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Abstract

The genomes of all organisms encode diverse functional elements, including thousands of genes and essential noncoding regions for gene
regulation and genome organization. Systematic perturbation of these elements is crucial to understanding their roles and how their disrup-
tion impacts cellular function. Genetic perturbation approaches, which disrupt gene expression or function, provide valuable insights by linking
genetic changes to observable phenotypes. However, perturbing individual genomic elements one at a time is impractical. Genetic screens
overcome this limitation by enabling the simultaneous perturbation of numerous genomic elements within a single experiment. Traditionally,
these screens relied on simple, high-throughput readouts such as cell fitness, differentiation, or one-dimensional fluorescence. However, recent
advancements have introduced powerful technologies that combine genetic screens with image-based and single-cell sequencing readouts,
allowing researchers to study how perturbations affect complex cellular phenotypes on a genome-wide scale. These innovations, alongside
the development of CRISPR-Cas technologies, have significantly enhanced the precision, efficiency, and scalability of genetic screening ap-
proaches. In this review, we discuss the genetic screens performed in kinetoplastid parasites to date, emphasizing their application to both
coding and noncoding regions of the genome. Furthermore, we explore how integrating image-based and single-cell sequencing technologies
with genetic screens holds the potential to deliver unprecedented insights into cellular function and regulatory mechanisms.

Graphical abstract

Whole genome =y Simple Complex
= readout l / readout
- / /
TS / /
=]
o 7
238 4 / L
ES5 I 7
2% - -
o o 7 -
- 7
Single gene -—I-{"—
I I | | T I T T T
Past Present Future

Introduction the kinetoplastids several organisms cause deadly diseases in

Deciphering the function of genes and genetic regulatory el-
ements is critical for understanding how cells work. One of
the primary means to determine genome function is through
perturbation. Over the past decade, tools to carry genetic per-
turbations have increased significantly in many organisms and
can now be scaled to the order of thousands of genes and even
genome wide. These “genetic screens” offer a means to iden-
tify gene function at a massive scale in an unbiased manner
and have been driven in part by the discovery and develop-
ment of CRISPR-Cas9 [1].

Here, we focus on the current and potential future ap-
plications of genetic screens to study kinetoplastids. Within

humans, including Leishmania species, Trypanosoma brucei,
and Trypanosoma cruzi. These parasites represent a group of
eukaryotes that is evolutionarily highly divergent from bet-
ter studied organisms such as yeast, Caenorbabditis elegans
or Drosophila and that have compact predominantly diploid
genomes of 30-60 Mb with between 8,000 and 10,000 pro-
tein coding genes. Almost all protein coding genes are tran-
scribed from polycistronic transcription units (PTUs), which
contain many, often >100, functionally unrelated genes tran-
scribed from a single transcription start site and then pro-
cessed into mature mRNA by trans-splicing [2]. As such, there
is little transcriptional control in these organisms and mRNA
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levels are predominantly regulated post-transcriptionally by
RNA-binding proteins. In addition, kinetoplastid parasites
lack canonical nonhomologous end joining (NHE]) path-
ways and instead primarily rely on homologous recombina-
tion (HR) for the repair of double strand breaks (DSBs), an
important biological consideration for the design of genetic
screens (discussed in detail below) [3]. Over the years, kine-
toplastids have been used to study a myriad of unique and
evolutionarily conserved biological processes. These include
antigenic variation [4], quorum sensing [5], cell motility [6],
transcription of protein coding genes by RNA polymerase 1
[7], trans-splicing [8], polycistronic transcription [2], and ge-
netic code reassignment [9]. Importantly, this group of organ-
isms has high genetic tractability, allowing them to be used as
model systems to study these different processes.

Genetic screens require three key features: a specific per-
turbation system (most commonly a knockout, knockdown,
overexpression, precision edit, or gene tagging; Figs 1 and 2),
the ability to be scalable and a clear readout allowing interpre-
tation of the experimental question being addressed. Genetic
screens can be performed either as an array or as a pool. In an
arrayed screen, specific genetic perturbations are generated in
separate wells or flasks and individual perturbations are anal-
ysed one at a time [3, 10]. In contrast, in a pooled screen,
multiple genetic perturbations are generated and assessed si-
multaneously in a single flask (Fig. 1). Pooled screening offers
several advantages over arrayed screening in that it is scal-
able, less labour-intensive and generally of higher throughput,
allowing whole genome screens to be carried out with relative
ease (Fig. 3). Typically, arrayed screening is used in instances
where homology repair templates must be used for gene per-
turbation, such as with knockout or precision editing screens
(Table 1). Pooled screening, on the other hand, is used when
no repair template is required for perturbation, such as with
knockdown mediated by RNA interference (RNAi) and over-
expression screens (Table 1). Perturbation methods which re-
quire DSBs at the target gene typically require a repair tem-
plate to ensure precise modification, which in turn affects
scalability.

In this review, we discuss recent developments and poten-
tial future applications of genetic screens in kinetoplastid par-
asites. In addition, we discuss new tools which allow com-
plex readouts of genetic screens. Almost all genetic screens
performed to date in kinetoplastids have used cell fitness as
a readout. However, several technologies which allow image-
based and single-cell transcriptome-based readouts of pooled
genetic screens have been developed in the last few years.

These new types of genetic screening approaches will allow
researchers to address biological questions in kinetoplastids
that have not been possible before. For instance, in blood-
stream form T. brucei, we have previously shown that the ma-
jor surface antigen gene forms a stable trans interaction with
a major splicing locus in the nucleus [11, 12]. However, it is
still not fully understood what factors are needed to maintain
the interaction between these two genomic loci. Using pooled
image-based genetic screens, it would be possible to identify
factors that regulate the localization of these two sub-nuclear
compartments. Indeed, such screening approaches could also
be used to identify factors important for other aspects of cell
morphology, protein localization or cell-to-cell interactions.
In addition, in kinetoplastids our understanding of gene func-
tion is still extremely limited, with functional studies only ap-
plied in detail to a small subset of genes. By combining pooled

genetic screens with single-cell RNA-sequencing readouts, it
would be possible to obtain transcriptomic profiles after per-
turbation for hundreds or thousands of genes and thus im-
prove our understanding of gene function at an unprecedented
scale.

Together, these advancements can now close the gap on
genotype-to-phenotype relationships at a genome wide scale
and have the potential to further unravel evolutionarily con-
served and parasite-specific biological processes in this fasci-
nating group of organisms.

Genetic screens using knockdown

Gene knockdowns were first described in T. brucei over 25
years ago [6, 13]. Since then, RNAi has become a staple tool
to investigate gene function. Although RNAI is not present in
T. cruzi or Leishmania species, hundreds of individual genes
have been knocked down using RNAI in T. brucei. However,
gene-by-gene knockdown is time consuming and is not read-
ily amenable to whole genome screens. The ability to perform
whole genome RNAI screens in T. brucei was facilitated by the
development of the first RNAi plasmid library. This was gener-
ated by shearing T. brucei genomic DNA followed by cloning
into a plasmid in between opposing tetracycline-inducible T7
RNA polymerase promoters. Importantly, the previously de-
veloped tetracycline-inducible system was essential to be able
to control the timing of double-stranded RNA (dsRNA) pro-
duction [14]. This allowed RNAI screens to be performed in a
pooled format, increasing the throughput by several orders of
magnitude which resulted in T. brucei being the first organism
ever in which a whole genome RNAIi screen was performed
[15, 16]. Prior to this, the largest RNAI screen in T. bru-
cei was a gene-by-gene knockdown of 210 genes located on
chromosome I [17].

Since then, RNAI screens in T. brucei have been developed
further (by increasing transfection efficiency using I-Scel to
introduce DSBs [18]) and have been used extensively to elu-
cidate various biological questions (~68 screens published to
date). The development of RNAI target sequencing (RIT-seq)
in T. brucei in both life cycle stages has provided loss-of-
function information for all genes in the genome (Fig. 3) [19].
RNAI library screening has been used to study mechanisms
of drug action/resistance [20, 21], identify regulators of gene
expression [22], identify cell cycle regulators [23], and eluci-
date signalling pathways [24] (Table 2) (for a comprehensive
overview of RNAi screens in T. brucei see [25]). Due to RNAi
library screens being highly effective in T. brucei, the need
to generate CRISPR-Cas9 technologies for large scale knock-
out screens has been less pertinent. Particularly as a repair
template is required for conventional CRISPR-Cas9-mediated
knockout in kinetoplastids meaning pooled genetic screens are
not immediately possible (discussed later). In addition, other
kinetoplastid parasites such as Leishmania and T. cruzi do not
have functional RNAi pathways [26]. This has precluded the
use of large-scale genetic screens in these organisms.

Cas13 is another CRISPR system which has gained consid-
erable attention in recent years. Unlike Cas9-Cas12, Cas13
is a programmable RNA-guided RNA targeting endonuclease
[27]. Cas13 has been used in several organisms for both tar-
get gene knockdown and overexpression including for large
scale pooled genetic screens [28]. In addition, because Cas13
(like Cas12) has intrinsic CRISPR RNA (crRNA) processing
activity, multiplexed gene perturbation is possible using this
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Figure 1. Genetic screens require a specific perturbation, scalability, and a readout. Each screen starts with specific DNA sequences encoding for
specific perturbations, either a knockdown, knockout, overexpression, precision edit or gene tagging which are transfected into a cell line of interest.
This transfection can either be in individual wells or flasks (arrayed) or into a single flask of cells (pooled). After incubating cells or inducing the
perturbation, the effect of the perturbations is determined by a readout which can be cell fitness, imaging, or single-cell sequencing. The microscopy
image shown is for PFR2 (Tb927.8.4990) and was acquired from TrypTag. The schematics used for the parasites in this and all subsequent figures were
adapted from [189]. The illustrations for the flask and 96-well plate were sourced from the NIAID NIH BIOART. Source: bioart.niaid.nih.gov/bioart/303

and bioart.niaid.nih.gov/bioart/7, respectively.

enzyme [28]. However, currently no Cas13 system has been
described in any protozoan parasites although this system has
several potential applications for pooled genetic screens in this
group of organisms (discussed later).

Genetic screens using knockout

For many years, genetic knockouts in kinetoplastids were gen-
erated by transfecting cells with plasmids containing drug se-
lection markers to replace genes of interest by HR (Fig. 2)
[29]. Cre/loxP has also been used to perform gene knock-
outs, including conditional gene knockouts, removal of drug
resistance genes, and near scarless genetic modification [30,
31]. Since the discovery of CRISPR-Cas9, genetic knockouts
using this system have been adapted to kinetoplastids using
inducible, constitutively expressed or recombinant Cas9 [32-
37] for both small and large scale genetic screens. CRISPR~
Cas9-mediated knockouts have several benefits over plasmid-
based and Cre/loxP-based knockouts, in that they are more
efficient, can achieve deletion of multiple alleles in a single
experiment, and can be performed using PCR-generated re-
pair templates [38, 39]. In general, the use of an inducible
CRISPR-Cas9 system for genetic knockouts is preferable as
it allows the timing of knockouts to be precisely controlled.
This permits the study of essential genes, minimizes potential
off-target and secondary effects, and allows the effects of gene

knockouts to be studied after the introduction of a particular
stimulus or challenge to the cells. For simpler analyses (such
as whether a gene merely affects fitness or not), inducible sys-
tems are not necessary. Indeed, these same caveats also ap-
ply to the use of inducible systems for other types of genetic
screens. In T. brucei, tetracycline-inducible systems are rou-
tinely used for CRISPR-Cas9 expression [33]. In Leishmania
and T. cruzi, no CRISPR-Cas9-inducible systems have been
reported. However, in Leishmania-inducible knockouts can
be performed using the DiCre system, which relies on chem-
ically induced dimerization of the Cre recombinase after the
addition of rapamycin [40]. As discussed below, a split Cas9
variant that can be dimerized into an active state upon addi-
tion of rapamycin has been used successfully in Toxoplasma
gondii [41] and may be applicable to inducible CRISPR-Cas9
systems in kinetoplastids.

Typically, to perform pooled genetic knockout screens us-
ing CRISPR-Cas9, a canonical NHE] mechanism is needed in
the target cells. In NHE] competent cell types, DSBs gener-
ated by CRISPR-Cas9 will generate small insertions or dele-
tions (indels) resulting in a loss-of-function in the target gene
which does not require a repair template. In contrast, in cell
types which predominantly use HR to repair DSBs, a re-
pair template is required to facilitate efficient disruption of
the target gene. Therefore, organisms which primarily use
NHE] to repair DSBs are amenable to pooled CRISPR-Cas9
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Figure 2. Overview of different perturbation strategies used in kinetoplastids for genetic screens. Schematics showing different perturbation
technologies used in kinetoplastids. The type of DNA (plasmid, plasmid library, PCR product, and ssODN) used with each technology is shown as is the
expected perturbation outcome, either a knockdown, knockout, overexpression, precision editing, or gene tagging.
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Figure 3. Overview of scale of genetic screens performed in kinetoplastids and other organisms. Comparative chart showing the number of genetic
perturbations performed in a single experiment for knockdown, knockout, overexpression, precision editing, or gene tagging using either arrayed or
pooled genetic screens. The size and color of the circles indicates the number of reported perturbations in a single experiment for the respective
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range, only one example is cited. Superscript numbers refer to the cited publication found in the references.
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Table 1. Overview of which perturbation strategies can be used for arrayed or pooled whole genome screens and whether they have been performed
in kinetoplastids. The schematics used for the parasites in this table were adapted from [189]

Leishmania T. brucei T. cruzi
@ O ®
Requires LB F?;rrn\?vthﬁ: ‘
Trypanosomatid Requires DSB quir whole
Method . . repair genome screen
organisms used in  at target gene? genome
template? P (Pooled or
screen?

Arrayed)
Knockdown
RNAI No No Pooled
Knockout
HomoIo.gou.s Yes Yes -
recombination
CRISPR/Cas9 Yes Yes Arrayed
Base editing No No -
Overexpression
OREF library No No Pooled
Precision
editing
CRISPR/Cas9 Yes Yes -
HomoIo.gou.s Yes Yes )
recombination
Gene tagging
CRISPR/Cas9 Yes Yes Arrayed
Homologous Yes Yes Arrayed

recombination
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Table 2. Overview of genetic screens performed in kinetoplastid parasites. *Number as of April 2024, project is ongoing. * RNAi fragments detectable

for 7435 genes after library transfection

Next generation genetic screens in kinetoplastids

Publication

Organism

Screen objective

Number of genes
selected

Number of perturbations/edits

Knockdown

Morris et al., 2002

Trypanosoma brucei
(PCF)

Identify regulators of EP-
procyclin expression

Whole genome
(sheared gDNA library)

Not determined

Alsford et al., 2011

Trypanosoma. brucei
(BSF)

Gene essentiality

Whole genome
(sheared gDNA library)

Not determined®

Alsford et al., 2012

Trypanosoma. brucei
(BSF)

Drug resistance mechanisms

Whole genome
(sheared gDNA library)

Not determined®

Glover et al., 2016

Trypanosoma. brucei
(BSF)

Identify regulators of
monoallelic exclusion

Whole genome
(sheared gDNA library)

Not determined¥

Knockout

Beneke et al., 2019 Leishmania mexicana Motility defects 98 94
Baker et al., 2021 Leishmania mexicana Protein kinase function 204 161
Identify cell surface and
Roberts et al., 2022 Leishmania donovani secreted proteins necessary 92 68
for infection
8,209

Queffeulou et al., 2024

Leishmania infantum

Drug resistance mechanisms

(whole genome)

Not determined

Gene essentiality in vivo and

8,267

LeishGEM team 2024 Leishmania mexicana L 2,088
in vitro (whole genome)
Albugquerque-Wendt et al., T .-, Me.mbrgne.transpo.rter.s 312 269
2024 required in vivo and in vitro
Peng et al., 2014 Trypanosoma cuzi Disruption of GaIGT gene 65 41
family
Overexpression
Trypanosoma brucei 7,245 Not determined

Carter et al., 2020

(BSF)

Drug resistance mechanisms

(whole genome)

(5,819 genes detected after transfection)

Gazanion et al., 2016

Leishmania infantum

Drug resistance mechanisms

Whole genome
(sheared gDNA library)

Not determined

(8,081 genes detected after transfection)

Precision editing

Trypanosoma brucei

Point mutation in histone H4

Vasquez et al., 2018 (PCF) genes 43 23
Trypanosoma brucei Saturation mutagenesis in
ROl SElEL12020 (BSF) ectopic histone H4 gene L &
Gene tagging
Baker et al., 2021 Leishmania mexicana Endogenous tagging of
. - 204 199
(promastigotes) protein kinases
Billington Trypanosoma brucei Endogenous tagging of all 7,766 5806
et al., 2023 (PCF) protein coding genes (whole genome) ’
Lopez-Escobar et al. Trypanosoma brucei Endogenous tagging of
P 2022 v vp (BSF) proteins of unknown function 207 153
upregulated in BSF vs. PCF
Halliday et al., 2023 Trypanosoma brucei Endogenous tagging of
y v vp (BSF) proteins of unknown function 340 250
upregulated in BSF vs. PCF
Leishmania mexicana Endogenous tagging of
LeishGEM Team, 2024 (promastigote and proteins with <30% sequence 2,700 1,209*

amastigote)

identity to a T. brucei ortholog
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knock out screens, while organisms which use HR to repair
DSBs are only amenable to arrayed CRISPR-Cas9 knockout
screens. The use of a NHE] repair pathway has been exploited
for whole genome pooled CRISPR-Cas9 knockout screens in
mammalian cells [42] and T. gondii [43]. However, many kine-
toplastid parasites predominantly use HR mediated DSB re-
pair, meaning pooled CRISPR-Cas9 screening is not immedi-
ately possible.

Nevertheless, several large-scale arrayed genetic screens us-
ing CRISPR-Cas9-mediated knockout have recently been per-
formed in Leishmania (Table 2). One of the most ambitious
of these is a project currently underway called LeishGEM
that aims to carry out a genome wide deletion screen using
CRISPR-Cas9 in Leishmania mexicana [44]. This knockout
screen uses the approach described in [38], in which target
genes are cut by Cas9 and repair templates are generated by
PCR amplification of drug selection makers with 30 nt homol-
ogy arms. Similarly to other genome wide functional analyses,
this resource will be of immense value in elucidating the func-
tion of all genes in the Leishmania genome.

Knockout screens targeting functionally related groups
of proteins have also been performed in Leishmania us-
ing CRISPR-Cas9. Such screens have been used to identify
proteins critical for motility and sandfly infections [45-47],
kinases involved in differentiation [46], and transporter pro-
teins required for macrophage and mice infections [48]. In
these screens, generation of knockout mutants was performed
in an arrayed format, followed by pooling of the different
knockout cell lines for subsequent functional analyses. In ad-
dition, a genome wide pooled CRISPR-Cas9 screen was re-
cently reported in L. infantum to investigate anti-leishmanial
drug resistance [49]. However, gene deletions were performed
in the absence of any repair template. This is problematic, as it
has previously been shown in Leishmania that in the absence
of a repair template, CRISPR-Cas9-induced DSBs can trigger
deletions of ~70 kb with co-deletion of multiple genes [50].
The precision, specificity, and interpretability of such screens
is therefore unclear.

Another recent study published in Leishmania reported a
more robust strategy for performing pooled genetic knock-
outs without the need for repair templates by base editing us-
ing a cytosine base editor (CBE). CBEs contain an engineered
deaminase domain fused to a variant of Cas9, typically a Cas9
nickase (nCas9) which harbours a D10A mutation which re-
sults in nicking of DNA rather than a DSB [51]. Targeting of
nCas9 to a gene of interest via a single guide RNA (sgRNA)
allows the fused deaminase domain to catalyse the deamina-
tion of cytidine to uridine within an “editing window” typ-
ically +4 to +8 nt upstream of the PAM [51]. This uridine is
then converted to thymidine during DNA replication resulting
in C-to-T point mutations. This approach (termed CRIPSR-
STOP) allows the introduction of premature stop codons in
target genes using only a sgRNA with no repair template or
DSB induction [52]. CBEs have been extensively optimized
in mammalian cells, with several engineered variants display-
ing exceptional specificity and editing efficiency which have
been used for a growing number of large scale pooled loss-of-
function screens [51-53].

A recent paper has now described the development and op-
timization of the CBE variant hyBE4max for CRISPR-STOP
in several Leishmania species [54]. hyBE4max is a fusion
protein composed of an APOBEC-1 deaminase domain, a
single-stranded DNA-binding domain (ssDBD) from RADS51,

nCas9, and a uracil glycosylase inhibitor (UGI) domain (Fig.
2) [55]. Addition of the RAD51 ssDBD between nCas9 and
the APOBEC-1 deaminase extends the CBE editing window
to 4-12 nt upstream of the PAM [55], while addition of the
UGI domains prevents base excision repair mediated recon-
version of uridine to cytidine [56]. As a proof-of-concept, the
authors were able to induce premature stop codons via expres-
sion of a hyBE4max fusion protein and sgRNA from a single
plasmid with exceptional editing efficiencies (up to 100%) in
both ectopic, endogenous, and multi-copy genes [54].

However, several important considerations are worth not-
ing. First, potential off-target mutations induced by this
CBE were not tested. Second, introduction of premature
stop codons results in degradation of mRNA by nonsense-
mediated decay (NMD) in mammalian cells [57]. However,
a canonical NMD pathway is not thought to operate in sev-
eral kinetoplastids [2, 58]. Therefore, premature stop codons
may not fully ablate target mRNA levels and instead result in
the expression of truncation mutants which may still possess
partial or full activity. Lastly, in this study sgRNA expression
was driven via an episome. In general, pooled genetic screens
are performed with stably integrated perturbation constructs
that integrate into a single copy locus to prevent multi-gene
perturbations, mitigate the effects of episomal copy number,
and increase transfection efficiency. In relation to this latter
point, a follow-up study showed that AsCas12a ultra can be
used to induce a DSB in a single copy locus to facilitate highly
efficient integration of CBE sgRNAs in several Leishmania
species [59], with similar efficiencies to that seen with I-Scel
mediated DSB induction for transfecting whole genome RNAi
libraries in T. brucei [18].

Combined, these two studies [54, 59] provide a signifi-
cant technological advancement for conducting large scale
and whole genome pooled genetic screens in Leishmania par-
asites (and potentially other kinetoplastid parasites).

Genetic screens using overexpression

Aside from loss-of-function knockout and knockdown genetic
screens, gain-of-function genetic screens mediated by protein
overexpression can be used to determine gene function [60].
Overexpression of genes in kinetoplastids is typically achieved
by inserting an ectopic copy of the gene of interest in the
genome followed by expression using a strong promoter (i.e.
T7 or rDNA) which may be inducible (Fig. 2) [61, 62]. Whole
genome pooled overexpression screens have been performed
in both Leishmania and T. brucei to study drug resistance
mechanisms [63-66]. These overexpression libraries were gen-
erated by randomly sheared genomic DNA fragments, or, by
individual PCR amplification of all protein coding genes fol-
lowed by cloning into an overexpression plasmid. Overex-
pression libraries have also been used in T. brucei to identify
proteins which either stabilize or destabilize mRNA molecules
when tethered to their 3’'UTR [67]. However, overexpression
libraries that incorporate randomly sheared genomic DNA
fragments are limited by insert size, cannot be used for tar-
geted overexpression libraries and lack precise expression of
defined ORFs. Furthermore, generation of ORF libraries by
PCR amplification of all genes in an arrayed format is very
laborious.

CRISPR interference/activation (CRISPRi/a) is another
method for performing loss-of-function and gain-of-function
genetic screens by recruiting dCas9 fused to an epigenetic reg-
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ulator to target gene promoters to inhibit or enhance tran-
scription. CRISPRi/a has been used for large scale and whole
genome genetic screens in mammalian cells to investigate
mechanisms of gene expression and drug resistance [68, 69].

However, pooled CRISPRi/a screening is not possible in
kinetoplastid parasites as many genes are transcribed from
PTUs with a single promoter and regulation occurs pre-
dominantly at the post-transcriptional level [2, 70-73]. In-
triguingly, this means that CRISPR-Cas technologies which
target RNA such as Casl3 could potentially be used to
upregulate/downregulate genes via fusion of dCas13 to regu-
lators of translation. This approach has recently been shown
to work in mammalian cells [74] and bacteria [75], by us-
ing sgRNAs against the 5'UTRs of target genes which re-
cruit dCas13 proteins fused to regulators of translation. As
all genes are constitutively expressed in kinetoplastids, whole
genome sgRNA libraries could be designed to recruit dCas13
fusion proteins to UTRs of target genes to enhance or supress
translation.

Genetic screens using precision editing

Precision editing allows the introduction of specific point mu-
tations or precise tagging or cutting of target genes. The effect
of individual point mutations on gene function can be inves-
tigated by ectopic expression of a mutagenized copy [76, 77],
although this approach is not readily scalable to large-scale
genetic screens. Large-scale mutagenesis screens can be per-
formed using chemical methods or transposons, which ran-
domly introduce point mutations or indels across the genome,
respectively [78, 79]. For more precise screening of mutant
populations, multiplexed assays of variant effects (MAVEs)
can be used, which allow the generation and analysis of many
thousands of genetic variants or mutants in parallel. Within
MAVEg, different types of assays can be used to study coding
or regulatory elements. For instance, to study protein vari-
ants, deep mutational scanning (DMS) can be used to gen-
erate libraries of protein coding sequences containing one
or many specific amino acid substitutions. DMS has recently
been used in T. brucei to study RBP6 which is a master regu-
lator of procyclic-to-metacyclic differentiation [80]. Here, the
authors identified key amino acids and domains in RBP6 that
are required for this differentiation process [81]. In another
study in T. brucei, DMS was used to identify fitness confer-
ring amino acids in the RNA editing protein KREPB4 [82]. In
both cases, the mutagenized protein coding sequences were
generated by error prone PCR followed by cloning mutag-
enized protein sequences into plasmid libraries. In addition
to DMS, massively parallel reporter assays (MPRAs) are an-
other high-throughput screening approach to determine the
activities of up to many thousands of regulatory genetic se-
quences simultaneously. MPRAs have recently been used in
T. brucei to identify sequences that control mRNA stability
by fusing a whole genome plasmid library to the 3’ end of
a tuneable negative/positive selection marker, allowing the
identification of thousands of regulatory 3’'UTR sequences
[83]. Together, these approaches offer an extremely power-
ful means to assess many thousands of sequence variants at
once. One caveat, however, is that they do not allow targeted
mutagenesis at defined positions within endogenous genes of
interest.

The ability to carry out precise edits on endogenous genes
has been greatly facilitated by the development of CRISPR-
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Cas9. In T. brucei, Cas9 has been used to edit the histone H4
gene family to introduce point mutations that mimic a consti-
tutively nonacetylated state. This facilitated the incorporation
of point mutations with no drug selection marker in ~90% of
this ~43 copy gene family after continuous editing, a feat that
would be near unattainable in the pre-CRISPR era [34]. In ad-
dition to introducing point mutations, CRISPR-Cas9 has also
been used for precision tagging of genes in T. brucei without
the need for additional insertion of drug selection markers or
modification of endogenous UTRs [84].

Aside from CRISPR-Cas9, it was recently shown that oligo
targeting could be used for efficient, marker free and multi-
base editing in T. brucei, L. donovani, and T. cruzi [85]. Here,
the authors transfected cells with short (51 bp) single-stranded
oligodeoxynucleotides (ssODNs) to introduce mutations into
genes involved in drug sensitivity. This approach was used to
perform saturation mutagenesis at a single amino acid posi-
tion in the CRK12 gene to identify drug resistant conferring
mutations. A similar approach was also used in a recent pre-
print to perform saturation mutagenesis of 6 lysine residues
in histone H4 [86]. Here, the authors deleted the entire his-
tone H4 array (consisting of 43 genes in a 15-kb array) and
inserted a single ectopic histone H4 gene under the control of
a T7 promoter. This ectopic histone H4 gene was then edited
using 384 ssODN repair templates containing different amino
acid substitutions. However, unlike the previous study, here
CRISPR-Cas9 was used to introduce DSBs in the ectopic his-
tone H4 gene to increase the efficiency of histone H4 editing.

Lastly, as mentioned earlier, CRISPR-Cas9-mediated base
editing can be used to introduce specific point mutations in
genes of interest to cause a genetic loss-of-function. However,
base editing can also be used to introduce a wider range of
mutations, particularly when combing cytidine base editors
with adenine base editors [87]. In human cells, base editing
has been used to generate over 52 000 individual mutants in
a single pooled genetic screen to investigate drug resistance
mechanisms [53].

Genetic screens using gene tagging

Determination of protein localization is a fundamental tool
to understand cellular function. For many years, endogenous
tagging of genes with fluorescent proteins has been used to
uncover protein function and discover previously unidenti-
fiable cellular structures. A seminal example of this comes
from Akiyoshi and Gull [88]. Prior to this study, no pro-
teins of the kinetochore had been identified in any kineto-
plastid parasites due to high sequence divergence from kine-
tochores in other organisms. The authors carried out a screen
using plasmid-based epitope tagging [89] to tag a cohort of
28 proteins which were upregulated later during the cell cy-
cle. Using this approach, a single protein with a characteristic
kinetochore localization (KKT1) was identified. Subsequent
chromatin immunoprecipitation and DNA-FISH experiments
confirmed KKT1 was associated with centromeres while recip-
rocal IPs identified a further 18 proteins forming the kineto-
plastid kinetochore (Table 2). This study highlights the power
of how protein localization can be used to discover and illu-
minate novel cell biology. Endogenous tagging using plasmid-
based approaches has also been used to generate localiza-
tion maps for functionally related classes of proteins such as
the nuclear pore and chromatin associated proteins in blood-
stream form (BSF) T. brucei [90, 91].
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Endogenous tagging of proteins using homologous recom-
bination with plasmid-based repair templates although effi-
cient is not easily scalable and cannot be readily done in a
high-throughput manner. In recent years, the development of
high-throughput tagging techniques has led to significant ad-
vances in the ability to tag hundreds to thousands of genes (Ta-
ble 2). In Trypanosoma and Leishmania, toolkits have been
developed which allow endogenous tagging of genes using
PCR generated repair templates [38, 39, 92]. Recent updates
to these toolkits now allow tagging with a wider range of
fluorescent proteins and epitope tags [93] as well as tagging
without modifying endogenous UTR’s through the use of 2A
peptides [94].

These breakthroughs have facilitated genome wide pro-
tein localization maps in procyclic form T. brucei through the
TrypTag project, which used PCR-generated repair templates
to tag 7,766 proteins with mNeongreen (mNG) [92, 95]. This
is significant, considering that endogenous tagging of all pro-
tein coding genes has only been achieved in one other eukary-
otic organism (Saccharomyces cerevisiae) [96] (Fig. 3). In hu-
man cell lines, CRISPR-Cas9 has been used to endogenously
tag thousands of genes [97, 98]; however, this has not been
conducted at a genome wide scale. The impact of TrypTag
is still in its infancy; however, several studies using this pro-
tein localization atlas have already demonstrated its power to
discover novel cell biology in both T. brucei life cycle stages.
Examples of this include a complete proteome of the mito-
chondria [99], identification of nuclear bodies important for
antigen expression [12], biochemical properties of nucleolar
targeting [100], and identification of factors important for cil-
iogenesis [101]. For a comprehensive overview of the current
impact of TrypTag see [102].

These genome wide localization maps for procyclic form T.
brucei and yeast were made possible owing to high levels of
efficient HR in these organisms, allowing transfection of PCR-
generated repair templates with short homology arms [935, 96].
In many other organisms (and even life cycle stages), rates of
HR are not efficient enough to facilitate such an approach, re-
quiring individual cloning of longer homology arms into plas-
mids to serve as repair templates. However, CRISPR-Cas9-
based gene editing has changed this, allowing tagging of genes
with repair templates containing homology arms as short as
30 nt which can be generated by PCR in high-throughput ar-
rayed formats.

In bloodstream form T. brucei, CRISPR—Cas9 has been used
to determine the localizations of proteins upregulated in the
mammalian infective stage compared to the insect stage of the
parasite [103]. Here, the authors successfully tagged 153 pro-
teins with mNG using ~30-80 nt homology arms and were
able to identify the first protein specifically localized to the Ex-
pression Site Body (called ESB1). The ESB is a nuclear body
which is essential for monogenic expression of the Variant Sur-
face Glycoprotein (VSG) antigen surface coat. This study is
significant as although the ESB was discovered over 20 years
prior to this [104], no protein specific to this structure had
been identified [105]. Further characterization of this protein
identified through high-throughput tagging will likely further
reveal mechanisms of monoallelic exclusion in T. brucei. A
follow up of this study using the same CRISPR-Cas9 tagging
approach included additional localizations for 250 proteins in
BSF cells, providing further insight into stage specific adapta-
tions in this parasite [106].

CRISPR-Cas9-based high-throughput tagging by transfect-
ing PCR-generated repair templates has also been conducted
in L. mexicana. In one such study, Baker et al. selected
206 Leishmania protein kinases for endogenous tagging with
mNG using 30 nt homology arms. The authors successfully lo-
calized 197 proteins, showing that protein kinases localize to
a diverse range of cellular compartments, highlighting kinases
which may have organelle specific functions [46].

A large scale tagging project called LeishTag (as part of the
LeishGEM project) is currently underway in L. mexicana [44].
This approach aims to endogenously tag 2700 proteins with
mNG using CRISPR-Cas9 by arrayed transfections with PCR
generated repair templates and sgRNAs. As L. mexicana pro-
teins share a high degree of sequence identity with T. brucei
proteins (for which the TrypTag project has already provided
localization data), only proteins with <30% sequence iden-
tity in L. mexicana will be tagged. Importantly, this resource
will contain localization data for two different life cycle stages
(promastigotes and axenic amastigotes).

In addition to using high-throughput tagging for determin-
ing protein localization, high-throughput tagging can also be
used to insert functional tags on proteins for genetic screening
purposes. In mammalian cells and yeast, high-throughput tag-
ging experiments have been used to carry out screens for: pro-
tein degradation effectors using HaloTags [107], gene regula-
tors using TetR/A-N tags [108], and for genetic knockdowns
using degron tags [109].

In T. gondii, Smith et al., recently, described a high-
throughput endogenous tagging approach using CRISPR-
Cas9 [110] to tag genes with mNG and a minimal auxin-
inducible degron (mAID) which allows both protein localiza-
tion and inducible protein degradation. Importantly, this strat-
egy is compatible with cloning tagging plasmids as libraries
which can be transfected as pools. The resulting population
contains a collection of cells each with a single protein tagged
which can then be cloned out and sequenced to study indi-
vidual proteins. Using this approach, the authors selected 147
protein kinases for tagging. Similarly, in Plasmodium a small
screen used knock sideways to tag 27 proteins with both a flu-
orescent protein and a FKBP domain which can be used to in-
ducibly re-localize proteins to an ectopic cellular compartment
to ablate their function [111]. Tagging proteins with destabi-
lization domains has also been used in T. cruzi and L. major
for selective protein knockdown [112, 113], while in T. bru-
cei the AID system has recently been shown to be effective at
inducible protein degradation [114]. Currently, no such degra-
dation system has been used for a large-scale genetic screen in
any kinetoplastid parasite.

In summary, high-throughput tagging can be used to gen-
erate localization maps of proteins and generate libraries of
tagged proteins for both functional and perturbation screen-
ing purposes thus providing valuable resources to dissect gene
function.

Pooled genetic screens with image-based
profiling

Assessing phenotypic changes by image-based approaches af-
ter genetic perturbations is a fundamental tool to decipher
genotype—phenotype relationships. This can be done in a high-
throughput manner in an arrayed format, whereby cells are
plated into individual wells and subjected to a particular ge-
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netic perturbation, drug treatment or other stimulus. High-
throughput imaging can then be used to document cellular
phenotypes in individual wells to understand how specific
phenotypes arise from specific genetic perturbations. In kine-
toplastids, arrayed image-based screening has only been used
to study the phenotypic effects of perturbations on a relatively
small numbers of genes [17, 35,45, 115-119]. In mammalian
cells and yeast, large scale and genome wide arrayed image-
based screens have been used to phenotype genetic perturba-
tions to identify regulators of endocytosis [120, 121], lipid
droplet formation [122], ER targeting [123], nuclear conden-
sate integrity [124], and profile the localizations of many thou-
sands of pathogenic protein variants [125].

An arrayed image-based screen has recently been reported
in T. gondii [41]. Here, Li et al. performed a CRISPR-Cas9
KO screen in cells with fluorescently labelled actin and an
apicoplast marker to identify genes which may be involved
in actin dynamics, apicoplast segregation, and egress. This
study used a split Cas9 design, allowing inducible gene KO
upon addition of rapamycin. In total, the authors selected
320 genes for deletion and were able to identify 42 genes
which resulted in detectable phenotypic differences in the
above criteria. Readout of arrayed screening is straightfor-
ward as the identity of each perturbation is linked to each
well. Although these screens provide immensely powerful re-
sources and can be used to discover complex cell biology,
they are more applicable when used for targeted small-scale
screens. Applying such arrayed image-based screens at the
genome wide level for most laboratories is not technically
feasible.

However, in the last few years pooled image-based screen-
ing has emerged as a viable alternative to arrayed image-based
screening. Instead of plating cells into individual wells, pools
of cells are assessed for image-based phenotypes, and spe-
cific perturbations are determined by isolation and enrich-
ment of cells of interest followed by sequencing, or, in situ
genotyping [126] (Fig. 4A). Several methods for selective iso-
lation of cells from pooled genetic screens based on imaging
phenotypes have been developed in the last few years. These
include selective photoactivation with fluorescence-activated
cell sorting (FACS) [127, 128], laser-assisted microdissection
[129], robotic cell picking [130], microrafts [131], and image-
activated cell sorting [132, 133]. Several of these technolo-
gies have been combined with CRISPR screening to identify
factors which mediate transcription factor nuclear transloca-
tion {128, 133], autophagy [129], nuclear size [127], stress
granule formation [131], and organelle targeting [128] (Ta-
ble 3). For a comprehensive review on phenotypic cell enrich-
ment from pooled genetic screens, see [126, 134]. One of the
key benefits of these pooled image-based screens over arrayed
formats is that the throughput of analysis can be increased
by several orders of magnitude (Fig. 3), thus readily facili-
tating genome wide phenotypic screens. In addition, meth-
ods to measure perturbation barcodes i situ have been devel-
oped and combined with CRISPR screening in human cells to
carry out image-based phenotypic profiling of perturbations
to thousands of genes at the throughput of tens of millions of
single cells [135, 136].

Currently, pooled image-based screens have primarily been
used in mammalian systems. Many of these technologies are
still limited by trade-offs with resolution over throughput,
technical difficulties in implementation, cost, and lack of read-
ily available equipment (Fig. 4C). In the future, as pooled ge-
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netic screens are developed, optimized and disseminated in
parasitology research, the urge to implement pooled image-
based screening will no doubt increase significantly.

Pooled genetic screens with scRNA-seq
readout

High-throughput RNA sequencing (RNA-seq) has been (and
continues to be) instrumental in developing our understanding
of parasite cell biology [70, 137-140]. However, RNA-seq is
a bulk method to analyse transcriptomes, producing averaged
transcriptional profiles across cell populations. Therefore,
cell-to-cell heterogeneity cannot be discriminated using this
technique. Cellular heterogeneity underpins several biological
processes in protozoan parasites such as host adaptation, de-
velopmental progression and antigenic variation [141]. This
has spurred the application and development of single-cell
RNA sequencing (scRNA-seq) technologies which now allows
us to uncover previously undetectable cell populations. A va-
riety of both droplet-based (inDrop [142], Chromium [143])
and plate-based (Smart-seq2 [144, 145], SL-Smart-seq3xpress
[146,147]) scRNA-seq techniques have now been successfully
applied to T. brucei. Combined, these scRNA-seq technologies
have been used to study antigenic variation [142, 144, 148],
developmental progression [145, 149], cell cycle regulation
[143,150], and quorum sensing [150]. For a further overview
of scRNA-seq applications in kinetoplastids see [151].

Another powerful approach to study gene function is to
combine scRNA-seq with genetic perturbations to determine
the transcriptomes of single cells after knockdown or knock-
out of a specific genes. This has the ability to uncover phe-
notypes which are masked by bulk RNA-seq experiments.
For example, a recent study performed scRNA-seq on cells
in which the proteins VEX1 or VEX2 were knocked down by
RNAI [148]. Previously, bulk RNA-seq experiments had been
used to show that VEX1/VEX2 knockdown results in the ex-
pression of multiple VSG genes, indicating these proteins reg-
ulate monogenic VSG expression [152]. However, from these
experiments it was unclear how many different VSGs can
be expressed simultaneously in single cells upon knockdown
of VEX1/VEX2. Using scRNA-seq, it was found that cells
can express up to 12 VSGs simultaneously, with the majority
(80%) expressing 3-6 following knockdown of VEX2 [148].
Another recent study performed scRNA-seq in insect-stage T.
brucei cells upon knockdown of DRBD18 (an RNA-binding
protein involved in repressing transcripts expressed in other
life cycle stages). Here, the authors were able to show that
DRBD18 selects poly(A) sites which result in splicing events
that retain destabilization elements in developmentally regu-
lated mRNAs to decrease their expression [153]. Importantly,
the scRNA-seq analysis conducted here allowed the authors
to precisely correlate 3’'UTR length with changes in mRNA
expression levels. Although a previous bulk RNA-seq exper-
iment on DRBD18 RNAI cells had identified alterations to
3'UTR length, it did not capture the full scale of heterogene-
ity in poly(A) site selection or how this was correlated with
expression level [154].

Therefore, single-cell transcriptomics of genetically per-
turbed cells has the potential to reveal phenotypes that are
masked by bulk analyses. Historically, most scRNA-seq per-
turbation studies focused on individual genes [155-160].
However, recent advancements have introduced technolo-
gies enabling scRNA-seq-based profiling from pooled genetic
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A Imaging-based pooled genetic screen
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Figure 4. Image-based and single-cell sequencing-based pooled genetic screens. (A) Workflow for performing a pooled image-based genetic screen. A
pool of cells is generated which each contain a different genetic perturbation. These cells also contain a fluorescent marker to visualize cellular DNA,
RNA, protein, or other marker of interest. The perturbation library is then induced and cells with an imaging phenotype of interest are either isolated and
enriched or perturbation signatures are sequenced in situ. (B) Workflow for performing pooled single-cell sequencing-based genetic screen. A pool of
cells is generated in which the perturbations of interest are modified such that they can be directly or indirectly captured by poly(A) enrichment for
subsequent single-cell sequencing. After inducing perturbations and isolating single cells, cells are sequenced to obtain single-cell information for each
perturbation. (C) Comparison of the different technologies which can be used to isolate, enrich or directly sequence cells from pooled genetic screens
based on imaging phenotypes. The maximum reported resolution and the approximate throughput (for mammalian cells) are shown for each method.
The dotted line indicates the technical space which has currently been developed for pooled image-based screens. LMD, laserassisted

microdissection; PA + FACS, photoactivation + FACS; ISS, in situ sequencing; IACS, image-activated cell sorting. (D) Estimation of cost for scRNA-seq for
increasing numbers of perturbations. Cost were calculated assuming 100 transcriptomes per perturbation, with a read depth of 50 000 reads per cell
and an average cost per cell (reagents and sequencing) of 0.5$ using a 10x-Chromium platform.
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Table 3. Overview of major technologies used to perform pooled image-based genetic screens performed in mammalian systems. The schematics used

for the cells in this table were adapted from [189]

Technology

Schematic of technology

Screen objective

Microrafts

Identify factors involved in
stress granule formation'3’

Laser microdissection

-----

\ Identify factors involved in
autophagosome formation'2?

Robotic cell picking

Directed evolution of a
fluorescent voltage reporter'30

Photoconversion with
FACS

Identify factors involved in
transcription factor
translocation'28

- . gRNA-1
In situ sequencing .

gRNA-2

Identify factors involved in
transcription factor
translocation'36

Identify factors involved in

Image activated cell
sorting

transcription factor
translocation?33

screens. These innovations make it possible to assess thou-
sands of perturbation transcriptomes simultaneously in a sin-
gle experiment [161-164].

Commonly used approaches in single-cell perturbation
screens include CROP-seq [165], CRISP-seq [166], Perturb-
seq [167], direct capture Perturb-seq [168], and Mosaic-seq
[169]. For a comprehensive overview on combining scRNA-
seq technologies with CRISPR screens see [170]. A universal
feature of these methods is the need for specific capture of the
sgRNA used for genetic perturbation. This necessity arises be-
cause sgRNAs are typically transcribed by polymerases that
do not produce polyadenylated RNA. Since scRNA-seq ap-
proaches rely on polyT primers to enrich for mRNA during
cDNA synthesis, alternative strategies are required to capture
sgRNAs effectively. These methods address this challenge by
either (i) creating a secondary polyadenylated sgRNA tran-

script by embedding it in the 3'UTR of another gene, (ii) mod-
ifying the trams-activating crRNA (tracrRNA) to enable spe-
cific capture and amplification of sgRNAs, or (iii) incorporat-
ing a barcode in the UTR of a gene adjacent to the sgRNA,
which is linked via NGS of the plasmid library prior to trans-
fection (Fig. 4B).

Of these approaches, direct capture Perturb-seq has recently
been used in T. gondii [171]. Here the authors performed a
pooled CRISPR screen measuring host cell and parasite single-
cell transcriptomes after knockout of 256 T. gondii proteins
(5 sgRNAs each) which are secreted into the host cell. This
approach appeared to be sensitive at detecting sgRNAs, with
the sgRNA identified in ~75% of cells. Further, the authors
were able to identify several proteins which alter host cell
transcription and further characterized two of these effec-
tors in detail. Importantly, previous pooled CRISPR knockout
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screens analysing only cell fitness as the readout failed to iden-
tify many proteins known to modulate host cell transcription
[172]. Again, this study indicates that scRNA-seq can be used
to uncover phenotypes which are masked by bulk analyses in
pooled genetic screens.

However, it should be noted that the cost of such screens is
currently prohibitive when applied at the scale of thousands of
genes (Fig. 4D). Expected future developments in scRNA-seq
platforms that reduce cost and increase sensitivity and scala-
bility will allow pooled genetic screens to be combined with
single-cell transcriptomic readouts at the genome wide level
(Fig. 3).

Conclusions

Genetic screens have the ability to uncover unanticipated and
novel cell biology, characterize entire biological pathways, as-
sign gene function, determine mechanisms of drug resistance,
and provide large scale resources for the research commu-
nity. Key future challenges will be developing and optimizing
genetic screens in kinetoplastids (particularly pooled genetic
screens) using different perturbation strategies and combin-
ing the information readout from such screens by imaging,
scRNA-seq and other “omics” technologies.

As highlighted in this review, CRISPR-Cas technologies
are ideally suited for genetic screens in that they can be
modified/engineered to be used for all types of perturbation,
they are highly efficient, many are compatible with pooled ge-
netic screening and they only require a sgRNA which can eas-
ily be cloned as plasmid libraries using oligo pools. In addi-
tion, CRISPR-Cas technologies have further application be-
yond genetic screens to address various biological questions.
For instance, CRISPR-Cas9 has recently been used by our
laboratory and others to determine mechanisms of antigenic
variation by VSG switching in T. brucei [146, 173]. In these
studies, Cas9 was used to explore the consequences of intro-
ducing specific DSBs in the active VSG gene. Following DSB
induction, VSG switching was shown to occur via segmental
gene conversion if a VSG containing a homologous region was
present in the genome. If no VSG homolog was present, DNA
resection was shown to occur to mediate break induced repli-
cation with a conserved sequence present in all VSG transcrip-
tion units. These experiments shed light on antigenic variation
and in particular antigen switching hierarchies, both long ap-
preciated but incompletely understood processes observed in
many organisms which utilize antigenic variation [144, 174,
175]. Importantly in these studies, CRISPR-Cas9 allowed spe-
cific DSB induction in a range of unmodified native positions
in the active VSG transcription unit. Prior to this, selective
DSB induction had only been possible with prior genetic mod-
ification to insert a recognition sequence for the homing en-
donuclease I-Scel, meaning specific cutting in the active VSG
gene was not possible [176, 177].

Furthermore, new methods for performing genetic pertur-
bations are becoming increasingly available through the dis-
covery and engineering of novel CRISPR systems and RNA-
guided genome editing systems [178, 179]. In addition to
CRISPR-Cas base editors and nucleases, CRISPR-Cas inte-
grases, transposases, prime editors, and novel programable
RNA-guided transposases have emerged as new tools for
genome engineering [180-184]. However, many of these tech-
nologies have only recently been discovered and have not been
used in large scale genetic screens. Importantly, many of these

systems do not require repair templates (or can be used with
universal repair templates), meaning that they will be appli-
cable to pooled genetic screens in parasites lacking NHE] to
increase scalability for large scale and whole genome screens.
Adapting and optimizing these technologies for usage in kine-
toplastid research will be a key future challenge.

Another key future challenge will be developing image-
based pooled genetic screens in kinetoplastids. Image-based
genetic screens have the power to identify genes involved in
complex cellular phenotypes which cannot be found through
conventional cell fitness-based genetic screens. For example,
image-based screens can be used to identify genes involved in
regulating protein translocation, organelle structure, protein
co-localization, and biological processes which do not signif-
icantly affect cell fitness when perturbed. Determining opti-
mal imaging and cell enrichment approaches which can suffi-
ciently factor throughput, resolution, sensitivity, and cost will
be critical to successfully apply image-based genetic screens in
kinetoplastids.

Although many types of large-scale genetic screen have been
performed in T. brucei and Leishmania, no whole genome or
large-scale genetic screens have been performed in T. cruzi
(Fig. 3). This is primarily due to relatively low transfection
efficiency, lack of RNAI, slower growth, and lower quality
of genome assemblies. Technological advances that increase
transfection efficiency and genetic tools that can be used in
pooled formats are needed before large-scale genetic screens
can be performed in this organism.

Lastly, combining scRNA-seq, other single-cell “omics”
technologies and imaging approaches with genetic screens will
be a future challenge [185]. Although scRNA-seq based read-
out of CRISPR screening has been demonstrated in T. gondii, it
remains to be seen whether this or other single-cell sequencing
technologies can be combined with genetic screens in kineto-
plastid organisms. Furthermore, adapting multimodal single-
cell sequencing technologies that can simultaneously measure
multiple parameters in perturbed cells, such as profiling chro-
matin accessibility, protein levels or other gene expression re-
lated phenotypes, will facilitate understanding of how many
(or all) genes in an organism affect these different layers of
biological function [186]. Selecting appropriate single-cell se-
quencing approaches which give sufficient sensitivity, speci-
ficity, scalability, and cost effectiveness will be necessary for
combining single-cell sequencing with genetic screens.

With the increasing number of available whole genome per-
turbation screens, subcellular localization atlases and scRNA-
seq datasets, resources that integrate these for exploration,
such as those provided by VEuPathDB [187, 188], are crit-
ical to the research community. Indeed, as has been demon-
strated in multiple studies discussed in this review, mining
these available datasets can be extremely useful for narrow-
ing down candidates for targeted genetic screens without the
need to perform a whole genome screen (Table 2). The impor-
tance of these resources will only increase further as imaging
and single-cell sequencing readouts add a new dimension to
high-throughput genetic screens in kinetoplastids and beyond.
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