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ABSTRACT Human toxoplasmosis is a life-threatening disease caused by the apicom-
plexan parasite Toxoplasma gondii. Rapid replication of the tachyzoite is associated with
symptomatic disease, while suppressed division of the bradyzoite is responsible for
chronic disease. Here, we identified the T. gondii cell cycle mechanism, the G, restriction
checkpoint (R-point), that operates the switch between parasite growth and differentia-
tion. Apicomplexans lack conventional R-point regulators, suggesting adaptation of alter-
native factors. We showed that Cdk-related G, kinase TgCrk2 forms alternative complexes
with atypical cyclins (TgCycP1, TgCycP2, and TgCyc5) in the rapidly dividing developmen-
tally incompetent RH and slower dividing developmentally competent ME49 tachyzoites
and bradyzoites. Examination of cyclins verified the correlation of cyclin expression with
growth dependence and development capacity of RH and ME49 strains. We demon-
strated that rapidly dividing RH tachyzoites were dependent on TgCycP1 expression,
which interfered with bradyzoite differentiation. Using the conditional knockdown model,
we established that TgCycP2 regulated G, duration in the developmentally competent
ME49 tachyzoites but not in the developmentally incompetent RH tachyzoites. We tested
the functions of TgCycP2 and TgCyc5 in alkaline induced and spontaneous bradyzoite dif-
ferentiation (rat embryonic brain cells) models. Based on functional and global gene
expression analyses, we determined that TgCycP2 also regulated bradyzoite replication,
while signal-induced TgCyc5 was critical for efficient tissue cyst maturation. In conclusion,
we identified the central machinery of the T. gondii restriction checkpoint comprised of
TgCrk2 kinase and three atypical T. gondii cyclins and demonstrated the independent
roles of TgCycP1, TgCycP2, and TgCyc5 in parasite growth and development.

IMPORTANCE Toxoplasma gondii is a virulent and abundant human pathogen that puts
millions of silently infected people at risk of reactivation of the chronic disease. Encysted
bradyzoites formed during the chronic stage are resistant to current therapies. Therefore,
insights into the mechanism of tissue cyst formation and reactivation are major areas of
investigation. The fact that rapidly dividing parasites differentiate poorly strongly sug-
gests that there is a threshold of replication rate that must be crossed to be considered
for differentiation. We discovered a cell cycle mechanism that controls the T. gondii
growth-rest switch involved in the conversion of dividing tachyzoites into largely quies-
cent bradyzoites. This switch operates the T. gondii restriction checkpoint using a set of
atypical and parasite-specific regulators. Importantly, the novel T. gondii R-point network
was not present in the parasite's human and animal hosts, offering a wealth of new and
parasite-specific drug targets to explore in the future.
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Restriction Checkpoint in T. gondii

oxoplasma gondii is a tissue cyst forming parasite responsible for a lifelong infection

in ~1/3 of the human population. The life cycle of T. gondii consists of periods of
active replication and rest, which correlate with the natural progression of the disease.
Toxoplasmosis is generally manifested as an acute and chronic infection (1). The rapid divi-
sion of tachyzoites characterizes the acute phase of the disease. Current drug regimens
and a healthy immune system effectively eliminate tachyzoites from an infected host (2).
Parasites drastically reduce division during differentiation into transmissive encysted brady-
zoites that are resistant to modern therapies (2, 3). In the chronic stage, a host's weakened
immune system allows quiescent bradyzoites to convert into the replicating tachyzoites,
which leads to tissue cyst amplification and potential systemic disease in the host (4). It has
long been established that T. gondii differentiation is always associated with a reduction in
replication rates (5-7). Furthermore, the inverse correlation between replication and differ-
entiation is reflected in the growth characteristics of the three major genetic lineages of
T. gondii that differ in virulence and the ability to form tissue cysts (8, 9). Highly virulent
type | tachyzoites (e.g., RH, GT1 strains) rapidly divide but cannot efficiently convert into
bradyzoites (Fig. 1A and Table S1). In contrast, developmentally competent type Il (e.g.,
ME49, Pru strains) and type Il (e.g, VEG, CTG strains) tachyzoites replicate relatively slowly
(Fig. 1A and Table S1) (10). Currently, the molecular mechanisms that control the growth-
to-rest decision in parasites are not well understood.

Bradyzoite development is a unique process that operates as a rheostat to gradually
introduce changes over several rounds of cell division (11-13). Recent studies of toxo-
plasmosis in mice demonstrated that during bradyzoite development the number of
the dividing parasites steadily declines, while the number of parasites in a deep dormant
state gradually grows (13). The tachyzoite-to-bradyzoite conversion occurs asynchronously
and produces heterogenous tissue cysts comprised of clonal parasites in various physiolog-
ical states. Single-cell RNA-seq analysis of in vitro cysts revealed that the vast majority of
the developing bradyzoites are retained in the G, period of the cell cycle (14, 15). Further
examination showed that the G, phase is the main source of diversity in bradyzoites (15).
Based on their distinctive transcriptome profiles, G, bradyzoites were segregated into a
few clusters that likely reflect the physiological diversity of the developing parasites.
Previous studies of cell cycle regulators and global transcriptomes verified drastic changes
in the bradyzoite cell cycle characterized by an elongated G, period and a longer division
cycle (6, 15-19). The tachyzoite and bradyzoite spend vastly different lengths of time in the
G, phase (6, 15, 18). The short tachyzoite G, phase (~4 h) provides unobstructed entry into
S-phase (division) and is associated with rapid replication that is characteristic of acute dis-
ease (16). Developing bradyzoites have a progressively longer G, phase over rounds of cell
division (from hours to days/weeks). Mature bradyzoites appear to be retained in the G,
phase almost indefinitely and rarely divide (8, 12, 13, 19).

Several surveillance mechanisms regulate eukaryotic cell division. One of such mecha-
nisms is the G, restriction checkpoint (or R-point) that monitors entry into the DNA replica-
tion phase and, thereby, warrants cell division. The exclusive function of this checkpoint
is to connect signals from the environment to the central biosynthetic pathways of the cell.
The restriction checkpoint offers the time necessary to adjust to environmental changes.
The conventional R-point is regulated by cyclin-dependent kinases 4/6 and p-type cyclins
that are not encoded in apicomplexan genomes (20). Nevertheless, apicomplexan parasites
retain a functional restriction checkpoint because quiescent stages, such as sporozoites or
mature T. gondii bradyzoites, are suspended in the G, state (6). This suggests the engage-
ment of alternative regulators to control canonical cell cycle functions (11).

Gradual bradyzoite development involves several rounds of cell division and requires
unique molecular machinery capable of the stepwise control of cell replication. We recently
demonstrated that the tachyzoite G, phase has a definitive stop regulated by atypical Cdk-
related kinase TgCrk2 and noncanonical P-type cyclin TgCycP1 (formerly called TgPHO80)
(21). Here, we showed that in addition to TgCycP1 (TGME49_267580), kinase TgCrk2 forms
complexes with atypical cyclins TgCycP2 (TGME49_305330) and TgCyc5 (TGME49_293280)
(21-23). The role of the novel TgCycP2 and TgCyc5 cyclins was examined in the

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

10.1128/spectrum.00702-22

2


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00702-22

Restriction Checkpoint in T. gondii Microbiology Spectrum

B

Replication Development ME49 TgCrk2me
*¥%%% XXX

+ 1001 myc myc IMC1

-

A O 00 o
un
[}
o

pH7.4

N

myc myc IMC1 DBA

parasites/vacuole

o

. ) 0
RH ME49 RH ME49

In NB B
IP: TGCrK2™° | qu ~ s ‘a-myc

pH 8.2

(@)

D

TgCrk2/Cyclin complexes
|

pH 7.4 pH 7.4 pH 8.2
Gene ID | Product ‘ ’Z’gz ‘ RH ME49 ME49

| TgCrk2"A TgCrk2™< TgCrk2mv°

Cyclin-like proteins

TGME49_267580| TgCycP1 94.s 1N D

TGME49_305330| TgCycP2 124.3 I
TGME49_293280| TgCyc5 273.0 [
0 o5 1
E
AtCycP4_2
AtCycP4 3 Land plants
AtCycP3_1
AtCycP3 2
AtCycP2_1
AtCycP1_1
£HhCycP1
LTgCycP1 (TGME49_267580)
Cvel_14351
Vbra_2223
Vbra 5113 Alveolata
| PF3D7_0518400
—{ cgd7_3780
BBOV._11002730
e I cgd7_2490
Vbra_7524
1 Cvel_14704
L Vbra_9520
=HhCycP2
! 2ToCycP2 (TGME49_305330)
cgd2_2290
TcCyc7
TcCyc2
CvPHO80 .
AnPHO80 Fungi
ScPHO80
ScPCL1
TcCyc2-like
Vbra_14648 04
Vbra_19652 —_

FIG 1 TgCrk2 interacts with three atypical cyclins. (A) Replication and differentiation rates of the parental
RHAKu80TIRT and ME49AKu80TIR1 strains. Replication rates are shown on the left graph as the number of
the parasites per vacuole after 1-day growth in pH 7.4 medium, 5%CO,. The percentage of the DBA-
positive cysts after 3 days of growth in pH 8.2 medium, ambient CO, conditions represents the rate of
bradyzoite differentiation and is shown on the right graph. Mean values *= SD of three replicates are
shown. Unpaired t test returned P values of 6.4 x 10~* and 8.8 x 10 (B) Immunofluorescent images of
TgCrk2™< expressed in ME49AKu80TIRT tachyzoites (pH 7.4 medium, 2 days) or developing bradyzoites
(pH 8.2 medium, 3 days). Parasites were labeled with a-myc/a-rabbit IgG Fluor 568, a-IMC1/a-mouse IgG
Fluor 488. Developing bradyzoites were identified by costaining with DBA/7-amino-4-methylcoumarin-3-

(Continued on next page)
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developmentally incompetent RH and competent ME49 strains. Our findings suggested that
alternative TgCrk2/Cyclin complexes control the gradual conversion of tachyzoites into bra-
dyzoites. Specifically, we demonstrated that T. gondii cyclins TgCycP1, TgCycP2, and TgCyc5
were the restriction checkpoint regulators and have distinct and critical roles in parasite rep-
lication and development.

RESULTS

Toxoplasma G, kinase TgCrk2 interacted with multiple cyclins. We recently estab-
lished that the Toxoplasma G, kinase TgCrk2 forms a dominant complex with cyclin
TgCycP1 in rapidly dividing RH tachyzoites (21). To find out if TgCrk2 forms a similar com-
plex in developmentally competent type Il parasites, we constructed an ME49 strain
expressing endogenous TgCrk2 kinase fused with triple Myc-epitope (Fig. 1B). Similar to
observed in RH tachyzoites, TgCrk2™< kinase was abundantly and constitutively expressed
in ME49 tachyzoites and developing bradyzoites (Fig. 1B). To identify major cyclin partners
of this kinase, we examined TgCrk2™< complexes isolated from ME49 tachyzoites and com-
pared them to the complexes formed by TgCrk2"A in RH tachyzoites (Fig. 1C) (21).
Proteomic analysis revealed multiple interactions and the most prominent TgCrk2 partners
were determined based on the posterior probability of complex formation (Table S2).
Corroborating our published results, TgCycP1 was the dominant partner of TgCrk2 in rap-
idly dividing RH tachyzoites (Fig. 1D). Analysis of developmentally competent ME49 tachy-
zoites revealed that TgCrk2 kinase formed an equivalent complex with another P-cyclin
TgCycP2 (TGME49_305330) (22). To find out whether the TgCrk2 cyclin partners change
during bradyzoite development, TgCrk2™< complexes were isolated from the ME49 strain
that was grown for 3 days under alkaline conditions. Because these conditions stimulate
early bradyzoite development, the analyzed population was comprised of parasites at dif-
ferent stages of the development, including tachyzoites and prebradyzoites (24). We found
that in addition to interaction with TgCycP1 and TgCycP2, TgCrk2m< kinase formed a spe-
cific complex with the atypical cyclin TgCyc5 (TGME49_293280) (Fig. 1D) (22). While interac-
tion with TgCycP1 and TgCycP2 may have been attributed to the presence of tachyzoites
and early-stage bradyzoites, the TgCrk2/TgCyc5 complex was formed only under brady-
zoite-induction conditions.

P/U family cyclins have been found in a limited number of eukaryotes, including
fungi, plants, and protozoa (23, 25-28). P-cyclins are typically encoded in multiple cop-
ies and are known to regulate processes, such as cell cycle progression and environ-
mental sensing. In contrast, apicomplexan parasites retained a small repertoire of
P-cyclins: a single gene in haemosporidian and piroplasmids, two genes in Coccidian
genera, and multiple P-cyclin genes in cryptosporidia (Table S3) (22, 23). To define the
phylogenetic relationships of apicomplexan P-cyclins, we analyzed representative fac-
tors in the Apicomplexa phylum, kinetoplastids, and ancestral alveolate Chromerids,
and compared them to fungi and land plant P-cyclins (Fig. 1E and Table S3). The results
showed that the apicomplexan P-cyclins group with P-cyclins in alveolates differ signif-

FIG 1 Legend (Continued)

acetic acid methanethiosulfonate (AMCA) Streptavidin 350. Scale bar 5 um. (C) Immunoblot image of TgCrk2
isolated from ME49AKu80TIRT TgCrk2™< tachyzoites grown in pH 7.4 medium at 5% CO,. Equal fractions of
the soluble proteins pre- (IN: input) and post pulldown (NB: not bound), and immunoprecipitated TgCrk2™<
complexes (B: bound) were analyzed. Western blot was probed with a-myc (a-mouse IgG-HRP) to detect
TgCrk2™< and confirm pulldown efficiency. (D) Summary of the mass-spectrometry analysis of TgCrk2
complexes purified from RH and ME49 parasites. RHAKu80 TgCrk2™® and ME49AKu8OTIRT TgCrk2m™<
tachyzoites were grown in pH 74 medium at 5% CO, for 2 days and ME49AKu80TIR1 TgCrk2™* bradyzoites
were grown in pH 82 medium in ambient CO, for 3 days. Table shows detected cyclin proteins. The intensity
of the gray bars reflects the probability of cyclin interaction with TgCrk2 kinase. (E) Phylogenetic analysis of
apicomplexan P/U type cyclins. Protein sequences of cyclins related to P/U or PHO80 type from
representatives of the superphylum alveolate: Toxoplasma gondii (Tg), Hammondia hammondia (Hh),
Plasmodium falciparum (PF3D7), Babesia bovis (BBOV), Cryptosporidium parvum (Cgd), Chromera velia (Cvel),
Vitrella brassicaformis (Vbra); kinetoplastids: Trypanosome cruzi (Tc); fungi: Saccharomyces cerevisiae (Sc), Candida
viswanathii (Cv), Aspergillus niger (An); and land plants: Arabidopsis thaliana (At) were analyzed in R package
‘phangorn’. Branch support was determined in 100 bootstraps and the nodes supported by a higher than
82% value are indicated with a filled circle. T. gondii P-cyclins are shown in red.
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FIG 2 Expression of TgCycP1 negatively affects bradyzoite differentiation. (A) Immunofluorescent
images of the RH Tet-OFF TgCycP1 mutant grown under tachyzoite (pH 7.4, 5% CO,, 2 days),
bradyzoite differentiation (pH 8.2 ambient CO,, 3 days), and either in the presence or absence of
2 uM anhydrotetracycline (ATc). Individual parasites and tissue cysts were visualized with a-IMC1/
a-rabbit 1gG Alexa 488 and DBA/Texas Red Streptavidin 595, respectively. (B) Quantifications of
cysts formed by RH Tet-OFF TgCycP1 mutant under indicated conditions. An unpaired t test
returned a P value of 6.4 x 1078,

icantly from plant and fungi P-cyclins. T. gondii genome encodes two P-cyclins,
TGME49_267580 (TgCycP1) and TGME49_305330 (TgCycP2). While TgCycP1 has ortho-
logs in all tested apicomplexans and alveolates, factors related to TgCycP2 were only
conserved in ancestral Chromerids. Altogether, our phylogenetic and proteomic stud-
ies showed that the Toxoplasma restriction checkpoint kinase TgCrk2 interacts with
multiple atypical cyclins. The dominance of these complexes depends on the parasite’s
developmental stage, which suggests differing roles for cyclins TgCycP1, TgCycP2, and
TgCyc5 in Toxoplasma replication and development.

TgCycP1 negatively affected bradyzoite differentiation. We previously demon-
strated that TgCycP1 functions as a G, cyclin in the rapidly replicating RH tachyzoites
(21). Using an RH TgCycP1 tet-OFF model we showed that TgCycP1 was required for
entry into the S-phase, which corroborates the role of TgCycP1 in the regulation of the
restriction checkpoint. Because bradyzoite maturation was accompanied by reduced
replication rates and elongated G, phase, we expected that TgCycP1 activity may not
favor bradyzoite differentiation. To test this idea, we examined how depletion of the
TgCycP1 cyclin affects the development of the poor cyst forming RH strain (Fig. 1A).
Specifically, we tested the ability of RH TgCycP1 tet-OFF parasites to form in vitro cysts
under factor-deficiency (induced by anhydrotetracycline [ATc]) and bradyzoite induc-
tion conditions (induced by alkaline pH 8.2). Tissue cysts were visualized using DBA
(Dolichos biflorus agglutinin), which stains the cyst wall (13). In agreement with devel-
opmental incompetency, the stress-induced RH parasites did not efficiently form in
vitro cysts (16.5%; Fig. 2A and B and Table S1; —ATc/pH 8.2) (29-31). Remarkably, ATc-
dependent downregulation of TgCycP1 in the stress-induced RH parasites led to the
nearly complete conversion of parasite vacuoles into DBA-positive in vitro cysts (97.5%;
Fig. 2A and B and Table S1; +ATc/pH 8.2), indicating activation of the developmental
program in TgCycP1-deficient RH parasites. These results demonstrated the negative
effect of TgCycP1 expression on bradyzoite development and, together with its
requirement for tachyzoite replication, confirmed the role of TgCycP1 in promoting
cell division.

TgCycP2 regulates G, phase progression in ME49 tachyzoites. TgCrk2 forms a
prominent complex with TgCycP2 in slower dividing ME49 but not in rapidly replicat-
ing RH tachyzoites (Fig. 1D), suggesting different functions in type | and type Il para-
sites. To test this hypothesis, we built auxin-induced TgCycP2 degradation models in
the developmentally incompetent RHAKu80TIRT and competent ME49AKu80TIR1
strains (Fig. S1A to C) (32). Immunofluorescence microscopy and Western blot assays
confirmed the expression of TgCycP2 in RH and ME49 tachyzoites, as well as the effi-
cient downregulation of TgCycP2AP-HA after an hour of treatment with 500 wM indole-
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3-acetic acid (auxin) (Fig. 3A and B). We also evaluated the requirement of TgCycP2 for
the growth of RH and ME49 tachyzoites. Plaque assays revealed that the replication of
ME49, but not RH tachyzoites, was dependent on TgCycP2 expression (Fig. 3C and
Table S1). While all the auxin-treated TgCycP2AP-HA RH parasites survived, degradation
of TgCycP2AIP-HA in ME49 parasites resulted in a 60% reduction in plaque numbers.

Because TgCycP2 was required for proper replication of ME49 tachyzoites, we
examined whether TgCycP2 affects cell cycle progression in ME49 tachyzoites.
Immunofluorescence microscopy analysis showed that not all the asynchronously rep-
licating clonal ME49 TgCycP2AP-HA tachyzoites expressed TgCycP2AP-HA (Fig. S2A). To
find out if this variable TgCycP2 expression correlated with different cell cycle stages,
we costained TgCycP2AHA with T. gondii cell cycle markers. To identify parasites in
the G, phase, mitosis, and undergoing budding we costained and quantified TgCycP2-
positive tachyzoites (a-HA) with centrosomes (a-Centrin1), centrocone/basal rings
(a-MORNT1), and surface alveoli (a-IMC1) (Fig. 3D) (33-35). Centrosome duplication
marks the transition from G, to the S-phase, which permits the identification of the G,
parasites (35, 36). We found that only 50% of tachyzoites in the G, phase expressed
TgCycP2AP-HA (Fig. 3D and Table S1; single centrosome), suggesting that TgCycP2
emerges in the mid-G, phase. The centrocone, an intranuclear compartment for the
spindle, is formed in the late G, stage, expanded in S-phase, and is duplicated in mi-
totic anaphase (22, 33, 35, 37). We established that TgCycP2 was downregulated in mi-
tosis and budding stages because tachyzoites with a duplicated centrocone
(a-MORN1) or with internal buds (a-IMC1) expressed significantly less TgCycP2AP-HA
(Fig. 3D and Fig. S2A). Thus, we concluded that TgCycP2 was a cyclical factor maximally
expressed in the late G, and S-phases of the tachyzoite cell cycle (Fig. 3H).

To determine the mechanism of the ME49 tachyzoite dependence on the TgCycP2
expression, we first measured replication rates of ME49 tachyzoites expressing
(—auxin) or deficient (+auxin) in TgCycP2AP-HA, After 24 h, TgCycP2-depleted parasites
divided slower than those expressing TgCycP2 (vacuole of 2 versus 4 parasites, respec-
tively) (Fig. 3E and Table S1). To find out if TgCycP2 controls progression through the
G, phase in ME49 tachyzoites, we evaluated the changes in the duration of G, caused
by TgCycP2AIP-HA degradation (+auxin). Quantification of TgCycP2AP-HA ME49 parasites
with single (G,) and duplicated (S-phase, mitosis, and early budding) centrosomes
revealed that TgCycP2-deficient parasites remain in the G, phase longer than parasites
expressing TgCycP2 (Fig. 3F and Table S1). At the same time, the lack of TgCycP2 did
not affect the duration of the budding phase (Fig. 3G and Table S1). Thereby, we con-
cluded that the longer division time of TgCycP2-deficient tachyzoites was due to a pro-
longed G, phase.

To identify pathways regulated by TgCycP2, we performed a global transcriptome
analysis of ME49 TgCycP2AID-HA tachyzoites grown in the presence or absence of auxin
(Table S4). RNA-seq analysis revealed upregulation of G, transcripts in TgCycP2-defi-
cient parasites (Fig. 31) confirming the role of TgCycP2 in the G, phase. Proteins with
unknown functions represented a major category of the genes affected by the lack of
TgCycP2 cyclin (Fig. 3) and Table S4). Downregulation of TgCycP2 significantly
changed levels of the factors involved in the control of gene expression. We detected
upregulation of five AP2 DNA-binding factors (Fig. 3J and Table S4). Three of them,
AP2XI-2, AP2XII-1, and AP2XII-5, were components of a recently identified MORC com-
plex that controls gene expression associated with parasite development (38).
Altogether the cell cycle and the global transcriptome analyses showed that TgCycP2
regulates the G, phase in developmentally competent ME49 tachyzoites. Our results
revealed substantial differences in TgCycP2 function in RH and ME49 tachyzoites,
which may explain the various replication rates and developmental capacity of the RH
and ME49 parasites.

Cyclin TgCycP2 was cyclically expressed in developing bradyzoites. To find out
whether TgCycP2 plays a role in parasite development, we examined the ME49
TgCycP2AIP-HA strain under bradyzoite induction conditions. Parasites were monitored
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FIG 3 TgCycP2 regulates the G, phase in type Il ME49 parasites. (A) Immunofluorescent microscopy of
TgCycP2APHA expression in RHAKUSOTIRT and ME49AKu80TIR1 tachyzoites. TgCycP2APHA was visualized with
a-HA antibody (a-rat 1gG Alexa Fluor 568) and costained with a-IMC1 (a-rabbit 1gG Alexa Fluor488) and DAPI
(nucleus). Scale bar 5 um. (B) Immunoblot of the total lysates of RHAKu80TIRT TgCycP2A®HA and ME49AKuS0TIR1
TgCycP2APHA parasites treated with vehicle (=) or 500 uM auxin (+) for 1 h. Western blots were probed with
a-HA (a-rat 1gG-HRP) to detect P-cyclins, and with a-Tubulin A (a-mouse IgG-HRP) to confirm equal sample
loading. (C) Quantifications of plaques formed by RHAKu80TIR1 TgCycP2APA and ME49AKu80TIRT TgCycP2APHA
lines. Parasites were grown with vehicle or 500 uM auxin for 6 (RH strain) or 9 (ME49 strain) days. The
percentage of plaques formed by parasites in the presence of auxin relative to plaques formed by parasites
treated with the vehicle is plotted on the graph. Data were analyzed by unpaired t test on three independent
experiments (P = 47 x 107%). (D) Immunofluorescence microscopy analysis of TgCycP2APHA expression in
ME49AKu80TIR1 tachyzoites. To reveal cell cycle-dependent expression, TgCycP2APHA (a-HA/a-rat 1gG Fluor 568)
was costained with centrosomes (a-Centrin1/a-mouse IgG Fluor 488), centrocone (a-MORN1/a-rabbit IgG Flour

(Continued on next page)
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for 5 days in an alkaline medium where developing cysts displayed a highly heteroge-
nous pattern of TgCycP2 expression similar to that observed in the tachyzoite stage
(Fig. 4A). Costaining with antibodies against alveolar protein IMC1 (a marker of bud-
ding/cytokinesis) showed that budding parasites did not express cyclin TgCycP2 sug-
gesting a similar cell cycle oscillation of TgCycP2 during bradyzoite development.
Considering the extension of the G, phase during development and the emergence of
TgCycP2 in late G, (Fig. 3H), we expected reduced levels of TgCycP2 in bradyzoites.
Western blot of a 3-day bradyzoite population confirmed a significant decrease in
TgCycP2AIP-HA expression (Fig. 4D). Judging by the number of cysts formed by ME49
parasites expressing (—auxin) or deficient in TgCycP2 (+auxin), the loss of TgCycP2 did
not have a significant effect on bradyzoite development in vitro (Fig. 4E and Table S1).
However, the TgCycP2-deficient cysts were smaller in size confirming that TgCycP2
contributes to bradyzoite replication (Fig. 4C, Fig. S2B, and Table S1).

Cyclin TgCyc5 was required for bradyzoite differentiation in vitro. The TgCyc5
was a novel atypical cyclin that formed a complex with the restriction checkpoint ki-
nase TgCrk2 strictly under bradyzoite development conditions (Fig. 1D). To examine
the function of TgCyc5, we generated RHAKu80TIRT TgCyc54'PHA and ME49AKuU80TIR1
TgCyc5AP-HA strains for conditional TgCyc5 expression (Fig. S1B and C). We did not
detect any measurable amount of TgCyc5 in type | or type Il tachyzoites and the loss of
TgCyc5 did not affect the tachyzoite growth (Fig. S2C and D and Table S1). Global
gene expression analysis showed elevated levels of TgCyc5 mRNA under the high-pH
stress conditions, suggesting TgCyc5 was involved in bradyzoite development
(ToxoDB). To determine if upregulation of TgCyc5 mRNA results in elevated protein
expression, we examined ME49 TgCyc54P-HA parasites under alkaline growth condi-
tions. In agreement with mRNA upregulation, TgCyc5A'P"A protein was detected on
day 2 and was steadily expressed over 5 days of the in vitro cyst development (Fig. 4B
and D). Further examination revealed that auxin-induced TgCyc5 deficiency had a dra-
matic effect on the dynamics of cyst formation. By 3 days of growth in an alkaline me-
dium, more than 90% of vacuoles of TgCyc5-deficient parasites fail to convert into
DBA-positive cysts (Fig. 4C and E and Table S1), inferring that TgCyc5 plays an essential
role in bradyzoite development. Using a CRISPR approach we also generated a direct
TgCyc5 knockout line of ME49 parasites (Fig. S2D to F). Similar to what was observed
in the auxin-induced knockdown model, elimination of TgCyc5 did not affect the repli-
cation of ME49ATgCyc5 tachyzoites but suppressed the in vitro cyst maturation (Fig. 4F
and Table S1). Interestingly, the lack of TgCyc5 cyclin did not completely block cyst for-
mation: around 10% of TgCyc5-negative vacuoles successfully converted into cysts af-

FIG 3 Legend (Continued)

488) or alveolar protein IMC1 (a-IMC1/a-rabbit 1gG Fluor 488). Cell cycle phases were determined based on the
number and morphology of the reference structures indicated with arrows. Percentage of parasites with single
centrosome, expressing or not expressing TgCycP24PHA were calculated from 3 independent experiments. Mean
value = SD is shown. Scale bar 5 um. (E) Degradation of TgCycP2 slows replication of ME49AKu80TIR1
tachyzoites. ME49AKu80TIR1 TgCycP2APHA parasites were grown with vehicle or 500 uM auxin for 24 h and
visualized with a-IMC/a-rabbit IgG Fluor 488 antibodies. The number of parasites per vacuole was quantified in
three independent experiments. Mean values + SD are plotted on the graph. The unpaired t test showed
nonsignificant changes between the two conditions. (F) Quantification of IFA images of ME49AKu80TIR1
TgCycP2APHA parasites treated with vehicle (—auxin) or with 500 M auxin for 24 h and labeled with a-Centrin1
antibodies. The ratio of parasites with single (G, phase, light green) or duplicated (S-phase/mitosis/budding, dark
green) centrosomes is shown on the graph. The results of three independent experiments are shown. The
unpaired t test showed nonsignificant changes at no auxin conditions and returned a P value of 42 x 107* in
the presence of auxin. (G) Quantification of IFA images of ME49AKu80TIRT TgCycP2APHA parasites treated with
vehicle (—auxin) or with 500 uM auxin for 24 h and labeled with a-IMC1 antibodies. The ratio of parasites with
(light gray, see [E]) or without internal buds (dark gray) is plotted on the graph. An unpaired t test showed
nonsignificant changes in the budding populations of parasites expressing or lacking TgCycP2. (H) Schematics of
cell cycle-dependent TgCycP2 expression. Red cytoplasmic stain marks cell cycle phases of maximum TgCycP2
expression. Blue, nucleus; green dots, centrosomes. (I) Transcriptome analysis of ME49AKu80TIR1 TgCycP2ADHA
tachyzoites. Transcripts with >1.5 log, change in differential expression caused by auxin-induced TgCycP2AP+4
degradation were sorted into G,, S/M/C, or noncyclical expression groups based on the predicted peak of the
mRNA expression. A plot of the values at * auxin conditions is shown. (J) The pie chart shows cellular pathways
affected by TgCycP2 deficiency in ME49AKu80TIRT tachyzoites. The table on the left lists the transcripts found in
the gene expression category.
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TgCycP2APHA mutant differentiation. Images show cyst expansion from day 2 to day 5 in a pH 8.2 medium.
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ter 3 days in pH 8.2 medium (Fig. 4E and F and Table S1). It suggested that removal of
the bradyzoite cyclin TgCyc5 caused a severe delay rather than a failure of the cyst for-
mation. Indeed, the time course of ME49ATgCyc5 development revealed the number
of cysts gradually increased over 5 days of differentiation (Fig. 4F and Table S1). Due to
continued lytic cycles of TgCyc5 deficient parasites, we could not evaluate cyst forma-
tion beyond 5 days of growth in an alkaline medium.

We have established that TgCyc5 deficiency affects cyst wall maturation. To deter-
mine whether depletion of TgCyc5 also affected intracystic parasite development, we
performed RNA-seq analysis of the auxin treated ME49 TgCyc5A'PHA parasites after
3 days of growth in an alkaline medium (Table S4). Genome-wide changes in mRNA
levels were compared to changes caused by the removal of TgCycP2 that did not per-
turb cyst wall formation (Fig. 4C). We found that most of the changes affected genes
encoding proteins with unknown functions, and the second-largest category consisted
of transcripts of metabolic and surface proteins, including cyst wall components
(Fig. 5A and B). Analysis of stage-specific transcripts showed upregulation of canonical
bradyzoite markers, such as Bag1, LDH2, and Eno1 in TgCycP2, and not the TgCyc5
transcriptome (Fig. 5B and Table S4). Although we detected a significant overlap
between TgCycP2- and TgCyc5-dependent sets of genes (16.5% in common), the com-
mon genes showed opposite expression in TgCycP2 and TgCyc5 deficient parasites
(Fig. 5B, red dots). Importantly, the pool of bradyzoite genes affected by TgCyc5 degra-
dation was not limited to cyst wall components but also included metabolic and sig-
naling factors, confirming that TgCyc5 was required for the physiological conversion of
tachyzoites into bradyzoites (Table S4). Furthermore, we detected upregulation of
tachyzoite-specific transcripts, which supported increased replication of TgCyc5 defi-
cient parasites characteristic of the tachyzoite stage (Fig. 5B, blue dots). The functional
assays together with global transcriptome analysis corroborated the developmental
defect of TgCyc5 deficient ME49 parasites and confirmed the opposing roles for cyclins
TgCycP2 and TgCyc5 in T. gondii development. Our results suggest that TgCycP2 pro-
motes and TgCyc5 represses parasite replication. At the same time, TgCyc5 was crit-
ically needed for efficient bradyzoite differentiation.

Toxoplasma restriction checkpoint controlled the parasite development in
isolated rat brain cells. Previous in vivo studies and studies of the primary brain
cultures identified neurons and astrocytes as the prevalent brain cells that support bra-
dyzoite development (39-42). To determine whether the restriction checkpoint regula-
tors control development in a system that more closely resembles in vivo infections,
we examined TgCycP2AP-HA and TgCyc5A'P-HA ME49 mutants in isolated brain cells. We
adopted the published protocols and purified neurons and astrocytes from the brains

FIG 4 Legend (Continued)

TgCycP2APHA was detected with a-HA/a-rat IgG Fluor 568. Individual parasites were labeled with a-IMC1/
a-mouse 1gG Fluor 488 and the cyst wall was visualized using DBA/AMCA Streptavidin 350. Clusters of
parasites undergoing the budding process are indicated with arrows on the IMC1 graph. (B) IFA images of day
2 and day 5 in vitro cysts formed by the ME49AKu80TIRT TgCyc5AP™A mutant in a pH 8.2 medium. TgCyc5~'PHA
was labeled with a-HA/a-rat IgG Fluor 568, parasites with a-IMC1/a-mouse IgG Fluor 488, and cyst wall with
DBA/AMCA Streptavidin 350. (C) IFA images of ME49AKu80TIR1 TgCycP2APHA and ME49AKu80TIRT TgCyc5APHA
mutants grown for 3 days in pH 8.2 medium with vehicle (—auxin) or with 500 uM auxin. The cyclins,
parasites, and cysts were labeled with a-HA/a-rat 1gG Fluor 568, a-IMC1/a-mouse IgG Fluor 488, and DBA/
AMCA Streptavidin 350, respectively. The enlarged image on the right of each subfigure shows the expression
or degradation of the corresponding AID-3xHA-fused cyclin. (D) Western blot of the total lysates of
ME49AKU80TIRT TgCycP2A'®HA and ME49AKu80TIR1 TgCyc5APHA tachyzoites (pH 7.4 medium for 2 days) and
bradyzoites (at pH 8.2 medium for 3 days). Western blots were probed with a-HA (a-rat 1gG-HRP) to detect
cyclins, and with a-Tubulin A (a-mouse IgG-HRP) to confirm equal loading of lysates. (E) Quantification of cysts
formed by the parental ME49AKu80TIR1 parasites and ME49AKu80TIR1 TgCycP2A'PA and ME49AKu80TIR1
TgCyc5APHA mutants grown for 3 days in the pH 8.2 medium with vehicle (—auxin) or with 500 wM auxin.
Cysts were identified by costaining of cyst wall (DBA/AMCA Streptavidin 350) and parasites (a-IMC1/
a-mouse IgG Fluor 488). Bars show a mean value = SD from three independent experiments. Unpaired t
test returned P values of 3.6 x 1078 and 8.9 x 107'°. (F) Quantification of cysts formed by the parent and
ME49AKu80TIR1ATgCyc54PH4 mutant grown in pH 8.2 medium for the indicated time. Cysts were identified
by costaining of the cyst wall (DBA/AMCA Streptavidin 350) and parasites (a-IMC1/a-mouse IgG Fluor 488).
Bars show a mean value *= SD from three independent experiments. Note a steady temporal increase of
cyst number formed by TgCyc5-deficient parasites.
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FIG 5 TgCyc5 is required for activation of the bradyzoite differentiation program. (A) The pie chart
shows classes of transcripts differentially expressed upon conditional degradation of TgCycP2AP-HA or
TgCyc5APHA cyclins during 3-day in vitro bradyzoite differentiation. (B) Transcripts with >1.5 log,
change expression in 3-day ME49AKu80TIR1 bradyzoites expressing (—auxin) or deficient (+auxin) in
TgCycP2 or TgCyc5 are plotted on the graphs. Transcripts were sorted based on peak mRNA
expression at different life stages (ToxoDB). The comparative analysis showed the opposite gene
expression response to the loss of TgCycP2 and TgCyc5 cyclins.

of 18-day-old rat embryos (Fig. 6A, left) (43). Brain cell cultures were infected with
MEA49 parent, and cyst conversion was monitored for 3 days. We detected the sponta-
neous formation of DBA-positive cysts in MAP2-positive neurons and GFAP-positive
astrocytes (Fig. 6A, right). To find out how the lack of individual cyclins affects sponta-
neous bradyzoite differentiation, infected brain cells were incubated in the presence or
absence of auxin. Corroborating our findings in the alkaline model, TgCycP2 and TgCyc5
played distinctive roles in bradyzoite conversion in brain cells. TgCycP2 displayed a heter-
ogenous pattern of intracystic expression similar to its expression in tachyzoites (Fig. 6B).
The TgCycP2-negative cysts (+auxin) were smaller in size, confirming the cyclin’s role in
bradyzoite replication (Fig. 6B and C and Table S1). Comparable to the high pH-stress
model, TgCyc5 cyclin was upregulated in the infected brain cells, while the induced
TgCycP5AHA knockdown or TgCycP5 knockout severely obstructed differentiation of bra-
dyzoites (Fig. 6B and D, Fig. S2F). The TgCyc5-deficient parasites formed fewer in vitro cysts
than parasites expressing TgCyc5 (Fig. 6D and Table S1). Altogether, we have established
opposite functions for TgCycP2 and TgCyc5 in distinct cell culture models of T. gondii de-
velopment and, while promising, these findings will need to be confirmed in animal mod-
els of toxoplasmosis.

DISCUSSION

The tight control of replication ensures the survival of T. gondii in the changing
environment of different hosts. To complete its life cycle, a parasite must transmit from
an intermediate to a definitive host, which requires substantial progeny generated by
rapidly dividing tachyzoites. While the healthy immune system of the intermediate
host eliminates most of the circulating tachyzoites, a small portion of tachyzoites grad-
ually converts into the largely quiescent bradyzoites suitable for transmission into their
definitive hosts, felids. The disbalance of division rates severely affects transmission
rates and consequently, parasite survival. Reduced replication of tachyzoites lowers the
chances to produce enough transmissible tissue cysts, while increased replication of
bradyzoites results in cyst reactivation that threatens the host endurance. Despite its
vital importance, little is known about the T. gondii growth-to-rest switch that controls
stage transitions. In the current study, we discovered a molecular mechanism that links
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FIG 6 Function of the TgCycP2 and TgCyc5 in rat brain cells. (A) Costaining of the primary brain cells isolated from 18-day
embryonic rats (E18). Neurons were detected using an antibody against microtubule-associated protein 2 (a-MAP2/
a-chicken IgG Fluor 488). Copurified astrocytes were detected using an antibody targeting glial fibrillary acidic protein
(a-GFAP/a-mouse 1gG Fluor 568). Spontaneous cysts (DBA/AMCA Streptavidin 350) formed by ME49AKu80TIR1 parasites
(a-IMC1/a-mouse 1gG Fluor 568) in the isolated primary neurons (a-MAP2/a-chicken IgG Fluor 488) or astrocytes (a-GFAP/
a-mouse 1gG Fluor 488) are shown on the right. (B) Immunofluorescent images of the ME49AKu80TIR1 TgCycP2AP*A and
ME49AKu80TIRT TgCyc54PHA cysts in embryonic rat neurons. The 3-day cysts/vacuoles formed in the presence or absence
of 500 wM auxin are shown. Toxoplasma cyclins, individual parasites, and cysts were labeled with a-HA/a-rat IgG Fluor
568, a-IMC1/a-mouse IgG Fluor 488, and DBA/AMCA Streptavidin 350, respectively. (C) Quantification of the cyst sizes
formed by ME49AKu80TIRT TgCycP2APMA mutant in rat neurons after 3 days of growth with vehicle or 500 M auxin. Cyst
diameter is plotted. Black lines indicate a mean value * SD. The unpaired t test returned a P value of 3.6 x 107°. (D)
Quantification of the cysts formed by the ME49AKu80TIR1 TgCycP2APHA and ME49AKu80TIR1 TgCyc54P"A mutants after a
3-day infection of the rat brain cells in the presence of vehicle (—auxin) or 500 uM auxin. Cysts were identified by lectin
binding with DBA/AMCA Streptavidin 350 and individual parasites with a-IMC1/a-mouse IgG Fluor 488. Cysts were
quantified in 10 random microscopic fields. Bars show a mean value = SD of the three independent experiments. An
unpaired t test returned a P value of 8.3 x 1077,

external signals to central cell cycle machinery, thereby determining whether the para-
site divides (tachyzoite) or enters a quiescent state (bradyzoite).

The restriction checkpoint is a universal G; mechanism that licenses eukaryotic cell
division (44, 45). According to a recently suggested model, the R-point represents a
window of opportunity whose duration is predetermined by external conditions (45,
46). Depending on the environment, the R-point either permits cell entry into the DNA
replication phase (S-phase) that warrants cell division or retains cells in the G, state
that allows reprograming to fit into new growth conditions. Therefore, favorable condi-
tions make the restriction checkpoint passage short and the cell division rapid, while unfav-
orable conditions extend the window of opportunity (longer G, phase) slowing the rate of
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FIG 7 Model of restriction checkpoint regulation in T. gondii. (A) Schematics show the central cell
cycle mechanisms that control T. gondii progression through intermediate life cycle stages. Cell cycles
are drawn as color arrow circles: growth phase, G,a/G,b (red); DNA replication phase, S (dark green);
mitosis coupled to cytokinesis (budding), M/C (light green). Note the relative extension of the G,
phase during bradyzoite development. Tachyzoite to bradyzoite conversion is regulated by alternative
TgCrk2/Cyclin complexes operating at the restriction checkpoint (stop sign) in the G, phase. The
complex of the G, kinase TgCrk2 with TgCycP1 promotes rapid cell division of early tachyzoites by
quickly passing parasites through the R-point. In preparation for development, tachyzoites’ slow
division was caused by the replacement of the highly active TgCrk2/TgCycP1 with moderately active
TgCrk2/TgCycP2 complexes. Developmental (external) signals activate the expression of bradyzoite-
specific TgCyc5, which in complex with TgCrk2, acts as a repressor of the R-point progression. T.
gondii strains and in vitro conditions representing specific life cycle stages are indicated in the
corresponding cell cycle diagrams. (B) Integration of the restriction checkpoint into the current model
of the T. gondii development. Key factors that induce (signals), transduce (transducer), and activate
(regulatory hub) tachyzoite-to-bradyzoite conversion are shown. Various signaling kinases and the
integrated stress response (ISR) directly or indirectly activate/inhibit the restriction checkpoint
function, which culminates in the execution of alternative differentiation programs. Dashed arrows
mark putative connections.

cell division. The concept of the restriction checkpoint echoes the mechanism of tachyzoite-
to-bradyzoite conversion in T. gondii (11). Rapidly dividing tachyzoites grow at the most
favorable conditions that promote a quick R-point passage, while developing bradyzoites
divide progressively slower. Deeper in their development, bradyzoites spend more time
within the window of opportunity critically needed to perform G, functions, such as
changes in epigenetic coding and gene expression (14, 19, 38, 47, 48). The completion of
the cell cycle translates altered gene expression into a new metabolic state that enables bra-
dyzoite survival.

Based on the published findings and our discovery of novel restriction checkpoint ma-
chinery in Toxoplasma, we propose a model that links disease dynamics to the core cell
cycle mechanisms (Fig. 7A). Our model also explains the changing cell cycle architecture of
bradyzoites toward gradual prolongation of the G, phase (15). We believe that T. gondii
actively employs the restriction checkpoint to control how soon parasites initiate DNA repli-
cation and complete the division cycle. Because modulation of Cdk activity is a major mech-
anism that acts in conventional checkpoints (45, 49), we propose that three novel T. gondii
cyclins differentially control the R-point kinase TgCrk2, which is abundantly expressed in
tachyzoites and bradyzoites. Our findings suggest that, in tachyzoites, cyclins TgCycP1 and
TgCycP2 act as the TgCrk2 activators and promote the R-point passage. Given the dominant
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expression and absolute dependence of rapidly dividing RH tachyzoites on TgCycP1, we
concluded that TgCycP1 functions as the most prominent TgCrk2 activator (Fig. 7, top). The
TgCycP1 mRNA expression data across strains and conditions suggests that the laboratory-
adapted RH strain likely mimics the early tachyzoite stage that emerges from sporozoites
upon initial host infection (ToxoDB) (50, 51). Because the TgCrk2/TgCycP2 complex was
detected only in the slower dividing ME49 parasites, we believe that TgCycP2 imposes
restrictions on TgCrk2 activity leading to a longer G, period (Fig. 7, middle). If needed, the
elongated window of opportunity in type Il tachyzoites can be used to change their devel-
opmental program. Corroborating this model, our global transcriptome analysis revealed
the impact of TgCycP2 on the regulation of gene expression machinery in the ME49 tachy-
zoites (Fig. 3J). Developmental signals trigger upregulation of the repressive cyclin TgCyc5,
resulting in bradyzoites that were retained at the R-point until a threshold of the TgCrk2 ac-
tivity is achieved (Fig. 7, bottom). Passage through the restriction checkpoint takes a pro-
gressively longer time during development that manifests as a quiescence of the mature
bradyzoite. Bradyzoite differentiation is a Coccidian-specific process, which explains the
lack of the TgCycP2 and TgCyc5 orthologs in other apicomplexan parasites (22). Thus, it is
tempting to suggest that this unique R-point module of T. gondii based on the alternative
regulation of a single Cdk kinase by multiple cyclins in various capacities had evolved to
accommodate a graded bradyzoite development.

Previous studies identified several signaling pathways associated with stage conversion
in T. gondii (52). It has been demonstrated how various extracellular signals, including host
immune factors, are transduced either directly or via second messengers to various signaling
kinases (5, 31, 53-57). The critical role of the integrated stress response (ISR) and unfolded
protein response (UPR) pathways in bradyzoite maturation has also been demonstrated (48,
52, 58). These stress response systems control preferential mMRNA maturation and protein
production, and in conjunction, were predicted to control the expression of the recently
identified regulators of parasite differentiation, such as BDF1 and stage-specific AP2 factors
(59-61). How is the restriction checkpoint module integrated into the multifactorial network
of Toxoplasma differentiation? Because the R-point controls the uniform outcome of devel-
opment, namely, the reduction of replication rates, the T. gondii R-point most likely functions
as a regulatory hub (Fig. 7B). The restriction checkpoint machinery receives signals from a
variety of signaling pathways and uniformly responds by changing the rates of replication.
Although further studies are needed to find out how external signals are delivered to the R-
point machinery, we can speculate a few scenarios. For example, signaling kinases PKA and
PKG may modulate the activity of the constitutively expressed kinase TgCrk2 by direct phos-
phorylation, while the ISR system may control the signal-induced expression of the R-point
cyclins. Stress-activated IRS may repress translation of the tachyzoite cyclin TgCycP1 and,
concurrently, favor the expression of the bradyzoite cyclin TgCyc5. Our study identified the
core machinery of the tachyzoite-to-bradyzoite switch. However, the variety of incoming sig-
nals and the nuances of response associated with different hosts and environments, suggest
that the R-point network is much wider. In the future, addressing the molecular composition
of the restriction checkpoint as well as an examination of its functional links with known sig-
naling pathways will help us to find more efficient ways to control toxoplasmosis, particu-
larly in the drug-resistant chronic stage.

MATERIALS AND METHODS

Parasite cell culture. Parasites were grown in human foreskin fibroblasts (HFF) as described (62).
Transgenic and mutant parasite lines are derivatives of the RHAKu80Ahxgprt AtTIRT and ME49AKu80Ahxgprt
AtTIR1 parasite strains (32). Host and parasite strains were tested mycoplasma free (MP Biomedicals). All para-
site lines created in the study are listed in Table S5.

Rat embryonic brain cell cultures and infections. The primary rat brain cells were purified from
18-day embryos (E18) of Wistar rats (Rattus norvegicus) of both sexes as previously described (43).
Isolated cells were plated on the poly-o-Lysine (Gibco) coated coverslips to a density of 5 x 10 cells per
1.9cm? (43). Brain cells were cultured in the neurobasal medium (Invitrogen) supplemented with B-27
and 2 mM Glutamax (Gibco) and the medium was changed every 7 days. Brain cell cultures were exam-
ined by immunofluorescence microscopy using cell-type-specific antibodies. Staining with a-MAP2
(ThermoFisher) and a-Gfap (Agilent) revealed enrichment of the isolated cultures with neurons and
astrocytes, respectively. Seven-day cultures were used in all the experiments. Typical infection was
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initiated with T. gondii ME49 transgenic tachyzoites at 1:5 MOI (1 x 10° parasites per 1.9 cm? well).
Parasite growth and development were monitored for 3 days and evaluated by immunofluorescence mi-
croscopy. All animal studies described herein were reviewed and approved by the ethics committee at
our institution.

Phylogenetic analysis. Protein sequences were obtained from eupathDB and NCBI databases and
shown in Table S3. The analysis involved 32 amino acid sequences of the P-type cyclins from apicomplexans
Toxoplasma gondii, Hammondia hammondia, Plasmodium falciparum, Babesia bovis, Cryptosporidium parvum,
alveolate Vitrella brassicaformis, Chromera velia, and selected representatives of P-cyclins from fungi
(Saccharomyces cerevisiae, Aspergillus nidulans, and Candida viswanathii) and plant Arabidopsis thaliana. We
generated multiple sequence alignment using the MUSCLE algorithm in R package ‘msa’ version 1.4.3 (63).
The Bayesian information criterion (BIC) was used to search for the best amino acid substitution models. The
substitution model ‘JTT was selected to initially build an unrooted tree using neighbor-joining (64). Then, we
optimized the length of the generated tree by maximum likelihood (65). The 100 times bootstrap was per-
formed to validate the optimized edges. We used R package ‘phangorn’ version 2.8.0 for phylogeny and
‘ggtree’ version 3.2.0 to draw the final phylogenetic tree (66, 67).

Construction of the transgenic strains. Primers and transgenic strains created in the current study
are listed in Table S5.

RHAKu80Ahxgprt AtTIRT TgCycP2A'°HA and RHAKu80Ahxgprt AtTIR1 TgCyc54'°HA strains. First,
we built the pLIC-mAID-3xHA-Hxgprt vector. An Avrll/Ndel fragment containing a 3xHA epitope of pLIC-
3xHA-Hxgprt plasmid was replaced with a complementary AID-3xHA fragment from the pTUB1-YFP-mAID-
3xHA-DHFR-TS-Hxgprt2 vector (32). DNA fragments encompassing the 3’-end of the gene of interest were
then amplified by PCR and cloned into the pLIC-mAID-3xHA-Hxgprt vector digested with Pacl endonuclease
by the Gibson assembly method. The resulting pLIC-TgCycP2-mAID-3xHA-Hxgprt and pLIC-TgCyc5-mAID-
3xHA-Hxgprt constructs were linearized and transfected into the RHAKu80Ahxgprt AtTIRT parent (32).

ME49AKu80Ahxgprt AtTIRT TgCycP2A'"HA and ME49AKu80Ahxgprt AtTIRT TgCyc5*'°HA strains. To
introduce mAID-3xHA-epitope to the C terminus of TgCycP2 and TgCyc5 proteins in the ME4A9AKu80Ahxgprt
AtTIRT parent, we used CRISPR/Cas9 approach as previously described (32). To introduce a double DNA break
in the 3'UTR of the tagging gene locus, we created gene-specific gsRNA CRISPR/Cas9 plasmids by site-specific
mutagenesis of pSAG1:CAS9-GFP U6:gsUPRT plasmid generously provided by L. David Sibley (68). Tagging
cassette containing the selection marker hxgprt flanked with 40 nt gene-specific sequences was amplified by
PCR. A P-cyclin-specific tagging cassette and a sgRNA CRISPR/Cas9 plasmid were cotransfected into the
ME49AKu80Ahxgprt AtTIRT parent.

ME49AKu80AAtTIR1ATgCyc5 strain. The TgCyc5 knockout cassette was built in the pLIC-3xHA-
Hxgprt plasmid. A 1,058nt of 5'UTR and 968 nt of TgCyc5 3'UTR were PCR amplified and cloned sequentially
upstream (into Hindlll site) and downstream (into Sacl site) of the hxgprt cassette using the Gibson assembly
approach. The resulting 3'UTR_TgCyc5/hxgprt/5'UTR_TgCyc5 knockout cassette and two TgCyc5-specific
gsRNA CRISPR/Cas9 plasmids were electroporated into the MEA9AKu80Ahxgprt AtTIRT parent.

Parasite transfection. 10 million freshly lysing RH tachyzoites or 20 million ME49 tachyzoites were
mixed with up to 30 g DNA in 100 uL of the cytomix buffer and electroporated with Amicon electropo-
rator (Lonza). Transfected parasites were allowed to recover in fresh HFF monolayers for 24 h before
drug selection. To obtain a clonal population the drug-resistant polyclonal populations were cloned by
limited dilution. No less than three individual clones were confirmed by PCR and sequencing for proper
recombination at the locus and protein expression by Western blot and immunofluorescent microscopy.

Western blotting. Filter-purified parasites were washed in PBS and collected by centrifugation.
Total lysates were obtained by resuspending the parasite pellets in the Leammli loading dye, heated at
95°C for 10 min, and briefly sonicated. After separation on the SDS-PAGE gels, proteins were transferred
onto nitrocellulose membrane and probed with monoclonal a-HA (rat 3F10, Roche Applied Sciences),
a-myc (mouse, Cell Signaling Technology), and a-Tubulin A (mouse 12G10, kindly provided by Jacek Gaertig,
University of Georgia) antibodies. After incubation with secondary HRP-conjugated anti-mouse or anti-rat anti-
bodies, proteins were visualized by enhanced chemiluminescence detection (PerkinElmer).

Immunofluorescence analysis. Confluent HFF cultures on glass coverslips were infected with para-
sites for indicated times and under specified growth conditions. Infected monolayers were fixed, perme-
abilized, and incubated with antibodies as previously described (69). The following primary antibodies
were used; rat monoclonal a-HA (clone 3F10, Roche Applied Sciences), rabbit a-Myc (clone 71D10, Cell
Signaling Technology), mouse a-Centrin (clone 20H5, Millipore Sigma), rabbit polyclonal a-MORNT1 (cen-
trocone and basal complex stains, kindly provided by Marc-Jan Gubbels, Boston College, MA) and rabbit
and mouse polyclonal a-IMC1 (parasite shape and internal daughter bud stains, kindly provided by Gary
Ward, University of Vermont, VT). All Alexa-conjugated secondary antibodies (ThermoFisher) were used at a
dilution of 1:500. To visualize the in vitro cysts, we used biotinylated Dolichos biflorus agglutinin (DBA, Vector
Laboratories) and the corresponding streptavidin-conjugated fluorophores. Chicken polyclonal antibodies against
neuronal microtubule-associated protein 2 (MIAP2) were used to identify isolated rat neurons (PhosphoSolutions).
Coverslips were mounted with Aquamount (ThermoFisher), dried overnight at 4°C, and viewed on Zeiss Axiovert
Microscope equipped with 100x objective. Images were collected and processed first using Zeiss Zen software,
then in Adobe Photoshop 2021 using linear adjustment when needed.

Plaque assay. Confluent HFF monolayers in a six-well dish format were infected with 100 (RHAKu80Ahxgprt
AtTIR1 strain derivatives) or 300 (ME49AKu80Ahxgprt AtTIRT strain derivatives) freshly lysing parasites. If needed,
cultures were treated with either a vehicle (EtOH) or 500 M IAA (auxin) to trigger an AlD-protein degradation.
Plaques developed after 6 days (RH strain derivatives) or 9 days (ME49 strain derivatives) were processed for indi-
rect immunofluorescence microscopy using rabbit polyclonal a-Toxoplasma antibody (Abcam) and counted. At
least three biological replicates of each assay were performed.
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In vitro bradyzoite assay. The HFF monolayers were infected with freshly lysed tachyzoites at 1:2
MOI for 2 h. To induce bradyzoite differentiation, the normal growth medium was replaced with a brady-
zoite induction medium (DMEM without bicarbonate supplemented with 25 mM HEPES, 5% fetal bovine
serum, pH 8.2). Infected HFF monolayers were incubated at 37°C in the ambient air chamber for the indi-
cated time. Tachyzoite to bradyzoite conversion was evaluated by conversion of the tachyzoite vacuoles
into the DBA-positive in vitro cysts.

RNA-seq analysis sample preparation. Total RNA was extracted from the purified tachyzoites and bra-
dyzoites of the ME49AKu80Ahxgprt AtTIR1 strain and derivatives with TRIzol according to the manufacturer’s
instructions (Invitrogen). The RNA integrity was verified using Agilent High Sensitivity D1000 ScreenTape in
an Agilent 2200 TapeStation System (Agilent Technologies). Two biological replicates were analyzed.

RNA-Seq library preparation and sequencing. For each sample, one microgram of total RNA was
treated with 1 U of DNase | (Application Grade, Invitrogen) to remove the residual genomic DNA, and
the DNase-treated RNA was used as an input for the construction of the RNA-seq library using
IlluminaTruSeq Stranded mMRNA Library Preparation kit (lllumina) according to the manufacturer’s
instructions. The mRNA was purified from total RNA using oligonucleotide (dT)-conjugated magnetic
beads. Purified mRNAs were fragmented at 94°C for 8 min and first-strand cDNA was synthesized using
random hexamer primers and SuperScriptll Reverse Transcriptase (Invitrogen) in First-Strand Synthesis
Act D Mix (lllumina). Second strand cDNA synthesis was subsequently performed in Second Strand
Marking Master Mix (lllumina). After adenylation of the 3" ends, RNA Adapter Index codes were ligated
to their respective cDNA samples. To select ~280bp cDNA fragments, the libraries were purified with
the AMPure XP system (Beckman Coulter). To enrich adaptor-ligated cDNA fragments, the libraries were
PCR-amplified (PCR Master Mix and PCR Primer Cocktail, lllumina) and purified with the AMPure XP sys-
tem. The quality of the libraries was confirmed using Agilent High Sensitivity D1000 ScreenTape in an
Agilent 2200 TapeStation System (Agilent Technologies). The cDNA concentration was measured by
PCR and with a Qubit DNA assay kit in a Qubit 2.0 Fluorometer (Thermo Scientific). A total of 12 cDNA
libraries were applied to NextSeq 500/550 Mid Output kit v2.5 (150 cycles) and sequencing on lllumina
NextSeq System to obtain 5 million of 75 bp paired-end sequencing reads per sample. RNA sequencing
was performed at the University of South Florida (USF) Genomics Program Sequencing Core.

Data analysis. Transcriptomes were aligned using Hisat version 2.1.0 using the ToxoDB version 41
as a reference genome (70). The gene expression values were quantified with Stringtie and transcripts
per million (TPM) were used for downstream analyses (71). Differential expression analysis was con-
ducted with DESeq 3.1.2 using R 3.6.1 (72). For each cyclin, we fit a model with three factors: strain,
growth conditions (pH), and factor expression (= auxin). We conducted a log-ratio test to see whether
the removal of the treatment variable had a significant effect on the model fit. We used a cutoff of 0.1
for the adjusted P value for consideration of differentially expressed genes.

Proteomic analysis sample preparation. Each sample was prepared from no less than 2 x 10° par-
asites. Tachyzoites or developing bradyzoites were collected by filtration and centrifugation after growth
under indicated conditions. Total proteins were extracted by incubation in the phosphate-buffered sa-
line solution with 263 mM NaCl, 0.25% NP-40, and a proteinase-phosphatase inhibitors cocktail (Thermo
Fisher). TgCrk2"* or TgCrk2™< complexes were isolated on a-HA or a-Myc magnetic beads (MblBio). The
efficiency of immunoisolation was verified by Western blot of TgCrk2HA or TgCrk2myc kinases.

Mass spectrometry. Protein samples were processed for mass spectrometry-based proteomic analysis
using filter-aided sample preparation (FASP). Briefly, proteins are reduced using dithiothreitol (DTT), alkylated
with iodoacetamide (IAA), buffer exchanged with urea followed by ammonium bicarbonate, and finally
digested with Trypsin/Lys-C overnight at 37°C. Peptides were eluted and desalted using C18 SPE columns
(Waters) with a vacuum manifold and dried in a vacuum concentrator. Peptides were separated using a
75 wm x 50 cm C18reversed-phase-UHPLC column (Thermo Scientific) on an Ultimate 3000 UHPLC (Thermo
Scientific) with a 120-minute gradient (2 to 32% acetonitrile with 0.1% formic acid). Full MS survey scans
were acquired at 70,000 resolution. Data-dependent acquisition (DDA) selected the top 10 most abundant
ions for MS/MS analysis. Raw data files were processed in MaxQuant (www.maxquant.org) and searched
against the current Uniprot Toxoplasma gondii ME49 protein sequence database. Search parameters include
constant modification of cysteine by carbamidomethylation and the variable modification, methionine oxida-
tion. Proteins were identified using the filtering criteria of 1% protein and peptide false discovery rate.

Data analysis. The sum of peptides counts is calculated for each protein. The cum up count for each
assay is divided by the corresponding protein length (ToxoDB). The result value for each protein is nor-
malized by dividing the value of the specifically isolated TgCrk2 kinase. The normalized value from three
assays is merged and trained in a Gaussian mixture model. The purpose of using the mixture model is to
identify the potential or hidden component of the observed normalization peptide counts and to select
the component where the corresponding protein exhibits higher peptide counts. The Gaussian mixture
model was performed on log, transformed normalized counts, and the posterior probability was calcu-
lated to determine the likelihood of a protein to be bound to TgCrk2. Proteins with a posterior probabil-
ity higher than 0.5 and raw peptide counts of at least five were considered in complex with TgCrk2.

Data accessibility. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (http://proteomecentral.proteomexchange.org/cgi/GetDataset) with
the data set identifier PXD033109 (73). The RNA-seq data were deposited at NCBI GEO (GSE200962).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.6 MB.

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

10.1128/spectrum.00702-22 16


http://www.maxquant.org
http://proteomecentral.proteomexchange.org/cgi/GetDataset
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE200962
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00702-22

Restriction Checkpoint in T. gondii

SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.2 MB.

SUPPLEMENTAL FILE 4, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
We thank Robert Deschenes (University of South Florida) and Anthony P. Sinai (University
of Kentucky) for thoughtful discussions of the project. Emily Buckley provided valuable input
in the computational analysis of the RNA-seq data. Amanda Fortin performed a primary
evaluation of the embryonic rat brain cells. We appreciate Daria A. Naumova's efforts in the

manuscript preparation on behalf of her late father Anatoli V. Naumov.

REFERENCES

1.

2.

Montoya JG, Liesenfeld O. 2004. Toxoplasmosis. Lancet 363:1965-1976.
https://doi.org/10.1016/50140-6736(04)16412-X.

Alday PH, Doggett JS. 2017. Drugs in development for toxoplasmosis: advan-
ces, challenges, and current status. Drug Des Devel Ther 11:273-293. https://
doi.org/10.2147/DDDT.S60973.

. Antczak M, Dzitko K, Dtugonska H. 2016. Human toxoplasmosis-Searching

for novel chemotherapeutics. Biomed Pharmacother 82:677-684. https://
doi.org/10.1016/j.biopha.2016.05.041.

. Bowen LN, Smith B, Reich D, Quezado M, Nath A. 2016. HIV-associated

opportunistic CNS infections: pathophysiology, diagnosis and treatment.
Nat Rev Neurol 12:662-674. https://doi.org/10.1038/nrneurol.2016.149.

. Bohne W, Heesemann J, Gross U. 1994. Reduced replication of Toxo-

plasma gondii is necessary for induction of bradyzoite-specific antigens: a
possible role for nitric oxide in triggering stage conversion. Infect Immun
62:1761-1767. https://doi.org/10.1128/iai.62.5.1761-1767.1994.

. Radke JR, Guerini MN, Jerome M, White MW. 2003. A change in the premi-

totic period of the cell cycle is associated with bradyzoite differentiation
in Toxoplasma gondii. Mol Biochem Parasitol 131:119-127. https://doi
.org/10.1016/50166-6851(03)00198-1.

. Swierzy 1, Luder CG. 2015. Withdrawal of skeletal muscle cells from cell cycle

progression triggers differentiation of Toxoplasma gondii towards the brady-
zoite stage. Cell Microbiol 17:2-17. https://doi.org/10.1111/cmi.12342.

. Jeffers V, Tampaki Z, Kim K, Sullivan WJ. 2018. A latent ability to persist:

differentiation in Toxoplasma gondii. Cell Mol Life Sci 75:2355-2373.
https://doi.org/10.1007/s00018-018-2808-x.

. Szabo EK, Finney CAM. 2017. Toxoplasma gondii: one organism, multiple

models. Trends Parasitol 33:113-127. https://doi.org/10.1016/j.pt.2016.11.007.

. Sibley LD, Boothroyd JC. 1992. Virulent strains of Toxoplasma gondii comprise

a single clonal lineage. Nature 359:82-85. https://doi.org/10.1038/359082a0.

. Sinai AP, Suvorova ES. 2020. The restriction checkpoint: a window of opportu-

nity governing developmental transitions in Toxoplasma gondii. Curr Opin
Microbiol 58:99-105. https://doi.org/10.1016/j.mib.2020.09.009.

. Sinai AP, Watts EA, Dhara A, Murphy RD, Gentry MS, Patwardhan A. 2016.

Reexamining chronic Toxoplasma gondii infection: surprising activity for
a “dormant” parasite. Curr Clin Microbiol Rep 3:175-185. https://doi.org/
10.1007/540588-016-0045-3.

. Watts E, Zhao Y, Dhara A, Eller B, Patwardhan A, Sinai AP. 2015. Novel

approaches reveal that toxoplasma gondii bradyzoites within tissue cysts
are dynamic and replicating entities in vivo. mBio 6:e01155-15-e01115.
https://doi.org/10.1128/mBi0.01155-15.

. Waldman BS, Schwarz D, Wadsworth MH, Saeij JP, Shalek AK, Lourido S.

2020. Identification of a master regulator of differentiation in Toxo-
plasma. Cell 180:359-372.e16. https://doi.org/10.1016/j.cell.2019.12.013.

. Xue Y, Theisen TC, Rastogi S, Ferrel A, Quake SR, Boothroyd JC. 2020. A single-

parasite transcriptional atlas of Toxoplasma gondii reveals novel control of
antigen expression. Elife 9:e54129. https://doi.org/10.7554/eLife.54129.

. Behnke MS, Zhang TP, Dubey JP, Sibley L. 2014. Toxoplasma gondii mero-

zoite gene expression analysis with comparison to the life cycle discloses
a unique expression state during enteric development. BMC Genomics
15:350. https://doi.org/10.1186/1471-2164-15-350.

. Croken MM, Ma Y, Markillie LM, Taylor RC, Orr G, Weiss LM, Kim K. 2014.

Distinct strains of Toxoplasma gondii feature divergent transcriptomes
regardless of developmental stage. PLoS One 9:e111297. https://doi.org/
10.1371/journal.pone.0111297.

May/June 2022 Volume 10 Issue 3

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Microbiology Spectrum

Croken MM, Qiu W, White MW, Kim K. 2014. Gene Set Enrichment Analysis
(GSEA) of Toxoplasma gondii expression datasets links cell cycle progres-
sion and the bradyzoite developmental program. BMC Genomics 15:515.
https://doi.org/10.1186/1471-2164-15-515.

. Kim K. 2018. The epigenome, cell cycle, and development in Toxoplasma.

Annu Rev Microbiol 72:479-499. https://doi.org/10.1146/annurev-micro
-090817-062741.

Fisher RP. 2016. Getting to S: CDK functions and targets on the path to cell-
cycle commitment. F1000Res 5:2374. https://doi.org/10.12688/f1000research
9463.1.

Alvarez CA, Suvorova ES. 2017. Checkpoints of apicomplexan cell division
identified in Toxoplasma gondii. PLoS Pathog 13:€1006483. https://doi
.org/10.1371/journal.ppat.1006483.

Hawkins LM, Naumov AV, Batra M, Wang C, Chaput D, Suvorova ES. 2022.
Novel CRK-cyclin complex controls spindle assembly checkpoint in Toxo-
plasma endodyogeny. mBio 13:€0356121. https://doi.org/10.1128/mbio
.03561-21.

Roques M, Wall RJ, Douglass AP, Ramaprasad A, Ferguson DJP, Kaindama ML,
Brusini L, Joshi N, Rchiad Z, Brady D, Guttery DS, Wheatley SP, Yamano H,
Holder AA, Pain A, Wickstead B, Tewari R. 2015. Plasmodium P-Type cyclin
CYC3 modulates endomitotic growth during oocyst development in mosqui-
toes. PLoS Pathog 11:21005273. https://doi.org/10.1371/journal.ppat.1005273.
Radke JB, Lucas O, De Silva EK, Ma YFen, Sullivan WJ, Weiss LM, Llinas M,
White MW. 2013. ApiAP2 transcription factor restricts development of the
Toxoplasma tissue cyst. Proc Natl Acad Sci U S A 110:6871-6876. https://
doi.org/10.1073/pnas.1300059110.

Huang D, Friesen H, Andrews B. 2007. Pho85, a multifunctional cyclin-
dependent protein kinase in budding yeast. Mol Microbiol 66:303-314.
https://doi.org/10.1111/j.1365-2958.2007.05914.x.

LiuY, Hu H, Li Z. 2013. The cooperative roles of PHO80-like cyclins in regu-
lating the G1/S transition and posterior cytoskeletal morphogenesis in
Trypanosoma brucei. Mol Microbiol 90:130-146.

Wang G, Kong H, Sun Y, Zhang X, Zhang W, Altman N, DePamphilis CW,
Ma H. 2004. Genome-wide analysis of the cyclin family in Arabidopsis and
comparative phylogenetic analysis of plant cyclin-like proteins. Plant
Physiol 135:1084-1099. https://doi.org/10.1104/pp.104.040436.

Wang Z, Wilson WA, Fujino MA, Roach PJ. 2001. The yeast cyclins Pc16p
and Pc17p are involved in the control of glycogen storage by the cyclin-
dependent protein kinase Pho85p. FEBS Lett 506:277-280. https://doi
.org/10.1016/50014-5793(01)02914-3.

Ferreira da Silva M. d F, Barbosa HS, Gross U, Lider CGK. 2008. Stress-
related and spontaneous stage differentiation of Toxoplasma gondii. Mol
Biosyst 4:824-834. https://doi.org/10.1039/b800520f.

Ferreira-da-Silva M. d F, Rodrigues RM, Andrade E. F d, Carvalho L. d,
Gross U, Luder CGK, Barbosa HS. 2009. Spontaneous stage differentiation
of mouse-virulent Toxoplasma gondii RH parasites in skeletal muscle
cells: an ultrastructural evaluation. Mem Inst Oswaldo Cruz 104:196-200.
https://doi.org/10.1590/50074-02762009000200012.

Sugi T, Ma YF, Tomita T, Murakoshi F, Eaton MS, Yakubu R, Han B, Tu V, Kato
K, Kawazu S-, Gupta N, Suvorova ES, White MW, Kim K, Weiss LM. 2016. Toxo-
plasma gondii Cyclic AMP-dependent protein kinase subunit 3 is involved in
the switch from tachyzoite to bradyzoite development. mBio 7:¢00755-16.
https://doi.org/10.1128/mBi0.00755-16.

10.1128/spectrum.00702-22 17


https://doi.org/10.1016/S0140-6736(04)16412-X
https://doi.org/10.2147/DDDT.S60973
https://doi.org/10.2147/DDDT.S60973
https://doi.org/10.1016/j.biopha.2016.05.041
https://doi.org/10.1016/j.biopha.2016.05.041
https://doi.org/10.1038/nrneurol.2016.149
https://doi.org/10.1128/iai.62.5.1761-1767.1994
https://doi.org/10.1016/S0166-6851(03)00198-1
https://doi.org/10.1016/S0166-6851(03)00198-1
https://doi.org/10.1111/cmi.12342
https://doi.org/10.1007/s00018-018-2808-x
https://doi.org/10.1016/j.pt.2016.11.007
https://doi.org/10.1038/359082a0
https://doi.org/10.1016/j.mib.2020.09.009
https://doi.org/10.1007/s40588-016-0045-3
https://doi.org/10.1007/s40588-016-0045-3
https://doi.org/10.1128/mBio.01155-15
https://doi.org/10.1016/j.cell.2019.12.013
https://doi.org/10.7554/eLife.54129
https://doi.org/10.1186/1471-2164-15-350
https://doi.org/10.1371/journal.pone.0111297
https://doi.org/10.1371/journal.pone.0111297
https://doi.org/10.1186/1471-2164-15-515
https://doi.org/10.1146/annurev-micro-090817-062741
https://doi.org/10.1146/annurev-micro-090817-062741
https://doi.org/10.12688/f1000research.9463.1
https://doi.org/10.12688/f1000research.9463.1
https://doi.org/10.1371/journal.ppat.1006483
https://doi.org/10.1371/journal.ppat.1006483
https://doi.org/10.1128/mbio.03561-21
https://doi.org/10.1128/mbio.03561-21
https://doi.org/10.1371/journal.ppat.1005273
https://doi.org/10.1073/pnas.1300059110
https://doi.org/10.1073/pnas.1300059110
https://doi.org/10.1111/j.1365-2958.2007.05914.x
https://doi.org/10.1104/pp.104.040436
https://doi.org/10.1016/S0014-5793(01)02914-3
https://doi.org/10.1016/S0014-5793(01)02914-3
https://doi.org/10.1039/b800520f
https://doi.org/10.1590/s0074-02762009000200012
https://doi.org/10.1128/mBio.00755-16
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00702-22

Restriction Checkpoint in T. gondii

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Brown KM, Long S, Sibley LD. 2018. Conditional knockdown of proteins
using auxin-inducible degron (aid) fusions in Toxoplasma gondii. Bio Pro-
toc 8:2728. https://doi.org/10.21769/BioProtoc.2728.

Ferguson DJP, Sahoo N, Pinches RA, Bumstead JM, Tomley FM, Gubbels
M-J. 2008. MORN1 has a conserved role in asexual and sexual develop-
ment across the apicomplexa. Eukaryot Cell 7:698-711. https://doi.org/10
.1128/EC.00021-08.

Ouologuem DT, Roos DS. 2014. Dynamics of the Toxoplasma gondii inner
membrane complex. J Cell Sci 127:3320-3330.

Suvorova ES, Francia M, Striepen B, White MW. 2015. A novel bipartite
centrosome coordinates the apicomplexan cell cycle. PLoS Biol 13:
€1002093. https://doi.org/10.1371/journal.pbio.1002093.

Suvorova ES, Croken M, Kratzer S, Ting L-M, Conde de Felipe M, Balu B,
Markillie ML, Weiss LM, Kim K, White MW. 2013. Discovery of a splicing
regulator required for cell cycle progression. PLoS Genet 9:21003305.
https://doi.org/10.1371/journal.pgen.1003305.

Farrell M, Gubbels MJ. 2014. The Toxoplasma gondii kinetochore is
required for centrosome association with the centrocone (spindle pole).
Cell Microbiol 16:78-94. https://doi.org/10.1111/cmi.12185.

Farhat DC, Swale C, Dard C, Cannella D, Ortet P, Barakat M, Sindikubwabo
F, Belmudes L, De Bock P-J, Couté Y, Bougdour A, Hakimi M-A. 2020. A
MORC-driven transcriptional switch controls Toxoplasma developmental
trajectories and sexual commitment. Nat Microbiol 5:570-583. https://doi
.org/10.1038/s41564-020-0674-4.

Cabral CM, Tuladhar S, Dietrich HK, Nguyen E, MacDonald WR, Trivedi T,
Devineni A, Koshy AA. 2016. Neurons are the primary target cell for the
brain-tropic intracellular parasite Toxoplasma gondii. PLoS Pathog 12:
€1005447. https://doi.org/10.1371/journal.ppat.1005447.

Fischer HG, Nitzgen B, Reichmann G, Gross U, Hadding U. 1997. Host cells
of Toxoplasma gondii encystation in infected primary culture from mouse
brain. Parasitol Res 83:637-641. https://doi.org/10.1007/s004360050311.
Goerner AL, Vizcarra EA, Hong DD, Bergersen KV, Alvarez CA, Talavera
MA, Wilson EH, White MW. 2020. An ex vivo model of Toxoplasma recru-
descence. BioRxiv. 10.1101/2020.05.18.101931.

Mouveaux T, Roger E, Gueye A, Eysert F, Huot L, Grenier-Boley B, Lambert J-
C, Gissot M. 2021. Primary brain cell infection by Toxoplasma gondii reveals
the extent and dynamics of parasite differentiation and its impact on neuron
biology. Open Biol 11:210053. https://doi.org/10.1098/rsob.210053.

Xie C, Markesbery WR, Lovell MA. 2000. Survival of hippocampal and cort-
ical neurons in a mixture of MEM+ and B27-supplemented neurobasal
medium. Free Radic Biol Med 28:665-672. https://doi.org/10.1016/S0891
-5849(99)00268-3.

Blagosklonny MV, Pardee AB. 2002. The restriction point of the cell cycle.
Cell Cycle 1:103-110. https://doi.org/10.4161/cc.1.2.108.

Schwarz C, Johnson A, Kdivomédgi M, Zatulovskiy E, Kravitz CJ, Doncic A,
Skotheim JM. 2018. A precise Cdk activity threshold determines passage
through the restriction point. Mol Cell 69:253-264.e5. https://doi.org/10
.1016/j.molcel.2017.12.017.

Dalton S. 2015. Linking the cell cycle to cell fate decisions. Trends Cell Biol
25:592-600. https://doi.org/10.1016/j.tcb.2015.07.007.

Sindikubwabo F, Ding S, Hussain T, Ortet P, Barakat M, Baumgarten S,
Cannella D, Palencia A, Bougdour A, Belmudes L, Couté Y, Tardieux |, Botté CY,
Scherf A, Hakimi M-a. 2017. Modifications at K31 on the lateral surface of his-
tone H4 contribute to genome structure and expression in apicomplexan par-
asites. Elife 6:629391. https://doi.org/10.7554/eLife.29391.

Sullivan WJ, Narasimhan J, Bhatti MM, Wek RC, Jr. 2004. Parasite-specific elF2
(eukaryotic initiation factor-2) kinase required for stress-induced translation
control. Biochem J 380:523-531. https://doi.org/10.1042/BJ20040262.
Nasmyth K. 2001. A prize for proliferation. Cell 107:689-701. https://doi
.org/10.1016/50092-8674(01)00604-3.

Jerome ME, Radke JR, Bohne W, Roos DS, White MW. 1998. Toxoplasma gondii
bradyzoites form spontaneously during sporozoite-initiated development.
Infect Immun 66:4838-4844. https://doi.org/10.1128/IA1.66.10.4838-4844.1998.
Primo VA, Rezvani Y, Farrell A, Murphy CQ, Lou J, Vajdi A, Marth GT,
Zarringhalam K, Gubbels M-J, Jr. 2021. The extracellular milieu of Toxoplasma's
lytic cycle drives lab adaptation, primarily by transcriptional reprogramming.
mSystems 6:e0119621. https://doi.org/10.1128/mSystems.01196-21.

Augusto L, Wek RC, Sullivan WJ, Jr. 2021. Host sensing and signal transduction
during Toxoplasma stage conversion. Mol Microbiol 115:839-848. https://doi
.0rg/10.1111/mmi.14634.

May/June 2022 Volume 10 Issue 3

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Microbiology Spectrum

Aviles H, Stiles J, O'Donnell P, Orshal J, Leid J, Sonnenfeld G, Monroy F.
2008. Kinetics of systemic cytokine and brain chemokine gene expres-
sion in murine Toxoplasma infection. J Parasitol 94:1282-1288. https://
doi.org/10.1645/GE-1309.1.

Bohne W, Heesemann J, Gross U. 1993. Induction of bradyzoite-specific Toxo-
plasma gondii antigens in gamma interferon-treated mouse macrophages.
Infect Immun 61:1141-1145. https://doi.org/10.1128/iai.61.3.1141-1145.1993.
Martorelli Di Genova B, Wilson SK, Dubey JP, Knoll LJ. 2019. Intestinal delta-6-
desaturase activity determines host range for Toxoplasma sexual reproduc-
tion. PLoS Biol 17:23000364. https://doi.org/10.1371/journal.pbio.3000364.
Sasai M, Yamamoto M. 2019. Innate, adaptive, and cell-autonomous immunity
against Toxoplasma gondii infection. Exp Mol Med 51:1-10. https://doi.org/10
.1038/512276-019-0353-9.

Uboldi AD, McCoy JM, Blume M, Gerlic M, Ferguson DJP, Dagley LF,
Beahan CT, Stapleton DI, Gooley PR, Bacic A, Masters SL, Webb Al,
McConville MJ, Tonkin CJ. 2015. Regulation of starch stores by a Ca(2+)-
dependent protein kinase is essential for viable cyst development in Tox-
oplasma gondii. Cell Host Microbe 18:670-681. https://doi.org/10.1016/j
.chom.2015.11.004.

Augusto L, Martynowicz J, Amin PH, Carlson KR, Wek RC, Sullivan WJ.
2021. TglF2K-B is an elF2alpha kinase in Toxoplasma gondii that responds
to oxidative stress and optimizes pathogenicity. mBio 12:e03160-20.
https://doi.org/10.1128/mBi0.03160-20.

Holmes MJ, Augusto L. d S, Zhang M, Wek RC, Sullivan WJ. 2017. Transla-
tional control in the latency of apicomplexan parasites. Trends Parasitol
33:947-960. https://doi.org/10.1016/j.pt.2017.08.006.

Joyce BR, Tampaki Z, Kim K, Wek RC, Sullivan WJ. 2013. The unfolded protein
response in the protozoan parasite Toxoplasma gondii features translational
and transcriptional control. Eukaryot Cell 12:979-989. https://doi.org/10.1128/
EC.00021-13.

Konrad C, Queener SF, Wek RC, Sullivan WJ. 2013. Inhibitors of elF2alpha
dephosphorylation slow replication and stabilize latency in Toxoplasma
gondii. Antimicrob Agents Chemother 57:1815-1822. https://doi.org/10
.1128/AAC.01899-12.

Roos DS, Donald RG, Morrissette NS, Moulton AL. 1994. Molecular tools for
genetic dissection of the protozoan parasite Toxoplasma gondii. Methods Cell
Biol 45:27-63.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Res 32:1792-1797. https://doi
.0rg/10.1093/nar/gkh340.

Saitou N, Nei M. 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 4:406-425.

Felsenstein J. 1981. Evolutionary trees from DNA sequences: a maximum likeli-
hood approach. J Mol Evol 17:368-376. https://doi.org/10.1007/BF01734359.
Schliep KP. 2011. phangorn: phylogenetic analysis in R. Bioinformatics 27:
592-593. https://doi.org/10.1093/bioinformatics/btq706.

Yu G. 2020. Using ggtree to visualize data on tree-like structures. Curr Pro-
toc Bioinformatics 69:96.

Shen B, Brown KM, Lee TD, Sibley LD. 2014. Efficient gene disruption in
diverse strains of Toxoplasma gondii using CRISPR/CAS9. mBio 5:e01114-
14. https://doi.org/10.1128/mBio.01114-14.

Suvorova ES, Lehmann MM, Kratzer S, White MW. 2012. Nuclear actin-related
protein is required for chromosome segregation in Toxoplasma gondii. Mol
Biochem Parasitol 181:7-16. https://doi.org/10.1016/j.molbiopara.2011.09.006.
Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner with
low memory requirements. Nat Methods 12:357-360. https://doi.org/10
.1038/nmeth.3317.

Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT, Salzberg SL.
2015. StringTie enables improved reconstruction of a transcriptome from
RNA-seq reads. Nat Biotechnol 33:290-295. https://doi.org/10.1038/nbt.3122.
Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15:550.
https://doi.org/10.1186/513059-014-0550-8.

Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S,
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M,
Walzer M, Wang S, Brazma A, Vizcaino JA. 2022. The PRIDE database resour-
ces in 2022: a hub for mass spectrometry-based proteomics evidences.
Nucleic Acids Res 50:D543-D552. https://doi.org/10.1093/nar/gkab1038.

10.1128/spectrum.00702-22 18


https://doi.org/10.21769/BioProtoc.2728
https://doi.org/10.1128/EC.00021-08
https://doi.org/10.1128/EC.00021-08
https://doi.org/10.1371/journal.pbio.1002093
https://doi.org/10.1371/journal.pgen.1003305
https://doi.org/10.1111/cmi.12185
https://doi.org/10.1038/s41564-020-0674-4
https://doi.org/10.1038/s41564-020-0674-4
https://doi.org/10.1371/journal.ppat.1005447
https://doi.org/10.1007/s004360050311
https://doi.org/10.1101/2020.05.18.101931
https://doi.org/10.1098/rsob.210053
https://doi.org/10.1016/S0891-5849(99)00268-3
https://doi.org/10.1016/S0891-5849(99)00268-3
https://doi.org/10.4161/cc.1.2.108
https://doi.org/10.1016/j.molcel.2017.12.017
https://doi.org/10.1016/j.molcel.2017.12.017
https://doi.org/10.1016/j.tcb.2015.07.007
https://doi.org/10.7554/eLife.29391
https://doi.org/10.1042/BJ20040262
https://doi.org/10.1016/S0092-8674(01)00604-3
https://doi.org/10.1016/S0092-8674(01)00604-3
https://doi.org/10.1128/IAI.66.10.4838-4844.1998
https://doi.org/10.1128/mSystems.01196-21
https://doi.org/10.1111/mmi.14634
https://doi.org/10.1111/mmi.14634
https://doi.org/10.1645/GE-1309.1
https://doi.org/10.1645/GE-1309.1
https://doi.org/10.1128/iai.61.3.1141-1145.1993
https://doi.org/10.1371/journal.pbio.3000364
https://doi.org/10.1038/s12276-019-0353-9
https://doi.org/10.1038/s12276-019-0353-9
https://doi.org/10.1016/j.chom.2015.11.004
https://doi.org/10.1016/j.chom.2015.11.004
https://doi.org/10.1128/mBio.03160-20
https://doi.org/10.1016/j.pt.2017.08.006
https://doi.org/10.1128/EC.00021-13
https://doi.org/10.1128/EC.00021-13
https://doi.org/10.1128/AAC.01899-12
https://doi.org/10.1128/AAC.01899-12
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/BF01734359
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1128/mBio.01114-14
https://doi.org/10.1016/j.molbiopara.2011.09.006
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkab1038
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00702-22

	RESULTS
	Toxoplasma G1 kinase TgCrk2 interacted with multiple cyclins.
	TgCycP1 negatively affected bradyzoite differentiation.
	TgCycP2 regulates G1 phase progression in ME49 tachyzoites.
	Cyclin TgCycP2 was cyclically expressed in developing bradyzoites.
	Cyclin TgCyc5 was required for bradyzoite differentiation in vitro.
	Toxoplasma restriction checkpoint controlled the parasite development in isolated rat brain cells.

	DISCUSSION
	MATERIALS AND METHODS
	Parasite cell culture.
	Rat embryonic brain cell cultures and infections.
	Phylogenetic analysis.
	Construction of the transgenic strains.
	RHΔKu80Δhxgprt AtTIR1 TgCycP2AID-HA and RHΔKu80Δhxgprt AtTIR1 TgCyc5AID-HA strains.
	ME49ΔKu80Δhxgprt AtTIR1 TgCycP2AID-HA and ME49ΔKu80Δhxgprt AtTIR1 TgCyc5AID-HA strains.
	ME49ΔKu80ΔAtTIR1ΔTgCyc5 strain.
	Parasite transfection.
	Western blotting.
	Immunofluorescence analysis.
	Plaque assay.
	In vitro bradyzoite assay.
	RNA-seq analysis sample preparation.
	RNA-Seq library preparation and sequencing.
	Data analysis.
	Proteomic analysis sample preparation.
	Mass spectrometry.
	Data analysis.
	Data accessibility.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

