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Abstract

Apicomplexans, such as Plasmodium and Toxoplasma are obligate intracellular para-
sites that invade, replicate and finally EXIT their host cell. During replication within a
parasitophorous vacuole (PV), the parasites establish an extensive F-actin-containing
network that connects individual parasites and is required for material exchange, re-
cycling and the final steps of daughter cell assembly. After multiple rounds of replica-
tion, the parasites exit the host cell involving multiple signalling cascades, disassembly
of the network, secretion of microneme proteins and activation of the acto-myosin
motor. Blocking the host cell EXIT process leads to the formation of large PVs, making
the screening for genes involved in exiting the cell relatively straightforward. Given
that apicomplexans are highly diverse from other eukaryotes, approximately 30%
of all genes are annotated as hypothetical, some apicomplexan-specific factors are
likely to be critical during EXIT. This motivated several labs to design and perform
forward genetic and phenotypic screens using various approaches, such as random
insertion mutagenesis, temperature-sensitive mutants and, more recently, CRISPR/
Cas9-mediated targeted editing and conditional mutagenesis. Here we will provide
an overview of the technological developments over recent years and the most suc-

cessful stories that led to the identification of new critical factors in Toxoplasma gondii.
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1 | EXIT SCREENS IN APICOMPLEXANS

As with all technologies, the strategies used for a genetic screen
are tied to the available methods established in a model organ-
ism at the respective time (Figure 1). There are many uncertain-
ties, and usually high risks involved, when new technologies are
developed or adapted to a model system and in general follow
the so-called ‘Gartner hype cycle model’ that traces the evolu-
tion of technological innovations as they pass through successive

stages, from awareness about the technology, peak of inflated

expectations, trough of disillusionment back to a plateau of pro-
ductivity (Dedehayir & Steinert, 2016). A good example is siRNA-
based technologies, the former gold standard for phenotypic
screening technologies, which has recently been overtaken by
CRISPR/cas9. With the advancement of the CRISPR/Cas9 tech-
nology in Toxoplasma gondii (Sidik et al., 2016), the possibilities for
forward genetic screens seem manifold, but it is worth keeping
the basic strategies and pitfalls encountered in earlier screens
in mind. While it is now relatively straightforward to perform

genome-wide screens, results need to be validated by sometimes
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FIGURE 1 Time course of technology development for the screen of egress factors in Toxoplasma gondii.

time-consuming downstream assays. In fact, most screens that are
currently performed are ‘drop out’ screens which allow the iden-
tification of fitness-conferring genes under certain conditions,
meaning these mutants are lost in the resulting pool of mutants
but the reason behind it needs to be investigated further.

Furthermore, it is important to consider ‘older’ approaches,
which will still be useful for many research questions and may
lead to promising and consistent results more efficient than some
of the ‘hyped’ technologies. Therefore, the advantages and disad-
vantages of each technology need to be well considered (Jimenez-
Ruiz et al., 2014), before embarking on sometimes time-consuming
screens. Both, the available technologies for the generation of mu-
tants, the biological question (i.e. phenotype) and the readout for
the detection of the mutation need to be well-defined.

Over the years, many screens for the identification of egress
factors have been performed, especially in T. gondii, where genetic
modifications can be easily introduced and in vitro assays allow the
relatively easy detection of mutants. Each screen needs to be seen
in the context of our understanding of the biological question and
the technology available at that time. Early attempts focused on the
observation that host cell egress by T. gondii can be induced by the
carboxylic Calcium-ionophore A23187 that rises intracellular Cal-
cium levels (Endo et al., 1982). Exploiting this phenomenon, chemical
mutagenesis was used to screen for mutants resistant to A23187
(Black et al., 2000). While at this time powerful technologies, such
as genome-wide sequencing were unavailable for the identification
of the corresponding mutations in the genome, three distinct classes
of egress mutants were identified that behaved differently upon in-
duction of egress and suggested that a parasite-dependent activity
causes infected host cells to be permeabilised just prior to egress.

With the development of affordable, whole genome sequencing
methods, whole genome profiling of chemically induced mutations
became feasible (Farrell et al., 2012) and independent screens based
on chemical mutagenesis allowed the identification of CDPK3 as a

regulator of Calcium dependent egress (Garrison et al., 2012) and a
suppressor of Ca>*-dependent egress (SCE1) (McCoy et al., 2017).
With the advent of random insertional mutagenesis (Donald &
Roos, 1995) a powerful technology was established allowing the rela-
tively straightforward generation of a signature tagged mutant library
for forward genetic screens (Knoll et al., 2001). Since the mutagen-
ised locus is tagged with a known DNA sequence, identification of
the mutagenised gene does not require whole genome profiling and
can be achieved by genomic PCR. This strategy allowed the screen-
ing for non-lethal phenotypes, such as parasite virulence in vivo
(Frankel et al., 2007), differentiation (Knoll & Boothroyd, 1998; Ma-
trajt et al., 2002) and to some extent egress. Using the same selec-
tion scheme as for the chemical mutagenesis screen mentioned above
(Black et al., 2000), random insertional mutagenesis was used to iden-
tify a previously undescribed Toxoplasma Na*/H* exchanger (TgNHE1)
that appears to play a role in Calcium homeostasis of the parasite and
thus influences Cal-induced egress (Arrizabalaga et al., 2004).
However, while these strategies allowed the identification of
some genes critically involved in (Calcium-induced) egress, given
that most genes required in this critical process of the life cycle
are essential, especially since egress factors are often also critical
for host cell invasion, many interesting mutants cannot be isolated,
since parasites will not survive the initial selection procedure (Cole-
man & Gubbels, 2012). Therefore, several groups attempted to use
conditional systems in combination with genetic screens that allow
the identification of essential genes using phenotypic/microscopy-

based screening approaches.

2 | CONDITIONAL SYSTEMS ADAPTED
FOR PHENOTYPIC SCREENS

Two common strategies to isolate mutants in a genetic screen

based on their phenotype are replica plating and the resistance
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selection method. While the latter is usually less work intense, in
the case of T. gondii it usually only allows an enrichment of mu-
tants with a potential phenotype. For the screening of egress
mutants, besides the selection of Cal-resistant mutants, some
delicate selection protocols have been established and used with
some success. For example, a double selection protocol has been
established that is based on the induced egress and the efficient
separation of intracellular from extracellular parasites. Attach-
ment and fast reinvasion of egressed parasites are prevented by
the addition of glycans, whereas PDTC is included to specifically
kill the egressed, extracellular parasites. Using this method, it is
possible to enrich strong egress mutants ~1000-fold over a wild
type population (Coleman & Gubbels, 2012; Eidell et al., 2010).
One disadvantages of these protocols is the serious manipulation
of parasites signalling cascades to trigger egress, such as activa-
tion of Ca-signalling by Cal. Therefore, factors regulating natural
egress are unlikely to be identified using this strategy.

The alternative are screens that combine replica plating and au-
tomated microscopy to directly identify mutants blocked or delayed
in natural egress. However, these strategies are more time con-
suming compared to selection-based screens and requires the use
of conditional systems or generation of a temperature sensitive (ts)
library upon chemical mutagenesis. In the latter case a huge effort
has been undertaken to generate a library of ts mutants that allowed
screening for multiple phenotypes, such as regulators of the cell
cycle or egress (Gubbels et al., 2008). While in the initial study, a ro-
bust complementation strategy using a cosmid library has been used
to identify several ts mutations, in a milestone study, the Gubbels lab
directly used genomic profiling to identify a crucial exocytosis fac-
tor, Doc2 that is required for microneme secretion and consequently
for host cell invasion and egress (Farrell et al., 2012).

The Gubbels lab also devised a different strategy based on con-
ditional, tetracycline dependent gene activation—that interestingly
has been established in Toxoplasma with the help of signature tagged
mutagenesis itself (Meissner et al., 2002). Here random integration
of the conditional Tet-transactivator promoter was predicted to in-
tegrate upstream of essential genes and thus placing them under di-
rect control of the Tet-system (Jammallo et al., 2011). This approach
resulted in the identification essential genes, such as TAF250. How-
ever, the technology appears to be prone to the generation of arte-
facts and has not been further developed since its first publication
(Jammallo et al., 2011).

Another strategy based on conditional overexpression has
been successfully employed for the characterisation and functional
screening of Rab-GTPases (Kremer et al., 2013). Here cDNAs en-
coding for Rab-GTPases have been put under control of a strong
promoter and fused to the protein degradation system (ddFKBP;
Herm-Gotz et al., 2007), allowing for strong overexpression/pro-
tein stabilisation in presence of the inducer Shield-1. This focused
screen resulted in the initial characterisation of the whole Rab-
GTPase repertoire of Toxoplasma (Kremer et al., 2013) and could
in principle be upgraded for overexpression screens, targeting all
non-secretory proteins of the parasite, including for EXIT mutants.

However, it would require the generation of a complete cDNA-
library cloned under control of the inducible system, which turned
out to be a cumbersome, expensive and (at that time) unrealistic ap-
proach. Furthermore, when performing overexpression screens, one
needs to consider that they are prone to artefacts and the resulting,
sometimes impressive phenotypes might not correspond to the re-
spective gene function (Meissner, unpublished). The further devel-
opment and optimisation of many of these screens was not followed
up, since the era of CRISPR/Cas9 opened up whole new venues for

forward genetic screens in this parasite.

3 | CRISPR/CAS9 SCREENS IN
TOXOPLASMA

First described in Caenorhabditis elegans (Fire et al., 1998) and the
protozoan parasite Trypanosoma brucei (Ng6 et al., 1998), RNA in-
terference (RNAI) revolutionised functional genomics screening for
many eukaryotic model systems. However, in the absence of an effi-
cient siRNA machinery, this powerful screening technology was una-
vailable for apicomplexans although some attempts were made to
introduce siRNA-based technologies in these parasites (Hentzschel
etal., 2020).

With the advent of the CRISPR revolution, several groups set
out to adapt CRISPR/Cas9 also in Toxoplasma (Shen et al., 2014;
Sidik et al., 2014). The Lourido lab subsequently spearheaded the
development of forward genetic screens and performed the first
genome wide CRISPR screen in an apicomplexan parasite (Sidik
et al.,, 2016), leading to a wealth of information, including the rela-
tive fitness score for most annotated genes in the genome, which
allows researchers to prioritise their candidates. Since then, sev-
eral variations of the initial CRISPR screen have been described for
the identification of differentiation factors (Waldman et al., 2020),
identification of virulence factors in vivo (Butterworth et al., 2022;
Sangaré et al., 2019; Young et al., 2019) or for drug resistance mu-
tants (Harding et al., 2020) to name a few recent applications. To-
gether these screens highlighted that many hypothetical genes are
critical for the survival of the parasite. In these ‘drop out’ screens
the relative abundance of gRNAs in the mutant pool is measured to
identify gRNAs that are lost over time, indicating a critical function
(Sidik et al., 2018). However, since the respective mutant is lost in
the pool, a direct analysis of the respective phenotype is impossible,
meaning that a direct information about gene function cannot be
obtained. Therefore, identified candidate genes need to be analysed
in a time-consuming one-by-one approach, which usually involves
the generation of a conditional mutants for the respective gene of
interest. Similarly, an image-based phenotypic screen is not feasible
using this strategy.

Recently two strategies were used to combine the power of
CRISPR screens with conditional mutagenesis (Li et al., 2022; Smith
et al., 2022), allowing for both, ‘drop out’ screening after induc-
tion and direct phenotypic screening using automated microscopy.
Smith et al. combined high-throughput CRISPR-mediated tagging
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of candidate genes with the AID-system and demonstrate the ef-
ficiency of their strategy by labelling and downregulation of the T.
gondii kinome, resulting in the characterisation of kinases, involved
in diverse functions. This approach allows the direct localisation of
candidate genes after cloning out individual mutants and the anal-
ysis of the resulting phenotypes upon addition of Auxin. In parallel,
a pooled ‘Drop-out’ screen can be performed to determine which
candidate is important during the asexual life cycle, analogous to
standard CRISPR-screens. While this approach directly allows the
generation of conditional mutants, where the gene of interest is
tagged and can be localised in the parasite, it requires significant
investment in the planning and generation of CRISPR-mediated tag-
ging libraries.

Our lab followed an alternative approach to enable phenotypic
screening based on conditional mutagenesis. Instead of combining
CRISPR/Cas9 with an available conditional system (Jimenez-Ruiz
et al., 2014), we wished to conditionally introduce indel mutations
in the gene of interest by regulating cas9-activity directly. We rea-
soned that one main advantage of such a system is the possibility
to use any previously employed gRNA-libraries. A first attempt
to regulate Cas9-activity using the ddFKBP-system (Herm-Gotz
et al.,, 2007) resulted in efficient regulation of ddFKBP-Cas9
(Serpeloni et al., 2016). However, while it was possible to keep
parasites expressing a gRNA against critical genes in culture and
analyse their phenotype after induction of ddFKBP-Cas9 (Ser-
peloni et al., 2016), the use of this system for library screens ap-
pears to be not possible, since ddFKBP-Cas? shows a relatively
high background activity. For example, it was seen that parasites
expressing ddFKBP and a gRNA targeting the non-essential gene
sagl lost SAG1 during continuous culture, without induction of
ddFKBPcas9. Therefore, employment of this system would result
in rapid loss of library complexity over time, hindering especially
complex screens, where parasites need to be cultivated over lon-
ger periods.

Chemically induced dimerisation is a rapid and efficient tech-
nology to regulate protein activity and has been successfully
used for several conditional gene expression systems in apicom-
plexan parasites, such as DiCre (Andenmatten et al., 2013; Collins
et al., 2013) or knock sideways (Birnbaum et al., 2017). In 2015
Zetsche et al., reported on the development of a dimerisable

Cas9-system, called splitCas9 (Zetsche et al, 2015). When
adapted to its use in Toxoplasma, we developed a highly efficient
and tight conditional Cas9 system that showed great potential for
its application in phenotypic and drop-out screens (Li et al., 2022).
However, before its use in a large-scale screen, several obstacles
needed to be overcome and considered, especially when it comes
to the inefficiency of NHEJ.

In conclusion, both screening strategies have their own advan-
tages and disadvantages (Table 1) and have a huge potential to di-
rectly interrogate the phenotype caused by conditional inactivation
of gene expression. As with all screens, such a project can be seen
as high-risk-high-gain. In the following, a detailed discussion of the
splitCas9-system that we established is provided, especially regard-
ing pitfalls that should be considered before embarking on such a

project.

4 | CONSIDERATIONS REGARDING THE
SPLITCAS9 SYSTEM

In their current stage of development, CRISPR screens in T. gon-
dii depend on the introduction of indel mutations upon repair of
Cas? induced DNA-double strand breaks via non-homologous-
end-joining (NHEJ) (Sidik et al., 2018). During the development
of the splitCas9-system, we found that induction of splitCas9
resulted in a parasite population where up to 50% of parasites
showed aberrant nuclei, irrespective which gene was targeted.
Interestingly, this phenotype was only seen immediately after in-
duction (1°t generation), while no such phenotype was seen after
prolonged culture (2nd generation), mutant parasites could be eas-
ily isolated in case a non-essential gene was targeted. In case of
essential genes, either the whole parasite population died or only
non-responsive parasites with the intact candidate gene could be
isolated. Whereas this demonstrated that the splitCas9-system it-
self is very efficient, further experiments also demonstrated that
the ‘aberrant nuclear’ phenotype is caused by inefficient NHEJ-
repair (Li et al., 2022). Moreover, it is currently unpredictable to
determine the exact number of parasites that will exhibit this
nonspecific phenotype. The presence of this phenotype can vary

greatly depending on the specific gene being targeted, ranging

TABLE 1 Advantages and disadvantages of Cas9 based phenotypic screens.

splitCas9 screens

Easy cloning of sgRNA library

Any gene can be targeted

Needs extra steps to visualise the localisation of the POI

Develop of aberrant vacuoles related to Cas9 activity (DNA damage)

Utilisation of indicator strains facilitates readouts

Possibility of scaling up to genome wide screens couple to Al tools for analysis of

phenotypes

Cas9/AID tagging screens

Relative intricate cloning of sgRNA + AID libraries

Insertion of AID cassette might not be successful for all
targeted genes

Direct tagging of targeted genes

Loss of library complexity due to failure in tagging of
genes

Usage of indicator strains possible

Possibility of scaling up to genome wide screens couple to
Al tools for analysis of phenotypes
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from its near absence to being observed in as much as 50% of the
population.

While this may initially present a significant challenge to the
phenotypic screening strategy, particularly when targeting genes
involved in nuclear division/replication, there is a relatively simple
solution to exclude this phenotype. By utilising automated imag-
ing, it becomes feasible to accurately identify and exclude parasites
displaying this non-specific phenotype, thereby ensuring that only
relevant parasites are considered during the screening readout.
Therefore, despite the appearance of the non-specific phenotype,
splitCas9 based screens allow the identification of multiple pheno-
types, especially if they are unrelated to defects in replication or
nuclear morphology. Importantly, the use of indicator parasite lines
will give additional specificity to the readout of the screen. In a first
application the use of a parasites co-expressing CbhEm and FNR-RFP
to label F-actin and apicoplast respectively, we successfully iden-
tified candidates involved in apicoplast inheritance and regulation
of F-actin dynamics (Li et al., 2022). Another, approach is to define

Apocoplast
Mi

Indicator strain
for segregation of
endosymbiotic
origin organelles

B

Mlcronemes
Indicator strain
for secretory
organelles
biogenesis
Indicator strain
for endocytosis
and IMC stability/
biogenesis

replication and or nuclear phenotypes as specific, if at least 80% of
the parasite population shows such a phenotype.

A promising future development overcoming the complica-
tions associated with inefficient NHEJ-repair might be the ad-
aptation of CRISPR/Cas-derived base editing tools that bypass
the NHEJ-repair machinery and instead edits suitable codons
into STOP codons by using a CRISPR/Cas9 cytosine base editor
(CBE) (Komor et al., 2016). This strategy has previously been used
for genome-wide loss-of-function screens in human cells (Kuscu
et al., 2017) and recently also successfully adapted to Leishmania
(Engstler & Beneke, 2023). It appears feasible to adapt CBE to
splitCas9 to establish a conditional gene editing system in apicom-
plexan parasites.

While the use of indicator strains allows for the screening
of specific pathways and mechanisms, for example for genes in-
volved in organelle biosynthesis, cytoskeletal dynamics, host
cell motility or signalling (for an overview of potential indicators
see Figure 2), especially screens for parasites blocked in natural

Mlcrotubules
‘k ~

Indicator strain
for cytoskeletal
regulation

Nucleus

Indicator strain
for cell division
regulation

VAC/ELC

Indicator strain
for vesicular
trafficking factors

FIGURE 2 Versatility of splitCas9 screens. Creating different indicator strains would change the readout of the screen favouring the
discovery of novel factors related to the organelles/structures labelled. ELC, endosomal-like compartment; IMC, inner membrane complex;

VAC, vacuolar compartment.
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egress and invasion turned out to be a ‘low hanging fruit’, since
they are straightforward and reliable using the splitCas9-system
(Li et al., 2022). Since significant egress and reinvasion can be ob-
served in control parasites after 72h of growth on an HFF-host
cell monolayer, while egress mutants remain confined within the
initially infected host cell, these phenotypes can be readily identi-
fied and isolated. In fact, with the availability of automated image
analysis and established algorithms for automated phenotypic
characterisation, it should be feasible to conduct significantly
larger screens (Fisch et al., 2019).

In the first iteration of this screen, several candidates could
be identified, including some invasion and egress factors, such as
TgNdé that has recently been described as one of the non-discharge
proteins, that is required for secretion of the rhoptries (Aquilini
et al.,, 2021). In addition, two novel proteins were identified, CGP
(Conoid Gliding Protein) and SLF (Signalling Linking Factor) that act
at two independent steps during EXIT (Li et al., 2022).

5 | IDENTIFICATION OF NOVEL CONOID
PROTEINS, CRITICAL FOR EXIT AND
INVASION

SLF was initially discovered in a pull-down assay using Guanylate
cyclase-GC, a central factor of the Signalling Platform (Bisio
et al., 2019). The Signalling Platform also includes cell division
control 50 related protein (CDC50.1) and unique GC organiser
(UGO). Although SLF was suggested to have no significant role in
signalling based on its plaque formation capability during induced
Knockdown via the AID system, its critical involvement in host cell
EXIT and invasion was identified through SLF knockout using the
splitCas9 system. This critical role was further confirmed using the
DiCre system, which allows for the complete excision of the gene
flanked by loxP sites (Li et al., 2022). Depletion of SLF resulted in
an early blockage of EXIT, indicating that the parasite fails to sense
EXIT signals while the F-actin network remains intact. Therefore,
SLF was shown to be an integral part of the Signalling Platform re-
sponsible for signal sensing. SLF's dual localisation at the residual
body and the apical region is well-suited to its function, where
the basal localisation of the Signalling Platform may be involved in
the synchronised depolymerisation of the intravacuolar network
connecting all parasites within a PV, while the apical localisation
initiates signalling, leading to PVM lysis and motility initiation. No-
tably, treatment with Calcium lonophore (Ci) A23187 partially res-
cued the phenotype, while the accumulation of cGMP triggered
by the addition of BIPPO was blocked early in egress. Treatment
with propranolol, which targets phosphatidic acid phosphatases,
resulted in a phenotype where parasites disassembled the intra-
vacuolar network but failed to initiate motility. This suggests that
different signalling cascades can independently trigger the vari-
ous events required for T. gondii egress. Consistent with its role
in tachyzoites, SLF is essential for natural bradyzoite infection (Ye
etal, 2022).

CGP is a hypothetical protein localised above the conoid marker
SASL6, most likely at the preconoidal rings (Li et al., 2022). The
disruption of cgp via splitCas9 system and deletion of CGP via the
DiCre system resulted in defects in both egress and invasion. During
egress induction, although the F-actin network was completely dis-
assembled and the parasitophorous vacuole membrane dissolved,
parasites were unable to EXIT since motility was not initiated. Im-
portantly, the typical accumulation of F-actin at the posterior pole,
observed during initiation of motility was not observed, leading to
the speculation that CGP is involved in regulation of the acto-myosin
cytoskeleton. The precise mechanism by which CGPis involved in ini-
tiating gliding motility remains unknown and further investigations
are required to explore the interaction partners of CGP and their
coordination with other key components involved in gliding motil-
ity, including GAC (Jacot et al., 2016), AKMT (Heaslip et al., 2011),
MyoH (Graindorge et al., 2016) and FRM1 (Baum et al., 2008) among
others.

The depletion of these two factors has confirmed that egress is
a multi-step process involving: (1) Signalling transduction, (2) Disas-
sembly of the F-actin network, (3) Initiation of host cell lysis and (4)
Motility initiation leading to parasite egress. However, the precise
interplay of various signalling cascades in this process, particularly
regarding the disassembly of the intravacuolar network, remains
unknown.

6 | NEW EXIT SCREENS IN T. GONDII

The incorporation of CRISPR/Cas9 technologies into screens aimed
at discovering new key factors involved in the EXIT of T. gondii
from the host cell opens up endless possibilities. Tailoring the read-
out of the screen to observe changes in signalling pathways, post-
translational modifications, or secretion of key components to lyse
the parasitophorous vacuole membrane (PVM) would further nar-
row the focus to specific steps within the egress process. Employing
calcium or potassium sensors, for example, could help identify key
signalling pathways involved in egress and could reveal critical steps
in the molecular cascade that governs egress. Meanwhile, monitor-
ing post-translational modifications in key proteins could uncover
new targets for therapeutic intervention.

The impact of this new technology extends beyond screens
aimed at identifying EXIT factors. By employing narrowed or
genome-wide libraries and specific indicator parasite strains or host
cells, conditional Cas9 technologies have the potential to revolutio-
nise the field of toxoplasmosis by uncovering key factors involved in
secretory pathways, cell division and host cell interaction to name
a few. These new screening methods could go beyond determin-
ing the impact of gene loss-of-function during the tachyzoite phase
of T. gondii. Advanced assays and indicator strains, such as the
dual luciferase strain (Dualuc strain), that express luciferase only
during the conversion to the bradyzoite strain, may prove crucial
in identifying genes responsible for bradyzoite conversion (Smith
etal.,, 2023).
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