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Simple Summary

Toxoplasma gondii, an apicomplexan parasite with a broad host range, undergoes efficient
proliferation through the unique endodyogeny during its tachyzoite stage, which is crit-
ical for triggering acute infections. As a specialized structure involved in T. gondii cell
division, the centrocone and the regulatory mechanisms of its associated proteins remain
incompletely elucidated. This study examined the functions of the centrocone protein
SMC_N1 by constructing a conditional knockdown strain using CRISPR-Cas9 combined
with the mini auxin-inducible degron (mAID) system. Immunofluorescence analysis (IFA)
demonstrated that SMC_N1 exhibited periodic expression, with peak levels during the
S phase and undetectable expression in the G1 phase. Depletion of SMC_N1 disrupted
the integrity of inner membrane complex (IMC) assembly, the process of endodyogeny,
and nuclear division. Additionally, SMC_N1 was involved in the stable inheritance of
centrosomes and apicoplasts. In conclusion, this study revealed that the centrocone protein
SMC_N1 is indispensable for the proliferation of T. gondii tachyzoites. Its unique expression
pattern and functional specificity not only expand our understanding of the regulatory
mechanisms underlying T. gondii cell division, but also provide a potential target for the
development of novel anti-Toxoplasma drugs targeting parasite proliferation.

Abstract

The highly efficient endodyogeny of tachyzoites is a key process driving acute infection
by Toxoplasma gondii. The centrocone is a specialized and critical structure for parasite cell
division, but the regulatory mechanisms of centrocone proteins in T. gondii remain poorly
understood. In this study, we characterized the centrocone protein SMC_N1, which exhib-
ited periodic expression in tachyzoites, peaking during the synthesis phase. Conditional
depletion of SMC_N1 was achieved in the type I RH strain and type II cyst-forming PRU
strain using the mAID system combined with CRISPR-Cas9. Depletion of SMC_N1 dis-
rupted IMC assembly, endodyogeny and nuclear division, as well as the stable inheritance
of the apicoplast and centrosome, resulting in severe defects in intracellular replication and
impaired tachyzoite growth. Collectively, these results indicate that SMC_N1 regulates
cell division by coordinating organelle inheritance and cytoskeletal dynamics, ensuring
proper replication of T. gondii tachyzoites and provide insights into mechanisms controlling
parasite proliferation.
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1. Introduction
Toxoplasma gondii (Nicolle and Manceaux, 1908), an apicomplexan parasite with a broad

host range, can infect nearly all warm-blooded animals and humans, and approximately
one-third of the world population is chronically infected [1,2]. The pathogenic potential
of this parasite largely depends on the efficient asexual reproduction of the tachyzoite
stage, which proliferates rapidly through a unique mode of endodyogeny, leading to
host tissue damage and disease progression [3,4]. The chronic phase of toxoplasmosis is
characterized by the formation of tissue cysts by the parasite. Existing therapeutic agents
have limited ability to penetrate these cysts to exert their efficacy, resulting in a lack of
specific therapeutic drugs for this phase. Furthermore, drug resistance associated with
prolonged medication further compromises treatment outcomes [5]. Clinically, current
interventions are largely restricted to symptomatic and supportive care, which fail to
completely eradicate the parasites [6]. Consequently, this therapeutic gap represents a
major challenge in the prevention and control of toxoplasmosis, highlighting the urgent
need for the development of targeted therapies.

T. gondii is capable of invading the nucleated cells of all warm-blooded animals [7].
Due to its incomplete metabolic machinery, the parasite is unable to replicate indepen-
dently in the extracellular environment and instead relies on host-derived nutrients, energy,
and organelles for proliferation [8]. Numerous organelles of T. gondii are indispensable
for host cell invasion and proliferation. Among these, micronemes secrete adhesion and
motility-related proteins, such as MIC2, which mediates the initial adhesion and gliding
motility between the parasite and host cells [9]. Rhoptries release ROP family proteins
that facilitate penetration of the host cell membrane and contribute to the biogenesis of the
parasitophorous vacuole (PV) [10]. Dense granules secrete GRA proteins that continuously
modify the PV membrane to evade host immune recognition signals [11]. The apicoplast
is involved in the synthesis of essential metabolites, including fatty acids, and its accu-
rate inheritance is required to maintain the normal proliferation cycle of the parasite [12].
The inner membrane complex (IMC), as the core of the cytoskeleton, maintains parasite
morphology and coordinates cell division [13]. The centrosome functions as the central
regulatory organelle for daughter cell division; its migration from the apical to the basal
side of the nuclear envelope marks the initiation of endodyogeny, and upon maturation,
it coordinates daughter cell budding [14]. Furthermore, the centrosome cooperates with
the apicoplast to ensure the synchrony of parasite division [15]. Through their coordinated
functions, these organelles constitute the fundamental biological basis for the efficient
invasion and intracellular proliferation of T. gondii. The basis of endodyogeny in T. gondii is
a unique internal budding process generating two daughter cells de novo [16]. This process
initiates with the activation of the cell cycle, encompassing growth during the G1 phase,
DNA synthesis in the S phase, mitosis in the M phase and cytokinesis in the C phase [17,18].
Cell cycle regulation involves multiple molecular networks, focusing on centrosome func-
tion control, the apicomplexan-specific kinases MAPKL1 and MAPK2 govern the normal
progression of centrosome duplication as well as cell growth and division [19,20] and the
cyclin-dependent kinase (CDK) family regulates cell cycle checkpoints, strictly controlling
the transition timing between various stages of the cell cycle [21,22]. Furthermore, Aurora
kinases and NIMA-related kinases are responsible for regulating mitotic progression [23,24].
As a spindle organizing center and a key hub connecting nuclear–cytoplasmic mitotic pro-
cesses, the centrocone also serves as a critical site for the integration of cell cycle regulatory
signals [25].

As a membrane sac structure unique to apicomplexan parasites, the centrocone acts as a
key mediator of the physical connection between nuclear and cytoplasmic mitotic processes
and persists throughout the entire division process of apicomplexan parasites [21,25].
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Although the structure and localization of several centrocone-associated proteins have been
reported, their molecular mechanisms in regulating cell cycle progression remain poorly
understood [26].

A previous study revealed that TGME49_270810, which we designated as SMC_N1
based on its functionally dominant domain, localizes to the centrocone [27], suggesting a
potential role in T. gondii replication and growth. To investigate its function, conditional
knockout strains were generated in type I RH and type II PRU backgrounds using the
CRISPR-Cas9 system, and the impact of SMC_N1 depletion on parasite pathogenicity was
assessed through a series of phenotypic assays. Depletion of SMC_N1 was found to severely
impair tachyzoite replication and growth in vitro, causing IMC assembly defects and
tachyzoite division abnormalities, while bradyzoite differentiation remained unaffected,
indicating that SMC_N1 is required for efficient parasite replication.

2. Materials and Methods
2.1. Cell Culture and Parasite Strains

All tachyzoites used in this experiment, including RH∆ku80∆hxgprt::TIR1 (referred
as RH::TIR1), PRU∆ku80∆hxgprt::TIR1 (referred as PRU::TIR1), RH∆ku80∆hxgprt::TIR1-
SMC_N1-mAID-6HA (referred as RH::TIR1-SMC_N1-mAID) and PRU∆ku80∆hxgprt::TIR1-
SMC_N1-mAID-6HA (referred as PRU::TIR1-SMC_N1-mAID), were cultured in monolay-
ers of human foreskin fibroblasts (HFFs, American Type Culture Collection), as previously
described [28]. For the cultivation of HFFs, Dulbecco’s Modified Eagle Medium (DMEM)
high-glucose medium (Thermo Fisher Scientific, Waltham, MA, USA) was supplemented
with 10% fetal bovine serum (FBS, GIBCO, Waltham, MA, USA), 10 mM HEPES (pH 7.2,
Solarbio, Beijing, China), 100 µg/mL streptomycin and 100 U/mL penicillin (Solarbio,
Beijing, China), with the culture environment maintained at 37 ◦C and 5% CO2. The re-
quired tachyzoites were harvested from heavily infected HFFs using a 27-gauge needle (BD
Medical, Franklin Lakes, NJ, USA).

2.2. Construction and Transfection of Epitope-Tagged Strains

The conditional knockout strains generated in this study were constructed using
CRISPR-Cas9 technology in combination with the mAID system, as previously de-
scribed [29]. For C-terminal endogenous tagging, CRISPR-Cas9 plasmids targeting the
3′-untranslated region (3′-UTR) of the gene of interest (GOI) near the stop codon were
engineered. Meanwhile, amplicons containing the mAID-6HA tag with hemagglutinin
(HA) and the dihydrofolate reductase (DHFR) marker were prepared, with short homolo-
gous regions flanking these amplicons. The plasmids and amplicons were co-transfected
into RH::TIR1 and PRU::TIR1 strains. Individual clones were isolated by limiting dilution
screening with 3 µM pyrimethamine, and the successful insertion of the mAID-6HA tag
into the target site of the GOI was confirmed by PCR and sequencing. For conditional
knockdown experiments, parasites were treated with 500 µM 3-indoleacetic acid (IAA),
while control treatments were performed with 0.1% ethanol.

2.3. Indirect Immunofluorescence Analysis (IFA)

HFF monolayers infected with tachyzoites were fixed with 4% paraformaldehyde
(PFA) for 30 min, as previously described [30], followed by permeabilization in phosphate-
buffered saline (PBS) containing 0.1% Triton X-100 for 20 min. Samples were then blocked
with 5% bovine serum albumin (BSA) for 2 h and incubated with primary antibodies
diluted in PBS at 37 ◦C for 2 h. After washing, secondary antibodies diluted in PBS
were added and incubated at 37 ◦C in the dark for 1 h. Nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI, 1:1000, Thermo Fisher Scientific, Waltham, MA, USA)
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in the dark. Images were acquired using a Leica TCS SP8 confocal microscope (Leica,
Munich, Germany). After each step, samples were washed with PBS five times to remove
residual reagents.

The primary antibodies used in this study included rabbit anti-ISP1, rabbit anti-CPN60,
rabbit anti-GAP45, rabbit anti-Centrin1, mouse anti-IMC1 (1:500, all the above antibodies
were preserved in our laboratory), rabbit anti-IMC1, mouse anti-HA (1:500, Thermo Fisher
Scientific, Waltham, MA, USA), mouse anti-Centrin1 (1:500, Sigma, Temecula, CA, USA)
and rabbit anti-HA (1:500, CST, Danvers, MA, USA). The secondary antibodies were Alexa
Fluor 488 Goat anti-Rabbit IgG (H + L), Alexa Fluor 594 Goat anti-Rabbit IgG (H + L), Alexa
Fluor 488 Goat anti-Mouse IgG (H + L), Alexa Fluor 594 Goat anti-Mouse IgG (H + L) (1:500,
Thermo Fisher Scientific, Waltham, MA, USA) and FITC-conjugated Dolichos biflorus lectin
(DBL, 1:500, Vector Laboratories, Newark, CA, USA).

2.4. Western Blotting

Heavily infected HFFs were mechanically disrupted using a 27-gauge syringe, and
the liberated tachyzoites were filtered and collected by centrifugation at 4 ◦C. The parasite
pellets were washed twice with PBS, followed by resuspension in RIPA lysis buffer supple-
mented with EDTA and a protease inhibitor cocktail (Thermo Fisher Scientific, Waltham,
MA, USA). The lysates were incubated on ice for 1 h and clarified by centrifugation. Total
protein samples were separated by SDS-PAGE using 5% stacking gel and 12% resolving
gel. Electrophoresis was performed at 80 V during the stacking phase, followed by 120 V
during the resolving phase. Subsequently, the separated proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% non-fat
milk in TBST (TBS containing 0.2% Tween-20) for 2 h, incubated with primary antibodies at
37 ◦C for 2 h or overnight at 4 ◦C and then washed three times in TBST. After incubation
with HRP-conjugated secondary antibodies for 1 h at room temperature, membranes were
washed again and developed using ECL substrate. Signals were detected with a ChemiDoc
XRS+ imaging system (Bio-Rad, Hercules, CA, USA).

The primary antibodies used in this experiment were rabbit anti-aldolase antibody
(ALD, 1:500, preserved in our laboratory), rabbit anti-HA antibody (1:1000, CST, Danvers,
MA, USA), and the secondary antibody was goat anti-rabbit HRP-conjugated antibody
(1:1000, Biodragon, Jiangsu, China).

2.5. Plaque Assay

Plaque assays were performed to assess parasite growth. HFF monolayers were
seeded in 12-well plates and allowed to reach full confluence. Tachyzoites were liberated
from heavily infected T25 flasks by mechanical disruption and filtration. Approximately
400 freshly isolated SMC_N1-mAID parasites were inoculated onto confluent HFF mono-
layers in the presence or absence of IAA. Cultures were maintained at 37 ◦C with 5% CO2

for 7 or 8 days. Following incubation, the culture medium was carefully aspirated and
discarded into a biohazardous waste container for subsequent decontamination, and HFF
monolayers were fixed with 4% PFA for 30 min, stained with 0.5% crystal violet for 30 min.
Following staining, residual dye was thoroughly washed off with PBS, and the plates
were air-dried. Plates were then photographed vertically on a non-reflective surface under
uniform lighting. Images were analyzed using ImageJ 1.8.0 to quantify plaque number and
area. Statistical analyses were performed to compare differences between strains and assess
T. gondii growth, as previously described [31,32].

2.6. Invasion Assay

For the invasion assay, tachyzoites were pretreated with or without IAA for 24 h.
Following heavy infection of HFFs, the infected cells were scraped off with a cell scraper and
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passed through a 27-gauge needle to disrupt the host cells and release tachyzoites, yielding
freshly egressed, highly viable tachyzoites. Subsequently, approximately 1 × 106 parasites,
quantified by hemocytometer counting, were seeded on 12-well plates confluent with
HFF monolayers. The cultures were incubated at 37 ◦C with 5% CO2 for 30 min in the
continued presence or absence of IAA, and then fixed with 4% PFA for 30 min. Extracellular
parasites were first labeled with mouse anti-SAG1 antibody (1:500, Invitrogen, Carlsbad,
CA, USA) at 37 ◦C for 2 h, followed by three gentle washes with PBS and incubation with
the corresponding Alexa Fluor–conjugated secondary antibody for 1 h. Afterward, cells
were permeabilized with PBS containing 0.1% Triton X-100 and incubated with rabbit anti-
GAP45 antibody at 37 ◦C for 2 h, followed by incubation with the appropriate secondary
antibody for 1 h. The invasion rate was calculated as the proportion of intracellular parasites
relative to the total number of parasites. At least 100 PVs were counted per experiment,
and all experiments were performed independently three times.

2.7. Replication Assay

For the replication assay, ~106 parasites were inoculated onto HFF monolayers in
12-well plates and incubated for 1 h. After washing, the infected cultures were incubated
for 24 h (RH::TIR1-SMC_N1-mAID) or 28 h (PRU::TIR1-SMC_N1-mAID) in the presence or
absence of IAA. After incubation, samples were fixed with 4% PFA, permeabilized with
0.1% Triton X-100, and stained with rabbit anti-IMC1 antibody. The number of parasites
per PV was quantified by fluorescence microscopy. At least 100 vacuoles were analyzed
across three independent experiments to evaluate replication efficiency.

2.8. Egress Assay

The ionophore-induced egress assay was used to assess tachyzoite escape from host
cells. Approximately 106 freshly harvested tachyzoites were added onto confluent HFF
monolayers in 12-well plates, and allowed to develop for 36–60 h in medium supplemented
with or without IAA until PVs reached comparable sizes. The infected HFF monolayers
were stimulated with 3 µM calcium ionophore A23187 (Sigma, Darmstadt, Germany) at
37 ◦C for 2 min and egress efficiency was evaluated with reference to at least 100 PVs. The
assay was performed in biological triplicate.

2.9. In Vitro Bradyzoite Differentiation

In vitro conversion of tachyzoites into bradyzoites was assessed, as previously de-
scribed [33,34]. Freshly purified tachyzoites were inoculated onto confluent HFF monolay-
ers, under normal conditions, parasites were cultured for 2.5 days at 37 ◦C with 5% CO2.
For alkaline induction, tachyzoites were allowed to invade HFFs for 4 h in DMEM (pH 7.4,
1% FBS), after which the medium was replaced with alkaline RPMI-HEPES (pH 8.2, 2% FBS).
Cultures were maintained at 37 ◦C under ambient CO2 (~0.03%), and the alkaline medium
was renewed daily to sustain bradyzoite induction. Cyst wall formation was assessed by
staining with FITC-Dolichos biflorus lectin (DBL), while parasites were detected using a
panel of anti-T. gondii antibodies. The extent of bradyzoite differentiation was quantified
by calculating the proportion of DBL-positive PVs, with at least 100 PVs examined in each
of three independent experiments. The assay was performed in biological triplicate.

2.10. Statistical Analyses

All statistical analyses were performed using GraphPad Prism 10.0 software. Sta-
tistical comparison of experimental data between two groups was conducted by two-
tailed unpaired t-test, while comparisons among three or more groups were performed
using one-way analysis of variance (ANOVA). Experimental data are presented as the
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mean ± standard deviation (SD) and were obtained from at least three independent bio-
logical replicates. p value < 0.05 was considered statistically significant.

3. Results
3.1. SMC_N1 Is Dynamically Regulated by the Cell Cycle and Exhibits the Highest Expression
Level in the S Stage

SMC_N1 is composed of 567 amino acids and contains two conserved domains,
PRK12323 and SMC_N (Figure 1A), with the former associated with DNA synthesis
and replication fidelity, and the latter linked to chromosome maintenance and DNA re-
pair [35–37]. Genome-wide CRISPR screening of T. gondii revealed a phenotype score of
−5 for SMC_N1, suggesting that it is essential for parasite survival, and that complete
knockout may not be possible [38]. To investigate the function of SMC_N1, a mAID system
combined with CRISPR-Cas9 technology was applied (Figure 1B) [29]. The successful
insertion of the mAID-6HA tag into the SMC_N1 locus in type I RH strain was confirmed
by PCR1 and PCR2, while IFA and Western blot analyses further validated the correct
construction of the RH::TIR1-SMC_N1-mAID strain (Figure S1A and Figure 1C,D). IFA
results showed that SMC_N1 exhibited periodic nuclear expression, peaking during S phase
and disappearing in G1 parasites, and after 24 h of IAA, the HA signal was completely
lost (Figure 1C). Western blotting showed a SMC_N1 band at the expected ~100 kDa in
the absence of IAA treatment, whereas no signal was detected after 24 h of IAA treat-
ment (Figure 1D). To further clarify the subcellular localization of SMC_N1, an IFA was
performed using the outer centrosome marker Centrin1. The SMC_N1 signal did not
co-localize with Centrin1; instead, SMC_N1 was enriched near the inner centrosome core.
These results suggest that SMC_N1 is a centrocone-associated protein localized to the inner
centrosome core, warranting further investigation (Figure 1E).

Figure 1. Construction of the T. gondii SMC_N1-mAID strain and analysis of SMC_N1 expression.
(A) Domain analysis of SMC_N1 using the NCBI Conserved Domain Database (CDD, https://www.
ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml (accessed on 2 September 2025) identified that SMC_N1
contains two conserved domains, PRK12323 (amino acid positions 142 aa–301 aa) and SMC_N
(amino acid positions 423 aa–560 aa). Scale bar = 50 aa (B) Schematic diagram of the construction of the
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SMC_N1-mAID strain via C-terminal tagging using the mAID system combined with CRISPR-Cas9
technology. (C) Immunofluorescence assays using rabbit anti-IMC1 (green), mouse anti-HA (red),
and DAPI (blue) were performed to label the IMC, SMC_N1–6×HA, and nuclei, respectively. The
IFA results showed that SMC_N1 is expressed in a periodic manner, with peak abundance during the
S phase and low or undetectable levels during G1. Consistent with this pattern, IAA treatment of
the SMC_N1-mAID strain resulted in complete degradation of SMC_N1 after 24 h. Scale bar = 2 µm.
(D) Western blot analysis confirmed the expression of the SMC_N1–6×HA fusion protein, with
ALD used as a loading control. The SMC_N1–6×HA signal became undetectable after 24 h of IAA
treatment. (E) IFA revealed that SMC_N1 does not co-localize with the centrosome. Parasites were
stained with mouse anti-Centrin1 antibody (green), rabbit anti-HA antibody (red), and DAPI (blue).
Scale bar = 5 µm.

3.2. SMC_N1 Is Critical for the Growth and Replication of Type I Strain

To evaluate whether SMC_N1 is required for the growth of type I strains, plaque
assays were performed on the parental and SMC_N1-mAID strains in the presence or
absence of IAA treatment. Consistent with the previously known low phenotype score,
SMC_N1 depletion led to a complete loss of plaque formation (Figure 2A–C), indicating
that SMC_N1 is essential for the in vitro lytic cycle of the type I RH strain.

Figure 2. Depletion of SMC_N1 severely impairs the growth and replication of Type I strain. (A) Rep-
resentative plaque images of the RH parental strain and the SMC_N1-mAID strain cultured with or
without IAA for 7 days under standard conditions. SMC_N1 depletion almost completely abolished
plaque formation. (B) Quantification of relative plaque areas for each strain. Statistical analysis
was performed using a two-tailed, unpaired t-test, **** p < 0.0001; n.s., no statistical significance.
(C) Quantification of plaque numbers generated by each strain, analyzed using a two-tailed, unpaired
t-test, **** p < 0.0001; n.s., no statistical significance. (D) Parasites pretreated with or without IAA
for 24 h were allowed to invade host cells for 30 min. The proportion of intracellular tachyzoites
relative to total tachyzoites was analyzed using a two-tailed, unpaired t-test, and at least 100 PVs
were counted and analyzed per sample, n.s., no statistical significance. (E) Parasites were allowed
to invade host cells for 1 h and subsequently cultured with or without IAA for 24 h. Replication
capacity was analyzed using two-way ANOVA followed by Tukey’s multiple-comparison test, and at
least 100 PVs were counted and analyzed per sample, **** p < 0.0001; n.s., no statistical significance.
(F) Egress efficiency, measured 36 h post infection, was analyzed using a two-tailed, unpaired t-test,
and at least 100 PVs were counted and analyzed per sample, n.s., no statistical significance. All data
are presented as the mean ± standard deviation of three independent experiments.
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To determine at which stage of the lytic cycle SMC_N1 functions, invasion, intracellu-
lar replication and egress assays were conducted. Parasites pretreated with or without IAA
for 24 h were used to infect HFF monolayers for 30 min. The results demonstrated that
no significant differences in invasion efficiency were detected between IAA-treated and
untreated parasites (Figure 2D). For the replication assay, parasites were allowed to invade
HFFs for 1 h in the absence of IAA, followed by 24 h incubation with or without IAA. Com-
pared with the untreated group, SMC_N1-depleted parasites exhibited a marked reduction
in replication, as evidenced by an increased proportion of vacuoles containing ≤4 parasites,
and a decreased proportion of vacuoles containing ≥8 parasites (Figure 2E). Finally, for
the egress assay, parasites were incubated with or without IAA for 48–60 h and egress
efficiency was assessed by induction with 3 µM calcium ionophore A23187. The results
revealed that no significant differences in egress efficiency was observed between IAA-
treated parasites and controls (Figure 2F). These results indicate that SMC_N1 is required
for efficient intracellular replication and sustained growth of the type I RH strain in vitro.

3.3. SMC_N1 Is Required for Normal Morphology, Endodyogeny, and Nuclear Segregation in
Type I Strain

Given the critical role of SMC_N1 in T. gondii replication, its involvement in parasite
division was further examined using IFA. IMC1 staining of the SMC_N1-mAID strain
following 24 h of IAA treatment revealed pronounced structural and morphological defects,
including abnormal tachyzoite rosette formation (Figure 3(Ai),B, 86.67 ± 1.56%) and im-
paired IMC assembly (Figure 3(Aii),B, 29.33 ± 1.76%). In addition, a significant increase in
aberrant daughter cell division within the same vacuole was also observed, characterized
by asynchronous division and endopolygeny (Figure 3(Aiii,iv),B, 17 ± 1.89%). Collectively,
these findings demonstrate that SMC_N1 is essential for efficient tachyzoite replication by
preserving parasite morphology and ensuring proper coordination of endodyogeny.

To examine the effects of SMC_N1 depletion on parasite membrane organization, the
marker proteins TgISP1 and TgGAP45 were analyzed by IFA. TgISP1, localized to the
apical cap, reflects early IMC subcompartment organization [39,40], whereas TgGAP45,
positioned between the plasma membrane and the IMC, reports on membrane integrity
and the glideosome complex [41]. SMC_N1 depletion did not alter TgISP1 distribution,
indicating that early IMC subcompartment formation remained largely intact (Figure 3C).
In contrast, abnormal GAP45 staining (34 ± 2.06%) was observed in a subset of SMC_N1-
depleted parasites, consistent with disrupted membrane structure and impaired IMC–
plasma membrane organization (Figure 3D,E).

Moreover, SMC_N1 depletion parasites exhibited abnormal nuclear division, charac-
terized by unequal segregation or failure to divide (19.67 ± 1.49%) (Figure 3F,G). These
findings demonstrate that SMC_N1 depletion perturbs parasite morphology, daughter cell
division, and nuclear segregation in the type I RH strain.
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Figure 3. SMC_N1 plays a critical role in maintaining normal parasite morphology, daughter bud
formation and nuclear segregation. (A) IMC1 was labeled with a rabbit anti-IMC1 antibody (green).
Immunofluorescence analysis showed that SMC_N1 depletion markedly increased the frequency
of morphological and endodyogeny defects, including disruption of the rosette pattern (i), loss of
IMC1 integrity (ii), asynchronous division (iii) and endopolygeny (iv). All aberrant structures except
(i) are indicated by white asterisks. Scale bar = 2 µm. (B) Quantification of IMC1-associated defects
in the RH::TIR1–SMC_N1-mAID strain cultured with or without IAA for 24 h. Data are presented
as mean ± SD from three independent experiments. Statistical differences were analyzed using a
two-tailed, unpaired t-test, **** p < 0.0001; n.s., no statistical significance. (C) The ISP1 structure
remained intact in the SMC_N1-mAID strain following 24 h of IAA treatment. Scale bar = 2 µm.
(D) SMC_N1 depletion compromised the integrity of the membrane structure in a subset of maternal
parasites. GAP45 was labeled with a rabbit anti-GAP45 antibody (red), and white asterisks denote
regions exhibiting GAP45 staining defects. Scale bar = 2 µm. (E) Quantification of GAP45-associated
defects in the RH::TIR1–SMC_N1-mAID strain with or without 24 h of IAA treatment. Data represent
mean ± SD from three biological replicates, and were analyzed using a two-tailed, unpaired t-
test, and at least 100 PVs were counted and analyzed per sample, **** p < 0.0001; n.s., no statistical
significance. (F) Nuclear division defects were observed in the SMC_N1-mAID strain after 24 h of IAA
treatment. Nuclei were stained with DAPI (blue), and white asterisks indicate nuclear loss or uneven
nuclear segregation. Scale bar = 2 µm. (G) Quantitative data are presented as mean ± SD from three
independent experiments. Statistical differences were assessed using a two-tailed, unpaired t-test, and
at least 100 PVs were counted and analyzed per sample, *** p < 0.001; n.s., no statistical significance.
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3.4. SMC_N1 Depletion Causes Centrosome and Apicoplast Defects in Type I RH Strain

The replication of tachyzoites requires strict coordination among subcellular or-
ganelles [42,43]. Given that SMC_N1 depletion caused defects in daughter cell division
and nuclear segregation, the replication status of centrosomes and apicoplasts was fur-
ther examined. SMC_N1-mAID tachyzoites treated with IAA for 24 h were stained with
the centrosome marker Centrin1. SMC_N1 depletion leads to the loss of centrosomes
(12.33 ± 0.88%) (Figure 4A,B).

Figure 4. Loss of SMC_N1 impairs proper apicoplast inheritance and causes centrosome loss.
(A) Immunofluorescence analysis demonstrated that SMC_N1 depletion for 24 h led to centrosome
loss. Parasites were stained with a rabbit anti-IMC1 antibody (green) and a rabbit anti-Centrin1
antibody (red), and white asterisks indicate normally duplicated centrosomes as well as centrosome
loss in parasites exhibiting asynchronous budding or endopolygeny. Scale bar = 2 µm. (B) Quan-
tification of centrosome loss after SMC_N1 depletion. Data are shown as mean ± SD from three
biological replicates, and were analyzed using a two-tailed, unpaired t-test, and at least 100 PVs
were counted and analyzed per sample, *** p < 0.001. (C) Immunofluorescence staining showed
that 24 h of IAA treatment in the SMC_N1-mAID strain resulted in apicoplast missegregation, loss
and over-replication. Parasites were labeled with a rabbit anti-IMC1 antibody (green) and a rabbit
anti-CPN60 antibody (red), and white asterisks denote apicoplast abnormalities. Scale bar = 2 µm.
(D) Quantification of apicoplast inheritance defects following SMC_N1 depletion. Data represent
mean ± SD from three independent experiments, and were analyzed using a two-tailed, unpaired
t-test, and at least 100 PVs were counted and analyzed per sample, **** p < 0.0001.

Given that centrosomes mispositioning disrupts apicoplast-centrosome association,
leading to apicoplast loss or failed inheritance and ultimately causing severe growth ar-
rest or parasite death [14]. To assess apicoplast integrity, IAA-treated SMC_N1-mAID
tachyzoites were stained with the apicoplast marker CPN60. Consistent with centrosome
defects, SMC_N1 depletion caused pronounced apicoplast abnormalities, including aber-
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rant replication, loss and mislocalization (15.67 ± 0.88%) (Figure 4C,D). Collectively, these
data indicate that SMC_N1 may slightly influence the stable inheritance of centrosomes
and apicoplasts.

3.5. SMC_N1 Depletion Does Not Impair Bradyzoite Differentiation in Type II PRU Strain

To evaluate the function of SMC_N1 in the type II cyst-forming PRU strain, a con-
ditional knockdown line was generated using the mAID system in combination with
CRISPR–Cas9, and correct insertion of the mAID-6HA in type II PRU strain was con-
firmed by PCR1 and PCR2 (Figure S1B). Phenotypic analyses revealed that IAA-treated
SMC_N1-mAID parasites failed to form visible plaques, showed no detectable defects in
invasion or egress, and exhibited markedly impaired replication capacity, consistent with
the phenotype observed in the type I strain (Figure 5A–F).

Figure 5. Loss of SMC_N1 further impairs the replication efficiency of PRU tachyzoites but has no
effect on their differentiation into bradyzoites. (A) Representative images of plaques formed by
PRU strain and SMC_N1-mAID strain with or without 24 h IAA treatment under normal culture
conditions for 8 days. The results indicate that the plaque-forming ability of the SMC_N1-deficient
strain was almost completely inhibited. (B) The relative plaque size formed by each strain on the host
cell monolayer was analyzed using a two-tailed, unpaired t-test, **** p < 0.0001; n.s., no statistical
significance. (C) The number of plaques formed by each strain on the host cell monolayer was
analyzed using a two-tailed, unpaired t-test, **** p < 0.0001; n.s., no statistical significance. (D) After
24 h IAA treatment or no treatment, the indicated strains infected host cells for 30 min. The invasion
rate of intracellular tachyzoites relative to total tachyzoites was analyzed using a two-tailed, unpaired
t-test, and at least 100 PVs were counted and analyzed per sample, n.s., no statistical significance.
(E) After the indicated strains infected host cells for 1 h, they were cultured for an additional 28 h in the
presence or absence of IAA. Their replication ability was analyzed using two-way ANOVA combined
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with Tukey’s multiple-comparison test, and at least 100 PVs were counted and analyzed per sample,
**** p < 0.0001; n.s., no statistical significance. (F) The egress efficiency of each strain was determined
36 h post infection of HFF monolayers, and analyzed using a two-tailed, unpaired t-test, and at
least 100 PVs were counted and analyzed per sample, n.s., no statistical significance. All data are
presented as the mean ± standard deviation from three independent experiments. (G) Under normal
culture conditions, PRU::TIR1-SMC_N1-mAID strain-infected HFFs were stained with rabbit anti-
IMC1 antibody (magenta), DBL (green), and DAPI (blue) at 3 days post infection. Scale bar = 2 µm.
(H) Quantitative analysis of the bradyzoite conversion rate of the PRU::TIR1-SMC_N1-mAID strain
with or without 3-day IAA treatment under normal culture conditions. Data are presented as the
mean ± standard deviation from three independent experiments. Statistical differences were analyzed
using a two-tailed, unpaired t-test, and at least 100 PVs were counted and analyzed per sample, n.s.,
no statistical significance.

To determine whether SMC_N1 is required for tachyzoite-to-bradyzoite differentiation,
HFF monolayers were infected with IAA-treated or untreated SMC_N1-mAID parasites,
and bradyzoite development was induced under standard or alkaline (pH 8.2) conditions.
After 3 days, cyst wall formation was assessed by immunofluorescence staining. No
significant differences in bradyzoite differentiation efficiency was detected between IAA-
treated and untreated SMC_N1-mAID parasites (Figure 5G,H). Collectively, these results
indicate that SMC_N1 is dispensable for the tachyzoite-to-bradyzoite conversion process
in vitro.

4. Discussion
In this study, we show that the centrocone protein SMC_N1 is essential for T. gondii

tachyzoite proliferation. Rather than acting as a single-pathway regulator, SMC_N1 func-
tions as a cell cycle-coupled coordinator, as indicated by its S-phase-restricted expression.
Its depletion causes broad defects in nuclear division, IMC organization, and organelle
inheritance, resulting in severe growth impairment. These findings support a model
in which SMC_N1 links genome replication to cytoskeletal and membrane remodeling
during endodyogeny.

SMC_N1 contains two conserved domains, PRK12323 and SMC_N. Among these, the
PRK12323 domain is associated with the gamma/tau subunits of DNA polymerase III, play-
ing an important role in DNA synthesis and replication fidelity [44]. The SMC_N domain,
as the N-terminal domain of RecF/RecN/SMC proteins, is primarily involved in processes
such as chromosome structure maintenance, DNA damage repair and homologous recom-
bination [45]. SMC_N1 displays dynamic, periodic expression throughout the tachyzoite
cell cycle; its expression peaks during S phase, decreases during daughter cell budding
and becomes undetectable in G1 phase. This expression profile closely mirrors that of key
cell cycle regulatory proteins. Among the known centrocone-localized proteins, TgCrk5
also shares a similar cell cycle-dependent expression pattern, as a CDK-related kinase, it
forms a complex with ECR1 to jointly regulate chromosome replication and mitosis [25].
Notably, while SMC_N1 shares partial functional overlap with other centrocone-localized
regulatory factors such as TgCrk5, the depletion phenotype of SMC_N1 indicates that these
proteins possess non-redundant functions. They likely act at distinct yet interconnected
regulatory nodes during cell division. TgCrk5 primarily functions through kinase-mediated
cell cycle control, whereas SMC_N1 probably provides structural or scaffolding support for
chromosome dynamics. Thus, SMC_N1 may ensure the spatial organization required for
precise signaling during nuclear division and daughter cell assembly.

To investigate the biological role of SMC_N1, we generated conditional knockout lines
in both the type I RH and type II PRU strains using the mAID system in combination
with CRISPR–Cas9. Phenotypic characterization demonstrated that depletion of SMC_N1
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resulted in severe defects in tachyzoite proliferation, intracellular replication and IMC archi-
tecture. During endodyogeny, parasites assemble daughter cells through a highly ordered
sequence of membrane remodeling events [46]. As a major IMC-associated component, the
disrupted IMC1 staining observed in parasites with SMC_N1 depletion indicates that IMC
disruption is a downstream consequence of nuclear-cytoskeleton uncoupling, highlighting
that SMC_N1 is essential for preserving the structural integrity and organizational order of
the IMC [47,48]. In addition, the IMC provides the platform for anchoring the actin–myosin
motor complex, which drives parasite motility and host cell invasion. This molecular
machinery consists of the unconventional myosin MyoA, its regulatory light chains (MLC1,
ELC1), and glideosome-associated proteins (GAP40, GAP45, GAP50) [49,50]. The compro-
mised GAP45 signal observed in SMC_N1-deficient parasites further supports the notion
that loss of SMC_N1 destabilizes the coordination between membrane scaffolds and motor
complexes, thereby impairing the mechanical linkage between the IMC and the plasma
membrane and ultimately undermining the mechanical integrity required for proper daugh-
ter cell assembly. Future studies are required to elucidate the precise molecular mechanism
underlying the regulatory role of SMC_N1 in IMC-plasma membrane linkage.

As a core regulatory hub for nuclear division and budding in T. gondii, the centrosome,
with its bipartite structure, is key to enabling efficient multinuclear replication and rapid
cell division in apicomplexan parasites [51,52]. Previous studies have demonstrated that
the physical connection between the centrosome and centrocone, as well as microtubule-
mediated signal transduction, is required for the accurate segregation of nuclear materials.
Furthermore, the differential regulation of distinct microtubule populations can uncou-
ple the processes of nuclear division and budding [53,54]. While depletion of SMC_N1
leads to reduced parasite proliferation and abnormal nuclear division, the observed lower
proportion of centrosome defects in vacuoles in the present study indicates that loss of
SMC_N1 did not completely abrogate centrosome function. Furthermore, as an essential
organelle of T. gondii, the apicoplast is involved in the synthesis of key substances such as
fatty acids and isoprenoids, and disruption of its structure or inheritance can lead to severe
metabolic dysfunction [12]. However, the present study reveals that only mild defects in
apicoplast inheritance were observed in SMC_N1-deficient parasites. Thus, the marked
reduction in tachyzoite replication capacity is more likely a consequence of other cellular
disorganization rather than a primary defect in apicoplast segregation itself.

In summary, this study reveals that SMC_N1 is an important regulatory factor in
the endodyogeny of T. gondii tachyzoites. By coordinating the assembly of membrane
structures, synchronizing nuclear division, and ensuring stable inheritance of essential
organelles, SMC_N1 supports efficient tachyzoite proliferation. Notably, SMC_N1 shows
no obvious role in bradyzoite differentiation, highlighting its function in rapid tachyzoite-
specific replication. However, bradyzoites within cysts exhibit hollow morphological
defects, likely arising from reduced replication capacity. While DBL staining showed no
significant difference, these observations suggest that SMC_N1 may have a subtle influ-
ence on cyst morphology or maintenance, and examining cyst reactivation may reveal
whether tachyzoite replication defects also affect bradyzoite infectivity. Its unique ex-
pression pattern, centrocone localization, and domain architecture not only expand our
understanding of T. gondii cell division regulation but also highlight SMC_N1 as a po-
tential target for anti-Toxoplasma therapies. Although this study reveals that SMC_N1 is
a multifunctional regulator of T. gondii proliferation, its interaction with cell cycle and
endodyogeny regulatory proteins, as well as the specific regulatory pathways underlying
tachyzoite proliferation, remain to be further elucidated.
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5. Conclusions
This study clearly identifies the centrocone protein SMC_N1 as an important regulatory

factor for the proliferation of T. gondii tachyzoites. Containing conserved PRK12323 and
SMC_N domains, this protein exhibits cell cycle-dependent expression, with peak levels
during the S phase, and is essential for parasite survival. Analysis of the conditional
knockdown strain constructed via the CRISPR-Cas9 system combined with the mAID
system reveals that depletion of SMC_N1 does not affect tachyzoite invasion or egress,
but disrupts IMC assembly, nuclear division synchronization, and the stable inheritance
of centrosomes and apicoplasts. This severely impairs intracellular replication in both
type I RH and type II PRU strains. Notably, depletion of SMC_N1 has no significant
impact on the differentiation of PRU strain tachyzoites into bradyzoites, indicating that its
functional specificity is concentrated in the acute infection stage. These results demonstrate
that SMC_N1 ensures the efficient proliferation of T. gondii tachyzoites by coordinating
membrane structure assembly, nuclear division, and organelle inheritance. These findings
enrich our understanding of the regulatory network governing T. gondii cell division and
provide a potential target for the development of anti-Toxoplasma drugs targeting the acute
proliferation of the parasite. Future studies are required to further explore its interaction
mechanisms with other cell cycle regulatory proteins.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani16040653/s1. Figure S1: Successful construction of epitope
tagging strains (RH::TIR1-SMC_N1-mAID and PRU::TIR1-SMC_N1-mAID) was verified by PCRs.
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