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Abstract. It is becoming increasingly clear that under natural conditions parasitic
infections commonly consist of co-infections with multiple conspecific strains. Multiple-strain
infections lead to intraspecific interactions and may have important ecological and
evolutionary effects on both hosts and parasites. However, experimental evidence on
intraspecific competition or facilitation in infections has been scarce because of the technical
challenges of distinguishing and tracking individual co-infecting strains. To overcome this
limitation, we engineered transgenic strains of the protozoan parasite Trypanosoma brucei, the
causal agent of human African sleeping sickness. Different strains were transfected with
fluorescence genes of different colors to make them visually distinguishable in order to
investigate the effects of multiple-strain infections on parasite population dynamics and host
fitness. We infected mice either with each strain alone or with mixes of two strains. Our results
show a strong mutual competitive suppression of co-infecting 7. brucei strains very early in
infection. This mutual suppression changes within-host parasite dynamics and alleviates the
effects of infection on the host. The strength of suppression depends on the density of the co-
infecting strain, and differences in life-history traits between the strains determine the
consequences of strain—strain competition for the host. Unexpectedly, co-infection with a less
virulent strain significantly enhances host survival (+15%). Analysis of the strain dynamics
reveals that this is due to the suppression of the density of the more virulent strain (—33%),
whose degree of impact ultimately determines the physical condition of the host. The
competitive suppression is likely caused by allelopathic interference or by apparent
competition mediated by strain-specific immune responses. These findings highlight the
importance of intraspecific variation for parasite—parasite and parasite—host interactions. To
fully understand parasite and disease dynamics, the genetic diversity of infections must be
taken into account. Through changes in parasite dynamics, intraspecific variation may further
affect transmission dynamics and select for increased virulence of each strain. The precise
mechanisms underlying mutual suppression are not yet understood but may be exploitable to
fight this devastating parasite. Our results are therefore not only of basic ecological interest
investigating an important form of intraspecific competition, but may also have applied
relevance for public health.
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INTRODUCTION

Ecologists have long studied interspecific variation
and its implications for interactions between species
(Gause 1934, Tilman et al. 1981, Wootton 1994,
Maitland et al. 1997, Schmitz et al. 1997, Berlow 1999,
Bruno et al. 2003). Species are often treated as
homogeneous groups of individuals with average
characteristics. However, in reality species do not consist
of individuals with all the same mean properties. Rather,
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individuals and populations of one species can greatly
vary in genotype and in important phenotypic traits.
The distribution of this variability affects the behavior
of populations and the interactions of populations with
those of other species (Roughgarden and Diamond
1986, Thompson 1988). The role of intraspecific
variability in modulating population dynamics and
interspecific interactions is not understood in detail but
may be of fundamental importance to accurately predict
species interactions.

In host—parasite interactions, the effects of intraspe-
cific variation are bound to greatly modulate the
outcome of the interspecific interactions between the
host and the parasite. Both the variability of the host
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and of the parasite can be significant. The success of a
specific parasite genotype can depend on characteristics
of the individual host encountered. Likewise, variability
in the expression of parasite traits can determine which
parasite strains are successful on a specific host genotype
and which are not (Ebert et al. 1998, Ferguson and Read
2002, Lambrechts et al. 2005, Little et al. 2006,
Salvaudon et al. 2007, Ben-Ami et al. 2008b).

Here we focus on effects that are likely to bear great
significance in many if not all host—parasite systems: the
effects of intraspecific parasite variability within an
infected host, i.e., the effects of interactions between
parasite strains on the parasite’s population dynamics
and the consequences these have for the host.

Multiple-strain infections are still poorly understood,
both in terms of their prevalence in nature and of their
effects on specific parasites or on host—parasite interac-
tions in general. The occurrence of multiple-strain
infections is well documented in malaria, where it has
been shown that >85% of the infected population can
carry multiple-strain infections (Babiker et al. 1999).
There are increasing data on the prevalence of multiple-
strain infections from other parasites. The emerging
picture is that they are found in most parasite species for
which the necessary genetic tools to detect them are
available and researchers actively look for them (e.g.,
Sharp et al. 1997, Schmid-Hempel and Reber Funk
2004, Warren et al. 2004, Keeney et al. 2007, Balmer and
Caccone 2008). They appear to be the norm rather than
the exception.

Infections with more than one strain can be funda-
mentally different from infections with one strain and
have important consequences both for the host and the
parasite. For the host, they represent a broader
challenge that complicates defense and immune response
(Levin and Anderson 1999). For the parasite, they lead
to direct or indirect interactions between strains that can
alter within-host population dynamics and transmission
between hosts and lead to novel selection pressures on
and thus altered evolution of parasite life-history traits.

Direct interference competition by excretion of
molecules that inhibit the growth of competing strains
but not of the excreting strain (allelopathy) is well
documented in bacteria (Kerr et al. 2002). This
mechanism is also generally held to operate between
different plant species, but it remains unclear how
relevant it is in natural settings (Harper 1977). Indirect
interactions between strains include competition for
shared resources in the host, which is likely to be more
intense than in competition between species due to the
much stronger niche overlap as a consequence of the
close relatedness of strains. Immune-mediated apparent
competition is another form of indirect interaction. In
immune-mediated apparent competition (Raberg et al.
2006), a strain suffers from an immune response that is
elicited by another strain. The effector cells of the
immune system are therefore analogous to a shared
predator in predator—prey systems with two prey species
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(Holt 1977). Interactions between strains can also be
commensalistic or mutualistic (Bruno et al. 2003). Many
parasites have immunosuppressive properties (Hudson
et al. 1976, Lello et al. 2004), so infection compromises
an efficient immune response. Immunosuppression
facilitates infection with further parasite species. Be-
cause strains are much more closely related and
immunologically more similar than different species,
facilitation is expected to be much more prominent in
multiple-strain infections. Furthermore, specific parasite
surface structures (“epitopes”) can mutually interfere
with the immune response against other epitopes
(Gilbert et al. 1998, Plebanski et al. 1999), a phenom-
enon known as “altered peptide ligand” (Bertoletti et al.
1994, Klenerman et al. 1994), or they can restimulate an
antibody response already mounted against a very
similar epitope of another strain, leading to a subopti-
mal response and in effect benefiting that strain, a
process known as “original antigenic sin” (Fazekas de
St. Groth and Webster 1966, Klenerman and Zinkerna-
gel 1998).

Any form of interaction between strains potentially
changes selective pressures. Selection leads to the
evolution of parasite life-history traits such as virulence
(defined here as the level of harm caused by a parasite to
its host). Virulence takes a central position either as an
explanatory or response variable in most theoretical
models of host—parasite and parasite—parasite interac-
tions (Dieckmann et al. 2002). Classical theory predicts
that competition between strains in most cases will select
the parasites to evolve toward higher virulence (May
and Nowak 1995, Van Baalen and Sabelis 1995, Frank
1996). On the other hand, virulence differences can be
an important determinant of competition outcome
between strains. For example, de Roode et al. (2005)
and Ben-Ami et al. (20084) have shown in rodent
malaria and in the Daphnia magna—Pasteuria ramosa
system, respectively, that the more virulent strain in
mixed infections is competitively superior and has a
higher probability of being transmitted.

Experimental evidence to distinguish between the
different forms of interaction is very scarce in eukaryotic
parasites, severely limiting our understanding of multi-
ple-strain infections. Most empirical multiple infection
studies investigate infections with (usually two) distinct
species (Hudson et al. 2002, Poulin 2007), or they make
indirect inferences by comparing single to mixed
infections without assessing the contributions of the
single strains in the mixed infection. One reason for the
lack of experimental studies has been the technical
challenge of distinguishing and independently observing
the dynamics of different strains of one species in mixed
infections.

Given the commonness of multiple-strain infections
and their likely important consequences, it is critical to
develop experimental systems in which both the
population dynamics of strains within hosts and the
mechanisms mediating those dynamics can be investi-
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gated experimentally. To that end we chose Trypanoso-
ma brucei Plimmer and Bradford 1899, a unicellular
protozoan blood parasite (Barrett et al. 2003), as our
model system (see Plate 1). Trypanosomes are a major
factor shaping the African continent. Human African
trypanosomosis (sleeping sickness) is fatal if untreated
and ranks second among parasitic diseases in sub-
Saharan Africa only to malaria in terms of mortality
(WHO 2002). Animal trypanosomosis (Nagana) pre-
vents cattle farming and the use of work animals over
huge areas of sub-Saharan Africa (Connor 1994) and
thus profoundly influences the ecology and the socio-
economic situation of the entire continent. The parasite
reproduces clonally in the vertebrate host and faculta-
tively recombines in the tsetse fly (Glossina spp.) vector
(Jenni et al. 1986; see plate 1). To evade the immune
response, parasites regularly undergo the process of
antigenic variation. Almost weekly, the total exchange
of cell surface structure generates a population of
identical, but antigenically novel, parasites (Barry and
Carrington 2004).

Here we investigate what effects multiple-strain
infections have on within-host parasite dynamics and
on host—parasite interactions. We engineered visually
distinguishable transgenic 7. brucei strains with different
levels of virulence containing strain-specific fluorescent
genes of different color (Balmer and Tostado 2006). We
compared the population dynamics of two focal strains
in single vs. mixed infections and their effects on mouse
hosts to ask: (1) Do different strains of 7. brucei interact
in their vertebrate host? (2) Does strain virulence
influence the outcome of interaction? (3) Does the
population density of a strain influence the other strain?
and, (d) What effect does the interaction between strains
have on host fitness? To investigate the effect of
virulence we generated two variants of different
virulence for one of the strains and compared the effects
of multiple infection when the co-infecting strains
differed in virulence (variable-virulence experiment,
VVE) to the effects when both had the same virulence
(equal-virulence experiment, EVE). To investigate the
effect of density we compared parasite dynamics of a
focal strain co-infected with different concentrations of
a second strain (density-dependence experiment, DDE).

MATERIALS AND METHODS
Parasite strains

The two strains of Trypanosoma brucei brucei used
were isolated from a vertebrate host Alcelaphus busela-
phus cokii (Coke’s hartebeest, kongoni) in Serengeti
National Park, Tanzania (STIB246BA-R1, “red”), and
from the vector Glossina fuscipes fuscipes (tsetse fly) in
Busoga, Uganda (STIB777AE-Gl1, “greenpayir”), re-
spectively. They differ substantially in mitochondrial
and nuclear (Balmer et al. 2006) genotype. Trypanosoma
b. brucei is an animal-infective form of 7. brucei that is
genetically identical to the human-infective host-range
variant 7. b. rhodesiense except for the lack of the serum
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Fic. 1. Host response to mixed infections by strains of the

protozoan parasite Trypanosoma brucei: mouse (Mus musculus)
survival (mean + SE) post-infection in (A) the variable-virulence
experiment (using the avirulent green strain, greenayr) and (B)
the equal-virulence experiment (using the more virulent strain,
greenyr). All pairwise contrasts in (A) are significant: red vs.
mixed, 1,0=2.66, P=0.015; mixed vs. greenavigr, to=28.37, P <
0.0001; red vs. greenayir, f20=8.73, P < 0.0001.

resistance associated (SRA) gene conferring human
infectivity to 7. b. rhodesiense (Gibson 2005). Both
strains were cloned (i.e., grown up from a single parasite
individual) after isolation and then cultured in axenic
medium prior to transfection and infection. They thus
had time to accumulate mutations and are expected to
contain some (low) level of genetic variability, as in
natural infections. STIB246BA-R1 and STIB777AE-Gl1
were stably transfected with mRFP1 (red) and EGFP
(green) fluorescent protein genes, respectively, as de-
scribed previously (Balmer and Tostado 2006) to allow
the tracking of both strains by color in mixed infections
(see photographs in Figs. 1 and 3). The genes were
inserted into the genome and are constitutively ex-
pressed in all parasite life stages. The two fluorescent
strains are referred to as red and greenavig for
simplicity. Both strains exhibit different but highly
reproducible virulence (Fig. 1A) and growth character-
istics (Fig. 2A).
Mice

All experiments were conducted in accordance with

institutional guidelines and federal regulations with

outbred female white NMRI mice (Mus musculus;
RCC, Itingen, Switzerland). Outbred mice were used
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Fic. 2. Geometric mean parasite population growth curves per strain in (A) the variable-virulence experiment (using

greenayir) and (B) the equal-virulence experiment (using the more virulent greenyr). Curves end at the day of death of the last
mouse in each treatment group except for the single infection of greenayir in (A). The dotted black lines show the combined density
of red and greensyir vir in mixed infections. Each line is based on (A) 11 or (B) five repeatedly measured mice, respectively. The
solid lines show single infection. The dashed lines show the density of red or greensvigr/vir strains in mixed infections. The three
mixed curves all derive from the same mice. Ticks above the x-axis indicate time of death of each mouse [outside the scale only for

greenayigr in panel (A)]. Note the varying scales.

to be closer to the natural situation and because effects
are more convincingly relevant if they can be shown
even in genetically variable hosts. Mice were housed in
cages with a maximum of five animals and only one
mouse per treatment. They were mass-matched per cage
(maximum * 0.5 g) to ensure mouse masses did not
differ by treatment. Mice were provided food and water
ad libitum.

Virulence variants of strain STIB777AE-G1 (green)

To investigate the effects of parasite virulence, two
variants of strain green, the less virulent of the two
strains, were created. The original strain, called greenayir
was passaged through a mouse for 25 days (~75 parasite
generations), which resulted in a higher-virulence variant
called greeny g with a virulence very similar to red (Fig.
1B).

Experimental designs

In the variable-virulence experiment (VVE), 33 female
26-day-old mice (11 per treatment) were infected
intraperitoneally with 1.5 X 10° parasites of red (red
treatment), 4.5 X 10° parasites of greenayir (green
treatment), or 1.5 X 10° parasites of red and 4.5 X 10°
parasites of greenayir (“mixed” treatment). Relatively
high inocula were used to stress parasite strain over host
individual effects and because previous experiments had
shown that this decreased random variation in the
response. The green,yig Was infected at a higher dose
because of its slower growth to maximize chances of
detecting even weak interaction effects between the
strains. As the VVE showed strong treatment effects, the
sample size was reduced to five mice per treatment in
subsequent experiments in accordance with national
ethics guidelines.

The design of the second equal-virulence experiment
(EVE) primarily differed from the VVE in that the more
virulent variant greenyr was used instead of greensyr-
Thirty-three-day-old mice were infected with 1 X 107
parasites of red, 1 X 107 parasites of greenyg, or 1 X 107
parasites of red and 1 X 107 parasites of greeny g (mixed
treatment) and kept in cages with one mouse per
treatment.

Additionally, a fourth “intermediate” treatment was
added to the VVE, which received 1 X 107 parasites of
red but only 1 X 10° parasites of greenyjr to assess
effects of the density (inoculum size) of the competing
strain on the focal strain red whose inoculum size was
kept constant. This analysis is referred to as the
“density-dependence experiment” (DDE).

Uninfected control mice were included in all experi-
ments to provide baseline information on host param-
eters. They were not included in any analyses presented
here because comparisons are always between multiple
and single infections, not between infected and non-
infected hosts.

Measurements and statistical analysis

Repeated measurements were taken from each mouse
before infection and then again every 24 hours. We
measured parasite density per strain (no./mL), mouse
mass (g), erythrocyte (red blood cell) concentration
(no./mL), thrombocyte (platelet) concentration (no./mL),
and blood glucose level (mmol/L). Parasite and blood cell
counts were measured with a Becton Dickinson FACScan
flow cytometer (Becton, Dickinson, Franklin Lakes, New
Jersey, USA) from the first drop of tail blood as described
previously (Balmer and Tostado 2006). Glucose was
measured immediately from the second blood drop using
a MediSense Precision Q.I.D. blood glucose meter
(Abbott Laboratories, Abbott Park, Illinois, USA).
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Proportions of slender, intermediate, and stumpy parasite
forms were not quantified because hardly any (<1%) non-
slender forms were detected by eye at any time during
repeated checks throughout the experiments.

Survival post-infection (hours) was recorded and
differences between treatments assessed for overall
significance and significance of pairwise contrasts
between treatments by linear mixed-effects models in
R version 2.4 (R Development Core Team 2005).
Because mice were mass-matched by cage, “cage” was
included as random effect where it significantly im-
proved the model as determined by the likelihood ratio
test. Parasite densities, anemia (erythrocyte loss),
thrombocytopenia (thrombocyte loss), and hypoglyce-
mia (glucose deficiency) were compared for both strains
separately between single and mixed infection treat-
ments by linear mixed-effects models on day 5 post-
infection in VVE. In EVE, comparisons were made on
day 4 because infections were more virulent due to
increased inoculum sizes. To assess if the suppression of
parasite density in mixed infections of VVE and EVE
was significantly different between strains, log;y-parasite
densities (logjo-transformed to transform the data to a
proportional scale) were compared between treatments
by linear models with the appropriate contrasts (Ven-
ables and Ripley 2002). Anemia, thrombocytopenia, and
hypoglycemia were calculated by subtracting erythro-
cyte (or thrombocyte and glucose, respectively) counts
on day 5 (VVE) or 4 (EVE, DDE) from the average
erythrocyte (or thrombocyte and glucose, respectively)
counts of day 0 (before infection) and day 1 (post-
infection) and dividing by the average of days 0 and 1.
For variables where this analysis did not reveal
significant differences between treatments, all data
points were included in a single linear mixed-effects
model, i.e., the time course of those variables was

99

modeled as a quadratic function with “treatment,” “time
post-infection,” and the interaction between treatment
and time post-infection as factors, to increase statistical
power. The data were adjusted for unequal variances in
treatment groups where it significantly improved the
model as determined by the likelihood ratio test. In the
DDE, there was a clear theoretical expectation that
increasing amounts of co-inoculated greeny;g would
lead to a unidirectional change in red population
density. We therefore treated the number of greenyir
as an ordered factor and used a contrast estimating a
linear trend to test for a significant treatment effect
(Pinheiro and Bates 2000).

REsuLTS
Parasite population growth and host survival

Virulence (measured as host survival post-infection)
and population growth patterns differed drastically
between the two 7. brucei strains red and greenayig
but were very constant within each strain. The green
AvIrR Was approximately five times less virulent than red
(Fig. 1A) and was initially controlled presumably by the
host immune system, leading to a sharp population
decline after an initial peak (Fig. 2A). The greenygr, the
higher virulence variant of greensyigr, exhibited the
same virulence as red (Fig. 1B) and a similar growth
pattern (Fig. 2B).

Unexpectedly, the mixed infection (with the highest
total inoculum size) was not the most virulent treatment
in the variable-virulence experiment (VVE). Rather,
mixed infection significantly reduced the virulence of 7.
brucei infection compared to the single infection with red
alone (15% longer host survival; Fig. 1A). Both parasite
strains significantly suppressed each other in the mixed
infection of the VVE (Fig. 3A). The combined popula-
tion size of red and greenayir in the mixed infection



3372

OLIVER BALMER ET AL.

Ecology, Vol. 90, No. 12

Number of green, , co-inoculated

Ho B 10° 107
ns ns ns P =0.003
A A i, P U

Red population density

2

3
Time post-infection (d)

FiG. 4. Density dependence of strength of suppression. Dependence of competitive suppression of strain red on the density
(inoculum size) of greeny g in the density-dependence experiment (DDE). Daily population densities (mean + SE) of strain red
competed against three densities of greenyr are shown. Population densities are scaled to 1 for each day to visualize the relative
differences between treatments. Significance of the treatment effect is indicated for each day separately.

reached levels significantly below that of the single red
infection in the VVE (Fig. 2A; density on day 5 post-
infection: —33%, F o= 11.63, P =0.008). The observed
suppression of parasite population growth was thus due
to an active inhibition, and not simply a numerical
consequence of a limitation of the maximal attainable
population size. The greenayig Was significantly more
suppressed by its competitor than red (r=3.14, P=0.003)
in the VVE. In the equal-virulence experiment (EVE),
significant mutual competitive suppression occurred as
well (Fig. 3B) but this did not translate into a difference
in host survival between treatments (Fig. 1B) and the
strains did not differ significantly in how much they were
suppressed (1 = 0.58, P =0.57). Also, in contrast to the
VVE, the combined parasite density reached in the mixed
infection of the EVE was as high as in any of the single
infections (P > 0.3 for both strains). Thus, taken alone
the EVE might have been interpreted as indicating that
the growth of the strains in mixed infections is limited
due to a maximal attainable total population size, while
the VVE reveals that this is not the case.

There was a significant effect of the inoculum size of
greenyr on the strength of suppression of strain red in
the density-dependence experiment (DDE) (Fig. 4).
From day 1 on (although statistically significant only
on day 4 post-infection owing to the sample size),
increasing densities of greenyir led to an increasingly
stronger suppression of the red population growth.

Host condition

Three measures of host condition (anemia, thrombo-
cytopenia, and hypoglycemia) showed strong responses
to infection in most treatments of the VVE and the EVE

TaBLE 1. Deterioration of host condition over time in the
different infection treatments by the protozoan parasite
Trypanosoma brucei in the variable-virulence experiment
(VVE) and the equal-virulence experiment (EVE).

Measure and treatment Change (%) t df P

A) Variable-virulence experiment
Erythrocyte loss (anemia)

Red —39.3 1550 9 <0.0001
Mixed -30.6 9.98 10 <0.0001
Green -5.0 1.62 10 0.136
Thrombocyte loss (thrombocytopenia)
Red —76.1 17.47 9 <0.0001
Mixed -72.9 23.34 10 <0.0001
Green —24.7 7.32 10 <0.0001
Glucose loss (hypoglycemia)
Red —86.9 29.03 9 <0.0001
Mixed —52.3 429 10 0.002
Green +3.6 0.62 10 0.552
B) Equal-virulence experiment
Erythrocyte loss (anemia)
Red -27.7 591 4 0.004
Mixed —33.3 851 3 0.003
Green -31.9 434 4 0.012
Thrombocyte loss (thrombocytopenia)
Red —84.8 19.42 4 <0.0001
Mixed —84.5 946 3 0.003
Green —86.4 30.08 4 <0.0001

T Average percentage decrease of blood values (erythrocyte,
thrombocyte, and glucose concentrations) from the start
(average of days 0 and | post-infection) to the final
measurement (day 5 post-infection in VVE, day 4 in EVE);
paired 7 tests.
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TABLE 2.
virulence experiment (VVE).
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Statistical significance of differences in host condition deterioration between the infection treatments in the variable-

Contrasts between infection treatmentsy

Overall Red vs. mixed Mixed vs. green Red vs. green
Measuref Fr19 P tio P 1o P to P First day§
Erythrocyte loss (anemia) 37.03 <0.0001 2.08 0.0511 —6.27 <0.0001 —8.20 <0.0001 4
Thrombocyte loss (thrombocytopenia) 165.99 <0.0001 0.88  0.3878 —15.48 <0.0001 —15.92 <0.0001 3
Glucose loss (hypoglycemia) 166.16 <0.0001 2.83  0.0108 —4.41 0.0003 —18.22 <0.0001 5

Note: In the equal-virulence experiment (EVE) and the density-dependence experiment (DDE), treatments did not differ
significantly with regard to the responses measured here (hypoglycemia not assessed).
F Proportional decrease of erythrocyte, thrombocyte, and glucose concentrations relative to starting values (average of days 0

and 1).

i The 7 values and significance level of pairwise differences between treatments on the day of final measurement (day 5); linear

mixed-effects models.

§ First day post-infection with significant overall difference between treatments in the respective measures; linear mixed-effects
models. Subsequent days always exhibited stronger significance (lower P values).

(Table 1) and in all treatments of the DDE (all P <
0.027). Mice in the “green” treatment of the VVE
(greenayir alone) did not develop significant anemia
and hypoglycemia. Otherwise, all treatments led to
significant anemia, thrombocytopenia, and hypoglyce-
mia in all experiments. All three measures were strongly
influenced by the presence or absence of the more
virulent strain red in the VVE, i.e., the mice were
significantly sicker if infected with red (alone or in mixed
infections) compared to single infections with the less
virulent greenayir (Table 2). The finding that red was
the main driver of host sickness in the VVE was
corroborated by the results of the EVE and DDE where
the green strain (greenyr) had greater virulence and the
treatments did not differ with respect to host condition
anymore.

In the VVE, hypoglycemia was significantly more
severe (P =0.0108) and anemia tended to be more severe
(P = 0.0511) in the single infection with red than the
mixed infection on day 5 post-infection (Table 2).
However, in all treatments the glucose levels (as well
as mass gain; data not shown) were not affected by
infection over most of the experimental period and
sharply fell off only shortly before host death, probably
owing to a general breakdown of host metabolism and
homeostasis. This pattern strongly suggests that the
decline in glucose levels is a direct consequence of
imminent host death and is not involved in mediating
interactions between strains. Glucose concentration is
thus also not a good virulence measure in this system.
Combining all daily data points per mouse in a single
linear mixed-effects model to increase statistical power
did not reveal any additional treatment effects in any of
the measured variables.

DiscussioNn

This study demonstrates that strong competition
between co-infecting strains of the sleeping sickness
parasite Trypanosoma brucei changes both the parasite’s
within-host dynamics and the effects of infection on the
host. Specifically, our experiments show that (1) strains

vary markedly in their growth patterns and virulence, (2)
there are interactions between co-infecting strains which
can substantially suppress individual strains very early
in infection, (3) co-infection with a second, less virulent
strain reduces the burden on the host, and (4) the level
of suppression of a strain depends on the density of the
competitor strain.

It is no surprise that co-infection with a more virulent
strain leads to an overall higher virulence of an
infection. The finding, however, that co-infection with
a less virulent strain actually benefits the host was
unexpected. The simple additive model would predict
that mixed infections, which received cumulative (i.e.,
the highest) infecting doses, would be the most
detrimental to host fitness because they received the
same amount of the more virulent strain as single
infections plus additionally the less virulent strain.
Indeed, both in rodent malaria (Taylor et al. 1998)
and in Schistosoma mansoni infections of Biomphalaria
glabrata (Davies et al. 2002), higher virulence of mixed
infections was shown even when the total number of
parasites inoculated was kept constant. The tracking of
the two co-infecting strains showed that the virulence
reduction in mixed infections in this study was due to an
active mutual suppression of the strains such that the
less virulent strain had an indirect positive effect on the
host by suppressing the more virulent strain that
ultimately determined the effect of the infection on the
host’s physical condition. We are aware of one other
study showing mutual parasite suppression and in-
creased host survival in mixed infections, also in 7.
brucei but in interspecific mixed infection with the
intestinal nematode Strongyloides ratti (Onah et al.
2004), and not in response to an intraspecific multiple-
strain infection. Interestingly however, different strains
of S. ratti do not seem to suppress each other in
intraspecific mixed infections (Paterson and Viney
2003).

The DDE shows that the level of suppression depends
on the quantity of the co-infecting strain (its initial
density) and that suppression appears to start soon after
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Light microscopic image of Giemsa-stained Trypanosoma brucei, a flagellated single-celled parasite, among mouse red

blood cells. Trypanosoma brucei is divided into three subspecies: 7. b. rhodesiense and T. b. gambiense cause invariably lethal human
African trypanosomiasis (sleeping sickness) in Eastern/Southern and Western/Central Africa, respectively. 7. b. brucei together
with other trypanosome species is non-human infective and causes nagana, a wasting disease of domestic animals, throughout sub-
Saharan Africa. Well visible is the distinction between long-slender parasites, which are the replicating stage in the mammalian
host, and short stumpy forms, which are in cell cycle arrest and serve as the transmission stage to the tsetse fly (Glossina spp.)

vector. Photo credit: Tanja Wenzler.

infection. Interestingly, we saw competitive exclusion of
a strain only in a minority of cases even in the face of
strong suppression and after competition over several
weeks in multiple experiments conducted (data not
shown). Competition between strains thus appears to be
density dependent such that competition pressure on a
strain is relaxed when it becomes rare.

In studies of Plasmodium chabaudi that investigated
competitive effects over a range of virulences, the
virulence of a strain was found to correlate with the
strength of suppression between strains (de Roode et al.
2005, Bell et al. 2006). In our variable-virulence
experiment (VVE) and equal-virulence experiment
(EVE), suppression of red is similar despite greatly
increased virulence of greenyig in the EVE. But this
result is based on a single comparison. We can therefore
not draw strong conclusions about the effect of virulence
on the strength of suppression in trypanosomes. How-
ever, virulence affects host mortality, as the difference
between the VVE and EVE shows. The differences
between the two experiments are due to qualitative
difference between greenayir and greenyr, and cannot
be explained by higher inocula in EVE, as greenyg was

also more virulent (as virulent as red) at the lower
inoculation dose used in the VVE (data not shown).

A common way to explain (Begon et al. 1996) or
model (Antia et al. 1996) competition between strains is
to invoke a global “carrying capacity,” i.e., a total
population number that can not be exceeded due to
resource or space limitation, such that a high abundance
of one genotype automatically reduces the maximum
attainable abundance of the other. However, the
suppression we observe in our VVE cannot be explained
by such numerical effects because the combined
population size of red and greenpyir in the mixed
infection actually reached significantly lower levels than
that of the single red infection. This is in contrast to
results in rodent malaria (Read et al. 2002, de Roode et
al. 2003), where parasite densities and virulence of mixed
infections are indistinguishable from or even higher than
those of the most virulent single infections. The
suppression of parasite population growth in our VVE
must thus be the result of an active inhibition, and not a
mere numerical response caused by a limitation of the
maximal attainable population size.

Three mechanisms could plausibly account for the
observed mutual competitive suppression: resource
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competition, direct allelopathic interference competi-
tion, or immune-mediated apparent competition. Blood
glucose is the most likely resource to be limiting because
trypanosomes rely entirely on glycolysis for their energy
metabolism and have an inactivated Krebs cycle in the
vertebrate host (van Hellemond et al. 2005) and
therefore use 19 times more glucose per ATP produced
than other eukaryotic organisms. However, glucose
levels remained constant in mice in all treatments except
on the last day before host death, when they abruptly
decreased to near zero. Glucose therefore is unlikely to
mediate an interaction between strains earlier in
infection. We cannot exclude further resources (e.g.,
transferrins, purines) in our study, but competition
between strains started so early in infection, long before
any resources are plausible to become limiting, that
resource competition is unlikely in general. A further
point that speaks against resource competition is that
any mechanism invoked must be strain-specific. Other-
wise we would expect suppression to depend on total
population density only and would thus expect no
difference between single and mixed infections.

Direct competition between strains through allelo-
pathic interference is plausible via excreted factors either
limiting cell growth of the other strain or killing
parasites of the other strain. Growth suppression in
trypanosomes has been demonstrated in vitro by
pyruvate, a waste product of glycolysis (Brun et al.
1981), and has been implicated in vivo based on
sequential infection experiments (Turner et al. 1996).
The transformation of dividing slender parasite forms to
nondividing stumpy forms, which is induced in a
density-dependent manner by an as yet uncharacterized
“stumpy induction factor” (Matthews et al. 2004), can
be excluded as a relevant factor here, as the number of
stumpy forms detected was negligible. Allelopathic
antagonism between conspecific genotypes via toxins is
a well-known mechanism in bacterial systems (e.g.,
colicins in Escherichia coli (Chao and Levin 1981)) but
has so far not been described in trypanosomes.

Immune-mediated apparent competition could in-
volve innate (nonspecific) or adaptive (acquired, specific)
immunity. The early onset of competition implies a
response of the innate immune system, while the
required specificity to distinguish between conspecific
strains points to the adaptive immune system. However,
recent evidence suggests that the innate immune
response can be more specific than traditionally thought
(Takeda and Akira 2005, Gazzinelli and Denkers 2006),
so that strain-specificity does not rule out innate
immunity as a mechanism. The involvement of the
immune system in mediating competition between co-
infecting strains has been shown in rodent malaria
(Raberg et al. 2006), and in a microbial system specific
effector cells of the innate immune response were
identified that mediate competition between Haemoph-
ilus influenzae and Streptococcus pneumoniae co-colo-
nizing mucosal surfaces (Lysenko et al. 2005). Immune-
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mediated apparent competition is thus plausible. If
mutual suppression is mediated by specific immunity,
the strength of suppression may depend on the identity
of the dominant cell surface molecules expressed by the
involved strains. However, antigenic switching itself is
unlikely to play an important role in this study because
the responses we show happen considerably faster than
the rate at which dominant cell surface molecules are
exchanged.

Two fundamentally different mechanisms could ac-
count for the effects of multiplicity of infection on the
host: the host—parasite interaction may remain un-
changed but the interaction among strains changes the
total and/or relative densities of the strains so that the
host is affected by different numbers of the parasite. In
this case, the host experiences qualitatively the same
interactions with the parasite but on a different
quantitative level. Alternatively, a strain could qualita-
tively change the way another strain interacts with the
host. This has been demonstrated to happen in P.
falciparum, where cp26 and cp29, two variants of a
malaria cytotoxic T-cell epitope carried by different
strains, mutually interfere with the immune response of
the host toward the other variant (Gilbert et al. 1998,
Plebanski et al. 1999). In this case, there is a direct
interference by the parasite strains with the host
response to infection and the host—parasite interaction
is qualitatively changed in multiple infections. We have
no indication for the latter in our system. The changes in
parasite growth patterns we observe in both strains
indicate that in our case the first mechanism is at play.

The infecting doses used in our experiment are higher
than in nature, so extrapolations to the natural situation
must be made with caution. Also, the effects we show
occurred early in the infection and may not expand over
the whole infection in natural infections. However, the
main point is that our results show (1) that mechanisms
exist in 7. brucei by which strains interact and (2) that
multiple-strain infections can change both parasite
dynamics and effects on the host. The use of outbred
mice strengthens our results because significant effects
were observed despite host variability, which increases
inter-individual variability in the data and makes the
results more realistic.

Implications of intraspecific competition

Multiple-strain infections are common in nature in 7.
brucei (Balmer and Caccone 2008) and most other
parasite species (e.g., Sharp et al. 1997, Schmid-Hempel
and Reber Funk 2004, Warren et al. 2004, Keeney et al.
2007), and virulence and growth patterns vary greatly
across strains (O. Balmer and R. Brun, personal
observation). The competition scenarios investigated
here should thus be common in nature. Our results
therefore have important implications on several levels.

First, our findings demonstrate that intraspecific
variation introduced by multiple strains can alter both
the behavior of the parasite population and its effects on
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the host. In our system, multiple-strain infections are
profoundly different from the respective single-strain
infections. To fully understand host—parasite dynamics
it is therefore necessary to understand the differences
between strains and the interactions both among the
strains and between the host and the strains. Neglecting
intraspecific variation can lead to false predictions of
population dynamics or to misinterpretations of ob-
served patterns. Parasites can regulate host population
dynamics (Dobson and Hudson 1992, Vandegrift et al.
2008). Intraspecific interactions between parasite strains
could thus change the regulation of the host population
dynamics by relaxing (or aggravating) parasite effects,
fundamentally altering the outcome of host—parasite
interaction.

Second, the mutual suppression may affect transmis-
sion dynamics because it changes absolute and relative
concentrations of parasite strains taken up by the vector.
In P. chabaudi it has been shown that increased relative
population size in a host can indeed lead to increased
transmission success of a strain (de Roode et al. 2005)
and that strains are better transmitted from multiply
than from singly infected hosts (Taylor et al. 1997). In
T. brucei, however, it has been shown that decreased
population size (of a single parasite strain) in the host
does not seem to reduce transmission success (Van den
Bossche et al. 2005). Therefore, a second process may be
of greater importance in 7. brucei. Transmission
dynamics may be affected primarily by the reduced
fitness effects of the more virulent strains on their hosts
in mixed infections, because they lengthen the residence
of infected hosts in the infective pool, leading to an
increased transmission potential and a longer persistence
of the more virulent parasite strains in the host
population. This would set up a conflict between
different levels of selection (Keller 1999): what is good
for an individual host may be detrimental for the host
population as a whole.

Third, intraspecific competition between strains can
lead to the selection of parasite traits enhancing strain
performance in two ways: (1) for the individual
parasites, competition will lead to the evolution of life-
history traits, e.g., to an increase in virulence. There is
well-established theory on this (Frank 1996) but very
limited empirical evidence yet (but see de Roode et al.
2005). Our findings clearly demonstrate that competi-
tion between strains is intense. The potential for rapid
evolutionary change is therefore given (Reznick et al.
1997, Hairston et al. 2005). (2) If competition is
mediated by a cross-reactive strain-specific immune
response, we would predict that the parasite populations
segregate into immunologically distinct strains with
nonoverlapping repertoires of cell surface antigens to
elicit minimal cross-reactivity (Gupta et al. 1998), as has
been demonstrated in Neisseria meningitidis (Gupta et
al. 1996) and dengue virus (Kawaguchi et al. 2003). This
prediction could be tested by competing groups of
strains from within different regions. We would predict
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the least cross-reactivity between strains from areas with
the highest prevalence of mixed infections.

Fourth, our findings may have applied relevance.
Trypanosomes continue to put an intolerable burden on
the African continent (Barrett et al. 2003). Despite the
scale of the problem and over a century of research,
there are still no satisfactory treatments for human
African sleeping sickness, especially for late-stage
patients (Brun and Balmer 2006). The identification of
the exact mechanisms responsible for the mutual
competitive suppression reported here may be exploit-
able to find new ways to fight the disease.

ACKNOWLEDGMENTS

We thank D. M. Post, N. P. Havill, D. B. Miiller, D. Ebert,
F. Ben-Ami, and two anonymous reviewers for comments on
the manuscript, and the parasite chemotherapy group at the
Swiss Tropical Institute for practical help. O. Balmer was
funded by a Doctoral Dissertation Improvement Grant of the
National Science Foundation (DEB-0408083), Sigma Xi, Basler
Stiftung fur experimentelle Zoologie, Novartis Stiftung fiir
medizinisch-biologische Forschung, and Fonds zur Férderung
des akademischen Nachwuchses der Universitéit Basel.

LiTERATURE CITED

Antia, R., M. A. Nowak, and R. M. Anderson. 1996. Antigenic
variation and the within-host dynamics of parasites. Pro-
ceedings of the National Academy of Sciences (USA) 93:985—
989.

Babiker, H. A., L. C. Ranford-Cartwright, and D. Walliker.
1999. Genetic structure and dynamics of Plasmodium
falciparum infections in the Kilombero region of Tanzania.
Transactions of the Royal Society of Tropical Medicine and
Hygiene 93(Supplement 1):11-14.

Balmer, O., and A. Caccone. 2008. Multiple-strain infections of
Trypanosoma brucei across Africa. Acta Tropica 107:275—
279.

Balmer, O., C. Palma, A. MacLeod, and A. Caccone. 2006.
Characterization of di-, tri- and tetranucleotide microsatellite
markers with perfect repeats for Trypanosoma brucei and
related species. Molecular Ecology Notes 6:508—510.

Balmer, O., and C. Tostado. 2006. New fluorescence markers to
distinguish co-infecting 7rypanosoma brucei strains in exper-
imental multiple infections. Acta Tropica 97:94-101.

Barrett, M. P., R. J. Burchmore, A. Stich, J. O. Lazzari, A. C.
Frasch, J. J. Cazzulo, and S. Krishna. 2003. The trypanoso-
miases. Lancet 362:1469-1480.

Barry, D., and M. Carrington. 2004. Antigenic variation. Pages
25-37 in 1. Maudlin, P. H. Holmes, and M. A. Miles, editors.
The trypanosomiases. CABI, Wallingford, UK and Cam-
bridge, Massachusetts, USA.

Begon, M., J. L. Harper, and C. R. Townsend. 1996. Ecology:
individuals, populations, and communities. Third edition.
Blackwell Science, Oxford, UK.

Bell, A. S., J. C. de Roode, D. Sim, and A. F. Read. 2006.
Within-host competition in genetically diverse malaria
infections: parasite virulence and competitive success. Evo-
lution 60:1358-1371.

Ben-Ami, F., L. Mouton, and D. Ebert. 2008a. The effects of
multiple infections on the expression and evolution of
virulence in a Daphnia—endoparasite system. Evolution 62:
1700—-1711.

Ben-Ami, F., R. R. Regoes, and D. Ebert. 20085. A
quantitative test of the relationship between parasite dose
and infection probability across different host—parasite
combinations. Proceedings of the Royal Society B 275:853—
859.



December 2009

Berlow, E. L. 1999. Strong effects of weak interactions in
ecological communities. Nature 398:330-334.

Bertoletti, A., A. Sette, F. V. Chisari, A. Penna, M. Levrero, M.
De Carli, F. Fiaccadori, and C. Ferrari. 1994. Natural
variants of cytotoxic epitopes are T-cell receptor antagonists
for antiviral cytotoxic T cells. Nature 369:407-410.

Brun, R., and O. Balmer. 2006. New developments in human
African trypanosomiasis. Current Opinion in Infectious
Diseases 19:415-420.

Brun, R., L. Jenni, M. Schonenberger, and K. F. Schell. 1981.
In vitro cultivation of bloodstream forms of Trypanosoma
brucei, T. rhodesiense, and T. gambiense. Journal of
Protozoology 28:470—479.

Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003.
Inclusion of facilitation into ecological theory. Trends in
Ecology and Evolution 18:119-125.

Chao, L., and B. R. Levin. 1981. Structured habitats and the
evolution of anticompetitor toxins in bacteria. Proceedings of
the National Academy of Sciences (USA) 78:6324—-6328.

Connor, R. 1994. The impact of nagana. Onderstepoort
Journal of Veterinary Research 61:379-383.

Davies, C. M., E. Fairbrother, and J. P. Webster. 2002. Mixed
strain schistosome infections of snails and the evolution of
parasite virulence. Parasitology 124:31-38.

de Roode, J. C., R. Pansini, S. J. Cheesman, M. E. H. Helinski,
S. Huijben, A. R. Wargo, A. S. Bell, B. H. K. Chan, D.
Walliker, and A. F. Read. 2005. Virulence and competitive
ability in genetically diverse malaria infections. Proceedings
of the National Academy of Sciences (USA) 102:7624-7628.

de Roode, J. C., A. F. Read, B. H. K. Chan, and M. J.
Mackinnon. 2003. Rodent malaria parasites suffer from the
presence of conspecific clones in three-clone Plasmodium
chabaudi infections. Parasitology 127:411-418.

Dieckmann, U., J. A. J. Metz, M. W. Sabelis, and K. Sigmund,
editors. 2002. Adaptive dynamics of infectious diseases: in
pursuit of virulence management. Cambridge University
Press, Cambridge, UK.

Dobson, A. P., and P. J. Hudson. 1992. Regulation and
stability of a free-living host—parasite system: Trichostrongy-
lus tenuis in red grouse. II. Population models. Journal of
Animal Ecology 61:487-498.

Ebert, D., C. D. Zschokke-Rohringer, and H. J. Carius. 1998.
Within- and between-population variation for resistance of
Daphnia magna to the bacterial endoparasite Pasteuria
ramosa. Proceedings of the Royal Society B 265:2127-2134.

Fazekas de St. Groth, S., and R. G. Webster. 1966.
Disquisitions on original antigenic sin. I. Evidence in man.
Journal of Experimental Medicine 124:331-345.

Ferguson, H. M., and A. F. Read. 2002. Why is the effect of
malaria parasites on mosquito survival still unresolved?
Trends in Parasitology 18:256-261.

Frank, S. A. 1996. Models of parasite virulence. Quarterly
Review of Biology 71:37-78.

Gause, G. F. 1934. The struggle for existence. Williams and
Wilkins, Baltimore, Maryland, USA.

Gazzinelli, R. T., and E. Y. Denkers. 2006. Protozoan
encounters with Toll-like receptor signalling pathways:
implications for host parasitism. Nature Reviews Immunol-
ogy 6:895-906.

Gibson, W. C. 2005. The SRA gene: the key to understanding
the nature of Trypanosoma brucei rhodesiense. Parasitology
131:143-150.

Gilbert, S. C., M. Plebanski, S. Gupta, J. Morris, M. Cox, M.
Aidoo, D. Kwiatkowski, B. M. Greenwood, H. C. Whittle,
and A. V. S. Hill. 1998. Association of malaria parasite
population structure, HLA, and immunological antagonism.
Science 279:1173-1177.

Gupta, S., N. Ferguson, and R. Anderson. 1998. Chaos,
persistence, and evolution of strain structure in antigenically
diverse infectious agents. Science 280:912-915.

INTRASPECIFIC COMPETITION OF PARASITES

3377

Gupta, S., M. C. Maiden, I. M. Feavers, S. Nee, R. M. May,
and R. M. Anderson. 1996. The maintenance of strain
structure in populations of recombining infectious agents.
Nature Medicine 2:437-442.

Hairston, N. G., S. P. Ellner, M. A. Geber, T. Yoshida, and
J. A. Fox. 2005. Rapid evolution and the convergence of
ecological and evolutionary time. Ecology Letters 8:1114—
1127.

Harper, J. L. 1977. Population biology of plants. Academic
Press, London, UK and New York, New York, USA.

Holt, R. D. 1977. Predation, apparent competition, and
structure of prey communities. Theoretical Population
Biology 12:197-229.

Hudson, K. M., C. Byner, J. Freeman, and R. J. Terry. 1976.
Immunodepression, high IgM levels and evasion of the
immune response in murine trypanosomiasis. Nature 264:
256-258.

Hudson, P. J., A. Rizzoli, B. T. Grenfell, H. Heesterbeek, and
A. P. Dobson, editors. 2002. The ecology of wildlife diseases.
Oxford University Press, New York, New York, USA.

Jenni, L., S. Marti, J. Schweizer, B. Betschart, R. W. Le Page,
J. M. Wells, A. Tait, P. Paindavoine, E. Pays, and M.
Steinert. 1986. Hybrid formation between African trypano-
somes during cyclical transmission. Nature 322:173-175.

Kawaguchi, I., A. Sasaki, and M. Boots. 2003. Why are dengue
virus serotypes so distantly related? Enhancement and
limiting serotype similarity between dengue virus strains.
Proceedings of the Royal Society of London B 270:2241-
2247.

Keeney, D. B., J. M. Waters, and R. Poulin. 2007. Clonal
diversity of the marine trematode Maritrema novaezealan-
densis within intermediate hosts: the molecular ecology of
parasite life cycles. Molecular Ecology 16:431-439.

Keller, L. 1999. Levels of selection in evolution. Princeton
University Press, Princeton, New Jersey, USA.

Kerr, B., M. A. Riley, M. W. Feldman, and B. J. M. Bohannan.
2002. Local dispersal promotes biodiversity in a real-life
game of rock—paper—scissors. Nature 18:171-174.

Klenerman, P., et al. 1994. Cytotoxic T-cell activity antago-
nized by naturally occurring HIV-1 Gag variants. Nature
369:403-407.

Klenerman, P., and R. M. Zinkernagel. 1998. Original antigenic
sin impairs cytotoxic T lymphocyte responses to viruses
bearing variant epitopes. Nature 394:482-485.

Lambrechts, L., J. Halbert, P. Durand, L. Gouagna, and J.
Koella. 2005. Host genotype by parasite genotype interac-
tions underlying the resistance of anopheline mosquitoes to
Plasmodium falciparum. Malaria Journal 4:3.

Lello, J., B. Boag, A. Fenton, I. R. Stevenson, and P. J.
Hudson. 2004. Competition and mutualism among the gut
helminths of a mammalian host. Nature 428:840-844.

Levin, B. R., and R. M. Anderson. 1999. The population
biology of anti-infective chemotherapy and the evolution of
drug resistance: more questions than answers. Pages 125-137
in S. C. Stearns, editor. Evolution in health and disease.
Oxford University Press, Oxford, UK and New York, New
York, USA.

Little, T. J., K. Watt, and D. Ebert. 2006. Parasite-host
specificity: experimental studies on the basis of parasite
adaptation. Evolution 60:31-38.

Lysenko, E. S., A. J. Ratner, A. L. Nelson, and J. N. Weiser.
2005. The role of innate immune responses in the outcome of
interspecies competition for colonization of mucosal surfaces.
PloS Pathogens 1:3-11.

Maitland, K., T. N. Williams, and C. I. Newbold. 1997.
Plasmodium vivax and P. falciparum: biological interactions
and the possibility of cross-species immunity. Parasitology
Today 13:227-231.

Matthews, K. R., J. R. Ellis, and A. Paterou. 2004. Molecular
regulation of the life cycle of African trypanosomes. Trends
in Parasitology 20:40—47.



3378

May, R. M., and M. A. Nowak. 1995. Coinfection and the
evolution of parasite virulence. Proceedings of the Royal
Society of London B 261:209-215.

Onah, D. N., I. W. Onyenwe, J. I. Thedioha, and O. S.
Onwumere. 2004. Enhanced survival of rats concurrently
infected with Trypanosoma brucei and Strongyloides ratti.
Veterinary Parasitology 119:165-176.

Paterson, S., and M. E. Viney. 2003. Functional consequences
of genetic diversity in Strongyloides ratti infections. Proceed-
ings of the Royal Society of London B 270:1023-1032.

Pinheiro, J. C., and D. M. Bates. 2000. . Mixed-effects models
in S and S-PLUS. Springer, New York, New York, USA.

Plebanski, M., E. A. M. Lee, C. M. Hannan, K. L. Flanagan,
S. C. Gilbert, M. B. Gravenor, and A. V. S. Hill. 1999.
Altered peptide ligands narrow the repertoire of cellular
immune responses by interfering with T-cell priming. Nature
Medicine 5:565-571.

Poulin, R. 2007. Evolutionary ecology of parasites. Second
edition. Princeton University Press, Princeton, New Jersey,
USA.

R Development Core Team. 2005. R: a language and
environment for statistical computing. R Development Core
Team, Vienna, Austria.

Raberg, L., J. C. de Roode, A. S. Bell, P. Stamou, D. Gray, and
A. F. Read. 2006. The role of immune-mediated apparent
competition in genetically diverse malaria infections. Amer-
ican Naturalist 168:41-53.

Read, A. F., M. J. Mackinnon, M. A. Anwar, and L. H. Taylor.
2002. Kin-selection models as evolutionary explanations of
malaria. Pages 165-178 in U. Dieckmann, J. A. J. Metz,
M. W. Sabelis, and K. Sigmund, editors. Adaptive dynamics
of infectious diseases: in pursuit of virulence management.
Cambridge University Press, Cambridge, UK.

Reznick, D. N., F. H. Shaw, F. H. Rodd, and R. G. Shaw.
1997. Evaluation of the rate of evolution in natural
populations of guppies (Poecilia reticulata). Science 275:
1934-1937.

Roughgarden, J., and J. Diamond. 1986. Overview: the role of
species interactions in community ecology. Pages 333-343 in
J. M. Diamond and T. J. Case, editors. Community ecology.
Harper and Row, New York, New York, USA.

Salvaudon, L., V. Heraudet, and J. Shykoff. 2007. Genotype-
specific interactions and the trade-off between host and
parasite fitness. BMC Evolutionary Biology 7:189.

Schmid-Hempel, P., and C. Reber Funk. 2004. The distribution
of genotypes of the trypanosome parasite, Crithidia bombi, in
populations of its host, Bombus terrestris. Parasitology 129:
147-158.

Schmitz, O. J., A. P. Beckerman, and K. M. Brien. 1997.
Behaviorally mediated trophic cascades: effects of predation
risk on food web interactions. Ecology 78:1388-1399.

OLIVER BALMER ET AL.

Ecology, Vol. 90, No. 12

Sharp, G. B., Y. Kawaoka, D. J. Jones, W. J. Bean, S. P. Pryor,
V. Hinshaw, and R. G. Webster. 1997. Coinfection of wild
ducks by influenza A viruses: distribution patterns and
biological significance. Journal of Virology 71:6128-6135.

Takeda, K., and S. Akira. 2005. Toll-like receptors in innate
immunity. International Immunology 17:1-14.

Taylor, L. H., M. J. Mackinnon, and A. F. Read. 1998.
Virulence of mixed-clone and single-clone infections of the
rodent malaria Plasmodium chabaudi. Evolution 52:583-591.

Taylor, L. H., D. Walliker, and A. F. Read. 1997. Mixed-
genotype infections of the rodent malaria Plasmodium
chabaudi are more infectious to mosquitoes than single-
genotype infections. Parasitology 115:121-132.

Thompson, J. N. 1988. Variation in interspecific interactions.
Annual Review of Ecology and Systematics 19:65-87.

Tilman, D., M. Mattson, and S. Langer. 1981. Competition and
nutrient kinetics along a temperature-gradient: an experi-
mental test of a mechanistic approach to niche theory.
Limnology and Oceanography 26:1020—1033.

Turner, C. M. R., N. Aslam, and S. D. Angus. 1996. Inhibition
of growth of Trypanosoma brucei parasites in chronic
infection. Parasitology Research 82:61-66.

Van Baalen, M., and M. W. Sabelis. 1995. The dynamics of
multiple infection and the evolution of virulence. American
Naturalist 146:881-910.

Vandegrift, K. J., T. R. Raffel, and P. J. Hudson. 2008.
Parasites prevent summer breeding in white-footed mice,
Peromyscus leucopus. Ecology 89:2251-2258.

Van den Bossche, P., A. Ky-Zerbo, J. Brandt, T. Marcotty, S.
Geerts, and R. De Deken. 2005. Transmissibility of
Trypanosoma brucei during its development in cattle.
Tropical Medicine and International Health 10:833-839.

van Hellemond, J. J., F. R. Opperdoes, and A. G. Tielens. 2005.
The extraordinary mitochondrion and unusual citric acid
cycle in Trypanosoma brucei. Biochemical Society Transac-
tions 33:967-971.

Venables, W. N., and B. D. Ripley. 2002. Modern applied
statistics with S-PLUS. Fourth edition. Springer-Verlag, New
York, New York, USA.

Warren, R. M., T. C. Victor, E. M. Streicher, M. Richardson,
N. Beyers, N. C. Gey van Pittius, and P. D. van Helden.
2004. Patients with active tuberculosis often have different
strains in the same sputum specimen. American Journal of
Respiratory Critical Care Medicine 169:610-614.

WHO. 2002. World Health Report 2002. World Health
Organization, Geneva, Switzerland.

Wootton, J. T. 1994. The nature and consequences of indirect
effects in ecological communities. Annual Review of Ecology
and Systematics 25:443-466.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


