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SUMMARY

Apicomplexan parasites are leading causes of human and livestock diseases—Ilike malaria and
toxoplasmosis—yYet most of their genes remain uncharacterized. Here, we present the first
genome-wide genetic screen of an apicomplexan. We adapted CRISPR/Cas9 to assess the
contribution of each gene from the human parasite 7oxoplasma gondii during infection of
fibroblasts. Our analysis defines ~200 previously uncharacterized, fitness-conferring genes unique
to the phylum, from which 16 were investigated, revealing essential functions during infection of
human cells. Secondary screens identify as an invasion factor the claudin-like apicomplexan
microneme protein (CLAMP), which resembles mammalian tight-junction proteins and localizes
to secretory organelles, making it critical to the initiation of infection. CLAMP is present
throughout sequenced apicomplexan genomes, and is essential during the asexual stages of the
malaria parasite Plasmodium falciparum. These results provide broad-based functional
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information on 7. gondii genes and will facilitate future approaches to expand the horizon of
antiparasitic interventions.

Keywords
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INTRODUCTION

Apicomplexans comprise a phylum of over 5,000 obligate parasites whose hosts span the
animal kingdom (Levine, 1988). Several species are leading causes of infant mortality, such
as Plasmodiumand Cryptosporidium spp., which cause malaria and severe diarrhea,
respectively (Checkley et al., 2015; World Health Organization, 2014). Toxoplasma gondiii,
predicted to establish life-long infections in a quarter of the world’s population, can cause
life-threatening disease in immune-compromised individuals or when contracted
congenitally (Pappas et al., 2009). Despite their importance to global health, apicomplexans
remain enigmatic. Only a handful of species have been studied and fewer than half of their
genes have been functionally annotated. The ease with which 7. gondii can be cultured,
along with the genetic tractability that comes with its balanced nucleotide composition and
high transfection rates, present compelling arguments for using this parasite as a model
apicomplexan. Scalable methods to assess gene function in 7. gondii could therefore greatly
extend our understanding of apicomplexan biology.

Genetic crosses have long been used to identify loci responsible for phenotypes ranging
from drug resistance in Plasmodium falciparum (Wellems et al., 1991), to virulence in 7.
gondii (Saeij et al., 2006; Taylor et al., 2006). However, completing the sexual cycles of 7.
gondii or Plasmodium spp. in cats or mosquitoes is challenging, and the traits examined
must vary within the species. Spontaneous mutations, or those induced chemically or by
transposition, can sample a wider range of phenotypes (Crabb et al., 2011; Farrell et al.,
2014; Flannery et al., 2013), but the population size required to achieve saturation is
impractical and causal mutations are often difficult to identify.

Gene deletion collections, such as those available for fungi (Winzeler et al., 1999), can aid
functional analysis of eukaryotic genomes. With this aim, large-scale efforts have generated
collections of knockout vectors for 2 falciparum (Maier et al., 2008) and Plasmodium
berghei (Gomes et al., 2015), which have led to the functional annotation of dozens of genes
in both species. However, similar approaches have not been adapted to 7. gondii, despite the
advantage of both high transfection rates and a continuous culture system. The recent
adaptation of CRISPR/Cas9 has further enhanced the genetic tractability of 7. gondii (Shen
et al., 2014; Sidik et al., 2014). This technology has the advantage of being easily
reprogrammable by changing the 20 bp of homology between the single guide RNA
(sgyRNA, or guide) and the genomic target (reviewed in; Sander and Joung, 2014). The
endogenously high rates of non-homologous end-joining (NHEJ) in 7. gondii make it well
suited to CRISPR-mediated gene disruption by efficiently creating frame-shift mutations and
insertions at the cleavage site (Sidik et al., 2014).
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Several studies have developed CRISPR/Cas9-based genome-wide genetic screens for
mammalian cells (Koike-Yusa et al., 2014; Shalem et al., 2014; Wang et al., 2014). These
screens use lentiviral libraries of SgRNAS to generate pools of mutants that can be exposed
to selective pressures. The integrated sgRNAS can be used as barcodes to measure the
contribution of targeted genes to cell fitness. Despite the lack of viral transduction, we
adapted CRISPR/Cas9 for pooled screening in 7. gondii. \We present the first genome-wide
genetic screen performed in any apicomplexan. We demonstrate the power of this approach
using both positive and negative selection strategies. This approach provides the first
complete survey of contributions to parasite fitness, cataloguing the ~40% of genes needed
during infection of human fibroblasts. Based on this analysis, we were able to pinpoint
previously uncharacterized conserved apicomplexan proteins necessary for the 7. gondii
lytic cycle. We demonstrate that one of these proteins acts as an essential invasion factor, and
is also required by the malaria parasite 2 falciparumto complete its asexual replication
cycle. This protein is conserved throughout the phylum, providing an important molecular
link to the invasion process of distantly related apicomplexans. Our analysis demonstrates
the potential of genetic screens in 7. gondii to uncover conserved biological processes, and
provides a transformative tool for parasitology.

Constitutive Cas9 Expression Maximizes Gene Disruption in T. gondii

Highly efficient gene disruption and stable integration of the SgRNA are necessary to
develop large-scale CRISPR screens. Transient expression of SpCas9 and an sgRNA in 7.
gondii can disrupt a targeted gene in ~20% of parasites (Sidik et al., 2014). We reasoned that
constitutive Cas9 expression, prior to introducing the sgRNA, might increase the likelihood
of gene disruption. We transfected parasites with a Cas9-expression plasmid carrying a
chloramphenicol acetyltransferase (CAT) selectable marker (pCas9/CAT; Figure 1A).
However, repeated attempts failed to isolate Cas9-expressing parasites, suggesting that Cas9
expression is detrimental to 7. gondii, as has been suggested for other microorganisms (Jiang
etal., 2014; Peng et al., 2015). We hypothesized that expression of a “decoy” sgRNA
(pCas9/decoy; Figure 1A) could prevent toxicity that might arise from unintended Cas9
activity directed by endogenous RNAs. For this purpose, we used an sgRNA that appeared
non-functional against the 3" untranslated region of NHE1. Co-transfection of pCas9/CAT
and pCas9/decoy readily yielded Cas9-expressing parasites, confirmed by immunoblotting
(Figure 1B) and immunofluorescence (Figure 1C). As predicted, the Cas9-expressing strain
retained the decoy locus (Figure 1D), reinforcing its requirement for constitutive Cas9
expression.

We assessed the efficiency of gene disruption in the Cas9-expressing strain by expressing an
SgRNA against the surface antigen SAGI. Pyrimethamine treatment of the population
selected for stable integration of the sgRNA expression vector (pU6-DHFR), which carries
the resistant allele of dihydrofolate reductase (DHFR; Figure 1E). SAG1 provides a reliable
measure of gene disruption because it is dispensable, yet stably maintained in cultured
parasites (Kim and Boothroyd, 1995). Three days after transfection with the sgRNA
construct, 70% of Cas9-expressing parasites had lost SAG1 expression. Pyrimethamine
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selection further improved SAG1 disruption to 97% over the same time period (Figure 1F).
The high efficiency of CRISPR-mediated gene disruption in Cas9-expressing parasites
provided the platform for large-scale genetic screens in 7. gondii.

A Genome-Scale Genetic Screen Identifies Genes Involved in Drug Sensitivity

We designed a library of sgRNAs containing ten guides against each of the 8,158 predicted
7. gondii protein-coding genes using previously described criteria (Wang et al., 2014). The
library was cloned into the SgRNA expression vector (Figure 1E). 40% of the parasites that
survived transfection integrated the vector into their genomes (data not shown). We could
therefore measure the relative abundance of each integrated sgRNA by next-generation
sequencing. Since the frequency of a given sgRNA corresponds to the relative abundance of
parasites carrying the targeted disruption, the change in relative abundance from the
composition of the plasmid library before transfection indicates the enrichment or depletion
of a given mutant. We defined the average log, fold-change in abundance for sgRNAs
targeting a given gene as the “phenotype” score for that gene (Figure 2A). To determine
whether we could maintain diversity over time, we transfected the library into both wild-
type and Cas9-expressing parasites and sampled the populations after each of three lytic
cycles (Figure 2B, left). The representation of guides against all genes remained stable over
the course of the experiment in the absence of Cas9. In contrast, sgRNAs against specific
genes were lost from the Cas9-expressing population (Figure 2C), indicating that a diverse
set of mutants had been generated.

To investigate the compatibility of our screen with positive-selection strategies, we treated
pools of mutants with 5-fluorodeoxyuridine (FUDR), which is toxic to parasites through its
incorporation into pyrimidine pools. Three lytic cycles after transfection with the library, we
split the Cas9-expressing parasites into cultures with or without FUDR (Figure 2B, right).
As expected, FUDR-treated cultures recovered slowly, and untreated cultures were passaged
2-3 times over the same period. Measuring the sgRNAs in the two populations revealed that
FUDR strongly selected against uracil phosphoribosyltransferase (UPRT) activity, observed
as an increased abundance of sgRNAs against UPRT and the highly reproducible phenotype
score for the gene (Figure 2D & E). Since loss of UPRT—a component of the pyrimidine
salvage pathway—is known to confer FUDR resistance (Donald and Roos, 1995), this
experiment demonstrates the power of this approach to rapidly and efficiently identify
positively selected mutants from a 7. gondji population.

A Genome-Scale Genetic Screen Identifies Fitness-Conferring Genes in T. gondii

Loss of sgRNAs from a population of mutants can serve to identify genes that contribute to
cellular fitness (Wang et al., 2015). In the context of our 7. gondii screen, the changes in
SgRNA representation observed after the third lytic cycle provided a convenient measure of
a gene’s contribution to fitness. This time point resembled the gene rankings of later cycles
(Figure 2F) while minimizing the chance of stochastic guide loss. We calculated the mean
phenotype score for each parasite gene from four biological replicates of the screen. Genes
that contribute to parasite fitness, represented by negative scores, were distributed
throughout the genome and did not segregate by gene length or position on the chromosome
(Figure 3A). Gene set enrichment analysis (GSEA) (Croken et al., 2014; Subramanian et al.,
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2005) showed that genes predicted to be essential, like those encoding ribosomal and
proteasomal constituents, were enriched in low phenotype scores (Figure 3B). Genes that
encode components of the apicoplast—a plastid common to most apicomplexans—showed a
similar enrichment, in accordance with the essential metabolic functions performed by this
organelle (Seeber and Soldati-Favre, 2010). In contrast, specialized secretory organelles like
the micronemes, dense granules, and rhoptries had fewer genes with low phenotype scores,
possibly reflecting functional redundancy or dispensability in cell culture (Figure 3C).

We analyzed the screen results for 81 genes previously reported to be either dispensable or
essential for 7. gondii growth in human fibroblasts (Table S1). The two groups of genes
were clearly segregated on the basis of their phenotype scores (o= 6.7 x 10716, with lower
scores for the essential genes (Figure 3D). The most prominent outlier was RAB4, which
appeared to be essential based on overexpression of a dominant-negative allele (Kremer et
al., 2013). However, we readily obtained RAB4 knockouts that grew normally (Figure S1),
demonstrating its dispensability in cell culture. We therefore excluded RAB4 and, for
consistency, other genes classified by overexpression experiments from subsequent analyses.
To predict which genes might contribute to parasite fitness, we compared the phenotype
score and distribution of sgRNAs for each gene to the values of 40 known dispensable
genes. Using ten-fold cross validation on the set of control genes, we estimate this method
can classify genes with >95% accuracy. Based on these results, we expect approximately
40% of 7. gondii genes significantly contribute to parasite fitness under the conditions
tested.

To further classify the fitness-conferring genes, we compared our predictions to other
measures of gene function. Genes that are not expressed during the examined developmental
stage are more likely to appear dispensable. Accordingly, only 6.9% of the fitness-conferring
genes were found in the lowest quartile of expression, in contrast to 38.6% of genes
predicted to be dispensable (Figure 3E). Genes under purifying selection are also more
likely to be essential (Jordan et al., 2002). Low ratios of non-synonymous to synonymous
mutation rates (dn/ds) are consistent with purifying selection. Comparison of syntenic genes
between related species or other 7. gondii strains revealed the expected enrichment for low
phenotype scores among genes with low dy/ds values (Figure 3F and Figure S2). As an
extension of the same principle, genes found in a greater proportion of eukaryotic genomes
are more likely to be essential. To test this prediction, we assessed the depth of conservation
of 7. gondii genes using ortholog groupings of 79 eukaryotic genomes available through
OrthoMCL DB (Chen et al., 2006). The distribution of phenotype scores within each
category followed the predicted trend, which correlated depth of conservation with
contribution to fitness and functional annotation (Figure 3G). The strong agreement of our
results with published observations and expected trends allows us to confidently predict
which genes will contribute to parasite fitness.

Functional Characterization of Fitness-Conferring Genes Conserved in Apicomplexans

We focused our efforts on the ~200 fitness-conferring genes that lacked functional
annotation and were only present in apicomplexans, which we called indispensable
conserved apicomplexan proteins (ICAPs). We examined the subcellular localization of 28
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ICAPs using CRISPR-mediated endogenous tagging to introduce a C-terminal Ty epitope
into each targeted gene (Figure 4A). Three days post transfection, ~60% of the populations
displayed Ty expression in 5-20% of parasite vacuoles (Figure 4B—C). Several proteins
displayed characteristic structures including secretory vesicles like the micronemes (ICAPs
1 & 12), organelles like the mitochondrion (ICAPs 2, 3, 6, 8, 9, 11, 14 & 15), and
compartments like the nucleolus (ICAP7) and conoid (ICAP16) (Figure 4C). Overlap with a
known marker of the mitochondrion (Macrae et al., 2012) confirmed the localization of the
putative mitochondrial ICAPS (Figure 4D). Both micronemal proteins co-localized with the
microneme markers MIC8 (Kessler et al., 2008) and PLP1 (Kafsack et al., 2009) (Figure
4E). ICAP1 was shown to be essential for regulated exocytosis during the preparation of this
work (Bullen et al., 2016), confirming our predictions regarding its importance and
localization.

To assist the functional characterization of ICAPs, we engineered parasites that stably
expressed both Cas9 and a nuclear YFP marker (H2B-YFP) (Hu et al., 2004) for
fluorescence microscopy. This strain exhibited a high rate of sgRNA-mediated gene
disruption, comparable to the strain used in the screen (Figure S3). As controls, we selected
several genes known to be either indispensable (MYOA & CDPKI) or dispensable (SAG,
PLP1, & MYQOC), and five uncharacterized genes predicted to be dispensable by the screen
(controls 1-5, Figure 5A). Examining populations of parasites three days after transfection
with guides against selected controls showed high rates of on-target mutations (Figure 5B)
and significant loss of the target proteins (Figure 5C). Therefore, we can study the effect of a
given sgRNA without isolating clonal populations, allowing us to analyze a large set of
candidate genes in arrayed, secondary screens.

As an initial measure of gene function, we analyzed plaque formation immediately after
transfection with each specific SgRNA construct. Plaques are formed as infection originating
from single parasites spreads to adjacent cells clearing a portion of the monolayer, thereby
reflecting parasite viability and competency over several lytic cycles. This resulted in
reproducible plague numbers for all sgRNASs against genes known or predicted to be
dispensable (Figure 5D-E). In contrast, sSgRNAs against known essential proteins and most
of the ICAPs led to formation of small or significantly fewer plaques (Figure 5D-E). These
experiments confirm our screen’s results and identify several previously uncharacterized
genes predicted to be essential for the 7. gondii lytic cycle.

Invasion of host cells is a central feature of the apicomplexan life cycle. To identify
unknown components of the invasion machinery, we investigated the role of ICAPs in this
process. The effect of each sgRNA was measured three days post transfection relative to the
disruption of PLP1, which is known to be dispensable for invasion (Kafsack et al., 2009)
(Figure 5F). MYOA and CDPK1 served as positive controls based on their documented
phenotypes (Lourido et al., 2010; Meissner, 2002). A quarter of the genes tested appeared to
impact parasite invasion (Figure 5F). Although this assay could be affected by defects in
extracellular survival, slow protein turnover, or sgRNA efficiency, it provides a rapid means
to identify candidate invasion factors. ICAP12 had the strongest effect on invasion, which, in
light of its micronemal localization, motivated a more detailed characterization.
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ICAP12 Is an Invasion Factor Conserved Throughout the Apicomplexa

ICAP12 orthologs were present in all available apicomplexan genomes and their alignment
recapitulated the known relationship between the species (Figure 6A). Topology prediction
supports a model with four transmembrane domains and cytoplasmic N and C termini
(Figure 6B). The transmembrane domains and extracellular loops are more conserved than
the C-terminal proline-rich domains (Figure S4). No related sequences could be identified
outside the Apicomplexa. However, hidden Markov model-based searches suggest structural
similarity between ICAP12 and the mammalian tight-junction proteins Claudin-15 and
Claudin-19. Based on these features and its localization we named ICAP12 “claudin-like
apicomplexan microneme protein” (CLAMP).

We tagged the endogenous CLAMP locus with mNeonGreen to study its localization /n
vivo. The fusion protein concentrated at the apical end of parasites, consistent with
micronemal localization (Figure 6C). Micronemes are secreted in response to increased
cytosolic Ca2*, which mediates parasite motility, egress and invasion of host cells
(Carruthers et al., 1999). We monitored CLAMP localization following stimulation with the
Ca?* ionophore A23187, and observed increased apical fluorescence prior to egress (Figure
6C-D & Movie S1). Following incubation with host cells, formation of CLAMP foci could
be detected at the posterior of most parasites (Figure S5A). We also observed active
formation of such foci during invasion (arrowheads, Figure 6E, & Movie S2). This
relocalization of CLAMP is similar to what has been observed for other membrane-tethered
micronemal proteins (Carruthers and Sibley, 1999; Garcia-Reguet et al., 2000).

To directly examine CLAMP function, we used a conditional gene-silencing method
(Pieperhoff et al., 2015). In a strain expressing a rapamycin-dimerizable version of the Cre
recombinase (DiCre), we modified the endogenous CLAMP locus to include a C-terminal
HA-tag and a floxed 3" UTR followed by four U1-binding sequences (DiCre/CLAMP,
Figure 6F). Rapamycin treatment triggers excision of the 3" UTR, and U1-mediated mRNA
degradation. The strain also carries a reporter that switches expression of KillerRed for YFP
upon Cre activation. A two-hour rapamycin treatment during initial infection efficiently
down-regulated CLAMP expression (green), as measured by immunofluorescence 24 hours
later (Figure 6G) or by immunoblot two days later (Figure 6H). To determine the impact of
CLAMP on the lytic cycle, we examined plaque formation following treatment with
rapamycin. The treatment did not affect the parental strain (DiCre, Figure 61). However,
CLAMP silencing blocked plaque formation, and the few plaques remaining likely represent
the 5-10% of parasites that do not undergo recombination (DiCre/CLAMP, Figure 61).

To determine the precise defect associated with CLAMP loss, we examined several stages of
the lytic cycle. We tested whether CLAMP down-regulation might affect microneme
secretion, which can be experimentally triggered by ethanol treatment (Carruthers et al.,
1999). Rapid shedding of micronemal adhesins from the parasite surface allows
quantification of secretion by measuring protein accumulation in the supernatant.
Comparing the relative abundance of secreted MIC2—a micronemal adhesin—demonstrates
that CLAMP silencing has no effect on microneme secretion (Figure 6J). We also observed
normal motility and egress when intracellular parasites were treated with A23187 (Figure
6K) or the phosphodiesterase inhibitor zaprinast (Movie S3). Following stimulated egress,
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parasites frequently reinvade adjacent host cells. However, CLAMP silencing rendered
reinvasion attempts unsuccessful (Movie S4). These events were characterized by repetitive
parasite thrusting motion and deformation. To directly measure this defect, CLAMP was
silenced during the growth cycle prior to the assaying invasion. Knockdown of CLAMP had
a profound effect on invasion, reducing the number of intracellular parasites by 80% (Figure
6L). These results implicate CLAMP in the cellular events immediately preceding invasion
of host cells.

CLAMP is Essential During the Asexual Cycle of Malaria

To test whether the essentiality of CLAMP extends to other apicomplexans, we constructed
a conditional knockdown (cKD) of its ortholog in P, falciparum. \We tagged the endogenous
locus of PICLAMP with a FLAG epitope tag and ten tandem aptamer sequences, which bind
the Tet Repressor protein (TetR) when transcribed (Ganesan et al., 2016). TetR is expressed
as a fusion with the translational repressor (DOZI) in the same strain, which suppresses
expression of the aptamer-tagged transcript unless anhydrotetracycline (aTc) is added to the
media (Figure 6M). We confirmed correct integration of the construct into the PICLAMP
locus by sequencing (Figure S5B—C). To test the effect of CLAMP repression on the asexual
cycle of A falciparum, we passaged the parasites into cultures that either contained or lacked
aTc. The different conditions had no effect on the growth of the parental strain (Figure 6N,
left). In contrast, withdrawal of aTc from the PICLAMP cKD led to a rapid and complete
block in the asexual cycle (Figure 6N, right). These results demonstrate the essentiality of
CLAMP in a second apicomplexan species.

DISCUSSION

We present the first genome-wide functional analysis of an apicomplexan. Using CRISPR/
Cas9, we targeted all annotated protein-coding genes in the 7. gondii genome to generate
mutant populations for screens based on positive or negative selection. This method enabled
rapid identification of genes that mediate infection of human fibroblasts, or confer drug
sensitivity. Our results agree with published observations, follow expected genomic trends,
and provide new robust predictions that identify several essential proteins conserved
throughout the phylum. We also demonstrate that this method can easily identify mutants
resistant to the antiparasitic compound FUDR. For such special cases where gene disruption
can mediate resistance, our method will facilitate the identification of drug-resistance
pathways, and provide a complementary approach to mapping spontaneous resistance
mutations (Flannery et al., 2013).

Essential apicomplexan adaptations represent ideal targets for therapeutic or prophylactic
interventions. However, genes involved in such pathways are difficult to identify. Based on
results from our genome-wide screen, we characterized 17 indispensable conserved
apicomplexan proteins (ICAPSs). Individually disrupted, most ICAPSs could be shown to
independently contribute to growth in fibroblasts. None of the ICAPs have defined domains
or resemble proteins outside the phylum, yet most of them localized to distinct subcellular
structures, assuming no detrimental effect of epitope tagging on localization. Of the eight
that localized to the mitochondrion, only ICAP3 and ICAP14 have predicted signal peptides
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that might have suggested their compartmentalization. Nonetheless, the preponderance of
mitochondrial ICAPs and their conservation in several branches of the Apicomplexa,
suggests that this organelle might serve as a focal point for functions conserved across the
phylum, in addition to the currently appreciated genus-specific modifications (Seeber et al.,
2008). Two other ICAPs localized to apical secretory vesicles called micronemes, which are
more typically associated with specific apicomplexan adaptations. During the preparation of
this manuscript, the first, ICAP1 (APH), was shown to be required for microneme secretion
(Bullen et al., 2016). The second one, ICAP12, was critically important for invasion, as
demonstrated by our secondary screens and subsequent analysis. These data argue for an in-
depth examination of other ICAPs, which will likely reveal essential processes conserved
among apicomplexans.

We renamed ICAP12 CLAMP to reflect its subcellular localization and structural similarity
to mammalian claudins. Conditional silencing demonstrated that CLAMP is specifically
required during invasion of host cells, and did not affect microneme secretion or dependent
processes. CLAMP is thereby distinct from factors that participate in both gliding motility
and invasion (Bargieri et al., 2014). Instead CLAMP resembles factors involved in the
formation of the tight junction—or moving junction—through which parasites enter host
cells. Knockdown of the micronemal protein MIC8 resembles CLAMP disruption by
blocking secretion of the rhoptry neck proteins that anchor the micronemal adhesin AMA1
to the host cell membrane (Kessler et al., 2008). Video microscopy showed CLAMP-
deficient parasites repeatedly pushing against the host-cell membrane while failing to initiate
invasion, much like £ falciparum parasites unable to form a moving-junction (Treeck et al.,
2009). Apposition of the parasite and host-cell membrane is a hallmark of apicomplexan
parasitism, mediating discharge of rhoptry contents into host cells and complete or partial
invasion (Bargieri et al., 2014). Despite the similarities, previously identified invasion
factors are not completely conserved throughout the phylum: MICS8 is restricted to the
coccidia; and AMAL and RON2, which are central components of the moving junction, are
absent from early-branching apicomplexans (EupathDB). In contrast, CLAMP homologs are
found in all sequenced apicomplexan genomes including early-branching members like
cryptosporidians and gregarines. Consistent with its conservation, the ortholog of CLAMP
in A, falciparum could be readily identified, and its knockdown leads to a complete inhibition
of the asexual cycle, although further work will be necessary to define its precise function.
These results argue for a pivotal role of CLAMP in all members of the phylum. Its structural
resemblance to mammalian claudins suggests the physical involvement of CLAMP in tight-
junction formation during invasion. Claudins are known to engage in homotypic and
heterotypic interactions, as well as the formation of paracellular channels that restrict the
flow of ions across the tight junction (Krause et al., 2008). Whether CLAMP participates in
similar processes remains speculative, but its study might shed light into one of the most
conserved features of apicomplexan parasitism.

By screening for genes that confer parasite fitness during growth in human fibroblasts, we
provide a baseline for gene function under arguably permissive conditions. Future screens
will need to define the genes required during other life stages, in different hosts, under
varying nutrient conditions, and in response to immune pressures. The potential to obscure
or exacerbate deleterious mutations in pooled screens due to competition with wild-type
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parasites should be mentioned here. However, this screening format has the advantage of
simultaneously determining the fate of hundreds of independently generated mutants for a
given gene. As such, they are less influenced by rare compensatory mutations that can
confound interpretation of outcomes when using clonal strains (Lamarque et al., 2014; Ma et
al., 2008). Studies in yeast have revealed that adaptations can overcome the need for ~9% of
genes previously considered essential (Liu et al., 2015). These issues argue for a nuanced
view of gene essentiality. Although our experiments demonstrate the strong predictive value
of this method, careful follow-up experiments are necessary to fully explore the role of
individual genes.

Genome-wide functional analyses have transformed the study of many organisms. We
demonstrate the power of this approach to identify genes that contribute to 7. gondii fitness
during infection of human fibroblasts. Although important adaptations distinguish different
parasite genera, this method provides a unique tool to model conserved apicomplexan
processes in 7. gondii, and its success is demonstrated by the identification of a previously
uncharacterized protein essential for the malaria parasite £ falciparum. Coupled with the
diverse tools available for genetic and chemical manipulation of 7. gondii, the genome-wide
screens will provide a framework for the systematic examination of genetic interactions. The
unconstrained study of apicomplexan genomes will help us understand their unique biology
and broaden the scope of interventions to control these widespread parasitic infections.

Methods and Resources

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the
corresponding author Sebastian Lourido (lourido@wi.mit.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

T. gondiitachyzoites from the strain RH and derived strains were maintained at 37°C with
5% CO, growing in human foreskin fibroblasts (HFFs) cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and
10 pg/ml gentamicin. When appropriate, chloramphenicol was used at 40 uM and
pyrimethamine at 3 uM (1.5 uM for plaque assays).

P, falciparum parasites of the strain NF543tB (kindly provided by David Fidock) and the
derived strain were grown in human erythrocytes (Research Blood Components) at 5%
haematocrit under 5% O, and 5% CO» in RPMI 1640 media supplemented with 5 mg/ml
Albumax Il (Life Technologies), 2 mg/ml NaHCO3, 25 mM HEPES pH 7.4, 1 mM
hypoxanthine and 50 pg/ml gentamicin.

METHOD DETAILS

Plasmid Design and Construction—To construct pCas9/CAT, the chloramphenicol
acetyltransferase (CAT) gene, under the 7UBI promoter and SAGZ3’ UTR (Soldati and
Boothroyd, 1993), was amplified using primers P1 and P2 (see Table S2 for a complete list
of primers and oligonucleotides), and ligated into the Pcil and Xbal sites of pU6-Universal
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(Addgene, #52694). To generate pCas9/decoy, oligonucleotides P3 and P4 were hybridized
and cloned into the Bsal sites of pU6-Universal. H2B-YFP (Hu et al., 2004) was excised
with Nsil and Notl, and used to replace Cas9 in pCas9/decoy by ligating the fragment into
the same restriction sites to generate pH2B-YFP/decoy.

The plasmid for SgRNA expression was constructed by amplifying the pyrimethamine-
resistance cassette (Donald and Roos, 1993) with primers P5 and P8, and cloning it into the
Nsil and Sbfl sites of pU6-Universal. Three Bsal sites in DHFR were eliminated using the
QuikChange multi-site directed mutagenesis kit (Agilent Technologies) with primers P7, P8,
and P9 resulting in the plasmid pU6-DHFR. The SAG1 protospacer, encoded by primers
P10 and P11, was cloned into pU6-DHFR as described above for the decoy protospacer.
Guides for gene disruption (P14-P63) and ICAP tagging (P80-P114) were synthesized for
Gibson Assembly (New England Biolabs) into pU6-DHFR or pU6-Universal, respectively.
Such guides and their reverse complements were hybridized, and Gibson cloned into their
respective vectors linearized with Bsal. Guides to knock out RAB4 were similarly generated
by cloning sgRNAs against the 5° (P160 and P161) and 3" (P162 and P163) ends of the
coding sequence into pU6-Universal.

For C-terminal HA-FLAG epitope tagging and U1 mediated knockdown, a 3" flank of the
CLAMP gene, upstream of the stop codon, was amplified by PCR with primers P149 and
P150 and inserted into pLIC-HA-FLAG-(3"UTRsag1-pPDHFR-
HXGPRT-5"UTRpHrR)flox-4XU1 (Pieperhoff et al., 2015) by ligation-independent cloning
(Huynh and Carruthers, 2009) to generate pCLAMP-U1.

The plasmid for conditional knockdown of CLAMP in £ falciparum was generated by
amplifying the 5" and 3’ homology regions from the CLAMP locus using primers P152—
P155. P155 included an sgRNA targeting the 3" end of the CLAMP locus, placed under the
regulation of the T7 promoter in the final construct. The fragments were cloned by Gibson
assembly into the plasmid containing the aptamers, and the Renilla luciferase-blasticidin
deaminase fusion separated from the TetR-DOZI fusion by a T2A self-cleaving peptide, to
generate pPICLAMP-cKD/TetR-DOZI (Ganesan et al., 2016).

Library Design and Construction—Ten guides were designed against each gene in the
14 annotated chromosomes of the 7. gondii GT1 genome (release 28, ToxoDB.org),
according to published guidelines (Wang et al., 2014). Briefly, selection of sgRNAs was
weighted based on targeting of exons, number of potential off-target sequences, and overlap
between sgRNAs for a given gene. A ‘G’ was prepended to any sgRNAs that did not start
with one to ensure proper RNA polymerase Il initiation. Guides against DHFR and
HXGPRT were removed from the library to preclude interference with drug-resistance
markers. The guide library was synthesized by CustomArray Inc., and includes guides
flanked by sequences for Gibson Assembly into pU6-DHFR. The sgRNA library was
amplified using primers P12 and P13, and Gibson cloned into pU6-DHFR linearized with
Bsal. Assembled constructs were transformed into Mega-X DH10B electrocompetent
Escherichia coli (Life Technologies), allowed to recover for 1 h, and grown overnight with
100 pg/ml ampicillin, prior to large-scale plasmid isolation (Macherey Nagel) or frozen
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storage. Cloning and electroporation efficiencies were monitored to ensure proper library
coverage.

T. gondii Strain Generation—All transfections were performed as described previously
with a square-wave electroporator (Sidik et al., 2014). RH/Cas9 and RH/Cas9/H2B-YFP
were generated by co-transfecting RH with 50 pg each of pCas9/CAT and pCas9/decoy, or
pH2B-YFP/decoy and pCas9/CAT, respectively. Stable transgenic strains were selected with
40 uM chloramphenicol. Single clones were isolated by limiting dilution and screened for
the presence of Cas9 using immunofluorescence and immunoblotting against the triple-
FLAG tag. The decoy protospacer was amplified by PCR from RH/Cas9 genomic DNA
using primers P64 and P65, and confirmed by sequencing.

To generate the RAB4 knockout, the pyrimethamine-resistance cassette was amplified from
pU6-DHFR with primers P164 and P165 to contain homology regions to replace the entire
open reading frame. The amplicon was cotransfected along with two pU6-Universal
plasmids carrying guides against the 5" and 3" end of the coding sequence into RH/AKUS0
parasites (Huynh and Carruthers, 2009). Stable transformants were selected for with
pyrimethamine and clones were isolated by limiting dilution. Correct integration of the
pyrimethamine-resistance cassette into the RAB4 locus was confirmed using P166 and P169
to amplify the 5" junction, and P167 and P168 to amplify 3" junction. Deletion of the
RAB4 locus was assessed using P170 and P171 to amplify a portion of the open reading
frame. Fitness of the RAB4 knockout was determined by plaque assay, as described below.

To generate the CLAMP conditional knockdown (DiCre/CLAMP), 25 ug of pCLAMP-U1
were linearized with Mfel for efficient homologous recombination and transfected into
DiCre/Aku80 KillerRedy,x- YFP (DiCre) (Pieperhoff et al., 2015). Following selection with
25 pg/ml mycophenolic acid and 50 pg/ml xanthine, individual clones were obtained by
limiting dilution.

Pooled CRISPR Screens—For each biological replicate, 400 pg of the sgRNA library
were linearized with Asel, dialyzed against water, and transfected into approximately 4 x
108 RH or RH/Cas9 parasites divided between 8 separate cuvettes. Transfections were used
to infect 8 T-175 flasks with confluent HFF monolayers, and pyrimethamine was added 24
hours later. The parasites were allowed to egress naturally from host cells two days after
infection, isolated by filtration, and 1.5 x 108 parasites were passaged onto 8 T-175 flasks
with fresh monolayers. The remaining parasites (~107) were pelleted and stored at ~80°C for
analysis. This process was repeated again 5 days and 7 days post-transfection. For the drug-
resistance screens, 5 uM 5-fluorodeoxyuridine (FUDR; Sigma) was added to 1.2 x 107
parasites collected on day 7 post transfection, and parasites were cultured until their first
lysis. Untreated mutant pools were maintained in parallel for the duration of FUDR
selection. Parasite DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) and
integrated sgRNA constructs were amplified using a nested PCR with primers P74 and P75
followed by P76 and P77. The resulting libraries were sequenced on a HiSeq 2500
(IMlumina) with single-end reads using primers P150 and P151.
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RT-PCR—RAB4 expression was assessed in both the parental and ARAB4 strains by RT-
PCR. Total RNA was prepared from isolated parasites using the RNeasy Plus Kit (Qiagen).
The ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs) was used to
prepare cDNA, and reverse transcriptase (RT) was excluded from the control reactions. PCR
was performed on the cDNA samples with primers specific for RAB4 (P174 and P175) or
the ACT1 control (P172 and P173).

Functional Analysis of ICAPs and Controls—1.25 x 107 RH/Cas9 or RH/Cas9/H2B-
YFP parasites were transfected with 50-100 g of pU6-DHFR containing guides against
different ICAPs or controls. If aiming for integration, plasmids were linearized with Asel
and dialyzed against water prior to transfection. Transfected parasites were seeded on HFFs
at a multiplicity of infection of 10, and pyrimethamine was added 24 hours after
transfection. Parasites transected with sgSAG1 were allowed to egress from host cells two
days after transfection, and used to infect host cells seeded on coverslips. SAG1 loss was
quantified by immunofluorescence 24 hours after infecting coverslips, which was equivalent
to three days after transfection.

To screen for ICAPSs that participate in invasion, parasites were released from host cells 24
hours after transfection by passage through a 27.5-gauge needle, and used to infect fresh
monolayers, thus extending the time allowed for protein depletion. To test invasion, freshly
lysed parasites were suspended in invasion media (DMEM supplemented with 1% FBS, 20
mM HEPES, pH 7.4). 2 x 10° parasites per well were added to confluent HFF monolayers
grown in 96-well plates and centrifuged at 290 x g for 5 minutes. Invasion was allowed to
proceed for 10 minutes at 37°C, before the monolayers were fixed in 4% formaldehyde for
20 minutes on ice. Extracellular parasites were stained using mouse-anti-SAG1 (Burg et al.,
1988) conjugated to Alexa-Fluor-594 (Life Technologies), and host cell nuclei were stained
using Hoechst (Santa Cruz). Images were acquired using a Cytation 3 imager (BioTek), and
analyzed using custom FI1JI (Schindelin et al., 2012) macros to count the number of parasites
and host-cell nuclei.

ICAP Tagging—CRISPR-mediated C-terminal Ty tagging was performed as previously
described (Sidik et al., 2014). 30 ug of a repair oligonucleotide containing an in-frame Ty
epitope (Bastin et al., 1996) flanked by homology regions to the C terminus of each gene
(P115-P148) were co-transfected with 100 ug of pU6-Universal carrying the appropriate
sgRNA into TATiI/AKUSO0 parasites (Sheiner et al., 2011). Transfected parasites were
cultured until their first lysis and used to infect confluent HFF monolayers grown on
coverslips. Localization of the Ty-tagged ICAPs was determined 24 post infection by
immunofluorescence microscopy.

C-terminal tagging of CLAMP with mNeonGreen, was accomplished by amplifying the
fluorescent protein coding sequence with primers P78 and P79 from a template plasmid
(kindly provided by Ke Hu). 30 pg of the resulting product were co-transfected into TATi/
AKUB80 parasites along with 100 ug of pU6-Universal carrying an sgRNA against the C-
terminal sequence of the endogenous CLAMP locus. Fluorescent parasites were isolated by
FACS two days post transfection, and cloned by limiting dilution. Correct integration of
mNeonGreen into the CLAMP locus was confirmed by sequencing.
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CLAMP Phylogeny and Topology Predictions—CLAMP homologs were readily
identified by BLAST searches against all sequenced apicomplexan genomes
(EupathDB.org). Sequences were curated for Babesiaand Theileria spp. to correct errors in
the gene models. Alignment was performed using ClustalW (Larkin et al., 2007) and the
phylogenetic tree was generated by neighbor-joining excluding positions with gaps.
Bootstrap values were calculated for 10,000 trials. A hidden Markov model-based search
was performed for the alignment using HHpred (Meier and Séding, 2015). Significant
structural similarity was found between CLAMP and Claudin-19 (p= 4.1 x 1079),
Claudin-15 (p= 7.3 x 1079), and the voltage-gated calcium channel y subunit 15 (p =
10719), which all belong to the same tetraspan family (Simske, 2013). Structural similarity
between CLAMP and Claudin-19 (95% confidence) was also found using Phyre2 (Kelley et
al., 2015). Topology prediction was performed against several representative orthologs with
CCTOP (Dobson et al., 2015) and in all cases arrived at the same prediction of four
transmembrane domains with cytoplasmic N and C termini (Figure S4).

CLAMP Conditional Knockdown—DiCre/CLAMP parasites were treated with 50 nM
rapamycin or vehicle control for 2 hours, then cultured for 48 hours before phenotypic
analysis by immunoblot, plaque formation, MIC2 secretion, or invasion assay.

Immunofluorescence Microscopy and Immunoblotting—Mouse monoclonal
antibodies were used to detect SAG1 (clone DG52; Burg et al., 1988), TUBL (clone 12G10,
Developmental Studies Hybridoma Bank at the University of lowa), MIC2 (clone 6D10;
Achbarou et al., 1991), Ty-tagged proteins (clone BB2; Bastin et al., 1996), FLAG-tagged
proteins (clone M2; Sigma-Aldrich), and HA-tagged proteins (clone 16B12; BioLegend).
CDPK1 was detected using the alpaca-derived nanobody 1B7 (Ingram et al., 2015). Rabbit
polyclonal sera were used to detect MyoA (Frénal et al., 2014), PLP1 (Kafsack et al., 2009)
and ACT1 (Dobrowolski et al., 1997).

Prior to immunoblotting, DiCre and DiCre/CLAMP parasites were suspended in lysis buffer
(137 mM NacCl, 10 mM MgCly, 1% Triton X-100, Halt protease inhibitors [Thermo Fisher],
20 mM HEPES pH 7.5). An equal volume of 2X Laemmli buffer (4% SDS, 20% glycerol,
5% B-mercaptoethanol, 0.02% bromophenol blue, 120 mM Tris-HCI pH 6.8) was added,
and the samples were heated to 37°C for 10 minutes prior to separation of proteins by SDS-
PAGE. After transferring separated proteins to nitrocellulose, the membrane was incubated
in stripping buffer (100 mM B-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-
HCI, pH 6.8) for 15 minutes at 50°C, then washed twice in TBS-T (20 mM Tris-HCI, 138
mM NacCl, 0.1% Tween-20, pH 7.5). Samples for all other blots were prepared similarly, but
boiled 10 minutes prior to separation by SDS-PAGE, and membranes were not incubated in
stripping buffer. p-mercaptoethanol was not included when probing for SAG1.

Intracellular parasites were fixed with either methanol at 4°C for 2 min, or 4% formaldehyde
for 10 minutes. Staining was performed with the antibodies described above and detected
with Alexa-Fluor-labeled secondary antibodies. Formaldehyde-fixed samples were
permeablized with 0.25% Triton X-100 in PBS for 8 minutes. Nuclei were stained with
Hoechst (Santa Cruz) or DAPI (Life Technologies) and coverslips were mounted in Prolong
Diamond (Thermo Fisher). Images were acquired using an Eclipse Ti epifluorescence
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microscope (Nikon) using the NIS elements imaging software. FIJI was used for image
analysis, and Adobe Photoshop for image processing.

Surveyor Assays—Pools of mutant parasites were suspended in PBS containing 200
ug/ml Proteinase K (Sigma-Aldrich) and 1X Taq PCR Buffer (Sigma-Aldrich) and heated to
37°C for 1 hour, 50°C for 2 hours, and 95°C for 15 min. Mutated regions were then
amplified using primers for the SAGZ locus (P66 and P67), the MyoA locus (P68 and P69),
the PLPI locus (P70 and P71) or the CDPKI locus (P72 and P73). Surveyor reactions were
performed using a kit according to the manufacturer’s instructions (Integrated DNA
Technologies).

Plaque Formation—4 x 108 RH/Cas9/H2B-YFP parasites were transfected with 50 pg of
pU6-DHFR encoding guides against ICAPs or controls. 2,000 transfected parasites were
added to HFF monolayers in 6-well plates. 1.5 uM pyrimethamine was added one day post-
transfection. Ten days post transfection, the monolayers were rinsed with PBS, fixed in 95%
ethanol for 10 minutes and stained with crystal violet (2% crystal violet, 0.8% ammonium
oxalate, 20% ethanol) for 5 minutes. 500 parasites per well were used to analyze the effect
of CLAMP or RAB4 on plaque formation over the course of 8 days.

Microneme Secretion—Microneme secretion assays were performed as previously
described (Lourido et al., 2012). 2 x 107 DiCre or DiCre/CLAMP parasites were suspended
in DMEM, then treated with 3% FBS with or without 1% ethanol for 10 minutes at 37°C,
5% CO». Supernatants were collected by centrifugation 10 minutes at 400 g, 4°C. Proteins
were separated by SDS-PAGE, and secreted MIC2 was quantified and normalized to MIC2
levels in total lysates measured by immunablotting.

Egress Assays—4 x 10° DiCre or DiCre/CLAMP parasites were treated with 50 nM
rapamycin or vehicle upon infection of HFF monolayers in 96-well plates. Rapamycin was
removed after two hours, and parasites were allowed to grow for 24-30 hours. Egress was
induced with 1 yM A23187 (EMD Millipore) for 10 minutes. Knockdown parasites in the
rapamycin-treated samples were identified by expression of the YFP reporter. The number
of intact vacuoles before or after the induction of egress was quantified. Only YFP-
expressing vacuoles were counted for the rapamycin-treated samples.

Invasion Assays—DiCre and DiCre/CLAMP parasites were suspended in invasion media
and 5 x 10° parasites were added per well of a 24-well plate containing HFF monolayers
seeded on coverslips. Invasion was allowed to proceed at 37°C with 5% CO, for 20 minutes.
HFF cells and parasites were fixed with 4% formaldehyde for 20 minutes on ice.
Extracellular parasites were stained with Pacific Blue-conjugated anti-SAG1 prior to
permeabilization, and all parasites were stained with Alexa-Fluor-594-conjugated anti-SAG1
after permeabilization with 0.25% Triton. The average number of host cells per field of view
was obtained from coverslips prepared and processed in parallel and stained with Hoechst.
The number of invaded parasites per fields were manually counted and normalized to the
number of host cells in the same area. CLAMP-mNeonGreen parasites were prepared
similarly and allowed to invade for 30 minutes before being fixed with 4% formaldehyde for
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20 minutes on ice. Extracellular parasites were stained with Alexa-Fluor-594-conjugated
anti-SAG1.

Video Microscopy—To capture egress, DiCre or DiCre/CLAMP parasites were prepared
as described for the egress assays in glass-bottom 35 mm dishes (MatTek Corp.). Parasites
were stimulated to egress with 1 pM A23187 or 500 pM zaprinast, and recorded at 2-5
frames per second for ten minutes, using an Eclipse Ti microscope (Nikon) with an
enclosure heated to 37°C. The same setup was used to capture invasion, with the exception
that freshly lysed parasites were added directly to monolayers under observation.

P. falciparum Strain Generation and Analysis—The P, falcjparum NF5438 strain
(kindly provided by David Fidock) was modified to generate a strain NF54Cas9+T7 Polymerase
which contained Cas9 and T7 RNA polymerase expression cassettes integrated into the attB
site. Linearized pPICLAMP-cKD/TetR-DOZI was transfected into NF54Cas9+T7 Polymerase,
50 ug of plasmid were used per 200 pl packed red blood cells (RBCs), adjusted to 50%
haematocrit, and electroporated as previously described (Ganesan et al., 2016). Transfected
parasites were selected with a combination of 2.5 ug/ml Blasticidin S and 2.5 nM WR99210
beginning 4 days after transfection. The PICLAMP cKD strain was maintained in 0.5 uM
anhydrotetracycline (aTc). Correct integration of the construct was confirmed by PCR and
sequencing using primer pairs P156/P157 and P158/P159.

To analyze P, falciparum growth upon CLAMP down regulation, parasites were
synchronized to rings using 0.5 M alanine in 10 mM HEPES (pH 7.4), adjusted to 1%
parasitemia, and seeded in triplicate wells of a 12-well plate at 2% hematocrit in 5 ml of
media with or without aTc. The parental and PICLAMP cKD strains were treated in parallel.
Expansion was measured over six lytic cycles. Samples were collected after each cycle to
measure parasitemia by incubating the cells with a 1:5000 dilution of SYBR Green |
(Thermo Fisher) for 15 minutes at 37 °C, prior to flow-cytometry on an Accuri C6
instrument (BD Biosciences). Following the analysis, all cultures were subcultured using the
same dilution factor, as required to maintain the pre-invasion parasitemia of the parental
lines at 1%, and avoid over-expansion of the cultures. After subculturing, the pre-invasion
parasitemia was directly measured as indicated above. Parasite growth was expressed as
percent parasitemia at the start and end of each lytic cycle.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic Analysis of the Screening Results—Sequencing reads were aligned
to the sgRNA library. The abundance of each sgRNA was calculated and normalized to the
total number of aligned reads. Guides that were not found were assigned a pseudo-count
corresponding to 90% of the lowest value in that sample. Only guides whose abundance was
above the 51 percentile in the original plasmid preparation of the sgRNA library were taken
into account for subsequent analyses. For FUDR selection experiments, the log, fold-change
between treated and untreated samples was calculated for each sgRNA, whereas negative
selection experiments used the plasmid preparation for comparison. The “phenotype” score
for each gene was calculated as the mean log, fold change for the top five scoring guides,
which minimized the effect of stochastic losses and decreased the error between biological
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replicates. The mean phenotype score for each gene in four replicates of the screen is
reported. Fitness-conferring genes were identified by comparison to 40 control genes known
to be dispensable for parasite growth in fibroblast (see Table S1). For a given gene, the four
biological replicates were compared to the mean phenotype of the controls using a one-sided
ttest, and the log, fold changes for the sgRNAs against that gene were compared to the
SgRNAs against the controls using a one-sided Mann-Whitney Utest. The p values for each
test were corrected using the Benjamini-Hochberg method. Genes were considered fitness-
conferring if they met a significance threshold of 0.05 for both tests. Ten-fold cross-
validation was performed using the set of previously described essential and dispensable
genes (Table S1). In each trial, the test sample was compared using the statistical tests
described to the control genes in the training set. The cross-validation was performed 100
times to estimate the error rate.

Gene-set enrichment analysis was performed as previously described (Subramanian et al.,
2005), using gene sets specifically curated for 7. gondii (Croken et al., 2014). Gene
expression data (kindly provided by David S. Roos and Maria Alejandra Diaz-Miranda,
available through ToxoDB) consisted of RNA samples collected at several time points
following infection with 7. gondii strain GT1 tachyzoites, and analyzed by RNAseq. The
maximum log,(RPKM + 1) was used for the analysis and compared to the mean phenotype
score for each gene. To compare the phenotype scores with the rate of evolution, syntenic
orthologs that did not display copy number variation were obtained from ToxoDB release 26
for 7. gondii GT1, Neospora caninum Liverpool, and Hammondia hammondi HH34. dy/dg
ratios were determined as previously described (Lorenzi et al., 2016). Briefly, average dy/dg
values were calculated according to Goldman Yang (Goldman and Yang, 1994), following
alignment of cDNA sequences based on their protein sequence by ClustalW (Larkin et al.,
2007). The distribution of phenotype scores in the top and bottom third of the dy/dg
distribution were compared by a Komolgorov-Smirnov test. Depth of conservation of 7.
gondii genes was estimated using ortholog groupings of 79 eukaryotic genomes available
through OrthoMCL DB release 5 (Chen et al., 2006). Assignment to the different levels of
conservation was performed by asking whether an ortholog was present in at least one of the
genomes from a neighboring branch. For simplicity, genes that did not conform to a simple
assignment were excluded from this analysis (Other) and specific losses in either
haematozoa (piroplasmida and Plasmodium spp.) or cryptosporidia were allowed when
assigning a gene to the apicomplexan category.

Statistical Testing—The ratio of plaquing efficiency following mutation of each ICAP
relative to SAG1 mutation was compared to a mean of 1 using one-tailed #tests, and the
resulting p values were corrected using the Benjamini-Hochberg method. Based on the small
sample size, mutants with a corrected p value lower than 0.1 were considered significant.
ICAP mutant invasion efficiency was analyzed similarly using PLP1as the control. The
effects of inducing CLAMP knockdown on invasion, egress, and MIC2 secretion were
analyzed in Prism (Graphpad) using two-tailed ¢tests with a p value of 0.05 or lower
indicating significance. Where appropriate, statistical parameters including the exact value
of n, the definition of center, dispersion and precision measures and statistical significance
are reported in the figures and corresponding legends.
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DATA AND SOFTWARE AVAILABILITY

Software—Guide selection and screen analysis were performed using custom software that
will be provided upon request. Statistical analyses were performed in R (www.R-project.org)
using built-in packages unless otherwise indicated.

Data Resources—All data from the CRISPR screens is available in Table S3, and will be
integrated into an upcoming release of ToxoDB (ToxoDB.org).

Additional Resources—Plasmids used to construct RH/Cas9 as well as pU6-DHFR and
pUB[sgSAG1]-DHFR and the genome-wide sgRNA library are available through Addgene
and have been assigned the following ID numbers: 80329 (pU6-DHFR), 80324 (pCas9/
decoy), 80323 (pCas9/CAT), 80322 (pU6[sgSAG1]-DHFR), and 806363 (genome-wide
library).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of Cas9 Maximizes Gene-Disruption in T. gondii
(A) Constructs used to constitutively express Cas9 in 7. gondii. The sequence of the decoy

sgRNA is highlighted (blue), followed by the Cas9-binding scaffold (orange).

(B) Immunoblot showing expression of FLAG-tagged Cas9 (green) in the strain
constitutively expressing the transgene. ACT1 serves as a loading control (red).

(C) Cas9 localizes to the parasite nucleus. ACT1 provides a counterstain and DAPI stains for
host-cell and parasite nuclei. Scale bar = 10 um.

(D) Chromatogram showing the presence of the decoy in the Cas9-expressing strain.
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(E) The sgRNA expression construct with the pyrimethamine-resistance selectable marker
(DHFR). The targeting sequence of the SAGI sgRNA is highlighted. The timeline indicates
the period of pyrimethamine (pyr) selection (if applied), passaging to new host cells (P1),
and the immunofluorescence assay (IFA).

(F) Representative micrographs showing intracellular parasites 3 days post transfection.
Parasites were stained for SAG1 (green), and ACT1 (red). Host-cell and parasite nuclei were
stained with DAPI (blue). Scale bar = 60 pm. The efficiency of SAGI disruption in WT and
Cas9-expressing parasites was measured following different treatments. Mean + SD for n=
2 independent experiments, ** p < 0.005.
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Figure 2. Using Pooled Screens to Identify genes responsible for drug sensitivity
(A) Schematic depiction of the pooled CRISPR screen. Cas9-expressing parasites are

transfected with the sgRNA library and grown in human fibroblasts (HFFs). At various time-
points, sgRNAs are amplified and enumerated by sequencing to determine relative
abundance and phenotype scores for individual genes.

(B) Time-line for the generation of mutant populations and subsequent selection in the
presence or absence of FUDR. Times at which parasites were passaged (P) are indicated.
(C) Heat-map showing the phenotype score of genes at different time-points following
transfection of the library into wild-type (wt) or Cas9-expressing parasites.

(D) Relative abundance of sgRNAs following growth of the population in the presence or
absence of FUDR. Mean logp(normalized abundance) for each sgRNA in three independent
experiments; sgRNAs against UPRT (blue).

(E) Phenotype score calculated for each gene comparing growth + FUDR. Mean + SEM for
n= 3 independent experiments; UPRT (blue).

(F) Comparison of phenotypic scores in untreated samples after three (P3) or six (P6)
passages. Pearson’s correlation coefficient (7) is shown.
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Figure 3. A Genome-Scale Screen Measures the Contribution of Each Parasite Gene to Fitness in
Human Fibroblasts

(A) Diagram of 7. gondii chromosomes with genes colored according to phenotype.

(B-C) Significantly enriched (B) or depleted (C) gene sets identified by GSEA. Genes
belonging to each category (gray) are plotted according to their rank in the screen, relative to
the maximum enrichment score (red) and zero phenotype (green). Phenotype scores for a
given set were compared to the entire set by a Komolgorov-Smirnov test (FDR corrected) to
calculate the pvalues.

(D) T. gondii genes rank-ordered based on their phenotype. Genes previously reported are
highlighted, indicating whether they are dispensable (yellow), or indispensable as inferred
from overexpression (blue) or another method (red). Dotted line represents the median
phenotype score for the dispensable genes. Mean + SEM for /7= 4 independent experiments.
(E) Correlation of phenotype scores to gene expression based on maximum RPKM values.
The distribution of phenotypes in each expression quartile are plotted in the violin graph.
Bars indicate the group median.

(F) Analysis of selective pressure for 5,897 syntenic genes found in all three coccidian
genomes (7g, T. gondii; Nc, N. caninum, Hh, H. hammondi). Histogram shows the
distribution of dn/dg values, highlighting the top and bottom third. Genes binned according
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to dn/ds show higher phenotype scores for genes under purifying selection (orange). Bars
indicate the group median. The distributions were compared using a Kolmogorov-Smirnov
test.

(G) Correlation between phenotype scores and depth of conservation. The phylogenetic
relationship between 7. gondii and the other genomes used in the analysis is illustrated by
the dendrogram, with number of genomes in each taxon indicated. The proportion of 7.
gondii genes and, within this, the proportion that are functionally annotated, are shown for
each category. The distribution of phenotype scores for each category is plotted. Bars
indicate the group median.

See also Figures S1 and S2, and Tables S1, S2 and S3.
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Figure 4. Subcellular Localization of Indispensable Conserved Apicomplexan Proteins
(A) CRISPR was used to introduce a C-terminal Ty tag into the endogenous locus of

individual genes through homologous recombination (HR) following the indicated timeline.
(B) List of successfully tagged indispensable conserved apicomplexan proteins (ICAPS),
numbered according to their phenotype scores from lowest (ICAP1) to highest (ICAP17).
(C) Three days after transfection, intracellular parasites were fixed and stained for Ty
(green), ACT1 (red), and DAPI (blue). * denotes fixation in methanol instead of
formaldehyde. Scale bar = 10 um. The diagram illustrates the relative position of various
organelles within the parasite.

(D-E) Colocalization ICAPs (green) with a mitochondrial marker (MYS; red) (D), or
micronemal proteins (MIC8 or PLP1; red) (E). Nuclei stained with DAPI (blue) are shown
in the merged image. Scale bar = 10 um.

See also Table S2.
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Figure 5. Functional Characterization of Indispensable Conserved Apicomplexan Proteins
(A) Position of analyzed genes within the phenotypic ranking of all 7. gondii genes. Known

indispensable (red) or dispensable (yellow) genes used as controls are indicated. The ICAPs
(blue) and uncharacterized genes predicted to be dispensable (green) are numbered in
ascending order according to their rank.

(B-C) Gene disruption observed at a population level three days after transfection with
various control constructs. Disruption of the target locus is observed by Surveyor assay
comparing, for each locus, the specific SJRNA to an irrelevant sgRNA against the
dispensable gene MYOC (B). Loss of the target proteins (red) is observed in samples treated
with the targeting SgRNA but not the control, while the loading controls (green) remain
unchanged (C).

(D-E) Plaque assays performed immediately following transfection with sgRNAs targeting
ICAPs or control genes (D). The number of plaques observed for disruption of each gene
relative to the sgRNA against SAGI (E). Mean £ SEM for n= 2 independent experiments, *
FDR-adjusted p < 0.1 relative to the control.

(F) Secondary screen for genes involved in invasion. The period of intracellular growth prior
to phenotypic changes was extended by forced release and passaging the day after
transfection. Invasion was assayed after the subsequent lysis, and calculated relative to PLPI
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disruption. Mean £ SEM for n= 2 independent experiments, * FDR-adjusted p < 0.1 relative
to the control. Representative immunofluorescence images are shown.
See also Figure S3, and Table S2.
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Figulre 6. CLAMP Mediates T. gondii Invasion and is Essential for the P. falciparum Asexual
Cycle

(A)\/) Neighbor-joining tree showing the phylogenetic relationships of CLAMPhomologs in
diverse apicomplexans. Bootstrap values for 10,000 trials are displayed. (B) Inferred
topology of CLAMP highlighting transmembrane domains (orange) and the proline-rich
domain (green). See also Figure S4.

(C-E) CLAMP-mNeonGreen localization during egress and invasion. Intracellular parasites
expressing CLAMP-mNeonGreen were stimulated to egress with A23187 (C). Relative
fluorescence across the length of each parasite (dotted line) is plotted for the four time-
points shown. Lines are polynomial regressions + 95% CI (D). The localization was also
monitored during invasion (E). The position of the moving junction is indicated with paired
open arrows. Solid arrowhead indicates a punctum of mNeonGreen at the posterior of the
parasite appearing immediately after invasion. Time is expressed in min:sec following
addition of the compound (C-D) or initiation of invasion (E). Scale bar = 10 ym.

(F) Diagram of the DiCre/CLAMP strain showing how after rapamycin (rapa) treatment the
reporter locus switches from expressing KillerRed to expressing YFP, and CLAMP mRNA
degradation is induced.
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(G-H) A 2 hour treatment with rapa is sufficient to induce CLAMP degradation as
demonstrated by immunofluorescence microscopy 24 hours later (G) or immunoblotting two
days later (H). The parental strain (DiCre) is included as a control.

(I-L) The DiCre/CLAMP strain or its parental stain (DiCre) were treated as above. Parasites
were harvested and phenotypically assayed for plaque formation (I), microneme secretion
(J), egress (K) or invasion (L). Secretion was measured as the percent of total MIC2 present
in the parasites (J). Egress was induced with A23187 and compared to a vehicle control
(DMSO) over the same period (K). All results are means + SEM for 7= 3 independent
experiments, ** p < 0.005 relative to the untreated DiCre strain.

(M) Diagram of the PICLAMP cKD showing how removing aTc allows the TetR-DOZI
regulator to bind and suppress expression.

(N) Growth curves of the parental strain (left) or the cKD (right) + aTc. Means + SD for n=
3 technical replicates. See also Figure S5D for an independent replicate.

See also Figures S4 and S5, and Movies S1, S2, S3, and S4.
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