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ABSTRACT
Genetically attenuated parasites (GAP’s) are effective malaria vaccine candidates in
preclinical testing, but have relied upon disrupting essential genes to prevent growth of the
parasite in the liver. If these genes are also essential to earlier points in the life cycle, it is not
feasible to use them as vaccine candidates, because the parasite would die before forming the
necessary parasite stage to infect the host and act as a vaccine. Creating GAP’s by using the
CRISPR/Cas9 system to target multiple essential genes-of-interest simultaneously has a
promising future. This system has adaptable specificity provided by single guide RNAs
(sgRNAs) and the sequence of the sgRNAs is easily manipulated. These CRISPR-GAP’s would
be able to grow and successfully infect the host, but the development of the parasite would be
hindered without the targeted essential genes, enabling the host to develop immunity toward the
entire parasite. CRISPR/Cas9 is a system used by bacteria to recognize and destroy invading
phage DNA, which are recognized and cut by a guide RNA bound to the Cas9 nuclease. This
system can be manipulated to target essential genes in a parasite by creating single guide RNAs
(sgRNA) that target a desired sequence. Constitutive RNA Polymerase III (RNAP III) promoters
are typically used to produce sgRNAs, but are not regulatable. Here, ribozymes will be used to
cut sgRNAs from RNAP II transcripts in order to target multiple genomic loci, thus allowing for
regulatable expression. This strategy of sgRNA expression by a stage-specific promoter enables
stage-specific gene editing of Plasmodium parasites.
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Chapter 1
Introduction
Half a million deaths occur every year due to Malaria1. The malaria parasite can rapidly
build resistance to drugs, and only one vaccine has been licensed to date. However, this vaccine
has a minimal success rate of about 36% if all four doses are taken and efficacy has been shown
to rapidly decrease over time2. This makes finding an effective vaccine a top priority in malaria
research. Genetically attenuated parasites are effective malaria vaccine candidates in preclinical
testing, but have relied upon disrupting essential genes to prevent growth and development of the
parasite in the liver. If these genes are also essential to earlier points in the life cycle, it is not
feasible to use them as vaccine candidates. It is our goal to develop a system to overcome this
obstacle.
The Plasmodium lifecycle includes a mammalian host and a mosquito vector. Within the
human liver stage the parasite will develop into a schizont that will burst and travel into the
blood, thus starting the blood stage of infection. In the blood stage, the parasite develops
asexually from a ring stage into a mature trophozoite and then a schizont, which bursts to release
merozoites that infect new red blood cells and create a cycle of infection. Alternatively, the
parasite can differentiate into a sexual stage gametocyte, which can be transmitted from human
to mosquito. After the mosquito takes a blood meal, sexual reproduction occurs in the midgut.
The ookinete then burrows through the midgut wall and develops as an oocyst. This oocyst will
produce sporozoites (sporogony) that will burst out of the oocyst and migrate to the salivary
gland where they will become highly infectious and await transmission during the next blood
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meal (Figure 1). If the halting of growth and development occurs at the sporozoite stage, the
stage of the parasite in the mosquito prior to infection of the host, or before this stage, it does not
produce a form of the parasite that can be used as a vaccine candidate, and thus cannot allow any
immunity to the parasite to develop within the host3. Within the mammalian stages (liver and
blood) many essential genes in the parasite that can be knocked out to prevent growth and
development. Instead of disrupting only one essential gene, we could create genetically
attenuated parasites by using the CRISPR/Cas9 system to target multiple essential genes-ofinterest simultaneously and only at specific stages. The biological components necessary for this
system to work as designed have shown promising results for targeting due to this system’s
target sequence specificity through single guide RNAs (sgRNAs) and our ability to easily
produce multiple sgRNAs. Once the correct essential genes are targeted in the desired life cycle
stage of the genetically attenuated parasites, the parasites will be able to grow and infect the
human host but the development of the parasite is arrested. This ensures that a complete infection
does not occur and immunity toward the entire parasite can develop.
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Figure 1. Malaria Parasite Lifecycle.
The malaria lifecycle consists of a mosquito vector and mammalian host. The parasite develops
into schizonts in the mammalian liver, which will burst and enter the mammalian blood stream. In the
blood the parasites will develop from asexual ring stage to mature trophozoites and then schizont, which
will burst, creating an infection cycle. Alternatively, the parasite can develop into a sexual gametocyte,
which can be transferred from mammalian host to mosquito vector when the mosquito takes a blood meal.
In the mosquito sexual reproduction occurs in the midgut. The ookinete then burrows through the midgut
wall, and becomes an oocyst. The oocyst will produce sporozoites, which will travel to the salivary glands
after bursting out of the oocyst. This is where they are highly infectious and can be transmitted back to the
mammalian host during the mosquito’s next blood meal (cartoon courtesy of Maria Moto, University of
Lisbon, Portugal).
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CRISPR/Cas9 is quickly becoming the preferred method for creating transgenic cells.
Archaea and bacteria use clustered regularly interspaced short palindromic repeats (CRISPR) to
recognize and destroy invading viral phage DNA. Once the viral phage DNA infects the cell,
part of its DNA is cut out and integrated into the host’s DNA in a CRISPR array to serve as an
immunological memory. RNAs transcribed from the CRISPR array (crRNAs) are made from the
integrated phage DNA and together with a tracrRNA, recruit CRISPR-associated protein-9
nuclease (Cas9) to the specific sequence on newly invading phage, which creates a doublestranded break in the DNA that the crRNA sequence complements. Phage cannot repair the
double-stranded break and the virus’s development halts. We can manipulate this system to
target essential genes in a parasite by creating single guide RNAs (sgRNAs) from a fusion of
crRNA and tracrRNA that target a desired gene sequence4. The ability to disrupt essential genes
and Plasmodium’s lack of non-homologous end joining repair machinery make this a good
approach to create a vaccine, as the parasites are unable to develop completely or properly. The
controlled transcription of the sgRNA is important in this experiment because it determines
where and when Cas9 makes a double stranded break. Normally, RNA Polymerase III (RNAP
III) and a U6 promoter are used in CRISPR/Cas9 experiments to transcribe sgRNAs because
mRNA transcribed by RNA Polymerase II (RNAP II) need extensive modification and have
variable 5’ and 3’ ends5. The Lindner Lab has recently used ribozymes to cut sgRNAs from
RNAP II transcripts in order to target multiple genomic loci simultaneously (unpublished work).
We can build upon this by driving sgRNA expression with a stage-specific promoter to enable
stage-specific gene editing of Plasmodium parasites 5. Being able to use RNAP II is helpful
because a wider range of promoters can be used to drive the polymerase (thus driving sgRNA
production), including those with temporally regulated expression. Identifying proper stage-
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specific promoters and transcribing sgRNAs with them can allow us to create a CRISPR/Cas9
array that is only active during a specific stage, allowing the parasite to infect a mammalian host,
i.e. humans, but growth to come to a halt.
I have selected six stage-specific promoters for testing: clag-a, ddd, lap4, trap, uis4, and
lisp4. Previous evidence suggests that the CLAG-A promoter is specific to blood stage6. Blood
stage is the easiest stage to genetically manipulate and important because it is the stage of the
parasites life cycle that causes the mortality associated with infection. Using the CRISPR/Cas9
system could be an alternative for the current knockout method that is exclusive to this stage.
The LAP4 promoter has shown specificity in a related rodent-infectious malaria species to the
female gametocyte stage and the DDD promoter has specificity toward the male gametocyte
stage7,8. While mature schizonts burst and create an asexual cycle within the mammalian host,
together the two forms of gametocytes can be transmitted from mammalian host to mosquito
vector, thus making them essential for the spread of the parasite. The TRAP promoter is believed
to be active during early-to-late mosquito stage and the UIS4 promoter is believed to be active
during late mosquito and liver stage for P. yoelii9. Both stages are essential in the parasite’s
lifecycle; early mosquito stage is crucial for parasite development in the midgut, while
sporozoites in the late mosquito stage are necessary for transmission into the mammalian host.
Lastly, LISP2 is specifically expressed in mid-to-late liver stage10 (Figure 2). Liver stage is
where the infection starts once the parasite is transmitted back to the mammalian host11.
Therefore, identification of liver stage-specific genes could be critical for the development of
attenuated vaccines and liver stage anti-malarial drugs10. Liver stage infection is asymptomatic
and the body’s ability to develop an immune response against parasites has been characterized
here10.

6

LAP4
Figure 2. Stage-Specific Promoters to be Tested throughout the Parasite's Lifecycle.
Each promoter is thought to be specific to the designated stages in the image. The CLAG-A
promoter specific to blood stag, the DDD promoter specific to male gametocyte stage, the LAP4 promoter
specific to female gametocytes, the TRAP promoter specific to early mosquito stage (midgut), the UIS4
promoter specific to late mosquito stage (salivary glands), and the LISP2 promoter specific to liver stage
in the mammalian host.

In order to characterize the stage-specific promoters, I have introduced a fluorescent
reporter that is under their control. This will allow me to visualize when the promoters of interest
are active, and whether they are truly stage-specific. Green fluorescent protein (GFP) and Venus,
a yellow/green fluorescent reporter, are both candidates to use for the fluorescent reporter. While
GFP is used more frequently, Venus can have possible benefits that GFP does not, including
being brighter than GFP12. To determine if Venus is a valid candidate to replace GFP, I have
created a transgenic parasite that expresses Venus with a constitutive promoter, and assessed its
expression through the parasite’s lifecycle. Although I could have used Venus in replacement for
GFP, I wanted to start characterizing the stage-specific promoters before I was done bringing the
transgenic parasite that expresses Venus through the lifecycle, so I used a GFP as my fluorescent
reporter.
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The goal of this project was to determine whether or not Venus can be used as a
replacement to GFP and to characterize stage-specific promoters. I did not bring the transgenic
parasite that expresses Venus through the lifecycle before I started characterizing the stagespecific promoters, so I used GFP to characterize the stage-specific promoters for the expression
of CRISPR sgRNAs. This system will guide the CRISPR/Cas9 system to cut essential genes only
at specific stages. This will help create genetically attenuated parasites that may help further the
progress of creating a vaccine against malaria.
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Chapter 2
Materials and Methods

Experimental Animals
Female Swiss Webster mice, six to eight weeks old from Envigo (formerly Harlan) were
used for all of the experiments in this work. Anopheles stephensi mosquitoes were raised at 24oC
and 70% humidity and were used to experimentally produce Plasmodium yoelii parasites. All
animal care was approved by the Pennsylvania State University Institutional Animal Care and
Use Committee (IACUC# 42678) and strictly followed the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) guidelines.

Production of Genetically Attenuated Parasite Lines
Plasmids were produced to express green fluorescence proteins (GFP) by stage-specific
promoters. Primers corresponding to the promoter of each selected gene (Appendix), were used
to amplify 1500-1800 bp of the desired promoters from purified Plasmodium yoelli 17XNL
genomic DNA with phusion polymerase (NEB). The desired PCR products were gel extracted
(QIAquick Gel Extraction Kit, Qiagen, Cat# 28706), ethanol precipitated, and ligated into an
intermediate vector (pCR-Blunt, Life Technologies) to verify the sequences. The size of the
plasmid was verified via restriction digest and the sequence was confirmed using Sanger
sequencing (Penn State Sequencing Core). Restriction enzymes were used to cut the desired
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promoter sequence out of the intermediate vector into a pDEF final vector (pSL0489) that has a
Green Fluorescence Protein mutant 2 (GFPmut2) cassette for detection and a human
dihydrofolate reductase (HsDHFR) cassette for drug selection once in the parasite. The desired
promoter sequences were inserted to act as promoters for GFP. The plasmid was linearized with
a unique restriction enzyme between the targeting sequences for recombination into the p230p
genomic locus and was transfected as described below.

Transfection and Growth of Parasites
The Plasmodium yoelii 17XNL strain was grown in mice to 1% parasitemia. The strain
was then cultured in vitro and synchronized to the schizont stage where they were accudenz
(VWR, Radnor PA) purified and electroporated in the presence of 5-10ug of linearized plasmid
DNA as previously described13. Transfected parasites were injected intravenously into mice and
drug cycling was initiated 1 day post transfection by administering pyrimethamine (0.007% w/v
Fisher Scientific, Cat# ICN19418025) in the drinking water for three days. After the three days
on pyrimethamine, the mice were put back on normal water to allow the parasitemia to grow to
1% and for unintegrated plasmid DNA to be lost. Infected blood (100 𝜇L) was transferred to an
uninfected mouse, and the drug cycling procedure was repeated as before. Once the parasitemia
reached 1%, the mouse was euthanized and the parasites were purified away from white blood
cells by passage over cellulose resin, saponin lysed to remove red blood cell membranes and
uninfected red blood cells, and then pelleted by centrifugation. Genomic DNA from parasites
was purified (QIAamp DNA Blood Kit, Qiagen, Cat# 51106) and genotyping PCR was
performed to determine the ratio of wild-type (WT) to transgenic parasites present in the sample.
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Clonal parasite populations were made through limiting dilution cloning by injecting one parasite
in 100𝜇L of Roswell Park Memorial Institute (RPMI) media into a mouse. Mice that had <37%
of the group becoming blood stage patent were assumed to be infected with a single parasite (as
per the Poisson distribution). Genotyping PCR was used to confirm that the clone is transgenic.
A Moflo Astros flow cytometer system was used to purify the Venus parasitic population
(Beckman Coulter).

Production and Accudenz Purification of Schizonts
The blood of infected Swiss Webster mice was collected by cardiac puncture and was
placed in 5mL complete RPMI (cRPMI) (20% FBS in RMPI 1640 with gentamicin (50 mg/ml
(Invitrogen Cat #15750-060)) to produce schizonts in culture. The blood was centrifuged at 200
xg for 8 minutes to remove the serum. The blood was resuspended in cRPMI and put in a
plugged T75 flask, gassed with a mixture of 5% CO2, 10% Oxygen, and 85% Nitrogen, and
cultured for 12 hours at 37oC on a slight tilt on an orbital shaker at 50-60 rpm. Giemsa staining
of thin blood smears was used to check the parasitemia and to confirm that they had developed
fully into schizonts. After their full development was confirmed, 30 mL of culture was underlayed with 10 mL of 17% w/v accudenz in 1xPBS without calcium and magnesium. The solution
was spun at 200 xg for 20 minutes with no brake. The parasites were collected after the spin
from the interface between the accudenz and cRPMI layers, and were transferred into a new
conical tube. The parasite solution was then spun at 200 xg for 10 minutes, after which the
supernatant was removed and the parasite pellet was processed for future applications like
transfections, western blots, and immunoprecipitations.
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Live fluorescence and indirect immunofluorescence assay (IFA)
Venus and GFP expression in blood stages, oocyst sporozoites, salivary gland sporozoites
and liver stages was observed by an indirect immunofluorescence assay (IFA). Expression of day
seven and day ten oocysts was observed by live fluorescence.

Blood Stage IFA
Mice were exsanguinated and the red blood cells were pelleted initially (and between all
steps) at 4000rpm in a microcentrifuge at room temperature for 30 seconds. Cells were washed
twice in 1xPBS, fixed in 3.75 mL 1xPBS + 1.25 mL 16% v/v paraformaldehyde + 1.5 𝜇L 25%
v/v glutaraldehyde for 30 minutes at room temperature, and permeabilized in 4.95 mL 1xPBS +
50 𝜇L 10% Triton X-100 for 10 minutes at room temperature. Blocking solution (1xPBS +3%
w/v bovine serum albumin (BSA)) was applied at 4oC overnight. Primary antibodies (rabbit antiPyACP (1:1000, Pocono Rabbit Farm & Laboratory, Custom polyclonal antibody), mouse antiGFP (1:1000, DSHB, Clone 4C9)) were diluted in the blocking solution and incubated with the
cells for 1 hour with end-over-end rotation at room temperature. After two washes with 1xPBS,
fluorescent secondary antibodies (Alexa Fluor-conjugated (AF488, AF594) specific to rabbit or
mouse IgG (Invitrogen, Cat# A11001, A11005, A11008, A11012) were diluted in blocking
solution and incubated with the cells for 30 minutes, shielded from light. Nucleic acid was
stained with DAPI (4′,6-diamidino-2-phenylindole) in 1xPBS for 5 minutes at room temperature.
The cells were washed twice in 1xPBS, and mixed 1:1 with VectaShield (Vector Laboratories)
and applied to a slide and covered with a coverglass slip.
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Sporozoite IFA
Sporozoites were fixed prior to air drying in a sufficient (~100ul) volume of 10% v/v
formalin. The suspension was incubated for 10-15 min at RT then spun at top speed in the
microfuge for 3 minutes and aspirated as above. The pellet was resuspended in an appropriate
volume of 1xPBS and number of sporozoites/𝜇L was counted on a hemacytometer. More than
25,000 sporozoites were loaded per well on a multi-well glass slide. The slides were allowed to
dry completely and were stored at -80C until needed. Each well was aspirated with a pipette after
every step going forward. Each well was washed with 1xPBS for 2 min, the sporozoites were
then permeabilized with 0.1% v/v Triton-X100 for 10 min, washed again, and blocked (in a wet
chamber) with 1xPBS+10% w/v BSA for 1 hr. The wells were then incubated (in a wet chamber)
with 1xPBS+10% w/v BSA with an appropriate dilution of the primary antibody for 30 min,
washed three times with 1xPBS+10% w/v BSA, and then incubated (in a foiled-covered wet
chamber) with 1xPBS+10% w/v BSA with appropriate dilution of secondary antibodies for 30
min. Finally, the sporozoites were washed twice with 1xPBS, incubated (in a foiled covered
chamber) with 1xPBS+1𝜇g/mL DAPI for 5-10 min, and washed three more times with 1xPBS. A
small amount of VectaShield Hard Set was added to each well and a coverslip was placed over
the slide. VectaShield was allowed harden in the dark prior to visualization to limit sample
movement.

Liver Stage IFA
Lobes of livers infected with Plasmodium yoelii were sliced with a microtome, and 2-3
slices were washed with 1xPBS, incubated with 1xPBS+3% v/v hydrogen peroxide+0.25% v/v
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Triton X-100 for 30 min on an orbital shaker, washed again for 10 min and blocked in
1xPBS+5% w/v dried milk for 1 hr, shaking. Samples were incubated with appropriately diluted
primary antibodies in 1xPBS+5% w/v dried milk for 1 hr at RT shaking. Samples were washed
for 10 min, incubated with appropriately diluted secondary antibodies for 2 hrs at RT, shaking
(shielded from light with aluminum foil) and washed again for 10 min at RT, shaking (shielded
from light). Samples were incubated with DAPI in 1xPBS for 5-10min at RT, shaking (shielded
from light), washed for 10 min twice, treated for 20 sec in 0.06% w/v potassium permanganate,
and washed again. The treated liver slices were then placed on a poly-lysine coated microscope
slide and VectaShield was used as the anti-fade mounting medium as above.

A Zeiss fluorescence/phase contrast microscope (Zeiss Axioscope A1 with 8-bit
AxioCam ICc1 camera) at 60X or 100X oil objective was used to take fluorescence and DIC
images for all IFAs. Zen imaging software was used to process the images.

Mosquito Feeds
Cryopreserved blood infected with Venus expressing transgenic parasites or transgenic
parasites that express GFP under the control of different stage-specific promoters was injected
intraperitoneally into starter mice and transferred as above to ensure 1000 parasites/mouse were
introduced. Centers of movement were checked daily as a measure of gametocytemia, and mice
were fed to mosquitoes on the peak day of exflagellation. Mice were anesthetized by
intraperitoneal (IP) injection of ketamine/xylazine mixture (100 mg/kg ketamine, 10 mg/kg
xylazine in sterile 1xPBS without calcium and magnesium). Starved mosquitoes (200) were
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allowed to feed on two mice per parasite construct for about 15 minutes. The mice were moved
every 5 minutes to allow for more even feeding to occur throughout the mosquito population in
the cage. Mosquito midguts were dissected seven days after the feed and analyzed for the
prevalence of infection (% of mosquitoes infected) and oocyst numbers by microscopy.
Mosquito midguts were also dissected 10 days after the feed. At this stage, the midguts were
ground and sporozoites were counted on Hausser Bright-Line Phase hemocytometer (Fisher
Scientific, Cat# 02-671-6). This was done to look for any phenotypic change, like an increase or
decrease in number of sporozoites expected at the time point. Similarly, mosquito salivary glands
were dissected and ground 14 days after the feed. Again the sporozoites were counted on a
hemocytometer to look for any phenotypic change and to count sporozoite numbers.

Immunoprecipitation and Western Blot
Parasite pellets (mixed blood stages containing asexual schizont and sexual gametocyte
stages) were crosslinked in 1% v/v formaldehyde and lysed using a combination of RIPA lysis
buffer (50 mM Tris-HCl (pH 8.0@RT), 0.1% w.v SDS, 1 mM EDTA, 150 mM NaCl, 1% v/v
NP40, 0.5% w/v sodium deoxycholate) with a 1x protease inhibitor mixture (Roche, VWR, Cat#
PI88266) and 0.5% SUPERase In (Life Technologies, Cat# AM2694)), dounce homogenization,
and sonication. The parasite pellet was resuspended in RIPA lysis buffer for 1 hour and then
dounce homogenized for 30 seconds (Tight) (VWR, Cat#62400-595). The sample was then
sonicated using five pulses 0.5 seconds at 10% amplitude. The parasite lysate was precleared
using streptavidin-coated dynabeads (Life Technologies, Cat# 65601) for 1 hour at 4C while
rotating. The flow through from the pre-cleared lysate was immunoprecipitated using a biotin
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conjugated anti-GFP antibody (Abcam, Cat# ab6658) attached to the strepatavidin-coated
dynabeads for 3 hours at 4C rotating. The beads were washed with modified RIPA wash buffer
(50 mM Tris-HCl (pH 8.0@RT), 1mM EDTA, 150 mM NaCl, 1% v/v NP40) once and then
transferred to a new tube. The beads were washed 3 more times with modified RIPA wash
buffer. The beads were then eluted using elution buffer (50 mM Tris-HCl (pH 6.8@RT), 5% w/v
SDS, 5% v/v glycerol, 0.16% w/v Bromophenol Blue, 200 mM NaCl, 5% v/v 𝛽-mercaptoethanol
added just prior to use) at 95oC for 5-10 min in 2xSB with BME. A western blot was run to
determine if the pull down was successful. A 4% stacking and a 10% resolving Sodium dodecyl
sulfate polyacrylamide gel was used for electrophoresis (SDS-PAGE). The gels were
electrophoresed at 200V for 40 minutes and then transferred to a PVDF membrane overnight at
40V at 4C. The membrane was then blocked for 2 hours with 5% w/v dried milk in 1xPBS. The
sample was then probed with a Rabbit anti-GFP primary antibody (1:1000, Invitrogen, Cat#
A11122) and then an anti-rabbit secondary antibody (1:1000, Invitrogen, Cat# A16104)
conjugated to horseradish peroxidase. SuperSignal West Pico chemiluminescent substrate
(VWR, Cat# PI34080) was used for detection on x-ray film.
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Chapter 3
Results

Venus
Venus and GFP are both valid candidates to use for fluorescent tags. GFP is generally
used more often than Venus so I wanted to test the ability to use Venus as a replacement for
GFP. Venus gives off a bright yellow color, brighter than GFP, which can make it more useful
for certain experiments. For example, Venus can mature and fluoresce better than GFP in dense
granules, which allows for better labeling12. If Venus can be used as an alternative to GFP, it
must be able to fluoresce throughout the entire life cycle under a constitutive promoter and must
be detectable by western blotting with the commonly available antibodies. To confirm this, I
have conducted both immunofluorescence and live fluorescence microscopy, as well as an
immunoprecipitation (IP) to pull down Venus from parasite lysates for detection by western
blotting. The information gained from this can be used in future experiments within the Lindner
Lab, specifically for an RNA-Tag project that utilizes a split Venus reporter to visualize and
capture repressed RNAs and the protein repressing them.
A transgenic parasite line containing Venus under the control of a constitutive promoter
(EF1alpha) was taken through the parasite’s lifecycle. To identify infected cells and confirm that
the visualization for Venus is occurring within specific parasite stages, multiple antibodies with
different stains were used as counterstains in the IFA, such as ACP (binds within the apicoplast)
and CSP (binds to an abundant surface protein on sporozoites). A crossreactive anti-GFP
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antibody was used to detect the presence of Venus. Additionally, DAPI was also used as a
counterstain, as it labels the nuclei of cells, which a majority of RBC do not have so only parasite
infected cells will fluoresce with the blue DAPI staining. The main focus for this project was to
see if Venus can be visualized at all stages under the control of a constitutive promoter.
Fluorescence from Venus was seen at every observed stage of the life cycle, blood, oocyst,
mosquito, and liver stage (Figure 3).
A western blot was run to quantify and validate the presence of Venus in asexual blood
stage (Figure 4). The Venus lane, containing mixed blood parasite lysate, has a band at 27kDa
which is the expected size of Venus (Right Lane). The other bands in the Venus lane are most
likely non-specific interactions to other mouse proteins by the rabbit anti-GFP antibody. The
controls, (1ng of GFP-GST and 0.1ng of GFP-GST) are used to roughly quantify the amount of
Venus present in the lysate and to confirm that the anti-GFP antibody is working correctly (Left
and Center Lanes)
An immunoprecipitation was run to concentrate the Venus protein in a sample and
validate its ability to be pulled down by commonly available antibodies (Figure 5). The Elution
lane, containing the concentrated sample of Venus after the pull down, validates the presence of
Venus in the pull down sample. The other bands in the Elution Lane are most likely due to nonspecific interactions of the antibodies. These upper bands are also present in the Flow Through
Lane indicating that the proteins that the antibodies are non-specifically binding to are also being
removed from the sample during the immunoprecipitation. The difference in band strengths at
27kDa between the Input Lane and the Elution Lane supports the concentration of Venus through
immunoprecipitation. The controls (10 ng, 1ng, and 0.1ng of GFP-GST) are used to confirm that
the antibody is working properly and to roughly estimate how much protein is in the sample.
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The data shows that Venus fluoresces at every stage of the parasite’s lifecycle and is able
to be pulled down using commonly available antibodies. This information will allow Venus to be
used in place of GFP in the future. I did not use Venus in place of GFP to characterize the stagespecific promoters, because I initiated the stage-specific promoter testing before my Venus
testing had finished.
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Figure 3. Fluorescence is Seen by Venus throughout the Parasite Lifecycle.
The signals are visualized (left to right) as ACP/CSP (red), Venus (yellow/green), DAPI (blue),
merged, and DIC. Asexual blood stage, oocyst live fluorescence, late mosquito stage, and liver stage all
showed fluorescence from Venus. This is seen by the green/yellow coloring in all the images in Venus
column. The confirmation that the Venus is within an infected cell is supported by the fluorescence in the
DAPI and the ACP/CSP columns.
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Figure 4. Venus is Efficiently and Abundantly Expressed in Asexual Blood Stage Parasites.
Venus, a GFP derivative, was expressed from a constitutive promoter in asexual blood stage. The
presence of the Venus protein (Right Lane) in asexual parasites was determined by western blotting of
parasite lysate using a cross-reactive anti-GFP antibody. Rough quantification and validation was done
using a serial dilution of a recombinant GFP protein as a positive control (Left and Center Lanes)

Figure 5. Venus is Efficiently Pulled Down and Concentrated using Immunoprecipitation.
Venus, a GFP derivative, was pulled down by commonly available antibodies, goat anti-GFP with
a biotin conjugate, rabbit anti-GFP, and goat anti-rabbit with a HRP conjugate. The ability of Venus to be
pulled down by commonly available antibodies was determined by immunoprecipitation of parasite
lysate. Aliquots of samples throughout the experiment validate Venus being pulled down and
concentrated. Rough quantification and validation was done using serial dilution of a recombinant GFP
protein as a positive control (Left Three Lanes).
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Stage-Specific Promoters for CRISPR/Cas9
Each promoter was successfully inserted into pCR-blunt, the intermediate vector, and
then inserted into pDEF-GFP, the final vector, through restriction digestion and ligation (Table
1). After the cloning was complete, each construct was successfully transfected into parasites,
and the recombination of the sequence into the p230p genomic locus was confirmed by
genotyping PCR (gPCR) (Figures 6-11). After the gPCR was confirmed, IFAs were run at
different stages of the parasite lifecycle, but due to time restraints not all stages of the different
transgenic parasites could be visualized by IFA.
Table 1. Stage-Specific Promoter Plasmids.
The first six plasmids listed are the plasmids with the promoters inserted into the intermediate
vector (pCR-blunt or pBS2254). The last six plasmids listed are the plasmids with the promoters inserted
into the final vector (pDEF-GFP or pSL0489). The parent vectors of each plasmid are also listed for more
clarification. The antibiotic resistance for the pCR-blunt plasmids is Kanamycin while the antibiotic
resistance for the pDEF-GFP plasmids is Ampicillin.

Plasmid name
pSL0987
pSL0983
pSL0981
pSL1008
pSL0738
pSL0988
pSL1058
pSL1020
pSL1019
pSL1082

Description
CLAG-Aprom-2254
(antisense)
DDDprom-2254
(sense)
LAP4prom- 2254
(sense)
TRAPprom-2254
(sense)
UIS4prom-2254
(sense)
LISP2prom-2254
(sense)
pDEF-CLAGAprom-GFP
pDEF-DDDpromGFP
pDEF-LAP4promGFP
pDEF-TRAPpromGFP

Parent Vectors
pBS2254, PCR
product
pBS2254, PCR
product
pBS2254, PCR
product
pBS2254, PCR
product
pBS2254, PCR
product
pBS2254, PCR
product
pSL0489, pSL0987

Antibiotic Resistance
Kan

pSL0489, pSL0983

Amp

pSL0489, pSL0981

Amp

pSL0489, pSL1008

Amp

Kan
Kan
Kan
Kan
Kan
Amp
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pSL1083
pSL1017

pDEF-UIS4promGFP
pDEF-LISP2prom GFP

pSL0489, pSL0738

Amp

pSL0489, pSL0988

Amp

Genotyping Polymerase Chain Reaction

CLAG-A Promoter
Two populations of the parasite containing the clag-a construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type parasites in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic parasites in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 1155 bp and 1298 bp respectively. Only population one contains the
expected band sizes for WT 5’, WT3’, TG 5’, and TG3’. Although very faint, a band is observed
at the correct size in the WT 3’. The 17XNL is the wild type control so the only expected band is
in the WT lanes at the correct size, as is observed. No bands should be observed in the no
template control. There should be no bands in the plasmid control lanes that contain primers
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annealing to the targeting sequence. The expected band size for the plasmid positive control is
2884 bp. Population 1 was used for further studies of the CLAG-A promoter.

Figure 6. A Transgenic Population of CLAG-A Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the CLAG-A promoter, using a
modified pDEF plasmid (pDEF-GFP). The success of the production of the transgenic parasite was
determined by genotyping PCR using the primer set indicated above. Population 1 shows the presence of
a transgenic population.
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DDD Promoter
Two populations of the parasite containing the ddd construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type parasites in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic parasites in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 1139 bp and 1298 bp respectively. Only population 1 contains the expected
band sizes for WT 5’, WT3’, TG 5’, and TG3’. The 17XNL is the wild type control so the only
expected band is in the WT lanes at the correct size, as is observed. No bands should be observed
in the no template control. There should be no bands in the plasmid control lanes that contain
primers annealing to the targeting sequence. The expected band size for the plasmid positive
control is 2884 bp. Population 1 was used for further studies of the DDD promoter.

25

Figure 7. A Transgenic Population of DDD Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the DDD promoter, using a modified
pDEF plasmid (pDEF-GFP). The success of the production of the transgenic parasite was determined by
genotyping PCR using the primer set indicated above. Population 1 shows the presence of a transgenic
population.
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LAP4 Promoter
Two populations of the parasite containing the lap4 construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type constructs in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic constructs in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 2685 bp and 1671 bp respectively. Both populations contain the expected
band sizes for WT 5’, WT3’, TG 5’, and TG3’. The 17XNL is the wild type control so the only
expected band is in the WT lanes at the correct size, although there are slight bands in the TG
lanes that is expected to be carryover from the mastermix used during the gPCR set up. No bands
should be observed in the no template control. There should be no bands in the plasmid control
lanes that contain primers annealing to the targeting sequence, although bands do appear they are
not the same size as their respective WT or TG bands. The expected band size for the plasmid
positive control is 4730 bp. Population 1 was used for further studies of the LAP4 promoter.
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Figure 8. A Transgenic Population of LAP4 Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the LAP4 promoter, using a modified
pDEF plasmid (pDEF-GFP). The success of the production of the transgenic parasite was determined by
genotyping PCR using the primer set indicated above. Both Population 1 and 2 show the presence of a
transgenic population.
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TRAP Promoter
Two populations of the parasite containing the trap construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type constructs in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic constructs in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 1305 bp and 1670 bp respectively. Both populations contain the expected
band sizes for WT 5’, WT3’, TG 5’, and TG3’. The 17XNL is the wild type control so the only
expected band is in the WT lanes at the correct size, as is observed. No bands should be observed
in the no template control. There should be no bands in the plasmid control lanes that contain
primers annealing to the targeting sequence, the bands observed are not the same size as their
respective WT and TG bands. The expected band size for the plasmid positive control is 2607
bp. Population 1 was used for further studies of the TRAP promoter.
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Figure 9. A Transgenic Population of TRAP Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the TRAP promoter, using a
modified pDEF plasmid (pDEF-GFP). The success of the production of the transgenic parasite was
determined by genotyping PCR using the primer set indicated above. Both Population 1 and 2 show the
presence of a transgenic population.
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UIS4 Promoter
Two populations of the parasite containing the uis4 construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type constructs in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic constructs in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 2571 bp and 1625 bp respectively. Both populations contain the expected
band sizes for WT 5’, WT3’, TG 5’, and TG3’. The 17XNL is the wild type control so the only
expected band is in the WT lanes at the correct size, as is observed. No bands should be observed
in the no template control. There should be no bands in the plasmid control lanes that contain
primers annealing to the targeting sequence, the bands that are observed are not the same size as
their respective WT and TG bands. The expected band size for the plasmid positive control is
3800 bp. Population 1 was used for further studies of the UIS4 promoter.
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Figure 10. A Transgenic Population of UIS4 Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the UIS4 promoter, using a modified
pDEF plasmid (pDEF-GFP). The success of the production of the transgenic parasite was determined by
genotyping PCR using the primer set indicated above. Both Population 1 and 2 show the presence of a
transgenic population.
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LISP2 Promoter
Two populations of the parasite containing the lisp2 construct were genotyped by PCR
amplifying across the regions of homology using primers outside the 5’ and 3’ targeting
sequences. The wild type (WT) 5’ and 3’ lanes detect if there are wild type constructs in the
population. The transgenic (TG) 5’ and 3’ lanes detect if there are transgenic constructs in the
population. Analyzing both the 5’ and 3’ end of the WT and TG region in the p230p genomic
locus ensures that the recombination was successful on both sides of the insert site. The TG lanes
will have bands at the correct size if the correct insert is in the p230p genomic locus. The
expected band size for the wild type locus using primers to detect the WT 5’ end is 1252 bp, and
the WT 3’ end is 1265bp. The expected band sizes for the transgenic 5’ and 3’ ends of the
targeting sequences 2216 bp and 1298 bp respectively. Both populations contain the expected
band sizes for WT 5’, WT3’, TG 5’, and TG3’. The 17XNL is the wild type control so the only
expected band is in the WT lanes at the correct size, as is observed. No bands should be observed
in the no template control. There should be no bands in the plasmid control lanes that contain
primers annealing to the targeting sequence, the bands that are observed are not the same size as
their respective WT and TG bands. The expected band size for the plasmid positive control is
2884 bp. Population 1 was used for further studies of the LISP2 promoter.
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Figure 11. A Transgenic Population of LISP2 Promoter controlling GFP Expression was
Successfully Cloned.
Recombination through double-crossover was used to insert the LISP2 promoter, using a
modified pDEF plasmid (pDEf-GFP). The success of the production of the transgenic parasite was
determined by genotyping PCR using the primer set as indicated above. Both Population 1 and 2 show the
presence of a transgenic population.
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Live Fluorescence and Immunofluorescence Assays

Each selected transgenic population was brought through the parasite’s lifecycle and
samples were collected for IFAs for visualization at each stage. The IFAs were set up the same
as described above for Venus, but the fluorescent protein used is GFP instead of Venus. I was
able to visualize live fluorescence (LF) images for every transgenic parasite at Day 7 of
mosquito stage development when they are oocysts and IFAs of sporozoites in the mosquito
(Day 10 and 14), and liver stage (24 and 48 Hours) for clag-a, ddd, and lap4 constructs (Figures
12, 13, 14). The CLAG-A promoter is thought to be specific to blood stage, so we do not expect
to see GFP fluorescence in either mosquito or liver stage. The LF image of the clag-a transgenic
parasite unexpectedly shows fluorescence in oocysts. Expression in sporozoites follows the
expected pattern with no fluorescence while we unexpectedly see GFP fluorescence in the 48
Hour liver stage. This indicates that the CLAG-A promoter is not specific to just blood stage. In
the ddd and lap4 transgenic parasites there is no GFP fluorescence in the Day 7 oocyst,
sporozoite mosquito stage or liver stage as expected. The DDD promoter and the LAP4 promoter
are thought to be specific to male and female gametocytes respectively so the lack of
fluorescence at mosquito and liver stage further supports that these two promoters are specific to
their indicated stages. The trap transgenic parasite does not show fluorescence at Day 7 oocyst
which is unexpected due to the prediction that the TRAP promoter is stage-specific to early
mosquito stage. This may indicate that the TRAP promoter turns on later in the mosquito stage, a
LF image of Day 10 oocyst should be visualized to confirm or reject that the TRAP promoter is
active during the early mosquito stage. Another unexpected result was fluorescence in the Day 7
oocyst from the uis4 transgenic parasite. The UIS4 promoter is thought to be specific to late
mosquito stage, i.e. when the parasite is in the salivary glands. These results may indicate that
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the UIS4 promoter turns on earlier in the mosquito stage than predicted. The lisp2 transgenic
parasite does not show fluorescence at the Day 7 oocyst, which is expected because it is believed
to be specific to liver stage. The clag-a, ddd, and lap4 transgenic parasites need to be assessed by
IFA throughout the blood stage, while trap, uis4, and lisp2 transgenic parasites need to be
assessed by IFA through all the stages of the lifecycle, besides Day 7 oocyst. (Table 2).
Ultimately, each transgenic parasite line should be taken through every stage of the parasite’s
lifecycle and IFAs should be performed and visualized in order to further validate or reject if
each stage-specific promoter is truly specific. The results already suggest that the CLAG-A
promoter is active at more stages than the expected limit to blood stage and that the UIS4
promoter turns on earlier in the lifecycle than predicted, while the TRAP promoter turns on later
than expected.
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Figure 12. Live Fluorescence Demonstrates Promoter Activity within the Oocyst.
Each construct was observed at Oocyst Day 7 stage under liver fluorescence. GFP was observed
(left column) and the DIC (right column) was used to confirm that an oocyst is being observed in the
field.
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Figure 13. IFAs Demonstrate clag-a, ddd, and lap4 Activity within Late Mosquito Stage.
Immunofluorescence Assays were performed on sporozoite Day 10 and Day 14 of the parasite
lifecycle. The left to right signals are visualized as CSP (red), GFP (green), DAPI (blue), and merged.
GFP fluorescence is not seen in any of the constructs. Confirmation that an infected cell is being observed
is supported by the fluorescence in the DAPI and the CSP channels.
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Figure 14. IFAs Demonstrate clag-a, ddd, and lap4 Activity within the Liver Stage.
Immunofluorescence Assays were performed on liver stage, 24 and 48 hours, of the parasite
lifecycle. The left to right signals are visualized as ACP/CSP (red), GFP (green), DAPI (blue), and
merged. GFP fluorescence is not seen in any of the constructs, except liver stage 48 hour of the clag-a
construct. Confirmation that an infected cell is being observed is supported by the fluorescence in the
DAPI and the ACP column.
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Table 2. Progress of Visualizing Each Construct at Each Stage of the Lifecycle.
The boxes with “X” in them indicate that the images of the designated constructs at the specified
stage have been visualized and are present in this thesis. For every box that is blank, an image should be
visualized to complete the data for this experiment.
Promoter
Blood Stage
Early Mosquito
Late Mosquito Stage
Liver
Stage (LF)
Stage
Ring Trophozoite Schizont Oocyst Oocyst Sporozoite Sporozoite 24H 48H
D7
D10
D10
D14
clag-a
X
X
X
X
X
ddd

X

X

X

lap4

X

X

X

trap

X

uis4

X

lisp2

X

X
X

X
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Chapter 4
Discussion
In this study I determined whether Venus can be used as a substitute for GFP, completed
the cloning and started the characterization process of the stage-specific promoters that could be
used to control CRISPR/Cas9 and create genetically attenuated parasites.
Venus is a fluorescent protein that emits a yellow-green color; we have found that it can
replace GFP for functions such as fluorescence and immunoprecipitations. Under the influence
of a constitutive promoter, eF1alpha, Venus can be visualized at all stages (blood, oocyst, late
mosquito, and liver) of the parasite lifecycle. We also find that it can be readily detected using
anti-GFP antibodies because they are related in sequence12. The results from the western blot and
immunoprecipitation show that Venus can be used in a pull down experiment with the antibodies
that are already present in our lab. This is useful information for future experiments in the
Lindner Lab, including Kevin Hart’s RNA-Tag project which relies upon a split Venus protein.
Venus will have multiple purposes in the study of Plasmodium. This includes its ability
to be split, as mentioned above. One of the ways the Lindner Lab will use the splitting ability of
Venus is as a tag. To do this, hairpins will be attached to an RNA-of-interest. The proteins that
have each half of Venus bound to them will bind to these hairpins. This way the only time Venus
will fluoresce is when the proteins are in close contact, i.e. bound to the hairpins and thus the
RNA-of-interest. By utilizing antibodies against Venus, we will be able to pulldown the RNA of
interest and any proteins that may be interacting with the RNA. These can be further
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characterized through mass spectrometry. This will allow for more specific and efficient
determination of proteins involved in the regulation of the RNA-of-interest. Although Venus
was shown to fluoresce at all stages of the lifecycle, I decided to use GFP as the fluorescent
reporter to characterize the stage-specific promoters, because then I could start that stage-specific
promoter experiments sooner.
Stage-specific promoters can be helpful in conditional knockouts and/or conditional
expression, and by using a CRISPR/Cas9 approach, they can also be used to create genetically
attenuated parasites. We picked a promoter for each stage throughout the life cycle that was
believed to be stage-specific (Figure 2). I successfully created parasites that have different stagespecific promoters influencing GFP, confirmed through gPCR. I also visualized LF images of
every transgenic parasite at Day 7 oocyst stage and IFAs at mosquito and liver stage of clag-a,
ddd, and lap4 transgenic parasites. The ddd and lap4 transgenic parasites showed no GFP
fluorescence at these stages, which is expected because they are believed to be specific to male
and female gametocytes respectively. Contrary to what we expected, the clag-a transgenic
parasites showed GFP fluorescence at liver stage in the 48 hour liver IFA. This does not support
the prediction that the CLAG-A promoter is stage-specific the blood stage, because it is also
active during the liver stage. The LF image of the trap transgenic parasites did not show
fluorescence at the expected Day 7 oocyst, which may indicate that the TRAP promoter turns on
later in the lifecycle than predicted, possibly Day 10 oocyst. The LF image of the uis4 transgenic
parasites unexpectedly showed fluorescence earlier in the lifecycle than expected, in the oocyst
stage instead of turning on later in the sporozoite stage in the salivary glands. The LF image of
the lisp2 transgenic parasites gave the expected results of no fluorescence because the LISP2
promoter is predicted to be specific to liver stage not mosquito stage. IFAs should be visualized
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at all steps for each of the promoter’s transgenic parasites in order to complete the
characterization of the stage-specific promoters and to either validate or reject the predictions of
their specificity, the data collected so far already challenges the predicted stage-specificity of
certain promoters.
Producing a vaccine for Malaria is a high priority, and targeting essential genes in the
parasite is a proven way to generate effective vaccine candidates. This work will overcome
issues in selecting the perfect gene to disrupt, and instead will use CRISPR/Cas9 to target many
essential genes in a stage-specific manner. These parasites will be able to grow and develop and
at a certain stage, the promoter will turn on causing them to cut their genome and become
genetically attenuated. Now they will only be able to grow and develop to a certain stage where
the gene that was knocked out is essential and the infection will halt, and allow the host to
develop immunity against the whole parasites 3. This project ultimately advances a promising
approach to create a malaria vaccine, and perhaps provide a framework for other pathogens.

43

Appendix
Oligonucleotides Used Throughout Cloning
Construct

CLAG-A

Description
Creation of Recombinant
Sequences
Fwd

Rev

DDD

Fwd

Rev

LAP4

Fwd

Rev

TRAP

Fwd

Rev

Oligonucleotide
sequence (5'-3')

ggctcGAGTATATCATGTTT
TTACTTGGCTTGTAAACA
AATCTTTAG
ccgctagcCATTTTTCCTAAT
TTTTAATATATATATGAT
CTTTATCTTTTTATAGCC
ggctcgaGTCTTGGTGTTTAA
TGTATTTATATGTGCATG
TTCGC
ccgctagcCATTTTTTTATCA
TTTGGATAATTAATTCTT
ATATCTATTCTGAATTTA
ATC
ggctcgaGTTAATCCCAAAC
TTTGATATGTATTTTATCT
CTCTATTACTTTATTAAG
C
ggcctaggCATAATTTTTTTT
ATTAATAAAAAATGTAAT
ACATAAATATAAAATAAT
ATTGCTTCAGTGAAGAAA
TGAC
ggctcgaGGTTAAATAGGTT
TATACTTAAAAATTGCTT
TTTAGATTTGCCC
ccactagtCATGTTTCTGTCT
ATAAGAGAAATGGGGAA
TGGG
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UIS4

LISP2

cut out of a different
plasmid using restriction
enzymes
Fwd

Rev

CLAG-A

Genotyping of Transgenic
Parasites
5'-External

5'-Internal

3'-Internal
3'-External

DDD

5'-External

5'-Internal

3'-Internal
3'-External

LAP4

5'-External

5'-Internal

ggctcgagGTTAATAACCCAT
CAACATTTTGTTGAATTG
TTTTGG
ccactagtCATTTTTTATGTGT
AAAAAAGTAAAATGATT
ATAATAAAAGTG

CTCCATCCTCATATGGTT
TAATCATACTCAAATATC
TTTTTAGTAGTTCCTC
CCTACTTTAATCATTCTA
AAGATTTGTTTACAAGCC
AAGTAAAAACATG
GTTGTCTCTTCAATGATT
CATAAATAGTTGGACTTG
GTAATTGGAATCAAATTA
GAAGGATATGAATTAGA
TCCACCAAATTG
CTCCATCCTCATATGGTT
TAATCATACTCAAATATC
TTTTTAGTAGTTCCTC
GTGCGAACATGCACATAT
AAATACATTAAACACCA
AGAC
GTTGTCTCTTCAATGATT
CATAAATAGTTGGACTTG
GTAATTGGAATCAAATTA
GAAGGATATGAATTAGA
TCCACCAAATTG
CTCCATCCTCATATGGTT
TAATCATACTCAAATATC
TTTTTAGTAGTTCCTC
CCGTATGTTGCATCACCT
TCACCCTCTCCACTGACA
G
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3'-Internal

3'-External

TRAP

5'-External

5'-Internal

3'-Internal

3'-External

UIS4

5'-External

5'-Internal

3'-Internal

3'-External

LISP2

5'-External

5'-Internal

3'-Internal

CCAGGAGGAGAAAGGCA
TTAAGTACAAATTTGAAG
TATATGAGAAG
GTAATTGGAATCAAATTA
GAAGGATATGAATTAGA
TCCACCAAATTG
CTCCATCCTCATATGGTT
TAATCATACTCAAATATC
TTTTTAGTAGTTCCTC
GGAGAAAAGAGAAAAAT
CGTATACATATACATATA
TACTCATAAATAACATCC
CCAGGAGGAGAAA
GGCATTAAGTACAAATTT
GAAGTATATGAGAAG
GTAATTGGAATCA
AATTAGAAGGATATGAA
TTAGATCCACCAAATTG
CTCCATCCTCATAT
GGTTTAATCATACTCAAA
TATCTTTTTAGTAGTTCCT
C
CATCACCATCTAATTCAA
CAAGAATTGGGACAACT
CCAGTGAAAAGTTCTTCT
CCTTTAC
CCAGGAGGAGAAAGGCA
TTAAGTACAAATTTGAAG
TATATGAGAAG
GTAATTGGAATCAAATTA
GAAGGATATGAATTAGA
TCCACCAAATTG
CTCCATCCTCATATGGTT
TAATCATACTCAAATATC
TTTTTAGTAGTTCCTC
CTGCATATTGAATAATCG
TATCGTTATTCGCTTTATT
TTAACTATATTGTACAAG
C
GTTGTCTCTTCAATGATT
CATAAATAGTTGGACTTG
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3'-External

GTAATTGGAATCAAATTA
GAAGGATATGAATTAGA
TCCACCAAATTG
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