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SUMMARY: 28 

Presented here is a protocol to evaluate the inhibition efficacy of chemical compounds against 29 

in vitro intracellular growth of Toxoplasma gondii using a luciferase-based growth assay. The 30 

technique is used to confirm inhibition specificity by genetic deletion of the corresponding 31 

target gene. The inhibition of LHVS against TgCPL protease is evaluated as an example.  32 

 33 

ABSTRACT: 34 

Toxoplasma gondii is a protozoan pathogen that widely affects the human population. The 35 

current antibiotics used for treating clinical toxoplasmosis are limited. In addition, they exhibit 36 

adverse side effects in certain groups of people. Therefore, discovery of novel therapeutics for 37 

clinical toxoplasmosis is imperative. The first step of novel antibiotic development is to identify 38 

chemical compounds showing high efficacy in inhibition of parasite growth using a high 39 

throughput screening strategy. As an obligate intracellular pathogen, Toxoplasma can only 40 

replicate within host cells, which prohibits the use of optical absorbance measurements as a 41 

quick indicator of growth. Presented here is a detailed protocol for a luciferase-based growth 42 

assay. As an example, this method is used to calculate the doubling time of wild-type 43 

Toxoplasma parasites and measure the efficacy of morpholinurea-leucyl-homophenyl-vinyl 44 
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sulfone phenyl (LHVS, a cysteine protease-targeting compound) regarding inhibition of parasite 45 

intracellular growth. Also described, is a CRISPR-Cas9-based gene deletion protocol in 46 

Toxoplasma using 50 bp homologous regions for homology-dependent recombination (HDR). 47 

By quantifying the inhibition efficacies of LHVS in wild-type and TgCPL (Toxoplasma cathepsin L-48 

like protease)-deficient parasites, it is shown that LHVS inhibits wild-type parasite growth more 49 

efficiently than ∆cpl growth, suggesting that TgCPL is a target that LHVS binds to in Toxoplasma. 50 

The high sensitivity and easy operation of this luciferase-based growth assay make it suitable 51 

for monitoring Toxoplasma proliferation and evaluating drug efficacy in a high throughput 52 

manner. 53 

 54 

INTRODUCTION: 55 

 56 

Toxoplasma gondii is a highly successful obligate intracellular parasite that infects 57 

approximately one-third of the human population. Its high transmission rate is predominantly 58 

due to its diverse routes of transmission, including consumption of undercooked meat, 59 

exposure to mammalian reservoirs, and congenital transmission during birth. T. gondii mainly 60 

causes opportunistic infections that can lead to severe morbidity and mortality in 61 

immunocompromised individuals1-6. The antibiotics currently used for treating acute 62 

toxoplasmosis are particularly inefficient in treating congenital and latent infections and cause 63 

severe reactions in some individuals3,7,8. Thus, an urgent need to identify novel therapeutics 64 

exists. Understanding the differences in subcellular processes within Toxoplasma and its host 65 

will help to identify potential drug targets. Therefore, efficient and convenient genome 66 

manipulation techniques are required to study the roles of individual genes within Toxoplasma. 67 

Additionally, Toxoplasma belongs to the phylum Apicomplexa, which includes several other 68 

significant human pathogens, such as Plasmodium spp. and Cryptosporidium spp. Hence, 69 

Toxoplasma can be used as a model organism to help study basic biology in other apicomplexan 70 

parasites.  71 

 72 

To identify novel antibiotics against microbial pathogens, high throughput screening of a library 73 

of chemical compounds is initially performed to determine their efficacy in the repression of 74 

microbial growth. So far, several microplate-based growth assays have been developed for 75 

measuring intracellular growth of T. gondii (i.e., radioactive 3H-uracil incorporation-based 76 

quantification9, quantitative ELISA-based parasite detection using T. gondii-specific 77 

antibodies10,11, reporter protein-based measurement using β-galactosidase or YFP-expressing 78 

Toxoplasma strains12,13, and a recently developed high-content imaging assay14).  79 

 80 

These individual strategies all have unique advantages; however, certain limitations also restrict 81 

their applications. For example, since Toxoplasma can only replicate within nucleated animal 82 

cells, autofluorescence and non-specific binding of anti-T. gondii antibodies to host cells cause 83 

interference in fluorescence-based measurements. Furthermore, usage of radioactive isotopes 84 

requires special safety compliance and potential safety issues. Some of these assays are more 85 

suitable for assessing growth at a single timepoint rather than continuous monitoring of 86 

growth.  87 

 88 



 

 

Presented here is a luciferase-based protocol for the quantification of intracellular Toxoplasma 89 

growth. In a previous study, the NanoLuc luciferase gene was cloned under the Toxoplasma 90 

tubulin promoter, and this luciferase expression construct was transfected into wild-type 91 

(RH∆ku80∆hxg strain) parasites to create an RH∆ku80∆hxg::NLuc strain (referred to as 92 

RH∆ku80::NLuc hereafter)15. This strain served as the parental strain for intracellular growth 93 

determination and gene deletion in this study. Using the RH∆ku80::NLuc strain, parasite growth 94 

in human foreskin fibroblasts (HFFs) was monitored over a 96 h period post-infection to 95 

calculate parasite doubling time.  96 

 97 

In addition, the inhibition efficacy of LHVS against parasite growth can be determined by 98 

plotting Toxoplasma growth rates against serial LHVS concentrations to identify the IC50 value. 99 

Previous literature has reported that TgCPL is a major target of LHVS in parasites and that 100 

treatment with LHVS decreases the development of acute and chronic Toxoplasma infections16–101 
19. Additionally, RH∆ku80::NLuc were used as the parental strain for genome modification to 102 

generate a TgCPL-deficient strain (RH∆ku80∆cpl::NLuc), and the inhibition of LHVS was 103 

measured against this mutant. By observing an upshift of IC50 values for LHVS in the TgCPL-104 

deficient parasites compared to the WT strain, it was validated that TgCPL is targeted by LHVS 105 

in vivo.  106 

 107 

In this protocol, RH∆ku80::NLuc is used as the parental strain, which lacks an efficient non-108 

homologous end-joining pathway (NHEJ), thereby facilitating double crossover homology-109 

dependent recombination (HDR)20,21. Additionally, 50 bp homologous regions are flanked at 110 

both ends of a drug resistance cassette by PCR. The PCR product serves as a repair template to 111 

remove the entire gene locus via HDR using CRISPR-Cas9-based genome editing tools. Such 112 

short homologous regions can be easily incorporated into primers, providing a convenient 113 

strategy for production of the repair template. This protocol can be modified to perform 114 

universal gene deletion and endogenous gene tagging.  115 

 116 

For instance, in our most recent publication, three protease genes, TgCPL, TgCPB (Toxoplasma 117 

cathepsin B-like protease), and TgSUB1 (Toxoplasma subtilisin-like protease 1), were genetically 118 

ablated in TgCRT (Toxoplasma chloroquine-resistance transporter)-deficient parasites using this 119 

method15. Additionally, TgAMN (a putative aminopeptidase N [TgAMN, TGGT1_221310]) was 120 

endogenously tagged15. The Lourido lab also reported using short homologous regions in the 121 

range of 40–43 bp for the introduction of site-directed gene mutation and endogenous gene 122 

tagging in the Toxoplasma genome using a similar method22. These successful genome 123 

modifications suggest that a 40–50 bp homologous region is sufficient for efficient DNA 124 

recombination in the TgKU80-deficient strain, which greatly simplifies genome manipulation in 125 

Toxoplasma gondii. 126 

 127 

PROTOCOL: 128 

 129 

Toxoplasma gondii is categorized in Risk Group 2 and must be handled at a Biosafety Level 2 130 

(BSL-2). The protocol has been reviewed and approved by the Institutional Biosafety Committee 131 

at Clemson University. 132 



 

 

 133 

1. Luciferase-based Toxoplasma growth assay  134 

 135 

1.1. Seed human foreskin fibroblasts (HFFs) 1 week before parasite inoculation to ensure that 136 

host cells are fully confluent. Perform a mock assay in a transparent plate to ensure that 137 

parasites remain intracellular throughout the evaluation period. 138 

 139 

NOTE: Here, the assay is conducted in 96 well microplates. According to experimental needs, it 140 

can be scaled up to 384 or 1536 well microplates.  141 

 142 

1.2. Pass Toxoplasma parasites into confluent HFFs 2 days prior to use by transferring ~0.3–0.4 143 

mL of fully lysed parasites into a T25 flask. Incubate infected host cells at 37 C with 5% CO2 for 144 

2 days. 145 

 146 

1.3. Syringe 5 mL of freshly lysed parasites through a 21 G safety needle 5x to liberate 147 

intracellular parasites, then pass through a 3 µm filter to remove host cell debris. Rinse residual 148 

parasites out of the flask using 7 mL of phenol red-free D10 medium, then pass through the 149 

filter again. 150 

 151 

1.4. Centrifuge parasites at 1000 x g for 10 min at room temperature (RT). Pour off the 152 

supernatant and resuspend in 10 mL of phenol red-free D10 media. 153 

 154 

1.5. Count parasites using a hemocytometer to determine the concentration.  155 

 156 

1.6. Dilute parasites to 1 x 104 parasites/mL for the wild-type (WT) strain. For growth-deficient 157 

parasite strains, increase the concentration accordingly to observe a significant increase in 158 

luciferase signals. 159 

 160 

1.7. Aspirate media carefully from 96 well microplates pre-seeded with HFFs and inoculate 150 161 

µL of parasite resuspension into wells in a format of three columns and five rows, which 162 

represents three technical replicates and five timepoints.  163 

 164 

1.8. Incubate the microplate at 37 °C and 5% CO2 for 4 h. 165 

 166 

1.9. Aspirate media carefully from the wells to remove non-invaded parasites, then fill the wells 167 

with RT phenol red-free media in each row (except for the first row).  168 

 169 

1.10. Mix equal volumes of PBS and 2x luciferase assay buffer and dilute the luciferase 170 

substrate to 12.5 µM.  171 

 172 

1.11. Add 100 µL of dilute luciferase substrate into each well of the top row. Incubate the 173 

microplates at RT for 10 min to allow the cells to fully lyse.  174 

 175 



 

 

1.12. Measure the luciferase activity using a microplate reader. The plate reader settings are 176 

listed in Table 1. Each reading represents the initial number of invaded parasites at 4 h post-177 

infection. 178 

 179 

1.13. Repeat steps 1.9–1.12 for each row every 24 h for 4 days without changing the medium. 180 

These readings reflect the total number of replicated parasites at 24 h, 48 h, 72 h, and 96 h 181 

post-infection.  182 

 183 

1.14 Calculate the average readings at each timepoint and divide them by the average readings 184 

at 4 h to determine the fold changes in parasite growth over time.  185 

 186 

1.15 Plot the data using graphing software. A representative growth reading table and plots of 187 

RH∆ku80::NLuc parasites are shown in Figure 1A,B.  188 

 189 

1.16 To calculate doubling time, plot the log2 values of fold changes at the individual 190 

timepoints over the incubation time. Use a linear regression function to calculate slope, which 191 

represents the doubling time of each strain (Figure 1A,C).  192 

 193 

2. Evaluation of chemical compound inhibition efficacy against Toxoplasma growth 194 

 195 

NOTE: Here, evaluation of the inhibition of LHVS in Toxoplasma growth is presented as an 196 

example. Eight different concentrations of LHVS are tested, and three technical replicates are 197 

performed for each of the three biological replicates for both RH∆ku80::NLuc and 198 

RH∆ku80∆cpl::NLuc strains. 199 

 200 

2.1. Prior to the parasite infection, seed HFFs to 96 well microplates in the format of three rows 201 

and nine columns for one biological replicate per compound per strain. Host cells will be 202 

allowed to grow for at least 7 days before use. 203 

 204 

2.2. Pass RH∆ku80::NLuc and RH∆ku80∆cpl::NLuc parasites for 2 days prior to use. Follow steps 205 

1.2–1.6 for parasite purification and quantification. Resuspend parasites in phenol red-free 206 

media at 1 x 104 parasites/mL.  207 

 208 

2.3. Aspirate media from a plate of confluent HFFs and inoculate each well with 150 µL of 209 

parasite resuspension. Incubate the microplate at 37 °C and 5% CO2 for 4 h. 210 

 211 

2.4. Prepare LHVS at eight different concentrations in a 12 well reservoir by serial dilution. 212 

Generally, the concentrations are decreased by three-fold in a serial dilution manner.  213 

 214 

NOTE: The lowest concentration is reduced by 6,561-fold relative to the highest concentration. 215 

The fold change of the dilution can be adjusted accordingly based on different properties of 216 

individual compounds.  217 

 218 



 

 

2.5. At 4 h post-infection, aspirate media to remove non-invaded parasites and fill each well 219 

from columns 2–9 with 150 µL of media supplemented with LHVS at different concentrations. 220 

Leave the first column filled with regular medium to serve as a nontreated control. 221 

 222 

2.6. Incubate the microplate at 37 °C and 5% CO2 for an additional 96 h. 223 

 224 

2.7. Perform steps 1.9–1.11 and measure luciferase activity of individual wells. 225 

 226 

2.8. Average the luciferase activities of three technical replicates from wells of each individual 227 

LHVS concentration.  228 

 229 

2.9. Divide the average luciferase activity for each LHVS concentration by the average luciferase 230 

activity derived from nontreated parasites to calculate the normalized luciferase activity as a 231 

percentage. 232 

 233 

2.10. Plot the normalized luciferase activities against the individual LHVS concentrations using 234 

graphing software (Figure 2). Inhibition of pyrimethamine against parasite growth is also 235 

measured as a control. Pyrimethamine is a clinical antibiotic used to treat acute toxoplasmosis 236 

by inhibiting folic acid metabolism in Toxoplasma.  237 

 238 

2.11. Calculate the IC50 values for individual compounds using the embedded method in the 239 

graphing software, normalized response vs. [inhibitor], under the “dose-response-inhibition” 240 

regression program. The IC50 is calculated using the following formula: 241 

 242 

Y = 100/(1 + X/IC50) 243 

 244 

Where: Y represents normalized luciferase activities of infected cells under different 245 

concentrations of inhibitor, and X represents individual concentrations of inhibitor.  246 

 247 

3. CRISPR-Cas9-based gene deletion in Toxoplasma parasites 248 

 249 

3.1. Generation of a plasmid construct expressing guide RNA (sgRNA) and Cas9 for deleting a 250 

gene of interest 251 

 252 

3.1.1. Go to <www.ToxoDB.org> and retrieve the entire gene coding sequence, including 253 

introns and exons, along with 1.5 kb 5’-UTRs and 3’-UTRs (untranslated regions).  254 

 255 

NOTE: Here, TgCPL (TGGT1_321530) is targeted as a representative example. 256 

 257 

3.1.2. Copy the retrieved TgCPL sequence into the sequence analysis software (refer to Table of 258 

Materials for the name and version) and label the 5’- and 3’-UTR regions. 259 

 260 

3.1.3. Select the Tools icon in the top menu bar, then select Cloning | Find CRISPR Sites. 261 

 262 



 

 

3.1.4. Choose 3’(Cas9)’ for the PAM site location and select the folder containing the 263 

Toxoplasma genome sequence in the specificity scoring section. Leave the rest of the settings 264 

as defaults.  265 

 266 

3.1.5. Choose a sgRNA with the following two criteria: 1) showing a high specificity score, 267 

generally >98%, and 2) lacking a G following the NGG, a protospacer adjacent motif (PAM) 268 

sequence. The selected sgRNA is usually located at sites close to the start and stop codons of 269 

the gene of interest. 270 

 271 

3.1.6. Copy the sequence of the selected sgRNA and paste it into the following primer template.  272 

 273 

sgRNA.TgCPL.F: GTCGTCCTCGCCGTTGAGGAGTTTTAGAGCTAGAAATAGC 274 

sgRNA.R: AACTTGACATCCCCATTTACCAGAAGGCAAACACC 275 

 276 

The portion in red represents the selected TgCPL sgRNA sequence. It can be replaced with 277 

different sgRNAs for various genes of interest.  278 

 279 

3.1.6.1. If the selected sgRNA does not start with G, add G at the beginning of the sgRNA to help 280 

enhance its expression. 281 

 282 

3.1.7 Perform a PCR reaction to modify the pre-existing plasmid expressing sgRNA (Figure 3A) 283 

that targets Toxoplasma uracil phosphoribosyltransferase (TgUPRT) gene23 using a PCR premix 284 

with the settings provided in Table 2. 285 

 286 

3.1.8 Run the PCR product on an agarose gel to confirm successful amplification. A 10 kb PCR 287 

product is expected to be amplified (Figure 3B).  288 

 289 

3.1.9 Extract the PCR product using a DNA gel extraction kit and circularize it using a site-290 

directed mutagenesis kit. Refer to Table 3 for the recipe. Incubate the reaction for 10–20 min at 291 

RT. 292 

 293 

3.1.10 Transform the circularized PCR product into E. coli and pick 10 clones for further 294 

verification of incorporation of designed sgRNA. 295 

 296 

3.1.11 Grow two clones and extract plasmids. Cut the purified plasmids with BamHI and EcoRV. 297 

The candidate plasmids will yield two bands at 2.4 kb and 7.2 kb (Figure 3C). 298 

 299 

3.1.12 Send the plasmids for Sanger sequencing using M13 reverse primers to confirm 300 

successful replacement of TgUPRT sgRNA with the designed sgRNA (Figure 3D). 301 

 302 

3.2 Generation of repair template for gene deletion via HDR mechanism 303 

 304 

3.2.1 According to the targeting sites of the selected sgRNA, locate 50 bp of 5’-UTRs or 3’-UTRs 305 

of the target gene for homology-dependent recombination (HDR, see discussion section). The 306 



 

 

selection of regions follows the criteria listed below, depending on the location of the sgRNA 307 

targets. 308 

 309 

3.2.1.1. If the cleavage site by Cas9 is located upstream from the start codon, select the 310 

following: a 50 bp DNA sequence upstream from the cleavage site as the left HDR region, and a 311 

50 bp DNA sequence downstream from the stop codon as the right HDR region. 312 

 313 

3.2.1.2. If the cleavage site by Cas9 is between the start and stop codons, select the following: a 314 

50 bp DNA sequence upstream from the start codon as the left HDR region, and a 50 bp DNA 315 

sequence downstream from the stop codon as the right HDR region. 316 

 317 

3.2.1.3. If the cleavage site by Cas9 is located downstream from the stop codon, select the 318 

following: a 50 bp DNA sequence upstream from the start codon as the left HDR region, and a 319 

50 bp DNA sequence downstream from the cleavage site as the right HDR region. 320 

 321 

NOTE: For the TgCPL gene, the cleavage site is located between the start and stop codons. 322 

Thus, the following primers are designed for amplifying the repair template using pMDC64 as 323 

the template, which encodes a pyrimethamine resistance cassette. The sequences in black 324 

anneal to the pMDC64 plasmid for PCR amplification. The regions labeled in red are TgCPL-325 

specific sequences for homologous recombination.  326 

 327 

TgCPLKO.DHFR.F: 328 

GAGTTTTGACCGTTTGTCCCTCTTACCCCGCGGCCTCGCTCTCGAACACCGTCCGCGTTCGTGAAATTCTC 329 

TgCPLKO.DHFR.R: 330 

CGTCTTCCTTCTCACTTCCTTCCACGAACTTCCCGAAAGCCACGGTCGCGCGCTCTAGAACTAGTGGATC 331 

 332 

3.2.2. Perform PCR using a PCR premix under the PCR conditions described in Table 4.  333 

 334 

3.2.3. Run the PCR product on an agarose gel (Figure 3E), followed by gel extraction and 335 

standard nucleic acid quantification procedures.  336 

 337 

NOTE: If the expected band cannot be successfully amplified, optimize PCR conditions and/or 338 

switch primer pairs. 339 

 340 

3.3. Toxoplasma transfection 341 

 342 

3.3.1. Pass RH∆ku80::NLuc parasites for 2 days in a T25 flask containing confluent HFFs. A T25 343 

flask of fully lysed parasites is sufficient for two to three transfections. 344 

 345 

3.3.2. Syringe and filter-purify parasites as described in step 1.2. Resuspend parasites in cytomix 346 

buffer and spin down at 1,000 x g for 10 min at RT. 347 

 348 

3.3.3. Wash pelleted parasites with 10 mL of the buffer and spin down the parasites at 1,000 x g 349 

for 10 min at RT.   350 



 

 

 351 

3.3.4. Carefully pour off the supernatant and resuspend the parasites in the same buffer at a 352 

concentration of 1 x 108 parasites/mL. 353 

 354 

3.3.5. Mix 2 µg of repair template DNA with 20 µg of the sgRNA/Cas9 expression plasmids (mass 355 

ratio = 1:5, equivalent to a 1:3 molar ratio). If the amplification yield of repair template is low, 356 

reduce the input of both DNA pieces accordingly. A minimum of 0.5 µg of repair template can 357 

be used.  358 

 359 

3.3.6. Mix 400 µL of parasite resuspension, DNA, and 5 µL of 200 mM ATP/500 mM reduced 360 

glutathione (GSH) in a 1.5 mL centrifuge tube. Bring the total volume to 500 µL with cytomix 361 

buffer, if needed.  362 

 363 

3.3.7. Transfer the mixture of parasites and DNA to an electroporation cuvette (4 mm gap 364 

width) and perform electroporation (2 kV voltage, 50  resistance) using an electroporation 365 

apparatus.  366 

 367 

3.3.8. Transfer electroporated parasites to a T25 flask containing confluent HFFs in fresh D10 368 

medium. Apply appropriate antibiotic for drug selection after 24 h.  369 

 370 

3.3.9. Keep under drug selective pressure until the growth of the transgenic parasites is stable.  371 

 372 

3.3.10. Purify genomic DNA from the knockout population and check for integration of the 373 

pyrimethamine resistance cassette into the TgCPL locus by PCR. If verified, proceed to section 374 

3.4. If not, perform another round of parasite transfection and drug selection. Inability to 375 

detect the correct integration of the drug resistance cassette usually suggests that the target 376 

gene is essential or that the gene locus is not accessible. 377 

 378 

3.4. Cloning of knockout parasites 379 

 380 

3.4.1. Seed two 96 well microplates with HFF cells and incubate at 37 ˚C and 5% CO2 for 1 week 381 

prior to cloning parasites.  382 

 383 

3.4.2. Pass ~0.3–0.4 mL of the population of transgenic parasites in a T25 flask containing 384 

confluent HFFs and grow them for 2 days. Consider passing more parasites if the mutant shows 385 

growth defects.  386 

 387 

NOTE: To achieve the best yield and viability, the host cells are heavily infected by the parasites, 388 

and most of the parasites are kept in the intracellular stage. 389 

 390 

3.4.3. Syringe infected host cells and filter-purify freshly lysed parasites as mentioned in step 391 

1.3. Resuspend the parasites in D10 medium and spin them down at 1,000 x g for 10 min at RT. 392 

 393 

3.4.4. Resuspend the pelleted parasites in 10 mL of D10 medium. 394 



 

 

 395 

3.4.5. Count parasites using a hemocytometer to determine the parasite concentration. 396 

 397 

3.4.6. Conduct a two-step dilution to bring the concentration to 10 parasites/mL in D10 398 

medium supplemented with the appropriate antibiotic. Usually, the initial parasite 399 

resuspension is diluted by 1,000-fold, followed by a second dilution to 10 parasites/mL. 400 

 401 

3.4.7. Aspirate media from 96 well microplates containing confluent HFFs and inoculate 150 µL 402 

of diluted parasites into each well. 403 

 404 

3.4.8. Incubate plates at 37 ˚C with 5% CO2 for 7 days without disturbance to allow plaque 405 

formation. The incubation period can be longer if transgenic parasites exhibit growth defects. 406 

 407 

3.4.9. Screen the plates using a phase-contrast microscope and mark only the wells containing a 408 

single plaque. 409 

 410 

3.4.10. Perform colony PCR to identify correct clones. 411 

 412 

3.4.10.1. Use pipette tips to scrape the bottom of each well to lift infected HFF monolayers. 413 

 414 

3.4.10.2. Pipet 75 µL of the cell resuspension from each marked well into 1.5 mL 415 

microcentrifuge tubes. 416 

 417 

3.4.10.3. Centrifuge tubes for 10 min at maximum speed at RT. Carefully aspirate the 418 

supernatant and resuspend the pellet in 10.25 L of lysis buffer containing dilution buffer and 419 

DNA release additive provided in the kit (Table of Materials).  420 

 421 

3.4.10.4. Incubate the samples for 4 min at RT, then 2 min at 98 ˚C. Afterward, samples can be 422 

used for PCR or stored at -20 ˚C until use. Three sets of PCR reactions are used to test for the 423 

integration of the drug resistance cassette and loss of the gene of interest (Figure 4A). Refer to 424 

Table 5 for PCR reaction setup and Table 6 for thermocycler settings. 425 

 426 

3.4.11. Identify the correct clones and transfer four clones into T25 flasks containing confluent 427 

HFFs. 428 

 429 

3.4.12. After individual clones lyse host cells, purify genomic DNA for further PCR verification.  430 

 431 

3.4.13. If an antibody recognizing the protein of interest is available, follow a standard 432 

immunoblotting procedure to verify loss of the target protein in the correct Toxoplasma 433 

knockouts. Representative images for screening a TgCPL-deletion mutant are shown in Figure 434 

4B,C. 435 

 436 

REPRESENTATIVE RESULTS: 437 

 438 



 

 

Figure 1 represents an example of a growth curve for the RH∆ku80::NLuc strain and the derived 439 

calculation for its doubling time. Generally, the assay is performed in three technical replicates 440 

for each of the three biological replicates to account for variations of luciferase activity 441 

readings. In order to calculate the normalized fold change of parasite growth, each reading at 442 

24–96 h post-infection was divided by the initial reading at 4 h post-infection, which reflects the 443 

starting amount of live parasites in the assay (Figure 1A,B). In terms of determining parasite 444 

doubling time, the log2 of the normalized fold change of parasite growth was plotted against 445 

each timepoint. Next, the plot was subjected to a linear regression function to obtain the slope, 446 

which represents doubling time (Figure 1C).  447 

 448 

The inhibition efficacies of LHVS in wild-type and ∆cpl strains were determined by plotting 449 

luciferase activities against eight inhibitor concentrations in Figure 2. It is essential to include 450 

infected cells without inhibitor treatment for normalization of raw luciferase activities in the 451 

assay. In addition, a mock experiment performed in a clear microplate is required for the assay 452 

to ensure that parasites are still in the intracellular stage at the end of the assay period.  453 

 454 

In Figure 3, the generation and validation of a sgRNA expression construct targeting TgCPL and 455 

the production of a repair template for TgCPL deletion are shown. The 20 bp sgRNA matching 456 

to the TgUPRT gene encoded in the original plasmid was mutated to the DNA sequence 457 

targeting the TgCPL gene via PCR-based site-directed mutagenesis. To achieve this, the DNA 458 

sequences coding for the sgRNAs that recognize different genes were engineered to the 459 

forward primer, while the reverse primer was kept unchanged to simplify primer design.  460 

 461 

Figure 3A shows a zoomed-in region of the sgRNA DNA sequences targeting the TgUPRT gene in 462 

the original template plasmid as well as the primer set used for the generation of the linearized 463 

sgRNA expression vector. Figure 3B shows a representative gel picture of the linearized TgCPL-464 

targeting sgRNA expression plasmid. Figure 3C shows the restriction endonuclease digestion of 465 

the circularized TgCPL-targeting sgRNA expression plasmid. A M13 reverse primer was used to 466 

sequence the incorporated guide RNA within the sgRNA expression vector generated for the 467 

specific gene. In Figure 3D, the sequenced DNA region was aligned to the parental plasmid for 468 

the confirmation of successful mutagenesis. Figure 3E illustrates the start and end regions of 469 

the pyrimethamine resistance cassette, showing where the primers can anneal for production 470 

of the repair template for TgCPL gene deletion. The repair template was PCR-amplified and 471 

loaded into a 1% agarose gel for size verification and gel extraction.  472 

 473 

The overall strategy for TgCPL knockout generation and screening is shown in Figure 4. Three 474 

sets of primers shown in Figure 4A were used to screen TgCPL-deletion parasites for the correct 475 

integration of 5’- and 3’-ARMs and deletion of the TgCPL-coding sequence. As shown in Figure 476 

4B, generally, seven to eight clones were selected for screening initially. The screening usually 477 

starts with checking for deletion of the coding sequence for the gene of interest. This is 478 

followed by detection of 5’ and 3’-ARMs, which helps minimize the total number of clones to be 479 

screened. Further verification by immunoblotting displayed in Figure 4C can be completed if an 480 

antibody recognizing the target protein is available.  481 

 482 



 

 

FIGURE AND TABLE LEGENDS: 483 

 484 

Figure 1: Intracellular growth quantification for Toxoplasma parasites using a luciferase-based 485 

method. (A) Raw luciferase activity readings in a spreadsheet software. The readings at 24 h, 48 486 

h, 72 h, and 96 h post-infection were normalized against the initial readings at 4 h post-487 

infection for calculating the fold changes in parasite growth. (B) The normalized data were 488 

averaged and plotted. (C) The log2 values of the fold changes were also plotted and subjected 489 

to linear regression for determination of the parasite’s doubling time. 490 

 491 

Figure 2: Inhibition efficacy assessment of LHVS and pyrimethamine using the luciferase-492 

based growth assay. Parasites were inoculated into a 96 well microplate for 4 h to allow for 493 

invasion of host cells. Non-invaded parasites were washed away, and the plate was filled with 494 

media containing different concentrations of LHVS or pyrimethamine and incubated for an 495 

additional 96 h before determination of luciferase activity. The measured luciferase readings for 496 

parasites treated with individual inhibitor concentrations were normalized against the signal 497 

detected from untreated parasites. The data were plotted in a graphing program, and a 498 

regression analysis for IC50 determination was performed. The assay was repeated in three 499 

biological replicates with three technical replicates each. Data represent mean ± SEM, n = 3 500 

biological replicates.  501 

 502 

Figure 3: Generation of the plasmid construct expressing sgRNA targeting TgCPL and 503 

production of a repair template for TgCPL deletion. (A) The original pSAG1-Cas9-sgRNA-UPRT 504 

plasmid23 was modified via a site-directed mutagenesis kit for replacement of the sgRNA 505 

targeting the TgUPRT gene to TgCPL. The sgRNA coding region is enlarged to show areas to 506 

which the primers anneal. After PCR, the mutated plasmid was linearized and loaded into a 1% 507 

agarose gel for verification of successful amplification, followed by gel extraction. (B) The gel 508 

image of the PCR-amplified linearized sgRNA expression construct. (C) After gel-extraction, the 509 

PCR product was circularized and subsequently transformed into E. coli. The clones containing 510 

the expected plasmids were screened by restriction endonuclease digestion and DNA 511 

sequencing. The band sizes after DNA digestion were 7.2 bp and 2.4 kb. (D) The M13 reverse 512 

primer labeled in the figure was used to sequence the mutated guide RNA region within the 513 

generated TgCPL-targeting sgRNA expression vector. The sequenced DNA region was aligned to 514 

the parental plasmid to confirm successful mutagenesis. (E) In this study, 50 bp homologous 515 

regions matching to the 5’- and 3’-UTRs of TgCPL were engineered into the primers for 516 

amplification of the repair template and flanked at the 5’- and 3’-ends of the pyrimethamine 517 

resistance cassette by PCR, respectively. Agarose gel electrophoresis was used to verify the 518 

correct size of the PCR product before gel extraction. The expected size of the repair template 519 

is ~2.7 kb. Usually, 5–6 µg of repair template can be obtained from 200 µL of PCR reaction.  520 

 521 

Figure 4: PCR and immunoblotting confirmation of TgCPL-deficient parasites. (A) A schematic 522 

diagram depicting the general strategies of TgCPL-deletion in Toxoplasma and PCR-based 523 

screening of the correct TgCPL knockout clones. The primers used for the screening are labeled. 524 

(B) PCR and agarose gel electrophoresis were used to select clones containing the correct 525 

integration of the pyrimethamine resistance cassette into the TgCPL locus and loss of the TgCPL 526 



 

 

gene. The genomic DNA of the ∆cpl population served as a positive control for 5’- and 3’-ARM 527 

detection, while the WT genomic DNA was used for the detection of the TgCPL gene as a 528 

positive control. Water was used instead of DNA template in the PCR reactions to serve as 529 

negative controls. The expected bands are denoted by arrows, whereas nonspecific PCR 530 

amplifications are labeled by asterisks. (C) Clone 1 identified by PCR screening was grown in 531 

tissue culture for cell lysate preparation and further immunoblotting analysis to confirm the 532 

loss of TgCPL expression in the knockout. TgActin was used as a loading control.  533 

 534 

Table 1: Microplate reader settings for luciferase activity measurement during luciferase-535 

based Toxoplasma growth assay. 536 

 537 

Table 2: Thermocycler settings for generation of sgRNA expression vector. 538 

 539 

Table 3: Reaction recipe for circularization of sgRNA expression vector. 540 

 541 

Table 4: Thermocycler setting for generation of repair template. 542 

 543 

Table 5: Colony PCR reaction recipe for screening single Toxoplasma clones. 544 

 545 

Table 6: Thermocycler setting for screening single Toxoplasma clones. 546 

 547 

Supplementary Table 1: Recipes for buffers.  548 

 549 

DISCUSSION: 550 

 551 

This protocol describes a luciferase-based protocol to assess intracellular Toxoplasma growth 552 

and evaluate the inhibition efficacy of chemical compounds against parasite growth. Compared 553 

to the existing strategies available for measuring intracellular Toxoplasma growth, this method 554 

exhibits high sensitivity and specificity. While monitoring parasite growth, a mock assay in a 555 

clear 96 well microplate is recommended to confirm that the tested strain does not 556 

prematurely lyse host cells before the end of the evaluation period. Otherwise, the 557 

luminescence readings will not accurately reflect parasite growth, since Toxoplasma only 558 

replicates within host cells.  559 

 560 

It has been observed that phenol red dye quickly quenches luciferase activity, which can result 561 

in significant differences in the luciferase readings among technical replicates due to a delay in 562 

individual well measurements by the plate reader. Therefore, it is optimal to prepare HFFs in 563 

phenol red-free medium prior to seeding in the 96 well microplates. Also, in the case of high 564 

luciferase activity, cross-well interference may lead to significant variation among neighboring 565 

wells exhibiting strong luciferase activity. Hence, it is recommended to place an empty column 566 

between each strain.  567 

 568 

Specifically, for the RH∆ku80::NLuc strain, 1,500 parasites are inoculated into each well for the 569 

growth assay. Since the doubling time for WT Toxoplasma parasites is ~6–8 h24, it is expected to 570 



 

 

see an increase in luciferase activity by 8- to 16-fold at 24 h post-infection. However, certain 571 

strains with significant growth defects will only yield a slight increase in luciferase activity. 572 

Therefore, if the initial parasite inoculum is low, the inherent variation in luciferase activity will 573 

mask the observation of an increase in luminescence over the growth period. Hence, it is 574 

recommended to inoculate a higher number of parasites to achieve an accurate fold change for 575 

strains with growth deficiencies.  576 

 577 

In the protocol, the guide RNA design follows the general rules used for CRISPR-Cas9-based 578 

genome modification in mammalian cells25. Currently, many types of software and online 579 

platforms provide services for guide RNA design in various organisms, such as CHOPCHOP26, E-580 

CRISP27, and EuPaGDT28. Here, commercial software (Table of Materials) is used to design 581 

sgRNA. Compared to the previously mentioned online programs, this software provides a local 582 

environment for sgRNA design. It calculates activity and specificity scores for each candidate 583 

sgRNA using a previously published algorithm25,29.  584 

 585 

Technically, any sgRNA located within a gene of interest that contains a high specificity score 586 

can efficiently mediate the cleavage of genomic DNA for downstream homology-dependent 587 

recombination. In practice, sgRNA targeting a region close to the start or stop codon is 588 

preferred. Genes of interest can be endogenously epitope-tagged using the sgRNA, which 589 

generates a double-stranded gap at the end of the gene. Endogenously tagging a gene prior to 590 

its deletion will help confirm gene loss via immunoblotting detection in the case that an 591 

antibody against the protein of interest is not available. Epitope-tagging of a gene can also help 592 

determine the subcellular location of the protein of interest via immunofluorescence 593 

microscopy. Furthermore, if the target gene is essential, sgRNA recognizing the start region of 594 

the gene can be used for the replacement of its cognate promoter to a tetracycline-responsive 595 

promoter to generate a conditional knockout.  596 

 597 

Additionally, the protocol describes a technique for gene deletion in Toxoplasma by replacing 598 

the TgCPL gene with a pyrimethamine resistance cassette. By using different plasmid templates 599 

encoding other drug resistance cassettes, investigators can modify primer sequences to 600 

incorporate other antibiotic resistance genes into the repair template via PCR. Furthermore, 601 

this protocol can be modified to perform other genome modifications, such as endogenous 602 

gene tagging, promoter replacement, and site-directed mutagenesis. It is noteworthy that the 603 

homologous regions used in this protocol are only 50 bp in length. A separate study successfully 604 

used 40–43 bp homologous DNA sequences to introduce single-nucleotide mutations and gene 605 

epitope tagging in Toxoplasma parasites22. Homologous DNA sequences this short can be easily 606 

incorporated into primers. Although we did not quantitatively evaluate the HDR efficiency for 607 

this particular length of homologous region, it seems that a 40–50 bp region is sufficient for 608 

efficient DNA recombination in the TgKu80-deficient Toxoplasma strain, as evidenced by the 609 

successful genetic manipulation of several genes recently achieved15,22.  610 

 611 

During the efficacy determination of chemical compounds, if the prospective drug target gene 612 

is essential, a comparison of shifts in IC50 values between the wild-type and knockout strains is 613 

not practical. In this scenario, an assay directly measuring the ability of chemical compounds to 614 



 

 

inhibit recombinant protein activity is required to evaluate efficacy and specificity of the drugs. 615 

Recent literature reported the fitness scores of individual genes in Toxoplasma by performing a 616 

genome wide CRISPR screen30, which can serve as a guide to help assess the difficulty of 617 

generating a straight knockout mutant.  618 

 619 

Taken together, the protocol describes successful completion of a luciferase-based intracellular 620 

Toxoplasma growth assay and an evaluation strategy for chemical inhibitors against 621 

Toxoplasma growth. Also detailed is a CRISPR-Cas9-based genome editing protocol for gene 622 

deletion in Toxoplasma parasites, which has been widely used in the field. Individual labs can 623 

modify the described protocol according to experimental needs, such as endogenous gene 624 

tagging, switching drug selection markers, and altering the evaluation period for intracellular 625 

parasite growth.  626 
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Table 1. Microplate Reader Settings

Luciferase: Endpoint

Integration time: 1 s

Filter Set - Emission: Full light

Optics: Top

Gain: 135

Read speed: Normal

Delay: 100 ms

Read height: 4.5 mm

Table 1 Click here to access/download;Table;Table 1.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1161743&guid=575c58f7-4681-4e91-ad94-212d2e195ed7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1161743&guid=575c58f7-4681-4e91-ad94-212d2e195ed7&scheme=1


Initial denaturation: 98°C for 5 min

25 cycles of 

Denaturing: 98°C for 5 s

Annealing: 60°C for 15 s

Extension: 72°C for 1 min

Final extension: 72°C for 10 min

Table 2. Thermocycler setting for the 

generation of sgRNA expression vector
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Sample Volume (µl)

PCR product (10-50 ng) 1

2X KLD (kinase, ligase, 

DpnI) Reaction Buffer 5

10X KLD Enzyme Mix 1

Nuclease-free water 3

Total 10

Table 3. Reaction recipe for circularization of 

sgRNA expression vector
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Initial denaturation: 98°C for 5 min

35 cycles of 

Denaturing: 98°C for 15 s

Annealing: 58°C for 15 s

Extension: 72°C for 30 s per kb

Final extension: 72°C for 10 min

Table 4. Thermocycler setting for the 

generation of repair template
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Sample Volume (µl)

total Toxoplasma  genomic DNA 1

Forward primer (25 µM) 0.2

Reverse primer (25 µM) 0.2

2x PCR master premix 5

Nuclease-free water 3.6

Total 10

Table 5. Colony PCR reaction recipe for screening single 

Toxoplasma  clones
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Initial denaturation: 98°C for 5 min

35 cycles of 

Denaturing: 98°C for 5 s

Annealing: 55 - 62°C for 5 s

Extension: 72°C for 20 s per kb

Final extension: 72°C for 1 min

Table 6. Thermocycler setting for screening 

single Toxoplasma  clones
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Name of Material/Equipment Company Catalog Number

Agarose gel extraction kit New England BioLabs T1020L

BamHI New England BioLabs R0316S

Biotek Synergy H1 Hybrid Multi-Mode Microplate Reader BioTek Instuments

BTX Gemini Twin Waveform Electroporation System Harvard Apparatus
Chemically competent E. coli  cells New England BioLabs C29871

CloneAmp HiFi PCR premix Takara Bio 639298

Coelenterazine h Prolume 301-10 hCTZ

EcoRV New England BioLabs R3195S

Phire Tissue Direct PCR Master Mix Thermo Scientific F170L

Plasmid miniprep kit Zymo Research D4054

Q5 Site-Directed Mutagenesis kit New England BioLabs E0554S

Software

Geneious software for sgRNA design (version: R11) 

GraphPad Prism software (8th version)

SnapGene for molecular cloning (version: 4.2.11)
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RESPONSE TO REVIEWERS (JoVE60985; Key, Bergmann, Micchelli, Thornton, Millard, 
Dou) 
We thank the reviewers for taking the time to review our manuscript and for their constructive 
comments. We were very happy that the reviewers recognized that the protocols reported in the 
manuscript can be adopted in the field to help measure the efficacy of potential anti-Toxoplasma 
antibiotics and verify the corresponding drug targets by genetically deleting the corresponding 
genes. We were also pleased to read that both reviewers thought that the procedures 
documented in the manuscript were logically written. We have made changes in response to the 
editorial and reviewers’ comments. Below we have included the comments and provided our 
responses (see italics below). We hope that the reviewers and editor find our work suitable for 
publication in the Journal of Visualized Experiments. 
 
Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 
errors in the submitted revision may be present in the published version. 
We carefully revised and proof-read the manuscript.  
 
2. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: 
none, Line spacings: single. Please include a single line space between each step, substep and 
note in the protocol section. Please use Calibri 12 points 
We changed font, font size, spacing, margins as requested.  
 
3. We can only show first co-authors in the journal website. 
Yes, Melanie Key and Amy Bergmann both shared the first authorship in this manuscript.  
 
4. Please provide an email address for each author. 
We included the author’s emails in the revised version.  
 
5. Please rephrase the Short Abstract/Summary to clearly describe the protocol and its 
applications in complete sentences between 10-50 words: “Here, we present a protocol to …”. 
Presently it is more than the required word limit 
We shortened the abstract as requested.  
 
6. Please ensure that the long Abstract is within 150-300-word limit and clearly states the goal 
of the protocol. 
We also shortened the abstract as requested.  
 
7. Please define all abbreviations during the first-time use. 
We did as requested.  
 
8. JoVE cannot publish manuscripts containing commercial language. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial 
products should be sufficiently referenced in the Table of Materials and Reagents. 
 
9. For example: NanoLuc, BioTek Synergy H1 Hybrid Multi-Mode Microplate Reader, GraphPad 
Prism software, Geneious software (version R11), CloneAmp HiFi PCR premix, NEB Monarch 
DNA Gel Extraction kit, NEB Q5 site-directed mutagenesis kit, Cytomix, BTX Gemini Twin 
Waveform Electroporation System, Thermo Scientific Phire Tissue Direct PCR Master Mix, 
For Item 8 and 9, as requested we replaced these commercial terms with general names. We 
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still kept NanoLuc and Cytomix in the manuscript, since we feel that the use of luciferase 
probably will confuse the audience due to the existence of different kinds of luciferases and 
Cytomix is not a commercial name. In addition, we found that NanoLuc was widely used in 
published literature. For example, please refer to this research article from this link. 
https://www.frontiersin.org/articles/10.3389/fphar.2016.00027/full 
 
10. The Protocol should be made up almost entirely of discrete steps without large paragraphs 
of text between sections. Please ensure that individual steps of the protocol should only contain 
2-3 actions per step. 
We removed most of large paragraphs of text between sections, but we do feel that a general 
brief introduction describing the following procedures is required. 
 
11. Please do not include any materials, reagents etc in the protocol section. Please include all 
these in the table of the essential supplies, reagents, and equipment. The table should include 
the name, company, and catalog number of all relevant materials in separate columns in an 
xls/xlsx file. 
As requested, we expanded the table of materials, including the essential supplies, reagents, 
and equipment with the name, company, and catalog number in separate columns. 
 
12. Please ensure that all text in the protocol section is written in the imperative tense as if 
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should 
be described in the imperative tense in complete sentences wherever possible. Avoid usage of 
phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” 
We switched to imperative tense in the revised protocol section.  
 
13. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should 
only be used to provide extraneous details, optional steps, or recommendations that are not 
critical to a step. Any text that provides details about how to perform a particular step should 
either be included in the step itself or added as a sub-step. 
We changed this as requested.  
 
14. Please revise the protocol text to avoid the use of any personal pronouns in the protocol 
(e.g., "we", "you", "our" etc.). 
We changed this as requested. 
 
15. Please ensure you answer the “how” question, i.e., how is the step performed? 
We changed this as requested.  
 
16. 1.1: How is this done? 
We revised it as requested.  
 
17. 1.2: How do you grow the parasite? How do you lyse these? What is the volume/number 
used for passing through the syringe? 
We changed this as requested. We made sure to specify if the parasites were naturally lysing 
out of the host cells or if lysis was done manually with a syringe. 
 
18. 2.10: How is this done? 
We changed this as requested.  
 



19. 3.1.7: Please include reaction set up for the PCR reaction as a separate table. 
We changed this as requested.  
 
20. 3.1.9-3.1.12: Please briefly describe how is this done? 
We changed this as requested.  
 
21. 3.2.1: How? 
We changed this as requested.  
 
22. Lines 349-375: Please move this to the table of materials. 
We changed this as requested.  
 
23. Please consider making a table for the plate readings, reaction set up, thermocycler 
programs etc. All tables should be uploaded separately to your Editorial Manager account in the 
form of an .xls or .xlsx file. Each table must be accompanied by a title and a description after the 
Representative Results of the manuscript text and can be referenced in the protocol text 
wherever applicable. 
A separate table was created for plate readings, reaction set up, thermocycler programs, and 
the titles of the individual tables were included in the text.  
 
24. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 
Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. 
We marked the sections to be filmed in yellow.  
 
25. Please place the representative result after the protocol section. Please expand the result in 
the context of the technique you have described, e.g., how do these results show the technique, 
suggestions about how to analyze the outcome, etc. The paragraph text should refer to all of the 
figures. Data from both successful and sub-optimal experiments can be included. 
We combined all of the representative results into a section that followed the protocol section.  
 
26. Please include all the Figure Legends together at the end of the Representative Results in 
the manuscript text. Each Figure Legend should include a title and a short description of the 
data presented in the Figure and relevant symbols. 
We did this as requested.  
 
27. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the 
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your 
Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. 
“This figure has been modified from [citation].” 
We did not use any copyrighted pictures in this manuscript. 
 
28. As we are a methods journal, please revise the Discussion to explicitly cover the following in 
detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 



We revised the Discussion section as requested.  
 
 
Reviewers' comments: 
Reviewer #1: 
 
Manuscript Summary: 
This manuscript describes three protocols 1) a luciferase-based intracellular Toxoplasma growth 
assay; 2) an evaluation strategy for chemical inhibitors against Toxoplasma growth; 3) CRISPR-
Cas9-based gene deletion in Toxoplasma parasites. These efficient protocols will enrich 
laboratory techniques in the investigation of Toxoplasma, and especially aid those who need to 
evaluate Toxoplasma chemical inhibitors. 
We greatly appreciated the comments from the reviewer that our protocol is useful for 
Toxoplasma research and provides aid for the investigators who work on drug screening.  
 
Major Concerns: 
The manuscript is well-written and organized. According to my experience in Toxoplasma 
research, these protocols should be very efficient. I have no major suggestions for 
improvement. 
 
Minor Concerns: 
1. Is it more accurate to use "parental strain" instead of "WT" throughout the manuscript (at 
least some places)? 
According to the suggestions, we changed “WT” to “parental strain” in some places.  
 
2. Line 92: "(HDR)" should be added after "homology-dependent recombination". 
We changed this.  
 
Reviewer #2: 
 
Manuscript Summary: 
The manuscript by Key, Bergmann and colleagues describes a protocol for screening 
compounds against Toxoplasma gondii using a luciferase-expressing strain in a 96-plate well 
format. The authors then generated a TgCPL knockout cell line to demonstrate the efficiency of 
their approach and show that a 50-bp homology region is sufficient for DNA recombination in 
the parasite. 
 
Overall, this protocol and the video associated with it will be a useful tool for anyone trying to 
assess drug efficiency by measuring the growth rates of T. gondii. 
Again, we greatly appreciated the comments from this reviewer as well. 
 
Major Concerns: 
None 
 
Minor Concerns: 
 
1) The authors demonstrate the feasibility of their approach in a 96-well plate format. I was 
wondering if they have tried this approach in a larger format (ie. 384 or 1536 well plates) or if 
they could mention if the approach could be scaled up in the discussion section. 
In this protocol, we only used a 96-well plate as an example. We feel that the method can be 
scaled up to 384- or 1536-well plate. We added these comments in the section titled “Protocols”.   



 
2) The authors state that using 50bp of homology for DNA recombination is an "improved 
protocol". However, the same type of approach has been already performed by Sidik et al. 
2014, where they provide a repair template with 40 to 43 bp homology regions to achieve 
homologous recombination in the CDPK3 locus of T. gondii. If I understand correctly, the 
improvement stems from an older version of the author's protocol, so they should state so. 
Thanks for pointing out this important information. Accordingly, we incorporated the findings 
from the paper published by Sidik et al. and cited it in the manuscript.  
 
3) The authors do not cite the Larson et al. 2009 paper which formally demonstrated that TgCPL 
is the target of LHVS. 
As suggested, we cited this paper.  
 
4) Figure 1: there is no explanation for figure 1C nor it is mentioned in the figure legends. 
Thanks for recognizing this error. We have addressed this in the figure legend of our revised 
version.   
 
5) Figures 3 and 4: Authors should provide the plasmid maps required to express the sgRNA 
targeting TgCPL and to generate the proper repair template. However, I find that the plasmid 
maps are unnecessary. The authors should just provide a schematic representation of the 
region of interest (the region where the sgRNA is located). The two figures can also be merged 
into one as both are required for the same experiment. 
Thanks for the suggestions. We combined Figure 3 and 4 into a single figure. In Figure 3A, we 
only showed the sgRNA region targeting TgUPRT gene in the template plasmid, which is 
replaced to different sgRNA depending on individual genes by site-directed mutagenesis. In 
Figure 3E, we incorporated the start and end areas of the pyrimethamine resistance cassette to 
show the regions where the primers can anneal to for the production of repair template.  
 
6) Figure 5: For the PCRs of the clones carrying the correct integration, a negative control (ie. 
the parental strain) should be provided to further demonstrate the success of the approach. 
I suggest to add a legend to each control the authors use for their PCRs (Δcpl or WT genomic 
DNA) instead or writing "positive control". 
PCR with P5+P6: what are those bands in the gel? Can you speculate why do we see them in 
some clones but not in others? 
For the Western Blot, which one of the clones was picked up for further analysis? The authors 
do not mention this. 
As suggested, we incorporated the negative controls in Figure 4B. We also updated the names 
of the positive controls in the figure and figure legend. In terms of detection of the loss of TgCPL 
coding sequence by using P5 and P6, the primer set generated non-specific amplification. We 
marked and annotated these non-specific bands in the figure. We also included negative 
controls in Figure 4B. Since all of clones are correct, we picked the first clone for further 
validation by immunoblotting. We included this information in the figure legend as well.   
 
 



Cytomix buffer 25 mM HEPES, pH 7.6, 120 mM KCl, 10 mM K2HPO4/KH2PO4, 5 mM MgCl2, 0.015 mM CaCl2, and 2 mM EGTA.

D10 medium DMEM 1X (Corning, Cat #: 10-013-CV), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of Streptomycin

Phenol red-free medium: DMEM/ Highly Modified (Hyclone, Cat #: SH30284.02), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of streptomycin.

2X NLuc Buffer 100 mM MES, pH 6.0, 1mM CDTA, 0.5% Tergitol, 0.05% Mazu DF 204, 150 mM KCl, 1 mM DTT, 35 mM Thiourea.
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25 mM HEPES, pH 7.6, 120 mM KCl, 10 mM K2HPO4/KH2PO4, 5 mM MgCl2, 0.015 mM CaCl2, and 2 mM EGTA.

DMEM 1X (Corning, Cat #: 10-013-CV), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of Streptomycin

DMEM/ Highly Modified (Hyclone, Cat #: SH30284.02), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of streptomycin.

100 mM MES, pH 6.0, 1mM CDTA, 0.5% Tergitol, 0.05% Mazu DF 204, 150 mM KCl, 1 mM DTT, 35 mM Thiourea.



DMEM 1X (Corning, Cat #: 10-013-CV), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of Streptomycin

DMEM/ Highly Modified (Hyclone, Cat #: SH30284.02), 10 mM HEPES, 10% (v/v) Cosmic Calf Serum (Hyclone, Cat #: SH30087.03), 1 mM sodium pyruvate, 4 mM L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of streptomycin.


