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ABSTRACT

Sequential and conditional gene knockout approaches are valuable tools for reverse genetics in
model species. However, studies of rodent malaria parasites (e.g. Plasmodium yoelii) suffer from having
only one drug-selectable marker, a variant of dihydrofolate reductase (DHFR), which is used to select for
transgenic parasites in the presence of pyrimethamine. I hypothesized that variants of dihydropterotate
synthase (DHPS), another enzyme in the folate pathway, could be used to convey resistance to the drug
sulfadiazine, as they have conferred resistance in field isolates of human-infectious Plasmodium species.
The purpose of this study is three-fold. First, to determine which variant of the DHPS sequence will
provide the best resistance to sulfadiazine. Second, to determine if DHPS alone can confer resistance, as
previous publications have utilized this cassette either with DHFR or with PPPK, the enzyme before
DHPS in the folate pathway. Third, to determine if it is possible to co-select for both DHPS and DHFR
expression using both sulfadiazine and pyrimethamine. To test the effectiveness of DHPS in conferring
drug resistance, parasites were transfected with plasmids that express a field variant of DHPS and GFP
separately, and were selected by administering sulfadiazine via host drinking water. Data indicates that it
is possible to select for the 3D7 variant of the bi-functional PPPK-DHPS protein at a dose of 3 mg/L
sulfadiazine, and that it is not possible to select for the DHPS only. Co-selection with DHFR has not been
possible using this variant, but future experiments will use the full length sequence of variants with
stronger sulfadiazine resistance and study the metabolic effect of drug treatment to better understand the
effect it has on the folate pathway. Once optimized, this system would provide an efficient means by
which doubly transgenic parasites could be selected for by a drug cocktail.
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Chapter 1 Introduction

Malaria as a Disease
Malaria is a deadly illness that affected over 200 million people in 2015, causing 429,000 deaths
(WHO 2016). While 91 countries have malaria transmission, the region that bears the greatest malaria
burden is Sub-Saharan Africa, which accounted for 90% of cases and 92% of deaths (WHO 2016). This
disease hinders development on individual and communal, micro and macroeconomic scales.

Figure 1.1 Malaria Risk by Country
Global Malaria Mapper, 2016

Malaria is caused by a eukaryotic parasite of the genus Plasmodium. Five of the over 100 species
of Plasmodium can infect humans, and the two most predominant are Plasmodium vivax and Plasmodium
falciparum (CDC 2016). The disease is transmitted through the bite of the female Anopheles mosquito.
The injected form of the parasite, called sporozoites, migrates to the liver, where it proliferates until it
egresses into the bloodstream. The parasites continue to infect erythrocytes in cycles until the host dies or
clears the infection. The Plasmodium life cycle is propagated when mosquitoes take a blood meal from an
already infected host. If it ingests the male and female sexual stages of the parasite, they will be fertilized
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within the mosquito midgut and develop more sporozoite-producing structures.

Figure 1.2 Plasmodium Life Cycle
Courtesy of Maria Mota, University of Lisbon

(A) A bite from an infected mosquito injects the sporozoite form of the parasite into a host, where it then
migrates to the liver. (B) Parasites reproduce within the liver until egress into blood stage is possible. This
stage includes schizonts, the form of the parasite used in transfections. A small percentage of parasites in
blood stage enter the sexual stage and differentiate into gametocytes. (C) When a new mosquito takes an
infected blood meal, the female gametocytes are fertilized by the male gametocytes in the mosquito
midgut. This leads to the development of an oocyst, structure that forms more sporozoites, which then
migrate to the salivary glands in preparation for the mosquito’s next blood meal.

With such an extensive lifecycle, there are several opportunities for intervention in preventing
malaria infection. Over the past several years, mosquito vector control via insecticides, bed nets and other
technology has reduced deaths by 50% or more in several highly endemic African nations (Kokwaro
2009). Since mosquito exposure is not entirely avoidable, the use of anti-malarial drugs has also been
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important in global malaria reduction efforts. Anti-malarial drugs target the erythrocytic (blood) stages of
the malaria life cycle, the stages in which the parasites are most abundant (Figure 2B). Many drugs that
were used in the past have become obsolete due to widespread resistance. The new standard in drug
treatment is artemisinin-based combination therapy (ACT), which utilizes a combination of anti-malarials
to both acutely target the parasites and act over a longer period of time (Cui et al. 2015). However,
growing artemisinin resistance in Plasmodium falciparum in Southeast Asia raises the question of how
much longer current anti-malarials will serve as an effective means of control of the disease (Ashley et al.
2014).
The ideal in the future of malaria treatment is to provide an extra protection that is not dependent
on the efficacy of drugs, but rather vaccination. Currently, the most widely studied malaria vaccine is the
RTS,S vaccine, which is a sporozoite surface protein fused with a Hepatitis B viral surface protein
(Casares et al. 2010). This vaccine has been studied extensively in Phase III clinical trials and has shown
to be most effective in preventing malaria cases in children aged 5-17 months, though even in that
scenario vaccine efficacy is only 36.3% (RTS,S Clinical Trials Partnership 2015). It is a useful tool in the
fight against malaria, but an important focus of current research is the creation of a live, genetically
attenuated parasite (GAP) vaccine. One such candidate, in the process of clinical trials, is a sporozoite
with a triple gene knock out that causes the parasite to arrest in early liver stage (Mikolajczak et al. 2014,
Kublin et al. 2017). Genetic studies of Plasmodium species in different stages of its lifecycle allow for a
deeper understanding of which genes are essential for progression, which opens potential windows for
new vaccine candidates and controls in transmission.

Plasmodium yoelii as a model
Culturing human-infectious malaria for laboratory study is a time-consuming process, and
complete genome sequencing has allowed for optimization of the more easily cultured rodent-infectious
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malaria as a model species, both for identifying homologous genes to study and for understanding the
genes in other species that are specific to human infection (Frech & Chen 2011). The experiments in this
study were all conducted using the rodent-infectious malaria species Plasmodium yoelii, which was
isolated from wild thicket rats in Africa and adapted for use in laboratory mice. Whole genome
sequencing found that of the approximately 5,300 gene in P. falciparum, there are approximately 3,300
orthologs in P. yoelii, making it a useful tool to expedite genetic studies in malaria (Carlton et al. 2002).
A useful tool for the genetic study of malaria is a gene knockout with selection of the transgenic
population for further analysis. One technique that is commonly employed in Plasmodium yoelii is the
use of the drug marker human Dihydrofolate Reductase (hDHFR), which confers resistance to the drug
pyrimethamine, to select for transgenic parasites (Jongco et al. 2006). It can also be coupled with a
cassette for the green fluorescent protein (GFP) to allow for fluorescence microscopy confirmation of
expression.
One limitation in the genetic study of P. yoelii is that DHFR from humans or other eukaryotes
like Toxoplasma gondii is the only marker that has been proven to be effective in drug selection. This
precludes the selection of multiple, non-consecutive gene knockouts or selection for more than one
plasmid in parasites. Studies of another selectable marker, drug resistant variants of Dihydropteroate
Synthase (DHPS), have shown some promise as a new tool for genetic study in malaria.

DHPS
The different alleles of DHPS utilized in this study come from African field isolates of antimalarial resistant P. falciparum. The variants used in this study are the 3D7, TN1 and W2 variants (Table
1). They confer varying degrees of resistance to the anti-malarial drug sulfadoxine (boxed entries in Table
2), and other types of sulfa drugs that mimic the metabolic intermediate pABA.
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Table 1.1 Alleles of Resistant DHPS to Sulfadoxine (SDX)
Berglez et al. 2003

Table 1.2 Strength of Resistance of DHPS Variants
Berglez et al. 2003

6
This resistance emerged from the use of the antimalarial drug Fansidar, which is a combination of
sulfadoxine and pyrimethamine (Hess et al. 1983). These drugs target the DHPS enzyme and the DHFR
enzyme, both of which are enzymes in the folate pathway (Figure 3).

Figure 1.3 The Folate Pathway
Hyde, 2005

The boxed portions of the figure highlight the enzyme dihydropteroate synthase (DHPS) which is
sensitive to sulfadiazine and other sulfa drugs, and dihyrdropteroate synthase (DHFR) which is sensitive
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to pyrimethamine. Only one step separates the two drug-targeted enzymes, which once made this pathway
a therapeutic target. This proximity could present a challenge to the ultimate goal of co-selecting for
resistant copied of both enzymes under selective drug doses.
The folate pathway is essential for nucleotide synthesis, and a strong drug target because
Plasmodium species synthesize the vast majority of their folates de novo, and salvage very little from
their host (Triglia et al. 1997). The Fansidar drug combination is safe for use in humans as the salvage
pathway that utilizes DHPS does not exist in mammalian cells, and the 25% identity between the human
and Plasmodium orthologs of DHFR implicates a differential binding of the drug between the host and
parasites proteins (Nzila et al. 2005).
DHPS is present in Plasmodium as one domain of a bi-functional enzyme. There are no published
accounts of the DHPS domain alone being used to confer resistance to sulfa drugs. The complete protein,
a DHPS domain attached to a 7,8-dihydro-6-hydroxymethylpterin phosphokinase (PPPK) domain as is
found naturally in the parasite, has been used to enrich for transgenic parasites under the selective
pressure of sulfadiazine in another species of rodent-infectious malaria, P. berghei (Kaneko et al. 2015).
This drug selection technique has not yet been used in P. yoelii, but the development of an additional
selectable marker would expand the possibilities of genetic studies. Having two markers would allow for
double and conditional gene knockouts, as well as for co-selection of two plasmids if used in combination
with the hDHFR cassette. This would allow for the more efficient design of experiments in multiple
stages of the malaria life cycle.
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Chapter 2 Results
Sulfadiazine dose of 1 mg/L sufficient to cause parasites to retain a 3D7 plasmid
Because sulfadiazine has not been used for drug selection in P. yoelii, I first conducted several
experiments to determine the sensitivity of the parasites to the drug. The JGP plasmid (Figure 2A)
containing the 3D7 allele of DHPS was transfected into two lines of parasites: one wild type and one
(Py757) with an integrated pSL0757 plasmid containing hDHFR (Figure 2E) that already confers
resistance to anti-folates like pyrimethamine. The doses of sulfadiazine tested were 0, 1 and 10 mg/L, the
latter of which was the dose used to select for transgenic parasites in another species of rodent-infectious
malaria, P. berghei (Yuda 2015). The mice injected with the wild-type line were only put on
sulfadiazine, and the mice injected with the Py757 line were given a drug cocktail of 70 mg/L
pyrimethamine and each of the three doses of sulfadiazine. Two mice were used for each dosing regimen.
No infection was established in any of the mice treated with the drug cocktail at any point posttransfection. Plasmid expression was verified by fluorescence microscopy. Green fluorescence was only
observed in wild-type parasites that received the 3D7 variant of DHPS and were treated with 1 mg/L
sulfadiazine (Figure 1B). Red fluorescence, indicating expression of the integrated dsRed cassette from
the pSL0757 plasmid, was observed in Py757 parasites only treated with pyrimethamine (Figure 1C). No
co-localization of red and green fluorescence was observed in any iRBC, aside from background
autofluorescence. This supports the conclusion that the drug selection conditions were not conducive to
double selection, and that further adjustment of dosing is necessary. Genotyping PCR confirmed that the
JGP plasmid was retained in the green fluorescent parasites treated with 1 mg/L sulfadiazine (Figure 1D).
Interestingly, it was also retained in one sample of wild type parasites that received no drug treatment,
though it was not expressed, as green fluorescence was never observed. There is a faint band in the notemplate control lane, but the fact that it is not observed in every lane in the gel suggests that
contamination did not cause the positive results in the samples, especially since the positive result is
supported by the observed fluorescence (Figure 1B).
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Figure 2.1: Sulfadiazine dose of 1 mg/L sufficient to cause parasites to retain 3D7
plasmid
(A) A visual representation of the experimental flow of mouse experiments. (B) The DHPS cassette and
the green fluorescent cassette in the JGP plasmid are driven by the same promoter, so green fluorescence
should correlate with DHPS expression. (C) Red fluorescence was observed in the Py757 line that was
only treated with pyrimethamine, suggesting that the parasites do not retain the JGP plasmid. (D) The
gPCR primers used specifically anneal to the plasmid, and not to wild type DNA (Lane 6). Lanes 2-5
utilized the gDNA of parasites transfected with the JGP plasmid and treated with the sulfadiazine doses as
indicated above each lane. Two mice per dose were used. WT gDNA, the pure JGP plasmid, and a notemplate control (NTC) were used as controls.

Development of sulfadiazine selectable plasmids
The JGP plasmid was a gift from Dr. Masao Yuda of Mie University School of Medicine (Figure
2A). The others were constructed through molecular cloning of DHPS PCR products into intermediate
vectors to arrive at the final plasmid (Figure 2B-D). I did not achieve the final plasmid containing the
TN1-full sequence, and so conducted my final experiment with the last intermediate plasmid, which lacks
a fluorescent marker. Additionally, gPCR was used to confirm that the JGP only contains DHPS and no
DHFR. One set of primers used was specific to DHFR, and the other was specific to DHPS (Figure 2F).
Sample 4 appears to have a DHFR band, though this appears to be an issue of contamination since it is
significantly more faint than that of the plasmid control and is not present in samples 1-3. The plasmid
scheme was also initially confirmed by a restriction digest.
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Figure 2.2: Development of sulfadiazine selectable plasmids
(A) and (B) The full-length cassette, which includes both the PPPK and DHPS domain as well as a GFP
cassette, was tested in the 3D7 and TN1 variants. (C) and (D) The DHPS domain only with a GFP
cassette was tested in the variants. (E) The pSL0757 plasmid contains hDHFR and a red fluorescent
cassette. (F) Four mini-preps of JGP were tested with WT DNA, the pSL0757 plasmid and no-template
control run as negative controls. Primer set 1 yields a product of 569bp in the presence of hDHFR, and
primer set 2 yields a product of 1799bp in the presence of PfDHPS. PCR was run alongside a 1kb DNA
ladder and used to confirm that JGP contains only PfDHPS and not hDHFR.

Co-selection of the 3D7 variant of DHPS and hDHFR was unsuccessful with low doses of
pyrimethamine
The pSL0757 plasmid (Figure 2E), which expresses DsRed2 and hDHFR to provide resistance to
pyrimethamine, was transfected into a line of parasites already containing the JGP plasmid selected with 1
mg/L sulfadiazine. The first attempt at co-selection used 1 mg/L sulfadiazine mixed with 70, 35, and 8
mg/L pyrimethamine. Seventy milligrams per liter is the dose used to select for DHFR alone. These high
doses were prohibitive to parasite survival, so four different drug cocktails containing much lower doses
of pyrimethamine were tested. Infection was observed in the mice receiving the cocktails containing 0,
0.01 and 0.1 mg/L of pyrimethamine (Figure 3A), but no red fluorescence was observed (Figure 3B-D).
Therefore, there is no evidence that the pSL0757 plasmid was retained or expressed, and the low doses of

13
pyrimethamine appear to be permissive to parasite survival even without hDHFR expression rather than
selective.
A

B

C
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Figure 2.3: Co-selection of the 3D7 variant of DHPS and hDHFR was unsuccessful
with low doses of pyrimethamine
Parasites were treated with 1 mg/L sulfadiazine in combination with the low doses of pyrimethamine
listed on the graph. (A) Three of the four conditions permitted an infection. The graph represents an
average of the parasitaemias of two mice used to test each experimental condition. (B) and (C) Parasites
that were treated with both drugs survived, but when the 0.1 mg/L and 0.01 mg/L treatments were
observed with fluorescence microscopy, respectively, only green parasites were observed, meaning the
hDHFR-containing pSL0757 plasmid was not retained. (D) Parasites treated with only sulfadiazine did
not retain the pSL0757 plasmid.

Optimization of drug treatment for selection with sulfadiazine
I hypothesized that the double selection failed because the combination of the drugs put too much
stress on the parasites and killed them all. The sulfadiazine dose was lowered in an attempt to find a
selective dose that would put less stress on the folate pathway. One thousand parasites were injected into
eight naïve mice, and once the mice reached 1% parasitaemia they were treated with either 1, 0.1, 0.01 or
0 mg/L sulfadiazine in their drinking water (Figure 4A). The only dose that appeared to have an impact
on the infection was 1 mg/L, and that only caused a 50% dip in parasitaemia before it stabilized and
began to increase again.
While 1 mg/L is not sufficient to eliminate an established infection, I wanted to test its ability to
inhibit the proliferation of non-transgenic parasites post-transfection. As part of a larger experiment that
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tested the resistance of the DHPS domain only of variants W2 and TN1, six mice were infected with wild
type parasites that had been electroporated without adding any DNA, to control for the effect the process
has on parasite fitness and ability to establish an infection. Two mice each were given drinking water
containing 1 mg/L, 2 mg/L and 3 mg/L sulfadiazine the day following electroporation and their
parasitaemias were monitored for the following twelve days until all mice had cleared their infections
(Figure 4B). Despite enduring the stress of electroporation, parasites treated with 1 or 2 mg/L sulfadiazine
were able to survive and proliferate in a limited capacity. The only dose that completely repressed the
initiation and development of an infection was 3 mg/L. After this experiment, 3 mg/L is used as the new
standard for selecting for transgenic parasites, because it was proven to be a truly selective, yet minimal,
dose.
A

16
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Figure 2.4: Dosage testing with wild type parasites shows that 3 mg/L sulfadiazine is
a selective dose
Wild type parasites were treated with different doses of sulfadiazine to determine a truly selective dose
for transgenic parasites. The graphs shown represent the average of the parasitaemias of two mice per
experimental condition. (A) Doses lower than 1 mg/L were ineffective in curbing an existent infection.
(B) A dose of 3 mg/L effectively kills wild type parasites.

Low doses of sulfadiazine do not cause parasites to retain plasmids expressing the W2 or TN1
DHPS domain only variants

In the previously described dosing experiment, wild type parasites were also transfected with both
TN1 domain only and W2 domain only constructs and then subjected to the same three doses of
sulfadiazine. These drug resistant cassettes only encode the DHPS domain of the PPPK-DHPS bi-
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functional protein. Previously, the selection of the full-length sequence of the 3D7 variant of PPPKDHPS had been tested with the JGP plasmid. The TN1 and W2 variants of DHPS both confer a stronger
resistance to sulfa drugs in comparison to the 3D7 variant. No infection was observed in any of the mice
that were treated with 3 mg/L, and the infections that came up in the mice given 1 and 2 mg/L mirrored
the pattern observed in the wild type parasites, where peak infection is inversely proportional to the dose
of sulfadiazine administered (see Figure 4B). On the days in which parasitaemia was above 0.1%, the
blood cells were also examined with fluorescence microscopy, and no green fluorescence was observed in
any of the parasites, which confirms that they either did not take up or retain the plasmids. Interestingly, a
higher level of infection was observed in the parasites that received no DNA in the transfection. This is
the opposite of what I expected to see, and was cause to repeat the experiment.
A
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Figure 2.5: Low doses of sulfadiazine do not cause parasites to retain plasmids
expressing the W2 or TN1 domain only DHPS variants
The data points on both graphs were generated by averaging together the parasitaemias of the two mice
per experimental condition. (A) The parasitaemias of the TN1 domain only parasites on the three doses of
sulfadiazine followed a similar pattern to those of wild type parasites. (B) A similar pattern was observed
in the W2 domain only variant, but no evidence of plasmid retention was observed.

W2 domain only variant of DHPS confers a weak resistance to sulfadiazine
The previous experiment was repeated using only 3 mg/L sulfadiazine to select for transgenic
parasites. Two mice each were injected with parasites transfected with W2 domain only, TN1 domain
only and JGP plasmids. As was observed in the previous experiment, the parasites transfected with the
TN1 domain only variant were unable to survive and establish an infection. This provides evidence that
the DHPS domain alone of the bifunctional PPPK-DHPS protein is not able to confer resistance to
sulfadiazine. Of the three variants tested, the W2 allele of DHPS confers the strongest resistance to sulfa

19
drugs. I hypothesized that the extra strength might compensate and allow the DHPS domain alone to
function as a selectable marker. The infection by the JGP transgenic parasites progressed normally
(Figure 6A), and showed green fluorescence when observed with fluorescence microscopy (data not
shown). During the transfection, the electroporator read an “Error 8” during one of the W2
electroporations, indicating an arc discharge and possible incomplete program execution. An infection
was never observed in the mouse injected with those parasites. The infection in the other W2-infected
mouse lingered around 0.05-0.1% parasitaemia for a few days. At this point, three drops of its blood were
collected via tail snip in 100 μL RPMI and intraperitoneally injected into a naïve mouse. The infection
was transferred so that the parasites would not be lost if the mouse managed to clear the infection.
Normally, blood parasitaemia level should increase by 2-3 fold per day. The fact that it remained so low
indicated that the infection was unable to overcome the mouse immune system, and after the lengthy
exposure period it was unlikely that it ever would. Parasites were first observed in the transfer mouse
treated with the same dose of sulfadiazine ten days post-injection, though the parasitaemia never
surpassed 0.18% before it stagnated (Figure 6B), similar to what was observed in the parent mouse. The
fact that the parasites survived leads me to believe that they retained and expressed the plasmid at some
point post-transfection, since all wild type parasites were killed by 3 mg/L sulfadiazine. The blood of the
transfer mouse was observed with fluorescence microscopy on days 12, 13 and 14, but no GFP expression
was noted. When the mouse was euthanized, its blood was collected for genotyping PCR, which indicated
the parasites did not contain the plasmid (Figure 6C). It is possible that they had the plasmid at some
point, as they did not all die like the wild type and TN1 domain only parasites, and that within this
window the endogenous PyDHPS developed de novo mutations to provide partial resistance.
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Figure 2.6: W2 domain only variant confers a weak resistance to sulfadiazine
Transfection with W2 permits a low level of infection under selection with 3 mg/L sulfadiazine. (A)
Infections in JGP-infected, TN1 domain only-infected and wild type-infected mice were consistent with
results from the previous experiment, while the W2-infected mouse achieved a low level of infection
≤0.1%. Aside from W2, the curves were generated by averaging together the parasitaemias of two mice
under the same conditions. (B) Infection in W2 transfer mouse peaked at under 0.2% parasitaemia. (C)
gPCR with primers specific to the W2 plasmid was run alongside a 1kb DNA ladder. Wild type DNA and
a no-template control were run as negative controls, and the plasmid containing the W2 variant was run as
a positive control. The gel shows that the W2 transfer mouse parasites did not retain the plasmid but the
JGP mouse did.
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TN1 full length variant does not confer resistance to sulfadiazine
Though the final molecular cloning step of the TN1 full length variant of DHPS was not
successfully completed, an intermediate plasmid lacking a GFP marker was transfected in order to test
resistance based solely on parasite survival. JGP and the TN1 domain only plasmids were also used as
positive and negative controls respectively during the transfection, as their impacts on parasite survival
were known from the previous experiments. The transfection was executed without any problems.
Giemsa staining showed parasites present in the blood of all six mice when they were placed on 3 mg/L
sulfadiazine the day after the transfection. The JGP parasites established an infection as was previously
observed, and those mice were euthanized nine days post-transfection. None of the four mice that
received either full length or domain only TN1 became infected. At day 15 post-transfection, the mice
were euthanized.
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Chapter 3 Discussion
In this study, I examined the effectiveness of three different variants of PfDHPS in selecting
transgenic P. yoelii parasites through their acquired resistance to sulfadiazine. P. yoelii currently only has
one drug selectable marker, and if functional, DHPS would be a valuable tool for future studies. I aimed
to determine if selection is possible with only a DHPS domain of a bi-functional protein that includes a
PPPK domain, and if it is possible to co-select for a DHPS cassette and the preexisting drug marker,
DHFR, using both sulfadiazine and pyrimethamine. Both enzymes are in the folate pathway (Figure 1.3),
which presents a challenge for double selection. My data indicates that treating the 3D7 variant with the
full-length sequence of the bi-functional PPPK-DHPS protein with a dose of 3 mg/L sulfadiazine allows
for the most efficient and effective selection of parasites containing the plasmid while simultaneously
eliminating wild type parasites. I have yet to successfully co-select for double transgenic parasites using
the two markers.
The fact that the full-length 3D7 variant was the only variant to successfully confer a strong
resistance against selection with 3 mg/L sulfadiazine would lead me to believe that the PPPK domain is
essential to the function of DHPS as a drug selectable marker. However, the one piece of data that does
not fit with this hypothesis is the failure of the TN1 full-length variant of DHPS to allow for an infection.
The TN1 variant confers a stronger resistance to sulfa drugs than the 3D7 variant does (Table 1.2), so
theoretically it should be more successful as a drug selectable marker. It is possible that there is a problem
with the vector, as the final step of the TN1 full-length cloning was halted after several failed
troubleshooting attempts. The intermediate plasmid used to test the resistance of the full-length sequence
is different than that used to test both of the domain only variants, as it did not contain a fluorescent
cassette for secondary confirmation of expression. All three of the plasmids utilize the EF1α promoter to
express DHPS, and the plasmid containing the TN1 and W2 domain only variants also expresses
GFPmut2. The 3D7 plasmid uses three different promoters: eGFP is under HSP70, DHPS is under EF1α,
and AmpR is under T7 (Yuda 2015).
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I did not measure the changes in metabolism of DHPS-containing transgenic parasites under drug
selection compared to wild type parasites, but this analysis could contribute to a better understanding of
how these resistance enzymes promote survival against anti-folate drugs. The lack of the PPPK domain of
the bifunctional PPPK-DHPS protein and the stress of selection with sulfadiazine could significantly alter
metabolic balances within the parasite and present greater challenges to survival, especially considering
that the same pathway is being targeted twice.
In in vitro experiments with E. coli, the W2 variant of DHPS conferred a resistance to sulfa drugs
that is >5 times greater than that of the 3D7 variant (Berglez 2004), and that extra strength could explain
the weak resistance observed in W2 transgenic parasites, even though the PPPK domain is absent. The
resistance of the TN1 variant is only two times greater than that of the 3D7 variant, so this could explain
its failure to promote survival of transgenic parasites. One of the future steps of this project would be to
complete the cloning so that all three of the original constructs (W2 domain only and TN1 full-length and
domain only) would be in the same vector plasmid to eliminate a potential variable in their effectiveness.
The lack of success in co-selecting plasmids containing DHPS and hDHFR is not entirely
unexpected, considering that the enzymes are only two steps away from each other in the folate pathway
(Figure 1.3). Co-selection does not appear to be possible with the 3D7 variant, as the experiments with
JGP and the pSL0757 plasmid containing hDHFR revealed that as little as 1 mg/L sulfadiazine and
1mg/L pyrimethamine completely eliminates parasites. Lowering the dose of pyrimethamine does not
cause plasmid retention, as determined by fluorescence microscopy, so lowering drug doses below these
thresholds would merely create permissive conditions of parasite growth even in the absence of drug
selectable markers, rather than select for transgenic parasites. I expected to experience difficulty in
determining a dosing point that would allow for double selection and parasite survival, but hypothesized
that by using one of the variants with a stronger resistance, it would be possible to co-select without
overwhelming the pathway and killing the parasites. The next steps in testing the possibility of coselection would be to repeat drug testing using a full-length W2 variant, since it showed a weak resistance
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with the incomplete bi-functional protein, and could potentially confer a stronger in vivo resistance than
3D7 in the full-length form.
The challenges faced in implementing this technique in P. yoelii were greater than expected based
on previous data from rodent-infectious and human-infectious malaria. The dosage used in mice is
significantly lower than the therapeutic dose used in treating patients infected with P. falciparium
(Doberstyn et al. 1979) and also lower than doses used to reduce growth in P. berghei (Songsunthong et
al. 2016). Even using the same exact JGP plasmid, P. yoelii required a >3 fold reduction in selective dose
compared to P. berghei (Yuda 2015). Because of this, much drug testing was necessary to determine the
baseline for selection. The fact that these parasites are even more sensitive to sulfa drugs than another
rodent-infectious species indicates the necessity of minimizing the challenge of drug treatment beyond
that which is necessary for selection. A future step in this project is to determine the minimal dose of
pyrimethamine that eliminates wild type parasites, in order to minimize the stress placed on the folate
pathway while still allowing for selection.
When wild type parasites were treated with 1 mg/L sulfadiazine, it caused a reduction in
parasitaemia before the level of infection stabilized and began to increase again. I hypothesize that this
happened because the P. yoelii parasites developed their own resistant mutations in DHPS. In order to test
the validity of this theory, the PPPK-DHPS locus within the P. yoelii genome from the parasite lines that
seemingly developed drug resistance (e.g. those treated with 1 and 2 mg/L sulfadiazine), as well as that of
the W2 transfer mouse parasites with a weak drug resistance will be sequenced in order to determine if
the endogenous copy of the gene acquired resistant mutations similar to those observed in P. falciparum.
There is only a 58% identity between the P. yoelii and P. falciparum PPPK-DHPS protein sequences, as
determined by the public interface BLAST (Johnson et al. 2008), so it is possible that in the future a
sulfadiazine-resistant PyPPPK-DHPS drug marker could be developed and tested in the hopes that a P.
yoelii self gene would be more successful under the stress of selection.

26
Ultimately, this technique would be useful by adding another drug selectable marker to the
repertoire of gene editing techniques available in studies of P. yoelii. Sequential and conditional
knockouts are valuable tools in genetic studies, and having another drug-selectable marker available could
cut experiment timelines in half by allowing for concurrent selection with a drug cocktail. By continuing
to expand its knowledge of the mechanisms of Plasmodium, the scientific community gradually advances
toward the goal of the eliminating the transmission of malaria, which will result in its eradication.
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Chapter 4 Materials and Methods

Schizont Synchronization
Five Swiss-Webster mice were infected with a stock of blood infected with Plasmodium yoelii
parasites (Strain 17XNL, non-lethal) via intraperitoneal injection. The parasitaemia was allowed to reach
1-3% as determined by Giemsa stain. Mice were euthanized by asphyxiation with carbon dioxide and
exsanguinated via cardiac puncture. The blood was transferred into 10 mL complete RPMI media
(“cRPMI”: 80% v/v incomplete RPMI with 25mM HEPES and L-Glutamine, 20% v/v fetal bovine
serum, 0.3μL/mL 50 mg/mL gentamycin) and centrifuged (200 xg , 8 minutes) without brake. Under the
tissue culture hood, the supernatant was aspirated and the iRBC pellet was resuspended in 10mL cRPMI
and transferred to a 1L Erlenmeyer flask containing another 100 mL cRPMI. The blood collection tube
was washed with another 30 mL cRPMI and added to the flask. The flask was gassed for two minutes
with a blood gas mixture (85% nitrogen, 5% carbon dioxide, 10% oxygen) using a filtered plastic
serological pipette. The culture was left to synchronize at the schizont stage during an 11-12 hour
incubation at 37°C on a shaker moving at 50-60 rpm.

Purification of Schizonts
The presence of schizonts in the culture was confirmed via Giemsa stain before continuing the
procedure. The iRBC culture was divided into four 50mL conical tubes. The culture was underlaid with
up to 10mL of Accudenz solution gradient (60% stock of 27.6 g Accudenz, 100mL 5mM Tris, 3mM KCl,
& 0.3 mM EDTA, 40% 1x PBS without Ca, Mg), taking care not to allow any air bubbles or movements
to disturb the gradient. The cultures were centrifuged (200xg, 20 minutes) without brake and the purified
schizonts were collected from the interface of the gradient using a glass Pasteur pipette. Parasites were
transferred to a clean 50 mL conical tube along with 30 mL cRPMI. The schizonts were centrifuged (200
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xg, 10 minutes) without brake to form a loose pellet, and the supernatant was aspirated. The parasite pellet
was resuspended in 200 μL of cRPMI that was reserved from the previous day.

Preparation of DNA for Transfection
The plasmid constructs were grown in E. coli DH10B strain in 400mL LB growth media with
ampicillin selection, and plasmid DNA was prepared via maxi prep with Qiagen kit #12663. The DNA
was purified via ethanol precipitation as follows. One tenth of the sample volume of sodium acetate (3M.
pH 5.2) was added (exact amount varied depending on concentration yield of maxi prep DNA) followed
by 0.5 μL of glycogen and four volumes of 100% reagent-grade ethanol. The sample was incubated at 80°C until it became viscous. The sample was centrifuged at top speed in the microcentrifuge (16,300 xg,
10 minutes) to form a pellet. The supernatant was decanted and the pellet was resuspended in 250μL 80%
v/v ethanol and spun under the same conditions. After the supernatant was decanted, the pellet was dried
via vacuum aspiration and resuspended in a minimal volume of ddH2O. The DNA was quantified on a
NanoDrop spectrophotometer and then divided into aliquots containing 5-10 μg DNA. Immediately
before the transfection, the plasmid aliquots were each dissolved in 100 μL Amaxa T-Cell Solution +
Supplement.

Electroporation of Schizonts with Plasmid Constructs
The Amaxa electroporator was set to the preset program U-033. Ten microliters of schizonts were
added to the DNA/T-Cell solution mixture, which was then transferred to an Amaxa cuvette using a
plastic pipette. When all bubbles were eliminated from the cuvette, the cuvette was placed in the
electroporator and the program was initiated. After the electroporation, 50μL cRPMI was immediately
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added to the cuvette and the mixture was transferred back to the original tube to be injected into the tail
vein of a naïve mouse.

Tail Vein Injection
One mouse per electroporation was placed beneath a heat lamp to promote vasodilation. When
the electroporated samples were ready, they were loaded into a 1mL insulin syringe. All bubbles were
removed from the syringe and the mouse was loaded into a restraining tube. The tail was held straight and
rotated until the largest vein was located. The needle was inserted, bevel side up, halfway up the mouse
tail and the sample was injected.

Drug Selection of Integrated Constructs
One day post transfection, the presence of parasites in the mouse blood was confirmed by
Giemsa-stained thin blood smear (TBS). The water bottle in the cage was exchanged for water containing
the drug, either pyrimethamine or sulfadiazine, dosage dependent on the individual experiment. The mice
were given the drugged water for three days, with continuous monitoring of parasitaemia via TBS. After
three days the mice were put on normal water until their parasitaemias reached 1-3%. These “parental”
mice were euthanized with CO2 and exsanguinated by cardiac puncture. Most of the blood was collected
in 5 mL 1xPBS in a 15mL conical tube for genomic DNA purification. Two hundred microliters were set
aside for making cryovials and 75μL was intraperitoneally injected into a naïve “transfer” mouse. The
transfer mice were immediately placed on drugged water, and were monitored through daily TBS until
their parasitaemias reached 1-3%. The blood was collected by the same procedure, without the transfer
step.
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Drug Selection of Non-Integrated Constructs
One day post-transfection, the presence of parasites in the mouse blood was confirmed by TBS.
The water bottle in the cage was exchanged for water containing the drug, either sulfadiazine or
pyrimethamine. The mice were continuously given the drugged water until the end of the experiment or
euthanasia.

Transfer of Infection from Live Mouse to Transfer Mouse
Three drops of infected mouse blood were obtained via tail snip and combined with 100 μL
iRPMI. The mixture was transferred to a naïve mouse via intraperitoneal injection. The transfer mouse
was immediately place on drugged water if the parasites were under selection for a drug resistant plasmid.

Mouse Blood gDNA Preparation
A cellulose column was flushed with 10mL 1xPBS before the mouse blood sample was passed
through and collected in a clean 15mL conical tube. The original sample tube was rinsed with 3 mL
1xPBS and added to the column. Another 5 mL 1xPBS was added to wash the column until enough iRBC
eluted to change the color of the column from a deep red to pink. The column was discarded and 1.5 mL
of 2% w/v saponin in 1xPBS was added to the sample. The sample was mixed and allowed to incubate
until it became completely translucent (~5 minutes). The sample was centrifuged (1,400 xg, 5 minutes)
and the supernatant was aspirated. The pellet was resuspended in 10 mL 1xPBS and spun and aspirated as
before. The gDNA was purified using Qiagen kit #51106. The gDNA sample was spun at top speed in the
microcentrifuge for 5 minutes to remove any hemozoin. The gDNA was quantified on the NanoDrop
spectrophotometer and used in genotyping PCR.
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