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Abstract: MORN proteins play a key role in the cytoskeletal structure of eukaryotes and are essential
for the close arrangement of the endoplasmic reticulum and plasma membrane. A gene with nine
MORN motifs (TGGT1_292120, named TgMORN2) was identified in the Toxoplasma gondii genome;
it was presumed to belong to the MORN protein family and to have the function of forming the
cytoskeleton, which affects the survival of T. gondii. However, the genetic deletion of MORN2 did
not noticeably affect parasite growth and virulence. Using adjacent protein labeling techniques, we
identified a network of TgMORN2 interactions, which mainly included endoplasmic reticulum stress
(ER stress)-related proteins. In exploring these data, we found that the pathogenicity of the KO-
TgMORN2 strain was significantly reduced in the case of tunicamycin-induced ER stress. Reticulon
TgRTN (TGGT1_226430) and tubulin β-Tubulin were identified as interaction proteins of TgMORN2.
Collectively, TgMORN2 plays a role in ER stress, which lays a foundation for further research on the
function of the MORN protein in T. gondii.

Keywords: Toxoplasma gondii; TgMORN2; endoplasmic reticulum stress

1. Introduction

T. gondii is a protozoan parasite of Phylum Apicomplexa that infects most warm-blooded
animals, such as humans and cats [1]. The outcome of toxoplasmosis in the host varies.
Immunocompetent individuals infected with T. gondii are often asymptomatic or develop
mild symptoms. However, it may cause serious illness and death in immunodeficient
individuals and in the developing fetus of pregnant women [2]. The pathogenesis of
T. gondii is due to its rapid replication cycle, which causes destructive tissue lesions. The
replication cycle takes only about six to seven hours to complete [3–5] and is dependent
on the proper formation of the cytoskeleton [6–13]. Due to the importance of cytoskeleton
development, the components of this structure have become attractive potential therapeutic
targets and have become the basis for an increasing number of research areas [14].

In 2000, Takeshima et al. first proposed the existence of MORN domain in mammalian
junctophilin-1 (JPH1) [15]. Subsequently, MORN structural domain proteins were discov-
ered in animals and plants, such as the MORN4 of Drosophila [16], the amyotrophic lateral
sclerosis protein ALS2 [17], and the radial spoke protein 44 (RSP44) [18]. The character-
ized plant proteins that harbor MORN motifs are phosphatidylinositol monophosphate
kinases, chloroplasts 3 (ARC3) protein [19], and the Brassica rapa MORN motif protein
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(BrMORN) [20]. MORN motifs play critical roles in several proteins with roles in the
organization of membranous and cytoskeletal structures [21]. Examples of these are the
junctophilins, which are critical for the tight appositions of endoplasmic reticulum and
plasma membrane in excitable cells [15]. Loss or mutation of these proteins prevents
junctional complex assembly and leads to neuronal dysfunction. In addition, MORN re-
peats act as protein–protein or protein–phospholipid binding domains. For example, plant
phosphatidylinositol kinases (PIPKs) contain MORN motifs whose repeats can bind to
phospholipids and localize to the plasma membrane or other biomembranes [21].

MORN is highly conserved among apicomplexan parasites. MORN1, MORN2, and
MORN3 have been identified in T. gondii [22]. Previous studies have reported a distinct
sub-cellular localization of TgMORN1 in T. gondii, suggesting that TgMORN1 acts as a
scaffolding protein and organizing protein complex with a critical role in mitosis and
cytokinesis [10,23,24]. TgMORN1 deficiency results in defective organelle partitioning
and basal complex assembly [10,11]. This ultimately leads to double-headed parasites.
TgMORN2 contains nine MORN conserved motifs and nine plasma membrane-binding
structural domains [23], whose function is currently unknown.

In the current study, we found that TgMORN2 and TgMORN1 were functionally
different. The ∆MORN2 tunicamycin-induced endoplasmic reticulum stress was more sen-
sitive. Moreover, using Biotin labeling technology with molecular validation demonstrated
that TgMORN2 interacted with T. gondii reticulon (TgRTN) and β-Tubulin.

2. Results
2.1. Generation and Verification of TgMORN2 Gene Editing Strains

TgMORN2 is mainly formed by nine MORN repeats (Figure 1A). MORN2 has recently
been further localized to the apical end of the parasite [22], and it was found to be associated
with the cytosolic leaflet of the plasma membrane fraction in the hyperplexed localization
of organelle proteins by isotope tagging (hyper LOPIT) studies [25]. To further understand
its function, a knockout mutant of TgMORN2 was constructed in the RH∆Ku80 [26] strain
by double homologous recombination using CRISPR/CAS9 technology (Figure 1B). PCR1
and PCR2 determined the correct integration of enhanced green fluorescent protein (EGFP)
and dihydrofolate reductase (DHFR) into the genome, and PCR3 was used to determine
the complete knockout of the MORN2 gene (Figure 1C). Western blotting results indicated
that the EGFP protein was expressed in the knockout strain at a size of 25 kDa, while it
was not detected in the RH∆Ku80 strain. This indicates that the EGFP tag is activated
by the TgMORN2 promoter and that TgMORN2 is correctly replaced by the EGFP tag
(Figure 1D). The TgMORN2-hemagglutinin (HA) construct was co-transfected with the
uracil phosphoribosyltransferase (UPRT)-targeting CRISPR plasmid into ∆MORN2 to
generate the complementary strain CM-MORN2 (Figure 1E), with clones being generated
and identified by PCR (Figure 1F). By probing with anti-HA, MORN2-HA fusion was
efficiently expressed (Figure 1G).

2.2. The TgMORN2 Is Dispensable for Parasite Growth

The cytoskeleton of T. gondii is known to be essential for its growth, and consequently,
it is required for virulence [10]. Subsequently, we determined the effect of the MORN2’s
deletion on parasite growth. An invasion assay, replication assay, and plaque assay showed
that the deletion of MORN2 did not affect the invasion and proliferation of T. gondii
(Figure 2A–E). A virulence assay in mice showed that MORN2 was dispensable for T.
gondii pathogenesis (Figure 2F). The cell division of RH∆Ku80, ∆MORN2, and CM-MORN2
strains was evaluated [27]. The localization of the progeny inner membrane complex
TgIMC1 [11] was monitored using the cell maturation marker TgGAP45 [7] as a reference,
and the results showed that the ∆MORN2 strain had normal IMC1 localization, indicating
that the ∆MORN2 strain divided normally (Figure 2G–H). These results suggested that
MORN2 knockout had no effect on the virulence of T. gondii and that TgMORN2 may not
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be associated with cytoskeleton formation. There is a little speculation that other proteins
cooperate with TgMORN2 to participate in T. gondii life activities.
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Figure 1. The ΔMORN2 and CM-MORN2 strains were successfully constructed. (A) TgMORN2 
(TGGT1_292120) domain analysis (9 MORN conserved motifs in grey text box). (B) Schematic illus-
trating CRISPR-CAS9-mediated gene knockout by insertion of EGFP and pyrimethamine-resistant 
DHFR-Ts into the coding sequence of MORN2. (C) PCR1, PCR2, and PCR3 analyses confirming the 
knockout of the target gene. (D) Western blot identified activation of the GFP tag by the promoter 
of MORN2. (E) Schematic diagram of the CRISPR/CAS9-mediated MORN2-HA insertion at the 
UPRT locus. PCR4 and PCR5 detected the correct insertion sites, and PCR6 detected the UPRT en-
dogenous locus. (F) Diagnostic PCR demonstrating homologous integration and gene disruption in 
MORN2-HA strain compared with the parental line RHΔKu80. (G) Immunoblot assays checking 
the expression of MORN2-HA fusions in transgenic parasites. 
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Figure 1. The ∆MORN2 and CM-MORN2 strains were successfully constructed. (A) TgMORN2
(TGGT1_292120) domain analysis (9 MORN conserved motifs in grey text box). (B) Schematic illus-
trating CRISPR-CAS9-mediated gene knockout by insertion of EGFP and pyrimethamine-resistant
DHFR-Ts into the coding sequence of MORN2. (C) PCR1, PCR2, and PCR3 analyses confirming the
knockout of the target gene. (D) Western blot identified activation of the GFP tag by the promoter
of MORN2. (E) Schematic diagram of the CRISPR/CAS9-mediated MORN2-HA insertion at the
UPRT locus. PCR4 and PCR5 detected the correct insertion sites, and PCR6 detected the UPRT
endogenous locus. (F) Diagnostic PCR demonstrating homologous integration and gene disruption
in MORN2-HA strain compared with the parental line RH∆Ku80. (G) Immunoblot assays checking
the expression of MORN2-HA fusions in transgenic parasites.
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MORN2 strains. The mice were divided into three groups. Every mouse was monitored daily until 
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strains. Randomly selected vacuoles (n = 100) from two independent experiments were quantified. 

Figure 2. Absence of MORN2 did not affect parasite invasion and proliferation. (A) Differential inva-
sion efficiency of RH∆Ku80, ∆MORN2, and CM-MORN2 strains; n = 3, a representative experiment
from two independent assays; ns: not significant. (B) Intracellular replication assay for evaluating
in vitro proliferation of RH∆Ku80, ∆MORN2, and CM-MORN2 strains. Tachyzoites were counted in
100 PVs. Data represent mean ± SEM for two independent experiments. (C) Plaque assays used to
compare the overall growth capacity of RH∆Ku80, ∆MORN2, and CM-MORN2 strains. (D,E) The
number and area of the plaque assay; ns: not significant. (F) Survival curves of BALB/c mice
(500 tachyzoites per mouse; n = 5 mice per group) infected with RH∆Ku80, ∆MORN2, or CM-MORN2
strains. The mice were divided into three groups. Every mouse was monitored daily until death; ns:
not significant. (G) Utilization of IFA to observe T. gondii division. TgIMC1: inner membrane complex
of progeny; TgGAP45: glideosome-associated protein; TgIMC1 protein (green) and TgGAP45 (red)
strains body profile. Scale, 2.5 µm; DAPI (nuclear dye): 4’,6-Diamino-2-phenylindole. (H) Graph
shows the percentages of vacuoles in RH∆Ku80, ∆MORN2, and CM-MORN2 strains. Randomly
selected vacuoles (n = 100) from two independent experiments were quantified.
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2.3. Identification of the TgMORN2 Interactome

To identify the interacting proteins of TgMORN2, we utilized the BioID system using
TgMORN2 as a bait protein. A recombinant RH∆Ku80 strain was constructed. Using
CRISPR, the TurboID with a hemagglutinin (HA) tag was fused to the C terminus of
TgMORN2 (MORN2-TurboID-HA) (Figure 3A). The TurboID-HA tag integrated into the
C-terminal of TgMORN2 was identified by PCR (Figure 3B). Western blotting using anti-HA
antibodies showed that the recombinant strain correctly expressed TgMORN2-TurboID-
HA and migrated at the expected size (Figure 3C). Biotinylated proteins were enriched
from parasite lysates by streptavidin-conjugated beads, which were confirmed by Western
blotting (Figure 3D) and analyzed by mass spectrometry for identification. (Figure 3E).
After the removal of common contaminants and the control RH∆Ku80 proteins, and by
analyzing the MORN family based on a synthesis of relevant reports, 24 reliable proteins
were detected in the TgMORN2-TurboID-HA parasite samples. They were related to the
ER stress, membrane protein, and metabolism in T. gondii.

2.4. Non-Interaction of TgMORN2 with TgIMC3, TgIMC12, and TgGAP50

The membrane proteins TgIMC3 [8], TgIMC12 [8], and TgGAP50 [28] in mass spec-
trometry, which are also cytoskeleton proteins of Toxoplasma, were selected to verify their
relationship with TgMORN2. To determine whether TgMORN2 interacted with TgIMC3,
co-immunoprecipitation (Co-IP) was performed on HEK293T cells transfected with plas-
mids expressing the pCMV-Flag-IMC3 and pEGFP-MORN2 proteins. Co-IP was performed
using Flag mAb-coated beads, and the eluates were detected using GFP and Flag mono-
clonal antibody (mAb), respectively. As a result, GFP-MORN2 could not be pulled down
by the Flag-IMC3 (Figure 4A), indicating non-interaction with TgMORN2 and TgIMC3.
Co-IP was also performed to further verify the interaction between GFP-MORN2 and
Flag-IMC12 or Flag-GAP50. The immunoprecipitation results showed that TgMORN2
failed to co-immunoprecipitate with TgIMC12 (Figure 4B) and TgGAP50 (Figure 4C). This
further indicates that TgMORN2′s function is different from that of TgMORN1 [10].

2.5. Interaction of TgMORN2 with Endoplasmic Reticulum Stress-Related Protein TgRTN

In addition, T. gondii reticulon (TgRTN) was selected in the mass spectrum for veri-
fication. RTN4 has been shown to be involved in ER stress and inflammation in murine
myocytes [29]. The reticulon protein plays an important role in bending and shaping the
endoplasmic reticulum (ER) membrane [30]. TgRTN was selected based on mass spectrom-
etry analysis results to validate its interaction with TgMORN2 and to assess the potential
implications of TgMORN2 in ER stress. We conducted the GST pull-down assay to verify
this interaction. Western blotting using an anti-Flag antibody was performed to examine
the precipitates. As shown in Figure 5A, Flag-RTN was precipitated by GST-MORN2 and
not by GST alone. To further verify the interaction between the TgMORN2 and TgRTN,
the constructed plasmids pEGFP-MORN2 and pCMV-Flag-RTN were co-transfected into
HEK293T cells. The results showed that Flag-RTN co-precipitates with GFP-MORN2
(Figure 5B). Therefore, the interaction between TgMORN2 and TgRTN was confirmed
by Co-IP.
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Figure 3. MORN2-TurboID-HA-directed protein biotinylation. (A) Schematic diagram of
CRISPR/CAS9-mediated insertion of TurboID-HA into the C-terminus of TgMORN2. PCR1 and PCR2
detected the correct insertion sites, and PCR3 detected the MORN2 endogenous locus. (B) Diagnostic
PCR demonstrating homologous integration and gene disruption in the TgMORN2-TurboID-HA
strain compared to the parental line RH∆Ku80. (C) Immunoblot assays to check the expression of
TgMORN2-TurboID-HA fusions in transgenic parasites. (D) Visualization of biotinylated proteins in
parasites. Western blot comparing the profile of biotinylated proteins from lysates of RH∆Ku80 and
TgMORN2-TurboID-HA parasites. Biotinylated proteins were detected by horseradish peroxidase
(HRP)-conjugated streptavidin. (E) Analysis of mass spectrometry data.
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Figure 4. Non-interaction of TgMORN2 with TgIMC3, TgIMC12, and TgGAP50. (A) Non-co-
precipitation of pEGFP-MORN2 with pCMV-Flag-IMC3 in HEK293T cells. After expression and
differentiation, cells were harvested for Co-IP and further analysis by Western blotting using anti-GFP
and anti-Flag antibodies. (B) Non-co-precipitation of pEGFP-MORN2 with pCMV-Flag-IMC12 in
HEK293T cells. The experimental treatment is shown in (A). (C) Non-co-precipitation of pEGFP-
MORN2 with pCMV-Flag-GAP50 in HEK293T cells. The experimental treatment is shown in (A).

2.6. TgMORN2 and TgRTN Interact with β-Tubulin

It has previously been reported that reticulum proteins can interact with tubulin in
nerve cells [26]. Therefore, β-Tubulin was selected based on the mass spectrometry results
to further verify its interaction with MORN2. To confirm whether TgMORN2 binds to β-
Tubulin, Co-IP assays were performed in HEK293T cells transfected with pEGFP-MORN2
and pCMV-Flag-β-Tubulin. The results showed that GFP-MORN2 was detected in the
sediment (Figure 6A), suggesting that β-Tubulin and MORN2 interact in vivo. In addition,
a GST pull-down assay demonstrated that TgMORN2 interacted directly with the β-Tubulin
in vitro (Figure 6B). This further confirmed that TgMORN2 interacts with β-Tubulin. As
TgMORN2 interacts with TgRTN and β-Tubulin, the relationship between TgRTN and
β-Tubulin needs to be explored. To examine this interaction, Co-IP assays was performed.
The pEGFP-β-Tubulin and pCMV-Flag-RTN plasmids were co-expressed in HEK293T cells.
As shown in Figure 6C, a specific signal for GFP-β-Tubulin was clearly observed in the
Flag-RTN immunoprecipitation. Subsequent yeast two-hybrid (Y2H) experiments revealed
that co-transformation of pGBKT7-RTN and pGADT7-β-Tubulin into Y2HGold yeast cells
resulted in growth on SD/-Leu/-Trp/-Ade/-His + X-α-gal (SD-4) plates and blue color
development (Figure 6D). Additionally, Co-IP analysis confirmed the interaction among
the TgRTN, TgMORN2, and β-Tubulin proteins. Flag-RTN was detected using anti-Flag
antibodies, and GFP-tagged TgMORN2 and β-Tubulin could be detected by anti-GFP
immunoblotting (Figure 6E). Previous studies suggested an intrinsic link between ER stress
responses and the microtubule network [31]. Therefore, we speculate that TgMORN2 may
be related to the endoplasmic reticulum stress of T. gondii.
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Figure 5. TgMORN2 interacts with TgRTN. (A) GST pull-down assays. GST or GST-MORN2 fusion
protein generated by Escherichia coli BL21 was purified by glutathione agarose resin, followed by
incubation of the resin with Flag-RTN protein expressed in HEK293T cells. After washing, the
bound proteins were analyzed by Western blotting with anti-Flag antibodies. (B) Co-precipitation of
pEGFP-MORN2 with pCMV-Flag-RTN in HEK293T cells. After expression and differentiation, cells
were harvested for Co-IP and further analyzed by Western blotting using anti-GFP and anti-Flag
antibodies to reveal that pEGFP-MORN2 interacts with pCMV-Flag-RTN. The input was used as the
positive control.

2.7. More Pronounced Induction of Endoplasmic Reticulum Stress by Tunicamycin in the
∆MORN2 Strain

Tunicamycin (Tu) was initially identified as a natural antibiotic, and by inhibit-
ing protein glycosylation to become a canonical antibiotic, Tu can potently trigger ER
stress [30,32–34]. T. gondii Apetela-2IX-3 (TgAP2IX-3), T. gondii Apetela-2VIII-7 (TgAP2VIII-
7), Glycosyltransferases (GTs), and Derlin-1 have previously been associated with ER stress
in T. gondii, and their upregulation after Tu stimulation has been described [33]. To confirm
the conjecture that TgMORN2 may be involved in ER stress, different concentrations of
tunicamycin were used to stimulate the parasites for 1 h. In comparison with the RH∆Ku80
group, the levels of TgAP2IX-3 [35,36], TgAP2VIII-7 [35,36], Glycosyltransferases [37,38],
and Derlin-1 [37,38] (ER stress correlative factors in T. gondii) [33] in the ∆MORN2 strain
were significantly increased (Figure 7A–D). In short, these data suggest that TgMORN2
plays a key role in the ER stress of T. gondii.

2.8. Morn2 Deletion Leading to Intolerance of T. gondii to Endoplasmic Reticulum Stress

After stimulation with 10 µM Tu [33], the intracellular replication of the ∆MORN2
strain was significantly reduced (Figure 8C–D). For the plaque assay, the ∆MORN2 strains
treated with tunicamycin also formed significantly smaller and fewer plaques compared
to the RH∆Ku80 and CM-MORN2 strains (Figure 8A–B). Similarly, the pathogenicity of
the knockout strain was attenuated in tunicamycin-treated mice (Figure 8E). The above
evidence suggests that the deletion of TgMORN2 leads to the altered survival of T. gondii
in the context of ER stress.
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Figure 6. β-Tubulin interacts with TgMORN2 and TgRTN. (A) HEK293T cells were transfected with
pEGFP-MORN2 and pCMV-Flag-β-Tubulin. The immunoprecipitation interaction assay between
pEGFP-MORN2 and pCMV-Flag-β-Tubulin was performed by Western blotting analysis. The input
was used as the positive control. (B) TgMORN2 binding to β-Tubulin in vitro, using the GST pull-
down assay. The control GST and GST-MORN2 fusion protein were purified with GST-agarose, after
being mixed with the cell lysates containing β-Tubulin-Flag protein, and the interaction was detected
by Western blotting. (C) Co-immunoprecipitation of TgRTN with β-Tubulin. PEGFP-β-Tubulin
was co-expressed with pCMV-Flag-RTN in HEK293T cells. The isolated protein was analyzed by
immunoblotting with anti-Flag antibodies to detect TgRTN and anti-GFP antibodies to detect β-
Tubulin. The input was used as the positive control. (D) Analysis of the interaction between β-Tubulin
and RTN by Y2H system. TgRTN, p53, and LaminC (Lam) were cloned into the pGBKT7 vector, while
β-Tubulin and LargeT (T) were cloned into the pGADT7 vector, respectively. T+p53 and T+Lam were
used as positive and negative controls for the yeast two-hybrid system, respectively. (E) Conducting
Co-IP to detect the interaction between TgMORN2, β-Tubulin, and TgRTN in HEK293T cells. The
input was used as the positive control.
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Figure 7. More pronounced induction of ER stress by tunicamycin in the ∆Morn2 strain. (A–D) Mea-
surement of upregulation of TgAP2IX-3, TgAP2VIII-7, GTs, and Derlin-1 by qPCR. Histograms
represent the transcriptional changes of the four genes in RH∆Ku80, ∆MORN2, and CM-MORN2
strains as stimulated by Tu. Values shown are means ± SEM from three independent experiments
(n = 3), each with three replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001, Student’s t-test.
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Figure 8. Loss of MORN2 causes intolerance of T. gondii to ER stress. (A) Plaque assays were used
to compare the overall growth ability of the RH∆Ku80, ∆MORN2 and CM-MORN2 strains. (B) The
number and area of the plaque assay; ns: not significant; **, p < 0.01. (C) Different invasion efficiencies
of Tu-stimulated RH∆Ku80, ∆MORN2, and CM-MORN2 strains; ns: not significant; **, p < 0.01.
Graph represents mean ± SEM for two independent experiments. (D) Intracellular replication assay
used to evaluate the proliferation of RH∆Ku80, ∆MORN2, and CM-MORN2 strains in vitro after
stimulation with Tu; ns: not significant; **, p < 0.01. Two-way ANOVA mean ± SEM for three
independent experiments. (E) Survival curve of mice infected with the designated strains. RH∆Ku80,
CM-MORN2, and ∆MORN2 strains stimulated with 10 µM were infected with BALB/c mice by
intraperitoneal injection. Each group was composed of five mice, and a mouse was challenged
with 500 tachyzoites. Every mouse was monitored daily until death; ns: not significant; **, p < 0.01,
Gehan–Breslow–Wilcoxon tests.
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3. Discussion

The experimental results suggested that the deletion of MORN2 did not affect the
invasion and proliferation of T. gondii in vitro. We developed BioID technique to rapidly
identify and determine the function of TgMORN2. The results showed that TgRTN and
β-Tubulin were the interacting proteins of TgMORN2. Under ER stress, the total loss of
TgMORN2 resulted in a significant decrease in parasite invasion, intracellular proliferation,
and pathogenicity in mice, demonstrating the involvement of MORN2 in the ER stress
response of T. gondii.

Unlike TgMORN2, TgMORN1 is most prominently localized to the basal complex
of the IMC [23,24,39]. The absence of TgMORN1 leads to incomplete cytokinesis, with
particularly incomplete abscission and budding, and to the formation of multi-headed
parasites [11]. However, the absence of MORN2 had no significant effect on the division
and proliferation of T. gondii. In addition, the overexpression of TgMORN1 severely
perturbed the parasite nuclear division and cytokinesis [23]. Further evidence suggests that
TgMORN1 interacts with the cytoskeleton of the parasite [14]. In contrast, we verified that
TgMORN2 indeed fails to interact with IMC. The above evidence shows that TgMORN2 is
another MORN family protein and is different from TgMORN1.

ER should stimulate the ability of saturated ER proteins to fold under many physiolog-
ical and pathological conditions, leading to the accumulation of false-folding proteins [33].
When the ER is stressed, eukaryotic cells upregulate the expression of stress-responsive
genes through a mechanism called the unfolded protein response (UPR). The UPR is more
like a series of ‘emergency’ measures from the cell for maintaining homeostasis, such as
slowing down protein translation and triggering autophagy [40]. For example, preferen-
tially translated AP2 factors serve as the parasite counterparts of bZIP transcription factors
and coordinate the gene expression of UPR in other species [41]. Following acute exposure
to tunicamycin, many induced genes play integral roles in protein processing (folding,
degradation, and vesicle transport), lipid biosynthesis, and oxidative stress. The main
findings include the upregulation of GTs and Derlin-1 [33,38], which is essential for the
degradation of misfolded ER proteins. In this study, TgAP2IX-3, TgAP2VIII-7, GTs, and
Derlin-1 were significantly upregulated in the tunicamycin-stimulated ∆MORN2 strain.
However, further investigations are needed to elucidate the role of TgMORN2 in the UPR
and its involvement in endoplasmic reticulum stress.

Microtubules are known to regulate ER homeostasis, with ER dynamics being closely
linked to the dynamics of microtubules [42]. This is particularly important during ER stress,
as ER expansion is one of the relief mechanisms. In nerve cells, Nogo-B interacts with tubu-
lin and its localization is consistent [43]. As reported in previous studies [44], disruption of
the β-Tubulin: CCT-β complex apparently triggers both protein degradation systems, thus
forcing target cells towards ER stress-associated apoptosis. Therefore, the hypothesis that
β-Tubulin also interacts with TgRTN was derived, and subsequent experiments supported
this speculation. However, it is not clear whether the simultaneous deletion of TgMORN2
and TgRTN affects the survival of T. gondii. Thus, further research is called for.

With the exception of the few proteins that have already been validated in this study,
the mass spectrometry data also showed the presence of ANT and Rabs. TgANT is impor-
tant for the maintenance of mitochondrial morphology [2,45]. In addition, its depletion
significantly inhibited the proliferative capacity of T. gondii in vitro and its pathogenicity
in mice. The absence of ANT has been shown to cause a sharp increase in the unfolded
or misfolded proteins, resulting in endoplasmic reticulum stress [45]. Recently, the small
GTPases Rab10 [46] and Rab18 [47] have been reported to control ER shape by regulating
ER dynamics and fusion. Depletion of Rab7a leads to basal ER stress [48], which in turn
leads to ER membrane expansion. Previous studies on junctophilins have shown that
MORN repeats can provide attachment to the ER cytoplasmic face by interacting with
phospholipids. Based on our research, we can speculate that ANT/Rabs may be involved
in the endoplasmic reticulum stress together with TgMORN2. However, this assumption
needs further validation.
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In short, endoplasmic reticulum stress in T. gondii is a complex process in many ways.
The possible involvement of TgMORN2 in the expansion of the endoplasmic reticulum or
the formation of phagosomes during endoplasmic reticulum stress in T. gondii remains to
be studied.

4. Materials and Methods
4.1. Parasite Strain, Cells and Mice

Type I strain RH∆Ku80 was used to construct the transgenic strain, which was main-
tained in DF-1 cells (a spontaneously immortalized chicken embryo fibroblast cell line) or
Vero cells (African green monkey kidney cells) at 37 ◦C and 5% CO2 using cell culture flasks
(NEST Biotechnology, Wuxi, China). Four-week-old female BALB/c mice were purchased
from Jinan Pengyue Experimental Animal Breeding Co., Ltd. and kept under standard
conditions in accordance with the regulations specified by the Administration of Affairs
Concerning Experimental Animals.

4.2. Construction of Transgenic Strains

MORN2 deletions in RH∆Ku80 strains were performed by the CRISPR/Cas9 system,
which utilized homologous recombination to replace the target gene, and the associated
method was performed as described previously [49]. To construct the complementary
strain, RH∆Ku80 MORN2::3xHA and sgUPRT CRISPR plasmids were coelectroporated
and integrated into the UPRT locus to replace the original TgUPRT. The monoclonal strain
was screened by immunofluorescence using mAb HA. The positive clones were further
analyzed by PCR for correct integration at the TgUPRT locus, and the TgMORN2-HA
expression was analyzed by Western blotting.

4.3. Immunoblotting and Immunofluorescence Assays

The immunofluorescence assays (IFAs) were performed as described previously [49].
Briefly, tachyzoite-infected DF-1 cells were fixed with 4% paraformaldehyde. After three
washes with PBS, the cell membranes were permeabilized and the samples were blocked
by incubation with 0.25% Triton X-100/PBS and 3% bovine serum albumin for 30 min
at room temperature. The primary antibodies used were mouse anti-HA (1:500; Sigma
Aldrich, St. Louis, MO, USA), rabbit anti-GAP45 (1:250), rabbit anti-SAG1 (1:150), and
rabbit anti-IMC1 (1:200). TgActin, TgSAG1, and TgIMC1 were prepared by our laboratory.
The location of the primary antibody was visualized by using a mixture of FITC-conjugated
goat anti-mouse IgG [H+L] (1:75) and Cy3-conjugated goat anti-rabbit IgG [H+L] (1:250).
The nuclear material was co-stained with 4′,6-diamidino-2-phenylindole (DAPI).

For the immunoblotting assays, 107 parasites were collected and purified by filtration
through a 5 µm filter membrane and lysed with RIPA buffer (Solarbio, Beijing, China).
The primary antibodies used were mouse anti-GFP (1:6000; Abways, Shanghai, China),
mouse anti-HA (1:8000; Sigma Aldrich, St. Louis, MO, USA), and mouse anti-Actin (1:500).
Horseradish peroxidase-conjugated antibodies were used as secondary antibodies (1:5000;
CWBIO, Beijing, China).

4.4. Invasion Assay

A total of 104 freshly released tachyzoites of different strains were inoculated into
confluent DF-1 cells grown on coverslips. After 30 min of parasite invasion, the cells
were washed three times with PBS. The extracellular parasites were stained with mouse
anti-TgSAG1, and the total parasites were stained with rabbit anti-TgGAP45. Fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG (H+L) and Cy3-conjugated goat anti-
rabbit IgG (H+L) were secondary antibodies and were incubated together. The invasion
efficiency was calculated by counting the ratio of the number of infected tachyzoites/total
host cells in several random fields under a fluorescence microscope [50]. All the strains
were tested 3 times independently.
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4.5. Proliferation Assay

A total of 104 freshly released tachyzoites of different strains were inoculated into
confluent DF-1 cells grown on coverslips. After 2 h of parasite invasion, the cells were
washed with PBS and the culture medium was changed. After 24 h, the cells on the cover-
slips were fixed and subjected to IFA (staining for parasites using anti-GAP45). Tachyzoites
in 100 parasitophorous vacuoles (PVs) were counted in several random fields visualized
under fluorescence microscopy [51].

4.6. Plaque Assays

The plaque assays were performed as described previously [50]. Briefly, 500 freshly
released tachyzoites were inoculated into confluent DF-1 cell monolayers grown in 12-
well plates. After 7 days of culture, the cells were washed with PBS, then fixed with 4%
formaldehyde for 20 min, stained with 2% crystal violet for 10 min, washed with PBS, dried,
and imaged. Thirty plaques were measured in each condition.

4.7. Virulence Assay in Mice

Five-week-old female BALB/c mice were infected with 500 tachyzoites by intraperi-
toneal injection. The survival rate was monitored for 20 days post-infection. The virulence
test was repeated three times.

4.8. Western Blot Analysis

For the Western blots, the samples resolved by 12% SDS-PAGE were transferred
onto polyvinylidene fluoride (PVDF) membranes. Non-specific protein interactions were
blocked with 5% skim milk in TBST buffer (TBS buffer containing 0.05% Tween-20) for 1 h
at room temperature. The membranes were incubated in a 5% skim milk buffer for 1 h at
room temperature with the appropriate primary antibodies. The blotted membranes were
washed six times in TBST buffer and then incubated with 1:5000 dilutions of horseradish
peroxidase-conjugated secondary antibodies in TBST buffer for 1 h. The blotted membranes
were washed six times in TBST buffer. The proteins were visualized using biolumines-
cence reagents (New Cell and Molecular Biotech, Suzhou, China) in accordance with the
manufacturer-specified protocol.

4.9. Affinity Purification of Biotinylated Proteins

To screen for interacting proteins of TgMORN2, biotin-adjacent labeling was per-
formed as described previously [49]. Briefly, the TurboID and 3×HA tags were fused to the
C-terminal end of the MORN2 coding sequence. Transcription of MORN2-TurboID-3× HA
was initiated by the T. gondii MORN2 promoter. Purified PCR products of the TurboID-3×
HA cassette were co-transfected with the CRISPR/Cas9 plasmid into RH∆Ku80 parasites
and selected with DHFR after electroporation. Vero cells monolayers infected with the
TgMORN2-TurboID-HA strain were cultured in DMEM containing 150 µM D-biotin for
24 h as the experimental group. The RH∆Ku80 strain with biotin treatment was used as the
control. The biotinylated proteins were analyzed by Western blotting using HRP-labeled
streptavidin (Sangon Biotech, Shanghai, China), while the remaining samples were loaded
in 12% SDS-PAGE gel and separated for about 2 h. The protein bands of the control and
experimental groups were cut and sent to the BGI Genomics (Shenzhen, China) Company
for mass spectrometry identification.

The following steps were performed at the BGI Genomics (Shenzhen, China) Com-
pany. The identification of protein gel strips was to separate the sample proteins by gel
electrophoresis; then, the protein gel strips were obtained at different positions on the film;
the peptides were extracted after enzymatic digestion; then, mass spectrometry (MS) was
used to obtain the mass spectrum of the proteins in these gel strips, and finally, the protein
identification software (Mascot v2.3, Matrix Science, London, UK) was used to identify
the proteins in the samples. The whole process started from the conversion of the raw MS
data into a peak list; then, matches were searched for in the database. The databases used
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included the UniProt protein database and the genome annotation-based protein database.
The search results were subject to strict filtering and quality control, and possible protein
identifications were produced.

4.10. Co-Immunoprecipitation

HEK293T cells co-transfected with the corresponding plasmids were lysed in 400 µL of
RIPA buffer containing protease inhibitors and immunoprecipitated with protein A+G (Be-
yotime, Shanghai, China). The experiment was continued according to the manufacturer’s
instructions by first adding 1 µL of mouse IgG anti-Flag to the lysate and then adding it
to the protein A+G. The bound proteins were eluted, and the samples were subjected to
Western blotting. The primary antibodies used were mouse anti-GFP (1:6000; Abways,
Shanghai, China) and mouse anti-Flag (1:8000; Abways, Shanghai, China). Horseradish
peroxidase-conjugated antibodies were used as secondary antibodies (1:5000; CWBIO,
Beijing, China).

4.11. Yeast Two-Hybrid (Y2H) Assay

The interaction between TgRTN and β-Tubulin was verified by Y2H assay, as described
previously [49]. The full-length cDNA of TgRTN was amplified and cloned into vector
pGBKT7 to construct a bait plasmid. The cDNA sequence of β-Tubulin was amplified
and cloned into vector pGADT7 to construct the prey plasmid. After being confirmed by
sequencing, both prey and bait plasmids were co-transformed into yeast strain Y2HGold.
The interaction of each co-transformation combination was verified by growing the co-
transformants on minimal −Leu/−Trp (SD-2) medium and −Leu/−Trp/−His/−adenine
(SD-4) medium containing 20 mg/mL X-α-gal. Photographs were taken after 5 days of
yeast cell growth on −Leu/−Trp (SD-2) medium or −Leu/−Trp/−His/−adenine (SD-
4) medium.

4.12. Fusion Constructs and GST Pull-down Assays

pCMV-Flag-RTN and pCMV-Flag-β-Tubulin were transfected in HEK293T. The GST-
fusion protein of TgMORN2 was recombinantly expressed in E. coli BL21. The cells were
pelletized and lysed by sonication in protein extraction buffer. After centrifugation at
10,000× g for 30 min, the bacterial lysates were coupled to glutathione sepharose beads
(Beyotime, Shanghai, China) for 4 h. The beads were washed 3 times with washing buffer
and subsequently incubated with HEK293T cell lysates for 4 h. After 12% SDS-PAGE, the
proteins were transferred onto PVDF membranes using the Western blot method. The
primary antibodies used were rabbit or mouse anti-GST (1:8000; Proteintech, Wuhan,
China) and rabbit or mouse anti-Flag (1:8000; Abways, Shanghai, China). Horseradish
peroxidase-conjugated antibodies were used as secondary antibodies (1:5000; CWBIO,
Beijing, China).

4.13. RNA Extraction and qPCR

The tachyzoites of the RH∆Ku80, ∆MORN2, and CM-MORN2 strains were stimulated
with 0.1 µM, 1 µM, and 10 µM Tu for 1 h. Total RNA was extracted using TRIzol reagent
following the manufacturer’s suggestions. The extracted RNA was reverse transcribed into
cDNA using the StarScript II Reverse Transcriptase (GenStar Co., Ltd., Beijing, China); then,
the target gene expression levels were measured using qPCR with SYBR qPCR Master Mix
(Vazyme, Nanjing, China) using LightCycler®96 (Roche, Basel, Switzerland). TgGADPH
was used as a reference gene. The qPCR program included a denaturation step at 94 ◦C
for 30 s, followed by 40 cycles of 94 ◦C for 5 s and 60 ◦C for 30 s. The comparative 2−∆∆Ct

method was applied to analyze the relative levels of gene expression.

4.14. Statistical Analysis

All the data were analyzed in Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA)
using Student’s t-tests, as indicated in the figure. The statistical data were expressed as
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the mean value of the standard error of the mean (SEM). All the analyses were performed
with a two-tailed Student’s t-test, except for the parasite proliferation assay and the mouse
virulence assay, which were analyzed with a two-way ANOVA and the Gehan–Breslow–
Wilcoxon test. p < 0.05 was considered statistically significant. Significance was indicated by
asterisks according to the following scale: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Abbreviations

MORN membrane occupation and recognition nexus protein
ALS amyotrophic lateral sclerosis protein
ARC chloroplasts
ANT putative adenine nucleotide translocator
BrMORN Brassica rapa MORN motif
Co-IP co-immunoprecipitation
Clptm1 cleft lip and palate transmembrane protein1
DHFR dihydrofolate reductase
RSP radial spoke protein
JPH junctophilin
PIPKs plant phosphatidylinositol kinases
RTN reticulon
LOPIT localization of organelle proteins by isotope tagging
EGFP enhanced green fluorescent protein
EF3 putative elongation factor Tu
ER endoplasmic reticulum
GAP45 anchors the gliding machinery
GADPH glyceraldehyde-3-phosphate dehydrogenase
GTs putative glycosyltransferase
HA hemagglutinin
IMC inner membrane complex
mAb monoclonal antibody
PVs parasitophorous vacuoles
Rab putative small GTPase
SD-2 SD-Leu-Trp
SD-4 SD-Leu-Trp-His-Ade
TgAP2IX-3 T. gondii Apetela-2IX-3
TgAP2VIII-7 T. gondii Apetela-2 VIII-7
Tu tunicamycin
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UPRT phosphoribosyltransferase
UPR unfolded protein response
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Dráber, P. C53 interacting with UFM1-protein ligase 1 regulates microtubule nucleation in response to ER stress. Cells 2022,
11, 555. [CrossRef] [PubMed]

43. Rousseau, S.; Peggie, M.; Campbell, D.G.; Nebreda, A.R.; Cohen, P. Nogo-B is a new physiological substrate for MAPKAP-K.
Biochem. J. 2005, 391, 433–440. [CrossRef] [PubMed]

44. Lin, Y.F.; Lee, Y.F.; Liang, P.H. Targeting β-tubulin:CCT-β complexes incurs Hsp90- and VCP-related protein degradation
and induces ER stress-associated apoptosis by triggering capacitative Ca2+ entry, mitochondrial perturbation and caspase
overactivation. Cell Death Dis. 2012, 3, e434. [CrossRef]

45. Li, S.; Qian, J.; Xu, M.; Yang, J.; He, Z.; Zhao, T.; Zhao, J.; Fang, R. A new adenine nucleotide transporter located in the ER is
essential for maintaining the growth of Toxoplasma gondii. PLoS Pathog. 2022, 18, e1010665. [CrossRef]

46. English, A.R.; Voeltz, G.K. Rab10 GTPase regulates ER dynamics and morphology. Nat. Cell Biol. 2013, 15, 169–178. [CrossRef]
47. Deng, Y.; Zhou, C.; Mirza, A.H.; Bamigbade, A.T.; Zhang, S.; Xu, S.; Liu, P. Rab18 binds PLIN2 and ACSL3 to mediate lipid

droplet dynamics. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2021, 1866, 158923. [CrossRef]
48. Mateus, D.; Marini, E.S.; Progida, C.; Bakke, O. Rab7a modulates ER stress and ER morphology. Biochim. Biophys. Acta Mol. Cell

Res. 2018, 1865, 781–793. [CrossRef]
49. Tan, Q.; Wang, J.; Chen, J.; Liu, X.; Chen, X.; Xiao, Q.; Li, J.; Li, H.; Zhao, X.; Zhang, X. Involvement of Urm1, a ubiquitin-like

protein, in the regulation of oxidative stress response of Toxoplasma gondii. Microbiol. Spectr. 2022, 10, e0239421. [CrossRef]

https://doi.org/10.1371/journal.ppat.0020013
https://www.ncbi.nlm.nih.gov/pubmed/16518471
https://doi.org/10.1016/j.chom.2020.09.011
https://doi.org/10.3791/50598
https://doi.org/10.3390/ijms22157943
https://doi.org/10.1128/EC.00201-08
https://doi.org/10.3390/cells10020282
https://doi.org/10.1038/ncomms8841
https://doi.org/10.3389/fonc.2014.00153
https://www.ncbi.nlm.nih.gov/pubmed/24995158
https://doi.org/10.4155/fsoa-2017-0020
https://www.ncbi.nlm.nih.gov/pubmed/28883998
https://doi.org/10.1128/EC.00021-13
https://doi.org/10.1074/jbc.M800681200
https://www.ncbi.nlm.nih.gov/pubmed/18420584
https://doi.org/10.1016/j.molbiopara.2010.05.001
https://www.ncbi.nlm.nih.gov/pubmed/20470832
https://doi.org/10.1093/nar/gki709
https://www.ncbi.nlm.nih.gov/pubmed/16040597
https://doi.org/10.1038/nature02656
https://doi.org/10.1038/nature02592
https://doi.org/10.1128/EC.00021-08
https://doi.org/10.1083/jcb.201003138
https://doi.org/10.1089/ars.2007.1764
https://www.ncbi.nlm.nih.gov/pubmed/17760508
https://doi.org/10.3390/cells11030555
https://www.ncbi.nlm.nih.gov/pubmed/35159364
https://doi.org/10.1042/BJ20050935
https://www.ncbi.nlm.nih.gov/pubmed/16095439
https://doi.org/10.1038/cddis.2012.173
https://doi.org/10.1371/journal.ppat.1010665
https://doi.org/10.1038/ncb2647
https://doi.org/10.1016/j.bbalip.2021.158923
https://doi.org/10.1016/j.bbamcr.2018.02.011
https://doi.org/10.1128/spectrum.02394-21


Int. J. Mol. Sci. 2023, 24, 10228 19 of 19

50. Plattner, F.; Yarovinsky, F.; Romero, S.; Didry, D.; Carlier, M.F.; Sher, A.; Soldati-Favre, D. Toxoplasma profilin is essential for host
cell invasion and TLR11-dependent induction of an interleukin-12 response. Cell Host Microbe 2008, 3, 77–87. [CrossRef]

51. Daher, W.; Plattner, F.; Carlier, M.F.; Soldati-Favre, D. Concerted action of two formins in gliding motility and host cell invasion
by Toxoplasma gondii. PLoS Pathog. 2010, 6, e1001132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.chom.2008.01.001
https://doi.org/10.1371/journal.ppat.1001132
https://www.ncbi.nlm.nih.gov/pubmed/20949068

	Introduction 
	Results 
	Generation and Verification of TgMORN2 Gene Editing Strains 
	The TgMORN2 Is Dispensable for Parasite Growth 
	Identification of the TgMORN2 Interactome 
	Non-Interaction of TgMORN2 with TgIMC3, TgIMC12, and TgGAP50 
	Interaction of TgMORN2 with Endoplasmic Reticulum Stress-Related Protein TgRTN 
	TgMORN2 and TgRTN Interact with -Tubulin 
	More Pronounced Induction of Endoplasmic Reticulum Stress by Tunicamycin in the MORN2 Strain 
	Morn2 Deletion Leading to Intolerance of T. gondii to Endoplasmic Reticulum Stress 

	Discussion 
	Materials and Methods 
	Parasite Strain, Cells and Mice 
	Construction of Transgenic Strains 
	Immunoblotting and Immunofluorescence Assays 
	Invasion Assay 
	Proliferation Assay 
	Plaque Assays 
	Virulence Assay in Mice 
	Western Blot Analysis 
	Affinity Purification of Biotinylated Proteins 
	Co-Immunoprecipitation 
	Yeast Two-Hybrid (Y2H) Assay 
	Fusion Constructs and GST Pull-down Assays 
	RNA Extraction and qPCR 
	Statistical Analysis 

	References

