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Toxoplasma, an important intracellular parasite of humans and animals, causes
life-threatening toxoplasmosis in immunocompromised individuals. Although
Toxoplasma secretory proteins during acute infection (tachyzoite, which
divides rapidly and causes inflammation) have been extensively characterized,
those involved in chronic infection (bradyzoite, which divides slowly and is
surrounded by a cyst wall) remain uncertain. Regulation of the cyst wall is
essential to the parasite life cycle, and polysaccharides, such as chitin, in the
cyst wall are necessary to sustain latent infection. Toxoplasma secretory proteins
during the bradyzoite stage may have important roles in regulating the cyst wall
via polysaccharides. Here, we focused on characterizing the hypothetical T.
gondii chitinase, chitinase-like protein 1 (TgCLP1). We found that the chitinase-
like domain containing TgCLP1 is partially present in the bradyzoite microneme
and confirmed, albeit partially, its previous identification in the tachyzoite
microneme. Furthermore, although parasites lacking TgCLP1 could convert
from tachyzoites to bradyzoites and make an intact cyst wall, they failed to
convert from bradyzoites to tachyzoites, indicating that TQCLP1 is necessary for
bradyzoite reactivation. Taken together, our findings deepen our understanding
of the molecular basis of recrudescence and could contribute to the
development of novel strategies for the control of toxoplasmosis.
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Introduction

Toxoplasmosis is a zoonotic disease caused by Toxoplasma
gondii, an obligate intracellular protozoan parasite (Boothroyd,
2009; Dubey, 2010). Although the percentage of seropositive
individuals varies by country and dietary habits, it is estimated
that more than 30% of the world’s population is infected with T.
gondii (E1-On and Peiser, 2003; Pappas et al., 2009). In most cases,
T. gondii infection is asymptomatic; however, in the
immunocompromised individuals, it leads to severe symptoms,
such as hepatitis, encephalitis, and myocarditis (Schliiter and
Barragan, 2019; Loeches Yagiie et al., 2023). In addition, parasite
infection can cause severe congenital disease in newborn babies
born from individuals who contracted the infection for the first time
during pregnancy (Weitberg et al., 1979; Frenkel and Remington,
1980; Montoya and Remington, 2008). Furthermore, T. gondii is
one of the top five human pathogens that causes economic losses
and quality-of-life impairment via foodborne illness in the United
States (Batz et al., 2012). Therefore, T. gondii is an important global
zoonotic pathogen.

Within intermediate hosts, which include all warm-blooded
animals apart from members of Felidae, T. gondii tachyzoites spread
through the whole body and infect various organs during acute
infection (Dubey, 2009). Although the parasite is eliminated from
most organs by host innate immunity (Macmicking, 2012;
Gazzinelli et al,, 2014), T. gondii persists in specific organs, such
as muscles and brain, and differentiates from tachyzoites into
bradyzoites to cause chronic infection and form cysts (Robert-
Gangneux and Darde, 2012; Watts et al,, 2015). Bradyzoite cysts
remain in the body throughout the host’s life because there are no
therapeutic options against the cysts, and they can be reactivated
upon host immune depression. In addition, treatment with existing
anti-toxoplasmosis drugs, such as pyrimethamine, sulfadiazine, and
atovaquone, leads to parasite conversion from tachyzoites to
bradyzoites, even though the drugs effectively inhibit tachyzoite
growth (Ferguson et al, 1994; Gormley et al, 1998; Alday and
Doggett, 2017). Furthermore, it has recently been revealed that
chronic infection with T. gondii in otherwise healthy individuals
may cause other diseases, including depression (Sutterland et al.,
2015; Cheng et al., 2020). Given the health and economic burden
posed by T. gondii, next-generation drugs that can regulate chronic
infection are needed.

T. gondii secretes various proteins from secretory organelles—
namely, micronemes, dense granules, and rhoptries—into host cells
to promote efficient intracellular parasite growth and spread
infection in the host (Hunter and Sibley, 2012; Hakimi et al,
2017; Bando et al., 2018a). The functions and virulence
mechanisms of these proteins during the tachyzoite stage have
been extensively analyzed. For example, the microneme proteins
(MICs) MIC1, MIC4, and MIC6 form a complex and play an
important role in parasite attachment to host cells (Costa
Mendonga-Natividade et al., 2020a, b; Zhu et al., 2021). Apical
membrane antigen-1 (AMA1), another microneme protein, is
involved in intracellular invasion (Santos et al., 2011). Dense
granule proteins (GRAs), such as GRA6, GRA7, GRA14, and
GRA15, activate host immune responses and the inflammasome
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(Gov et al,, 2013; Gorfu et al,, 2014). T. gondii inhibitor of STATI-
dependent transcription (TgIST), another dense granule protein,
suppresses the activation of host innate immune responses by
blocking STATI signaling (Olias et al., 2016). Rhoptry bulb
proteins (ROPs) ROP5, ROP17, and ROP18 form a complex and
protect parasitophorous vacuoles (PVs) from the recruitment of
interferon-dependent anti-parasitic molecules like IRG and GBPs
(Fentress et al., 2010; Steinfeldt et al., 2010; Behnke et al., 2011;
Reese et al., 2011; Rosowski and Saeij, 2012; Jensen et al., 2013;
Alaganan et al., 2014; Etheridge et al., 2014; Rosowski et al., 2014;
Gay et al., 2016; Olias et al., 2016). ROP2 forms the AMA1-ROP2
complex, which has an important role in intracellular invasion
(Roozbehani et al., 2018).

In contrast to the proteins used in the tachyzoite stage, the
secretory proteins produced in the bradyzoite stage have not been
extensively analyzed. For example, the functions of bradyzoite-
secreted proteins such as MIC3 and bradyzoite rhoptry protein 1
(BRP1) are unclear because parasites deficient for these proteins did
not show a phenotype (Cérede et al., 2002; Schwarz et al., 2005). The
products of a family of T. gondii genes related to GRA12 are secreted
in both the tachyzoite and bradyzoite stage, and these proteins have
been linked to cyst burden and cyst reactivation; however, their
mechanisms of action remain unknown (Guevara et al., 2021). In
addition, although more than 100 putative bradyzoite-secreted
effectors were recently identified by transcriptome analysis, only the
cyst wall components BPK1 and MCP4 were characterized and most
of the putative bradyzoite-secreted effectors remain uncharacterized
(Buchholz et al., 2011). Analyses of the proteins secreted during the
bradyzoite stage are important to facilitate the development of novel
anti-toxoplasma curative drugs.

Here, we focused on chitinase-like protein 1 (CLPI;
TGME49_293770). Although TgCLP1 is secreted in both the
tachyzoite and bradyzoite stages, we could not find any notable
role for TgCLP1 in the tachyzoite stage. In addition, TgCLP1 did
not affect cyst formation. In contrast, we found that TgCLP1 has an
important role in bradyzoite reactivation. Our study thus identified
a novel protein involved in the cyst burden.

Materials and methods
Mice, cells and parasites

BALB/c mice were obtained from Japan SLC. Vero cells (RIKEN
BioResource Research Center: RCB0001) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Nacalai Tesque)
containing 10% heat-inactivated fetal bovine serum (FBS; JRH
Bioscience), 100 U/mL penicillin, and 0.1 mg/mL streptomycin.
HFFs (ATCC; SCRC-1041) were maintained in RPMI (Nacalai
Tesque) supplemented with 2% heat-inactivated FBS, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin (Nacalai Tesque).

T. gondii strain PruAku80Ahxgprt or PruAku80Ahxgprt LDH2-
GFP, which expresses GFP under the control of a bradyzoite-
specific gene LDH2 promoter (Fox et al., 2011) was maintained
in Vero cells in DMEM containing 10% heat-inactivated FBS (JRH
Bioscience), 100 U/mL penicillin, and 0.1 mg/mL streptomycin, as
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previously described (Bando et al., 2019) and was used as a parental
strain for protein tagging and gene disruption.

Reagents

An antibody against rabbit anti-MIC2-associated protein
(M2AP) was kindly provided by Dr. Vern B. Carruthers (John
Hopkins University, Baltimore, MD, USA). Mouse anti-CST1
(SalmonE) was kindly provided by Dr. Louis M. Weiss (Albert
Einstein College of Medicine, Bronx, NY, USA). DBA-FITC was
obtained from EY Laboratories. Succinylated wheat germ agglutinin
(sSWGA)-FITC was obtained from Vector Laboratories. Anti-SAG1
monoclonal antibody (mAb; TP3) was obtained from HyTest. Anti-
GAP45 polyclonal antibody (pAb) was kindly provided by Dr.
Dominique Soldati-Favre (University of Geneva, Geneva,
Switzerland). Anti-GFP pAb was obtained from MBL.

In vitro bradyzoite differentiation assay

In vitro bradyzoite differentiation was performed as previously
described (Bando et al., 2021). Briefly, confluent HFFs were infected
with tachyzoites and incubated in DMEM (pH 7.2) supplemented
with 5% FBS, L-glutamine, penicillin, and streptomycin (normal
media) with 5% CO,. Three hours post-infection, wells were washed
with PBS and cultured in DMEM adjusted to pH 8.3 with 25 mM
HEPES, 1% FBS, and penicillin-streptomycin (induction media) for
3-7 days without CO, supplementation.

Generation of recombinant TgCLP1 protein

RNA was extracted using Trizol (Life Technologies) and isolated
with the SV Total RNA Isolation System (Promega) according to the
manufacturer’s protocol. Then, the cDNA library was created by
using SuperScript III Reverse Transcriptase (Invitrogen). The C-
terminal 900 bp of the TgCLP1 coding sequence were amplified by
polymerase chain reaction (PCR) from cDNA from the
PruAku80Ahxgprt strain and inserted into the pGEX-6P-2 vector.
BL21 competent Escherichia coli were transformed with the TgCLP1-
fused vector and grown in LB medium supplemented with 50 pg/mL
ampicillin for 3 h at 37°C, then IPTG (final concentration: 1 mM) was
added and incubated for 16 h at 28°C. The cells were centrifuged at
1,100 xg for 5 minutes, resuspended in sonication buffer (Triton X-
100 diluted 1:100 in PBS), and sonicated on ice (30 s of sonication
followed by 30 s on ice, repeated 8 times). GST tag-fused recombinant
CLP1 was expressed in E. coli and purified by GST pull-down using
Glutathione Sepharose 4B (GE Healthcare) according to the
manufacturer’s protocol.

Production of polyclonal anti-
TgCLP1 antibody

The recombinant protein (50 ug) was emulsified in an equal
volume of TiterMax Gold (TiterMax) and subcutaneously injected
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into 6-week-old female BALB/c mice three times every week.
Antisera were collected 4 weeks after the first immunization and
used for western blotting.

Generation of TgCLP1-HA or Myc-TgCLP1-
HA parasites

Genomic DNA was isolated from the PruAku80Ahxgprt or
PruAku80Ahxgprt LDH2-GFP strain with a QIAamp DNA Mini
Kit (QIAGEN). To generate TgCLP1-HA or Myc-TgCLP1-HA
parasites, 2 kb of the TgCLP1 sequence from the 3’ end were
amplified by PCR and cloned into the pMini.ht. C-HA vector
between the EcoRI and EcoRV sites (pTgCLP1-HA). Then, a Myc
tag was added to the pMiniht. C-HA vector (pMyc-TgCLP1-HA).
pTgCLP1-HA or pMyc-TgCLP1-HA was linearized, and then
transfected as previously described (Bando et al., 2018b). T. gondii
tachyzoites were transfected with the linearized vector by
electroporation. TgCLP1-HA or Myc-TgCLP1-HA parasites were
selected based on the presence of a selectable marker, the
hypoxanthine-xanthine-guanine phosphoribosyltransferase
(HXGPRT) cassette, in DMEM containing 20 pg/mL mycophenolic
acid and 50 pg/mL xanthine. Selected parasites were cloned by
limiting dilution, and integration of the vector at the TgCLP1 locus
was verified by PCR.

Western blot analysis

Tachyzoites were obtained from infected cells by syringe lysis
and passage through a filter (5 uM). Bradyzoites were obtained by
syringe lysis of parasite-infected cells that had been prepared as
described above. The parasites were centrifuged at 2,000 xg for 5
minutes, then the pellets were resuspended in sodium dodecyl sulfate
(SDS) sample buffer after washing with PBS, and boiled for 5
minutes. The samples were separated by SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride
membrane for protein blotting (Bio-RAD). The membranes were
blocked with Blocking One reagent (Nacalai Tesque), following the
manufacturer’s instructions, and incubated with the primary
antibodies anti-HA (3F10; Roche), anti-BAGI, anti-ALD1, or anti-
TgCLP1 in 5% Blocking One reagent in PBS (BO-PBS) overnight at
4°C. After they were washed three times with 0.1% Tween in PBS,
the membranes were incubated with horseradish peroxidase-
conjugated goat anti-rat, donkey anti-rabbit, or sheep anti-mouse
antibodies (GE Healthcare) for 1 h at room temperature.

Immunofluorescence assay

Infected cells were fixed on coverslips with 4% paraformaldehyde
in phosphate buffer (PFA) for 30 minutes at 4°C and permeabilized
with 0.2% Triton X-100, 0.1% glycine, and 0.2% bovine serum
albumin in PBS for 5 minutes at room temperature and then
blocked with 8% FBS in PBS for 1 h at room temperature. Next,
the cells were incubated with the indicated primary antibodies for 1 h
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at 37°C, followed by incubation with secondary antibodies (Alexa
488- or Alexa 546-conjugated goat anti-rat, anti-mouse, or anti-rabbit
IgG; Invitrogen) and DAPI. Coverslips were mounted with
Fluorescence Mounting Medium (Dako). Photomicrographs were
taken with a TCS SP5 confocal microscope (Leica) or BZ-X800 All-
in-One Fluorescence Microscope (KEYENCE).

Generation of TgCLP1 knock-out parasites
by use of CRISPR/Cas9 genome editing

The plasmid pSAG1::Cas9-U6::sgUPRT, which encodes the Cas9
nuclease (GFP fusion) under the control of the T. gondii SAG1
promoter, was obtained from Addgene (plasmid 54467). The
TgCLP1-targeting CRISPR/Cas9 plasmid (pSAG1::Cas9-U6::
sgTgCLP-1) was constructed as previously described (Bando et al,
2018b). To obtain the targeting vector, we amplified 2 kb of the
upstream and downstream sequences of the TgCLP1 gene from the
genomic DNA of PruAku80Ahxgprt LDH2-GFP strain and the drug-
resistant marker HXGPRT cassette was amplified from the pMini.ht.C-
HA vector. These fragments were fused into the pBluescript KS (-)
vector with the In-Fusion HD Cloning Kit (Clontech). Before
transfection, the vector was linearized with Spel and Kpnl. T. gondii
tachyzoites were transfected with the linearized vector using Basic
Parasite Nucleofector Kit 1 and protocol U-030 (Lonza). TgCLP1
knock-out (TgCLP1-KO) parasites were selected based on the presence
of the HXGPRT cassette, as described above. Selected parasites were
cloned by limiting dilution, and integration of the vector at the TgCLP1
locus was verified by PCR. Deletion of the TgCLP1 protein was
confirmed by western blotting with anti-TgCLP1 mouse antisera.

Complementation of the TgCLP1-
KO parasite

Two plasmids were used to generate the TgCLP1 complement
plasmid. Plasmid I was pSAG1::cas9-U6::UPRT. Plasmid II was the
pBluescript-UPRT vector containing the whole TgCLP1 coding
sequence amplified by PCR from the ¢cDNA of the
PruAku80Ahxgprt LDH2-GFP strain. After PCR and sequence
checking, these plasmids were transfected into the TgCLP1-KO
parasite. To select TgCLP1 complemented parasites, the transfected
parasites were cultured with medium containing 5-fluorouracil
(final concentration: 5 yM). After three passages, parasites were
cloned by limiting dilution. Integration of the vector at theTgCLP1
locus was verified by PCR. Expression of the TgCLP1 protein was
confirmed by western blotting with anti-TgCLP1 mouse antisera.

T. gondii invasion assay

The invasion assay was performed as previously described
(Bando et al., 2018a). Briefly, tachyzoites purified from host cells
were inoculated into HFFs in 12-well plates containing coverslips.
The plates were incubated at 4°C for 15 minutes and then 37°C for 3
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h to allow parasite invasion. After incubation, the cells were fixed
with 4% PFA. A standard non-permeabilized immunofluorescence
assay (IFA) was performed by incubating the extracellular parasites
with an anti-SAG1 mAb, and then the cells were permeabilized as
described above and incubated with the anti-GAP45 pAb. After
being washed with 0.1% Tween in PBS, the cells were incubated
with secondary antibodies: Alexa 546-conjugated goat anti-mouse
IgG for extracellular parasites and Alexa 488-conjugated goat anti-
mouse IgG for intracellular parasites. For each experiment, at least
100 parasites were counted and the numbers of extracellular
parasites (red) and intracellular parasites (green) were calculated.

T. gondii intracellular replication assay

The intracellular replication assay was performed as described
previously (Bando et al,, 2019). Briefly, freshly egressed parasites were
allowed to invade HFFs grown in 12-well plates containing coverslips
for 1 h. The wells were then washed with normal medium to remove
extracellular parasites. The parasites were allowed to grow for 24 h at
37°C and then the cells were fixed with 4% PFA. An IFA using anti-
GAP45 pAb was performed to stain the intracellular parasites, and the
number of parasites per vacuole was scored. For each condition, 100
vacuoles were counted in three independent replicates.

Plaque assay and measurement of
parasitophorous vacuole size

The plaque assay was performed as described previously (Bando
etal, 2021). Briefly, confluent monolayers of HFFs grown in 6-well
plates were infected with 100 parasites/well and incubated for 8 days
at 37°C in 5% CO,. Then, the cells were washed twice with PBS,
fixed with 2.5% glutaraldehyde-2% paraformaldehyde in phosphate
buffer, fixed with 8% PFA, and stained as described above. After
they were washed three times, the cells were stained with 0.1%
crystal violet at room temperature for 10 minutes. Plaque size was
analyzed using Image J. PV size was measured using a BZ-X800 All-
in-One Fluorescence Microscope (KEYENCE).

Bradyzoite reactivation assay

To induce in vitro bradyzoite differentiation, parasites were grown
in induction medium as described above. After 4 days, the incubation
medium was changed and the T. gondii was incubated for 24 h in
normal medium to induce bradyzoite reactivation. Then, the cells were
fixed with 4% PFA and permeabilized as described above for IFA.
Tachyzoites were stained with anti-SAG1 mAb (red). Bradyzoites were
stained with o-GFP mADb (green). RFP-positive parasites are defined as
reactivated parasites. GFP-positive parasites are defined as non-
reactivated parasites. The cyst wall was stained with o-CST mAb. To
measure the rate of non-reactivated parasites, at least 100 vacuoles were
counted, and the numbers of GFP-positive parasites per CST1-positive
vacuoles were calculated.
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Assessment of in vivo virulence in mice

Mice were intraperitoneally infected with 2.0 x 10° T. gondii
tachyzoites in 200 UL of PBS per mouse. Survival rates (25 days) and
weight (10 days) were measured daily.

Statistical analysis

All statistical analyses were performed using Prism 7
(GraphPad) or Excel (Microsoft). All experimental points and n
values represent the average of three biological replicates (three
independent experiments). The statistical significance of differences
in mean values was analyzed by using an unpaired two-tailed
Student’s t-test. P values less than 0.05 were considered
statistically significant. The statistical significance of differences in
survival times of mice between two groups was analyzed by using
the Kaplan-Meier survival analysis log-rank test.

Results

The expression patterns of four previously
uncharacterized bradyzoite-
secreted proteins

A previous study predicted the existence of hundreds of
bradyzoite-secreted proteins based on a transcriptomic analysis of in
vivo and in vitro T. gondii bradyzoites (Buchholz et al., 2011). However,
analyses of the protein expression patterns, localization, and functions
of these proteins have not been conducted. Then, we performed
localization analyses by selecting 14 genes with high expression levels
in bradyzoite. As a result, we successfully generated four kinds of
genetically modified parasites. Thus, we focused on four
uncharacterized bradyzoite-secreted proteins: gene accession
numbers TGME49_093770, TGME49_022330, TGME49_062930,
and TGME49_112950. To determine the expression patterns of these
proteins, we inserted an HA-epitope tag endogenously into the C-
terminus of each target gene using T. gondii type II strain
PruAku80Ahxgprt LDH2-GFP (Figure 1A). Then, the expression of
these C-terminal HA-tagged proteins in tachyzoites and bradyzoites
was analyzed (Figure 1B). We first confirmed that the proteins encoded
by TGME49_022330, TGME49_062930, and TGME49_112950 were
expressed in both the tachyzoite and bradyzoite stages (Figure 1B).
TGME49_093770, also called T. gondii chitinase-like protein 1
(TgCLP1), has previously been detected in only tachyzoites (Huynh
et al, 2009); however, we confirmed that it is also expressed in
bradyzoites (Figure 1B). The properties of TGME49_022330,
TGME49_062930, and TGME49_112950 are largely unknown,
whereas TgCLP1 has a chitinase-like domain. Previous studies
suggest that an interaction between the T. gondii cyst wall, which
contains chitin, and host chitinase is important to control chronic
infection (Nance et al,, 2012). Therefore, we hypothesized that TgCLP1
has an important role in the parasite life cycle, especially in chronic
infection and focused it in this study.
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C-terminal HA-tagged TgCLP1 localizes to
the microneme in both tachyzoites
and bradyzoites

A previous study revealed that C-terminal-tagged TgCLP1 localizes
to the microneme in tachyzoites (Huynh and Carruthers, 2009);
however, the localization of TgCLP1 in bradyzoites is unknown. To
determine the localization of TgCLP1 in bradyzoites, we generated C-
terminal HA-tagged TgCLP1 (TgCLP1-HA) parasites (Figure 2A). We
confirmed that TgCLP1-HA, albeit partially, colocalized with
microneme marker protein M2AP in tachyzoites (Figure 2B and
Supplementary Figure SIA), as previously reported (Huynh and
Carruthers, 2009). We also found that TgCLP1-HA localized to the
microneme in bradyzoites (Figure 2B and Supplementary Figure S1A).
We performed western blot analyses with an anti-HA antibody to
confirm the protein expression and molecular weight of HA-tagged
TgCLP1 (Figure 2C). Interestingly, two band sizes were detected despite
the predicted mass of TgCLP1 being approximately 75 kDa (ToxoDB).
One was a thick band with a molecular mass of approximately 30 kDa,
whereas the other was a thin band with a molecular mass of
approximately 75 kDa (Figure 2C). To exclude the possibility that the
HA tag was expressed with an extra protein, we performed western
blotting using anti-TgCLP1 antisera, which identified bands of three
sizes: 30 kDa, 45 kDa, and 75 kDa (Supplementary Figure 3C),
suggesting that although multiple introns exist in T¢CLPI, the TgClpl
protein is cleaved after translation rather than being alternative splicing.
We then performed a CLP1 domain analysis using ToxoDB, CDD/
SPARCELE: the conserved domain database in 2020, and SignalP 5.0. We
found the predicted signal peptide (residues 1-26) at the N-terminus,
and two additional domains: a chitinase domain-like domain (cd00325;
residues 130-322: e-value = 4e-19 by the CDD) and a large tegument
protein UL36-like domain (PHA03247; residues 321-542: e-value = 4e-
04 by the CDD) (Supplementary Figure S2A). The observed molecular
weight of each fragment obtained by western blotting and the predicted
motifs indicated that the cleavage site lies within the C-terminal UL36-
like domain, but no definite cleavage site on the domain was detected.
The previous study (Huynh and Carruthers, 2009) and our TgCLP1-HA
localization findings (Figure 2B), may have shown only the processed C-

terminal-domain protein.

Two processed TgCLP1 proteins show
different localization patterns in
tachyzoites and bradyzoites

Since our western blotting suggested that TgCLP1 is cleaved into
two fragments of 45 kDa and 30 kDa, we investigate whether each
fragment shows different subcellular localization. To determine the
localization of the N- or C-terminal-domain-containing TgCLP1
proteins, we generated N-terminal Myc-tagged and C-terminal HA-
tagged TgCLP1 (Myc-TgCLP1-HA) parasites (Figures 3A, B). Then,
we performed an IFA to detect the localization of each protein
(Figure 3C). We found that the N-terminal-domain-containing
TgCLP1 protein (Myc-TgCLP1) did not localize with the C-
terminal-domain-containing TgCLP1 protein (TgCLP1-HA). Myc-
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TgCLP1 was found in the cytosol in both tachyzoites and bradyzoites
( ), whereas TgCLP1-HA colocalized with M2AP ( ).
These results suggest that TgCLP1 does not exist exclusively within
micronemes, in addition, TgCLP1 undergoes cleaving after which the
30-kDa C-terminal fragment containing the large tegument protein
UL36-like domain remains in the microneme and the 45-kDa fragment
containing the chitinase-like protein is secreted into the cytosol.
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TgCLP1 is not involved in invasion or
intracellular replication during the
tachyzoite stage

The function of TgCLP1 is unclear in both the tachyzoite and
bradyzoite stages. To clarify the role of TgCLP1 during the tachyzoite
stage, we generated TgCLP1 knock-out (TgCLP1-KO) parasites
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TgCLP1 localizes in the microneme in both the tachyzoite and bradyzoite stages. (A) Scheme for generating T. gondii with a C-terminal HA-tagged CLP1 using
PruAku80Ahxgprt strain. The construct for inserting the HA-tag is integrated into the genomic sequence of the TgCLP1 gene through single-homologous
recombination. The recombination of the C-terminal HA-tagged TgCLP1 was verified by performing PCR using specific primers (P1-P4) shown in

and designed for the inserted sequence. (B, C) T. gondii with a C-terminal HA-tagged TgCLP1 was incubated in normal medium (for
tachyzoites) or alkaline medium (for bradyzoites). Then, the localization or expression of TgCLP1 was detected. (B) The expression of HA-tagged TgCLP1 was
detected by IFA. DAPI, nucleus (blue); M2AP, microneme marker (green); HA, TQCLP1 (red). (C) The expression of the CLP1 was detected in the parasite lysates
by western blotting. Parasite-specific ALD1 was used as a loading control, and bradyzoite-specific BAG1 was used to show the presence of bradyzoites

( ) and TgCLP1-KO parasites complemented with wild-type
TgCLP1 (TgCLP1-KO+TgCLP1) ( ,B). The
amplification of the coding region of TgCLP1 was not observed in the
TgCLP1-KO parasite, and the inserted allele containing HXGPRT was
only amplified from the TgCLP1-KO parasite ( ). The
deletion of TgCLP1 protein was confirmed by western blotting with
anti-TgCLP1 antisera (
can be divided into three main steps: invasion of the host cell,

). The tachyzoite stage

intracellular replication, and egress from the host cell ( )
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First, we tested whether TgCLP1 affected the invasion of T. gondii into
the host cell. We observed no difference in the numbers of wild-type,
TgCLP1-KO, and TgCLP1-KO+TgCLP1 T. gondii inside host cells 3 h
post-infection ( ), suggesting that TgCLP1 is not involved in
parasite invasion. Next, we tested whether TgCLP1 affects the
intracellular replication of T. gondii. The number of T. gondii per
vacuoles at 24 h post-infection did not differ among the wild-type,
TgCLP1-KO, and TgCLP1-KO+TgCLP1 parasites ( ), which

suggests that TgCLP1 is also not involved in intracellular replication.
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TgCLP1 is not involved in invasion or intracellular replication in the tachyzoite stage. (A) Scheme for generating a TgCLP1 knockout T. gondii using
PruAku80Ahxgprt LDH2-GFP strain. The construct for inserting the HXGPRT gene was integrated into the genomic sequence of the TgCLP1 gene through
single-homologous recombination. The red bar in TQCLP1 gene represents the region targeted by the sgRNA. The recombination was verified by performing
PCR. PCR was performed using specific primers (P9-P14) shown in and designed for the inserted sequence. (B, C) HFFs were infected with Wild-
type, TgCLP1-KO, or TgCLP1-KO+TgCLP1 T. gondii. (B) The T. gondii infection rate at 3 h post-infection was measured by IFA. (C) The T. gondii number per
vacuole at 24 h post-infection was measured by IFA. Immunofluorescence images are representative of three independent experiments. Indicated values are
means + s.d. (three biological replicates per group from three independent experiments) (B, C). N.S., not significant (Student's t-test)

TgCLP1 plays a minor role in egress during  smaller plaques than the wild-type or TgCLP1-KO+TgCLP1
the tachyzoite stage parasites at 6 days post-infection ( ). This result suggests
that TgCLP1 may be linked to egress during the tachyzoite stage. We

The ability to egress from host cells can be assessed by examining ~ showed that intracellular replication was not affected by the presence

the Iytic capacity of host cells ( ). Accordingly, we performed  or absence of TgCLP1 ( ). Therefore, we hypothesized that
a plaque assay and found that the TgCLP1-KO T. gondii produced  parasitophorous vacuole (PV) size was different between Wild-type
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Processed TgCLP1 proteins show different localization. (A) Scheme for generating T. gondii with N-terminal Myc and C-terminal HA-tagged TgCLP1
using PruAku80Ahxgprt strain. The construct for inserting the N-terminal Myc and C-terminal HA-tag was integrated into the genomic sequence of
the TgCLP1 gene through single-homologous recombination. (B) The recombination was verified by performing PCR using specific primers (P5-P8)

shown in

and designed for the inserted sequence. (C) T. gondii with N-terminal Myc and C-terminal HA-tagged TgCLP1 was

incubated in normal medium (for tachyzoites) or induction medium (for bradyzoites). The expression of Myc-tagged protein or HA-tagged protein
was detected by IFA. DAPI, nucleus (blue); Myc, Myc-tagged protein (green); HA, HA-tagged protein (red).

and TgCLP1-KO T. gondii. To test this hypothesis, we compared the
PV size of T. gondii with or without TgCLP1 ( ). We found
that the PV size of TgCLP1-KO T. gondii was larger than that of wild-
type or TgCLP1-KO+TgCLP1 parasites ( ). In addition,
TgCLP1-KO T. gondii spread slowly to host cells (

), supporting our finding on the effect of TgCLP1
deficiency on egress and PV size ( , B). Finally, we
examined the influence of TgCLP1 on T. gondii infection in mice
). We found no

) of the

mice infected with T. gondii regardless of TgCLP1 expression. These

using an in vivo acute infection model ( ,

difference in the survival ( ) or weight loss (

results indicate that, although TgCLP1 is involved in egress during

Frontiers in

the tachyzoite stage, its deficiency results in a moderate phenotype
and does not affect acute parasite infection in vivo.

TgCLP1 is not involved in cyst formation in
the bradyzoite stage

To clarify the contribution of TgCLP1 during the bradyzoite
stage, we assessed whether TgCLP1 expression is important for
tachyzoite to bradyzoite conversion. T. gondii tachyzoites were
cultured under alkaline stress conditions, and stage conversion
was confirmed by staining of the cyst wall glycoprotein CST1, a
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TgCLP1 is somewhat associated with egress during the tachyzoite stage. (A, B) HFF cells were infected with Wild-type, TgCLP1-KO, or TgCLP1-KO+TgCLP1
T. gondii. (A) Plaques were stained at 8 days post-infection. Plaque sizes were measured by using the Image J software. (B) The parasites vacuole size was
assessed at 3 days post-infection. The parasites vacuole sizes were measured by using the Image J software. Scale bar, 5um. (C, D) WT mice were infected
with Wild-type or TgCLP1-KO T. gondii. Survival rates (C) and weight (D) were analyzed. Indicated values are means + s.d. (three biological replicates per
group from three independent experiments) (A-D). *p < 0.05, (Log-rank test or Student's t-test).

bradyzoite-specific marker (Zhang et al., 2001). First, we compared
the stage conversion rates of wild-type and TgCLP1-KO T. gondii
by counting CST1-positive vacuoles (Figures 6A, B). We found that
the ratio of CST1-positive vacuoles was comparable between wild-
type and TgCLP1-KO parasites (Figure 6B). Furthermore, to
confirm whether cyst wall formation was normal in the absence
of TgCLP1, we investigated other cyst wall components by using
sWGA and DBA, which bind to cyst wall lectins (Figure 6C). Both
sWGA and DBA showed normal staining in wild-type and
TgCLP1-KO parasites (Figure 6C). These results suggest that
TgCLP1 is not involved in cyst formation in the bradyzoite stage.
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TgCLP1 is involved in
bradyzoite reactivation

In vitro bradyzoite reactivation for T. gondii has rarely been
studied; therefore, in the present study, we established an assay to
assess it (Figure 7A). Using our method, we confirmed that more than
90% of wild-type T. gondii differentiated into bradyzoites when
cultured under induction conditions, and more than 60% of
bradyzoites reactivated after reactivation stimulation (Figure 7B).
Then, we first tested localization of TgCLP1 in each stage by using
Myc-CLP1-HA T. gondii using this method (Supplementary Figure
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). During the early to mid-tachyzoite stages, Myc-tagged CLP1 is
present around the apical complex and on the surface of the parasite,
while towards the end of egress from host cells, it is also located around
the host cell membrane ( ). On the other
hand, during the bradyzoite stage, Myc-tagged CLP1 was only found
around the apical complex or surface of parasite, but after reactivation
stimulation, it also relocated to reside near the cyst wall
( ). Additionally, HA-tagged CLP1 was
found to be present at the apical complex throughout all stages
( , B). These results supported our finding
about C-terminal CLP1 cleavage, and suggested the present of N-
terminal CLP1 contains a signal peptide ( and

)- And also, these results suggested that CLP1 has some
interaction with the cyst wall during reactivation. Then, we next tested
whether TgCLP1 has an important role in reactivation from bradyzoite

to tachyzoite ( ). After reactivation stimulation, approximately

Wild-type

TgCLP1-KO

Wild-type

TgCLP1-KO

Wild-type
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FIGURE 6
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50% of wild-type T. gondii and 80% of TgCLP1-KO+TgCLP1 T. gondii
). In contrast, less than 10% of TgCLP1-KO
T. gondii were reactivated ( ). Taken together, these results
indicate that TgCLP1 has an important role in bradyzoite to

were reactivated (

tachyzoite conversion.

In the present study, we characterized T. gondii CLPI
(TGME49_293770). First, we showed that TgCLPI is expressed
during both the tachyzoite and bradyzoite stage. Then, we performed
phenotypic analyses using TgCLP1-KO T. gondii and found that
TgCLP1 plays an important role in bradyzoite reactivation.

T. gondii has unique life cycles in its tachyzoite and bradyzoite

stages in intermediate hosts ( ). Various stage-specific
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TgCLP1 is not involve in cyst formation in the bradyzoite stage. (A—C) HFF cells were infected with Wild-type or TgCLP1-KO T. gondii. Parasites
treated with induction medium for 4 days were analyzed by IFA. (A) The expression of CST1 was detected by IFA. DAPI, nucleus (blue); GFP,
bradyzoite marker (green); CST1, the cyst wall marker (red). (B) The ratio of CST1-positive vacuoles was counted. (C) The morphology of the cyst
wall was analyzed by using SWGA-FITC or DBA-FITC. Indicated values are means + s.d. (three biological replicates per group from three

independent experiments) (B) N.S., not significant (Student's t-test)
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FIGURE 7

TgCLP1 is required for bradyzoite reactivation. (A, B) Establishment of a reactivation assay. HFF cells were infected with T. gondii PruAku80Ahxgprt
LDH2-GFP. Parasites were treated with induction medium for 4 days post-infection (dpi). Then, T. gondii was incubated in normal medium for 1 day
RFP-positive parasites are defined as reactivated parasites. GFP-positive parasites are defined as non-reactivated parasites. (A) Images illustrating the
reactivation assay. (B) Representative IFA images at 4 or 5 dpi (left). The ratio of RFP- or GFP-positive parasites per CST1-positive vacuole was
counted by IFA. (C) HFF cells were infected with Wild-type, TgCLP1-KO, or TgCLP1-KO+TgCLP1 T. gondii, and incubated in induction medium for 4
days. Then, T. gondii was incubated in normal medium for 24 h The ratio of reactivated T. gondii after reactivation induction was calculated by IFA
(GFP-positive parasites per CST1-positive vacuole). Indicated values are means + s.d. (three biological replicates per group from three independent
experiments) (B, C). **p < 0.01, ***p < 0.001; N.S., not significant; (Student's t-test).

molecules, such as the parasite surface antigen SAGI, which is
expressed specifically in the tachyzoite stage (Opitz et al., 2002) and
the bradyzoite antigen BAG1, which is expressed specifically in the
bradyzoite stage (Tomavo et al., 1991), have long been investigated.
However, the functions of the small phenotypic genes expressed
throughout the life cycle of T. gondii have remained largely
unknown. In this study, TgCLP1 was found to be expressed
during both the tachyzoite and bradyzoite stages. We successfully
generated TgCLP1-KO T. gondii, indicating that TgCLP1 is not
essential in the tachyzoite stage. We could not find any effect of

Frontiers in Cellular and Infection Microbiology 12

TgCLP1 on host cell invasion or intracellular replication; a slight
effect on egress was found, however there was no effect on in vivo
acute infection. Furthermore, we found no effect of TgCLP1 on
stage conversion from tachyzoite to bradyzoite or on cyst wall
formation. Therefore, TgCLP1 may not be a promising drug target
for the acute phase of infection or for the prevention of
latent infection.

Although TgCLP1-KO T. gondii did not show any phenotype in
stage conversion from tachyzoite to bradyzoite, interestingly, we
found that TgCLP1 deficiency leads to significant inhibition of
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bradyzoite reactivation. Few studies on cyst burden have been
conducted, and the molecular mechanism of bradyzoite
reactivation is completely unknown. In this study, we succeeded
in finding this role of TgCLP1 by establishing an experimental
system to evaluate bradyzoite reactivation. Despite many people
being at risk of reactivation of latent T. gondii cysts, there is
currently no curative treatment available. Therefore, our
discovery that TgCLP1 regulates cyst reactivation represents a
conceptual advance in our understanding of how to control latent
T. gondii infection to prevent reactivation. In addition, the novel
experimental system we have established to evaluate bradyzoite
reactivation could be used to identify new drug targets in the future.

The wall of tissue cysts is formed from PVs. This wall can be
stained with periodic acid-Schiff, and the cyst wall lectins can bind
DBA and sWGA. These properties indicate that the cyst wall
contains polysaccharides, such as N-acetylgalactosamine, which
binds DBA, and N-acetylglucosamine, which binds sWGA. The
cyst wall can be digested with chitinase because it contains a chitin
B-1,4-linked polymer of N-acetylglucosamine (Boothroyd et al.,
1997; Weiss and Kim, 2000). A previous study showed that, upon
disruption of the predicted transporter of polysaccharides
(nucleotide-sugar transporter TgNST1), the cyst wall cannot be
stained with lectins due to the absence of glycosylation (Caffaro
etal., 2013). In addition, cyst formation in vivo can be inhibited by a
lack of TgNST1 (Caffaro et al,, 2013). These findings suggest that
the polysaccharides in the cyst wall play important roles in
sustaining latent infection.

In the present study, we showed that a chitinase-like protein is
required for bradyzoite reactivation, which suggests that the parasite
uses a chitinase-like protein to escape from cysts as part of its virulence
mechanism. Although several studies have identified triggers of cyst
formation and key factors to maintain the latent infection, there is little
information about bradyzoite reactivation. In vitro-generated
bradyzoites revert to tachyzoites upon the removal of the stress
agents used to induce bradyzoites, suggesting that cellular stress is
necessary to maintain cyst formation (Sullivan and Jeffers, 2012). It has
also been reported that latently infected parasites are reactivated when
the host immune system is suppressed with dexamethasone in in vivo
models (Nicoll et al., 1997; Dellacasa-Lindberg et al., 2007). In contrast,
TgCLP1 which we characterized here, is the first reported intrinsic
Toxoplasma trigger of bradyzoite to tachyzoite differentiation.

Previous work has demonstrated that the cyst wall can be
digested by exogenous chitinase, suggesting that T. gondii might
synthesize the N-acetylglucosamine polymer and transport it to the
cyst wall (Boothroyd et al., 1997). Other studies have suggested that
high expression of host chitinase can reduce the cyst formation in
the brain because the cyst wall, which may include chitin, was
digested (Nance et al, 2012). In this study we asked whether
endogenous TgCLP1 is required for the T. gondii life cycle, and
how TgCLP1 is used by T. gondii. We found that TgCLP1-KO T.
gondii only exhibited an obvious phenotype in bradyzoite
reactivation. This finding provides support for the presence of
chitin in the cyst wall, although the T. gondii chitin synthetase
has not yet been characterized. In addition, our finding suggests that
TgCLP1 may digest cyst wall chitin when the bradyzoite-inducing
stress is removed, facilitating parasite conversion from bradyzoite to
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tachyzoite, rapid division, egress from the PV, and transmission to
other cells. Further work is required to determine the direct
interaction between chitin in the cyst wall and TgCLP1.

Based on our analysis using NCBI's Conserved Domain
Database (CDD) and SignalP, it was predicted that TgCLP1
possesses an N-terminal signal sequence and a kinase domain in
the region from the central part to the N-terminus of the TgCLP1
protein (Supplementary Figure SIA). In addition, western blot
analysis using anti-TgCLP1 antibodies revealed that TgCLP1 is
cleaved into two fragments: a 45-kDa N-terminal fragment
containing the kinase domain and a 30-kDa C-terminal fragment
(Figure 4C). Furthermore, immunofluorescence analysis using an
IFA against the Myc-tagged N-terminal protein (chitinase domain-
like) showed that the 45-kDa fragment localizes to the cytoplasm of
the parasite, whereas an IFA against the HA-tagged C-terminal
protein (large tegument protein UL36-like) revealed that the 30-
kDa fragment localizes to the micronemes (Figure 3C). Taken
together, our findings indicate that translated TgCLP1 undergoes
translocation to the micronemes through the signal sequence at the
N-terminus and is subsequently cleaved into the 45-kDa and 30-
kDa fragments. Then, the 45-kDa fragment containing the kinase
domain relocalizes to the cytoplasm. If TgCLP1 does digest the cyst
wall, that would suggest that it should be secreted into the PV. We
demonstrated that TgCLP1 undergoes cleaving, and the predicted
active site of the chitinase in TgCLP1 is retained in the N-terminal
half of the TgCLP1 sequence. Therefore, the localization of the N-
terminus of TgCLP1 should also be determined in the future to
evaluate whether TgCLP1 is secreted upon recrudescence.

In summary, we revealed that TgCLP1 is involved in T. gondii
conversion from bradyzoites to tachyzoites. Our results suggest that
TgCLP1 may be a key factor in recrudescence in
immunosuppressed individuals. Moreover, our findings provide
insight into the mechanisms of latent infection and reactivation,
with implications for the development of strategies to treat
toxoplasmosis in immunocompromised individuals.
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SUPPLEMENTARY FIGURE 1
Images of parasitophorous vacuole. (A) Representative images of
parasitophorous vacuole in tachyzoite or bradyzoite stage.

SUPPLEMENTARY FIGURE 2

Sequence analysis of TgCLP1. (A) Organization of the TgCLP1 sequence. CLP1
domain analyses were performed by ToxoDB, CDD/SPARCLE, and SignalP
5.0. Blue: Signal peptide; residues 1-26. Red: Chitinase domain-like
(cd00325); residues 130-322, e-value = 4e-19. Green: large tegument
protein UL36-like (PHA03247); residues 321-542, e-value = 4e-04. E-
values were calculated by CDD.

SUPPLEMENTARY FIGURE 3

Complementation of TgCLP1 knockout parasites. (A) Scheme for generating a
TgCLP1 complement in TgCLP1 knockout T. gondii using PruAku80Ahxgprt
LDH2-GFP strain. The construct for inserting the wild-type TgCLP1 gene was
placed into the genomic sequence of the UPRT gene through single-
homologous recombination. The red bar in UPRT gene represents the
region targeted by the sgRNA. (B) The insertion of the wild-type TgCLP1
with the HA tag was verified by PCR with specific primers (P15-P18) of
inserting sequence. The complementation was verified by performing a
PCR using specific primers (P15-P18) shown in Table S1 and designed for
the inserted sequence. (C) Scheme for generating a TgCLP1 knockout T.
gondii using PruAku80Ahxgprt LDH2-GFP strain. The construct for inserting
the HXGPRT gene was integrated into the genomic sequence of the TgCLP1
gene through single-homologous recombination. The red bar in TgCLP1
gene represents the region targeted by the sgRNA. The recombination was
verified by western blotting. The expression of TgCLP1 was detected in the
parasite lysates by western blotting. Parasite-specific ALD1 was used as a
loading control. TgCLP1-KO, TgCLP1 knockout T. gondii; TgCLP1-KO
+TgCLP1, wild-type TgCLP1 complemented.

SUPPLEMENTARY FIGURE 4
Observation of parasite egress. (A) HFF cells were infected with Wild-type,
TgCLP1-KO, or TgCLP1-KO+TgCLP1 T. gondii. At 3 days post-infection,
parasite expansion was observed by use of fluorescence microscopy.
Representative images are provided in the figure. Hoechst, nucleus (blue);
RFP, tachyzoite (green).

SUPPLEMENTARY FIGURE 5

Time-resolved localization of TgCLP1. (A, B) T. gondii with N-terminal Myc
and C-terminal HA-tagged TgCLP1 was incubated in normal medium (for
tachyzoites) or induction medium (for bradyzoites). The expression of Myc-
tagged protein or HA-tagged protein was detected by IFA. DAPI, nucleus
(blue); Myc, Myc-tagged protein (green); HA, HA-tagged protein (red). (A) At
24 or 72 hours post-infection in the normal medium, tachyzoite stage
parasites were observed. (B) At 4 days post-infection in the induction
medium, bradyzoite stage non-activated parasites or activated parasites (12
hours reactivation) were observed.
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