dramatically over a few days and the clonal com-
position of the transmission stages was often
different from that of the inoculum or that of the
asexual population only four days before the feed.
Often, when a clone was initially rare, and sup-
pressed during the bulk of the asexual infection, it
was nonetheless the majority parasite in mosquitoes
[3].

There are two alternative explanations for the
high transmission success of clones which were rela-
tively rare during most of the infection [3]. First,
gametocyte densities (and hence transmission) of
each clone might be a simple consequence of their
asexual densities at the time of gametocyte
production. If so, marked alterations in the clonal
composition of the asexual infection must have
occurred just prior to the feed. Second, in mixed-
clone infections, there might be facultative alter-
ations in the rate at which clones produce gameto-
cytes. Environmental modulation of gametocyto-
genesis occurs in Plasmodium [4] and in some cases
itis possible to interpret this as an adaptive response
to local conditions [5]. Theoretically, a clone which
has its asexual replication suppressed by a com-
petitor should increase investment into trans-
mission stage production [6).

We were unable to eliminate either of these expla-
nations using data from our previous experiments.
This was because of insufficient sampling during
the period when the unexpectedly rapid changes in

clonal composition would have to have occurred.
Here we report experiments aimed at rectifying
that. We initiated P. chabaudi infections in mice
with the two clones used previously. All infections
were initiated with equal numbers of parasites, but
with the clones inoculated in ratios of 9:1, 1:9 and
5:5. The first two treatments replicate those used in
the earlier experiments {2, 3]; the third provided
a more direct test of competitive ability. Blood
samples were taken from all mice on the day of the
mosquito feed. as well as 2 and 4 days earlier.

2. Materials and methods
2.1. Infections, sampling and analysis

The methods used to infect, maintain and sample
infected mice and mosquitoes together with the
monoclonal and PCR techniques used to analyse
these samples were described by Taylor et al. [3].
The hosts used were inbred C57Bl/6J/Ola mice
(Harlan, England) which are homozygous for
haplotype b at the Histocompatability-2 (H-2)
locus.

2.2. Experimental design

Three treatment groups of six mice each were
infected with initial ratios of 1ER:9CR, 9ER:ICR
and 5ER:5CR. All mice received a total of 10° para-
sites. Samples of the asexual parasites for mAb
analysis were taken on days 10, 12 and 14 p.i. from
all mice. On day 14 p.1., blood smears were taken to
assess asexual parasitaemia and gametocytaemia,
then mosquitoes were allowed to feed on all mice
in the SER:5CR treatment group, and four mice
from each of the [ER:9CR and 9ER:ICR treatment
groups. Very little gametocyte production occurs
early in P. chabaudi infections [7] and in those
initiated with 10° parasites, peak gametocytaemias
occur on day 14 p.i. [5]. Transmission sampled at
this time point should therefore be representative
of the bulk of transmission from the infections.
Single oocysts were dissected from mosquito
midguts 8 to 9 days after the feed. To assess the
ratio of the two clones in the transmission popu-
lation. these were later analysed by PCR of a poly-
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morphic antigen gene MSP-1 [3]. A mean
(£S.E.M.) of 10.85 (£0.99) oocysts from each
infection were analysed by PCR. One infection in a
mouse produced no infected mosquitoes, and was
excluded from the analyses of transmission.

2.3. Data analysis

To establish 95% confidence limits for the ratios
of the two clones in the asexual and oocyst popu-
lations, generalised linear models with binomial
error structures were fitted to counts of the ER
alleles and total alleles sampled from each mouse
[8]. For asexual parasites, one allele represented one
haploid asexual parasite counted. For the trans-
mission stages it represented one of the two alleles
identified by PCR in a single oocyst (i.e. the equi-
valent of one successful gamete).

Ordinary least squares regression analyses were
used to test for correlations between game-
tocytaemia (number of gametocytes per 1,000 red
blood cells) and asexual parasitaemia (percentage
of red blood cells infected with asexual parasites).
All data were arcsine transformed to give normal
error structures prior to these analyses. Cor-
relations between the proportion of parasites in
asexual and oocyst populations that were derived
from the ER clone were carried out using GLIM
[8]. The proportion of ER parasites in the oocyst
population was used as the dependent variable in
models with binomial error structure, and the pro-
portion of ER parasites in the asexual population
was arc-sine transformed prior to use as the inde-
pendent variable.

3. Results

3.1. Relative frequencies of the two clones in asexual
populations

When the ER clone started as 10% of the inocu-
lum, it was able to increase its representation of the
asexual population dramatically between days 10
and 14p.. ER parasites constituted 21% of the
asexual parasites on day 10p.i., 65% on day 12 p.i.
and 76% on day 14 p.i. (Fig. la).

When CR constituted 10% of the inoculum, it
too increased its proportion of the asexual popu-
lation over days 10 to 14 p.i., but not as dramati-
cally. By day 14p.i. CR constituted only 33% of
the asexual population (Fig. 1b).

The infections initiated with equal numbers of
ER and CR parasites were all dominated by the ER

asexual parasites oacysts
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Fig. 1. Clonal composition of asexual and oocyst parasite popu-
lations from infections initiated with inocula of 1ER:9CR (a).
9ER:ICR (b) and SER:5CR (c). Error bars are 95% confidence
limits from models with binomial errors.
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clone in the later stages of infection. ER parasites
formed 52% of the asexual parasites on day 10 p.i.,
but this rose to 87% on day 12 p.i. and 83% on day
14 p.i. (Fig. lc).

3.2. Relative frequencies of the two clones in the
oocyst populations

The oocyst populations were dominated by the
ER clone for all three treatment groups of mice.
Mice given an inocula with 10%. 50% and 90%
ER produced transmission populations in which
ER contributed 77, 84 and 73% of the oocysts
respectively (Fig. la, 1b and ic). These ratios
differed only marginally (yi = 3.52. P ~ 0.07).

In all three treatment groups the clonal com-
position of the oocyst population conformed to
the Hardy—Weinberg equilibrium, consistent with
random mating between the two clones ({3 3.29.
p > 0.1 for 10% ER inoculum, %3 0.09. P > 0.5 for
90% ER inoculum, x3 0.69, P > 0.5 for 50% ER
inoculum).

3.3. Determinants of the transmission populations

3.3.1. Gametocytaemia. Gametocytaemia on day
14 p.i. was highly correlated with the asexual par-
asitaemia on both day l4pi. (F,;; = 1045,
P < 0.0}, Fig. 2), and day [2p.i. (F,;; = 6.60.
P < 0.05). Day 14 asexual parasitaemia explained
significantly more variance In gametocytaemia
when added to a model containing day 12 asexual
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Fig. 2. The relationship between gametocytaemia and asexual
parasitaemia on day 14 p.i. of all infections

parasitaemia (F,,; = 7.07, P < 0.05), but day 12
asexual parasitaemia did not explain significantly
more variance in gametocytaemia when added to
a model containing day 14 asexual parasitaemia
(F, o= 1.81, P> 0.05).

3.3.2. Clonal composition. Clone ER was dominant
in the oocyst populations from all three treatments,
even though the clonal composition of the infec-
tions in the three treatments was very different four
days earlier. There was no evidence that the clonal
composition of oocysts in mosquitoes was inversely
proportional to the clonal composition in mice {Fig.
3a-c): CR did not transmit at higher frequencies
when it was in the minority during the bulk of the
infection (Fig. 1b), or in the minority in the days
just prior to transmission (Fig. la-c). Thus, there
was no consistent evidence that suppressed clones
increase their relative frequency in transmission
populations by increasing rates of gametocyto-
genesis. In contrast, there is evidence supporting
the hypothesis that asexual dynamics alone account
for the relative frequency of clones in the oocyst
population: the numerical dominance of ER in the
oocyst populations best matches its numerical
dominance when the mosquitoes were allowed to
leed (Fig. 3a-¢).

Analysing the data from each infection confirms
this qualitative picture. The clonal composition of
oocysts (analysed as the proportion of alleles con-
tributed by the ER clone) was not correlated with
the clonal composition of the asexual population
on four or two days before the feed (37 = 0.35.
P>035, slope=038 =194, P>0.1,
slope = 1.10 respectivelv). The correlation between
the clonal composition of oocysts and the clonal
composition of the asexual population on the duy
of the feed was stronger. though still short of two-
tailed significance (y; = 2.55, P = 0.1, slope of cor-
relation = 1.31). This relationship may be weak
because of the limited variation in the proportion
of ER in the oocysts (no more than expected by
chance alone; comparison with binomial expec-
tation, xi, = 12.71, P > 0.2). At all time points the
correlations were positive. so there was no evidence
that clones compensated for competitive sup-
pression by increasing the rate of game-
tocytogenesis.
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Fig. 3. The relationship between the proportion of oocyst popu-
lation contributed by the ER clone, and the clonal composition
of the asexual infection on day 10p.i. (a), day 12p.i. (b) and
14 p.i. (¢). Error bars are 95% confidence limits from models
with binomial errors. 95% confidence limits for the x-axis are
around +0.025. The dotted line represents the expected pro-
portion of oocysts contributed by the ER clone if it were deter-
mined entirely by the frequency of ER parasites in the asexual
infection.

4. Discussion

Asexual parasite populations sampled on day
10 p.i. showed that the relative abundances of the
two clones had not altered markedly from those in
the inocula. However, between days 10 and 14 p.i.
marked changes in the relative frequencies
occurred. For all three treatment groups, ER para-
sites dominated both the asexual infection on the
day of the feed and the oocyst populations which
developed in mosquitoes. The clonal composition
of the day 10 p.i. asexual populations and day 14 p.i.
oocyst populations measured in this experiment are
quantitatively very similar to those from the pre-
vious experiments [3]. suggesting that these patterns
are robust and repeatable.

The more intensive sampling used in this experi-
ment allows us to distinguish between the two
hypotheses raised. If the first were true, so that
asexual densities are the primary determinant of
clonal transmission success, then the composition
of the population in mosquitoes should be predicted
by the asexual population around the day of the
feed. If the second were true, with competitively
suppressed clones allocating more resources (o
gametocyte production, then the clonal com-
position of the asexual population around the time
of the feed should be different from that of the
transmitted population.

Clonal compositions of oocyst populations in
mosquitoes were more closely related to those in
the asexual populations on the day on which mos-
quitoes were fed than on days prior to it. We found
no consistent evidence that when suppressed. clones
compensate by producing more transmission
stages. This strongly suggests that differences in the
clonal composition of asexual population and the
oocysts derived from feeds 4 days later came about
because of marked changes in the relative fre-
quencies of the clones towards the end of the infec-
tion. Gametocytaemia on day 14 p.1. was strongly
correlated to the asexual parasitaemia on the same
day. Previous experiments have shown gametocyte
density on the day of a feed to be a good predictor
of subsequent oocyst burden [2]. Taken together,
the most parsimonious interpretation of our data is
that no upregulation of gametocvte production to
compensate for competitive suppression is occur-
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ring in these infections. Instead. the transmission
success achieved by a clone depends on its asexual
parasitaemia on the day of the feed. Thus. it is
most likely that mixed-clone infections are more
infectious than single-clone infections because they
have larger asexual densities at the point at which
transmission stages are produced. This is supported
by the positive correlation between transmission
and asexual density on the day of the teed observed
in the earlier experiments {2].

Gametocytes of P. chabaudi are though to take
around 2 days to mature {9]. However. game-
tocytaecmia and the clonal composition of the
oocyst infection on day 14 p.i. reflect the size and
composition of the asexual infection on that day
rather than that of 2 days earlier. This could be
because immune responses altering the clonal com-
position of asexual parasites over this timespan
affected the newly formed (immature) gametocytes
similarly. This may occur if immunity is targeted
against antigenically conserved, clone-specific mol-
ecules essential for parasite growth. It could also be
explained if early in the infection gametocytes were
produced by the two clones in the same relative
frequency as were asexual parasites, and a separate
strain-specific immune response was raised against
gametocyte populations in addition to that against
asexual parasite populations.

Plasmodium chabaudi infections initiated with 10°
parasites have peak asexual parasitaemias 7-8 days
p... with between 25 and 35% of r.b.c. being
infected. By day 10p.i.. the majority of parasites
have been cleared from the blood stream and par-
asitaemias are generally less than 10% [2]. Over the
first 10 days of infection, the three treatment groups
in this experiment showed very different relative
abundances of the clones. However, ER parasites
formed the majority of the oocyst populations from
all three groups. showing that dominance of the
main part of the infection does not necessarily lead
to greater transmission success. Instead, what mat-
ters is numerical dominance of the asexual popu-
lation during the period of gametocyte production.

When ER parasites started as 10% of the inocu-
lum, they were able to increase their representation
to more than 70% of the asexual population by day
14p.i. When CR parasites started as 10% of the
inoculum, they reached only 30% of the asexual

population over the same timespan. ER parasites
dominated the later stages of infection whgther they
started as a minority. majority or half of the inocu-
lum and thus appear the superior competitor.
Nevertheless. even when ER parasites started as the
majority of the inoculum they were not able to
completely eliminate CR parasites from the infec-
tion.

What constitutes competitive ability in mixed
infections is unclear. ER parasites may produce
more copies of themselves each 24-h replication
cycle, may survive better when nutrients are limi-
ting, may stimulate a weaker immune response
against themselves, or may be better able to with-
stand an immune response once mounted.
However, as major changes in the clonal com-
position of the asexual infection occurred only after
the main peak of infection had ended. it seems
unlikely that growth advantages could account for
the relative increase in ER asexual parasitaemia.
Instead, differences between the clones in their
interactions with the host immune system might
explain the results more casily. Previous experi-
ments with P. chabaudi infections in mice have
shown that clones vary in the amounts of clone-
specific and cross-reactive immunity that they
imduce [10] and immunity to different clones can
lead to different alterations to the course of the
infection [11]. One explanation of our results is that
host immunity raised to an infection dominated by
ER parasites adversely affected CR parasites, but
immunity raised to an infection dominated by CR
parasites affected ER parasites to a lesser extent,
Experiments applying clone-specific antibodies to
mixed infections may shed further light on the com-
plex interactions between hosts and mixed parasite
populations.

Interactions with the host immune system may
therefore be an important determinant of com-
petitive ability in mixed-clone infections. Strain-
specific immunity has been experimentally dem-
onstrated for Plasmodium falciparum and Plas-
modium vicax [12--16] and recent genetic studies in
the field suggest that it has an important role in the
epidemiology of human malaria parasites [17]. [t is
possible that interactions with the host immune
system are more important than more conventional
indicators of competitive ability such as growth
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rate or resource utilisation in shaping patterns of
malaria parasite transmission and evolution.
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