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The distributions of human malaria parasite species overlap in most malarious regions
of the world, and co-infections involving two or more malaria parasite species are
common. Little is known about the consequences of interactions between species
during co-infection for disease severity and parasite transmission success. Anti-malarial
interventions can have disproportionate effects on malaria parasite species and may
locally differentially reduce the number of species in circulation. Thus, it is important to
have a clearer understanding of how the interactions between species affect disease
and transmission dynamics. Controlled competition experiments using human malaria
parasites are impossible, and thus we assessed the consequences of mixed-species
infections on parasite fitness, disease severity, and transmission success using the rodent
malaria parasite species Plasmodium chabaudi, Plasmodium yoelii, and Plasmodium
vinckei. We compared the fitness of individual species within single species and co-
infections in mice. We also assessed the disease severity of single vs. mixed infections
in mice by measuring mortality rates, anemia, and weight loss. Finally, we compared the
transmission success of parasites in single or mixed species infections by quantifying
oocyst development in Anopheles stephensi mosquitoes. We found that co-infections
of P. yoelii with either P. vinckei or P chabaudi led to a dramatic increase in infection
virulence, with 100% mortality observed in mixed species infections, compared to no
mortality for P yoelii and P, vinckei single infections, and 40% mortality for P chabaudi
single infections. The increased mortality in the mixed infections was associated with
an inability to clear parasitaemia, with the non-P yoelii parasite species persisting at
higher parasite densities than in single infections. P yoelii growth was suppressed in
all mixed infections compared to single infections. Transmissibility of P vinckei and
P chabaudi to mosquitoes was also reduced in the presence of P yoelii in co-infections
compared to single infections. The increased virulence of co-infections containing P, yoelii
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(reticulocyte restricted) and P chabaudi or R vinckei (predominantly normocyte restricted)
may be due to parasite cell tropism and/or immune modulation of the host. We explain
the reduction in transmission success of species in co-infections in terms of inter-species

gamete incompatibility.

Keywords: malaria, mixed-species, virulence, co-infections, Plasmodium yoelii, Plasmodium vinckei, Plasmodium

chabaudi

INTRODUCTION

Eight malaria parasite species are infectious to humans;
namely, Plasmodium falciparum, Plasmodium vivax, Plasmodium
malariae, Plasmodium ovale wallikeri, Plasmodium ovale curtisii,
Plasmodium knowlesi, Plasmodium cynomolgi, and Plasmodium
simium. The latter three species are parasites of non-human
primates, but also cause zoonotic malaria in humans (1-3).
In large parts of the tropical world the ranges of at least
some of these species overlap, they are often vectored by
the same mosquitoes (4), and mixed-species infections are
common (5-7).

Mixed species infections of human malaria parasites are
well-documented in natural (8-12) and experimental [e.g.,
(13, 14)] settings. They are studied regarding diagnosis (15-
17), treatment (18), immune response (19), virulence (12, 20),
transmission (21-23), and in discussions of public health policy
(6). The virulence of malaria infection is also of interest in the
context of co-infection with other pathogens, such as HIV and
Schistosoma (24-26).

The consequences of mixed-species infections on malaria
disease and parasite fitness are incompletely understood.
There is conflicting evidence from laboratory and field
studies regarding the capacity of mixed-species infections
to exacerbate (27) or ameliorate (14) disease. Furthermore,
the mechanisms underlying the interactions between parasite
species in mixed infections are complicated and multi-factorial,
possibly involving both within-host competition (28), and
cross-immunity (29).

Mixed species and mixed strain Plasmodium infections
have been studied in primate (30) and rodent malaria parasite
models (27, 28, 31, 32), as these enable the study of all parasite
lifecycle stages including those that occur in mosquitoes.
The rodent model is enhanced by the availability of multiple
rodent malaria parasite species; namely, Plasmodium yoelii,
Plasmodium berghei, Plasmodium vinckei, and Plasmodium
chabaudi. For P. yoelii there are additionally several parasite
strains that differ in virulence following inoculation of
mice (33).

Previous studies on the consequences of mixed species
infections for disease pathology using the rodent malaria
parasites in mice have yielded conflicting and varied results.
Snounou et al. found that the virulence of mixed-species
infections, as measured by host mortality, was reduced
compared to that of single infections of the constituent
species (34) whilst Ramiro et al. found the opposite
effect (27).

Here we describe the results of a series of experiments utilizing
multiple strains of the rodent malaria parasite species P. yoelii,
P. chabaudi, and P. vinckei, in which mixed infections of various
combinations of species and strains were established and studied
in both mice and mosquitoes. These rodent malaria parasite
species display important phenotypic differences, specifically
in their red blood cell type tropism, that impact on disease
progression. The consequences of mixed species infections for
disease severity in both hosts, parasite fitness, and transmission
capacity were analyzed.

MATERIALS AND METHODS

Parasites, Mice and Mosquitoes

Four rodent malaria parasite strains, comprising three
species, were used in these experiments; specifically, P.
chabaudi chabaudi clone AJ, P. chabaudi chabaudi clone
ASgp (intermediate virulence, normocyte preference) (35),
P. yoelii clone CU (non-virulent, reticulocyte restricted) (32),
and P. vinckei lentum clone DS (non-virulent, normocyte
preference) (36). These parasite lines were obtained from
deep-frozen stocks kept at the University of Edinburgh
(curated by Professors Richard Carter and David Walliker)
and were originally isolated from thicket rats in Central
Africa (35). Six-week-old female CBA mice, Mus musculus,
were purchased from SLC Inc. (Shizuoka, Japan) and were
used for all experiments. Mice were housed in a 12-h/12-h
light/dark cycle at 24°C and fed with 0.05% para-aminobenzoic
acid (PABA)-supplemented water to assist the growth of
parasites. Anopheles stephensi mosquitoes were housed in a
temperature- and humidity-controlled insectary at 23°C and
75% humidity. Mosquitoes used in the transmission experiments
were maintained on 10% glucose solution supplemented with
0.05% PABA.

DNA Extraction and Real Time Quantitative
PCR (gPCR)

To determine the proportion of each species in mixed infections,
quantitative real time PCR (qPCR) was used to measure copy
numbers of the merozoite surface protein 1 gene (mspl).
DNA was extracted from infected mouse tail blood and
infected mosquito midguts using an EZI DNA Investigator
Kit (GIAGQN) according to the manufacturer’s instructions.
Quantitative PCR was performed on an ABI 7500 real-time PCR
machine using a Power SYBR Green kit (Applied Biosystems,
UK). Primers were designed based on a species-specific region of
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mspl, as follows: PyCUmsp1F 5’CACCCTCAATAAACCCTGC-
3’, PyCUmsplR 5'-CGTGTACCAATACTTGAGTCAGAAC-3';
PvDSmsp1F 5'-CAAGAAGCCTCACAACAAGAATCTA-3/,
PyDSmsplIR, 5TGCTGGTTGGGCAGGTGCTGGA-3/, and
PcAJmsplF 5'-GTACAAGAAGGAGCATCAGC-3', PcAJmsplR
5-GCGGGTTCTGTTGAGGCTCCT-3. PCR assays were
conducted on an AB7500 real-time PCR machine (Applied
Biosystems, Japan) under the conditions: initial denaturation
step of 50°C for 2 min, 95°C for 10 min, followed by 40 cycles
of 95°C for 15s and finally 61°C for 1min. Copy numbers
of mspl were quantified with reference to a standard curve
generated from known numbers of plasmids containing the
target sequence. As different parasite species have differing
mean copy numbers of mspl per infected erythrocyte (due
to different rates of DNA replication, differing numbers
of merozoites per schizont, and differing propensities for
multiple erythrocyte invasion), we normalized the proportion
of each species in mixed infections by the copy numbers
per infected erythrocyte calculated from single species
infections. This methodology was also used to quantify
the numbers of species-specific oocysts on the midguts of
co-infected mosquitoes.

Experiments Involving the Monitoring of

Virulence in Mice
Eight experimental groups of five mice each were set up to
measure the effects of co-infections of parasite species on mice
and to compare the growth of species in single and mixed
species infections. Three of these groups were inoculated via
intravenous (IV) injection with parasite infected red blood cells
(iRBCs) of a single P. c. chabaudi clone AJ (hereafter referred to
as PcA]), P. c. chabaudi ASgp (PcASgp), P. y. yoelii clone CU
(PyCU) or P. v. lentum clone DS (PvDS). The remaining four
received mixtures of two species in equal numbers (PcAJ+PyCU,
PyCU+PcASgp, PyCU+PvDS and PcAJ+PvDS). Inocula were
diluted in a solution of 50% fetal calf Serum (FCS) and 50%
Ringer’s solution (27 mM KCl, 27 mM CaCl,, 0.15M NaCl). Mice
infected with single parasite species received 10° iRBCs, and co-
infected mice received 10° of each component parasite species. It
has been shown that a 2-fold difference in parasite numbers has a
negligible effect on parasite dynamics and virulence (37).
Virulence was determined using the parameters of mortality,
weight loss, and reduction in erythrocyte density, and was
measured daily up to day 30 post-inoculation. Erythrocyte
densities were counted using a Coulter Counter (Backman
coulter, Florida) from 1:40,000 dilution of 2 nl whole blood
sampled from tails in Isoton solution (Beckman coulter, Florida).
Giemsa’s solution stained thin blood smears from tail vein blood
were monitored for parasitaemia for 30 days post-inoculation
to assess the parasite replication rate. Whole blood samples (10
pl) were collected daily from day 1 to 30 into citrate saline,
centrifuged briefly, and the erythrocyte pellet stored at —80°C
prior to DNA extraction using an EZ1 DNA Investigator Kit
(QIAGEN, Japan) and an EZI1 BioRobot (QIAGEN, Japan).
Species specific qPCR based on the mspl gene was used to
measure the proportions of each parasite in the mixed infections
(32, 38). All experiments were performed twice.

Mosquito Transmission Experiments:
Estimation of Mosquito Fitness and

Parasite Species Transmission Capacity
Groups of mice were infected with single and mixed species
infections of PyCU, PvDS, and PcAJ parasites (total six groups,
each of five mice). On days 3 and 5 post-inoculation, individual
groups of mosquitoes (1 = 40 mosquitoes per group; 5-7
days post emergence from pupae) were fed on individual mice.
Immediately following the feed, 20 mosquitoes from each group
were pooled by mouse group into 12 cages, and egg bowls added
2 days later to allow the collection of eggs. These groups were
monitored for longevity by counting dead mosquitoes daily up to
day 60, and the numbers of larvae produced per mosquito were
counted at day 5 post-hatching. Seven days later, 20 mosquitoes
were removed from each group (57 groups total, as the number
of mice fed from group PvDS and PcAJ + PvDS was reduced to
three and four, respectively for the day 5 feed) and the midgut
oocyst burden recorded following dissection. Dissected midguts
were stored at —80°C prior to DNA extraction for species
proportion analysis by qPCR.

Statistical Analyses

All graphs were generated using GraphPad Prism 6 (GraphPad
software Inc, USA). Comparison of survival curves was
carried out using Log-rank (Mantel-Cox) tests. Multiple ¢-tests,
corrected for multiple comparisons using the Holm-Sidak
method, were used for comparing parasitaemia, erythrocyte
density, weight loss, and parasite density of single and mixed
infection in mice at all days during infection. Mann Whitney
tests were carried out for cumulative parasite density, mosquito
infection, and analysis of oocysts per gravid mosquito. P-values
of below 0.05 were considered significant.

RESULTS

Mixed Species Parasite Infections
Involving a Reticulocyte Specialist and a
Normocyte Specialist Are More Virulent
and Cause Greater Host Mortality Than

Single Species Infections in Mice

Infection parameters for single and mixed infections involving
PyCU (reticulocyte restricted) and either PvDS, PcAJ, or PcASgp
(normocyte preference) are summarized in Table 1. PyCU and
PyDS are not lethal in single species infections and only the
intermediately virulent species P. chabaudi (PcA] and PcASgp)
caused death of mice in single infections, with 40% mortality
occurring between days 9 and 13 post-infection (PI) for both
Pc strains. In contrast, mixed-species co-infections of PyCU
with either PvDS, PcAJ, or PcASgp resulted in highly virulent
infections with 100% mortality (Figures 1A-C).

Mixed species infections resulted in higher parasitaemia
than either of their constituent species in single infections
(Figure 1D) and peak parasitaemia occurred on the same day
PI as the more virulent of the constituent species; except
for PyCU + PyDS in which peak parasitaemia occurred
between days 8 and 11, compared to the PvDS single
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TABLE 1 | Infection parameters for single and mixed species infections of Plasmodium yoelii CU with Plasmodium vinckei DS, Plasmodium chabaudi AJ, and

Plasmodium chabaudi ASgp.

Strain PyCU PvDS PcAJ PcASgp PyCU + PvDS PyCU + PcAJ PyCU +
PCASED

RBC invasion Reticulocytes Normocytes Normocytes Normocytes / / /

preference and and

reticulocytes reticulocytes

Peak Parasitaemia 52.57 +1.89 36.44 + 0.54 63.85 + 4.94 59.91 +£1.03 75.78 £1.72 59.96 + 3.56 64.32 + 3.43

% (day pi) (18-19, 25) (6-7) (7) 6,7) (8, 10-11) (7-8) (7,9)

Cumulative 544.74 + 80.00 127.94 £ 6.32 245.55 + 14.83 190.21 £ 7.49 281.52 + 26.66 218.39 + 16.87 188.53 £ 9.45

parasitaemia

Mortality (day pi) 0% 0% 40% (10, 13) 40% (9, 10) 100% (9, 11, 12) 100% (9, 10) 100% (9-11)

Max. weight loss, 1.26 +£0.44 2.49 +£1.00 4.06 +£0.54 3.54 +£0.38 4.26 + 0.66 2.93 £ 0.30 292 +0.18

g (day pi) (19-21, 27) (8,10) (9-13) 8,9 8,9-12) (8-9) (8,10

Min. RBC count, 1.61 x 10° £ 0.13 3.61 x 10% + 1.51 x 109 + 1.41 x 10° + 1.60 x 109 + 1.65 x 109 + 1.24 x 109 +

RBC/ml (day pi) x 109 (21, 26, 28) 0.05 x 10° (8, 9) 0.21 x 10° (9) 0.13 x 10° (7, 8) 0.04 x 10° 0.22 x 10°(8,9) 0.08 x 10° (7, 8)

(8-11)

infection, in which peak parasitaemia occurred at days 6-
7 (Figures 1D-F). Host mortality in mixed species infections
occurred at peak parasitaemia and was presumably caused
by anemia resulting from an inability to clear parasites from
the blood.

During the latter stages of the infection mixed
species infections involving PvDS and PyCU resulted
in lower erythrocyte densities (Figures 1G-I) and
greater weight loss (Figures 1J-L) compared to either
of the constituent species in single infections. This
increased pathology was linked to the inability of mice to
control parasitaemia.

Mixed Species Parasite Infections
Involving Two Normocyte Specialists
Result in Protracted Parasitaemia, but Not

Increased Virulence

Plasmodium vinckei DS and P. chabaudi AJ are both normocyte
invading parasites. PcAJ is of moderate virulence, causing rapid
and severe anemia and weight loss during the first 10 days
of infection when parasitaemia rises, and results in 40% host
mortality (Table 2 and Figure 2A). PvDS is a much less virulent
parasite, causing less severe weight loss and milder anemia, and
is never lethal (Table2 and Figure 2A). The combination of
these two parasites in a mixed infection results in 50% host
mortality, and a pathology consistent with that of PcA]J, the more
virulent of the two species (Table 2 and Figure 2A). However,
the PcAJ+PvDS infection results in three distinct parasitaemia
peaks, compared to the two peaks produced by the single
species, and parasitaemias persisted up to the last day of the
experiment (day 30), compared to clearance by day 26 in the
single species infection (Figure 2B). The PcAJ+PvDS infection
also displayed a sharper decline in parasitaemia following the
first peak (Figure 2B), and this was associated with a quicker
recovery from anemia and weight loss between days 10 and
15 (Figures 2C,D).

Co-Infection of P. yoelii With Either

P. chabaudi or P. vinckei Results in
Reduced Parasite Density of P. yoelii, and
Protracted Peak Parasitaemia of

P. chabaudi and P. vinckei

To understand how mixed parasite species infection influences
the fitness of the species involved, we measured the parasite
density (numbers of parasites per ml of mouse blood) through
time of individual species in single and mixed infections. The
relative proportions of each species within mixed infections were
measured at 24-h intervals by species specific qPCR.

In mixed infections composed of PyCU and PvDS, PvDS
dominated the infection from days 4 to 10 PI (Figure 3A), at
which point PyCU became dominant. There was an increase in
the proportion of PyCU in the infection from day 8 (7%) until
host mortality at day 12 PI (50%). Analysis of species-specific
parasite density in this co-infection revealed that PyCU was
suppressed throughout the infection, while the growth of PvDS
was enhanced (Figures 3D,E).

This enhancement occurred during the latter stages of the
infection (days 8-12), the time point at which PvDS is cleared
during single infections. This suggests that the presence of PyCU,
whose growth in a co-infection does not differ significantly
from that observed in a single species infection, facilitates the
persistence of PvDS for an extended period after which it would
normally be cleared. This inability to clear PvDS, combined with
the standard increase in PyCU parasitaemia, leads to hyper-
parasitaemia with severe anemia in co-infected mice, and results
in host death.

Enhancement of the parasite density of the normocyte-
restricted parasite species was also observed in the latter stages
of mixed species infections composed of PyCU and PcAJ. In
this case, PcA] dominates PyCU throughout the infection, with
complete exclusion of the latter species observed at the end of the
co-infection (Figure 3B). Mice died at days 9 and 10 pi, at which
point the parasite density of PyCU was significantly suppressed
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representative experiment.

Days post infection

FIGURE 1 | Percent survival (A-C), parasitaemia (D-F), erythrocyte density (G-I), and weight loss (J-L) of mice infected with Plasmodium yoelii CU (black),
Plasmodium vinckei DS (blue), Plasmodium chabaudi AJ (green), and Plasmodium chabaudi ASgp (purple) species in single and mixed infections (red). Mice were
inoculated via intravenous injection of 1 x 10° infected red blood cells of either single or mixed species of the above parasites and followed for 25-30 days to
determine mortality, live-body weight, erythrocyte density, and parasitaemia. Data points indicate the mean value for five mice in each experimental group and error
bars indicate the standard error of the mean (SEM). An asterisk represents statistically significant differences between mixed infections compared with both single
infections (Multiple t-tests, with the assumption that all rows are sampled from populations with the same scatter and corrected for multiple comparisons using the
Holm-Sidak method). Parasitaemias of PyCU and PvDS in mixed-infections were significantly different between days 8 and 12 post infection (Pl) compared with the
same strains in single infections (D); PyCU and PcAJ mixed-infections were significantly different to single infections of the same strains on days 8 and 9 PI (E); and
PyCU and PcASgp mixed-infections were significantly different from single infections between days 8 and 10 PI (F). Erythrocyte densities of PyCU and PvDS
mixed-infections were significantly different from single infections on day 10 to 12 PI (G); PyCU and PcAJ mixed-infections were significantly different on days 7 and 8
Pl (H); while mixed infections of PyCU and PcASgp were significantly different from single infections only on day 6 PI (I). Mice infected with PyCU+PvDS
mixed-infections lost significantly more weight compared to single infections from day 10 to 12 (J). Mice in the groups infected with mixed infections of PyCU+PcAJ
suffered from significantly reduced erythrocyte density compared to mice in single infection groups (Two-way RM ANOVA measured mixed effects model, P = 0.043,
F =5.7,DFn =1, DFd = 8). Detailed statistical values relating to significance are given in Supporting Table 1. Experiments were repeated twice, data is from one

compared to single infections (Figure 3D). In contrast, there
was little difference in the parasite density of PcAJ in a mixed
infection with PyCU compared to a single infection during
the first 8 days of the co-infection. However, as seen in

the PvDS+PyCU infection (Figure 3E), the usual reduction in
parasitaemia observed at day 8 in PcAJ single infections was
not observed in co-infections with PyCU (Figure 3F), suggesting
again that presence of PyCU in a co-infection impairs the ability
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FIGURE 2 | Percentage survival (A), parasitaemia (B), erythrocyte density (C), and weight loss (D) of infected mice with Plasmodium vinckei DS (blue), Plasmodium
chabaudi AJ (green) single or mixed infections (red). Mice were inoculated via intravenous injection of 1 x 108 infected red blood cells of either single or mixed species
of the above parasites and followed for 30 days to determine mortality, live-body weight, erythrocyte density, and parasitaemia. Data points indicate the mean value for
mice of each experimental group and error bars indicate the SEM. An asterisk represents statistically significant difference of mixed infections compared with both
single infections (Multiple t-tests, with the assumption that all rows are sampled from populations with the same scatter and corrected for multiple comparisons using
the Holm-Sidak method). Mice infected with mixed-infections developed statistically significantly higher parasitaemia on days 5 and 9 Pl compared with both single
infections (B). Mice infected with mixed-infections had significantly lower erythrocyte densities on days 10 to 13, 27, 29, and 30 Pl compared with both single
infections (C). Considering the entire time course of the infections, the parasitaemia of mice infected with single infections of PvDS were significantly lower than those
of mice infected with PvDS + PcAJ mixed-infections (two-way RM ANOVA measured mixed effects model, F = 218.8, DFn = 1, DFd = 3, P = 0.0007). The
erythrocyte density of mice infected with PvDS + PcAJ mixed-infections was significantly lower than those infected with single infections of PvDS (two-way RM
ANOVA measured mixed effects model, F = 123, DFn = 1, DFd = 3, P = 0.0016). Detailed statistical values relating to significance are given in Supporting Table 1.
Experiments were repeated twice, data is from one representative experiment.

of the host to control the growth of the normocyte-invading TABLE 2 | Infection parameters for single and mixed species infections of

parasite species. Plasmodium vinckei DS and Plasmodium chabaudi AJ.

Cumulative parasite densities were calculated for each parasite  gyrain PVDS PcAJ PcAJ + PvDS
species in single and mixed infections as proxy measures of
parasite productivity throughout the infection. There was a  RBCinvasion Normocytes Normocytes and /
dramatic reduction in cumulative parasite density for PyCU in  Preference reticulocytes

the mixed infections with both PcAJ and PvDS (Figure 3G). In

o S ) . Peak ftaemia  36.44 £ 0.54 (6-7) 63.85£4.94(7)  65.67 £2.28
the mixed infections involving PcAJ and PvDS, both of which car parastasmia 67 )
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in cumulative parasite density for PvDS throughout the co-  paaitaemia
infection compared to single infection (Figure 3H). There was  vionaiity (day pi) 0% 40% (10, 13) 50% (10)
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PyDS could be detected by qPCR. However, PvDS resurges at day ®9)

15, and competitively excludes PcAJ by day 25.

Pre-exposure of Mice to P, yoelii Does Not lattclzr two species, resulting in host death‘,. we wondered whether

N . . an immune response specific to P. yoelii could adversely affect
Enhance the Virulence of P. vinckei the establishment of an effective immune response against P.
Infection chabaudi or P. vinckei. To test this, we pre-immunized mice with
As the presence of P. yoelii in mixed infections with either = PyCU parasites by exposure to the parasite for 8 days followed by
P. chabaudi or P. vinckei results in an inability to clear the  clearance with the anti-schizontal drug mefloquine (MF). Two
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FIGURE 3 | The relative proportions of Plasmodium yoelii CU, Plasmodium vinckei DS, and Plasmodium chabaudi AJ in mixed infections (A=C), the parasite density
of each species in single and mixed infections (D-F), and cumulative parasite density of each species in either single or mixed infections (G-l). The relative proportion
of each species in combination with each other (A-C) was measured by gPCR quantification using primers specific to a region of the msp7 gene of each species.
Copy numbers of parasite msp1 were quantified with reference to a standard curve generated from known numbers of plasmids containing the same gene
sequences. The average copy numbers per iRBC were generated by copy numbers and parasite densities of each single species infections on day 6 PI. Data points
indicate the mean value for 3-5 mice in each experimental group and error bars indicate the SEM. The parasite densities (number of blood stage parasites per mL
blood) are shown in (D-F). (D) Shows the parasite densities of PyCU single infection or in mixed infection with PvDS or PcAJ. Parasite densities of PvDS and PcAJ are
given in (E,F), respectively. An asterisk represents significant differences (P < 0.01) in parasite density in single infections compared with mixed-infections. Cumulative
parasite densities are shown in (G-1). The cumulative parasite density of PyCU in single infections were significantly higher than PyCU in mixed-infections with PyAJ
and PvDS (G). Similarly, the cumulative parasite density of PcAJ in single infections was significantly higher than in mixed infections with PyCU or PvDS (I). Detailed
statistical values relating to significance are given in Supporting Table 1. Experiments were repeated twice, data is from one representative experiment.

weeks later, when all MF had cleared from the host, mice were
challenged with PvDS. In contrast to the patterns observed in
PyCu+PvDS co-infections, there was no evidence of increased
virulence of PvDS infections in mice pre-exposed to PyCU
(Figure 4A), with no significant enhancement of parasite density
(Figure 4B), anemia (Figure 4C), or weight loss (Figure 4D)
occurring at any stage during the infection.

The Increased Virulence of Mixed Species
Infections of P. yoelii and P. vinckei ls
Abrogated When P. vinckei Is Added to an

Established P. yoelii Infection
When both PyCu and PvDS are inoculated into mice
contemporaneously, the resulting co-infection is consistently

lethal, in contrast to the zero-mortality associated with the
constituent single species infections. This lethality results
from the inability of mice to clear the PvDS parasites from
the circulation following peak parasitaemia. To determine
if increased virulence is dependent on the timing of the
introduction of the co-infecting species, we first inoculated mice
with PyCU and introduced PvDS 7 days later. The co-infection
caused 25% mortality, compared to no mortality in single
species infections (Figure 5A). In this case, the co-infection
parasitaemia did not differ significantly from that of a single
infection of PyCU for most of the infection duration, except
for the last 2 days of sampling (days 22 and 23), when the
parasitaemia was higher in the co-infection (Figure 5B). This
increased parasitaemia toward the latter stages of the infection
did not result in lower erythrocyte density (Figure 5C); however,
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FIGURE 4 | Percentage survival (A), parasitaemia (B), erythrocyte density (C), and weight loss (D) of mice infected with Plasmodium vinckei DS (PvDS). Mice in the
PvDS (PyCU immune) group were inoculated intravenously (IV) with 1 x 108 infected red blood cells (RBCs) of PyCU, treated 8 days later with mefloquine for 5 days,
and then 15 days later intravenously challenged with 1 x 10° PvDS iRBCs. Data points indicate the mean value for 5 mice in each experimental group and error bars
indicate the SEM. Detailed statistical values relating to significance are given in Supporting Table 1.

it did cause significantly greater weight loss in co-infected
animals during this period (Figure 5D).

Measuring the relative proportions and parasite densities of
the constitute species in the co-infection and comparing them
to single infections revealed that PyCU dominates the infection
over PvDS, excepting days 7 and 8 (Figure 5E). In contrast to the
situation observed with the simultaneous inoculation of the two
species, there was no significant reduction in the parasite density
of PyCU, but there was a reduction in the parasite density of PvDS
when PyCu was inoculated 1 week prior to PvDS (Figures 5F-I).

The Consequences of Mixed Species

Infections in the Mosquito Vector

We additionally sought to describe the impact of mixed species
infections on transmission to mosquitoes. Specifically, we fed
Anopheles stephensi mosquitoes on mice with single or mixed
species infections and measured: (i) the proportion subsequently
infected, and (ii) the severity of this infection (number of
oocysts); (iii) the longevity of infected mosquitoes; and (iv) the
number of larvae they produced following a blood meal. Finally,
we compared the transmission success, defined as the average
number of oocysts produced per blood fed mosquito, of each
parasite species in mixed or single infections.

Mixed Species Infections Do Not Result in
Significantly Different Infection Parameters

in Mosquitoes

To determine whether mixed species infections result in altered
mosquito infectivity rates and infection loads compared to
single species infections, mosquitoes were fed on anesthetized
mice infected with single, or mixed infections of PcCU, PvDS,
and PcAJ. As these species differ in the timing of their
gametocyte production, with PyCU at its most infectious to
mosquitoes on day 3 PI and PcAJ and PvDS more infectious
on day 5 pi, we conducted mosquito feeds on both these
days. PyCu was the most infective single species on day 3
and 5, followed by PvDS and finally PcAJ (Figures 6A-C).
Mixed species infections did not result in higher proportions of
mosquitoes being infected than the most infective constituent
species in a single infection (Figures 6A-C). Similarly, in co-
infections containing the highly infectious PyCU species, the
oocyst burdens of mixed species infections were not significantly
different from that of PyCU in mosquitoes fed on mixed
infections on either day 3 or 5 PI (Figures 6D,E). Mixed
species infections of PcAJ] and PvDS resulted in significantly
lower oocyst burdens than the most infectious constituent single
species (PvDS), but only in mosquitoes fed on day 5 of the
infection (Figure 6F).

Frontiers in Immunology | www.frontiersin.org 8

January 2020 | Volume 10 | Article 3072


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Tang et al. Mixed-Species Malaria Infections

A B (o]
100+ - 100+ 12+
. > e
T 80- : s g 10
Z SasnmEEEEn E g 8_
2 60 £ <
» e PyCU 2 = 64
€ 40 sinss PVDS @ —
g 1110 PyDS(PyCUpre-i o E 44
9 904 (PyCUpre-in) S o
g 2
0 T T T T 1 0.01 T T T T 1 0 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
D E F
€100+ 1000
- ) >
G 5 80- = 100 ppee
7] o c N~ -I,I
o ©
3 2 60 8 F 104
= [}
b= @ 40- 28 14 ::::PyDS(PVDS)
> £= c = w— PyCU
] © _ . 14
2 < 20 S o
14
0 T 001 T T T T
20 5 10 15 20
Days post infection
G H | *
800-1 800 P=0.16
D ~ QO ~
1000 ﬁ ~ 2N
2 s § 600- 8§ 600+
N ~ 100 - © W E w
55 28 83
° 4 101 $ < 400- © 2 400+
8o = s
-] 14 5 > 8 >
© = S = s =
5 04 E 2 200+ £ 2 200+
5 Q =)
o s PYDS(PyCU) O o3
0.01—— T T T
5 10 15 20 0 - 0-
Days post infection \fzo 400"\ 40(9 \f,&
? 4 ¢ <
0\ @o_,\
Q‘P 4
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PvDS in a mixed infection with PyCU (l), whereas that of PyCU is unaffected when in a mixed infection with PvDS (H). Detailed statistical values relating to significance
are given in Supporting Table 1.

Co-Infections of Malaria Parasite Species
Do Not Adversely Affect Mosquito
Longevity or Capacity to Produce Larvae

To ascertain whether mixed species infections of mosquitoes
were more virulent than single species infections, we measured
longevity and larvae production in mosquitoes fed on single
or mixed infections. In accordance with the observation that
mixed species infections did not result in higher burdens of
infection, mosquitoes infected with two parasite species in a
co-infection did not display reduced longevity (Figures 7A-C),

median survival time (Figure 7D), or reduced fitness (measured
as the number of larvae produced per blood-fed mosquito)
(Figure 7E).

Mixed Species Infections Can Affect the
Transmission Capacity of the Constituent
Species

To determine whether mixed infections can affect the
transmission capacity of constituent species, the relative
proportion of each species in mixed infections in mosquitoes was
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FIGURE 6 | Transmission capacity of Plasmodium yoelii CU (PyCU), Plasmodium vinckei DS (PvDS), and Plasmodium chabaudi AJ (PcAJ) in single or mixed infections.
The mean percentage of mosquitoes infected with oocysts were calculated following feeding on PyCU, PvDS, and PcAJ either in single or mixed infections in mice on
days 3 and 5 PI (A-C). The numbers of oocysts per gravid mosquito are given for all groups (D-F). Only gravid mosquitoes were considered blood-fed and included
in the analysis. Statistical analysis was performed using Mann Whitney tests. Detailed statistical values relating to significance are given in Supporting Table 1.

measured using qQPCR on DNA extracted from mosquitoes with
known oocyst numbers and compared to the numbers produced
in single infections.

The numbers of oocysts produced by the highly infectious
PyCU did not differ significantly between mosquitoes fed
on single and mixed species infections (Figure8A). PvDS
produced fewer oocysts in mixed infections with PcAJ and
PyCU than in single infections, although the effect was only
statistically significant on day 5 in a mixed infection with
PyCU (Figure 8B). PcAJ also suffered a reduced transmission
capacity in mixed infections, with significant reductions in
oocyst numbers measured in mosquitoes fed on mixed infections
with either PvDS or PyCU on day 5, compared to those fed
on single infections (Figure 8C). The transmission of PcAJ
to mosquitoes was completely blocked in mixed infections
containing PyCU (Figure 8C).

DISCUSSION

Our results indicate that the interactions between malaria
parasites co-infecting the same host can have dramatic
consequences for the severity of the disease they cause. We found
that when two parasite species, P. yoelii and P. vinckei, which on

their own cause mild and transient disease concurrently infect
the same host, the disease outcome is radically altered resulting
in 100% host mortality within 15 days. This same outcome of
100% host mortality was observed in co-infections consisting of
P. yoelii and the more virulent (but rarely lethal) P. chabaudi.

There are precedents for this result; Bafort (39) suggested that
mixed species might increase the virulence of infections (39).
Richie (9) reported that patent P. chabaudi infections increased
their parasitaemia and duration when mixed with P. yoelii (9),
and McGhee (40) also described a higher peak for one of the
species in mixed infections (40). In contrast, Snounou et al.
found a protective effect of mixing P. yoelii with P. vinckei or
P. chabaudi, with less mortality in the mixed species infection
groups compared to the single infection groups (34). Simlarly,
Voza et al. reported that the addition of co-infecting P. yoelii
to a P. berghei infection prevented the establishment of cerebral
malaria, whereas this protection was not observed when co-
infections with P. vinckei were induced (41).

More recently, Ramiro et al. (27) described increased
virulence in mixed infections of P. chabaudi and P. yoelii, which
they attributed to an increase in reticulocytaemia leading to
enhancement of P. yoelii (which is reticulocyte restricted) in the
mixed infections. Our results, however, are in agreement with
those of Richie (9), and suggest that it is the normocyte-restricted
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parasite that is enhanced in mixed infections with P. yoelii, a
result we observed both in the case of two strains of P. chabaudi
and one of P. vinckei. We contend, therefore, that increasing

reticulocytaemia does not explain the increase in virulence of
mixed strain infections. This is supported by the fact that we
also observed increased virulence (in terms of persistence of

Frontiers in Immunology | www.frontiersin.org

11

January 2020 | Volume 10 | Article 3072


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

Mixed-Species Malaria Infections

infection and decreased red blood cell density) in mixed-species
infections composed of P. chabaudi and P. vinckei, both of which
predominantly infect normocytes.

We found that the time at which the constituent species
of a mixed-species infection were introduced to the host had
a significant impact on disease outcome. Most studies on
mixed malaria parasite species infections in mice introduce the
constituent species contemporaneously (27, 28). For example, the
parasite species combination P. yoelii and P. vinckei causes 100%
mortality when introduced to mice contemporaneously. We
found that when P. yoelii was inoculated seven days prior to the
inoculation of P. vinckei, virulence was much reduced, although
the mixed infection still caused significantly more pathology
and mortality than the constituent species in single infections.
Similarly, when inoculated into mice contemporaneously with
P. vinckei, P. yoelii suffered a reduction in cumulative parasite
density throughout the infection (a proxy measurement of
parasite fitness), whereas P. vinckei was unaffected. When P. yoelii
was introduced to mice a week before P. vinckei, the opposite
trend was observed, with little reduction in the cumulative
parasite density of P. yoelii, but a significant reduction in that of
P. vinckei. We show, therefore, that it is not just the phenotypes of
the constituent species of mixed infections that affect pathology
and parasite fitness in combination, but also the time at which
each species infects the host.

It is possible that interactions between malaria parasite
species in mixed infections may be modulated through the
host immune response. Molineaux et al. (42) suggested that in
mixed infections of P. falciparum and P. malariae, the immune
response stimulated by rising P. falciparum parasitaemias can
inhibit P. malariae, but that P. falciparum survives longer due to
its more rapid growth rate. This immune-mediated antagonism
(43) agrees with observations suggesting that P. falciparum could
reduce the prevalence of P. malariae (44).

There is some evidence to suggest a degree of cross-protection
between malaria parasite species due to species-transcending
immunity (36, 45). We wondered whether the lack of ability
to control the P. vinckei parasitaemia toward the end of the
mixed infection of P. vinckei and P. yoelii may be due to
the phenomenon of “original antigenic sin” (46) rendering the
acquisition of antibodies specific to P. vinckei sub-optimal due
to the larger quantity of P. yoelii antigen present in the early
stages of the infection. To test this, we immunized mice through
exposure to and subsequent cure of a P. yoelii infection, and then
challenged with P. vinckei. Contrary to the expectations of the
original antigenic sin hypothesis, we observed no effect on the
severity of the P. vinckei infection in P. yoelii-exposed compared
to non-exposed mice.

Infection with malaria parasites is known to detrimentally
affect the fitness of the infected mosquito (47). Mixed species
malaria parasite infections occur in nature (4, 48), and as
mixed species parasite infections caused dramatically different
disease outcomes in mice, we investigated whether mosquito
fitness was also affected. We measured longevity and progeny
production in groups of mosquitoes fed on single and mixed
species infections. In contrast to the significant alterations in
pathogenicity observed in mice, there appeared to be no fitness

differences between mosquitoes carrying single or mixed species
infections. Linked to this, we did not observe significantly
increased oocyst numbers in mosquitoes infected with mixed
species, when compared to the highest-oocyst producing single
constituent species, suggesting there was no significant alteration
in transmission-stage investment by the species in mixed stage
infections (31).

We found that the transmissibility of P. vinckei and P.
chabaudi to mosquitoes was reduced in the presence of P. yoelii
in co-infections compared to single infections. This was reflected
in the lower number of oocysts of these two species in mosquitoes
that had fed on mixed species infections also containing P.
yoelii compared to those that had fed on single infections. Most
significantly, transmission of P. chabaudi to mosquitoes was
blocked completely by the presence of P. yoelii on day 5 of the
infection. There were no reductions, however, in the numbers
of P. yoelii oocysts. Of the three species, P. yoelii produces
significantly higher oocyst burdens in mosquitoes than either
P. chabaudi or P. vinckei, a phenomenon linked to the former
species having much higher gametocyte production during the
early stages of infection. One possible mechanism that may
account for this observation involves gamete incompatibility; we
propose that given the fact that in a mixed species infection
containing P. yoelii, there will be significantly more P. yoelii
microgametes than of the other species. If P. yoelii microgametes
can recognize and attempt to fertilize the macrogametes of the
second species, then a large proportion of these macrogametes
will be rendered non-productive (assuming hybrids are non-
viable) (49). Consistent with this theory is the fact that both
P. chabaudi and P. vinckei also produce fewer oocysts when in
mixed infection with each other, but much less so than when
mixed with P. yoelii, reflecting, perhaps, the more even numbers
of gametocytes produced by these two species.

A limitation of these experiments is that mosquitoes were
allowed to feed on mice at only two time points, days 3 and 5 post-
inoculation, rather than throughout the course of the infection.
These two time points were chosen as they represent the days of
maximum transmissibility of P. yoelii (day 3), P. chabaudi, and
P. vinckei (day 5). However, these results offer only a snapshot of
transmission success on these particular days, and it is possible
that different outcomes would have been observed at different
time-points throughout the infection.

The experiments described here were conducted using
multiple strains of three species of rodent malaria parasites in
6-week old, female CBA mice. If the same experiments were
to be conducted with different parasite strains and species,
and in different host strains, then different outcomes might be
expected. The disease progression of rodent malaria parasites
is dramatically affected by mouse host strain, sex, and age
(50), and it is likely that the interactions between species in
mixed infections would be similarly affected. It should also be
remembered that Mus musculus is not the natural host of the
rodent malaria parasites, and neither is Anopheles stephensi its
natural vector. It is likely that the interactions between the species
tested here would result in different outcomes in their natural
hosts. Furthermore, blood stage infections in mice were initiated
by intravenous inoculation of infected blood, and not by the
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more natural route of sporozoite inoculation, another factor
that may have a significant impact on the outcome of mixed
species infections.

An illustration of the degree to which different outcomes
may be observed in different experimental systems is given by
the comparison of our results with those of Snounou et al.
(34). Whereas, we observed dramatic increases in host mortality
in mixed species infections containing a normocyte specialist
and P. yoelii, Snounou et al. observed the opposite effect; with
less mortality in P. vinckei + P yoelii and P. chabaudi +
P. yoelii mixed species infections than in single infections of
the normocyte-invaders (34). Similarly, although Ramiro et al.
reported increased virulence in mixed infections in a similar
manner to our observations, the mechanism for this outcome
appears to differ; in our case facilitation of the normocyte
invading species led to increased parasitaemia, whereas Ramiro
et al. report increased growth of the reticulocyte invading species
(27). In both these examples, there were differences between
experiments in crucial parameters such as the sex, strain and age
of the host mice used, the particular strains of malaria parasites,
their passage histories, and routes of inoculation; all factors
known to influence the outcome of experimental infections.

We cannot, then, make any predictions about the possible
effects of mixed species human infections based on the results
presented here, except to expect that there would be interactions
between parasite species within the host, and that these would
impact on disease outcomes.

As the world moves toward reducing the burden of malaria,
the importance of mixed-species malaria infections will
rise. Diagnostic techniques with improved sensitivities are
revealing a greater prevalence of P. ovale and P. malariae
in P. falciparum endemic areas than previously thought
(7). Intervention strategies such as anti-vector programs,
and the development and employment of new drugs and
vaccine will often be more effective against one species of
parasite than they will against others (51, 52). In regions
where P. falciparum prevalence is decreasing, the prevalence
of non-falciparum malaria parasite species often becomes
more apparent, highlighting the importance of mixed-species
infections. There is a need, therefore, to better understand
how the interactions between malaria parasites species

REFERENCES

1. Cox-Singh J, Davis TME, Lee K-S, Shamsul SSG, Matusop A, Ratnam S, et al.
Plasmodium knowlesi malaria in humans is widely distributed and potentially
life threatening. Clin Infect Dis. (2008) 46:165-71. doi: 10.1086/524888

2. Brasil P, Zalis MG, de Pina-Costa A, Siqueira AM, Junior CB, Silva S, et al.
Outbreak of human malaria caused by Plasmodium simium in the Atlantic
Forest in Rio de Janeiro: a molecular epidemiological investigation. Lancet
Glob Health. (2017) 5:1038-46. doi: 10.1016/52214-109X(17)30333-9

3. Imwong M, Madmanee W, Suwannasin K, Kunasol C, Peto TJ, Tripura

R, et al. Asymptomatic natural human infections with the simian malaria
parasites Plasmodium cynomolgi and Plasmodium knowlesi. ] Infect Dis. (2019)
219:695-702. doi: 10.1093/infdis/jiy519

. Marchand RP, Culleton R, Maeno Y, Quang NT, Nakazawa S. Co-infections

of Plasmodium knowlesi, P. falciparum, and P. vivax among humans and

infecting the same host can impact disease progression and
parasite fitness.

The experiments described here show that the disease
outcomes of mixed vs. single species infections can differ and may
be influenced by the phenotypic characteristics of the constituent
species and the order in which they infect the host.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

Animal experimentation was performed in strict accordance with
the Japanese Humane Treatment and Management of Animals
Law (law No. 105, 1973; modified 2006), and according to the
Regulations on Animal Experimentation at Nagasaki University,
Japan. All procedures were approved by the Institutional Animal
Research Committee of Nagasaki University.

AUTHOR CONTRIBUTIONS

RC and JT designed, performed, and analyzed the experiments.
RC, JT, TT, and JC wrote the manuscript.

FUNDING

RC was supported by Japanese Society for the Promotion
of Science (JSPS), Japan Grant-in-Aid for Scientific Research
No. 19K07526. JT was supported by the Jiangsu Provincial
Department of Science and Technology Grant (No. BM2018020)
and The Jiangsu Provincial Project of Invigorating Health. Care
through Science, Technology and Education.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.03072/full#supplementary-material

Supporting Table 1 | Details of statistical treatments used in the study.

anopheles dirus mosquitoes, Southern Vietnam. Emerg Infect Dis. (2011)
17:1232-9. doi: 10.3201/eid1707.101551

5. May J, Mockenhaupt FP, Ademowo OG, Falusi AG, Olumese PE,

Bienzle U, et al. High rate of mixed and subpatent malarial infections

in southwest Nigeria. Am ] Trop Med Hyg (1999) 61:339-43.

doi: 10.4269/ajtmh.1999.61.339

Zimmerman PA, Mehlotra RK, Kasehagen LJ, Kazura JW. Why do

we need to know more about mixed Plasmodium species infections

in humans? Trends Parasitol. (2004) 20:440-7. doi: 10.1016/j.pt.2004.

07.004

7. Yman V, Wandell G, Mutemi DD, Miglar A, Asghar M, Hammar U, et al.
Persistent transmission of Plasmodium malariae and Plasmodium ovale
species in an area of declining Plasmodium falciparum transmission
in eastern Tanzania. PLoS Negl Trop Dis. (2019) 13:e0007414.
doi: 10.1371/journal.pntd.0007414

Frontiers in Immunology | www.frontiersin.org

13

January 2020 | Volume 10 | Article 3072


https://www.frontiersin.org/articles/10.3389/fimmu.2019.03072/full#supplementary-material
https://doi.org/10.1086/524888
https://doi.org/10.1016/S2214-109X(17)30333-9
https://doi.org/10.1093/infdis/jiy519
https://doi.org/10.3201/eid1707.101551
https://doi.org/10.4269/ajtmh.1999.61.339
https://doi.org/10.1016/j.pt.2004.07.004
https://doi.org/10.1371/journal.pntd.0007414
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

Mixed-Species Malaria Infections

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Thayer WS, Heweston J: The Malarial Fevers of Baltimore. Baltimore, MD:

The Johns Hopkins Press (1895).

. Richie TL. Interactions between malaria parasites infecting the same

vertebrate host. Parasitology. (1988) 96:607-39. doi: 10.1017/S00311820
00080227

McKenzie FE, Bossert WH. Mixed-species Plasmodium infections of humans.
J Parasitol. (1997) 83:593-600. doi: 10.2307/3284229

Mayxay M, Pukrittayakamee S, Newton PN, White NJ. Mixed-species
malaria infections in humans. Trends Parasitol. (2004) 20:233-40.
doi: 10.1016/j.pt.2004.03.006

Genton B, D’Acremont V, Rare L, Baea K, Reeder JC, Alpers MP, et al.
Plasmodium vivax and mixed infections are associated with severe malaria
in children: a prospective cohort study from Papua New Guinea. PLoS Med.
(2008) 5:127. doi: 10.1371/journal.pmed.0050127

Boyd ME Kitchen SF. Simultaneous inoculation with Plasmodium Vivax
and Plasmodium Falciparuml. Am ] Trop Med Hyg. (1937) s1-17:855-61.
doi: 10.4269/ajtmh.1937.51-17.855

Shute PG. Latency and long-term relapses in benign tertian malaria.
Trans R Soc Trop Med Hyg. (1946) 40:189-200. doi: 10.1016/0035-9203(46)
90056-9

Snounou G, Viriyakosol S, Jarra W, Thaithong S, Brown KN. Identification
of the four human malaria parasite species in field samples by the polymerase
chain reaction and detection of a high prevalence of mixed infections. Mol
Biochem Parasitol. (1993) 58:283-92. doi: 10.1016/0166-6851(93)90050-8
Mueller I, Zimmerman PA, Reeder JC. Plasmodium malariae and Plasmodium
ovale-the “bashful” malaria parasites. Trends Parasitol. (2007) 23:278-83.
doi: 10.1016/j.pt.2007.04.009

Singh US, Siwal N, Pande V, Das A. Can mixed parasite infections thwart
targeted malaria elimination program in India? BioMed Res Int. (2017)
2017:11. doi: 10.1155/2017/2847548

Senn H, Alattas N, Boggild AK, Morris SK. Mixed-species Plasmodium
falciparum and Plasmodium ovale malaria in a paediatric returned traveller.
Malaria J. (2014) 13:78. doi: 10.1186/1475-2875-13-78

Douradinha B, Mota MM, Luty AJ, Sauerwein RW. Cross-species immunity
in malaria vaccine development: two, three, or even four for the price of one?
Infect Immun. (2008) 76:873-8. doi: 10.1128/IA1.00431-07

McKenzie FE, Smith DL, O’Meara WP, Forney JR, Magill AJ, Permpanich
B, et al. Fever in patients with mixed-species malaria. Clin Infect Dis. (2006)
42:1713-8. doi: 10.1086/504330

Arez AP, Palsson K, Pinto J, Franco AS, Dinis J, Jaenson TG, et al.
Transmission of mixed malaria species and strains by mosquitoes, as detected
by PCR, in a study area in Guinea-Bissau. Parassitologia. (1997) 39:65-70.
Bousema JT, Drakeley CJ], Mens PE, Arens T, Houben R, Omar SA,
et al. Increased Plasmodium falciparum gametocyte production in mixed
infections with P. malariae. Am ] Trop Med Hyg (2008) 78:442-8.
doi: 10.4269/ajtmh.2008.78.442

Camargo M, Soto-De Leon SC, Del Rio-Ospina L, Paez AC, Gonzalez Z,
Gonzalez E, et al. Micro-epidemiology of mixed-species malaria infections in
a rural population living in the Colombian Amazon region. Sci Rep. (2018)
8:5543. doi: 10.1038/s41598-018-23801-9

Ivan E, Crowther NJ, Mutimura E, Osuwat LO, Janssen S, Grobusch MP.
Helminthic infections rates and malaria in HIV-infected pregnant women
on anti-retroviral therapy in Rwanda. PLoS Negl Trop Dis. (2013) 7:€2380.
doi: 10.1371/journal.pntd.0002380

Degarege A, Degarege D, Veledar E, Erko B, Nacher M, Beck-Sague CM, et al.
Plasmodium falciparum infection status among children with Schistosoma in
Sub-Saharan Africa: a systematic review and meta-analysis. PLoS Negl Trop
Dis. (2016) 10:e0005193. doi: 10.1371/journal.pntd.0005193

Moriyasu T, Nakamura R, Deloer S, Senba M, Kubo M, Inoue M, et al.
Schistosoma mansoni infection suppresses the growth of Plasmodium yoelii
parasites in the liver and reduces gametocyte infectivity to mosquitoes. PLoS
Negl Trop Dis. (2018) 12:¢0006197. doi: 10.1371/journal.pntd.0006197
Ramiro RS, Pollitt LC, Mideo N, Reece SE. Facilitation through altered
resource availability in a mixed-species rodent malaria infection. Ecol Lett.
(2016) 19:1041-50. doi: 10.1111/ele.12639

de Roode JC, Helinski ME, Anwar MA, Read AF. Dynamics of multiple
infection and within-host competition in genetically diverse malaria
infections. Am Nat. (2005) 166:531-42. doi: 10.1086/491659

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bruce MC, Day KP. Cross-species regulation of Plasmodium parasitemia in
semi-immune children from Papua New Guinea. Trends Parasitol. (2003)
19:271-7. doi: 10.1016/S1471-4922(03)00116-8

Voller A, Rossan RN. Immunological studies with simian malarias. II.
Heterologous immunity in the “cynomolgi” group. Trans R Soc Trop Med Hyg.
(1969) 63:57-63. doi: 10.1016/0035-9203(69)90066-2

Wargo AR, de Roode JC, Huijben S, Drew DR, Read AF. Transmission stage
investment of malaria parasites in response to in-host competition. Proc Biol
Sci. (2007) 274:2629-38. doi: 10.1098/rspb.2007.0873

Abkallo HM, Tangena JA, Tang J, Kobayashi N, Inoue M, Zoungrana A,
et al. Within-host competition does not select for virulence in malaria
parasites; studies with Plasmodium yoelii. PLoS Pathog. (2015) 11:e1004628.
doi: 10.1371/journal.ppat.1004628

Yoeli M, Hargreaves B, Carter R, Walliker D. Sudden increase in virulence in a
strain of Plasmodium berghei yoelii. Ann Trop Med Parasitol. (1975) 69:173-8.
doi: 10.1080/00034983.1975.11686998

Snounou G, Bourne T, Jarra W, Viriyakosol S, Wood JC, Brown KN.
Assessment of parasite population dynamics in mixed infections of rodent
plasmodia. Parasitology. (1992) 105:363-74. doi: 10.1017/S00311820000
74539

Stephens R, Culleton RL, Lamb TJ. The contribution of Plasmodium
chabaudi to our understanding of malaria. Trends Parasitol. (2012) 28:73-82.
doi: 10.1016/j.pt.2011.10.006

Inoue M, Tang J, Miyakoda M, Kaneko O, Yui K, Culleton R. The species
specificity of immunity generated by live whole organism immunisation
with erythrocytic and pre-erythrocytic stages of rodent malaria parasites
and implications for vaccine development. Int J Parasitol. (2012) 42:859-70.
doi: 10.1016/j.ijpara.2012.07.001

Timms R, Colegrave N, Chan BH, Read AF. The effect of parasite

dose on disease severity in the rodent malaria Plasmodium
chabaudi. Parasitology. (2001) 123:1-11. doi: 10.1017/S00311820010
08083

Abkallo HM, Liu W, Hokama S, Ferreira PE, Nakazawa S, Maeno Y,
et al. DNA from pre-erythrocytic stage malaria parasites is detectable by
PCR in the faeces and blood of hosts. Int | Parasitol. (2014) 44:467-73.
doi: 10.1016/j.ijpara.2014.03.002

Bafort JM. The biology of rodent malaria with particular reference to
Plasmodium vinckei vinckei Rodhain 1952. Ann Soc Belges Med Trop Parasitol
Mycol. (1971) 51:5-203.

McGhee RB. Autoimmunity in Malaria. Am ] Trop Med Hyg. (1964) 13
(Suppl.):219-24. doi: 10.4269/ajtmh.1964.13.219

Voza T, Vigario AM, Belnoue E, Gruner AC, Deschemin JC, Kayibanda
M, et al. Species-specific inhibition of cerebral malaria in mice
coinfected with Plasmodium spp. Infect Immun. (2005) 73:4777-86.
doi: 10.1128/1A1.73.8.4777-4786.2005

Molineaux L, Storey ], Cohen JE, Thomas A. A longitudinal study of
human malaria in the West African Savanna in the absence of control
measures: relationships between different Plasmodium species, in particular
P. falciparum and P. malariae. Am ] Trop Med Hyg. (1980) 29:725-37.
doi: 10.4269/ajtmh.1980.29.725

Cohen JE. Heterologous immunity in human malaria. Q Rev Biol. (1973)
48:467-89. doi: 10.1086/407705
Thomson JG. Malaria in
diseases and parasitology). Proc
doi: 10.1177/003591573502800424
Hall CE, Hagan LM, Bergmann-Leitner E, Tosh DM, Bennett JW, Regules
JA, et al. Mosquito bite-induced controlled human malaria infection
with Plasmodium vivax or P. falciparum generates immune responses
to homologous and heterologous preerythrocytic and erythrocytic
antigens. Infect Immun. (2019) 87:€00541-18. doi: 10.1128/IALO
0541-18

Vatti A, Monsalve DM, Pacheco Y, Chang C, Anaya JM, Gershwin ME.
Original antigenic sin: a comprehensive review. ] Autoimmun. (2017) 83:12-
21. doi: 10.1016/j.jaut.2017.04.008

Jahan N, Hurd H. The effects of infection with Plasmodium yoelii
nigeriensis on the reproductive fitness of Anopheles stephensi. Ann
Trop Med Parasitol. (1997) 91:365-9. doi: 10.1080/00034983.1997.118
13151

Nyasaland:
R Soc

(section  of  tropical
Med. (1935) 28:391-404.

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3072


https://doi.org/10.1017/S0031182000080227
https://doi.org/10.2307/3284229
https://doi.org/10.1016/j.pt.2004.03.006
https://doi.org/10.1371/journal.pmed.0050127
https://doi.org/10.4269/ajtmh.1937.s1-17.855
https://doi.org/10.1016/0035-9203(46)90056-9
https://doi.org/10.1016/0166-6851(93)90050-8
https://doi.org/10.1016/j.pt.2007.04.009
https://doi.org/10.1155/2017/2847548
https://doi.org/10.1186/1475-2875-13-78
https://doi.org/10.1128/IAI.00431-07
https://doi.org/10.1086/504330
https://doi.org/10.4269/ajtmh.2008.78.442
https://doi.org/10.1038/s41598-018-23801-9
https://doi.org/10.1371/journal.pntd.0002380
https://doi.org/10.1371/journal.pntd.0005193
https://doi.org/10.1371/journal.pntd.0006197
https://doi.org/10.1111/ele.12639
https://doi.org/10.1086/491659
https://doi.org/10.1016/S1471-4922(03)00116-8
https://doi.org/10.1016/0035-9203(69)90066-2
https://doi.org/10.1098/rspb.2007.0873
https://doi.org/10.1371/journal.ppat.1004628
https://doi.org/10.1080/00034983.1975.11686998
https://doi.org/10.1017/S0031182000074539
https://doi.org/10.1016/j.pt.2011.10.006
https://doi.org/10.1016/j.ijpara.2012.07.001
https://doi.org/10.1017/S0031182001008083
https://doi.org/10.1016/j.ijpara.2014.03.002
https://doi.org/10.4269/ajtmh.1964.13.219
https://doi.org/10.1128/IAI.73.8.4777-4786.2005
https://doi.org/10.4269/ajtmh.1980.29.725
https://doi.org/10.1086/407705
https://doi.org/10.1177/003591573502800424
https://doi.org/10.1128/IAI.00541-18
https://doi.org/10.1016/j.jaut.2017.04.008
https://doi.org/10.1080/00034983.1997.11813151
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

Mixed-Species Malaria Infections

48.

49.

50.

51.

52.

Imwong M, Nakeesathit S, Day NP, White NJ. A review of mixed
malaria species infections in anopheline mosquitoes. Malar J. (2011) 10:253.
doi: 10.1186/1475-2875-10-253

Ramiro RS, Khan SM, Franke-Fayard B, Janse CJ, Obbard DJ, Reece SE.
Hybridization and pre-zygotic reproductive barriers in Plasmodium. Proc Biol
Sci. (2015) 282:20143027. doi: 10.1098/rspb.2014.3027

Greenberg ], Nadel EM, Coatney GR. The influence of strain, sex and age of
mice on infection with Plasmodium berghei. ] Infect Dis. (1953) 93:96-100.
doi: 10.1093/infdis/93.1.96

Dinko B, Oguike MC, Larbi JA, Bousema T, Sutherland CJ. Persistent
detection of Plasmodium falciparum, P. malariae, P. ovale curtisi and P. ovale
wallikeri after ACT treatment of asymptomatic Ghanaian school-children. Int
] Parasitol Drugs Drug Resist. (2013) 3:45-50. doi: 10.1016/j.ijpddr.2013.01.001
Betson M, Sousa-Figueiredo JC, Atuhaire A, Arinaitwe M, Adriko
M, Mwesigwa G, et al. Detection of persistent Plasmodium spp.

infections in  Ugandan  children after artemether-lumefantrine
treatment. Parasitology. (2014) 141:1880-90. doi: 10.1017/S0031182014
00033X

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tang, Templeton, Cao and Culleton. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

15

January 2020 | Volume 10 | Article 3072


https://doi.org/10.1186/1475-2875-10-253
https://doi.org/10.1098/rspb.2014.3027
https://doi.org/10.1093/infdis/93.1.96
https://doi.org/10.1016/j.ijpddr.2013.01.001
https://doi.org/10.1017/S003118201400033X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Consequences of Mixed-Species Malaria Parasite Co-Infections in Mice and Mosquitoes for Disease Severity, Parasite Fitness, and Transmission Success
	Introduction
	Materials and Methods
	Parasites, Mice and Mosquitoes
	DNA Extraction and Real Time Quantitative PCR (qPCR)
	Experiments Involving the Monitoring of Virulence in Mice
	Mosquito Transmission Experiments: Estimation of Mosquito Fitness and Parasite Species Transmission Capacity
	Statistical Analyses

	Results
	Mixed Species Parasite Infections Involving a Reticulocyte Specialist and a Normocyte Specialist Are More Virulent and Cause Greater Host Mortality Than Single Species Infections in Mice
	Mixed Species Parasite Infections Involving Two Normocyte Specialists Result in Protracted Parasitaemia, but Not Increased Virulence
	Co-Infection of P. yoelii With Either P. chabaudi or P. vinckei Results in Reduced Parasite Density of P. yoelii, and Protracted Peak Parasitaemia of P. chabaudi and P. vinckei
	Pre-exposure of Mice to P. yoelii Does Not Enhance the Virulence of P. vinckei Infection
	The Increased Virulence of Mixed Species Infections of P. yoelii and P. vinckei Is Abrogated When P. vinckei Is Added to an Established P. yoelii Infection
	The Consequences of Mixed Species Infections in the Mosquito Vector
	Mixed Species Infections Do Not Result in Significantly Different Infection Parameters in Mosquitoes
	Co-Infections of Malaria Parasite Species Do Not Adversely Affect Mosquito Longevity or Capacity to Produce Larvae
	Mixed Species Infections Can Affect the Transmission Capacity of the Constituent Species

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


