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ABSTRACT

Antimicrobial resistance poses a potential major health threat as the rate of resistant
infections increases dramatically across the globe. Malaria infections tend to be mixed, meaning
they contain multiple different strains of the parasite in the same infection. Because of this, it is
also thought to be common for malaria infections to contain both drug resistant and susceptible
parasites. It is therefore likely that competition between resistant and susceptible parasites plays
a role in parasite density dynamics, including the emergence of resistant parasites to levels
capable of causing disease and being transmitted. In this study we use an in-vivo model of
malaria to evaluate the role of parasite competition in the presence and absence of drug on the
emergence of resistance. To do so, we first developed isogenic drug-resistant lines of the malaria
parasite Plasmodium chabaudi, AS-GFP and AS-mCherry, which differ only in their fluorescent
markers. We then determined their growth rates in the absence of drugs, and confirmed the
development of mutations which confer resistance of these two selected lines to ensure that drug
selection had been successful. We then used these lines in competition experiments in which
mice were coinfected with atovaquone susceptible and resistant parasites in the presence or
absence of drug treatment to evaluate the role of competition on drug resistance emergence.
Previous in-vivo competition experiments have been done using strains that are not isogenic,
meaning they differ in other factors in addition to resistance. Therefore any conclusions drawn
from those experiments could not be directly attributed to competition between resistant and
susceptible parasites. The advantage of this experiment is that the parasites competing are
isogenic and differ only in their resistance to atovaquone, allowing any conclusions drawn to be
directly attributed to the effect of competition between atovaquone resistant and susceptible
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parasites. Mixed infections parasite densities prior to drug treatment were found to be decreased
compared to single infections, demonstrating that the presence of the two competing lines
resulted in the suppression of overall parasite densities. The mixed infection that was drug
treated with atovaquone had increased resistant parasite densities following drug treatment
compared to untreated mixed infections, demonstrating that the removal of competing parasites
by drug treatment allowed for the increase in abundance of resistant parasites, otherwise known
as competitive release. Therefore, in-vivo competition does play a role in resistance emergence in
mixed infections and should be considered when treating infections known to contain resistant
microbes.
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1. Introduction
1.1 Background on Malaria
Malaria is the most significant parasitic infection in humans as it is estimated to infect
approximately 0.5 billion individuals annually, resulting in more than 1 million fatalities1. Most
malaria infections and mortalities occur in the poorest areas of Africa where healthcare is less
abundant and less advanced, as demonstrated in Figure 1. Because of this, it is difficult to
estimate the exact burden of malaria due to home deaths and poor diagnostic methods. Global
efforts to fight malaria have resulted in a significant decrease in the number of infections and
deaths over the past decade, with high-incidence regions in Africa such as Madagascar and
Rwanda reporting a 50% decrease in disease abundance2. Even so, malaria remains a major
health concern as it is continues to infect millions annually and resistance to drug treatments is
becoming more common.

Figure 1. Malaria Incidence2
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There are four species of the malaria parasite Plasmodium that cause disease in humans.
P. falciparum causes the majority of infections in Africa and the most severe form of the disease.
It is transmitted by multiple species of the female Anopheles mosquito, making it difficult to
contain1. Upon transmission from vector to host, parasites will infect the red blood cells,
resulting in all clinical symptoms of the disease3. The current first line treatment for malaria
infections is artemisinin-based combination therapies (ACT)4. This line of drugs is very effective
at treating malaria infections, but unfortunately is not easily accessible in high-transmission areas
due to poor economic conditions and a lacking healthcare infrastructure. Resistance has also
begun to emerge against various ACTs, necessitating a better understanding of resistance
evolution in order to better treat malaria infections4.
1.2 Background on Drug Resistance
Antimicrobial Resistance Epidemiology
Antimicrobial resistance is one of the key public health challenges of the 21st century. In
fact, a recent report by the World Economic Forum on global risks named antibiotic resistance as
one of the greatest risks to human health5. Antimicrobial resistance is estimated to cause
approximately 700,000 deaths annually, and this number is projected to increase to 10 million by
20506. Resistance has emerged for various reasons, including overuse and misuse of
antimicrobials7. As the development of antimicrobials has greatly decreased since their initial
discovery in the mid-1900s while resistance has become more and more common (it has evolved
against almost every antibiotic created), it has become clear that this problem will not be solved
by developing new antimicrobials and that a better understanding of microbial resistance
dynamics is urgently needed to prevent a major global crisis.
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Antimalarial Resistance Epidemiology
The first synthetic antimalarial drug, chloroquine, was developed in the 1930s and was
the first-line treatment for malarial infections in the mid-1900s. Similar to antibiotics, resistance
to chloroquine was first observed in 1957 within just a few decades of its development8. Today
resistance to chloroquine exists everywhere that malaria is common. This led to the search for
new antimalarial drugs and the development of artemisinin-based combination therapies (ACTs)
in the 1990s. ACTs were 97% effective at treating severe malaria infections and became the firstline treatment, but once again resistance emerged in 2001(Figure 2.)4. While numerous
campaigns are underway that have slowed the evolution of ACT resistance, more research is
needed in order to maintain its efficacy.

Figure 2. Resistance to ACTs4
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1.3 Competition
Relative Fitness Versus Absolute Fitness
To understand microbe competition dynamics, one must first understand the concepts of
absolute and relative fitness. Relative fitness compares the fitness of one clone to that of another,
which in this case would be the fitness of resistant microbes compared to the fitness of
susceptible microbes. This is measured by estimating selection coefficients for the resistant and
susceptible strains based on changes in their relative abundances with respect to one another9.
Relative fitness focuses on the strength of selection for resistance emergence by comparing
selection coefficients for resistant and susceptible microbes, however this does not always
indicate if resistance will emerge within a host. Figure 3. demonstrates the downfall of relative
fitness as an indicator of resistance emergence. In the first scenario (a), resistance (red) is
decreasing when undergoing negative selection and increasing when undergoing positive
selection, making relative fitness an accurate indicator of resistance emergence. In the second
scenario (b), however, the proportion of resistant microbes decreases compared to susceptible
(blue) when undergoing negative selection, but the overall number of resistance microbes has
increased, indicating resistance emergence. Similarly, when undergoing positive selection the
proportion of resistance increased in comparison to susceptible microbes, however the overall
number of resistant microbes decreased. Therefore, relative fitness is not an accurate indicator of
resistance emergence.
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Figure 3. Changes in Parasite Densities Under Positive and Negative Selection9
Absolute fitness, on the other hand, evaluates the fitness of a pathogen clone
independently of any other clone present in the infection by measuring changes in its individual
growth rate. The absolute fitness of a microbe is primarily determined by the ecological context
in which it finds itself, including factors such as host resources and immune responses9.
Resistance emerges when the absolute abundance of a resistant pathogen gets sufficiently high to
cause symptoms or to be transmitted, regardless of the abundance of susceptible parasites present
in the infection as well, making absolute fitness a more accurate indicator of resistance
emergence. For example, measuring absolute fitness would allow for the detection of resistance
emergence in Figure 3b. because it would recognize that the overall abundance of resistant
microbes has increased to the threshold for resistance emergence, whereas measuring relative
fitness would fail to identify it.
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Competitive Suppression vs. Competitive Release
The current method of antimicrobial drug treatment is based on Alexander Fleming’s
advice, “if you use penicillin, use enough”10. This philosophy of aggressive treatment minimizes
the chance of microbes evolving resistance by de novo mutations because killing the pathogens
quickly will not give them a chance to evolve. However, in the case where resistant microbes are
already present in an infection, drug treatments will allow for resistance to increase in
abundance. In the absence of drug treatment, there is a cost to resistance that causes resistant
microbes to be competitively suppressed by susceptible pathogens that are consuming shared
resources and stimulating a cross-reactive host immune response9 . Introduction of drug
treatment will remove susceptible microbes, therefore eliminating competition for host resources
and reducing the immune response. This allows for an increase in resistant parasite abundance
that is known as competitive release11. In fact, studies have demonstrated that competition
between resistant and susceptible microbes in the absence of drug treatment will reduce the
absolute fitness of resistant pathogens by 50-100%, whereas administration of drug treatment
will increase their absolute fitness 2-10,000 times11. Hence, a better understanding of
competition dynamics between resistant and susceptible microbes is needed to better guide the
administration of antimicrobial drug treatments to prevent further drug resistance.
1.4 Model Organism
Rodent malaria strains serve as a sufficient model organism for human malaria infections
as many genotypic and phenotypic traits are conserved. Rodent infecting P. chabaudi is the most
commonly used line due to its similarities to the most clinically relevant human infecting malaria
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species P. falciparum. Both adhere to the vascular endothelium, induce chronic infection, and are
relatively easily transmitted through mosquitos12.
The drug atovaquone is commonly used today in conjunction with proguanil to form the
antimalarial drug Malarone13. Malarone is used to treat uncomplicated malaria infections and is
administered prophylactically to travelers going to regions where malaria in endemic13. de novo
resistance arises rapidly to atovaquone when administered as a monotherapy, however, making it
a good candidate for use to better understand the evolution of drug resistance13. Therefore,
treating mice infected with P. chabaudi with atovaquone serves as an important model for
studying in vivo resistance evolution, dynamics, and treatment for the malaria parasite. While
this paper uses malaria as a model for antimicrobial drug resistance, overall trends are likely
similar for a wide range a microbes14.
1.5 Hypothesis
Most human malaria infections are mixed, meaning they contain more than one genetic
clone of the parasite14. Mixed infections can arise via transmission from a single mosquito that
itself was infected with multiple clones or from multiple mosquitos transmitting different clones
of the parasite to the same host. Because mixed infections are so common, it is likely that
infections that contain both susceptible and resistant parasites are common as well14. Therefore a
better understanding of in-host competition dynamics is needed to better understand anti-malarial
resistance.
in-vivo competition experiments between resistant and susceptible malaria parasites have
demonstrated that competitive suppression is an important force for preventing resistance
emergence when it is rare, as is the case when it arises via de novo mutations11. Resistance was
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found to be more than 150 times more likely to emerge when mixed infections were treated with
stronger drug therapies compared to less aggressive treatments, and when left untreated resistant
parasites barely reached threshold levels to be detected14. In both of these experiments, however,
the resistant and susceptible parasites used were of different strains, making it impossible to
directly attribute these observed differences to competition dynamics as opposed to any other
potential factors.
In the experiments described in subsequent pages, mixed infections of isogenic resistant
and susceptible parasites were monitored both in the presence and absence of drug treatment to
evaluate the impact of competitive suppression and competitive release on resistance emergence.
Because the parasites used were isogenic with the exception of whether they were resistant or
not, any effects observed can be directly attributed to being caused by competition between the
resistant and susceptible parasites as opposed to any other potential factors. Mixed infections
were expected to have lower proportions of both drug susceptible and resistant parasites in the
absence of drug treatment compared to single infections of their respective lines due to
competitive suppression, whereas resistant parasite densities were expected to increase in mixed
infections upon drug treatment due to competitive release.
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2. Materials and Methods

2.1 General Methods
Overall Experimental Design
To evaluate the role of competition between resistant and susceptible parasites on
resistance emergence, resistance to atovaquone was first selected for in the fluorescently labeled
malaria P. chabaudi strains AS-GFPS and AS-mCherryS. Once these resistant lines had been
established (AS-GFPR, AS-mCherryR), they were used to inoculuate new mice. Their growth
dynamics as well as markers for genotypic resistance were compared to identify potential
differences between them. Finally, a competition experiment in which mice were inoculuated
with both resistant and susceptible parasites (AS-GFPS+AS-mCherryR) in the presence or
absence of drug treatment were performed to understand the effect of competition on resistant
parasite dynamics and the emergence of resistance.
Parasites and Hosts
Two strains of the rodent malaria species P. chabaudi (AS-GFPS and AS-mCherryS
subscript “S” to denote atovaquone susceptibility) were used in the following experiments. These
strains were initially obtained from a single isolated clone of a naturally infected thicket rat in
Central Africa (strain AS13p) and modified by the addition of fluorescent tags (GFP or
mCherry)15,16,17. These strains have no previous exposure history to atovaquone. Resistance was
selected for to develop AS-GFPR and AS-mCherryR (subscript “R” to denote atovaquone
resistance). These resistant lines were used to initiate infections in the subsequent experiments.
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All infections were initiated via infected blood in appropriate dilutions of citrate saline for a total
inoculum of 100 µl.
We used eight-week old Swiss Webster female mice to select for resistance and to
compare growth dynamic profiles between different resistant strains (AS-GFPR, AS-mCherryR).
Female eight-week-old C57Bl/6 mice were used in the final competition experiment. We used
C57Bl/6 mice here as they are more resilient to infection with P. chabaudi and enable the
addition of untreated control groups18. All mice were given 0.05% ρ-aminobenzioic acid
(PABA) drinking water to enhance parasite growth and were fed a Laboratory Rodent Diet
(PicoLab Rodent Diet 20)19.
Drug Treatment
Atovaquone (Sigma Aldrich A7986) was freshly prepared on the days of drug treatment
and dissolved in DMSO at appropriate dilutions. All of the mice that were drug treated were
given 16 mg/kg of atovaquone that was administered via 50 µl intraperitoneal injections. This
dose has been shown to reliably select for high level resistance in our system (unpublished data).
All drug treatment occurred early in the morning on the days of administration, and was
performed for two consecutive days, once a day.
Monitoring Infections
Mice were monitored for host health metrics and parasite densities (see specifics in
experimental details that follow below). Mouse health was observed by measuring mouse
weights and calculating red blood cell densities via flow cytometry using a Beckman Coulter
Counter. Five microliters of blood was collected from each mouse to undergo DNA extraction
and quantitative PCR to determine asexual parasite densities (as detailed previously)20. Thin
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blood smears were also prepared daily. In our competition experiments, qPCR only enabled
quantification of total parasite numbers as differentially fluorescently labeled parasites were
identical in the marker used for qPCR.
Genotyping for Resistance
In the experiment in which we compared profiles of the resistant strains, AS-GFPR and
AS-mCherryR, we sequenced a 422 base pair region of the parasite mitochondrial cytochrome b
gene that is known to encode for high level resistance to atovaquone13. Samples were amplified
using forward: 5’ TCC TTT AGG GTA TGA TAC AGC 3’ and reverse primers: 5’ CTT GAG
GTA ATT GAC ATC CTA TC 3’ using the Qiagen Taq PCR Core Kit and purified via the
Qiagen QIAquick PCR Purification Kit. Gel electrophoresis was used to visualize amplification,
and samples were sent for Sanger sequencing. Sample sequence results were aligned to an
available reference sequence of cytochrome b for P. chabaudi strain AS (GI: 222425464) using
Geneious version 9.1.8 to identify the mutations.

Statistical Analysis
All statistical analyses were performed using R. Data from a single mouse (m17) in our
competition experiments was omitted due to obvious differences in starting inoculua of one of
our parasite strains as compared to other mice in the treatment. Parasite numbers were log10transformed. We calculated rates of parasite growth in mice by fitting linear models to data from
days two to six post infection. Anova tests were conducted to test for significant differences
between treatments.
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Flow Cytometry
In our competition experiment, we used flow cytometry on days 4, 6, 9, 12, 15, 18 and 20
days post infection to determine the relative proportion of cells infected by either mCherry or
GFP fluorescent backgrounds to distinguish resistant from sensitive individuals. Two microliters
of blood were collected in running buffer (PBS with 2 mM EDTA), vortexed and run on the flow
cytometer MACS Miltenyi Biotec. Samples were then analyzed using the program FlowJo.

2.2. Selecting for Resistance
Figure 4. diagrams the experimental design for selecting for resistant strains of AS-GFPS
and AS-mCherryS. Mice were infected with 106 parasites of either AS-GFPS or AS-mCherryS
with inoculua prepared from donor mice. Three mice were infected for each strain, totaling six
mice. Mice were drug treated on days six and seven post infection (peak parasitemia) with 16
mg/kg of atovaquone. Infections were monitored for parasite relapse for 30 days by examining
thin blood smears for parasite densities. Relapsed parasites (observed on day 22) from one
mouse of each strain were used to infect three naïve mice, totaling six independent infections.
These mice were then drug treated with 16 mg/kg of atovaquone on days three and four post
infection. Parasites from two of the three mice for each strain were harvested via cardiac
puncture on day six post infection and stored in liquid nitrogen for subsequent experiments.
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(x3)
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Figure 4. Experimental Design of Selecting for Atovaquone Resistance
in GFPS and mCherryS Parasites
2.3. Comparing Resistant Profiles of P. chabaudi AS-GFPR and AS-mCherryR
To determine whether or not our drug selected fluorescently labeled strains differed in
basic infection dynamics, we infected two groups of three mice each with 106 parasites from each
of the selected lines (GFPR and mCherryR) and monitored infections from day two to day seven
post infection to determine parasite growth rates. Parasite DNA from peak parasite densities (day
six post infection) was sequenced as detailed above to confirm genotypic resistance of the lines.
Quantitative PCR results of parasite dynamics over time were compared to identify if the
different resistant lines had different growth rates.
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2.4 Competition
Table 1. depicts the treatment groups of this experiment. Twenty-five mice were divided
into five treatment groups. Two treatment groups contained single infections of either the
resistant line that would be used in the competition experiments, AS-mCherryR, or the
susceptible line used in the competition experiments, AS-GFPS. There were three treatment
groups that contained mixed infections. Two of these mixed infections contained equal inoculua
of resistant and susceptible parasites (106 AS- mCherryR +106 AS-GFPS), and differed in whether
or not they were drug treated with atovaquone on days six and seven post infection. While the
mice in these treatment groups essentially received a “double dose” of parasites compared to the
single infection treatment groups, previous studies have demonstrated that this has a negligible
effect on parasite dynamics21. The final treatment group was a mixed infection in which the
inoculua of resistant parasites was reduced (103 AS-mCherryR +106 AS-GFPS) and drug treated
on days six and seven post infection to compare the differences in competitive suppression and
release when resistance in rare. Mice were monitored daily beginning on day three post infection
until day 20 post infection, at which time monitoring switched to every other day. In addition to
quantitative PCR to determine total asexual parasite densities over time (AS- mCherryR + ASGFPS), flow cytometry was used to determine the proportion of parasites in the mixed infections
that were resistant versus susceptible to atovaquone as described above.
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Table 1. Treatment Groups in Competition Experiment
Inoculua

Drug treatment

Observation time

Mice (n)

106 AS-mCherryR

-

22 DAYS

5

106 AS-GFPS

-

22 DAYS

5

106 AS- mCherryR +106 AS-GFPS

-

22 DAYS

5

106 AS-mCherryR +106 AS-GFPS

Treat day 6/7

22 DAYS

5

103 AS-mCherryR +106 AS-GFPS

Treat day 6/7

22 DAYS

5
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3. Results

3.1 Comparing Resistance Profiles
Appendix Figure 1. shows the in-vivo parasite growth dynamics on days two through six
(peak parasitemia) post infection in the absence of drug treatment for mice inoculated with single
infections of AS-GFPR or AS-mCherryR. Analysis of the average growth rates on days two
through six for these strains is depicted in Figure 5. AS-GFPR parasite density increased at an
average rate of 0.753 (change in log10 transformed density) +/- 0.12 SE and AS-mCherryR
densities increased at an average rate of 0.799 +/- 0.08 SE, demonstrating that the rates at which
parasites increase in the host before drug treatment on days two through six post infection for
these two strains is not significantly different (F=0.16, p=0.71).
1.0

Linearized slope
of parasite increase

0.9

0.8

0.7

0.6

ASGFP

ASmCherry

Strain

Figure 5. Parasite Growth Rates of AS-mCherryR and AS-GFPR
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Table 2. displays the results of Sanger sequencing to identify the mutations in the
cytochrome b gene of selected parasites AS-mCherryR and AS-GFPR. A mutation from tyrosine
to cysteine was responsible for conferring resistance to atovaquone in all of the AS-mCherryR
infected hosts. Parasites infecting one of the three mice containing AS-GFPR had the same
mutation as mCherryR parasites from tyrosine to cysteine, whereas two of the mice were infected
with resistant GFPR parasites in which the same tyrosine was mutated to serine.
Table 2. Mutations Conferring Resistance in mCherryR and GFPR Parasites
Strain
AS Reference Sequence (Susceptible)

mCherryR

GFPR

Mouse

Amino Acid Sequence

--

FYAMLK

M01

FCAMLK

M02

FCAMLK

M03

FCAMLK

M04

FCAMLK

M05

FSAMLK

M06

FSAMLK

3.2 Competition
Total parasite dynamics in single and mixed infections in each individual mouse used in
the competition experiments from day three to day 22 post infection are displayed in Appendix
Figure 2. in-vivo growth rates prior to drug treatment (day two to six post infection) of infections
in different treatments are displayed in Figure 6. We found no significant differences between
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growth rates of total parasites between treatments (F=2.18, p = 0.11) or between single and
mixed infections (F=0.01, p = 0.90).
0.7

Linearized slope
of parasite increase

0.6

0.5

0.4

0.3

0.2

AS_GFP

AS_mCherry mixed_untreated mixed_treatedmixedlow_treatment

Treatment

Figure 6. in-vivo Growth Rates of Resistant and Susceptible Parasites in Single and Mixed Infections From
Days 3-6 Post Infection
Figure 7. displays the total overall parasite densities (AS-mCherryR plus AS-GFPS in
mixed infection groups) and red blood cell densities from day three to day 22 post infection for
the different treatment groups. Throughout time the changes in overall parasite dynamics are
mirrored by inverse changes in red blood cell densities for all treatments. Both parasite and red
blood cell densities were similar for all treatment groups up to day six post infection (peak
parasitemia). Following drug treatment, infection dynamics differed drastically between
treatments. Drug treated mixed infections demonstrated the largest decrease in overall parasite
densities following peak parasitemia, with mixed infections in which resistance was rare (103
AS-mCherryR + 106 AS-GFPS), decreasing the most in total parasite load up to day ten post
infection. Following initial decreases in parasite density, treatment groups differed with respect
to the timing and strength of resurgence of parasite growth between days 10 to 14. Following this
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time period, parasite densities in all treatment groups decreased often times below the detection
level up to day 18.

Figure 7. Total Parasite Densities and Red Blood Cell Densities From Day 3 to Day 22 Post
Infection

Figure 8. shows changes in the proportion of total cells counted that fluoresced red (ASmCherryR) or green (AS-GFPS) from days four through 20 post infection in all treatment groups.
Untreated single infections of AS-mCherryR and AS-GFPS displayed similar dynamics to one
another throughout the entire course of the experiment, with the exception of dynamics on day
12, when AS-GFPS proportions were larger than those of AS-mCherryR. Mixed infections of
equal inoculua of resistant (106 AS-mCherryR) and susceptible (106 AS-GFPS) parasites prior to
drug treatment (days four through six) had lower proportions of both resistant and susceptible
parasites compared to their respective untreated single infections. The untreated mixed infection
of equal inoculua of resistant and susceptible parasites continued to have lower proportions of
resistant and susceptible parasites compared to the untreated single infections of these strains for
the entire course of the infection.
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Following drug treatment, drug sensitive GFP parasites quickly decreased, indicated by
little to no counting events attributed to their fluorescence in treated groups. Drug resistant
mCherry tagged parasites, however, displayed different dynamics depending on their starting
proportion to sensitive parasites. In treatments starting with equal inoculua, drug-sensitive
parasites remained at larger proportions on days 12 and 15 post infection, when compared to
non-drug treated mixed infections starting with equal inoculua. In the case when mCherry tagged
parasites were initially seeded at a three-log-fold lower number in comparison to their drugsensitive competitors, drug treatment resulted in detection of initially rare parasites on days 12
and 15 post infection.

Figure 8. Proportion of Red Blood Cells infected with AS-GFPS or AS-mCherryR Parasites
Figure 9. summarizes the proportion of resistant (As-mCherryR) and susceptible (ASGFPS) parasites present on day six, which is peak parasitemia as well as when drug was
administered for the drug treated group. Single infections had the highest proportions of their
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respective strains compared to the mixed infections. Both mixed infections had lower
proportions of both resistant and susceptible parasites, however the treated mixed infection
contained a higher proportion of resistant parasites compared to the untreated mixed infection.

Figure 9. Overall Proportions of Resistant and Susceptible Parasites in Single, Untreated
Mixed, and Treated Mixed Infections
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4. Discussion

4.1 Comparing Resistance Profiles
The resistance profiles of both AS-mCherryR and AS-GFPR selected lines were compared
to one another by analyzing the parasite growth rates as well as mutations conferring resistance
for these two strains. This needed to be done before these strains were used in subsequent
competition experiments to ensure that they did not differ in a significant way that would impact
the results of the competition experiments. For example, if the mCherry fluorescent tag greatly
hindered the in-vivo growth rate of the parasite and this was not checked for earlier, then what
we have determined here as competitive suppression of drug resistance may actually be instead
the result of a fitness disadvantage not due to resistance, but rather to an unrelated marker.
Results demonstrated that parasite growth rates in the absence of drugs were not significantly
different between the two resistant strains, indicating that the fluorescent markers are likely the
only difference between the isogenic lines (Figure 5.). Therefore, these strains were determined
to be suitable for use in the competition experiments.
Sanger sequencing of our drug-selected lines revealed that resistance in all three
independent infections of AS-mCherryR was conferred by a single SNP in the cytochrome b gene
of the mitochondrial genome in which a tyrosine was mutated to a cysteine. Of the three
independent resistant infections caused by AS-GFPR, one was caused by this same mutation of a
tyrosine to a cysteine, whereas two were caused by the same tyrosine being mutated to a serine.
These two mutations are the most common mutations that cause atovaquone resistance22.
Because resistance to atovaquone was caused by the same mutation (tyrosine to cysteine) in all
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resistant infections of AS-mCherryR, we decided to use this strain as the resistant line in the
competition experiments in order to remove any potential confounding variables.
Overall, the resistance profiles of strains AS-GFPR and AS-mCherryR were found to be
similar to one another in both the parasite growth dynamics and genetic sequencing. Because of
this, the only difference between strains used in the competition experiments is their resistance to
atovaquone, allowing for any trends observed in the competition experiments to be attributed to
the effect of drug treatment on competition between resistant and susceptible strains.

4.2 Competition Experiments
Competition experiments between resistant and susceptible parasites in the absence of
drug treatment demonstrated that resistant parasites were being suppressed due to competition
with susceptible parasites, whereas upon the administration of drug resistant parasite density
increased due to competitive release. While the overall initial growth rates (days three through
six) of single and mixed infections of resistant (AS-mCherryR) and susceptible (AS-GFPS)
parasites were not significantly different (Figure 6.), flow cytometry showed that on day six post
infection, proportion of cells infected by either drug resistant or sensitive strains differed
between treatments (Figure 9.). While both AS-GFPS and AS-mCherryR proportions were
decreased in mixed infections when compared to single infections (Figure 8.), resistant parasites
were decreased more so than sensitive parasites, indicating that they suffered greater from mixed
infections. Fitness costs attributed to the development of drug resistance are common and it is
likely that this is a possibility for the difference we observe. However, to fully explore this, it
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would be necessary to do the reciprocal experiment in which resistance is instead on the GFP
background.
Following drug treatment on days six and seven post infection, drug treated mixed
infections had a higher proportion of cells infected with resistant parasites compared to untreated
infections (in the case of equal inoculua), demonstrating competitive release of resistant parasites
upon removal of competition from susceptible parasites (Figure 8). In untreated infections,
resistant parasite numbers decrease following peak parasitemia, whereas in the case of drug
treatment, resistant parasites increase and become more dominant than drug-susceptible
competitors.
Resistant AS-mCherryR parasites in the treatment group in which resistance was rare (103
AS-mCherryR + 106 AS-GFP) initially did not infect enough host red blood cells to reach the
level of detection for flow cytometry (Appendix Figure 3), as would be expected because the
inoculum was so low. Following drug treatment however, the proportion of cells infected with
resistant parasites increased approximately five times, once again demonstrating competitive
release of resistant parasites upon drug treatment. However, given that there was no untreated
control group for this treatment group, it is impossible to definitively say that competitive release
is occurring, although the results seem to suggest this is occurring.
These results demonstrate that drug treatment can act to release already existing resistant
parasites in an infection from competition, thereby increasing the probability of resistance
parasites reaching a high enough density to cause symptoms and be transmitted to other hosts.
These results also show that the presence of competitors can substantially reduce the number of
resistant parasites (competitive suppression). Previous experiments have similarly found that
competitive suppression is an important force for preventing resistance emergence, especially
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when resistance is rare to begin with.11. The strength of competitive suppression as a force was
found to increase with the rarity of resistance, demonstrating that it may be the major force
preventing the emergence of resistance when it arises via de novo mutations. The results of our
experiments similarly supported this, as there were no detectable resistant parasites prior to drug
treatment in mixed infection in which resistance was rare whereas they were detectable
following administration of drug treatment, demonstrating competitive suppression and
competitive release, respectively. Competition has also been found to be an important force in
co-occurring infections of different species, not exclusively for the malaria parasite,23 because of
the effect competition has on the ecological context of an infection, demonstrating that the
results of our experiments could likely be applied to mixed infections for many different
microbes. Therefore, more research into competition dynamics is needed to better treat mixed
infections. Clinically it would not be possible to withhold drug treatments from infected patients
in order to competitively suppress resistant microbes, so more research is needed into drug
dosing effects on competition to reduce the likelihood of resistance emergence, especially when
resistance is already likely to exist in an infection.
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5. Conclusions
Overall, these competition experiments demonstrate that mixed infections of susceptible
and resistant parasites competitively suppress resistant parasite densities in the absence of drug
treatment, whereas administration of drug treatment will allow for resistant parasite densities to
increase via competitive release. Because most malaria infections are mixed, these dynamics are
important for understanding the emergence of resistance against antimalarials. The benefit of the
strains used in these competition experiments is that they are isogenic with the exception of a
fluorescent marker, allowing for all differences between resistant and susceptible parasite
dynamics to be attributed to competition principles as opposed to any other confounding factors.
Competitive suppression and release have proven to be important factors in mediating resistance
emergence, necessitating more research into competition dynamics under various drug treatment
plans to provide the best clinical outcomes while also preventing resistance emergence.
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Appendix: Supplementary Figures
Appendix Figure 1. shows the individual parasite growth dynamics of mice infected with
either AS-mCherryR (blue) or AS-GFPR (red) on days two through six post infection in the
absence of drug treatment. The average rate of parasite density increase for each strain was not
significantly different.

Appendix Figure 1. Individual Mouse Parasite Growth Dynamics of
From Days 2-7 Post Infection of Mice infected with AS-GFPR or ASmCherryR

Appendix Figure 2. shows the in vivo parasite growth dynamics from day 3-22 post
infection for each mouse in the competition experiments. Yellow (mice one through five)
represents mice infected with single infections of AS-mCherryR in the absence of drug treatment.
Red (mice six through 10) represents mice inoculuated with single infections of AS-GFPS in the
absence of drug treatment. Green (mice 11-15) shows the overall parasite densities of mice
infected with equal inoculua of both AS-GFPS and AS-mCherryR in the absence of drug
treatment. Blue (mice 15-20) shows the overall parasite densities of mice infected with equal
inoculua of both AS-GFPS and AS-mCherryR with drug treatment on days six and seven post
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infection. Pink (mice 21-25) shows the overall parasite densities in mice infected with low levels
of resistant parasites (AS-mCherryR) compared to susceptible parasites (AS-GFPS) that were
drug treated on days six and seven post infection. The initial increase in parasite densities within
the first six days post infection is known as the acute phase of the disease24. Parasite densities
decrease after day six in both treated and untreated groups. The increase in parasite densities
observed after the initial decrease is known as the chronic phase of the disease, and likely
contains resistant parasites in the drug treated groups(blue and pink)25.

Appendix Figure 2. Individual Mouse Parasite Growth Dynamics
From Day 3 to 22 Post Infection

The results of flow cytometry performed on days 4 through 20 to determine the
proportion of host red blood cells infected with AS-GFPS or AS-mCherryR parasites are
displayed in Appendix Figure 3. Results for each treatment are demonstrated by one out of the
five mice from the group because all of the mice in each group had similar dynamics. In each
flow graph, the bottom left hand quadrant represents host red blood cells that were infected with
neither AS-GFPS nor AS-mCherryR parasites. The bottom right quadrant represents host red
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blood cells that were infected with only AS-GFPS parasites. The top left quadrant represents host
red blood cells infected with only AS-mCherryR parasites. The top right quadrant represents host
red blood cells that are infected with both AS-GFPS and AS-mCherryR parasites.
Untreated mice infected with single strains of AS-mCherryR and AS-GFPS demonstrate
similar dynamics to one another. Four days post infection most of the host red blood cells
observed were not infected with their respective resistant strain. The proportion of host cells
infected increased on six days post infection (peak parasitemia), and remained relatively constant
until 12 days post infection, at which point the proportion of parasites infecting host cells
decreased dramatically. Mixed infections of equal inoculua of resistant and susceptible parasites
that received drug treatment on days six and seven post infection had more resistant (ASmCherryR) parasites following drug treatment up to day 15 post infection compared to mixed
infections of equal inoculua that did not receive drug treatment. Finally, hardly any resistant
parasites were present in mixed infections in which resistance was rare (103 AS-mCherryR + 106
AS-GFPS) before drug treatment on days six and seven, following which the proportion of
resistant parasites increased.
It is interesting to note that the mixed infections of equal inoculuations (106) of AS-GFPS
and AS-mCherryR parasites resulted in host red blood cells that were infected with both
fluorescent strains. This is most likely due to the high parasite numbers present in the host
following inoculuation as the proportion of doubly infected cells decreased throughout the course
of the infection as overall parasite numbers decreased.

30

Appendix Figure 3. Results of Flow Cytometry Analyzing the Number of Cells
Infected with AS-GFPS or AS-mCherryR Parasites in Different Treatment
Groups

31

BIBLIOGRAPHY
1.

Greenwood, B. M., Bojang, K., Whitty, C. J. M. & Targett, G. A. T. Malaria. Lancet 365,
1487–1498 (2005).

2.

Autino, B., Noris, A., Russo, R. & Castelli, F. Epidemiology of malaria in endemic areas.
Mediterr. J. Hematol. Infect. Dis. 4, (2012).

3.

Cowman, A. F. & Crabb, B. S. Invasion of red blood cells by malaria parasites. Cell 124,
755–766 (2006).

4.

WHO | Update on artemisinin resistance ‐ January 2014. World Heal. Organ. 1–7 (2014).

5.

Brad Spellberg, M.D., John G. Bartlett, M.D., and David N. Gilbert, M. D. The Future of
Antibiotics and Resistance Brad. N. Engl. J. Med. 368, 299–302 (2013).

6.

O’Neill, J. Antimicrobial Resistance : Tackling a crisis for the health and wealth of
nations. Rev. Antimicrob. Resist. 1–16 (2014). doi:10.1038/510015a

7.

Ventola, C. L. The Antibiotic Resistance Crisis. Pharm. Ther. 40, 278–283 (2015).

8.

Randall M. Packard, P. D. The Origins of Antimalarial-Drug Resistance. N. Engl. J. Med.
371, 397–399 (2014).

9.

Day, T. et al. Is Selection relevant in the evolutionary emergence of drug resistance? Cell
Press 23, 126–133 (2015).

10.

Fleming, A. Penillin. (1945).

11.

Huijben, S., Chan, B. H. K., Nelson, W. A. & Read, A. F. The impact of within-host
ecology on the fitness of a drug-resistant parasite. Evol. Med. Public Heal. 2018, 127–137
(2018).

12.

Stephens, R., Culleton, R. L. & Lamb, T. J. The contribution of Plasmodium chabaudi to
our understanding of malaria The rodent malarias: from the gallery forest to the lab. 28,
73–82 (2015).

32

13.

Vaidya, A. B. & Mather, M. W. Atovaquone resistance in malaria parasites. Drug Resist.
Updat. 3, 283–287 (2000).

14.

Read, A. F., Day, T. & Huijben, S. The evolution of drug resistance and the curious
orthodoxy of aggressive chemotherapy. Proc. Natl. Acad. Sci. 108, 10871–10877 (2011).

15.

Beale, G.H., et al. ‘Genetics’ In: Rodent Malaria. Acad. Press 213–245 (1978).
doi:10.3390/nu9111203

16.

Reece, S. E. & Thompson, J. Transformation of the rodent malaria parasite Plasmodium
chabaudi and generation of a stable fluorescent line PcGFPCON. Malar. J. 7, 1–6 (2008).

17.

Spence, P. J. et al. Transformation of the rodent malaria parasite plasmodium chabaudi.
Nat. Protoc. 6, 553–561 (2011).

18.

Li, C., Sanni, L. A., Omer, F., Riley, E. & Langhorne, J. Pathology of Plasmodium
chabaudi chabaudi infection and mortality in interleukin-10-deficient mice are ameliorated
by anti-tumor necrosis factor alpha and exacerbated by anti-transforming growth factor β
antibodies. Infect. Immun. 71, 4850–4856 (2003).

19.

Jacobs, R. L. Role of p-aminobenzoic acid in Plasmodium berghei infection in the mouse.
Exp. Parasitol. 15, 213–225 (1964).

20.

Lopes, D. et al. Detection of atovaquone and MalaroneTM resistance conferring mutations
in Plasmodium falciparum cytochrome b gene (cytb). Mol. Cell. Probes 17, 85–89 (2003).

21.

Bell, A. S., de Roode, J. C., Sim, D. & Read, A. F. Within-Host Competition in
Genetically Diverse Malaria Infections: Parasite Virulence and Competitive Success.
Evolution (N. Y). 60, 1358 (2006).

22.

Musset, L., Le Bras, J. & Clain, J. Parallel evolution of adaptive mutations in Plasmodium
falciparum mitochondrial DNA during atovaquone-proguanil treatment. Mol. Biol. Evol.
24, 1582–1585 (2007).

23.

Letters, E., Letters, E. & Terms, W. Bottom-up regulation of malaria population dynamics
in mice co-infected with lung-migratory nematodes. 18, 1387–1396 (2016).

33

24.

Day, T. & Read, A. F. Does High-Dose Antimicrobial Chemotherapy Prevent the
Evolution of Resistance? PLoS Comput. Biol. 12, 1–20 (2016).

25.

Bisoffi, Z. et al. Chronic malaria and hyper-reactive malarial splenomegaly: A
retrospective study on the largest series observed in a non-endemic country. Malar. J. 15,
1–8 (2016).

BRIDGET GARRITY
ACADEMIC VITA
EDUCATION
The Pennsylvania State University | Schreyer Honors College
Eberly College of Science| Bachelor of Science in Biology, Genetics and Development
College of Agricultural Sciences| Bachelor of Science in Immunology and Infectious Disease
Smeal College of Business| Business Fundamentals Certificate
Great Valley High School

University Park, PA
May 2019

Malvern, PA
June 2015

WORK EXPERIENCE
Center for Infectious Disease Dynamics, the Read Group

University Park, PA

Undergraduate Research Assistant
Sept 2016 – Present
 Assists with ongoing projects within the lab, including research involving the evolution of drug resistance for the malaria
parasite
 Design experimental protocols and procedures, as well as analyze results of experiments
 Performs various lab techniques including DNA extraction, qPCR, and mice sampling
Atlantic Coast Athletic Club Fitness and Wellness Center
West Chester, PA
Summer Camp Supervisor
June 2015- August 2016
 Planned, executed, and oversaw numerous activities for children ranging from 3 to 15 years of age
 Maintained safety and wellbeing of approximately 80 children per day
 Interacted with parents to discuss incidences involving their children
Birthday Party Leader
October 2014-August 2015
 Organized and directed activities for various different themed children’s birthday parties
 Resolved both small and largescale issues with families regarding party planning and execution

LEADERSHIP EXPERIENCE
Empower Orphans
University Park, PA
Membership Involvement Chair
 Participates in fundraising efforts to aid orphans in Haiti, as well as underprivileged children in the State College
Community
 Attends a State College boys and girls club to aid in tutoring and activities with the children
 Plans activities for members in the club to promote unity and continued participation in club philanthropic activities
Autosomal Dominant Optic Atrophy Association (ADOAA)
University Park, PA
Treasurer
 Plans fundraisers to raise awareness and funds for Autosomal Dominant Optic Atrophy
 Manages club funds through performing all withdrawals and deposits from the club account

Penn State IFC/Panhellenic Dance MaraTHON
University Park, PA
Rules and Regulations Committee
Sep 2016 – Feb 2017
 Prepared to monitor the safety and security of 18,700 participants by securing perimeters, monitoring lines, and
safeguarding exits to ensure a safe environment for all students, volunteers, and families
Finance Committee
Sep 2015-Feb 2016
 Accounted for all financial contributions donated to the organization through canning, THONvelopes, and THON weekend
donations

AWARDS, SKILLS, & INTERESTS
Honors: Dean’s List, Doris N. McKinstry scholarship, Melville Barr Memorial Alumni scholarship, Schreyer
Academic Excellence scholarship
Skills: Working knowledge in Microsoft Office: PowerPoint, Word

