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Highlights 

- CRISPR-Cas9 enables hitherto impossible procedures, such as, marker-free editing, point mutations and genome-wide loss-

of-function analyses, thus opening a new era in the study of biological processes  

- Transient PCR-based CRISPR-Cas9 is a straightforward method of gene editing in trypanosomatids 

- Constant strategies allow single nucleotide modification, editing multicopy genes, and 'marker-free' tagging 

- Modification of endogenous UTRs may cause failure of the expected gene editing, therefore strategies allowing UTR 

preservation are important to improve genetic manipulation in trypanosomatids 

- Inducible CRISPR-Cas9 systems are now available in trypanosomatids, which can be useful tools to study essential as well 

as non-essential genes. 
 

Outstanding Questions Box 

- What are the advantages of using CRISPR-Cas9 for gene tagging as compared with classical methods? Is the tagging of all 

alleles necessary in all cases?  

- How convincing is protein localization when endogenous UTRs are modified?  

- Is inducible KO useful for non-essential genes?  

- In T. brucei, what is the place for inducible KO vs RNAi knockdown? 

- Toxicity due to constitutive expression of Cas9 and off-targets should be checked systematically. Should whole genome 

sequence become a gold standard for controlling gene editing?  

Abstract 

Gene editing in trypanosomatids has long been proven difficult. The development of CRISPR-Cas9 has 

improved this issue, opening the way to a better understanding of biological processes and drug 

resistance mechanisms, and screening of drug targets. Different strategies have now been developed: 

either PCR- or plasmid-based, mainly differing by the nature of the donor DNA and the single guide 

RNA transcription. Here we review the main genetic tools available in Leishmania spp., Trypanosoma 

cruzi and Trypanosoma brucei for gene tagging, single base editing and deletion of non-essential and 

essential genes. We discuss the main advantages and challenges of different strategies and how to 

choose 'the right cut' depending on the importance of untranslated regions. These considerations allow 

selection of the most accurate gene editing approach for a given functional analysis. 

The CRISPR-Cas9 revolution in trypanosomatids 
Trypanosomatids are highly divergent 

eukaryotes characterized by unique genomic 

and biological features. The human pathogens 

Leishmania spp., Trypanosoma brucei and 

Trypanosoma cruzi are the causative agents of 

neglected diseases: leishmaniasis, sleeping 

sickness and Chagas' disease, respectively. 

Elucidating divergent biological processes in 

these parasites may contribute to the discovery 

of novel preventative and therapeutic 

approaches. Genetic manipulations in 

Leishmania and T. cruzi have remained 

challenging and time consuming due to their 

particularly high degree of genomic plasticity 

[1-3]. Thus, attempts to generate Leishmania 

null mutants may result in the amplification 

of the target gene. This can include the 

generation of supernumerary chromosomes or 

extrachromosomal elements retaining a copy of 

the gene of interest (GOI), even after several 

rounds of transfection [2, 4]. In T. brucei, 

genetic studies have been facilitated by highly 

efficient homologous recombination (see 

Glossary) and the presence of versatile and 

robust tools for gene tagging and knockdown 

using RNAi machinery [5, 6]. This situation 

has been evolving since 2014 when CRISPR-

Cas9 technology was first adapted in T. cruzi 

mailto:yvon.sterkers@umontpellier.fr
https://pubmed.ncbi.nlm.nih.gov/32703742/
https://pubmed.ncbi.nlm.nih.gov/32703742/


[7], Leishmania [8, 9], and then T. brucei [10]. 

The CRISPR-Cas9 technique relies on two/three 

molecular components: (i) the Cas9 

endonuclease, (ii) the single guide RNA 

(sgRNA) which contains a complementary 

sequence of the target gene and (iii) optionally 

the donor DNA to be inserted in the genome. 

The Cas9 and sgRNA form a ribonucleoprotein 

complex that recognizes the target DNA and 

generates a precise double-strand break (DSB) 

followed by DNA repair. In trypanosomatids, the 

key factors for non-homologous end joining 

(NHEJ) pathway are absent [11-13]. 

Consequently, DSBs are repaired through 

microhomology-mediated end joining 

(MMEJ), single strand annealing (SSA) or 

homology-directed repair (HDR). In the 

presence of donor DNA, DSBs are mainly 

repaired through HDR or SSA mechanisms [7, 9, 

14-17](Key Table). Thanks to this technology, in 

less than five years, gene replacement in 

trypanosomatids has evolved from being 

cumbersome and time consuming to relatively 

straightforward; it has contributed to dissecting 

key biological traits such as flagellum 

composition, histone biology, and studying 

potential drug targets [18-20]. In 2018, Jeremy 

Mottram estimated that gene deletion attempts 

had been made for “200 Leishmania genes and 

36 T. cruzi genes since the first published study 

in 1990” using a 'classical' approach [21]. W e 

estimate that, in 2019 alone, more than 120 

Leishmania genes were edited and published 

by different groups using different CRISPR-

Cas9 strategies. Yet, the increasing number of 

papers in the literature describing different 

approaches for genome editing in 

trypanosomatids using CRISPR-Cas9 suggests 

that a single efficient approach is not readily 

available [4, 7-10, 15-17, 19, 20, 22-24]. The 

efficiency of the different systems depends on 

the optimal amount/quality of the sgRNA and of 

donor DNA, as well as the efficiency of DSB 

repair.  The CRISPR-Cas9 strategies can be 

classified into 'stable' and 'transient' systems, 

depending on the expression of sgRNA and/or 

Cas9 (Key Table 1). In the transient systems 

(Figure 1), the sgRNA alone or together with 

Cas9 are transiently expressed in the cell, while 

in the stable systems (Figure 2), the Cas9 and 

sgRNA are constitutively expressed. In the 

different systems, the donor DNA can be 

provided either as a plasmid, a PCR product or a 

singlestranded oligonucleotide. In this review, 

we present the strategies commonly used for 

gene manipulation prior to and after the 

CRISPR-Cas9 era in Leishmania, T. brucei and 

T. cruzi. Our goal is to provide guidelines for 

the selection of the most appropriate gene 

editing approach for a given analysis among 

the expanding repertoire of CRISPR-Cas9 

strategies developed f o r  trypanosomatids. We 

discuss the advantages and challenges of each 

system and provide an overview of the ongoing 

revolution of CRISPR-Cas9 technology in the 

trypanosomatids. 

Box 1. Failure of CRISPR-Cas9 and definition of 

essentiality 
Despite the enormous progress made by CRISPR-Cas9 in 

genome editing, a number of failures persist. If gene 

editing fails, it is important to verify potential mismatches 

in the sequences of the seed, the HRs, and the 

protospacer adjacent motif (PAM). One should keep in 

mind that some discrepancies may exist between the 

reference genome sequence and the genome sequence of 

the strain actually used in the laboratory. Several sgRNAs 

should be designed, including a sgRNA targeting the 

'neutral' intergenic regions described above to preserve the 

endogenous UTRs [27]. Beyond the field of 

trypanosomatids, online tools to design sgRNAs are 

available, including EuPaGDT 
iii

, CRISPRscan 
iv

, 

Sequence Scan for CRISPR-cistrome 
v
, CCTop - 

CRISPR/Cas9 target online predictor 
vi
 and CRISPRater 

[10, 89-93]. SgRNAs designed using these different tools 

may be different and present varying editing efficiency for 

a given target gene [15]. Further studies are needed to 

determine the best online tool for trypanosomatids. 

Finally, in case a deletion attempt fails, one should be 

cautious before concluding that the gene is ‘essential’. 

Was the locus editable? e.g. was N- and C- terminal 

tagging possible without yielding a loss-of-function or an 

unexpected phenotype? Was gene inactivation only partial, 

leading to a recovering cell population made of 

heterozygous cells bearing edited and non-edited alleles? 

Other ways to assess essentiality is to directly observe 

cells dying, as shown for TOR1, RAD51 and DNA 

polymerase theta gene inactivation [9, 16], or to use an 

inducible system. 
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Figure 1. CRISPR-Cas9 transient strategies in trypanosomatids.  

(A) PCR-based strategy for gene tagging in Leishmania spp., T. brucei and T. cruzi [10, 39]. Orange lightning symbols indicate DSB sites. 

SgRNA and repair DNA templates are delivered as PCR fragments encoding a selection marker and a tag flanked by HRs in cell lines 

constitutively expressing Cas9 and T7 polymerase. (B) Ribonucleoprotein complex-based strategy for gene disruption and tagging in T. 

cruzi [23]. The SaCas9 recombinant protein and in vitro transcribed sgRNA are delivered as a ribonucleoprotein complex. For gene 

disruption and gene tagging, the donor DNA is delivered as a single-stranded oligonucleotide containing 3 stop codons or a tag, 

respectively, flanked by HRs. (C) PCR-based strategy for gene deletion in T. brucei, T. cruzi and Leishmania [10, 39]. Two sgRNA 

templates targeting the 5’UTR and 3’UTR of the target gene and two repair DNA templates encoding different selection markers flanked 

by HRs are generated as PCR fragments and transfected in strains constitutively expressing Cas9 and T7 polymerase. (D) Inducible PCR-

based strategy for gene deletion in Leishmania [27]. Two sgRNA templates and two repair DNA templates encoding (i) a drug resistance 

cassette and a loxP sequence (red arrowhead) upstream of a tag, flanked by HRs and (ii) a loxP sequence and a second selection marker, 

flanked by HRs, are generated as PCR fragments and transfected into Leishmania parasites constitutively expressing Cas9, T7 polymerase 

and DiCre subunits. Addition of rapamycin induces dimerization of the Cre subunits and subsequent excision of the floxed gene. (E) 

Alternative sgRNA targeting regions to preserve the UTRs of a target gene [27]. Screenshot from TriTrypDB [106] showing the RNA 

transcripts from the target, upstream and downstream genes. For gene deletion, two sgRNAs are designed in the ‘least transcribed’ regions 

surrounding the target gene to preserve the UTRs adjacent to the gene. 

Gene functional analysis in the pre- and post-CRISPR-Cas9 eras 

Gene Tagging 

Protein localization provides functional clues to 

biological processes by delimiting the analysis to 

a given cell compartment and sometimes giving 

dynamic insights during the cell cycle. 

Endogenous proteins may be visualized using 

specific antibodies and immunofluorescence in 

fixed cells. However, the fixation and 

permeabilization of the cells can potentially 

cause artefacts and the production of specific 

antibodies may be difficult and time-consuming. 

Moreover, commercial antibodies against 

protozoan parasite proteins are not readily 

available due to low consumer demand and 

antibodies developed for other eukaryotes rarely 

cross-react with trypanosomatid proteins. One 

alternative strategy is to express the target 

protein fused to a tag, such as GFP, enabling 

temporal subcellular localization studies directly 

in living cells. However, the engineering of a 

native protein involves the risks of artefactual 

localization and defects in cell fitness, partly 

depending on the position and size of the tag 

used [25-27]. The key point is to identify the 



technical limitations of the chosen method and 

design appropriate controls to enable its 

interpretation. Several strategies were used for 

gene tagging in trypanosomatids in the pre-

CRISPR-Cas9 era. Historically in Leishmania 

and T. cruzi, tagged copies of a protein of 

interest were constitutively expressed from 

plasmids that can be readily transfected and 

maintained as episomes [28, 29]. However, this 

approach has several drawbacks, among which 

are heterogeneous levels of expression of the 

tagged protein within cell populations [28]. This 

makes it difficult to be certain of the protein's 

subcellular localization or even causing it to be 

wrongly located. Several tools for protein 

tagging are available and widely used in T. 

brucei since the late 1990s (reviewed in [30]). In 

2007, plasmids were developed which allowed 

endogenous tagging or integration in ribosomal 

RNA (rRNA) loci [31]. It is notable that ectopic 

expression in rRNA loci may be constitutive or 

inducible. As homologous recombination is 

efficient even with short homology regions 

(HRs) in T. brucei, this methodology was 

successfully applied for epitope tagging to a 

large number of proteins and is still widely used 

in this parasite. It has been shown that only 50 

bp of homology are required for efficient HDR 

in T. brucei [32]. These results led to the 

development of a large toolkit of plasmids used 

as templates for long PCR primer strategies in T. 

brucei [33, 34]. Furthermore, an efficient and 

scalable long PCR primer approach [35] is 

currently used for whole genome tagging of T. 

brucei procyclic forms (TrypTag.org
i
: A 

Trypanosome Genome-wide Protein Localisation 

Resource [36]). Attempts to apply the long PCR 

primer tagging strategy used in T. brucei in L. 

mexicana were unsuccessful due to low 

recombination efficiency using short homology 

regions (<100bp) [35]. However, a strategy 

based on 500-bp homology regions and using 

PCR fusion of three fragments enabled efficient 

gene tagging in Leishmania [35, 37, 38]. 

Importantly, this strategy can be used in 

genetically unmodified Leishmania cell lines.  

The CRISPR-Cas9 approach developed by 

Beneke et al. [10] allowed a further reduction in 

the length of the homology arms to 30bp for 

efficient epitope tagging in both Leishmania and 

T. brucei. This methodology used genetically 

modified cell lines expressing the endonuclease 

Streptococcus pyogenes Cas9 (SpCas9) and T7 

RNA polymerase (T7 RNAP). Briefly, Cas9 and 

T7 RNAP are constitutively expressed and the 

sgRNA and donor DNA are PCR-generated 

without the need for molecular cloning (Figure 

1A). PCR-generated donor DNA and sgRNA are 

maintained for only 48h in the transfected 

parasites. In Leishmania, transfection yielded 

edited cells at a rate of 1 × 10
−5

 per transfected 

cell, which is >10-fold more transfectants than 

when a non CRIPR-Cas9-based strategy is used. 

The authors also created LeishGEdit 
ii
, a primer 

design tool to generate donor DNA and guide 

RNA sequences, which greatly facilitates the 

design of the tagging strategy. A similar system 

has recently been implemented in T. cruzi [39]. 

Here, the activity of the Cas9 combined with the 

PCR-generated donor DNA improves editing 

efficiency through the selective pressure to 

repair the DSB using the provided donor DNA. 

Efficient epitope tagging with integration of one 

drug resistance marker is achieved within non-

clonal populations after a single round of 

transfection. This PCR-based strategy is fast, 

reliable and scalable, to a point where whole 

genome tagging and knock-out screens are now 

feasible in Leishmania [10, 18]. The main 

drawback of this strategy is the need for 

integration of selectable markers, which are 

limited in trypanosomatids, thus limiting further 

manipulation of the tagged strain. More 

importantly, when using this strategy, 

endogenous untranslated regions (UTRs) are 

actually interrupted by exogenous ones. As 

discussed in the last section of this paper, 

modification of UTRs of the target gene may 

result in nonfunctional products that may in turn 

affect cell fitness or the subcellular localization 

of the corresponding protein. To overcome this 

limitation, the so-called "stable plasmid-based" 

strategies prevent the modification of 

endogenous UTRs, thus avoiding the potential 

perturbation of gene expression. To tag the 

miltefosine transporter gene in L. donovani, cells 

expressing an episomal Cas9 and sgRNA (Table 

1) were transfected with a PCR-generated donor 

DNA containing an eGFP tag flanked by 25bp 

HRs (Figure 2B). Transfected cells were 

subsequently subjected to drug selection with 

miltefosine; 1% of the MLF-resistant cells 

showed fluorescence by flow cytometry [9]. In 

T. brucei, a plasmid bearing donor DNA and 

encoding the sgRNA template was transfected 

into a strain expressing an episomal Cas9 (Figure 

2A) [19]. The donor DNA was made of a tag 

flanked by long HRs (>200bp). This donor DNA 

carried a shield mutation to prevent further 



recognition and editing of the targeted gene. 

Notably, this strategy is considered 'marker-free' 

with the selectable marker maintained on the 

episome and not integrated in the genome. 

Delayed dilution of transfected parasites resulted 

in 90% GFP-positive clones, as compared to 

~10% after immediate dilution . In T. cruzi, 

endogenous gene tagging has been reported for 

the first time with the implementation of a stable 

CRISPR-Cas9 system [40]. Briefly, parasites 

were transfected with a single plasmid harboring 

the Cas9 and sgRNA that were constitutively 

expressed from an episome (Figure 2C). The 

donor DNA was provided as a PCR product 

containing 100bp HRs and a drug selection 

marker for DSB repair by HDR. Selection with a 

single drug resistance marker allowed the 

generation of homogenous cell populations after 

4-5 weeks without cloning [40]. Furthermore, 

this system has been used for the generation of 

gene knock-ins, a result never achieved prior to 

the CRISPR-Cas9 era in T. cruzi [41]. Although 

the main advantage of this system is the high 

gene editing efficiency, it still requires the 

integration of a selection marker in the genome 

and constitutive expression of Cas9, which can 

be toxic in T. cruzi [7]. To overcome these 

limitations, a transient system has been 

developed involving the delivery by 

nucleofection of ribonucleoprotein (RNP) 

complexes, made of the Staphylococcus aureus 

Cas9 (SaCas9) and in vitro-transcribed sgRNAs, 

into different stages of T. cruzi [23] (Figure 1B 

and Table 1). This transient system allows 

endogenous tagging of the GP72 gene with 35% 

editing efficiency with donor DNA provided as a 

single-stranded oligonucleotide containing a 20nt 

sequence for DSB repair. To date, this is the only 

transient system in trypanosomatids based on the 

delivery of RNP complexes for CRISPR-Cas9 

editing without the need of molecular cloning 

and drug selection. Since drug selection markers 

are limited in trypanosomatids, this transient 

selection-free system offers the potential to 

simultaneously edit multiple genes with a single 

transfection and to simply test several sgRNAs 

for each targeted gene. Given that editing 

efficiency is variable for this system (Table 1), 

which may be in part explained by the transient 

nature of the delivered Cas9-sgRNA complex, it 

is important to test several sgRNAs to achieve 

efficient genome editing.  

Overall, while the transient T7-PCR based 

strategy requires a selectable marker for the tag 

donor, it eliminates the molecular cloning steps 

and provides a rapid and efficient tool 

particularly advantageous for large scale gene 

tagging. Yet, since the stable plasmid-based 

strategies are also capable of inserting marker-

free tags into the genome, they are useful to 

ascertain the subcellular localization of proteins 

without modification of endogenous UTRs. 

 

Box 2. Inducible knockout strategy using DiCre 
Cre recombinase and LoxP (locus of X-over P1) are an 

enzyme and a sequence, respectively, naturally present in 

the bacteriophage P1. The Cre recombinase is able to 

catalyze site-specific DNA recombination between two 

LoxP sequences: either gene excision, if LoxP 

sequences are oriented in the same orientation, or gene 

flipping, if LoxP sequences are oriented in opposite 

direction. LoxP are 34pb sequences made of two 13bp 

palindromic sequences separated by an 8bp spacer. 

Several LoxP sequences deriving from the natural one 

have been produced; the sequence 

[ATAACTTCGTATAgtcATagtTATACGAAGTTAT] 

was used in Leishmania [27, 66]. In the DiCre strategy, 

the activity of the CRE enzyme is conditionally 

controlled by being split into two inactive subunits 

(CRE59 and CRE60) fused to a FK506-binding protein 

(FKBP-12) and to the binding domain of the FKBP12-

rapamycin associated protein (FRB), respectively. The 

addition of rapamycin reconstitutes the enzymatic 

recombinase activity. 

 

Box 3. CRISPR-Cas9 toxicity and off-target 

effects 
Potential toxicity and off-target effects due to Cas9 

expression may be a concern [7, 17, 84, 85]. Toxicity of 

Cas9 was reported for T. cruzi [7] and T. brucei[17]. So 

far, no study has reported off-target genome modification 

in trypanosomatid parasites expressing an active Cas9. 

The use of online tools to design sgRNA 
ii-vi

 should in 

principle reduce the probability of off-target events. 

Softwares such as Protospacer Workbench software 

suite [ 9 4 ]  can also be used to find and score putative 

off-targets and to tabulate the top 10 potential off-target 

sites. Since these precautions are based solely on in 

silico tests, the detection of off-target events should 

ideally be completed by whole genome sequencing of the 

mutant lines. Indeed, off-target effects may be dependent 

or independent of the sgRNA. Both are detected in whole 

genome sequencing as insertion/deletions (INDELS) but 

only sgRNA-dependent off-target events may be 

predicted by software. The sgRNA-dependent off-targets 

are due to the mispairing of the sgRNA and Cas9 

complex in genomic regions displaying 12 bases 

identical to the target sequence. In total, preventing and 

detecting off-target events is a key challenge which 

should be taken into account (reviewed in [95]). Whole 

genome sequences should become a gold standard for 

controlling gene editing. The additional precaution of 

complementation (add-back) in knockout experiments, 

leading to at least partial phenotype recovery, is 

also highly recommended. 



 

Figure 2. CRISPR-Cas9 stable strategies in trypanosomatids 

(A) Plasmid-based strategy for gene tagging, gene disruption, gene deletion and single base editing in T. brucei and Leishmania [8, 19, 

50]. Two plasmids encoding (i) Cas9 and (ii) sgRNA and the repair DNA templates are sequentially transfected into unmodified cell lines, 

resulting in gene editing without disturbing the endogenous UTRs. For single base editing, the repair template carries the mutation (yellow 

box) and a shield mutation (yellow star) to prevent further recognition of the edited gene. (B) Stable strategies for gene tagging and 

knockout in Leishmania [9, 15, 16, 107]. A plasmid encoding Cas9 and sgRNA is transfected in Leishmania cell lines. For gene tagging, 

the repair template is delivered as a PCR fragment containing a tag flanked by HRs. For single base editing, the repair template is 

provided as a single-stranded oligonucleotide encoding the intended mutation (yellow box) flanked by HRs. For gene knockout, the repair 

template is delivered as a PCR fragment encoding a selection marker flanked by HRs. Co-targeting the miltefosine transporter (MT) 

allows selection of cells with CRISPR-Cas9 activity. (C) PCR-based strategy for gene tagging and deletion in T. cruzi [108]. A plasmid-

encoding Cas9 and sgRNA is co-transfected with a PCR-generated donor DNA encoding either a resistance marker with a tag, flanked by 

HRs (gene tagging), or a resistance marker flanked by HRs (gene deletion). (D) Inducible Cas9-based strategy for gene disruption and 

single base editing in T. brucei. Cas9, under the control of a Tet operator and T7 polymerase, is expressed upon addition of tetracycline. 

The sgRNA is constitutively expressed. For gene disruption, no donor DNA template is provided, resulting in a chimeric gene likely 

produced by SSA. For single base editing, the repair template is provided as a single-stranded oligonucleotide encoding the intended 

mutation (yellow box) flanked with short HRs. 

Single base genome editing 

CRISPR-Cas9 technology has revolutionized the 

analysis of DNA point mutations. Single base 

genome editing is a key technique providing 

insights into biological processes, including 

post-translational modifications and enzymatic 

activities, the functional analysis of specific 

DNA/protein motifs, and improving our 

understanding of drug resistance mechanisms. 

In protozoan parasites, single-nucleotide 

substitution was achieved in Plasmodium 

falciparum using a CRISPR-Cas9 plasmid-

based system with constitutive episomal 

expression of Cas9 and sgRNA [42]; the 

authors were able to generate an artemisinin-

resistant strain by introducing a single base 

polymorphism previously shown to be involved 

in this type of resistance. Drug resistance is also 

a concern for T. cruzi [43-45] and Leishmania 

[46-50]. In Leishmania, CRISPR-Cas9 mediating 

single base genome editing has been reported by 

two groups [9, 50]. The first one developed a 

single plasmid for co-expression of sgRNA and 

Cas9 by using the ribosomal RNA promoter to 

drive sgRNA expression; this can be used in 

several Leishmania species (Figure 2B)[9, 16]. 

By providing a 60 nt single-stranded 

oligonucleotide donor containing the desired 



mutation and 25 nt-long homology arms (Figure 

2B), stop codons and point mutations were 

introduced into the target gene, which resulted in 

disruption of the miltefosine transporter gene and 

a single conserved amino acid substitution 

(A189G) in the L. donovani RAD51 gene, a key 

recombinase in DNA repair [16]. Interestingly, 

likely resulting from an atypical DSB repair of 

MMEJ, a single point mutation (M381T) near 

the Cas9 cleavage site was detected in the 3-kb 

miltefosine transporter gene where no donor was 

provided [9]. The second group used a stable 

plasmid-based strategy with a donor DNA 

template encoding the intended mutation to 

explore drug resistance in L. major (Figure 

2 A ) [50]. This strategy allowed the validation 

of a single amino acid substitution (H451Y) 

in the calcium-binding site of the orphan kinase 

SCAMK as a marker of antimony tolerance and 

resistance. This was subsequently confirmed by 

others in large chemical mutagenesis screens 

coupled with next-generation sequencing [51]. 

In T. brucei, a tetracycline-inducible Cas9 

system was used to introduce single base editing 

in the AQP2 gene encoding an aquaglyceroporin 

conferring resistance to the drug pentamidine 

with 100% efficiency (Figure 2D) (detailed in 

the Inducible gene editing section below)[17]. 

Overall, these strategies have proven efficient 

for the study of drug resistance mechanisms 

without the need to integrate a selectable 

marker into the genome; but these precise 

genome editing will be more difficult to detect 

when a drug cannot be used as a phenotypic 

read-out, particularly if multicopy genes are 

targeted. In this context, a promising tool for 

single base genome editing is the plasmid-

based strategy seen above in T. brucei (Figure 

2A) [19]. This approach allowed for the first 

time in T. brucei a  precise single codon 

change in 90% of the multicopy histone H4 

gene, a genetic manipulation hitherto impossible 

(Key Table 1). 

Knockout of non-essential genes 

A reverse genetic approach is crucial to 

address gene function. Prior to the CRISPR-

Cas9 era, gene disruption in Leishmania was 

challenging due to low recombination efficiency 

and the presence of supernumerary 

chromosomes resulting from its unique genomic 

plasticity [1-3, 52]. Gene replacement using 

homologous recombination in Leishmania 

requires long homology arms of >500bp and 

several rounds of transfection to achieve editing 

of all alleles if genes are present in 

supernumerary chromosomes [53]. In 2015, 

CRISPR-Cas9-mediated DSB using a stable 

strategy and HDR in L. major enabled the 

deletion of the multicopy pfr2 gene in a single 

round of transfection with 25% editing 

efficiency (Figure 2A) [8] . In the same year, 

another proof of concept with another stable 

strategy was achieved by disrupting the 

miltefosine transporter in L. donovani [9]. In 

absence of donor DNA, large deletions ranging 

from 10 bp to more than 30 kb where obtained. 

To specifically insert stop codons and disrupt the 

target gene, a 60 nt single-stranded 

oligonucleotide was provided as a donor to 

repair DSB (Figure 2B). To facilitate isolation of 

the CRISPR disrupted mutants, a multidrug 

resistance protein-like gene was also disrupted 

by inserting a bleomycin resistance marker. This 

yielded 0.0025 to 0.005% resistant cells. In 

2017, this stable strategy was used to delete 11 

copies of the A2 gene in four months without 

any selection, and in six weeks by co-targeting 

the L. donovani miltefosine transporter gene 

followed by miltefosine selection to co-select for 

cells with CRISPR-Cas9 activity [16]. This 

stable strategy can also be used to express double 

or triple sgRNAs to improve gene targeting 

efficiency, to generate precise gene deletion 

mutants and to create specific chromosome 

translocations [9,16]. Although stable strategies 

[8, 9] (Table 1) have provided the proof of 

concept for CRISPR-Cas9 editing in 

Leishmania, they require cellular cloning and are 

time-consuming. They are also now challenged 

by the transient PCR-based strategy described 

above for tagging [10] (Figure 1A). This 

system requires constitutive expression of Cas-9 

and T7 RNAP; sgRNA and donor DNAs are 

PCR-generated (Figure 1C). Recently, the same 

group further applied their strategy to a high-

throughput knockout screen for the study of the 

flagellar proteome of Leishmania [18]. This 

was the first large-scale knockout screen in 

Leishmania (> 100 genes) demonstrating the 

speed and efficiency of this approach for the 

study of loss-of-function phenotypes for large 

groups of non-essential Leishmania genes. 

However, this transient system requires two 

selectable markers to achieve 100% editing 

efficiency in a single round of transfection. 

Although cellular cloning may save one 

selectable marker, this approach renders 

additional genetic manipulation difficult because 

of the need to express T7 polymerase and Cas9. 



Moreover, this system is probably inefficient for 

editing multicopy genes dispersed over multiple 

loci. Regarding T. brucei, a CRISPR-Cas9 

plasmid-based strategy mediating gene deletion 

in T. brucei without integration of a selectable 

marker was set up in 2018 [ 1 9] (Figure 2A). It 

allowed the deletion of both alleles of histone 

variants H3.V and H4.V in 100% and 66% of 

the clones, respectively. Interestingly, episomes 

can be removed from T. brucei through the 

generation of a DSB in the selectable marker, 

leading to its loss rather than repair by 

microhomology. Nevertheless, as with protein 

tagging, the transient PCR-based system 

provides a rapid and molecular cloning-free 

strategy with highly efficient editing of non-

essential genes in both T. brucei and Leishmania 

spp. 

Concerning T. cruzi, the first work allowing 

CRISPR-Cas9 mediated gene disruption was 

reported with the implementation of a transient 

system [7]. Based on the transfection of in vitro 

transcribed sgRNA in parasites constitutively 

expressing SpCas9, this system allowed 

downregulation of single and multicopy genes in 

the absence of donor DNA for DSB repair [7]. In 

this transient system, the constitutive expression 

of Cas9 was toxic to transfected parasites. To 

overcome these limitations, the same group 

improved this system with the delivery of RNP 

complexes [23] (Figure 1B). As explained in the 

Gene Tagging section, this cloning- and 

selection-free system is based on the transient 

expression of both Cas9 and sgRNA (Table 1). 

This strategy, providing donor DNA as a single-

stranded oligonucleotide, allowed endogenous 

and exogenous reporter gene disruption with 

higher editing efficiency and no Cas9 toxicity. 

However, as explained above, depending on the 

choice of the sgRNA and the stability of the 

provided RNP complex, the editing efficiency of 

this transient system is variable, highlighting the 

importance of testing several sgRNAs for each 

targeted gene. A stable strategy involving the 

constitutive expression of both sgRNA and Cas9 

also exists for T. cruzi [22]. Parasites can be 

transfected with either two vectors separately 

encoding Cas9 and sgRNA or a single vector co-

expressing both Cas9 and sgRNA driven by the 

ribosomal promoter (Figure 2C). This strategy 

yielded 100% editing efficiency in non-clonal 

populations within 4-5 weeks for both gene 

deletion and tagging with donor DNA provided 

as a PCR product and without any Cas9 toxicity 

[22, 40]. This system is widely used for gene 

editing in T. cruzi [41, 54-58] and was adapted 

for different strains and parasite stages [59-61] 

(Table 1). In addition to the transient system 

based on in vitro transcribed sgRNA [7, 23], the 

transient PCR-based system [10] (Figure 1C) 

was further adapted to T. cruzi [39]. Similarly to 

Leishmania and T. brucei, this system produced 

high editing efficiency for the deletion of non-

essential genes in this parasite.  

Tackling essential genes: inducible gene editing 

Molecular biologists cannot limit themselves to 

the study of non-essential genes. Essential genes 

underpin core biological processes required for 

parasite viability. Functional gene analyses in 

trypanosomatids may contribute to the 

discovery and validation of new drug targets 

[21]  and to the study of basic aspects of 

eukaryotic biology and evolution. The 

definition of gene essentiality is subject to 

debate: for example, whether a gene is required 

for one or all life cycle stages, or necessary 

only in specific growth conditions (see also Box 

1). To get a better insight into the function and 

essentiality of a protein, robust and efficient 

inducible tools are required to carry out 

phenotypic analyses. Apart from essential genes, 

since genome plasticity is a hallmark in 

trypanosomatids, efficient inducible systems 

may also be useful to ascertain gene function by 

avoiding: (i) the recovery of ‘adapted’ parasites 

after the knockout of non-essential genes; (ii) 

phenotypes arising from a combination of 

summed up deleterious events observed after the 

selection of stable transfectants. T. brucei 

studies have largely benefited from the 

possibility of silencing genes by RNAi. This 

technology indeed allowed high- throughput 

phenotyping using genome-scale RNAi screens 

in both T. brucei bloodstream and insect stages 

[62]. However, target mRNA depletion is often 

partial, and may underestimate the functional 

importance of a gene for which complete 

depletion could induce more deleterious 

phenotypes. Recently, a CRISPR-Cas9 system 

using tetracycline-inducible expression of Cas9 

was developed to study essential genes in T. 

brucei [17]. The sequence of Cas9 was codon-

optimized to increase expression in T. brucei 

and transcription of sgRNA and Cas9 was 

driven by T7 and rRNA promoters, respectively 

(Figure 2D). Notably, all these elements were 

integrated in non-transcribed rDNA spacer loci. 

The authors disrupted an amino acid transporter 



(AAT6) and the aquaglyceroporin (AQP2) genes 

conferring resistance to eflornithine and 

pentamidine, respectively, without genomic 

integration of a selectable marker. To date, this 

is the only system using inducible expression 

of Cas9 in trypanosomatids (Table 1). Several 

attempts to develop an efficient inducible system 

have been reported in Leishmania. Tetracycline-

inducible expression of tagged genes has been 

reported for various Leishmania species [63, 64]. 

Although compatible with in vivo studies, the 

decreased expression of T7 polymerase in 

metacyclic promastigotes and amastigotes 

hinders the correct interpretation of results [64]. 

However, this technical issue may be resolved by 

using suitable UTRs for expression in these 

lifecycle stages. In addition, attempts to 

conditionally regulate gene expression using T7 

RNA polymerase were unsuccessful due to high 

background activity and heterogeneous 

expression levels [65]. The first system allowing 

an inducible deletion of essential genes in 

Leishmania is a DiCre-based inducible system 

[66]. This strategy is based on the constitutive 

expression of two inactive subunits of the Cre 

recombinase which promotes the deletion of a 

target DNA sequence when activated by 

rapamycin (see Box 2). The replacement of one 

allele by the DiCre subunits or by a selectable 

marker gene, coupled with the integration of 

LoxP sequences flanking the second allele, 

allowed several essential genes to be studied: 

CRK3 [66], Rad9 [67], Hus1 [68] and pNT1 

cysteine peptidase [20]. Still, this system is time-

consuming and cumbersome, requiring 

molecular cloning and several rounds of 

transfection. In order to improve the DiCre 

system and to accelerate the characterization of 

Leishmania essential genes, we have recently 

generated a ‘universal’ system combining the 

DiCre strategy with the advantages of CRISPR-

Cas9 technology [27]. Such a combination has 

already been successfully proposed in P. 

falciparum [69]. In Leishmania, the strategy 

derives from the transient PCR-based strategy 

for gene tagging [10] and uses Leishmania cell 

lines constitutively expressing Cas9, T7 

polymerase and the DiCre subunits (Figure 1D). 

Cas9 endonuclease activity accelerates the 

process of LoxP integration (floxed target gene) 

in a single round of transfection. As a proof of 

concept, an essential gene, CRK3 [66] and the 

non-essential gene PF16 [10] were deleted. 

Floxed target gene-edited parasites were 

obtained 8-10 days after transfection and cell 

cloning, representing a significant reduction in 

time compared to the previous multistep process 

[66]. Introducing a tag along with the LoxP 

sequences can be useful to determine a protein's 

localization before rapamycin induction and to 

follow its depletion by using 

immunofluorescence and western blot. 

Nevertheless, caution should be exercised with 

rapamycin induction. In our experience with 

Leishmania, whereas complete deletion of non-

essential genes, such as PF16, could be readily 

achieved, for essential genes, such as CRK3, at 

least one copy of the floxed target gene persisted 

in approximately 10% of the cell population, 

even after several days of rapamycin induction. 

The nature of this 'resistance mechanism' is still 

unclear and has been observed by others [20, 66, 

69]. A long-term rapamycin mediated gene 

deletion could thus lead to the recovery of 

parasites in the cell population still carrying the 

floxed target gene [20]. However, phenotypic 

analysis can be done early after rapamycin 

induction when 90% of the population has 

already lost the target gene. In addition, if the 

floxed gene has been tagged, phenotypic analysis 

may focus on negative fluorescent cells.  

Inducible systems for the study of essential 

genes are scarce in T. cruzi. The destabilization 

domain of dihydrofolate reductase was only used 

to develop inducible suicidal vectors. Parasites 

bearing this system proved to be attenuated in 

mice, providing protection against lethal 

infection [70]. The DiCre system was adapted 

for the removal of exogenous selectable markers 

integrated in the genome, but with limited 

success: after rapamycin induction, removal of 

the selectable marker was 40-75% efficient in 

clonal populations [71]. Recently, a CRISPR-

Cas9-Riboswitch system was developed for the 

downregulation of gene expression in T. cruzi 

[72]. Using CRISPR-Cas9 mediated endogenous 

tagging, the glmS ribozyme from Bacillus 

subtilis was introduced in both alleles of the 

glycoprotein GP72 and vacuolar proton 

pyrophosphatase VP1 genes after one round of 

transfection. Downregulation was achieved for 

both genes, making this strategy potentially 

useful for knocking down essential genes and for 

the validation of potential drug targets in T. 

cruzi. 

Getting the right cut: Importance of the UTRs 

in trypanosomatids  

Trypanosomatids have an unconventional gene 

expression from large polycistronic 



transcription units and generally without any 

'classical' promoters [73-75]. Consequently, in 

contrast to higher eukaryotes, gene expression in 

trypanosomatids is regulated predominantly by 

post-transcriptional mechanisms (Reviewed in 

[76]). Regulatory elements act on the stability of 

mRNAs, determining transcript abundance, and 

hence the amount of protein [74, 75, 77]. In T. 

brucei, the 3′-UTR is considered the main 

regulator of gene expression [58,61–64]; but 

regulatory elements have also been described in 

the 5’ UTRs [78]. Likewise, several studies in 

Leishmania and T. cruzi have described the 

presence of regulatory elements in the UTRs of 

several genes influencing mRNA stability and 

translation efficiency [79-81]. Moreover, 

putative non-coding RNAs (ncRNAs) which are 

generally regulatory elements known in other 

eukaryotic models have been detected in UTRs 

of Leishmania genes [82]. Taken together, these 

works demonstrate the importance of UTRs for 

gene expression in trypanosomatids. This may 

potentially explain cases of genome editing 

failures or unexplained cell fitness phenotypes 

when the endogenous UTRs of a target gene are 

modified [25, 26, 83] (Box 1). As an example, 

while developing the inducible DiCre-CRISPR-

Cas9 (Di3C) system [27], modification of the 

endogenous 5’UTR of the PF16 gene affected 

the localization and function of this flagellar 

protein. As previously explained, the issue of 

UTR modification during gene tagging can be 

avoided using plasmid-based strategies or the 

ribonucleoprotein system, allowing 'marker-free' 

editing which preserves endogenous UTRs, in 

Leishmania [8, 9, 16, 23], T. cruzi [22, 23, 40] 

and T. brucei [19]. Furthermore, to preserve 

UTR sequences of the GOI, we have developed 

an alternative strategy using transcriptomic data 

for targeting regions with the least abundant 

transcript level in the intergenic regions (Fig. 1E) 

[27], to integrate the selectable marker and the 

LoxP sequences. This targeting strategy has 

increased editing success in the Di3C inducible 

system, but it may be adapted for any transient 

PCR-based CRISPR-Cas9 knockout strategy 

Concluding Remarks 
Implementation of CRISPR-Cas9 in trypanosomatids has remarkably improved gene editing in these 

important pathogens, particularly in Leishmania and T. cruzi where genetic manipulation has been 

historically challenging. Since 2014, several transient and stable strategies have been developed 

yielding heterogeneous gene editing efficiencies (Table 1). Several factors are critical to achieving 

highly efficient gene editing, including the selection, delivery and expression of the sgRNA/Cas9 

complex and the repair mechanism. Based on the current literature (Key Table 1), increased editing 

efficiency in non-clonal populations is obtained with systems involving the integration of a selective 

marker in the genome. The transient PCR-based system [10] and the stable plasmid-based strategy in T. 

cruzi [22, 40] provide efficient and rapid tools for endogenous gene tagging and deletion of single copy 

non-essential genes. 'Marker-free' strategies avoiding modification of endogenous UTRs, such as the 

stable plasmid-based strategies, are suitable for the study of multicopy genes, gene families, and single 

base genome editing [9, 16, 19, 50]. Nevertheless, without selective markers, cell sorting or selection of 

clonal populations are required for a completely edited cell population. In this regard, the Cas9/sgRNA 

ribonucleoprotein complexes may be further explored in trypanosomatids (i) to improve editing 

efficiency and (ii) to overcome potential Cas9 toxicity and off-target editing in the genome [7, 17, 84, 

85] (See Box 3 and Key Table1). Moreover, careful selection of sgRNA is a critical step for efficient 

genome editing and several sgRNAs should be tested since current algorithms may be inefficient to 

predict sgRNA activities in trypanosomatids [15]. Inducible strategies are now available for the study 

of essential genes in Leishmania and T. brucei. Although a CRISPR-Cas9 inducible system is now 

available in T. brucei, essential genes have not yet been studied with this system [17]. Further 

improvements are needed to expand the toolkit for the study of essential genes, particularly in T. cruzi. 

In this regard, the development of a Di3C strategy may represent an alternative approach to the RNAi 

system in T. brucei and to the riboswitch system in T. cruzi. The ability of CRISPR-Cas9 to precisely 

edit trypanosomatid genomes has largely opened the field to deciphering mechanisms of host-pathogen 

interactions, key cellular pathways, drug targets and drug resistance mechanisms. So far, CRISPR-Cas9 

has already allowed large-scale knockout screening in Leishmania [18] and the study of potential drug 

targets [20, 50]. However, the CRISPR-Cas revolution also has many other applications in other 

distinct fields, such as RNA editing, applications of deactivated Cas9 (dCas9), and development of 

accurate and portable diagnostic tests. A novel application such as the CRISPR chromatin affinity 

purification with mass spectrometry may also shed light into the dynamics of proteins involved in DNA 



damage and repair after a DSB in T. brucei [86]. If most of the other applications of CRISPR-Cas have 

not yet been used in trypanosomatids [87, 88], it is clear that the CRISPR-Cas-directed approaches will 

continue to expand in these divergent organisms. 
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Glossary 

CRISPR-Cas9: A bacterial derived immunity system providing protection against foreign nucleic acids (DNA, RNA). The endonuclease 

Cas9 forms an active complex with the sgRNA to target complementary DNA and generate a double strand break (DSB). This tool is 

now widely used and has been adapted in several ‘divergent’ organisms, including apicomplexan and trypanosomatid parasites.  

Donor DNA: DNA sequence which serves as a  template to repair the DSB induced by Cas9. It can be delivered to the cell 

cloned into a plasmid, as a purified PCR product, or as a single-stranded oligonucleotide. Depending on the application, donor DNA 

may include a selectable marker, a tag or a single nucleotide modification. In the absence of genomic integration of a selectable 

marker, the strategy is called 'marker-free' and the edition is scarless. 

Editing efficiency: We define efficiency as the number of surviving cells that are correctly edited divided by the number of cells 

originally transfected. This efficiency is rarely documented and most authors report the number of edited clones out of the total number of 

clones screened (See Key Table). 

Homologous recombination or homology directed recombination (HDR): A type of DNA repair process providing high-fidelity 

homology sequence-dependent repair of DSBs. I t  i s  catalyzed by specific recombinases, like RAD51. HDR is widely used to 

introduce genetic modifications into cells. In trypanosomatids, when donor DNA is provided, HDR prevails over other mechanisms.  

Microhomology-mediated end joining (MMEJ): A pathway for repairing DSBs. Contrary to HDR, it is considered as highly 

error-prone. It involves alignment of micro homologous sequences on either side of the break to guide DSB repair, thus leading to 

deletion of the DNA sequence between the microhomology regions Trypanosomatids use MMEJ or SSA to repair DSBs in the 

absence of donor DNA.  

Non-homologous end joining pathway (NHEJ): A DSB repair pathway mediating direct ligation of DNA breaks without the need for 

a homologous sequence and often leading to small sequence insertions or deletions (INDELs). NHEJ is the most efficient DSB repair 

pathway in mammalian cells but is absent in trypanosomatids. 

Polycistronic transcription unit: Gene clusters of two or more members transcribed from the same transcription initiation point. 

Since trypanosomatids almost completely lack polymerase II promoters, genes are usually transcribed as large polycistronic units of 

functionally non-related genes. The resulting polycistronic mRNAs are processed post-transcriptionally to generate monocistronic mature 

mRNAs. 

Protospacer adjacent motif (PAM): See sgRNA definition below. 

Seed: See sgRNA definition below 

Single guide RNAs (sgRNAs): RNA molecules made of two non-coding parts: (i) the ‘seed’ made of 20 nts specific to the target 

gene and (ii) the scaffold RNA at the 3′ end which serves as a base for Cas9 binding. For its endonuclease activity, Cas9 recognizes a 

protospacer adjacent motif (PAM, here a NGG for SpCas9) downstream of the seed sequence in the genome. Several RNA 

polymerases, i.e. T7RNAP, Pol I or III, can be used for transcription of sgRNA, driven by a T7, U6 or PARP (procyclic acidic 

repetitive protein) promoter. In addition to the amount of sgRNA, a critical parameter for an efficient system is the accurate 

start and termination of transcription of the sgRNA. This can be achieved (i) when the sgRNA is PCR-generated, (ii) when a 

terminator is added downstream of the sgRNA and (iii) when the sgRNA is flanked with ribozyme sequences. 

Single strand annealing (SSA): A DSB repair pathway using homologous repeat sequences (26 to 500 bp) flanking the DSB to bridge 

DSB ends, thereby resulting in large deletion mutations between the tandem repeats. Trypanosomatids may repair DSBs by SSA in the 

absence or presence of donor DNA. 

Untranslated regions (UTRs): Sequences located upstream of the start codon and downstream of the stop codon of a gene. These 

regions are transcribed but not translated. As discussed in the "UTR importance" section, UTRs may play diverse and key roles in 

regulating gene expression, including mRNA stability and translational efficiency. 

 

https://en.wikipedia.org/wiki/Translational_efficiency


Key Table. Essential features of different CRISPR-Cas9 strategies used in trypanosomatids. 

Applications 
Parasite 

stage 
Cas9 expression sgRNA Donor DNA 

UTRs 
preserva

tion 

Selection

-free 

Efficiency 
(Nb of edited 

clones/total clones 
screened) 

Refs 

Leishmania spp. 

Non-essential gene 
KO; 

precise base editing; 
gene tagging 

promastigote 

Constitutive 
expression from a 

plasmid 
DHFR-TS 
promoter 

Constitutive 
episomal expression; 

LmU6 promoter 

Constant, from an 

episome 
selection marker with 

HRs of 0.5-1kb 

Yes No 

25% edited 
parasites after 4 
weeks selection 

and cellular cloning 

[8, 50] 

Non-essential gene 
KO (single and 

multicopy genes); 
gene tagging; precise 

base editing 

promastigote 

Constitutive 
expression from a 

plasmid expressing 
either SpCas9 or 

SaCas9 

Constitutive 
expression from a 

plasmid 
No donor DNA or 

transient: either Single-

trandedOligonucleotide 
or PCR with HRs of 

25pb 

Yes Yes 

10-50% to 100% 
depending on the 
presence of donor 

DNA or not; 6 
weeks culture with 
cellular cloning and 

repeated 
transfections in 

absence of 
selection marker 

[9, 15, 
16] 

or Constitutive expression from plasmid co-

expressing Cas9 and sgRNA; 
rRNA promoter with/without HDV ribozyme 

sequences 

Non-essential gene 
KO; 

gene tagging 
promastigote 

Constitutive 
expression from a 

plasmid 

Transient expression 

as PCR product; 
T7 RNAP promoter 

Transient: PCR product 

containing selection 
marker with HRs of 

30bp 

No No 

100% edited total 
population obtained 
after 1 week without 

cellular cloning 

[4, 10, 
18, 20, 
27, 39, 
96-100] 

Rapamycin inducible 
KO combining 

CRISPR-Cas9 and 
DiCre 

promastigote 

Constitutive 
expression from a 

plasmid 

Transient expression 

as PCR product; 
T7 RNAP promoter 

Transient: PCR product 

containing selection 
marker; LoxP 

sequences with HRs of 
30bp 

Yes No 

25-100% edited 
parasites 

depending on the 
target gene after 3 

weeks including 
cellular cloning 

[27] 

Non-essential gene 
KO 

promastigote 
Transient expression as a Ribonucleoprotein 

(RNP) complex transcribed in vitro 

No donor DNA or 
transient: Single-

stranded 
Oligonucleotide 

Yes Yes >55% edited 
parasites 

[23] 

Trypanosoma brucei 

Non-essential gene 
KO; 

gene tagging 

procyclic, 
BSF 

Constitutive 
expression from a 

plasmid 

Transient expression 

as PCR product; 
T7 RNAP promoter 

Transient: PCR product 

containing selection 
marker with HRs of 

30bp 

No No 
100% after 1 week 

without cellular 
cloning 

[10, 101-
104] 

Tetracycline-
inducible gene KO 
(non-essential and 
essential genes); 

BSF 

Constitutive 
expression from 

integrative plasmid, 
integrated at rDNA 

Constitutive 
expression from 

integrative plasmid 
integrated in the rDNA 

No donor DNA or 
transient donor DNA: 

Single-stranded 
Oligonucleotide of 50bp 

No No 

100% after 1week 
without integration 
of selection marker 
(co-targeting drug 

[17] 



precise base editing locus. 
Tetracycline-

inducible rRNA 
promoter 

locus; 
T7 RNAP promoter 

including HDV 
ribozyme 

resistance 
selection) 

Non-essential gene 
KO (single and 

multicopy genes); 
gene tagging: 

precise base editing 

procyclic 

Constitutive 
expression from 

an episome 

Constitutive 
expression from an 

episome 
PARP promoter with 

ribozyme 

Constant from an 

episome; 'marker free' 
with HRs ~200bp 

Yes Yes 

60-100% edited 
parasites after 3-5 

months with cellular 
cloning. 

[19] 

Tested for KO of 
exogenous reporter 

BSF 

Transient expression: Ribonucleoprotein 

complex RNP transcribed in vitro 
(SaCas9/sgRNA) 

No donor DNA or 
transient donor DNA as 

Single-stranded 
Oligonucleotide 

N/A Yes 55% editing for a 
reporter gene 

[23] 

Trypanosoma cruzi 

Gene disruption, 
gene KO; knockdown 

of multicopy genes 

epimastigote, 
trypomastigot

e 

Constitutive 
expression from a 

plasmid 

Transient expression 

in vitro transcribed 
sgRNA 

No donor DNA N/A Yes 1-70% for gene 
replacement 

[7] 

Non-essential gene 
KO; gene knock-in; 

gene tagging 
epimastigote 

Constitutive expression from a plasmid or co-

expression with sgRNA. 
ribosomal promoter 

Transient: PCR 

product: selection 
marker with HRs of 

100bp 

No No 

95-100% edited 
parasites after 5 

weeks of selection 
and cellular cloning 

[22, 40, 
55] 

Non-essential gene 
KO; gene knock in; 

gene tagging 
epimastigote 

Constitutive 
expression from 

an integrative 
plasmid (tubulin 

locus) 

Transient expression 

as PCR product; 
T7 RNAP promoter 

Transient: PCR product 

containing selection 
marker with HRs of 

30bp 

No No 

variable edition 
rates; 100% edited 

parasites after 3 
weeks of selection 

[39] 

Non-essential gene 
KO, knockdown; 

gene tagging 

epimastigote, 
trypomastigot

e 

Transient expression: Ribonucleoprotein 
(RNP) complex transcribed in vitro 

(SaCas9/sgRNA) 

No donor DNA or 
transient: Single-

stranded 
Oligonucleotide 100bp 

or a tag with HRs of 
20bp 

Yes Yes 

35 -93% from 2 
days to 2 weeks 
after transfection 
depending on the 
sgRNA and RNP 
complex amount 

[23] 

Knockdown 
combining CRISPR-
Cas9 and Riboswitch 

epimastigote 

Constitutive expression from a plasmid or co-

expression with sgRNA. 
ribosomal promoter 

Transient: PCR 

product: selection 
marker with HRs of 

100bp 

No No 

95-100% edited 
parasites after 5 

weeks of selection 
and cellular cloning 

[72] 

Non-essential gene 
KO 

amastigote 

Constitutive 
expression from a 

plasmid 

Transient expression 
of in vitro transcribed 

sgRNA 

No donor DNA N/A Yes ND [105] 

 


