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The flagellum of Trypanosomatids is an organelle that contributes to multiple functions, including motility, cell division, and host–pathogen interaction. Trypanin was first described in Trypanosoma brucei and is part of the dynein regulatory complex. TbTrypanin knockdown parasites showed motility defects in procyclic forms; however, silencing in bloodstream forms was lethal. Since TbTrypanin mutants show drastic phenotypic changes in mammalian stages, we decided to evaluate if the Trypanosoma cruzi ortholog plays a similar role by using the CRISPR-Cas9 system to generate null mutants. A ribonucleoprotein complex of SaCas9 and sgRNA plus donor oligonucleotide were used to edit both alleles of TcTrypanin without any selectable marker. TcTrypanin −/− epimastigotes showed a lower growth rate, partially detached flagella, normal numbers of nuclei and kinetoplasts, and motility defects such as reduced displacement and speed and increased tumbling propensity. The epimastigote mutant also showed decreased efficiency of in-vitro metacyclogenesis. Mutant parasites were able to complete the entire life cycle in vitro; however, they showed a reduction in their infection capacity compared with WT and addback cultures. Our data show that T. cruzi life cycle stages have differing sensitivities to TcTrypanin deletion. In conclusion, additional work is needed to dissect the motility components of T. cruzi and to identify essential molecules for mammalian stages.
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Introduction

Trypanosoma cruzi is a protozoan parasite of the Trypanosomatidae family, which bears a group of early diverging eukaryotes. This parasite is the etiological agent of Chagas disease, a potentially life-threatening illness that affects about 6–8 million people around the world (Mills, 2020). Trypanosoma cruzi epimastigotes (a replicative form) differentiate into metacyclic trypomastigotes (MTs), the infective and non-replicative forms in triatomine insects. MTs are released within insect feces and, once introduced into a host, can invade almost all nucleated cells. Once inside the host cells, they differentiate into amastigotes, a replicative form containing a short flagellum. After a period of multiplication intracellularly, the amastigote forms transform into bloodstream trypomastigotes; these cells egress the host cells, cross the extracellular matrix, and swim in a crowded and viscous environment (blood) to be able to reach different cell types of the mammalian organism (Ferri and Edreira, 2021). The most studied T. cruzi virulence factors are surface proteins, such as gp82, gp63, trans sialidase, and MASP (Bartholomeu et al., 2009; Belew et al., 2017; de Castro Neto et al., 2021). The contribution of parasite motility in this physiological process remains to be elucidated.

Trypanosoma brucei and Leishmania mexicana parasite motility has been explored extensively compared with T. cruzi. To understand T. brucei parasite motility, 41 genes were selected based on conserved flagellum genes among other motile eukaryotic organisms and silenced using RNAi approaches. This strategy allowed the identification of new components of motile flagella and the characterization of the phenotype of the mutant based on the severity of the motility defects (Baron et al., 2007). A similar approach was used to characterize 20 new proteins associated with the T. brucei paraflagellar rod identified through proteomics (Portman et al., 2009). Using CRISPR/Cas9-assisted gene deletion, Beneke et al. dissected the components of L. mexicana flagellum proteome (Beneke et al., 2019). The authors obtained 56 mutants to flagellum proteins with altered swimming speed and morphological defect phenotypes. Interesting, some of the mutants were unable to develop in the insect vector, as observed by infection assays (Beneke et al., 2019).

Unlike T. brucei, T. cruzi lacks RNAi machinery (DaRocha et al., 2004a), but recent advances on CRISPR/Cas9 technology were adapted to dissect the gene function in this organism (Peng et al., 2014; Lander et al., 2015; Soares Medeiros et al., 2017; Burle-Caldas et al., 2018; Chiurillo and Lander, 2021). Despite these advances in the genetic manipulation methodologies in T. cruzi, only few flagellar components, gp72, PFR-1, and PFR-2, were characterized (Cooper et al., 1993; Lander et al., 2015). The lack of gp72 caused detached flagella and reduced metacyclogenesis. Though they were able to infect host cells in culture, they were not able to generate bloodstream trypomastigotes; instead, only amastigote forms were released (de Jesus et al., 1993; Cooper et al., 1993). The multicopy genes PFR-1 and PFR-2 were edited using CRISPR/Cas9 technology, and the null mutant also showed a detached flagellum, and they were unable to build the paraflagellar rod structure as shown by transmission microscopy (Lander et al., 2015).

Trypanosoma cruzi and T. brucei have conserved flagellar structures, such as an axoneme with 9 + 2 microtubules, and kinetoplastid-specific extra-axonemal structure called paraflagellar rod (PFR). The PFR and axoneme are surrounded by the membrane flagellum and the PFR is linked to microtubules 4 to 7 of the axoneme similar to that in T. brucei (De Souza, 2002; Langousis and Hill, 2014). Similar to other Trypanosomatidae, the flagellum beating in T. cruzi starts at the tip and propagates to the base. The distance and speed vary cell to cell, with persisting and tumbling modes of motility, with some parasites presenting an intermediate state. This tumbling period seems important for changes in directionality (Ballesteros-Rodea et al., 2012; Walker and Wheeler, 2019). Axoneme structure is necessary for motility in trypanosomatids (Langousis and Hill, 2014). Dynein motors drive the sliding of the microtubules and flagellum beating is produced by the temporal–spatial control of dynein conformations (Lin and Nicastro, 2018). The regulation of dynein conformations requires the nexin–dynein regulator complex (NDRC), where one of the most studied component in trypanosomatids is the protein Trypanin (Ralston and Hill, 2006; Kabututu et al., 2010), the orthologs of which are variously called N-DRC4, GAS8, GAS11, and PF2.

Trypanin was well-characterized in T. brucei, an ~54-kDa protein conserved among other trypanosomatids and found mainly in the cytoskeletal fraction (Hill et al., 2000). RNAi targeting of TbTrypanin in procyclic forms causes an uncoordinated flagellar beat and non-directional motility, giving a tumbling motion (Hutchings et al., 2002). TbTrypanin is essential in T. brucei bloodstream forms as observed by RNAi experiments, suggesting that perhaps flagellum beating contributes to separating subpellicular microtubules and thus cytokinesis initiation (Ralston and Hill, 2006). Later genetic analysis of other motile components of the flagellum confirmed that normal motility is required for cytokinesis (Broadhead et al., 2006; Ralston et al., 2006).

Later analysis of the Chlamydomonas insertional mutagenesis clone pf2 with a defect in motility revealed mutation of TbTrypanin ortholog disrupted N-DRC confirmed by electron microscopy. pf2 mutants showed defects in the 96-nm repeat of the flagellar axoneme. The N-DRC is a complex of proteins that responds to signals from radial spoke proteins interacting with the central pair complex, coordinating dynein motor activity temporally and spatially and commonly associated with inner arm dyneins (Rupp and Porter, 2003). In mammals, the Trypanin homolog is called GAS11 (growth arrest specific 11) in humans and GAS8 in mice. The finding that GAS11 is expressed in cells without a motile cilium and is associated with the cytoskeleton suggests that, in addition to its suspected role in the regulation of axonemal dynein, it also participates in microtubule/dynein-dependent processes outside the axoneme (Bekker et al., 2007; Colantonio et al., 2006; Evron et al., 2011).

In this work, we characterized T. cruzi Trypanin by generating null mutants using CRISPR-Cas9 methodology. We found that TcTrypanin −/− mutants have several phenotypic changes including reduced epimastigote growth and differentiation into metacyclic trypomastigotes, increased ratio of parasites with detached flagellum, motility defects, and reduced infection capacity.



Material and Methods


Parasite Maintenance and Growth Curve

Trypanosoma cruzi epimastigotes from the Dm28c clone were cultured in a liver infusion tryptose (LIT) medium supplemented with heat-inactivated fetal bovine serum (10%), hemin, and penicillin/streptomycin (Camargo, 1964). MTs were obtained using the protocol described by Contreras et al. (1985). Briefly, epimastigote cultures at the stationary phase were centrifuged at 3,000×g and the cell pellets were washed with 1× PBS, then 5 × 108 parasites were resuspended in 1 ml of triatomine artificial urine (TAU, 190 mM NaCl, 17 mM KCl, 8 mM sodium phosphate buffer, 2 mM MgCl2, 2 mM CaCl2, pH 6.0) and incubated for 2 h at 28°C. After that, the culture was diluted 100-fold in TAU3AAG medium (TAU supplemented with 50 mM sodium glutamate, 10 mM L-proline, 2 mM sodium aspartate, and 10 mM glucose) and incubated for 72 h at 28°C. Then, we calculated the MT yield as previously reported (Balcazar et al., 2017) with minor change by using horse serum instead of human serum. For the growth curve analysis of TcTrypanin −/− mutants and wild-type epimastigotes, log-phase cultures were diluted to 1 × 105 parasites/ml and the parasite multiplication was quantified daily using a Neubauer chamber. Parasite cultures reaching the stationary phase were diluted 10-fold for counting.

To do differential counting of nuclei and kinetoplast per cell, logarithmic phase parasites were DAPI stained as follows: 5 × 106 parasites were harvested and cells were pelleted at 3,000×g for 5 min. The cells were washed twice with PBS, and the parasites were coated on slides with Fluoromount-G™ Mounting Medium with DAPI (Thermo Fisher). At least 100 random parasites for each cell line were analyzed using fluorescence microscopy.



Cell Cycle Analysis

Epimastigote forms at logarithmic phase (5–6 × 106 parasites/ml) were fixed with 70% methanol for 16 h, washed twice with PBS, resuspended in 100 µl of 2× PI solution (3.4 mM Tris–HCl, 10 mM NaCl, propidium iodide 30 µg/ml, and RNAse 100 µg/ml), and added to 100 µl of PBS. These samples were analyzed by flow cytometry using the FACSCanto II equipment, and data were analyzed using the FlowJo 7.6 version software.



Bioinformatics Analysis

For phylogenetic tree analyses, Trypanin ortholog amino acid sequences from representative flagellated organisms were obtained from the TriTrypDB. This included the Trypanin ortholog from Homo sapiens, Mus musculus, and Danio rerio. The accession number of each sequence and multiple alignment data are found in Supplementary Figure 1. The sequences were analyzed using the SeaView v. 5.0.4 software (Gouy et al., 2010) setting BioNJ with bootstrap of 1,000 replicates.



Plasmid Construction and Single Guide RNA Transcription

Single guide RNA (sgRNA) design to target TcTrypanin (C4B63_48g99) was performed using EuPaGDT (http://grna.ctegd.uga.edu/), selecting T. cruzi Dm28c (TriTryDB-28) as a reference genome and the Cas9 nuclease from Staphylococcus aureus (SaCas9) (Peng and Tarleton, 2015). To ensure that the sgRNA could be used to target other T. cruzi strains, a BlastN search was done using 50 nt (25 bases upstream of the SaCas9 cleavage site plus 25 downstream) as query, against all available genomes at TriTrypDB. The BlastN output was manually curated.

For sgRNA in-vitro transcription, we constructed a plasmid containing a T7 promoter, the SaCas9 sgRNA scaffold, and Hepatitis Delta Virus ribozyme (HDV), which we named pT7-SaCas9sgRNA-BsaI (Supplementary Figure 2A). In this plasmid, the specific region of the sgRNA can be replaced by digestion with BsaI followed by cloning of annealed oligonucleotides. The sgRNA-Trypa442 template was created by oligonucleotide annealing of sgRNA-Trypa442-Plus (ATAGGAGAGTCATGAGATGCGGATT) and sgRNA-Trypa442-Minus (AAACAATCCGCATCTCATGACTCTC) and cloning in the BsaI sites of pT7-sgRNA scaffold-HDV, pT7-SaCas9-sgRNA-Trypa442 (Supplementary Figure 2B). pT7-SaCas9-sgRNA-Trypa442 was used as a template for the sgRNA in-vitro transcription using MEGAscript™ T7 Transcription Kit (Thermo Scientific), following the instructions of the manufacturer. sgRNA quantity and quality were confirmed by Nanodrop™ quantification and 2% agarose gel electrophoresis.

To restore TcTrypanin expression, the full-length coding sequence without the stop codon of TcTrypanin was PCR amplified with Trypa-For-XbaI (5′-AAATCTAGAATGCCACCAAAGGCGGTTCGTG-3′) and Trypa-Rev-BamHI (5′-AAAGGATCCCGACAATTCCCGCCGTCAGAAA-3′) oligonucleotides, using genomic DNA from the Dm28c clone as a template. The PCR product was digested with XbaI/BamHI and cloned at the same restriction sites in the plasmids pTREX-Amastin::GFP-Neo (Cruz et al., 2012) and pTREX-Amastin::HA-Hygro (unpublished results) replacing the delta-amastin coding sequence. The resulting vectors allow the expression of TcTrypanin fused to GFP or HA tag. These plasmids were transfected by electroporation using the Amaxa Nucleofector, and the G418-resistant population was obtained as described by DaRocha et al. (2004b) and Pacheco-Lugo et al. (2017).



CRISPR/Cas9 Editing and RFLP Genotyping

Wild-type epimastigotes of Dm28c were chosen to obtain mutant parasites with both alleles of TcTrypanin edited. We performed the protocol described by Soares Medeiros et al. (2017) and Burle-Caldas et al. (2018). Briefly, 5 × 106 log-phase parasites were electroporated with 20 µg of affinity-purified SaCas9 recombinant protein, 10 µg of sgRNA, and 30 µg of single-stranded DNA (ssDNA) donor. We electroporated epimastigote cultures twice with an interval of 7 days between each electroporation, following the electroporation conditions previously described (Pacheco-Lugo et al., 2017). After 48 h of each electroporation, the genomic DNA (gDNA) was isolated using PureLink™ Genomic DNA Mini Kit (Thermo Fisher) from part of the culture to confirm the gene disruption, by PCR reactions using oligonucleotides that allow the amplification of the entire CDS of TcTrypanin. The PCR product was purified, digested with BamHI enzyme, and electrophoresed in 1% agarose gel. TcTrypanin −/− amplicon with Trypa-For-XbaI and Trypa-Rev-BamHI primers (described above) is 1,402 bp long and, after BamHI restriction, generates two bands (926 and 428 bp) detected on agarose gel. The resulting restriction digested fragments (restriction fragment length polymorphism—RFLP) was detected by ethidium bromide staining, and visualization was done with the UVP Bioimaging system.

After confirmation of gene editing, transfected parasites were cloned by limiting dilution in a 96-well ELISA plate to obtain clonal populations. To improve parasite growth during the cloning step, 90 μl of conditioned medium (media from the log-phase culture were recovered by centrifugation followed by supernatant filtering) was added to each well, and the plate was maintained in a wet chamber at 28°C and monitored each week for clone growth. One month later, we collected several clones and tested them with RFLP, as described above, to confirm the TcTrypanin null mutant clones (TcTrypanin −/−).



Video Microscopy

Epimastigotes from the axenic culture of TcTrypanin −/−, TcTrypanin-addback (AB), and WT parasite were collected and counted in a Neubauer chamber. Ten microliters of cell culture at a density of 5 × 106–1 × 107 parasites/ml of the cell was placed on a microscope slide and filmed for at least 30 s at 5 frames per second using a Leica AF6000 Modular System microscope at ×20 magnification using darkfield illumination. Cell swimming was analyzed as previously described (Wheleer, 2017). Briefly, cells were identified in each frame of the darkfield image using a maxima finding algorithm and then cell swimming paths were generated by connecting cell locations based on their movement over the preceding two frames. Mean swimming speed was calculated from these swimming paths.



Immunofluorescence and Localization of GFP-Tagged TcTrypanin

Cell cultures of TcTrypanin −/−, TcTrypanin −/− carrying pTREX TcTrypanin::HA, and wild type were fixed with 4% paraformaldehyde and coated on poly-lysine coverslips for 20 min. Coverslips were washed with PBS and the cells permeabilized with PBS + 0.1% Triton X-100 and then blocked with 3% (m/v) BSA for 1 h at room temperature (RT). The parasites were incubated with a dilution 1:100 of the monoclonal antibody 2F6 (mAb 2F6), which recognizes a flagellar protein of ~70 kDa (Ramos et al., 2011), for 16 h at 4°C, washed three times with PBS + 0.05% Tween-20, and incubated with the secondary antibody anti-mouse conjugated with Alexa-488 (1:500). The coverslips were washed three times, mounted on a microscope slide, and analyzed by confocal microscopy using a Nikon equipment (confocal microscope A1R multiphoton). Parasites TcTrypanin −/− (pTREX-TcTrypanin::GFP), WT (pTREX-TcTrypanin::GFP), and WT (pTREX-GFP) were fixed with paraformaldehyde 4%, coated on poly-lysine coverslips for 20 min, mounted with Fluoromount-G™ Mounting Medium with DAPI (Thermo Fisher), and visualized in a Nikon confocal microscope.



Cytoskeleton Preparation

Epimastigotes (5 × 106) of TcTrypanin −/− (pTREX-TcTrypanin::GFP), WT (pTREX-TcTrypanin::GFP), and WT (pTREX-GFP) were coated on poly-lysine coverslips and incubated for 20 min at RT. To preserve the parasite cytoskeleton, 40 μl of cold PEME (100 mM PIPES, 1 mM MgSO4, 0.1 mM EDTA, 2 mM EGTA, pH 6.9) + Triton X-100 (1% v/v) was added and incubated for 10 s and washed twice with PBS Gadelha et al., 2005. Then, the parasites were fixed with 4% paraformaldehyde for 10 min at RT, washed with PBS, and resuspended in 200 μl of PBS. The coated coverslips with fixed parasites were mounted with Fluoromount-G™ Mounting Medium with DAPI (Thermo Fisher) and visualized in a Nikon confocal microscope.



Western Blot and Cell Fractionation

To extract the epimastigote cytoskeleton in cell suspension, WT Dm28c expressing GFP or TcTrypanin −/− expressing TcTrypanin::GFP cultures was centrifuged at 3,000×g and washed twice with PBS, and the cell pellet was incubated with 50 μl of ice-cold PEME + Triton X-100 (1%) buffer on ice for at least 5 min. The samples were centrifuged at 16,000×g for 20 min at 4°C. The pellet (cytoskeleton-enriched fraction) and supernatant fractions were collected in two microtubes. The pellet was washed twice with ice-cold PEME, resuspended in 50 μl of cold PEME, and stored at −20°C until the Western blot assay.

Total cell extracts were obtained by harvesting epimastigotes followed by centrifugation at 3,000×g. The cell pellet was washed with PBS and resuspended in SDS-PAGE loading buffer to have 1 × 107 parasites per loading in a polyacrylamide gel. After SDS-PAGE, the proteins were transferred to a PVDF membrane, which was blocked with 5% non-fat milk and incubated with polyclonal anti-GFP (1:1,000) at 4°C for 16 h. After the first antibody incubation, the membrane was washed three times with PBS + Tween 0.05% (v/v) and incubated with anti-rabbit conjugated with peroxidase (1:1,000) at 37°C for 1 h. Finally, the membrane was washed three times with PBS + Tween and antibody recognition was detected using the ECL Chemiluminescence Kit (Thermo Fisher) and X-ray film. Images were acquired exposing X-ray films on the UVP Bioimaging system.



Cell Infection Assays and Tissue-Cultured Derived Trypomastigote Count

Cultures of LLC-MK2 cells were treated with trypsin (0.05%) (Thermo Fisher) and washed twice with PBS. Cells (4 × 104) were placed in a 24-well plate containing coverslips and cultured in RPMI 1640 (Thermo Fisher) supplemented with 5% fetal bovine serum (FBS) in 5% CO2. WT, TcTrypanin −/−, and TcTrypanin −/− AB tissue-cultured derived trypomastigotes (TCTs) were harvested from supernatants from previously infected cultures and counted in a Neubauer chamber. Infection assays were performed using an infection ratio of 10 parasites per LLC-MK2 cell (MOI of 10:1) during 2 or 4 h. After the infection period, cells were washed with 1× PBS three times to remove extracellular forms, and fresh RPMI media supplemented with 5% of FBS was added. After 4 days of infection, the TCT release was analyzed by counting in a Neubauer chamber. TCT releasing was determined by harvesting TCTs 4, 5, 6, and 7 days after infection in the same conditions.



Scanning and Transmission Electron Microscopy

Log-phase epimastigotes were centrifugated at 3,000×g for 5 min and washed with 1× PBS. Then, the parasites were processed as described by de Almeida et al. (2021). Samples were analyzed using a scanning electron microscope (Jeol JSM-6010 Plus/LA) operating at 20 keV.




Results


Phylogenetic Analysis of TcTrypanin

Trypanin is a highly conserved protein with 37% identity between GAS8 (Homo sapiens) sequence and TcTrypanin (T. cruzi Dm28c clone—ID: C4B63_48g99). As expected, phylogenetic analysis shows that the Trypanosoma rangeli SC58 strain (ID: TRSC58_03641) is the closet related Trypanin among trypanosomatids followed by the T. brucei sequence (ID: Tb927.10.6350), sharing 76.32% identity (Figure 1A). TcTrypanin presents higher divergence when compared with Leishmania species (55.41% to 57.62% identity). For additional evidence of its conservation, we searched for conserved Pfam domains using the SMART software (Letunic, 2004). We found the growth arrest-specific superfamily domain (GAS) (e-value: 6.7 × 10−60) starting at position 216 to 415, similar to its orthologs (Figure 1B). This domain is present in proteins required for diverse cellular functions such as microtubule organization and cellular division. Flagellated organisms such as Chlamydomonas and T. brucei have a homolog of GAS8 named N-DRC and TbTrypanin, respectively, and knockdown, disruption, or null mutants showed an altered swimming phenotype. Despite the conservation of TcTrypanin with GAS-related sequences, when we predicted the TcTrypanin 3D structure, it showed higher alignment coverage with colicin IA (structure confidence 98.1) (Figure 1C) and myosin II heavy chain (confidence 97.6) (data not shown) likely as it is a long alpha-helix.




Figure 1 | Bioinformatics analysis of TcTrypanin. (A) Phylogenetic tree from protein sequences of related tripanosomatids. Amino acid sequences were aligned using SeaView software, and the aligned sequences were used to generate a phylogenetic tree (SeaView 5.4). (B) Conserved domains found in TcTrypanin and Trypanosoma brucei, human, and mouse orthologs. The bionformatic tool SMART (http://smart.embl-heidelberg.de/) found the conserved GAS domain and coiled coil region at similar regions. (C) 3D structure prediction of TcTrypanin protein. The molecular model was generated by the Phyre3 server (Kelley et al., 2015) from the sequence of the TcTrypanin protein from Dm28c (C4B63_48g99). The model shows the predicted tertiary structure that shows higher confidence with colicin IA from Escherichia coli. The color scheme corresponds to the features found by SMART analysis.



It is likely that TcTrypanin forms a coiled-coil tertiary structure, as can be seen in the TcTrypanin model generated by Phyre3 (Figure 1C).



Disruption of TcTrypanin Using the SaCas9 RNP Complex

To disrupt TcTrypanin, wild-type Dm28c epimastigotes were transfected with a mixture of SaCas9 recombinant protein preincubated with in-vitro-transcribed sgRNA and a donor ssDNA. The donor oligonucleotide has 65 bases corresponding to 3 stop codons at different open reading frames plus a BamHI restriction and 25 bases long homology arms (Figure 2A). Since only a small part of the population was edited as detected 3 days after transfection, this population was transfected again, and the new population showed close to 50% of the parasites edited, as detected by RFLP (Figure 2B). The TcTrypanin edited population was cloned in a 96-well plate and the clones were checked by RFLP to identify parasites with both TcTrypanin alleles disrupted. Three out of 12 clones were TcTrypanin −/− as shown by RFLP (Figure 2C). The use of the ssDNA donor inserting restriction site allowed us to easily identify TcTrypanin −/− clones and occasionally genotype the parasites. Anyhow, the gene disruption was also confirmed by DNA sequencing (Supplementary Figure 3).




Figure 2 | Genome editing of TcTrypanin using the CRISPR/Cas9 RNP complex. (A) Schematic representation of the sgRNA targeting site by SaCas9 RNP complex in the TcTrypanin gene (C4B63_48g99). The RNP complex cleaves right after nucleotide 459 of TcTrypanin coding sequence (CDS length: 1,371 bp). It also represented the insertion point of a BamHI restriction site (italics) to easily track parasite editing through PCR-RFLP and stop codons (asterisks) to ensure coding sequence disruption by homologous recombination using a donor oligonucleotide. The sequence highlighted in light gray in the donor sequence corresponds to the sgRNA target site, and the dark gray sequence is the PAM sequence. (B) PCR-RFLP of TcTrypanin showing genome editing of wild-type parasites. The image gels show undigested PCR product (amplicon sizes: WT TcTrypanin = 1,387 bp and TcTrypanin −/− = 1,402 bp) and BamHI-digested (BamHI) PCR product of the full-length ORF of TcTrypanin of two cultures. The left image corresponds to the PCR-RFLP of a mixed population of parasites transfected once with SaCas9 RNP plus donor sequence. The right gel corresponds to PCR-RFLP of a culture retransfected with RNP complex. (C) The PCR-RFLP of individual clones containing both TcTrypanin alleles edited.





TcTrypanin −/− Shows Reduced Parasite Growth and Partially Detached Flagellum in Epimastigotes

Based on our experience and previously reported work (Santos et al., 2018), epimastigotes from Dm28c clone show log phase (1st to 4th day) reaching 0.65 to 0.85 × 107 parasites/ml, early stationary phase (4th to 7th day) reaching 1.2 × 107 parasites/ml, and stationary phase from day 7 to 10. TcTrypanin disruption is not essential for epimastigote survival, which allowed us to select fully edited clones. However, when we assessed the parasite epimastigote growth profile, TcTrypanin disruption interfered with parasite growth compared with WT cells. The reduction on TcTrypanin −/− growth is small, only becoming significant on the 7th day (Figure 3A). To better determine if the phenotypic changes are related to TcTrypanin disruption, we generated an addback culture by overexpressing TcTrypanin fused to HA tag (TcTrypanin::HA). The addback culture, named TcTrypanin-AB, was tested for TcTrypanin::HA expression. As shown in Supplementary Figure 4, Western blot and immunofluorescence assay using anti-HA confirm TcTrypanin::HA expression. The growth defect was reversed by TcTrypanin::HA overexpression in TcTrypanin −/− addback culture (Figure 3A).




Figure 3 | TcTrypanin −/− grows slower than WT and addback cells and presents higher number of cells at the G1 phase. (A) Growth curves of WT (Dm28c), TcTrypanin −/−, and TcTrypanin-AB (addback) epimastigotes. The growth curves were performed during 7 days, and the parasites were counted each day (three biological replicates). Asterisk indicates that there is a difference in parasite growth on day 7 (t-test, p < 0.05). (B) Bar graphs show the percentage of cells at each phase of the cell cycle (two biological replicates). The flow cytometry analysis was taken at day 5. Asterisk indicates that G1 cells are more frequent in TcTrypanin −/− cells than in WT cells (t-test, p < 0.05). (C) Flow cytometry chart. Data were analyzed with FlowJo 7.6 version, and analysis of the cell cycle was applied after appropriated gating (this is a representative experiment).



To analyze if this impact on the growth rate could be related to cell cycle progression, log-phase epimastigotes were fixed and stained with propidium iodide. TcTrypanin mutants showed a statistically significant increase in the number of cells in G1 (52.80% ± 6.69%) compared with WT cells (34.96% ± 5.16%) and TcTrypanin −/− AB (35.5% ± 6.64%) (Figures 3B, C). DAPI staining analysis of the kinetoplast/nucleus content in epimastigotes showed no evidence for cytokinesis impairment; instead, there is a slight decrease in the number of mitotic cells (2N2K cells) in TcTrypanin −/− epimastigotes (6.5% ± 0.7%) compared with the WT cells (10% ± 1.4%), though it was not statistically significant (Supplementary Figure 5). These results demonstrate that TcTrypanin is not crucial for T. cruzi cell cycle progression and cytokinesis in the epimastigotes forms.



Morphology of the TcTrypanin Mutant and Protein Localization

Parasite cultures were subjected to immunofluorescence and scanning electron microscopy (SEM) analysis. Similar to what was described for the TbTrypanin knockdown (Ralston et al., 2006), TcTrypanin disruption led to epimastigote flagellum detachment (Figure 4A). TcTrypanin −/− culture presented up to 8% of the epimastigotes with partially or totally detached flagella compared with WT parasites (Figure 4B).




Figure 4 | TcTrypanin disruption affects flagellum attachment. (A) Immunofluorescence of TcTrypanin disrupted parasites showing detached flagella (white arrows). Mutant parasites (TcTrypanin −/−) were stained with anti-actin (green) and the monoclonal antibody 2F7, a flagellum marker (red) (upper images). The bottom image is a SEM image showing a parasite with a partially detached flagellum. (B) Bar graphs plotting the frequency of partially detached flagellum from at least 100 random parasites from immunofluorescence images. The asterisk represents a statistically significant diference between WT and TcTrypanin −/− cells (t-test, p < 0.05).



To determine if TcTrypanin disruption can interfere with parasite size (cell body area) and flagellum length, we performed the measurement of the flagellum from images obtained by immunofluorescence using a monoclonal antibody (clone 2F7) previously described as a flagellum marker (Ramos et al., 2011) and SEM (Figure 5A and Supplementary Figure 6). The measurement of the flagellum length and cell body area revealed that TcTrypanin −/− parasites are smaller and have a shorter flagellum compared with WT and addback epimastigotes (Figures 5B–D). WT parasites exhibited a mean flagellum length of 9.51 ± 3.68 µm, while TcTrypanin −/− showed a shorter flagellum (6.89 ± 2.23 µm), and the addback rescued the flagellum length (9.62 ± 3.29 µm) (Figure 5B). Body area was calculated to find morphological defects in the cell body. We found that WT cells have a mean area of 13.6 ± 3.43 µm2, while TcTrypanin −/− cells are smaller (8.97 ± 2.09 µm2), and addback cells recovered their normal size (12.35 ± 3.15 µm2) (Figure 5D). Similar results were found when SEM images were analyzed (Supplementary Figure 6).




Figure 5 | Cell body and flagellum sizes are affected in TcTrypanin −/− mutants. (A) Immunofluorescence of epimastigotes with the flagellum marker mAb 2F7. Representative images from parasites immunolabeled with mAb 2F7 (green). (B–D) Measurements of flagellum length, free flagellum length, and cell body area. Data of parasite morphology were obtained by measuring the length of the labeled flagellum and cytoplasmic area using ImageJ software. Scatter plot showing data from measures of N = 150 parasites stained with monoclonal 2F7 (flagellum marker). The asterisks represent statistically significant difference between WT and TcTrypanin −/−cells (“**” t-test, p< 0.01; “***” p< 0.001).



TcTrypanin::GFP localization in fixed parasites (Figure 6A) or cytoskeleton preparation (Figure 6B) by confocal microscopy showed a distribution unlike TbTrypanin, as described using an epitope tag (Hill et al., 1999) or using polyclonal antibodies (Hill et al., 2000; Hutchings et al., 2002) in T. brucei. The GFP-tagged protein localizes to patches of the cortical cytoskeleton (Figure 6B). Western blot assay of whole-cell extracts of GFP and TcTrypanin::GFP expressing parasites was conducted. As shown in Supplementary Figure 7A, epimastigotes expressed GFP (approximately 26 kDa) and TcTrypanin::GFP (approximately 82 kDa) at the expected size. Furthermore, cell cytoskeleton preparation of parasite suspension followed by Western blot detection of TcTrypanin::GFP confirmed its presence in the cytoskeleton fraction (Supplementary Figure 7B), similar to what was described for TbTrypanin in T. brucei (Hill et al., 2000). TcTrypanin either has a different subcellular localization to TbTrypanin or N-terminal GFP tagging has disrupted its normal localization. We suspect the latter.




Figure 6 | Localization of TcTrypanin::GFP. (A) WT parasites were transfected with the plasmid pTREX-TcTrypanin::GFP or pTREX GFP (control plasmid). After G418 resistance selection, the parasites were fixed and analyzed by confocal microscopy. (B) The same cultures were processed as described in the Material and Methods section to obtain parasite cytoskeleton using PEME + Triton X-100 buffer. For each analyzed field, shown are the GFP channel (left image) and merged images (right image). Merged images correspond to phase-contrast plus GFP (green) and DAPI (blue) channels.





Motility Is Strongly Impaired in the TcTrypanin Mutant

Since TbTrypanin knockdown is required for directional cell motility in T. brucei procyclic forms, we decided to determine TcTrypanin −/− epimastigote motility by video microscopy. The images in Figures 7A–C represent the motility traces of distinct epimastigotes from WT, TcTrypanin −/−, and addback cultures. Wild-type epimastigote cell behavior is similar to previously reported data (Ballesteros-Rodea et al., 2012; Sosa-Hernández et al., 2015), with cell-to-cell variation, where some cells swim productively and some tumble. In TcTrypanin −/−, the motility is strongly reduced with no productively swimming cells (Figures 7A–C), which we quantified using path length, mean swimming speed, and count of tumbling-like behaviors (Figures 7D–F). WT epimastigotes showed a higher path length (65 ± 53.09 µm) compared with TcTrypanin −/− (44.27 ± 22 µm), while the TcTrypanin∷HA addback culture (62.87 ± 43.79 µm) recovered the path length defect (Figure 7D). The mean speed of the TcTrypanin −/− mutant (2.867 ± 1.59 µm/s) was reduced compared with WT (5.793 ± 3.63 µm/s), with the addback partially recovering swimming speed (4.617 ± 2.68 µm/s) cultures (Figure 7E). The TcTrypanin −/− mutants still moved, while not swimming productively, in a tumbling-like behavior. The TcTrypanin −/− parasites presented higher tumbling propensity compared with the other cultures (Figure 7F). It is important to highlight that these cells are not immotile despite the short distance traveled, and similar to T. brucei, TcTrypanin mutants seem to have a tumbling and twitching motion.




Figure 7 | Motility analysis of TcTrypanin −/− by video microscopy. Tracks of WT (A), TcTrypanin −/−  (B), and TcTrypanin-AB  (C) parasites. Epimastigotes were harvested and placed on a microscope slide for video microscopy at ×20 objective. The motility traces of each epimastigote were acquired and converted into images. Different lines or dot colors represent distinct parasites. (D, E) Scatter plot of variables from motility analysis. Data from total distance (D), mean speed (E), and tumbling propensity (F) were plotted. Two-way ANOVA with multiple comparison and Dunnett test showed a statistical difference with p <0.0001 (four asterisks).





TcTrypanin Mutants Have Metacyclogenesis and In-Vitro Infection Rates Affected

To test whether TcTrypanin disruption can somehow affect epimastigote differentiation into metacyclic trypomastigotes in vitro, TcTrypanin −/− mutant and wild-type epimastigotes were induced to differentiate for 3 days using TAU + TAU3AAG medium as previously described (Contreras et al., 1985). Wild-type parasites presented 25.76% ± 3.39% of MTs, while TcTrypanin −/− parasites had a much lower number of MTs (1.5% ± 0.14%). The addback of TcTrypanin::HA partially recovered the WT phenotype, by showing 14.28% ± 2.81% (Figure 8A). Despite the lower differentiation capacity, the MTs were able to infect LLC-MK2 cells and release TCTs for in-vitro infection assays (Figures 8B–D).




Figure 8 | Metacyclogenesis, infection rates, and TCT releasing. (A) TcTrypanin disruption affects metacyclogenesis. Epimastigotes from the stationary phase were incubated with TAU medium, and 3 days later, metacyclics were counted. Asterisks indicate statistically significant results (one-way ANOVA, multiple comparison, “*” with p < 0.05, “****” with p < 0.0001). Values from two biological replicates and each of them was run in two technical replicates. (B, C) Infection rates of LLC-MK2 cells. Monolayer cultures were challenged with TCTs from WT, TcTrypanin −/−, addback culture. The infections were performed for 2 (B) or 4 h (C) and Giemsa stained for counting the number of infected cells. This experiment was performed as in three independent replicates with two technical replicates. Asterisk indicates the difference between WT and TcTrypanin −/− (statistical significance was performed in two-way ANOVA, multiple comparison, “*” with p < 0.05, “***” with p < 0.001). (D, E) TCT cell releasing dynamic from the supernatant of infected cells. After 4 days of infection, the number of released TCT parasites was counted in a Neubauer chamber. Data were compared with WT and TcTrypanin-AB with two-way ANOVA and the difference was statistically significant as indicated by asterisks (“*” with p < 0.05,“**” with p < 0.01, “***” with p < 0.001). Values are derived from three independent replicates.



TCTs from a second round of infections were tested on in-vitro infection assays as described in the Material and Methods section. Mammalian cells were exposed to TCT parasites for 2 or 4 h and washed at least three times. Twelve hours after infection, the cells were stained with Giemsa and counted. After 2 hours of infection, WT showed a higher infection rate of 56.9% ± 6.94% and cells infected with TcTrypanin −/− presented 39.12% ± 9.03%, while addback cultures showed an intermediary rate of 52.08% ± 10.75%. The overall difference between WT and TcTrypanin mutant means was 12.96%, and this difference was statistically significant (p < 0.05), while a non-significant difference was detected between WT and addback cultures (Figure 8B). When we increased the infection time to 2 h (4 h of infection), WT TCTs were able to invade 70.06% ± 5.56% of cells, while TcTrypanin −/− parasites displayed 59.84% ± 7.55% of infected cells. The overall difference between the means of WT and TcTrypanin −/− was reduced to 10.2% (Figure 8C). We suspect this lower infection capacity by the TcTrypanin mutant may be influenced by parasite motility. Performing the same infection conditions, we also evaluated TCT release kinetics after infection per 2 or 4 h (Figures 8D, E). All the infected cultures showed a peak of TCT release at day 5, when cells infected with WT parasites during 4 h showed a mean of 1.5 × 106 TCTs/ml released, whereas cells infected with TcTrypanin −/− TCTs released 0.85 × 106 parasites/ml, while again, the addback parasites rescued the TCT release (1.3 × 106 parasites/ml) (Figure 8E). In the 2-h cell infection experiment, we detected a similar behavior, where the WT TCT-infected culture released 1 × 106 parasites/ml, TcTrypanin −/− 0.39 × 106, and addback 0.8 × 106 parasites/ml (Figure 8D). Taken together, the infection rate (2 and 4 h of TCT incubation) of WT and TcTrypanin mutants somehow correlates with the TCT release, which may suggest that the intracellular stage replication or differentiation may not be affected drastically.




Discussion

The flagellum of pathogens is a multifunctional organelle frequently associated with parasite infectivity. In T. cruzi, the most studied virulence factors are surface proteins. Only recently, with the advance of new genetic editing tools, the initial investigation of motility and infectivity factors has been conducted in this parasite (Arias-del-Angel et al., 2020; Rodríguez et al., 2020). Trypanosoma cruzi, like T. brucei, needs to travel through the extracellular matrix (a viscous environment) and cross obstacles during a natural infection (Heddergott et al., 2012). Additionally, T. cruzi has to attach to cells for receptor recognition (Campetella et al., 2020) and to trigger events for internalization (Maeda et al., 2012). Besides that, the functional characterization of the flagellar component is poorly explored in T. cruzi. In this work, we showed for the first time the functional characterization of one axonemal protein of T. cruzi and its involvement in motility and infectivity, suggesting the role of motility as an infectivity factor in T. cruzi.

To ablate TcTrypanin expression, we failed to replace this gene by selectable markers (NeoR and HygroR) using conventional knockout strategy (unpublished data). However, to disrupt TcTrypanin in T. cruzi Dm28c, we performed genome editing with CRISPR/Cas9. For T. cruzi, successful editing can be achieved by different methods such as the stable expression of SpCas9 followed by the transient transfection with in-vitro-transcribed sgRNA (Peng et al., 2014; Burle-Caldas et al., 2018; Romagnoli et al., 2018), the stable expression of both SpCas9 and sgRNA (Lander et al., 2015), the stable expression of T7 RNA polymerase and SpCas9 followed by the transient transfection of a DNA template for the sgRNA expression directed by the T7 promoter (Costa et al., 2018), and last but not least, the marker free editing by the transfection of the ribonucleoprotein complex (SaCas9 + sgRNA) protein SaCas9 (Soares Medeiros et al., 2017; Burle-Caldas et al., 2018). Recombinant protein electroporation was also applied for CRE recombinase delivery to manipulate T. cruzi gene expression (Pacheco-Lugo et al., 2020). By applying the SaCas9 protein delivery, we easily disrupted TcTrypanin using a donor oligonucleotide to insert stop codons plus a restriction site, when compared with the conventional approach. This approach was so powerful that it allowed us to identify mutant parasites a few days after transfection without the use of selectable markers. This reserves selectable markers for additional genetic manipulation steps such as complementation. Currently, a marker-free approach has been used to attenuate Leishmania major for vaccine development (Zhang et al., 2020), a requirement for use in preclinical and clinical studies (Karmakar et al., 2021). The TcTrypanin −/− parasite we have developed here are suitable to be tested as a vaccine candidate, since it showed reduced motility and lower infectivity in vitro.

TcTrypanin was not essential in insect or mammalian stages. The null mutant had a lower growth rate and an accumulation of cells in G1 in epimastigotes compared with wild-type and addback cultures. Functional analysis of some motile components, including TbTrypanin by mRNA knockdown, showed moderate to severe defects in the cytokinesis of T. brucei parasites (Hutchings et al., 2002; Baron et al., 2007). Cytokinesis defects of TbTrypanin knockdown produce a clump of parasites suggesting cytokinesis failure (Ralston et al., 2006); again, we did not observe this kind of phenotype in the T. cruzi life cycle stages. This suggests that a motile flagellum has less contribution on T. cruzi division, which may be linked with T. cruzi having an amastigote life cycle stage. It is important to highlight that TcTrypanin −/− epimastigotes are not immotile and have an active flagellar beating that could be enough for cytokinesis despite its lack of directionality. Whether or not motility is essential for T. cruzi cytokinesis might be further explored by deleting genes such as PF16 or another CMF with a severe motility defect (Baron et al., 2007). A previous work with gp72-KO is also informative (de Jesus et al., 1993). In this report, the authors show that gp72 (FLA-1 in T. brucei) mutants have detached flagella, and the epimastigote mutants are able to differentiate into infective metacyclic forms (reduced compared with WT). However, the infected cells do not release tissue culture-derived trypomastigotes, only amastigote-like forms with short flagella.

The reduction of cell size was an unexpected result, though the shape of trypanosomatids depends on subpellicular microtubules (SM) (Sinclair et al., 2021), and T. brucei cell motility seems to shape SM (Sun et al., 2018). Sun et al. showed that flagellar detachment caused by RNAi of FLA1BP leads to abnormal SM handedness compared with parasites with a normal flagellar wave. Otherwise, differences in cell body size were not reported. This may be due to the transient nature of the RNAi knockdown compared with the permanent disruption of TcTrypanin −/− by CRISPR-Cas9 or differing morphogenesis in T. brucei. Flagellum attachment zone proteins (FAZ) form a complex that maintains flagellum attached to the cell body, but that also regulates the cell cycle and coordinate flagellum length, and FLA1BP silencing in T. brucei reduces flagellum length (Sun et al., 2012). Hutchings et al. (2002) suggest that TbTrypanin is necessary for normal flagellum attachment. It is unclear whether this is a direct role or an indirect impact of defective motility, but flagellum detachment may contribute to defective morphogenesis in the TcTrypanin −/− mutant.

Our data show that TcTrypanin disruption has a higher impact on TCT infectivity depending on the time of infection (4 vs. 2 h) compared with wild-type parasites, suggesting that motility might be important for parasites to find host cells. Hence, mutant parasites need more time to infect a cell host and will likely be more exposed to the immune system during an in-vivo infection. For T. brucei, motility impairment leads to higher targeting by the higher clearance of antibodies (Shimogawa et al., 2018). It is possible that the TCTs from TcTrypanin mutant will be less infective on in-vivo infection in an animal model. The reduced TCT releasing in TcTrtypanin −/− correlates with fewer infected cells, suggesting that amastigote replication is not affected in the TcTrypanin −/−.

In summary, the TcTrypanin null mutant affected several features of the T. cruzi cell biology and life cycle, including epimastigote growth, cell body and flagellum size, flagellum attachment, metacyclogenesis, infection rates, and cell motility. Some of these phenotypic variations were compatible with its ortholog knockdown in T. brucei. Despite many similarities with T. brucei, the TcTrypanin −/− mutant can go through an entire life cycle. These data reinforce the need for additional studies to understand the functioning of flagellar components in T. cruzi.



Conclusions

We described that TcTrypanin absence causes some motility defects that do not impair cytokinesis in the epimastigote forms. It is also remarkable that these mutants can complete infection cycles despite the reduction in infectivity and metacyclogenesis. This ability to go through the entire life cycle suggests that parasite motility does not affect parasite viability, as seen by the knocking out of proteins related to motility (e.g., gp72/FLA-1 and Trypanin). These data highlight the need for a large-scale functional genomics approach of flagellar components of T. cruzi.
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