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Trypanosomes are early divergent protists with distinc-
tive features among eukaryotic cells. Together with
Trypanosoma brucei and Leishmania spp., Trypanoso-
ma cruzi has been one of the most studied members of
the group. This protozoan parasite is the causative
agent of Chagas disease, a leading cause of heart dis-
ease in the Americas, for which there is no vaccine or
satisfactory treatment available. Understanding
T. cruzi biology is crucial to identify alternative targets
for antiparasitic interventions. Genetic manipulation of
T. cruzi has been historically challenging. However, the
emergence of CRISPR/Cas9 technology has significantly
improved the ability to generate genetically modified
T. cruzi cell lines. Still, the system alone is not sufficient
to answer all biologically relevant questions. In general,
current genetic methods have limitations that should
be overcome to advance in the study of this peculiar
parasite. In this brief historic overview, we highlight
the strengths and weaknesses of the molecular strate-
gies that have been developed to genetically modify
T. cruzi, emphasizing the future directions of the field.

Trypanosomatids (order Kinetoplastidae) belong to an ear-
ly divergent branch of eukaryotes, the supergroup Discoba,
presenting unique characteristics that significantly distin-
guish them from their vertebrate hosts [1]. The most stud-
ied members of this taxonomic group (Trypanosoma brucei,
Trypanosoma cruzi and Leishmania spp.) produce im-
portant infectious diseases in humans and cattle. T. cruzi is
the causative agent of Chagas disease, a neglected tropical
disease considered one of the leading causes of heart dis-
ease in the world, for which there is no vaccine or satisfac-
tory treatment available. This slow-progressing illness af-
fects about 6-7 million people worldwide and is the most
prevalent parasitic disease in the Americas, causing more
than 10,000 deaths per year [2]. From the affected popula-
tion, about 2-3 million people are chronic cases developing
serious irreversible heart damage and gastrointestinal or
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neurological complications [3]. T. cruzi is mainly transmit-
ted to humans by contact with feces/urine of infected tria-
tomine bugs. Historically, vector-borne infections were
confined to continental rural areas in Latin America but
reports of seropositive cases have increased in non-
endemic countries of Europe, North America, and the Pa-
cific, mainly as a consequence of global human migrations
[4]. But probably the most alarming fact about Chagas dis-
ease is that most infected individuals do not know they are
sick, remaining undiagnosed until symptoms appear and it
is too late to be treated and cured [5]. Currently, there are
only two accepted drugs to treat Chagas disease, but they
are not FDA-approved for use in adults. Besides their ad-
verse side effects, the efficacy of these drugs decreases the
longer a person has been infected. Consequently, the de-
velopment of new non-toxic chemotherapies to treat
chronic patients of Chagas disease is extremely necessary.
Understanding T. cruzi biology is critical for the identifi-
cation of unique structural, metabolic and physiological
features that lead to the emergence of new non-toxic and
accessible therapies to treat Chagas disease. In this regard,
functional analyses of T. cruzi essential genes contribute to
reveal basic aspects of eukaryotic evolution and biology, as
well as to identify and validate new targets for antiparasitic
interventions. Genetic manipulation of T. cruzi has been
historically challenging, as compared to other pathogenic
protozoans. However, the adaptation of the prokaryotic
CRISPR/Cas9 system for genome editing to T. cruzi [6, 7],
has significantly improved the ability to generate genetical-
ly modified cell lines, becoming a powerful tool for the
functional study of proteins in this organism. Still, the sys-
tem alone is not sufficient to answer all biologically rele-
vant questions. In general, current genetic methods have
limitations that should be overcome to advance in the
study of this peculiar parasite. In a historic overview of the
molecular strategies that have been developed to genet-
ically modify T. cruzi, from the generation of the first
knockout cell line to the use of CRISPR/Cas9 for genome
editing, we can highlight the strengths and weaknesses of
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this revolutionary molecular tool, emphasizing the predict-
ed directions in the field.

The first T. cruzi null mutant was reported in 1993,
when the gp72 gene was ablated using a conventional
knockout strategy [8]. Since then and until CRISPR emer-
gence 20 years later, only 20 publications reported at-
tempts to delete T. cruzi genes, generating either null mu-
tants (KO) or single-allele deletion mutants (SKO) in this
parasite. With the adaptation of CRISPR/Cas9 technology
for genome editing in T. cruzi [7, 9] this number increased
to 67 genes in just six years, during which 35 genes were
targeted by CRISPR/Cas9 strategies (Figure 1). This data
highlights the contribution of CRISPR to reverse genetics in
this parasite. In this regard, two aspects have been crucial
to advance in the genetic manipulation of T. cruzi. The first
one is the development of specific expression vectors for
this parasite, which established the beginning of reverse
genetics in T. cruzi in the early ‘90s and allowed the recent
implementation of CRISPR technology in this organism.
These vectors were designed considering that transcription
is polycistronic in T. cruzi. Most of them include a strong
ribosomal promoter, UTR sequences flanking the gene of
interest (necessary for mRNA processing), and DNA se-
quences that allow integration of the construct into silent
loci of the parasite genome [10]. The second aspect is the
availability of accurate T. cruzi genomic data, which is criti-
cal to develop gene editing strategies. The first T. cruzi
genome sequence corresponding to the hybrid strain CL
Brener was released in 2005, after more than a decade of
effort involving laboratories and researchers from different
countries [11, 12]. Based on this genomic data, four years
later a chromosomal-level assembly for each CL Brener
haplotype was generated, including bacterial artificial
choromosome (BAC) end sequences and synteny infor-
mation from the T. brucei genome. [13]. Since then, new
sequencing technologies have been used to assemble the
genomes of several T. cruzi strains with improved contigui-
ty and assembly accuracy [14-16]. This genomic infor-
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mation has been essential to catalyze reverse genetic ap-
proaches for the functional analysis of genes in T. cruzi.
However, T. cruzi genomic data still shows limitations due
to the presence of extensive DNA repetitive regions, in-
cluding large multigene families, and chromosome copy
number variations characteristic of this parasite [10, 12].
Therefore, additional and more accurate genomic se-
quences of different T. cruzi strains are necessary to in-
crease the use and efficiency of gene editing techniques in
this parasite.

Revisiting recent genetic achievements within trypano-
somatids, CRISPR/Cas9 technology was first used to modify
the genome of T. cruzi. Genome editing was initially
adapted to this organism six years ago by constitutive ex-
pression of Cas9 and either transient [7] or constitutive
expression of the sgRNA [6]. In these studies, different
conditions were tested such as targeting individual genes
or multigene families, the use of one or two plasmid vec-
tors for the expression of Cas9 and sgRNA, and the effi-
ciency of the system with or without a DNA donor tem-
plate to promote homology directed repair (HDR). In the
absence of DNA donor, double strand break (DSB) repair in
T. cruzi was carried out by microhomology-mediated end
joining (MMEJ) [7]. The inclusion of a DNA donor to induce
HDR increased the genome editing efficiency to 100%,
generating a homogeneous double knockout population by
replacement of both alleles with a single resistance marker
in a few weeks, a result never achieved in T. cruzi before
[6]. This strategy has been successfully used for endoge-
nous tagging of several genes [9] and for the functional
characterization of about 20 proteins (reviewed by [17-19]),
including important players in calcium signaling and home-
ostasis, [20-26], which evidences the usefulness of the sys-
tem to efficiently modify the genome of T. cruzi. It is im-
portant to mention that knockout cell lines obtained
through this strategy have been complemented with either
wild type or mutant versions of the added-back gene [21].
In addition, in vivo site-directed mutagenesis was used for

FIGURE 1: Impact of CRISPR/Cas9 technology
on the generation of null mutants in Trypano-
soma cruzi. Linear plots show the cumulative
number of endogenous genes for which abla-
tion attempts have been published per year in
T. cruzi, using conventional knockout (blue),
CRISPR/Cas9 (red), and the total number using
either of the two methods (black). Only the first
attempts reported for each gene were consid-
ered in the analysis.
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the first time to study the mitochondrial calcium uniporter
subunits TcMCUb and TcMCUc by CRISPR/Cas9-mediated
gene knock-in. In general, research in cell signaling has
made significant progress with the use of CRISPR/Cas9 in
the generation of calcium-related mutant cell lines in
T. cruzi, providing new insights into the adaptations of
trypanosomes to their particular life styles and supporting
the view that one of the main roles of calcium in this para-
site is linked to the regulation of intramitochondrial dehy-
drogenases, with important implications in cell bioenerget-
ics and life/death decisions during T. cruzi life cycle [27].

Another approach for genome editing in T. cruzi in-
volves the delivery of a ribonucleoprotein (RPN) complex
composed by a smaller Cas9 (SaCas9), and in vitro-
transcribed sgRNAs by nucleofection into different stages
of the parasite’s life cycle (epimastigotes and trypo-
mastigotes) and different T. cruzi strains [28] resulting effi-
cient for the disruption of reporter genes. Although the
system did not generate null mutants of endogenous genes,
selection-free endogenous tagging was achieved using this
method, that can be potentially used for gene editing in
other trypanosomatids. Alternatively, a cloning-free
CRISPR/Cas9-PCR-based method that involves cell lines
constitutively expressing Cas9 and T7 RNA polymerase has
been implemented in T. cruzi [29]. In this system, a biolu-
minescent/fluorescent T. cruzi cell line is used to follow
infection kinetics in a murine model and visualize individual
fluorescent parasites in tissue sections. The reporter cell
line was also engineered for CRISPR/Cas9 functionality to
facilitate genome editing, thus generating biolumines-
cent/fluorescent/null mutants to evaluate their phenotype
in vivo. Even though the method requires the insertion of
two different resistance markers to replace both alleles of
the gene, this promising system should be further explored
for drug target validation in T. cruzi. So far, the different
CRISPR strategies that have been developed in trypanoso-
matids indicate that gene editing efficiency is much higher
in the presence of a DNA donor template than in its ab-
sence, confirming that HDR is more efficient that MMEJ for
DSB repair in T. cruzi. This information is very useful when
designing CRISPR experiments in this parasite, albeit the
delivery of a DNA donor molecule could restrict high
throughput gene ablation studies.

Despite the progress achieved in T. cruzi reverse genet-
ics with the different methods developed, 67 ablated
genes in 31 years represents a very low number, corre-
sponding to less than 0.5% of the ~12,000 annotated pro-
tein-coding genes in T. cruzi. The number looks even more
negligible when compared with other kinetoplastid species
such as T. brucei (agent of sleeping sickness), in which al-
most all protein-coding genes have been analyzed by
downregulation or deletion using single gene strategies or
high-throughput screenings, mainly based on RNAi tech-
nology [30, 31]. Moreover, in some Leishmania spp., which
like T. cruzi, lack the RNAi machinery and are known to be
refractory to genetic manipulation, near 500 genes have
been analyzed by gene ablation so far [31-33]. In addition,
flagellar and kinome gene deletion libraries analyzing 82
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and 204 genes, respectively, have been recently generated
in Leishmania mexicana (the agent of cutaneous leishman-
iasis) using CRISPR/Cas9 [32, 33]. However, no genome-
wide functional analyses, or high throughput downregula-
tion studies has been reported in T. cruzi.

The availability of reliable and efficient inducible sys-
tems is crucial to investigate essential genes. In this regard,
loss-of-function analyses of T. cruzi essential genes using
CRISPR/Cas9 methodologies have limitations. As non-
infective epimastigotes are easily cultured and can be ge-
netically modified by current available protocols, most of
the genetic interventions in T. cruzi have been done in this
insect-specific stage. However, it is more relevant to study
the essentiality of potential drug targets using the mamma-
lian stages of the parasite’s life cycle. T. cruzi amastigotes
have been directly manipulated by CRISPR/Cas9 [34], how-
ever this method has the same constraints to evaluate
gene essentiality as those used in epimastigotes with con-
ventional, non-inducible gene editing methods, where a
gene is considered essential when it is not possible to ob-
tain viable null mutants. Recently, a CRISPR/Cas9-
riboswitch-based method has been developed for down-
regulation of gene expression in T. cruzi [35]. With this
strategy, endogenous genes can be tagged with the gimS
ribozyme from Bacillus subtilis, and their expression down-
regulated at the post-transcriptional level. Although the
system is not inducible due to the apparent endogenous
production of glucosamine 6-phosphate, it has resulted
useful to obtain knockdowns of essential genes in T. cruzi
[35, 36]. In addition, the CRE-/ox recombination system has
been tested in T. cruzi epimastigotes and tissue culture
trypomastigotes [37]. Albeit it has not been used to ma-
nipulate endogenous genes yet, the adaptation of the CRE-
lox system to generate an inducible CRISPR/Cas9 knockout
strategy could contribute to expand the available toolbox
to manipulate this parasite. But so far, using the currently
available methodologies, the generation of loss-of-function
mutants to target multigene families is practically impossi-
ble. Interestingly, a new CRISPR-associated nuclease
(Cas13) that targets RNA instead of DNA has been de-
scribed in prokaryotes [38-41]. The system was successfully
adapted to mammalian cells, where Cas13 acts as an RNA-
guided RNAse, without modifying the genomic DNA se-
quence [38, 41]. This new type of Cas nucleases is a prom-
ising alternative for the study of essential genes and multi-
gene families, and to achieve large-scale functional screen-
ingsin T. cruzi.

Long story short, while the successful implementation
of the CRISPR/Cas9 system has promoted an important
momentum in the genetic manipulation of T. cruzi, the
field is still missing the development of conditional knock-
outs or robust systems for inducible knockdown, which
would further accelerate the identification and validation
of alternative drug targets to treat Chagas disease, as well
as the generation of knowledge on the biology of early
divergent eukaryotes.
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