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[bookmark: Long_Abstract]SUMMARY: 
Here, we describe a protocol to introduce a gene knockout into the extracellular amastigote of Trypanosoma cruzi, using the CRISPR/Cas9 system. The growth phenotype can be followed up either by cell counting of axenic amastigote culture or by proliferation of intracellular amastigotes after host cell invasion.

ABSTRACT: 
Trypanosoma cruzi is a pathogenic protozoan parasite that causes Chagas’ disease mainly in Latin America. In order to identify a novel drug target against T. cruzi, it is important to validate the essentiality of the target gene in the mammalian stage of the parasite, the amastigote. Amastigotes of T. cruzi replicate inside the host cell; thus, it is difficult to conduct a knockout experiment without going through other developmental stages. Recently, our group reported a growth condition in which the amastigote can replicate axenically for up to 10 days without losing its amastigote-like properties. By using this temporal axenic amastigote culture, we successfully introduced gRNAs directly into the Cas9-expressing amastigote to cause gene knockouts and analyzed their phenotypes exclusively in the amastigote stage. In this report, we describe a detailed protocol to produce in vitro derived extracellular amastigotes, and to utilize the axenic culture in a CRISPR/Cas9-mediated knockout experiment. The growth phenotype of knockout amastigotes can be evaluated either by cell counts of the axenic culture, or by replication of intracellular amastigote after host cell invasion. This method bypasses the parasite stage differentiation normally involved in producing a transgenic or a knockout amastigote. Utilization of the temporal axenic amastigote culture has the potential to expand the experimental freedom of stage-specific studies in T. cruzi. 

[bookmark: Introduction]INTRODUCTION: 
Trypanosoma cruzi is the causative agent of Chagas’ disease, which is prevalent mainly in Latin America1. T. cruzi has distinctive life cycle stages as it travels between an insect vector and a mammalian host2. T. cruzi replicates as an epimastigote in the midgut of a blood-sucking triatomine bug and differentiates into an infectious metacyclic trypomastigote in its hindgut before being deposited on a human or animal host. Once the trypomastigote gets into the host body through the bite site or through a mucous membrane, the parasite invades a host cell and transforms into a flagella-less round form called an amastigote. The amastigote replicates within the host cell and eventually differentiates into trypomastigote, which bursts out of the host cell and enters the blood stream to infect another host cell. 

Since currently available chemotherapeutic agents, benznidazole and nifurtimox, cause adverse side effects and are ineffective in the chronic phase of the disease3, it is of a great interest to identify novel drug targets against T. cruzi. In recent years, the CRISPR/Cas9 system has become a powerful tool to effectively perform gene knockout in T. cruzi, either by transfection of separate or single plasmid(s) containing gRNA and Cas94, by stable expression of Cas9 and subsequent introduction of gRNA5–7 or transcription template of gRNA8, or by electroporation of the pre-formed gRNA/Cas9 RNP complex7,9. This technological advancement is highly anticipated to accelerate the drug target research in Chagas’ disease. 

To proceed with the drug development, it is crucial to validate the essentiality of the target gene or efficacy of drug candidate compounds in the amastigote of T. cruzi, as it is the replication stage of the parasite in the mammalian host. However, this is a challenging task, because amastigotes cannot be directly manipulated due to the presence of an obstructive host cell. In Leishmania, a closely related protozoan parasite to T. cruzi, an axenic amastigote culturing method was developed and has been utilized in drug screening assays10–13. Although there are some discrepancies in susceptibility to compounds between axenic amastigotes and intracellular amastigotes14, the ability to maintain the axenic culture nonetheless provides valuable experimental tools to study the basic biology of the clinically relevant stage of Leishmania15,16. In the case of T. cruzi, literatures regarding the presence of naturally occurring extracellular amastigotes (EA)17 and in vitro production of EA17–19 date back to decades ago. In addition, EA is known to have an infectious capability20, albeit less than that of trypomastigote, and the mechanism of amastigote host invasion has been elucidated in recent years (reviewed by Bonfim-Melo et al.21). However, unlike Leishmania, EA had not been utilized as an experimental tool in T. cruzi, primarily because EA had been regarded as an obligate intracellular parasite, and thus had not been considered as “replicative form” in a practical sense. 

Recently, our group proposed to utilize EA of T. cruzi as a temporal axenic culture22. Amastigotes of T. cruzi Tulahuen strain can replicate free of host cells in LIT medium at 37 ˚C for up to 10 days without major deterioration or loss of amastigote-like properties. During the host-free growth period, EA was successfully utilized for exogenous gene expression by conventional electroporation, drug titration assay with trypanocidal compounds, and CRISPR/Cas9-mediated knockout followed by growth phenotype monitoring. In this report, we describe the detailed protocol to produce in vitro derived EA and to utilize the axenic amastigote in knockout experiments. 
[bookmark: Protocol]
PROTOCOL:

NOTE: An overview of the entire experimental flow is depicted in Figure 1. 

[Place Figure 1 here.]

1. Parasite culture preparations

1.1. Use the Tulahuen strain of Trypanosoma cruzi throughout this protocol. Maintain epimastigotes of T. cruzi in LIT medium (10% FCS)23. Securely close the cap and keep the culture flask at 28 ˚C. 

1.2. Generate a transgenic strain of T. cruzi that harbors the Cas9 endonuclease. Examples of the expression plasmids that contain Cas9 coding sequence and G418 (neor) selection marker can be found in Lander et al.4 and Peng et al.5 

1.2.1. Transfect the above plasmid into epimastigote by electroporation, using the kit listed in the Table of Materials. For 1 cuvette, spin down 2 x 107 cells, discard the supernatant, and resuspend with 100 µL of electroporation buffer containing the provided supplement solution. 

NOTE: The electroporation buffer can be substituted with EM buffer24 (3:1 mixture of cytomix25 and phosphate-sucrose buffer). 

1.2.2. Add 20 – 40 µg of plasmid and transfer the mixture into a 2 mm gap electroporation cuvette. Apply the pulse with an electroporation device (see Table of Materials), using the X-14 program26.

1.2.3. [bookmark: _Hlk6785202]Transfer the cuvette contents into a T-25 flask containing 5 mL of LIT medium (10% FCS). Incubate the flask at 28 ˚C for 24 h.

1.2.4. Add G418 to a final concentration of 250 µg/mL and continue incubation at 28 ˚C. It takes about 1 week to kill off the non-transfected epimastigotes. Once the G418-resistant population starts to recover, passage the culture once or twice a week to avoid saturation and to dilute out the dead cells. Establishment of a stable cell line usually takes total of 4 weeks. 

NOTE: If constitutive expression of Cas9 is a burden for the cell5, make the expression specific to the amastigote stage by conjugating the 3’-UTR of amastin gene immediately downstream of the Cas9 open reading frame27. The detailed description of the amastigote-specific Cas9 expression plasmid can be found in Takagi et al.22

1.3. Establish a host-parasite co-culture of Cas9-expressing T. cruzi and mammalian host cells. In this report, use 3T3-Swiss Albino fibroblast cell as a host. 

1.3.1. Differentiate T. cruzi epimastigotes into metacyclic trypomastigotes. Determine the cell density of the epimastigote culture using a hemocytometer and collect 5 x 107 cells by centrifugation for 15 min at 2,100 x g. Discard the supernatant and resuspend the cells with 10 mL of RPMI medium. Incubate the parasite at 28 ˚C for 1 week28.

1.3.2. Collect metacyclic trypomastigotes in RPMI medium. Carefully tilt the flask and pipet out the solution without disturbing the parasites adhered to the bottom surface. Transfer the medium to a conical tube and centrifuge for 15 min at 2,100 x g. Discard the supernatant and resuspend the parasite with 5 mL of DMEM (10% FCS).

NOTE: The parasite population is a mixture of metacyclic trypomastigotes, epimastigotes, and some intermediate forms. Although not necessary, isolate trypomastigote by DEAE ion exchange chromatography29. Alternatively, epimastigotes can be eliminated by incubating the parasites with active serum to subject them to complement lysis30. 

1.3.3. Seed 3T3-Swiss Albino fibroblast cell to 60 – 70% confluency, or about 1.7 – 2.0 x 106 cells in 5 mL of DMEM (10% FCS) in T-25 culture flask. Remove growth medium and apply the parasite mixture from step 1.3.2. Incubate for 24 h at 37 ˚C under 5% CO2 in a humidified incubator to establish infection.

1.3.4. Remove the parasites remaining outside of the host 3T3 cells by washing the co-culture with DMEM (10% FCS) twice. 

1.3.5. Once the co-culture is saturated, passage amastigote-infected host cells by trypsinization. Aspirate the medium and rinse the culture once with PBS. Apply 1 mL of 0.05% trypsin solution to cover the entire culture surface, and incubate for few minutes at room temperature until the attached host cells become loose. Detach the cells from the flask surface by flushing 3 mL of DMEM (10% FCS) over the cells. 

1.3.6. Transfer detached host cells into a conical tube, and centrifuge for 3 min at 300 x g. Aspirate the supernatant and resuspend the cells with 3 mL of fresh DMEM (10% FCS). This step helps to eliminate remaining epimastigotes. Transfer 1 mL into a clean T-75 flask containing 4 mL of DMEM (10% FCS). Continue culturing until trypomastigote is released into culture supernatant.

1.3.7. [bookmark: _Hlk6785590]Maintain the co-culture by passaging with trypsinization twice a week, repeating steps 1.3.5 and 1.3.6. Once 70 – 80% of the host population become infected, regularly add uninfected host 3T3 cells at the ratio of 5:1 (carryover:fresh), in order to avoid culture deterioration. Trypomastigote egresses continuously if the balance between host cells and T. cruzi is properly maintained.

2. Differentiation of trypomastigotes into EA

2.1. On the day before this experiment, remove the growth medium of host-parasite co-culture and add fresh DMEM (10% FCS) to wash away EA and trypomastigotes that had already been released from the host cells in previous days. Regular experiments require at least two T-75 flasks of confluent co-culture.

2.2. Collect culture supernatant into a conical tube to harvest freshly emerged trypomastigotes. Check the sample under a microscope (10x or 20x objective lens) for the quality. If there is host cell debris, briefly centrifuge the sample and transfer the supernatant into a new tube. If there are significant number of EAs, isolate trypomastigotes by the following swim-out procedure. 

2.2.1. Spin down the mixture of trypomastigotes and amastigotes for 15 min at 2,100 x g. Discard most of the supernatant, leaving 0.5 – 1.0 mL of medium in the tube. 

NOTE: Reducing the volume is optional, but it makes the following step easier.

2.2.2. Incubate the pellet at 37 ˚C for 1 – 2 h, allowing active trypomastigotes to swim out of the pellet (Figure 2). 

2.2.3. Transfer the supernatant containing trypomastigotes to a 1.5 mL microcentrifuge tube.

2.3. Centrifuge the conical tube for 15 min at 2,100 x g to collect trypomastigotes. If the swim-out procedure was performed above, centrifuge the 1.5 mL tube for 2 min at 4,000 x g to pellet the trypomastigote. Discard the supernatant.

2.4. Resuspend the pellet with 5 mL of DMEM buffered with 20 mM MES (pH 5.0), supplemented with 0.4% BSA19. Transfer the parasite to a T-25 culture flask. Leave the cap loose. The cell density must be around or below 1 x 107 cells/mL, since oversaturation increases the chance of cell death.

NOTE: The color of the DMEM must be yellow, not orange. If the original DMEM had high buffering capacity, 20 mM MES (pH 5.0) is not enough to lower the pH. The pH of the medium must be adjusted by addition of HCl in that case. The acidic medium can be kept at 4 ˚C, but no longer than 1 month. 

2.5. [bookmark: _Hlk2550407]Incubate the culture flask at 37 ˚C under 5% CO2 in a humidified incubator. Around 95% of parasites differentiate into amastigotes after 24 h.

3. Electroporation of EA

3.1. Prepare gRNA for electroporation. This can be done by in vitro transcription, or simply by purchasing synthetic RNA oligonucleotides from a manufacturer. In this report, crRNA and tracrRNA from Integrated DNA Technologies, Inc. are used.

3.2. Centrifuge the culture of EAs for 15 min at 2,100 x g. Discard supernatant.

3.3. Resuspend the pellet with electroporation buffer containing provided supplement solution to the final cell density of 1 x 108 cells/mL.

NOTE: EM buffer causes more cell deaths compared to electroporation buffer; thus, it is not recommended for amastigote transfection (Supplemental Figure 1).

3.4. Aliquot 100 µL of resuspended parasites (1 x 107 cells) into 1.5 mL microcentrifuge tubes. Add 5 – 10 µg of gRNA and gently mix by pipetting. 

3.5. Transfer the mixture to a 2 mm gap electroporation cuvette. Apply the pulse with the electroporation device, using X-14 program.

3.6. Transfer the cuvette contents into a T-25 flask containing 5 mL of pre-warmed LIT medium (10% FCS). Leave the cap loose and incubate the flask at 37 ˚C under 5% CO2.

3.7. Monitor the cell growth either by continuation of axenic culturing (section 4) or as intracellular amastigotes after host cell infection (section 5).

4. Monitoring the growth of knockout cells as axenic amastigotes

4.1. EAs settle at the bottom of the culture medium, so gently shake the flask to resuspend them into the solution. Washing the flask surface by pipetting helps, as some cells are adhered to the flask.

4.2. Mix 1 µL of propidium iodide (PI) solution (20 µg/mL) with 20 µL of amastigote culture. 

NOTE: Do not leave the culture flask outside of incubator for longer than necessary. Temperature is one of factors that enables axenic proliferation22.

4.3. Apply the sample onto hemocytometer and observe under a fluorescence microscope. PI is permeant to damaged cell membrane but is excluded from live cells. Count the number of viable amastigotes that are not stained by PI (ex/em 570 nm/602 nm).

5. Monitoring the growth of knockout cells as intracellular amastigotes

5.1. Seed host 3T3 cells in a 12-well plate with DMEM (10% FCS). Adjust the cell density to 70 – 80% confluency, or about 3 x 105 cells per well.

NOTE: Since amastigotes are not motile, covering most of the growth surface by the host cells improves infection efficiency.

5.2. Collect knockout amastigotes from step 3.6 by centrifugation one day after electroporation. Discard the supernatant, and resuspend the parasite with 2 mL of DMEM (10% FCS).

5.3. Remove medium from the host cell culture and apply resuspended amastigotes. Multiplicity of infection should be 20 or higher. Incubate the plate at 37 ˚C under 5% CO2 for 2 days to allow amastigotes to establish infection.

NOTE: Infection period can be 1 day, depending on the purpose.

5.4. Wash away EAs remained outside of the host cells twice with DMEM (10% FCS).

5.5. Add fresh DMEM (10% FCS) to the host-parasite co-culture and continue the incubation at 37 ˚C for additional 2 days.

5.6. To evaluate infection efficiency, visualize nuclei of the host cells and intracellular amastigote.

NOTE: Nuclei tend to be overlapped in saturated co-culture. Re-plating the cells at lower cell density (such as 1:5 dilution) prior to fixation and staining helps to count nuclei more easily.

5.6.1. Remove culture medium and apply 1 mL of 4% formalin solution in PBS to fix the cells. Incubate for 10 min at room temperature.

5.6.2. Replace the formalin solution with 1 mL of PBS containing 1 µg/mL Hoechst 33342 and 0.1% Triton X-100. Incubate for 5 min at room temperature. 

5.6.3. Remove the Hoechst solution and rinse the cells once with PBS. Add 1 mL of fresh PBS. 

5.7. Observe under fluorescence microscope and identify host cell nuclei that are associated with smaller parasite nuclei (Figure 4). Host cells that contain more than 2 amastigotes should be considered as infected, not to include nonproductive initial infection or unwashed EAs. 

[bookmark: Representative_Results]REPRESENTATIVE RESULTS:
Isolation of trypomastigotes by the swim-out procedure
To harvest fresh trypomastigotes from contaminating old EAs by swim-out procedure, cell pellets need to be incubated at least for 1 h. Incubating the pellets for more than 2 h does not significantly increase the number of trypomastigotes swimming in the solution (Figure 2B). In this particular experiment, the percentage of trypomastigote in the initial mixture was 38%, and the percentage after the swim-out was above 98% at any given time points. From two T-75 flasks of confluent co-culture, we routinely obtain 3 – 4 x 107 cells of pure trypomastigote by this swim-out protocol. 

Growth monitoring of knockout amastigote as axenic culture
Unlike other developmental stages of T. cruzi, flagellar-less amastigotes are practically static. Thus, staining with PI helps to distinguish live amastigotes from dead ones. PI is impermeable to the intact cell membrane but easily penetrates dead cells (Figure 3A). Amastigotes transfected with gRNA against essential gene, TcCGM1 (TcCLB.511807.80), showed a significant growth defect comparing to the control group that received gRNA not homologous to the T. cruzi genome (Figure 3B). 

Growth monitoring of knockout parasites as intracellular amastigotes
The essentiality of the target gene in the amastigote stage can also be demonstrated by evaluation of the growth phenotype of knockout T. cruzi as intracellular amastigote (Figure 4). The fraction of host nuclei that is associated with smaller T. cruzi nuclei was significantly lower in TcCGM1-KO group comparing to the control group.

Knockout of a stage-specific gene causes phenotypic difference in amastigote and trypomastigote stages
Paraflagellar rod component PAR1 is highly expressed in trypomastigote stage, but is downregulated in the amastigote stage of T. cruzi22, 31. Indeed, transfection of gRNA against TcPAR1 (TcCLB.506755.20) did not significantly affect the growth of EA after 4 days of axenic culturing (Figure 5B). gRNA transfection followed by host cell invasion also showed that TcPAR1-KO does not inhibit the growth of intracellular amastigotes, in terms of the fraction of infected host cells at 4 days post infection (Figure 5C). The number of parasites within individual host cell did not seem to be affected by the knockout, either (Supplemental Figure 2). These results indicate that TcPAR1 is not essential in the amastigote stage of T. cruzi. 

[bookmark: Figure_Legends]However, the number of trypomastigotes emerged out of host cells at 5 days post infection was significantly lower in TcPAR1-KO co-culture, comparing to the control co-culture (Figure 5D). Also, differentiated trypomastigotes within host 3T3 cell before egression appeared to be quite active in control group (Supplemental Movie 1) but seemed sluggish in TcPAR1-KO group (Supplemental Movies 2). These results suggest that TcPAR1 plays an important role in the trypomastigote stage of T. cruzi, presumably by providing motility to help the egression, despite its non-essentiality in amastigote stage. 

FIGURE AND TABLE LEGENDS: 
Figure 1: Overview of the knockout experiment using EA. Tissue culture-derived trypomastigotes are harvested and differentiated into EA. gRNA is transfected into Cas9-expressing amastigotes by electroporation, and growth phenotype of the knockout amastigote is evaluated either by axenic replication or by intracellular replication after host cell invasion. 

Figure 2: Isolation of trypomastigote by swim-out procedure. (A) Schematic representation of the protocol. (B) The number of trypomastigotes that have swum out of the pellet at indicated time points. Initial pellets contained total of 3 x 107 parasites, 38% of which were trypomastigotes and the rest of which were amastigotes. Experiments were performed in triplicate and mean values (±SD) are plotted. The purity of trypomastigotes in solution was above 98% at any given time points. (C) Microscopy images of parasites before swim-out procedure (left), trypomastigotes that have swum out of a pellet (middle), and parasites remaining in a pellet (right) after 1 hour of incubation. Scale bars: 10 µm. 

Figure 3: Growth monitoring of axenic amastigote. (A) Propidium iodide (PI) exclusion assay. Microscopy images of EA on a hemocytometer in bright field (left), fluorescence channel (middle), and overlaid image (right). Yellow arrows indicate PI-stained dead cells. Scale bars: 20 µm. (B) Cell count of Cas9-expressing amastigotes after transfection with gRNAs against TcCGM1 (open circle) and control gRNA with no homology to T. cruzi (closed circle). Electroporations were performed in triplicates, and mean values (±SD) are plotted. (**p<0.01 by Welch’s t-test). This figure has been modified from Takagi et al.22 

Figure 4: Growth of knockout amastigotes after host invasion. (A) Nuclear staining of the host-parasite co-culture after intracellular replication of amastigotes transfected with gRNAs against TcCGM1 and control gRNA. gRNA-transfected EAs were applied onto 3T3 cells 1 day after electroporation and allowed to infect host cells for 2 days. Amastigotes remaining outside of the host cells were washed away, and the host-parasite co-culture was incubated for an additional 2 days. Scale bars: 20 µm. This figure has been modified from Takagi et al.22 (B) Percentage of host 3T3 cells infected by control amastigotes (black bar) and TcCGM1-KO amastigotes (gray bar). The mean (±SD) of three infection experiments are plotted (**p<0.01, Welch’s t-test). This figure has been modified from Takagi et al.22 

Figure 5: Phenotypic difference between knockout amastigote and differentiated trypomastigote. (A) Schematic representation of experimental time line. (B) Cell counts of axenic amastigote at 4 days post transfection for control amastigotes (black bar) and TcPAR1-KO amastigotes (gray bar). Mean values (±SD) of three electroporation experiments are plotted (n.s.: not significant, Mann-Whitney U test). (C) Percentage of infected host 3T3 cells at 4 days post infection by control amastigote (black bar) and TcPAR1-KO amastigote (gray bar). Mean values (±SD) of three culture wells are plotted (n.s.: not significant, Mann-Whitney U test). (D) Number of trypomastigote released into culture medium at 5 days post infection for control co-culture (black bar) and TcPAR1-KO co-culture (gray bar). Mean values (±SD) of three culture wells are plotted (*p<0.05, Mann-Whitney U test).

Supplemental Figure 1: Effect of electroporation buffer on amastigote cell viability. EA was electroporated either in electroporation buffer or in EM buffer. Amastigote was stained with PI after 24 h to count the number of live and dead amastigotes. Percentages of dead cells in each group and in the no pulse group are plotted. The mean (±SD) of three electroporation experiments are shown (*p<0.05, n.s.: not significant, Kruskal-Wallis test). 

Supplemental Figure 2: Microscopy images of nuclear-stained TcPAR1-KO and control intracellular amastigotes. Co-culture of host 3T3 cells and transfected amastigotes were fixed and stained at 4 days post infection. Scale bars: 20 µm.

Supplemental Figure 3: Growth phenotype of Cas9-expressing epimastigote. Cell counts of wildtype epimastigotes (WT), epimastigotes that constitutively expresses Cas9-EGFP (Cas9-EGFP), and epimastigotes that expresses Cas9-EGFP under the regulation of amastigote-specific 3’-UTR (Cas9-EGFP-AmaUTR) are plotted in log scale. Epimastigotes were cultivated in LIT medium (10% FCS) at 28˚C. Parasite cell density was adjusted to 1 x 106 cells/mL on Day 0. Cumulative cell counts are calculated as cell density multiplied by the total dilution factor. The mean (±SD) of three culture flasks are shown (*p<0.05, n.s.: not significant, Kruskal-Wallis test).

Supplemental Movie 1: Microscopy video image of control co-culture. Number and activeness of trypomastigotes that have differentiated from control amastigotes. Video image at 5 days post infection is shown.

Supplemental Movie 2: Microscopy video image of TcPAR1-KO co-culture. Number and activeness of trypomastigotes that have differentiated from TcPAR1-KO amastigotes. Video image at 5 days post infection is shown.

[bookmark: Discussion]DISCUSSION:
We demonstrated that the axenic culture of T. cruzi amastigotes can be utilized in CRISPR/Cas9-mediated gene knockout, by electroporating gRNA directly into Cas9-expressing EA. This way, the essentiality of the target gene specifically in amastigote stage can be evaluated without going through other developmental stages. 

Another beneficial aspect of amastigote transfection is the convenience in testing for a large number of target genes. Once the co-culture of Cas9-expressing T. cruzi and host mammalian cell is established, it takes only few days to transform the tissue-derived trypomastigotes into EA and transfect gRNA to obtain knockout amastigotes. gRNA is the only material that needs to be tailored to each target gene, but synthetic gRNA is available from number of manufacturers, so it can simply be purchased. An alternative method to analyze the stage specific essentiality of target genes would be to establish an inducible knockout system32. In that case, plasmids must be constructed for each target gene and transfected to the parasite in the epimastigote stage to allow drug selection of the transfectants, since transfection efficiency of the plasmid is much lower than that of gRNA (<15% for plasmid26 as supposed to >96% for gRNA22). Selected transfectants must be differentiated into metacyclic trypomastigotes to infect host cells to finally induce a knockout in intracellular amastigote. This whole process would take 1 – 2 months. 

In this report, we used PI to distinguish dead cells in axenic amastigote culture to quantitate the cell density with a hemocytometer. Alternatively, metabolic assays such as the resazurin viability assay can be employed to estimate the number of live amastigotes, which is more suited for a high throughput format. In our hands, 1 x 105 amastigotes per well yield sufficient redox activity to be detected by a resazurin assay after 5 h of incubation. 

One drawback of establishing a Cas9-expressing cell line is the potential cellular burden and non-specific cleavage due to Cas9 overexpression5,33. There are several reports indicating that constitutive expression of Cas9 has no effect on the growth rate of T. cruzi4,6–8. However, in one instance5 and also in our hands, Cas9-expressing parasite showed slow growth comparing to the wildtype. In order to overcome this issue, we employed the amastigote-specific 3’-UTR to restrict the expression of Cas9 to amastigote stage22. Conjugation of amastin 3’-UTR to the Cas9 open reading frame restored the replication rate of transgenic parasite (Supplemental Figure 3), thereby producing robust host-parasite co-culture to continuously supply trypomastigotes for in vitro amastigogenesis. Recently, other groups have demonstrated that introduction of gRNA/Cas9 RNP complex to wildtype parasite can cause genome editing in T. cruzi7,9. This method should be explored as a less stressful approach to the parasite9, since study in mammalian cells suggests that the use of RNP reduces unwanted off-target genome editing, owing to the short half-life of Cas9 protein34. 

Another optional modification to the protocol would be the co-transfection of donor DNA as a template for homologous recombination. It has been reported that the donor DNA containing homologous sequences to upstream and downstream of the cleavage site, in a form of either double-stranded DNA4,5,8,35 or single-stranded oligonucleotide7,9, facilitates the repair process of double-stranded break caused by Cas9 nuclease. Although some reports indicate that microhomology mediated end joining without donor template can repair the cleavage and introduce a deletion mutation5, introduction of the defined sequence to the mutation site nonetheless helps to confirm successful genome editing, because it is difficult to show the DNA evidence of gene knockout in some cases, even though the target protein reduction and phenotypic outcome suggest the target gene was mutated4. 

Cas9/gRNA RNP transfection and co-transfection of a donor DNA are not demonstrated in this report to simplify the description of the protocol and to focus on the preparation of EA and the use of axenic culture thereafter. If one wishes to perform those experiments, it can be done by simply replacing the components of electroporation.

Our method of utilizing EA of T. cruzi as an experimental tool potentially enables a variety of stage-specific studies, including transient gene expression by plasmid transfection and drug efficacy test22. However, the effectiveness of this approach has been tested only in the Tulahuen strain thus far. Since strains of T. cruzi are quite diverse, applicability of this protocol to other strains must be investigated.
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