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SUMMARY

Secreted virulence factors of Toxoplasma to survive in immune-competent hosts have been extensively
explored by classical genetics and in vivo CRISPR screen methods, whereas their requirements in im-
mune-deficient hosts are incompletely understood. Those of non-secreted virulence factors are further enig-
matic. Here we develop an in vivo CRISPR screen system to enrich not only secreted but also non-secreted
virulence factors in virulent Toxoplasma-infected C57BL/6 mice. Notably, combined usage of immune-defi-
cient Ifngr1~’~ mice highlights genes encoding various non-secreted proteins as well as well-known effectors
such as ROP5, ROP18, GRA12, and GRA45 as interferon-y (IFN-y)-dependent virulence genes. The screen
results suggest a role of GRA72 for normal GRA17/GRA23 localization and the IFN-y-dependent role of UF-
Mylation-related genes. Collectively, our study demonstrates that host genetics can complement in vivo
CRISPR screens to highlight genes encoding IFN-y-dependent secreted and non-secreted virulence factors

in Toxoplasma.

INTRODUCTION

Toxoplasma is an important protozoan pathogen that can cause
life-threatening toxoplasmosis in humans and animals.”? To
date, most of the Toxoplasma virulence genes have been identi-
fied through classical forward and reverse genetics methods.
The forward genetics identified several virulence genes such
as ROP5, ROP16, and ROP18,% which are family members of
rhoptry bulb proteins (ROPs) secreted into host cells during
Toxoplasma infection.”® Those ROPs suppress host immunity
and thus contribute to the parasite in vivo fitness.®'* Although
forward genetics is a powerful strategy, the method relies on
polymorphisms in the virulence genes. The classical reverse ge-
netics using individual gene-knockout Toxoplasma is solid; how-
ever, the gene of interest is intentionally selected. It also remains
unclear whether the gene is involved in virulence.

The in vitro CRISPR screen method using the genome-wide
guide RNA (gRNA) library has been recently developed to identify
in vitro fitness genes that are essential for Toxoplasma prolifera-
tion in human foreskin fibroblasts (HFFs).'® Subsequently, three
studies have applied the method in mice, advancing our under-
standing of Toxoplasma in vivo fitness genes.'®"'® These in vivo
CRISPR screens utilized small-scale gRNA sublibraries mainly
targeting ROPs and dense granule proteins (GRAs) (hereafter
termed ROP/GRA) and identified several virulence factors. '8

uuuuuu

However, genes predicted to encode ROP/GRA are only ~3%
of the total 8,100 Toxoplasma genes. Thus, it remains unclear
which Toxoplasma genes other than ROP/GRA (non-ROP/GRA
genes) are required for the parasite in vivo fitness.

In general, not only pathogen genes but also host impedi-
ments called bottlenecks, such as host immunity and nutritional
limitations, influence pathogen in vivo fitness and virulence.'®
The host immune system rapidly responds to Toxoplasma infec-
tion and produces interferon-y (IFN-v).?%?" IFN-y stimulation
leads to robust expression of IFN-inducible effectors such as
IFN-inducible guanosine triphosphatases (GTPases) to suppress
the parasite proliferation.?>*®> Mice treated with anti-IFN-vy anti-
body or with IFN-y gene inactivation are highly susceptible to
less-virulent type Il Toxoplasma,’*?® demonstrating IFN-
v-dependent host immunity as an important biological bottle-
neck that profoundly influences the parasite in vivo fitness.
Among ROP/GRA, ROP5, ROP18, GRA12, GRA45, and TgIST
are well known to affect the parasite in vivo fitness in a manner
dependent on IFN-v.?5* However, it is poorly understood
which of the other ROP/GRA genes as well as non-ROP/GRA
genes contribute to IFN-y-dependent in vivo fitness.

Here we have newly established a highly reproducible in vivo
CRISPR screen system targeting both ROP/GRA and non-
ROP/GRA genes using C57BL/6 mice and the virulent type |
Toxoplasma RH strain. Strikingly, not only known ROP/GRA
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Figure 1. Highly reproducible in vivo CRISPR screen in virulent Toxoplasma

(A) Schematic of in vivo CRISPR screen.

(B) Rank-ordered plots for in vitro fitness scores of third passage. Essential and dispensable control genes are marked in cyan and coral red, respectively. Error

bars (gray) represent SEM.

(C) Correlation between our in vitro fitness scores (third passage in Vero cells) and the in vitro fitness scores in HFFs.
(D) Overlay of in vivo fitness scores for each of WT mouse replicates from three independent screens (n = 6, 8, and 6 mice, respectively). Pearson’s correlation

coefficients are shown as mean + SD.

(E) Correlations between three independent screens (Scr1, Scr2, and Scr3). Scatterplots and density plots for the median in vivo fitness scores are shown.

Pearson’s correlation coefficients are shown (upper right).
See also Figure S1.

genes but also various unreported non-ROP/GRA genes are
identified as IFN-y-dependent or -independent in vivo fitness
genes by comparison of screen results using immune-compe-
tent wild-type (WT) and immune-deficient (ifngr? ") mice. The
current study provides the community with a genetic resource
to investigate the role of Toxoplasma IFN-y-dependent and -in-
dependent in vivo fitness genes.

RESULTS

Highly reproducible in vivo CRISPR screens in C57BL/6
mice locally infected with virulent Toxoplasma

We designed a CRISPR screen system and generated the modi-
fied pUB-Universal vector by cloning a ribosomal skip peptide
(T2A), dihydrofolate reductase (DHFR) drug selection marker,
T2A, and red fluorescent protein (RFP) in frame with Cas9, where
the expression of gRNA and Cas9-T2A-DHFR-T2A-RFP cas-
settes was independently transcribed (Figure 1A). We selected
gRNAs for the genes encoding proteins predicted to localize in

2 Cell Reports 42, 112592, June 27, 2023

rhoptries and dense granules by hyperLOPIT, which is the spatial
proteomics data of Toxoplasma tachyzoite.*® Thus we assembled
a small library (hereafter called the rhoptry/dense granule [DG]
sublibrary) (Figure S1A; Tables S1A and S1B), which consisted
of 3,757 gRNAs targeting 376 putative or known ROP/GRA and
also rhoptry neck protein (RON) genes together with dispensable
and essential control genes.' RH Toxoplasma parasites were
transfected with the plasmid pools, grown in Vero cells, and
selected in the presence of pyrimethamine. Following three lytic
cycles, the parasites were retrieved for genomic DNA extraction,
sequencing, and calculation of in vitro fitness scores as described
previously.>® Rank-ordered plots of in vitro fithess scores clearly
showed that essential control genes exhibited lower scores while
dispensable control genes did not (Figure 1B). Furthermore, the
correlation between our in vitro fithess scores and the previously
determined scores in HFFs was high (r = 0.88) (Figure 1C),'® high-
lighting the reproducibility of our in vitro CRISPR screens.

Next, we attempted to establish anin vivo CRISPR screen sys-
tem (Figure 1A). We utilized immunologically uniform inbred
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Figure 2. In vivo CRISPR screen identified known and novel rhoptry/DG-related virulence genes

(A and B) Rank-ordered plots for in vitro fitness scores of fourth passage (A) and in vivo fitness scores (B). Error bars (gray) represent SEM.

(C) Scatterplot showing in vitro and in vivo fitness scores for each gene. Examples of previously reported and unreported virulence genes are labeled in black and
red, respectively. ROP18 and NAPE as controls are labeled in blue.

(D) Ranking table for in vivo fitness genes ordered by the distance from the regression line.

(legend continued on next page)
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C57BL/6 mice, the workhorses of mouse genetics. The pooled
mutant parasites transfected with the rhoptry/DG sublibrary
were harvested after the fourth passage in Vero cells (named
the P4 sample, input for in vivo screen). An amount of 1 x 107
parasites per mouse, which represented coverage of ~2,600
unique gRNAs, were used for infection. According to the previ-
ous report, ' intraperitoneal infection with this high dose of par-
asites in C57BL/6 mice led to death in approximately 3 days, ex-
pecting the possible experimental bottleneck due to high
susceptibility. To prolong the host survival time, we tested
intra-footpad infection of the 1 x 107 parasites and found that
the infected mice can survive for more than 7 days (Figure S1B).
At 7 days post infection, the single-cell suspension of the spleen
from each mouse was retrieved and inoculated to the monolayer
of Vero cells for parasite expansion, genomic DNA extraction,
and sequencing (named the in vivo sample). In vitro and in vivo
fitness scores of each gene were calculated by the definition of
log, fold change between P4 sample and the gRNA library or be-
tween each in vivo sample and P4 sample, respectively. To
assess the reproducibility, we performed three independent
in vivo screens. It was noteworthy that high reproducibility was
observed between in vivo fithess scores among replicate mice
(r = 0.81-0.92) (Figure 1D; Tables S1C and S1D). Furthermore,
the median in vivo fitness scores among three independent
screens were highly correlated (r = 0.84 + 0.06) (Figure 1E).
Taken together, these results demonstrated the feasibility of
highly reproducible in vivo CRISPR screens using C57BL/6
mice locally infected with RH Toxoplasma.

Comparison of CRISPR screen results with published
datasets

We compared our in vivo CRISPR screen results with three pub-
lished in vivo CRISPR screen datasets.'®'® We searched for
overlapping genes among four gRNA sublibraries and compared
them (Figures S1C and S1D; Table S1F). It was notable that our
in vivo fitness scores for most of the genes were well correlated
with those from the previous screens (r = 0.62-0.78) (Figure S1D
and Table S1F), suggesting the reproducibility and robustness of
these screens. In addition, when we compared in vivo fitness
scores for TgWIP (a known gene involved in parasite dissemina-
tion) between these screens, we found that TgWIP behaved simi-
larly between them (Figure S1D), suggesting that there is no bias
irrespective of infection methods (Figure S1E).

Identification of novel and known ROP/GRA in vivo
fitness genes that affect virulence

We generated rank-ordered plots of in vitro and in vivo fitness
scores of the rhoptry/DG sublibrary (Figures 2A and 2B;
Table S1A). At first glance, we found that in vivo fitness scores
of some in vitro dispensable control genes such as SAGH
(TGGT1_233460), PLP1 (TGGT1_204130), ROP18 (TGGT1_205250),
FBP1 (TGGT1_205380), and GRA23 (TGGT1_297880) became

Cell Reports

extremely low compared with the in vitro scores (Figures 2A
and 2B), suggesting differential behaviors of some genes in
in vitro and in vivo settings. Furthermore, ROP5 (TGGT1_308090),
ROP9 (TGGT1_243730), Clptm1 (TGGT1_205240), GRA17 (TGGT1_
222170), GRA12 (TGGT1_288650), GRA45 (TGGT1_316250),
GRA72 (TGGT1_272460), RON11 (TGGT1_230350), RON1
(TGGT1_310010), GRA50 (TGGT1_203600), and MIC19 (TGGT1_
294790) had low in vivo fitness scores and were located distantly
from the regression line (Figures 2C and 2D). Since the previously
known in vivo fitness genes affecting virulence such as ROP5,
ROP9, Clptm1, GRA17, GRA12, and GRA45 were ranked highly
(Figures 2C and 2D; Table S1A),>*17:28:29.57.38 thase unreported
in vivo fitness genes such as GRA72, RON11, GRA23, RON1,
GRA50, and MIC19 might also affect virulence.®*** GRA23
and GRAS50 were shown to be important for type Il parasite viru-
lence, albeit non-essential and unknown in type | parasites,
respectively.>”*?** To test the possibility, we generated individ-
ual knockout parasites of the candidate genes using the RH
Toxoplasma strain together with AROP18 or ANAPE parasites
as positive and negative control strains, respectively
(Figures 2C, 2D, S2A, and S2B). Mice were intraperitoneally in-
fected with each knockout or WT parasites and monitored for
survival (Figure 2E). All mice infected with WT, AMIC19,
AGRA50, ARON1, or AGRA23 parasites similarly succumbed
(Figure 2E). In sharp contrast, all mice infected with AGRA72 par-
asites survived (Figure 2E). Mice infected with AROP18 and
ARONT11 parasites showed significantly prolonged survival pe-
riods (Figure 2E), which was consistent with previous reports
of AROP18 parasites.’"*® Since our in vivo screen utilized the
local intra-footpad infection model, parasites lacking the in vivo
fitness genes except for GRA72 might fail to exhibit defects in
virulence. It is reported that local infection likely enlarges sus-
ceptibility differences more than intraperitoneal infection at the
acute phase.*®*” Therefore, we inoculated the intra-footpad of
mice with knockout parasites and monitored the survival rates
(Figure 2F). Reduced virulence of AMIC19, AGRA50, ARON1,
AGRA23, ARON11, or AROP18 parasites compared with WT
parasites became evident in the local intra-footpad infection,
while ANAPE parasites remained virulent (Figure 2F), thus con-
firming the effects of GRA23, RON1, MIC19, and GRA50 on viru-
lence in the local infection model. Collectively, these data
demonstrated that our in vivo CRISPR screen highlights Toxo-
plasma known and novel in vivo fitness genes that affect
virulence.

Host IFN-y receptor deficiency highlights known and
novel IFN-y-dependent ROP/GRA in vivo fithess genes
Since the in vivo CRISPR screen in WT mice identified in vivo
fitness genes (Figures 1 and 2), we next asked whether all the in vivo
fithess genes behave similarly or distinctly in mice possessing a
different genotype. For instance, AROP5 and AROP18 parasites
were previously reported to be less virulent in WT mice, albeit

(E) Survival curves of mice intraperitoneally infected with 10°% tachyzoites of WT (n = 5), AMIC19 (n = 5), AGRA50 (n = 5), ARONT (n = 4), AGRA23 (n = 4), ARON11
(n =5), AROP18 (n = 6), and AGRA72 (n = 5). ***p < 0.001; **p < 0.01; N.S., not significant (log-rank test).

(F) Survival curves of mice with intra-footpad infection of 102 tachyzoites of WT (n = 17), AMIC19 (n = 10), AGRA50 (n = 9), ARON1 (n = 10), AGRA23 (n = 7),
ARON11 (n = 5), AROP18 (n = 7), and ANAPE (n = 5). ***p < 0.001; N.S., not significant (log-rank test).

See also Figure S2.
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Figure 3. Host genetics combined with in vivo CRISPR screen revealed IFN-y-dependent virulence genes of Toxoplasma

(A) Overlay of in vivo fitness scores for each Ifngr1 '~ mouse replicates (n = 7). Pearson’s correlation coefficient is shown as mean = SD.

(B) Hierarchal clustering (left) and principal component (PC) analysis (right) for WT and Ifngr1 ~/~ mice.

(C) Rank-ordered plots for in vivo fitness scores from WT or Ifngr1~'~ mice. Examples of in vivo control genes are marked in red. Error bars (gray) represent SEM.
(D) Scatterplot showing WT and Ifngr1 /'~ fitness scores for each gene. Four outstanding IFN-y-dependent fitness genes are labeled. The color of each gene
indicates its in vitro fitness scores.

(E) The difference between WT and /fngr7’/ ~ mice fitness scores are calculated and ranked by the order. Plotted genes are selected with in vitro fitness
score > —2, WT-Ifngr1~'~ < —0.9, WT fitness score < —3. Significant genes (p < 0.05, Wilcoxon rank-sum test) are marked in red. N.S. (gray), not significant.
(F) Survival curves of WT or Ifngr1~'~ mice with intra-footpad infection of 10° tachyzoites of the indicated mutant strains. Mouse genotype/parasite genotype
(mouse numbers tested): WT/WT (n = 10), Ifngr1~'~/WT (n = 9), WT/ARON11 (n = 5), Ifngr1~/~/ARON11 (n = 5), WT/ARON1 (n = 10), Ifngr1~~/ARON1 (n = 11),
WT/AGRA23 (n = 6), Ifngr1 ~'~/AGRA23 (n = 10), WT/AROP18 (n = 5), and Ifngr1~'~/AROP18 (n = 5). ***p < 0.001; **p < 0.01; N.S., not significant (log-rank test).

(G) Schematic of the in vivo CRISPR screen of Toxoplasma in different genotypic mice (in this case, WT and Ifng1~"~ mice).

highly virulent in IFN-y-deficient mice, respectively.*® To examine
whether the differential behaviors are detected in the in vivo
CRISPR screen, we conducted an in vivo CRISPR screen in WT
and Ifngr1~~ mice (Figures 3A-3G). The distribution of in vivo
fithess scores in each Ifngr1~'~ mouse showed high correlation
(n=7,r=0.85+ 0.03) (Figure 3A; Tables S1C and S1D). We next
investigated similarities in in vivo fitness scores between individual
mice by hierarchical clustering and principal component analysis
(Figure 3B). Notably, WT and /fngr?~'~ mice were separately as-
signed to different clusters in both analyses (Figure 3B), suggesting
independent behaviors of the knockout libraries in the two mouse
backgrounds. We then generated the rank-ordered plots of in vivo
fitness scores for WT and Ifngr1 ~~ mice (Figure 3C and
Table S1E). Although ROP5 and ROP18 showed highly negative
scores in WT mice, they did not in Ifngr1~'~ mice (Figure 3C and
Table S1E). Insharp contrast, ROP9, GRA17, PLP1, and SAG1 dis-
played highly negative scores in both WT and Ifngr? =/~ mice, indi-

cating that the differential behaviors of ROP5 and ROP18 can be
specifically detected in the in vivo CRISPR screen. Next, we
compared in vivo fitness scores between WT and Ifngr1~'~ mice
(Figure 3D). It was noteworthy that not only ROP5 and ROP18
but also GRA12 and GRA45, both of which are shown to be IFN-
y-dependent in vivo fitness genes,'”*® were located far from the
regression line (Figure 3D). Next, we selected the highly ranked
in vivo fitness genes and compared the difference of in vivo fitness
scores between WT and Ifngr1 '~ mice (Figure 3E and Table S1E).
We then found that ROP5, ROP18, GRA12, and GRA45 were
majorly highlighted with high significance in the gRNA levels be-
tween WT and /fngr?~'~ mice (Figure 3E and Table S1E). These re-
sults demonstrated that our in vivo CRISPR screen using WT and
Ifngr1~'~ mice can efficiently extract the four major IFN-y-depen-
dentinvivo fithess genes among 376 genes targeted in the rhoptry/
DG sublibrary. Furthermore, we found minor but novel IFN-
y-dependent in vivo fitness genes such as RON11, RON1, and

Cell Reports 42, 112592, June 27,2023 5
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GRA23 with significant differences (Figure 3E and Table S1E). To
further test the possibility, WT and Ifngr1~'~ mice were locally in-
fected with each mutant parasite strain in addition to AROP18 par-
asites, and the survival rates were monitored (Figure 3F). Although
WT mice infected with ARON11, ARON1, AGRA23, or AROP18
parasites survived markedly longer than those infected with WT
parasites, the survival time was reduced for Ifngr1~/~ mice infected
with ARON11, ARON1, AGRA23, or AROP18 parasites compared
with WT mice, but not for the WT parasite (Figure 3F). Collectively,
these results demonstrate that the in vivo CRISPR screens com-
bined with host genetics highlights IFN-y-dependentin vivo fithess
genes (Figure 3G).

Identification of novel and known in vivo fitness genes
related to Toxop/lasma endomembrane system and
nucleus
To identify the non-ROP/GRA in vivo fitness using our in vivo
CRISPR screen system, we next generated a new sublibrary tar-
geting the endomembrane system and nucleus-related genes
(hereafter called the endomembrane-nucleus sublibrary) (Fig-
ure S3A; Tables S2A and S2B). We excluded genes with
in vitro HFF fitness scores less than —1.5 to reduce the size of
the sublibrary.'®

Next, we conducted in vivo CRISPR screens in WT mice. The
high reproducibility of both in vitro and in vivo screens was
confirmed (Figures S3B-S3D; Tables S2C and S2D). To identify
novel in vivo fitness genes, we compared in vitro and in vivo
fitness scores (Figures 4A and 4B; Table S2A). Among the con-
trol genes, ROP18 and GRA23 possessed negative in vivo
scores and ranked highly, indicating the feasibility of the in vivo
CRISPR screen using the endomembrane-nucleus sublibrary.
These analyses highlighted that EPT1 (TGGT1_257510), RAB4
(TGGT1_257340), HMGB (TGGT1_210408), ALG2 (TGGT1_227790),
DGAT1 (TGGT1_232730), GST2 (TGGT1_306030), and TGGT1_
203160 (hypothetical protein) were located far from the regres-
sion line and near ROP18 (Figure 4A and Table S2A) and had
positive in vitro scores but extremely negative in vivo scores (Fig-
ure 4B and Table S2A). To examine whether these genes affect
virulence, we generated individual knockout strains (Figure S3E).
WT mice were locally infected with these mutant strains and
monitored for their survival rates (Figure 4C). AEPT1, ARAB4,
AHMGB, AALG2, ADGAT1, AGST2, and ATGGT1_203160 para-
sites lost or significantly reduced virulence (Figure 4C). Consis-
tent with our screen result, a previous study reported that
AGST2 parasites were less virulent than WT parasites in perito-
neal infection.”® Inconsistent with our result, AHMGB parasites
were previously shown to be virulent in the peritoneal infection
model.”® The contribution of EPT1, RAB4, ALG2, DGAT1, and
TGGT1_203160 to virulence had not been examined in previous
studies.”’* Taken together, the expanded in vivo CRISPR
screen yields known and novel endomembrane- or nucleus-
related in vivo fitness genes.

GST2 and TGGT1_203160 are major IFN-y-dependent

in vivo fitness genes among the endomembrane
organelles and nucleus-related genes

Next, we searched for IFN-y-dependent in vivo fithess genes us-
ing WT and Ifngr1 '~ mice (Figures S3F, 4D, and 4E; Tables S2C
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and S2D). Among the highly ranked in vivo fitness genes (Fig-
ure 4B), GST2 and TGGT1_203160 were highlighted as two
remarkable IFN-y-dependent genes (Figures 4D and 4E;
Table S2A). We locally inoculated AGST2, ATGGT1_203160,
and AEPT1 strains into WT and Ifngr?~'~ mice and monitored
their survival rates (Figure 4F). Although WT mice infected with
AGST2 and ATGGT1_203160 parasites survived longer than
those infected with WT parasites (Figure 4C), all of the infected
Ifngr1~'~ mice succumbed much earlier than WT mice (Fig-
ure 4F). In sharp contrast, AEPT1 parasites were still avirulent
in Ifngr1 ~/~ mice as well as in WT mice (Figure 4F). Thus, GST2
and TGGT1_203160 were identified as novel IFN-y-dependent
in vivo fitness genes.

Identification of known and novel in vivo fitness genes
related to Toxoplasma metabolism

We further generated an additional sublibrary targeting meta-
bolism-related genes encoding proteins localized at cytosol, api-
coplast, and mitochondrion (hereafter called the metabolism
sublibrary) (Figure S4A; Tables S3A and S3B).%° The high repro-
ducibility of both in vitro and in vivo screens was confirmed
(Figures S4B and S4C; Tables S3C and S3D). Comparing
in vitro and in vivo fitness scores highlighted that PDX1
(TGGT1_237140), EF-P (TGGT1_258380), TGGT1_204350 (hy-
pothetical protein), PTS (TGGT1_305800), PDX2 (TGGT1_
281490), and TGGT1_211695 (hypothetical protein) were
located far from the regression line (Figures 5A and 5B;
Table S3A). To examine whether these genes affect virulence,
we generated individual knockout strains (Figure S4D) but failed
to obtain APTS parasites for unknown reasons. WT mice were
locally infected with these mutant strains and monitored for their
survival rates (Figure 5C). Although WT mice infected with
ATGGT1_211695 parasites succumbed in a time course similar
to that for WT parasites, all or most of mice infected with
APDX1, AEF-P, ATGGT1_204350, or APDX2 parasites survived
over the infection period (Figure 5C). PDX1 and PDX2 were
shown to be required for de novo synthesis of vitamin B6 in vivo,
and APDX1 parasites lost virulence.®® In accordance with this,
PDX1 and PDX2 were ranked highly in our in vivo CRISPR screen
(Figure 5B). In contrast, pyridoxal kinase (PLK), which is involved
in salvage of vitamin B6, was ranked much lower (Figure 5B),
consistent with the dispensable role of PLK in virulence.®®

TGGT1_215890, USPase, Rad23, HID1, and Sui1 are
novel IFN-y-dependent metabolism-related in vivo
fitness genes

To search for metabolism-related IFN-y-dependent in vivo
fitness genes, we next conducted an in vivo CRISPR screen in
Ifngr1 ™~ mice (Figure S4E; Tables S3C and S3D). Comparing
in vivo fitness scores between WT and Ifngr1™'~ mice,
TGGT1_215890 (hypothetical protein), USPase (TGGT1_218200),
Rad23 (TGGT1_295340), HID1 (TGGT1_235490), and Suil
(TGGT1_257060) were highlighted as IFN-y-dependent in vivo
fitness genes (Figures 5B, 5D, and 5E; Table S3A). We generated
individual knockout strains (Figure S4D), which were inoculated
to WT and Ifngr1 ~/~ mice to compare the survival (Figure 5F).
Although WT mice infected with ATGGT1_215890, AUSPase,
ARad23, AHID1, and ASui1 parasites survived longer than those
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Figure 4. Identification of Toxoplasma endomembrane or nucleus-related virulence genes

(A) Scatterplot showing in vitro and in vivo fitness. Examples of previously reported and unreported virulence genes are labeled with black and red, respectively.
ROP18 and GRA23 as control genes are labeled in blue.

(B) Ranking table for in vivo fitness genes ordered by the distance from the regression line. Lanes of ROP18 and GRA23 as virulence genes (internal control genes)
are labeled in blue.

(C) Survival curves of WT mice with intra-footpad infection of 10° tachyzoites of the indicated knockout strains. Parasite genotype (mouse numbers tested): WT
(n=9), AEPT1 (n = 5), ARAB4 (n = 5), AHMGB (n = 5), AALG2 (n = 5), ADGAT1 (n = 5), ATGGT1_203160 (n = 5), and AGST2 (n = 5). **p < 0.01 (log-rank test).
(D) Scatterplot showing WT and Ifngr1~/~ mice fitness scores. Example of IFN-y-dependent in vivo fitness candidates are labeled in white. The color of each gene
indicates the in vitro fitness score.

(E) The difference between WT and Ifngr1 ~/~ mice fitness scores are calculated and ranked by the order. Plotted genes are selected with in vitro fitness
score > —1.5, WT-Ifngr1~'~ < 0, WT fitness score < —4, distance >2.7. Significant genes (p < 0.05, Wilcoxon rank-sum test) are marked in red.

(F) Survival curves of WT or Ifngr1 ~/~ mice with intra-footpad infection of 10° tachyzoites of the indicated genes. Mouse genotype/parasite genotype (mouse
numbers tested): WT/ATGGT1_203160 (n = 4), Ifngr1 ~/~/ATGGT1_203160 (n = 7), WT/AGST2 (n = 4), Ifngr1~~/AGST2 (n = 7), WT/AEPT1 (n = 5), and

Ifngr1~'~/AEPT1 (n = 8). **p < 0.01; *p < 0.05; N.S., not significant (log-rank test).

See also Figure S3.

infected with WT parasites (Figures 5C and 5F), all of the infected
Ifngr1~~ mice succumbed much earlier than WT mice (Fig-
ure 5F). On the other hand, AEF-P parasites were avirulent in
both WT mice and Ifngri~"mice (Figure 5F). Thus,
TGGT1_215890, USPase, HID1, and Suil were identified as
novel IFN-y-dependent in vivo fitness genes.

GRA72is required for correct localization of GRA17 and
GRA23

Since GRA72 deletion resulted in significant loss of virulence
(Figure 2E), we decided to focus on this novel GRA protein.
GRA72 is a 57 kDa protein and possesses two transmembrane
domains but lacks any other predicted functional domains (Fig-
ure S5A). GRA72 is well conserved between Toxoplasma strains

(Figure S5B), and its orthologs are conserved within the subfam-
ily of Toxoplasmatinae (Figure S5C). We noticed that most para-
sitophorous vacuoles (PVs) in mouse embryonic fibroblasts
(MEFs) infected with AGRA72 parasites exhibited an enlarged
“balloon-like” appearance (Figure 6A). Since this phenotype
was quite reminiscent of the AGRA17 parasite (Figure 6A),*”
we considered a potential link between GRA72 and GRA17. To
test this, we first analyzed GRA17 protein expression levels by
western blot using anti-GRA17 antibody (Figures 6B, S5D, and
S5E). GRA17 protein expression levels were comparable be-
tween WT and AGRA72 parasites (Figure 6B), suggesting that
the phenotype of AGRA72 parasites was not due to aberrant
GRA17 protein expression. Next, we analyzed the localization
of GRA17 in AGRA72 parasites by immunofluorescence assay

Cell Reports 42, 112592, June 27,2023 7
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Figure 5. Identification of Toxoplasma metabolism-related virulence genes

(A) Scatterplot showing in vitro and in vivo fitness scores of each gene. Examples of previously reported and unreported virulence genes are labeled in black and
red, respectively. ROP18 and GRA23 as control genes are labeled in blue.

(B) Ranking table for in vivo fitness genes ordered by the distance from the regression line. Lanes of ROP18 and GRA23 as internal control genes are labeled in
blue.

(C) Survival curves of WT mice with intra-footpad infection of 10° tachyzoites of the indicated knockout strains. Parasite genotype (mouse numbers tested): WT
(n=18), ATGGT1_211695 (n = 5), APDX1 (n = 8), APDX2 (n = 9), AEF-P (n = 9), and ATGGT1_204350 (n = 5).

(D) Scatterplot showing WT and Ifngr1 ~/~ mice fitness scores. Example of IFN-y-dependent in vivo fitness candidates are labeled in white. The color of each gene
indicates the in vitro fitness score.

(E) The difference between WT and /fngr?~'~ mice fitness scores are calculated and ranked by the order. Plotted genes are selected with in vitro fitness
score > —1.5, WT-Ifngr1 ~/~ < 0, WT fitness score < —4, distance > 2.7. Significant genes (p < 0.05, Wilcoxon rank-sum test) are marked in red. N.S., not sig-
nificant.

(F) Survival curves of WT or /fngr7” ~ mice with intra-footpad infection of 10° tachyzoites of the indicated knockout strains. Mouse genotype/parasite genotype
(mouse numbers tested): WT/ATGGT1_215890 (n = 10), Ifngr1 '~ /ATGGT1_215890 (n = 8), WT/AUSPase (n = 10), Ifngr1 ~/~/AUSPase (n = 7), WT/ARad23 (n =
10), Ifngr1~'~/ARad23 (n = 10), WT/AHID1 (n = 5), Ifngr1~~/AHID1 (n = 6), WT/ASui1 (n=7), Ifngr1~'~/ASuit (n = 7), WT/AEF-P (n = 5), and Ifngr1~'~/AEF-P (n = 5).
***p < 0.001; **p < 0.01; N.S., not significant (log-rank test).

See also Figure S4.

(IFA) (Figure 6C). As previously reported,>” GRA17 was detected  HA parasites (Figures 6A and 6C). In addition, the virulence of
on parasitophorous vacuole membrane (PVM) in WT parasites AGRA72 + GRA72-HA parasites was comparable with that of
(Figures 6C and S5E). In sharp contrast, GRA17 was highly ~WT parasites (Figure 6D), indicating that the GRA72-HA is func-
aggregated and mislocalized in AGRA72 parasites (Figure 6C), tional. We then analyzed the localization of GRA72-HA and
indicating that the GRA17 mislocalization might account for GRA17 or GRA7 in the AGRA72 + GRA72-HA parasite-infected
aberrant PVs in AGRAT72. To further characterize the relation be-  cells (Figures 6E and 6F). In contrast to GRA17 and GRA?7,
tween GRA72 and GRA17, we generated a complemented both of which localized on PVM uniformly, GRA72-HA protein
AGRA72 strain with C-terminal hemagglutinin (HA)-tagged localized unevenly (Figures 6E, 6F, S6G, and S6H). GRA23 is a
GRAT72 expressed from the SAG1 promoter, which we will refer  paralog of GRA17 in Toxoplasma.®” In addition, AGRA23 type
to as “AGRA72 + GRA72-HA” (Figures 6B and S5F). The abnor- |l parasites showed the balloon-like PV phenotype like that of
mality of PVs observed in AGRA72 parasites was completely AGRA17 or AGRA72 type | parasites.** Therefore, we analyzed
rescued, and GRA17 localized on PVM in AGRA72 + GRA72- whether GRA72 is also involved in GRA23 localization. The HA
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tag was endogenously inserted at the C terminus of GRA23 by
genome editing in WT and AGRA72 parasites (Figures 6G and
S6l). The HA-tagged GRA23 was colocalized with endogenous
GRA17 in the transfected WT and AGRA72 parasites. The coloc-
alization was uniformly detected on PVM in WT parasites but
highly aggregated in AGRA72 parasites (Figures 6G and S6l),
suggesting that GRA72 is involved in the correct localization of
GRA23 as well as GRA17. Almost 90% of AGRA72 Toxoplasma
PVs displayed GRA17/GRA23 mislocalization (Figure 6H). To
investigate whether deletion of GRA72 affects not only GRA17
and GRA23 but also other PV-resident GRAs, we examined
several PV-resident GRAs such as GRA2, GRA3, GRA5, and
GRAY7 (Figure 6l). We did not observe obvious differences of
these GRA localizations between WT and AGRA72 parasites
(Figure 6l). Altogether, these results demonstrated the biological
links between GRA72 and GRA17/GRA23.

The UFMylation pathway contributes to Toxoplasma
virulence

We searched for hidden biological interconnections across the
three sublibraries and noticed that metabolism-related and en-
domembrane-nucleus-related in vivo fithess genes contained
UFM1 (TGGT1_311110), UBA5 (TGGT1_231940), UFC1 (TGGT1_
213830), UFL1 (TGGT1_222360), and UFSP (TGGT1_216020)
(Figures 7A and 7B; Tables S2A and S3A). All of these are related
to a fundamental biological process called UFMylation that is
highly conserved in almost all eukaryotes except for fungi.”®*”
UFM1 is a ubiquitin-like protein and highly conserved in most
apicomplexans except for Plasmodium spp. (Figures 7C and
S6A).® Analogous to ubiquitination, the precursor UFM1 is pro-
cessed by the specific peptidase (UFSP) in its C-terminal region,
and a glycine residue needs to be exposed to become the
mature UFM1.°° UFM1 is then conjugated to target proteins by
E1-like activating enzyme UBA5, E2-like conjugating enzyme
UFC1,°” and E3-like ligase UFL1, forming UFMylation.®® To
confirm whether UFM1 is involved in in vivo fitness, we gener-
ated AUFM1 parasites (Figure S6B). We locally infected WT
mice with WT or AUFM1 parasites and monitored the survival
(Figure 7D). WT mice infected with AUFM1 survived longer
than those infected with WT parasites (Figure 7D). We found
that the C-terminal glycine residue (G87) is conserved in

Cell Reports

TgUFM1 (Figure 7C). Therefore, we examined whether this
glycine residue is important for UFM1-mediated in vivo fitness
of Toxoplasma. AUFM1 parasites were complemented with the
N-terminal FLAG-tagged WT (AUFM1 + UFM1 (WT)) or a mutant
of UFM1 (AUFM1 + UFM1 (G87A)) (Figures 7E and S6C)
and tested for the virulence in WT mice (Figure 7D). AUFM1 +
UFM1 (WT) parasites restored virulence fully, whereas
AUFM1 + UFM1 (G87A) parasites remained less virulent, similar
to AUFM1 parasites (Figure 7D), indicating that the C-terminal
glycine is required for UFM1-mediated in vivo fitness of Toxo-
plasma. Furthermore, it was of interest that the UFMylation-
related genes are likely IFN-y-dependent in vivo fitness genes,
since we found that fitness scores of the UFMylation-related
genes in Ifngr1~'~ mice were significantly higher than those of
WT mice (Figure 7B). In line with this observation, AUFM1 para-
sites restored virulence in Ifngr1~’~ mice (Figure 7F). Taken
together, the in vivo CRISPR screen highlighted Toxoplasma
UFMylation-related genes in the IFN-y-dependent in vivo fitness
program.

DISCUSSION

Although there have been four in vivo CRISPR screens in microbi-
ology so far,'®'8%" this study is the first examination to classify
virulence genes by a combination of host genetics and in vivo
CRISPR screen. We clearly demonstrated that the in vivo fitness
genes of Toxoplasma could be classified by the IFN-y dependence
by comparing the screen results between WT and /fngr1 '~ mice.
Compared with ROP/GRA,®? it was not known that RONs such as
RON11 and RONT1 play a role in IFN-y-dependent in vivo fitness.
We have developed this screen system using C57BL/6 mice.
Given that many gene-manipulated mice are prepared in the
C57BL/6 genetic background, the use of C57BL/6 mice in Toxo-
plasma in vivo CRISPR screens would ease interpretation of
screen results and the subsequent immunological studies.

The lists in this study contain rankings of in vivo fitness genes,
which are determined by the distance from the regression
line. The top-ranking genes in each sublibrary were shown to
affect virulence essentially (ROP5, PLP1, Clptm1, GRA17,
and PDX1)%417:37:9563.64 or modestly (ROP9, GRA12, and
ROP18),'128:38:45 guggesting high correlation between the

Figure 6. GRA72 is required for correct localization of GRA17 and GRA23

(A) Representative images of PV morphology of WT, AGRA72, AGRA17, and AGRA72 + GRA72-HA parasites. MEFs were infected with the indicated parasites for
36 h and imaged by phase-contrast microscopy. Scale bars, 25 um. Insets show one of the PVs in the indicated parasites.

(B) Assessment of GRA17 protein expression levels by western blotting in WT, AGRA72, and AGRA72 + GRA72-HA parasites.

(C) Representative images of GRA17 localization. MEFs were infected with the indicated parasites for 48 h, then fixed and subjected to IFA with anti-GRA17

antibody (red). Scale bars, 5 um.

urvival curves of mice intraperitoneally infected with 10° tachyzoites o n=25),A 72 (n = 5), or Al 72 + 72- n=2>5).
D) Survival f mice i i lly inf d with 10° tachyzoi f WT GRA GRA GRA72-HA

(E and F) Localizations of GRA72-HA and GRA17 (E) or GRAY (F) were assessed by IFA. MEFs were infected with AGRA72 + GRA72-HA parasites for 24 h and
subjected to IFA with anti-HA (green) and anti-GRA17 (E) or anti-GRA?7 (F) antibody (magenta). Representative images are shown. Scale bars, 5 um.

(G) A C-terminal HA tagging of GRA23 in WT or AGRA72 parasites. The endogenous tagged parasites were subjected to IFA with anti-HA (green) and anti-GRA17
antibody (magenta). Representative images are shown. Scale bars, 5 um.

(H) Localization of GRA17/GRA23 were observed and assessed as normal localization (uniformly on PVM) or mislocalization (see G and Figure S5I). A total of 50
PVs containing more than four parasites were observed. Data are displayed as mean values (n = 3). Error bars represent SD. ***p < 0.001 (Welch two-sample t
test).

() Representative images of localizations of GRA2, GRA3, GRA5, or GRA7. MEFs were infected with WT or AGRA72 parasites for 24 h, then fixed and subjected to
IFA with antibody against the indicated GRA (green). Scale bars, 5 um.

DIC, differential interference contrast. See also Figure S5.
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Figure 7. The UFMylation pathway contributes to Toxoplasma virulence

(A) Rank-ordered plots for in vivo fitness scores from the endomembrane-nucleus sublibrary (left) and the metabolism sublibrary (right). UFMylation-related genes
are marked in red. Error bars (gray) represent SEM.

(B) Fitness scores of the UFMylation-related genes in Vero cells (in vitro), WT mice (WT), and I/fngr?~’~ mice (KO) are shown as box plots. Each dot represents
fitness scores for individual gRNAs. ***p < 0.001; *p < 0.05 (Wilcoxon rank-sum test).

(C) The conserved C-terminal amino acid sequences of the UFM1 homologs from indicated apicomplexan (blue) and model organisms (black). The conserved
glycine residue is shown by the arrow.

(D) Survival curves of WT mice with intra-footpad infection of 10 tachyzoites of WT (n = 10), AUFM1 (n = 6), AUFM1 + UFM1 (WT) (n = 7), and AUFM1 + UFM1
(G87A) (n = 7). ™*p < 0.001; N.S., not significant (log-rank test).

(E) Complementations of FLAG-tagged WT and G87A UFM1 protein in AUFM1 parasites.

(F) Survival curves of WT (n = 10) or Ifngr1 '~ (n = 9) mice with intra-footpad infection of 10° tachyzoites of AUFM1 parasites. ***p < 0.001 (log-rank test).

See also Figure S6.

ranking and virulence. In contrast, despite being ranked highly in  parasites.*®*’ In contrast, TGGT1_211695 was ranked highly;
our screen results, GRA23, HMGB, and Rad23 were previously however, ATGGT1_211695 parasites were still virulent. We
shown to be dispensable for virulence in the intraperitoneal speculate that this discrepancy might arise from the conditions
infection model.>”*%® Given that GRA23, HMGB, and Rad23 between in vivo CRISPR screen and virulence validation, which
affect virulence in the footpad infection, the intraperitoneal are quite different (pooled with hundreds of other mutants or
infection may negate in vivo fitness differences in the knockout ATGGT1_211695 parasite alone, respectively).
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In addition, although GRA6, GRA7 and ROP17 were previously
shown to affect virulence,?®>"*° they were not ranked highly in
our screen. Given that the in vivo gRNA levels of GRAB, GRA?,
and ROP17 were significantly less than the in vitro levels
(Table S1A), they might be in vivo fithess genes albeit
weakly. It is reported that phenotypes of AGRA7AROP18 or
AROP17AROP18 double-knockout parasites are as severe as
those of AROP5 parasites.?®?” Therefore, if AROP18 parasites
are used for the in vivo CRISPR screen, GRA7 and ROP17 could
be ranked as highly as ROP5. It would be interesting to perform an
in vivo CRISPR screen between WT and gene-knockout parasites
to identify “synthetic lethal-like” pairs of in vivo fitness genes.

We show that GRA72 is involved in the correct localization of
GRA17 and GRA23 on PVM but not for other GRAs tested in
this study. It remains unclear whether GRA72 directly interacts
with GRA17 and GRA23 or how GRA72 regulates their correct
localization. In Toxoplasma, GRA17 and GRA23 comprise
membrane pores that allow for the exchange of small mole-
cules between parasite and host across the PVM.?” On the
other hand, GRA17 and GRA23 are orthologs of Plasmodium
EXP2, an essential component of PTEX translocon that trans-
ports various malarial effector proteins.®® Given that deletion
of GRA72, GRA17, and GRA23 resulted in an abnormal PV
appearance, GRA72 in combination with GRA17 and GRA23
might be involved in the export of small molecules (and
possibly proteins) to maintain normal PVM. GRA23 was identi-
fied as a significant IFN-y-dependent gene in our screen but
GRA17 was not. In addition, GRA72 is weakly IFN-y depen-
dent, since the in vivo fitness scores in WT and Ifngr1 ™'~
mice were significantly different before p-value correction
(Table S1E). Given that GRA72 regulates the localization of
both GRA17 and GRA23, the weak IFN-y dependence of
GRA72 might be explained by combined roles of the IFN-
v-dependent GRA23 and IFN-y-independent GRA17, which is
consistent with GRA23 and GRA72 being very recently identi-
fied as IFN-y-dependent genes in human fibroblast via
in vitro CRISPR screen.®’

We demonstrate that UFMylation-related genes are high-
lighted as IFN-y-dependent in vivo fitness genes. The introduc-
tion of G87A UFM1 mutant, defective in UFMylation into
AUFM1 parasites, failed to restore the virulence, suggesting
that UFMylation on target proteins might be important for para-
site in vivo fitness. Identification of the UFMylated proteins is
required to reveal the molecular mechanisms of the UFM1-
dependent virulence program.

In conclusion, we have demonstrated that host genetics in
combination with our newly developed in vivo CRISPR screen
system yields various novel and known IFN-y-dependent and in-
dependent in vivo fitness genes that affect virulence. Not only
gene-knockout mice but also other mouse models such as hu-
manized mice (e.g., hu-NSG mice) or even other host organisms
such as primates and birds may be used for the screens to iden-
tify in vivo fitness genes specific to different host environments
depending on species.**%~"? Thus, this host-genetics-empow-
ered in vivo CRISPR screen system may help us to investigate
Toxoplasma virulence genes against various host bottlenecks
and find new aspects of this organism as well as therapeutics
against toxoplasmosis.
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Limitations of the study

The top hits of IFN-y-dependent virulence factors such as ROP5,
ROP18, GRA12, and GRA45 from our screen have been previ-
ously identified. Moreover, although we identified novel factors
responsible for higher Toxoplasma infectivity in WT mice or
Ifngr1~~ mice, additional efforts to address critical insights
would be required. For instance, validations using cell-lineage-
specific Ifngr1 conditional knockout mice or mice lacking genes
encoding IFN-y-inducible effectors such as immunity-related
GTPases, guanylate-binding proteins, inducible nitric oxide syn-
thase, or indole-2,3-dioxygenase could further unravel roles of
the IFN-y-dependent virulence factors in the future.
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For each gRNA sublibrary, see This study N/A
Tables S1-S3
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Software and Algorithms

Rv4.1.1 R Foundation for Statistical Computing https://www.r-project.org/

RStudio posit https://posit.co/products/open-source/
rstudio/

Prism9 GraphPad https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Masahiro
Yamamoto (myamamoto@biken.osaka-u.ac.jp).

Materials availability
Toxoplasma gondii transgenic strains and unique reagents generated in this study are available upon request from the lead contact.

Data and code availability
® The CRISPR screen data of three sublibraries have been deposited to the NCBI GEO. The GEO accession numbers are
GSE229545, GSE229547 and GSE229548.
® This paper does not report original code.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Toxoplasma strains

RHAhxgprt, RHAhxgprtAku80 and its derivatives of Toxoplasma were maintained in Vero cells and passaged every 3 days using
RPMI (Nacalai Tesque) supplemented with 2% heat-inactivated fetal bovine serum (FBS; JRH Bioscience), 100 U/ml penicillin
and 0.1 mg/mL streptomycin (Nacalai Tesque) in incubators at 37°C and 5% CO..

Host cell culture

Vero cells were maintained in RPMI (Nacalai Tesque) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 0.1 mg/
mL streptomycin (Nacalai Tesque) in incubators at 37°C and 5% CO,. Mouse embryonic fibroblasts (MEFs) were maintained in
DMEM (Nacalai Tesque) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 0.1 mg/mL streptomycin (Nacalai
Tesque) in incubators at 37°C and 5% CO..

Mice

C57BL/6NCrSIc (C57BL/6N) mice were purchased from SLC. Ifngr1~'~ mice were previously generated and described.”" All exper-
iments were conducted in 8-10-week-old female mice. All animal experiments were conducted with the approval of the Animal
Research Committee of Research Institute for Microbial Diseases in Osaka University.

METHOD DETAILS

Plasmid construction for knockout Toxoplasma

For construction of the CRISPR/Cas9 plasmids for targeting a gene of interest (GOI), two oligonucleotide primers (GOI_gRNA1_F and
GOI_gRNA1_R, GOI_gRNA2_F and GOI _gRNA2_R) containing gRNA sequence were annealed and cloned into Bsal site of the pU6-
Universal vector (Addgene #52694). To generate a construct for deleting the entire coding region of GOI, flanking regions of 60 bp of
5’ AND-3' outside the gRNAs were used to surround the genes. Forward and reverse primers with homology to the floxed HXGPRT
cassette and to the 5 AND-3' coding sequence of the GOl was used (GOI_targeting_F and GOI_targeting_R). The targeting strategy
and primer sequences used for the genetic disruption are shown in Figure S2A and Table S4A, respectively.

Generation of gene knockout Toxoplasma

RHAhxgprtAku80 were filtered and resuspended in Cytomix (10mM KPO,4, 120mM KCI, 0.15 mM CaCl,, 5mM MgCl,, 25 mM HEPES,
2 mM EDTA). Parasites were mixed with 50 ug of each gRNA1 and gRNA2 CRISPR plasmids with the PCR-amplified targeting frag-
ment for each GOI, and supplemented with 2 mM ATP, 5mM GSH. Parasites were electroporated by GENE PULSER Il (Bio-Rad
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Laboratories). Transfected parasites were selected by 25 ng/mL mycophenolic acid (MPA) (Sigma) and 50 pg/mL Xanthine (Wako) to
obtain stably resistant clones. Then, parasites were subjected to limiting dilution in 96-well plates to isolate single clones. To confirm
the disruption of the gene, we analyzed the mRNA expression by quantitative RT-PCR.

Complementation of GRA72 and UFM1

To complement the AGRA72 parasites, GRA72 cDNA was generated by PCR amplification from cDNA of the RH strain. The PCR
products were inserted into pBlueScript plasmid vector, in which 1 kb promoter of the SAG7 gene was fused to GRA72 cDNA
and followed by HA tag, the polyA sequence and HXGPRT expression cassette. The hxgprt cassette which is inserted in the endog-
enous GRA72 locus of AGRA72 parasites was deleted with Cre transfection and selected in the presence of 6-thioxanthine (6-TX).
AGRAT72Ahxgprt parasites were transfected with GRA72-HA complementation vector and selected in the presence of MPA/Xanthine
and subjected to limiting dilution.*® Isolated clones were examined for GRA72-HA protein expression by western blotting.

To complement the AUFM1 parasites, FLAG-UFM1 (WT) or the mutant FLAG-UFM1(G87A) cDNA were generated by PCR ampli-
fication from cDNA of the RH strain. The pUPRT vectors were generated in which FLAG-UFM1(WT) or FLAG-UFM1(G87A) were
expressed from the endogenous UPRT promotor. AUFM1 parasites were transfected with this pUPRT vector and gRNA targeting
UPRT and selected by FUDR (Wako).”® Parasites were subjected to limiting dilution and isolated clones were examined for
FLAG-UFM1 protein expression by western blotting. The correct UFM1 sequences of isolated clones were checked by Sanger
sequencing by 3130xI genetic analyzer (Applied Biosystems). The primer sequences used for gene complementation are listed in
Table S4B.

Generation of custom anti-GRA17 antibody

Custom anti-GRA17 antibody (rabbit polyclonal) was generated against a synthetic C-terminal peptide of GRA17
(KMAVKQKAMQGKAQ). The epitope identification, peptide synthesis, rabbit immunization and serum collection were conducted
by Cosmo Bio. The specificity of anti-GRA17 antibody was validated for western blotting and IFA (Figures S5D and S5E)

Immunofluorescence assay

MEFs were cultured on glass coverslips, infected with Toxoplasma for 24-48 h, and fixed in PBS containing 3.7 % paraformaldehyde
for 10 min at room temperature. Cells were permeabilized with PBS containing 0.002% Digitonin for 5 min and then blocked with 8%
FBS containing PBS for 1 h at room temperature. Then, the coverslips were incubated with the primary antibodies for 1 h, followed by
incubation with Alexa Fluor 488-, Alexa Fluor 594-conjugated secondary antibodies and DAPI for 30 min. The coverslips were
mounted using PermaFluor (Thermo Scientific). Images were acquired by confocal laser microscopy (Olympus FV3000 1X83).

Assessment of in vivo virulence in mice

Mice were infected with 1000 tachyzoites in 200 pL (intra-peritoneum) or 40 pL (intra-footpad) PBS. Parasite viability was determined
by plaque assay. The mouse health condition and survival were monitored daily until 30 days (intra-peritoneum) or 40 days (intra-
footpad) post infection, respectively.

Quantitative RT-PCR

Total RNA was extracted by RNeasy kit (QIAGEN), and cDNA was synthesized by Verso reverse transcription (Thermo Fisher Scien-
tic) according to the manufacturer’s instructions. Quantitative RT-PCR was performed with a CFX Connect real-time PCR system
(Bio-Rad Laboratories) and a Go-Taq real-time PCR system (Promega). The data were analyzed by the AACT method and normalized
to ACT1 in each sample. The primer sequences are listed in Table S4C.

Western blotting

Cells were lysed in lysis buffer (1% NP-40, 150 mM NaCl, 20 mM Tris-HCI, pH 7.5) containing a protease inhibitor cocktail (Nacalai
Tesque). The cell lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P;
Millipore) and subjected to western blotting using the indicated antibodies as described previously.*® SAG1 was used as the parasite
loading control.

Endogenous GRA23 tagging at the C terminus
The fragments containing HA epitope flanked by homology regions to the C terminus of GRA23 were PCR-amplified (GRA23-HA _
tagging_F and GRA23-HA_tagging_R) (Table S4B) and co-transfected with 50 pg of pU6-Universal carrying gRNA.”? Transfected
parasites were cultured until their first lysis and used to infect MEF monolayers grown on coverslips. Localization of the HA-tagged
GRA23 was determined 24 h post infection by IFA.

In vitro and in vivo pooled CRISPR screens

The gRNA sequences of the rhoptry/DG sublibrary, the endomembrane-nucleus sulibrary and the metabolism sublibrary were
selected from the genome-wide gRNA library.*® In addition, we designed new gRNAs for some ROP/GRA genes such as ROP5
and ROP?7, since they are excluded from the original genome-wide gRNA library. The selected gRNA sequences were cloned into
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the modified pU6-Universal vector by cloning a T2A, DHFR drug selection marker, T2A and RFP in frame with Cas9, where the
expression of gRNA and Cas9-T2A-DHFR-T2A-RFP cassettes was independently transcribed. The Cas9(C terminus)-T2A-DHFR-
T2A-RFP cassette was artificially synthesized by FASMAC. The insertion of the selected gRNA sequences into the modified pU6-Uni-
versal vector was outsourced and performed by VectorBuilder. The gRNA library (200 pg) was linearized with Notl and transfected
into approximately 1-2x 108 RHAhxgprt parasites divided between four separate cuvettes. Then, transfected parasites were grown
in 4 x 150-mm dishes with confluent Vero cell monolayers and pyrimethamine (Sigma) was added 24 h later. All the parasites were
passaged every 3 days until Passage 3 (P3) without filtration. After 2 days (Passage 4), the parasites were syringe lysed, filtered and
counted for genomic DNA preparation or for mouse infection. For genomic DNA preparation, at least 1 x 108 parasites were pelleted
and stored at —80°C. For mouse infection, the parasites were resuspended in PBS at a concentration of 2.5x 10® parasites/ml. Then,
1x107 parasites in 40 uL PBS were infected into footpad of each WT or Ifngr1~/~ mouse. Parasite viability was determined by plaque
assay. At 7 days post infection, the spleens were collected and crushed by a plunger and passed through a cell strainer to make sin-
gle cell suspensions. Then, the suspensions were pelleted and added to 2 x 150-mm dishes per spleen with confluent Vero cell
monolayers. After 2—-4 days, when the parasites completely lysed out, they were filtered and counted. At least 1x10® parasites
were pelleted and stored at —80°C. Parasite genomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) and inte-
grated gRNA sequences were amplified and barcoded by PCR (Primer 1 and Primer 2) with KOD FX Neo (TOYOBO) (Tables S4D and
S4E). Genomic DNA (1pg) was used for the template. The resulting libraries were sequenced on a DNBSEQ-G400RS (MGI) using
Primer 3 and Primer 4 (Table S4D).

Bioinformatic analysis of the CRISPR screen

Following demultiplexing, gRNA sequencing reads were aligned to the gRNA library. The abundance of each gRNA was calculated
and normalized to the total number of aligned reads. For in vitro analysis, the log2 fold-change between the P4 sample and the library
was calculated for each gRNA. The fitness score for each gene was calculated as the mean log2 fold change for the top five scoring
guides. For in vivo analysis, the log2 fold-change between each in vivo sample and the P4 sample was calculated for each gRNA as
described above. The median fitness score across mouse replicates was used as the in vivo fitness score. For a given gene, gRNAs
were compared using Wilcoxon rank-sum test between P4 vs. WT mice or WT mice vs. Ifngr1~’~ mice. The p values for each test
were adjusted using the Benjamini-Hochberg method. Hierarchical clustering and primary component analysis were conducted
on the mean in vivo fitness scores for each gene (Table S1D). Ward’s method was applied for hierarchical clustering. The distance
of each gene from the regression line was calculated as below.

axo+b yo+c
Va2+b?

All analyses were conducted by R (v4.1.1) with package stats (v3.6.2) and visualized by ggplot2 (v3.4.0).

distance(ax + by + ¢ = 0,(xo,¥,)) =

GRA72 and UFM1 phylogenetic analysis
VEuPathDB and BLAST were searched for Toxoplasma GRA72 or UFM1 homologues.”* Clustal Omega and PRALINE were used to
align and visualize obtained homologues.”*"®

QUANTIFICATION AND STATISTICAL ANALYSIS
Information about the number of biological replicates and the type of statistical tests used can be found in the figure legends. All sta-
tistical analyses except for the survival rates were performed using R (4.1.1, https://www.r-project.org/). For correlation analysis,

Pearson’s correlation was used. Data with p values <0.05 were considered statistically significant. The statistical analysis of survival
rates was performed by the log rank test using the GraphPad Prism9 software.
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