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Abstract

Apicomplexan encompass a variety of intracellular parasites responsible for significant diseases in humans and ani-
mals, such as malaria and toxoplasmosis. Among these, Toxoplasma gondii (T. gondii) serves as an exemplary organ-
ism for understanding the intricate biological characteristics of the phylum. At the parasite’s apical tip, a striated fiber
was discovered and proposed to be evotionarily derived from the algal flagellum. However, the protein composition
(the striated fiber assemblin, SFA) of this fiber remains poorly understood. Here, we took advantage of a proxim-

ity biotin labeling approach to identify potential SFA proteins by fusion of an engeneered biotin ligase TurbolD

with SFA2, from which we identified several novel components of the fiber. Evolutionary analysis suggested that SFA4
is conserved in the Apicomplexa phylum with the exception of piroplasmida, while SFA5 is specific to species of Sar-
cocystidae. Confocal imaging analysis showed that SFA4 and SFA5 are substantially co-localized with the bait SFA2.
Using a new version (OsTIR174C) of the plant auxin-inducible degron system that we adapted in this study, we found
that SFA4 and SFAS5 were efficiently depleted by addition of a much lower concentration of inducer (5-Ph-IAA, instead
of IAA). Detailed phenotypical analyses demonstrated that SFA5 is essential for daughter parasite formation and sepa-
ration of parasite nuclei during division, supporting the localization of SFA5 at the striated fiber that connects the cen-
triole and the apical conoid. The mouse assay suggested the essentiality of SFA5 in the parasites. Thus, this study
provided a new repertoile of the stiated fiber, and new data supporting association of the fiber with parasite division.

Keywords Toxoplasma gondii, Striated fiber assemblin, Protein components, Plant auxin inducible degron system,
Parasite division

Introduction

The phylum Apicomplexa contains over 5000 parasites,
the majority of which are intracellular. Toxoplasma
gondii, the phylum’s most successful model species, is
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hosts and acute toxoplasmosis in immunocompromised
individuals such as HIV-infected people or pregnant
women [1, 2]. Of interest is that all severity and pathol-
ogy of toxoplasmosis originates from tissue destruction
caused by the rapid replication cycle of the parasites and
by lytic cycle in host cells. In this process, the parasite
replication mechanism plays a core role in the mainte-
nance of invasion capability [3-5].

Intracellular cell division of 7. gondii has attacted atten-
tion from the research community over the past few
decades [6]. The parasite exhibits the ability to utilize a
variety of division strategies, adapting to the environ-
ment of the host cell, making it significantly different
from the standard eukaryotic division apparatus [7, 8].
Briefly, in the tissues of intermediate hosts, parasite divi-
sion depends on internal budding or endodyogeny,
whereas in the intestinal epithelium of the cat, the para-
site undergoes schizogony [9]. So far, many division-asso-
ciated markers have been discovered, which can be used
for exploring the complex biology of parasite division in
T. gondii. For instance, Centrin 1 localizes to the centro-
some of both interphase and mitotic cells in the asexual
replication cycle, reflecting the dynamic behavior of the
centrosome during the division process [10]. After rep-
lication of the centrosome, the daughter parasites begin
to assemble, which is intiated in close physical proximity
to the centrosome and coincides with the synthesis phase
(S-phase) in time [11]. Moreover, Inner Membrane Com-
plex (IMC) proteins were reported to link to each other
through certain skeletal elements that form seams, lati-
ces or membrane anchors, and have the ability to further
expand the microtubule scaffold of the budding daughter
cell futher expand [12, 13]. Undoubtedly, these discover-
ies contribute to understanding of the intracellular repli-
cation of the parasite.

Apicomplexan parasites are believed to have evolved
from photosynthetic flagellated algae but have lost their
flagella along the way [14]. In T. gondii, the Striated Fiber
Assembly (SFA) fiber acts as the rootlet of the flagellar
basal bodies, which is essential for cell division [15]. This
structure is a microtubule protein fiber that is attached
to the conoid, a motile cone-shaped structrure that is
part of the apical complex in T. gondii [16]. Interestingly,
following the centrosome replication, the fiber emerges
and elongates away from the centrosome, and eventu-
ally attaches the distal end to the conoid microtubule
organizing center (MTOC) of the daughter cell [15]. A
previous study identified two SFA proteins, namely SFA2
and SFA3 that are homologous proteins of algal flagel-
lum components. This study proposed that the proteins
serve as spatial and temporal organizers for the division
process of 1. gondii. The ablation of either SFA2 or SFA3
renders the fibroid structure defective and blocks the
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budding of the daughter cell [15]. Together, these previ-
ous pieces of evidence indicate that the SFA fiber physi-
cally link the centrosome to the conoid, thereby affecting
the parasite division [15, 17].

Despite the essential roles of the SFA fiber in T. gondii
division, there is still a lack of detailed dissection of the
protein composition in the fiber. So far, only three SFA-
related proteins (SFA1-3) have been characterized, lim-
iting our understanding of the fiber and its function in
the parasite. Here, we took advantage of the engineered
biotin proximity labeling technique to exploit the pro-
tein composition of the striated fiber, from which several
novel SFA proteins, SFA4 and SFA5, were discovered. By
applicating a new version of the plant auxin-inducible
degron system (TIR1F746) that we adapted in this study,
our detailed phenotype analyses revealed that the Sarco-
cystidae-Specific SFA5 is required for the formation of
daughter parasite. This study provided a new repertiole
of the striated fiber, including an essential protein SFA5,
supporting the association of the SFA fiber with para-
site division in 1. gondii and potentially in other related
protists.

Results

Construction of SFA2-TurbolD for proximal biotin labeling
in T. gondii

To examine the intricate protein interaction and identifi-
cation of novel proteins in the SFA fiber, a biotin proxim-
ity protein labeling approach was used. The latest version
of biotin ligase TurboID was endogenously tagged at the
C terminus of SFA2 using the CRISPR tagging approach
recently introduced in T. gondii [18] (Fig. 1A). Immuno-
fluorescence assays (IFA) were performed on the SFA2
transgenic parasites, confirming the successful fusion
of the TurboID-4Ty tag with SFA2 (Fig. 1B). Western
blot assay using the Ty monoclonal antibody exhibited
a single band of protein with the correct size for SFA2-
TurboID-4Ty (Fig. 1B). To examine the biotin labeling
activity of the TurbolD fusion, IFA was performed with
a streptavidin reagent for parasites treated with and with-
out biotin, revealing additional spots that are co-localized
with the TurbolID fusion protein in the parasites of SFA2-
TurboID-4Ty (Fig. 1C). Collectively, the TurboID fusion
was successfully generated and able to label proximal
proteins in the parasites for further experiments.

SFA4 and SFA5 are the novel components of the SFA fiber

To screen candidate proteins, proteomic analysis was
performed for the parental line RHAku80Ahxgprt and
the TurbolID fusion line. The spectra data were prelimi-
narily processed using the Scafold4 software, and a vol-
cano map was plotted to gain the overall distribution of
all candidate proteins identified by the proximal biotin
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Fig. 1 Construction of SFA2-TurbolD in T. gondii. A Schematic of the CRISPR/Cas9 system used to insert the TurbolD-4Ty-DHFR at the C-terminus
of SFA2. The sgRNA was selected right downstream of the stop codon, and the homologous regions at the amplicon ends were derived

from the upstream and downstream of the stop codon and the sgRNA site respectively. B-C Confirmation of the SFA2-TurbolD fusion line by IFA
and Western blots. Parasites were grown in HFF cells, followed by IFA and Western blots for verification of the TurbolD line (B), while the labeling
activity of the TurbolD in the parasites were performed by stanining of biotylyated proteins using streptavidin Fluor-488 (green) for parasites grown
in the presence (+) or absence (-) of biotin (1.5 h) (C). Antibodies against Ty (red) and GAP45 (red) were used in the IFA, while Ty stained green

was used in Western blot. Scale bar=2 pm. Actin served as the control in Western blot. Scale bar=2 um

labeling approach (Fig. 2A) (Table S1). This analysis iden-
tified 96 proteins that have higher numbers of spectra
in SFA2-TurboID compared to the parental line. Based
on the fold change and phenotypic score (Table S1), we
attempted to analyze five of the hypothetical proteins
with higher numbers of spectra, predicted to be essen-
tial to the parasites by referring to the data on ToxoDB

(See figure on next page.)

(Fig. 2B). To examine whether these candidate proteins
are co-localized with SFA2, CRISPR/Cas9-mediated tar-
geting and homologous recombination were designed
to fuse 6xHA with the C-termini of these candiates in
the background line of SFA2-6Ty (Fig. S1A). IFA imag-
ing analysis was applied to identify the target proteins in
the genetically engineered parasites, which showed that

Fig. 2 Identification of candidate proteins labeled by TurbolD (A). The volcano map showing the identified proteins by proximal biotin labeling
strategy. The red dots represented significantly up-regultaed proteins by comparison with the parental RH line. Five of the candidate proteins

for subsequent analysis were labelled in the plot (See Table S1). B The candidate proteins were analyzed based on ToxoDB and InterPro databases. C
Localization of SFA4-6HA (green) and SFA5-6HA (green) in the background parasite line SFA2-6Ty. The HA fusion was stained green while the SFA2Ty
was stained red as a reference. The Pearson Correlation coefficient (PCC) was analyzed with mean + SEM using the intensities over the white line
using the NIS software. Three independent experiments were performed with similar outcomes, and The PCC shown were averages and standard
deviation (N=20). Scale bar=2 um. D The model pattern of SFA2 and two novel SFA proteins in T. gondii. The segmented Coiled Coil Domain are
conserved and drawn as yellow boxes. E Robust Multi-array Average (RMA) values of transcripts endocoding SFA2 and two novel proteins over two
consecutive division cycles based on previous published data from Behnke and co-workers [19]. F Parasites expressing SFA2-6Ty and SFA5-6HA
were scored by IFA using anti-Ty and anti-HA antibodies in an asynchronous parasite population (n=200) for parasites grown in HFF cells for 24 h.
The data of image were calculated based on two independent experiments. Error bars represent the standard error
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TGGT1_293170 (SFA4), TGGT1_212780 (SFA5) and
TGGT1_246740 were substantially co-localized with the
bait protein SFA2 (Fig. 2C and Fig. S1B). The co-locali-
zation of proteins with SFA2 was further supported by
overlapping intensity anlaysis with calculated pearson
correlation coefficients (PCC) (Fig. 2C). Another two
candidates were analyzed in parallel, which showed that
no co-localization features were observed with SFA2 for
TGGT1_312590 and TGGT1_262950 (Fig. S1B).

We then focused on proteins of SFA4 and SFA5 in
the parasite by evolutionary and functional analyses. To
compare the SFA fiber proteins, we first analyzed the
protein domains of SFA2, SFA4 and SFA5 using InterPro,
and found that these proteins contain 1-4 coiled-coil
domains (Fig. 2D). Interestingly, both of the new proteins
SFA4 and SFA5 are large in protein sizes with 254 kDa
(SFA5) and 360 kDa (SFA4) (Fig. 2D). A previous study
illustrates that the transcription of the SFA2 gene fluctu-
ates according to the cell cycle, with maximal expression
aligning with DNA replication and mitosis events [15].
We then compared the expression of genes of SFA4 and
SFA5 with that of SFA2, and observed a similar expres-
sion feature in the cell cycle (Fig. 2E, F). These features
provide additional evidence supportive of the fiber locali-
zation of the novel proteins SFA4 and SFA5.

SFAS is conserved in Sarcocystidae parasites

SFA1-3 were identified in the Apicomplexans, based
on the sequence homolog to the proteins in flagella in
green algae, although the Apicomplexa lack flagella with
the exception of the male gamete produced during the
sexual stages in the intestine of cats [10]. We then ana-
lyzed the phylogeny of SFA2, SFA4 an SFA5 using jack-
hammer search of our customized databases. Expectedly,
we found that SFA2 is conserved in the chlorophyta
(green algal) species and in protists, such as the cilates
and oomycetes (Fig. S2). Of note, the phylogeny of SFA2
formed a large branch in the tree, which is consistent

(See figure on next page.)
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with the proposed origin of the SFA fiber structure.
Intriguingly, SFA4 is well conserved in the apicomplexan
parasites only with the except of parasites belonging to
the piroplasmida, which is depicted by red branches in
the tree (Fig. S2). In contrast, SFA5 was identified only
in specific species of the Sarcocysitdae, such as Neospora
caninum, Besnoitia besnoiti and Cystoisopora suis (Fig.
S2 and Table S2), which is depicted by green branches
in the phylogeny tree (Fig. S2). Taken together, SFA4 and
SEAS5 are clearly less conserved in comparison with SFA2
in the algae and the Apicomplexa, likely suggesting a dif-
ference in protein essentiality in the parasite.

SFA5 is indispensible for parasite growth in vitro

We then determined to dissect the function of SFA4
and SFA5 in the parasite by applying the plant auxin-
inducible degron system (AID) [16, 20]. Recently, it was
reported that a mutation (F74G) of the auxin receptor
TIR1 allowed TIR1 to accept a larger ligand 5-Ph-IAA,
and fusion of the miniAID degron with a target protein
is able to deplete the target very efficiently by the system
[21]. We attempted to adapt the system in the parasite
prior to the function dissection of the novel proteins, by
expression of the mutated copy (F74G) of the TIR1, as
demonstrated in Fig. 3A. The gene loci of SFA4 and SFA5
were fused with miniAID in the parental line TIR174G,
using a CRISPR tagging approach (Fig. 3C), as described
in our previous study [16]. The engineered the mAID
tags at the C-termini of SFA4 and SFA5 were examined
by IFA, which showed that the fusions of SFA4 and SFA5
were expectedly localized to the spot at the anterior of
the parasites (Fig. 3D). Addition of the ligand 5-Ph-IAA
(working concentration at 2 pM) efficiently depleted the
protein level of SFA4 and SFA5 after 12 h of induction,
as demonstrated by the IFA and Western blot (Fig. 3D).
The induction efficiency, as demonstrated by the fusion
of SFA4 an SFA5, suggested that the new version of AID

Fig. 3 Construction and characterization of conditional knockdown lines SFA4-mAID and SFA5-mAID (A) mutation of DNA sequences

encoding position 74 at the TIR1. The DNA sequence of TIR1 encoding the 74th amino acid was sequenced and shown was the mutation site.

B the new version of TIR1-Flag was expressed in the parasite to generate a parental line TIR174C, € Schematic of the CRISPR/Cas9 system used

for inserting the mAID-6Ty-DHFR at the C-terminus of the SFA4 or SFA5. The pCas9-sgRNA (that encodes a sgRNA targeting to the downstream

of the stop codon) and amplicon (that contains homologous regions and the mAID-6Ty-DHFR) were transfected into the TIR174C line, resulting

in the MAID-6Ty-DHFR fragments fusing at the C-terminus of SFA4 or SFA5. Note that DHFR indicates the resistant expression cassette. D-E
Immunofluorescence microscopy and Western blot of SFA4-mAID-Ty and SFA5-mAID-Ty lines grown with/without 5-Ph-IAA treatment for 16 h. The
parasites were stained using mouse anti-Ty (SFA4 for green, SFAS5 for red) and rabbit anti-GAP45 (the SFA4-mAID line for red, the SFA5-mAID line
for green). Scale bar=2 pm. SFA4-mAID-6Ty and SFA5-mAID-6Ty tachyzoites were grown on HFF with/without 5-Ph-IAA treatment for 16 h. Labels
were detected by mouse anti-Ty and rabbit anti-Actin (or Tubulin) as control. F-G Plaque formation with TIR1, SFA4-mAID and SFA5-mAID lines
grown with/without 5-Ph-IAA for 7 days. The numbers of plaques were scored using ImageJ. Three independent experiments were performed.
***% p<0.0001. H Parasites were grown in HFF cells in treatment (+ 5-Ph-IAA) or control (ethanol) for 24 h. IFA was performed for scoring vacuoles
containing different numbers of parasites. Means + SEM of three biological replicates with Two-way ANOVA analysis. ***, p < 0.001
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system (TIR177%9) is efficient in depletion of target fusion  that depletion of SFA4 had no appearant defects in
proteins, using a much lower ligand 5-Ph-TAA. parasite morphology, while depletion of SFA5 caused

These IFA results provided the first observation of the  an abnormal localization of GAP45 and distorted para-
parasites depleted with SFA4 and SFA5, which showed  site morphology (Fig. 3D). To evaluate the importance
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of mAID fusions for parasite proliferation, we analyzed
their capacity to form plaques on host cells during the
parasite’s lytic cycle. Notably, the SFA5-mAID para-
site line, when cultivated in the presence of 5-Ph-IAA,
formed no visible plaques. In contrast, the SFA4-mAID
line exhibited normal growth (Fig. 3E).These results
were further supported by scoring of plaque numbers
with the SFA fusion lines (Fig. 3F, G), suggesting that
SEAS5 is essential for parasite growth in host cells. To
determine whether the protein depletions have effects
on parasite replication, we assayed the parasite num-
bers in single vacuoles in the lines grown with or with-
out the inducer 5-Ph-IAA (2 uM). The SFA5-mAID line
had a clear defect on parasite replication, as judged by
much fewer vacuoles with 16 and 8 parasites per vacu-
ole, and the accumulation of low numbers of parasites
per vacuoles (Fig. 3H). In contrast, the SFA4-mAID
line had no obvious effect on the parasite replication
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(Fig. 3H). Collectively, we adapted a new version of
plant auxin-inducible degron system (TIR1f74%), by
which we identified SFA5 as an essential component of
the striated fiber in the parasite.

SFA5 is involved in formation of daughter parasites

To examine the morphology of parasites depleted with
SFA5, we employed a variety of T. gondii organelle mark-
ers to observe changes in the parasite morpholoogy fol-
lowing depletion of SFA5 by addition of the ligand. We
tested formation and separation of the centriole by stain-
ing the parasites with Centrin 1, parasite morphology by
staining of the IMC markers IMC1, GAP45, and MLCI,
organelle status by staning markers ACP and Bip, and the
parasite cytoskeleton by staining tubulin. In the parasites
without treatment with 5-Ph-IAA, we observed that all
the staining of markers were localized to the expected
locations, and the differential interference constrast
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Fig. 4 Parasites depleted with SFA5 show pronounced phenotypic defects. Parasites of SFA5-mAID were grown in presence (+) or absence
(-) of 5-Ph-IAA for 16 h, followed by IFA analysis using antibodies against markers (green) for the centriole (centrin1), the apicoplast (ACP),
the endoplasmic reticulum (Bip), the cytoskeleton tubulin and the inner membrane complex (GAP45, IMC1 and MLC1). The mAID-Ty fusion
was labelled with red to show the presence or the absence of the fusion protein. Three independent experiments were perform with similar

outcomes, and scale bar=2 um
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(DIC) clearly showed individual parasites in vacuoles
(Fig. 4). In deep contrast, in the mAID fusion parasites
grown in the ligand for 16 h, we observed a spherical
parasite body (Fig. 4), while the IMC stainings failed to
clearly identify individual parasites within the parasite
bodies (Fig. 4). Furthermore, in the spherical parasites,
we observed multiple stainings of centrinl, ACP, and
nucleus, each centrinl and ACP stainings coupled with a
nucleus staining. In addition, depletion of SFA5 obviously
disrupted the organization of the tubulin cytoskeleton
and the endoplasmic reticulum marker Bip (Fig. 4). These
results collectively suggested that the parasites depleted
with SFA5 were able to duplicate the organelles, however,
they were unable to properly form daughter parasites,
resulting in distorted parasites and enlarged parasite
body.

SFA5 is essential for parasite virulence of Toxoplasma

in mice

To investigate the roles of SFA5 in the virulence of
tachyzoites, intraperitoneal infection was conducted in
mice with 100 tachyzoites of the TIR1¥74G parental line
and the SFA5-mAID parasites. The control mice were
administered with a solution without the inducer 5-Ph-
IAA, while the experimental group was supplied with
a solution containing 5-Ph-IAA on a daily basis. The
mouse survival assay showed that all mice in the con-
trol group (with TIR1 74 parental line and SFA5-AID)
without 5-Ph-IAA died on day 8-10, while mice infected
with SFA5-mAID and treated with 5-Ph-IAA survived
(Fig. 5A). Conversely, the mice infected with the TIR1
F74G parental line but treated with 5-Ph-IAA clearly sur-
vived, further supporting that depletion of SFA5 had a
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lethal effect on parasite survival in vivo. Meanwhile, the
body weight of all mice were monitored daily, which
showed that the mice infected with SFA5-mAID and sup-
plied with 5-Ph-IAA appeared to be normal, while mice
in the control groups begun to lose body weight on day
5 (Fig. 5B). In summary, SFA5 is essiential for parasite
growth in mice, suggesting that the association of SFA5
with the fiber is critical for parasite growth.

Discussion

Parasite division utilizes the positioning and assembly
of a fiber evolutionarily derived from an algal flagellum
[15]. This fiber comprises homologs of the proteins found
in striated fiber assemblins, which serve as the principal
cytoskeletal component of the striated microtubule-asso-
ciated fibers (SMAF) located in the flagellar basal appa-
ratus [22-24]. In 2012, Francia and co-workers identified
SFA2 and SFA3 as the master regulators in the T. gondii
cell division [15]. Depletion of SFA2 or SFA3 resulted
in defects in daughter cell budding, suggesting the pro-
found role of the proteins in cell division. However, the
protein composition of this important fiber remains to
be explored, the progess of which could provide further
evidence in the fiber functions and evolution in the api-
complexan and evolutionarily related protists. In the
past years, knowledge of parasite division in 7. gondii has
expanded, attributing to efficient genetic manipulation
tools developed in this model organism of the phylum
[25, 26]. In this study, we combined the efficient proxi-
mal labeling approach, CRISPR-tagging technology, and
the new version of auxin-inducible degradition system
(TIR1F74S), to screen and identify novel components
of the SFA fiber and to dissect functions of those novel
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TIR1F74¢ SFAS-mAID
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Fig.5 SFAS5 is indispensable during Toxoplasma acute infection in mice. A Kaplan-Meier curve showing survival of female Balb/c mice

with or without T. gondii infections. Each mouse was intraperitoneally infected with 100 parasites of TIR1

F74G or SFA5-mAID tachyzoites and supplied

with water with (+) or without (-) 5-Ph-IAA and with intraperitoneal injection of a solution containing 5-Ph-IAA or PBS on daily basis. Survival data
were analyzed by the Gehan-Breslow-Wilcoxon test, comparing to the parental line TIR1774C without 5-Ph-IAA treatments. **** p <0.0001. B Ratio
of mouse weight gain after infections with T. gondii, as show in (A). The mice were weighted on a daily basis, and the mouse weight on day 0
was considered as the starting point 1. The data were shown with mean + SEM
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components in the model organism T. gondii. Our phe-
notypic experiments demontstrate that the Sarcocyst-
idae-specific protein SFAS5 is essential for formation of
daughter parasites in 7. gondii.

The paired flagella of the algae ancestor were utilized
for cell motility and anchored by a cross-shaped sys-
tem of microtubules and fibrous strands [27, 28]. Chro-
malveolate protists are an important branch of the
phylogeny of eukaryotes. A previous report detected
a clear spot in T. gondii that is close to the centrosome,
using SFA antibodies derived from green algae, thus
providing a strong evidence supporting the evolution-
ary relationship between green algae and T. gondii in a
cellular perspective [10]. SFA, as reported, likely existed
in ancestral eukaryotes and was subsequently lost mul-
tiple times throughout evolution. Furthermore, despite
its broad presence among protists, studies suggest that
SFA appears to be absent in multicellular organisms [29].
Thus, it seems possible that 1. gondii could have con-
served certain elements of the flagellar apparatus during
its evolutionary process. In our study, we identified addi-
tional proteins of the SFA fiber, such as SFA4 and SFAS5,
which substantially co-localized with SFA2. Additional
evidence, which include a common protein domain of
coiled-coil and similar expression pattern during cell
cycle, further support the localization of the novel pro-
teins at the SFA fiber. However, we noticed that these
two proteins have different phylogenetic distribution in
the apicomplexan parasites. Except for the parasites of
Babesiidae and Theileriidae, SFA4 homologs are identifi-
able in the genomes of all other apicomplexan parasites.
In contrast, SFA5 is conserved only in the cyst-forming
Sarcocystidae parasites. However, it is still noteworthy
that the homolog of this protein can not be readily identi-
fied in the genomes of other apicomplexans, likely due to
the huge size of the prortein SFA5. Nevertheless, the con-
servation of these proteins (i.e., SFA2, SFA4 and SFA5)
differs greatly in the apicomplexan parasites.

The SF-assemblins (i.e., SFA1-3) are known to be 269—
284 residues of amino acids in length [30]. The discovery
of two novel SFA proteins with significantly longer pro-
teins length clearly indicate that the SFA fiber is more
complex than expected, as previously thought. Intrigu-
ingly, the key SFA proteins contain a coiled-coil domain,
which consists of two or more alpha-helices that are
twisted together like a rope [29, 31]. This domain is found
in many different proteins that have various fuctions,
such as regulating gene expression, forming cytoskel-
etons, and mediating protein interactions [32-34]. Cru-
cially, evidence illustrates that the coiled coil domain
within SFA proteins have the ability to mediate interac-
tions between proteins, thus allowing inter-connection
and formation of a fiber with dark striations [10, 35]. In
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the regard, it is speculated that there must be more inter-
acting SFA proteins on the fiber structure. Therefore,
future studies may be necessary to understand the SFA
proteins with emphasis on the molecular structure and
biochemical interactions [36, 37].

In recent years, cell division has drawn great attention
due to its critical role over in the development lifecycle of
T. gondii in the host cell. Strikingly, in addition to daugh-
ter cell assembly or cytokinesis, DNA replication and
nuclear mitosis occur multiple times, which avoids the
appearance of the polyploid daughter cells with multiple
nuclei [38—40]. Parasites depleted with either SFA2 or
SFA3 contained multiple nuclei due to a lack of the SFA
fiber, suggesting that the defect was not in mitosis but in
the subsequent budding of daughter cells. In our study,
cell division was also directly impaired when depleted of
SEAS5 protein, as observed by the constantly accumulated
nucleus and the spherical parasite body. Collectively, the
discovery of novel SFA fiber proteins expands our under-
standing of SFA fiber structure, further recognizing func-
tion of the fiber in the parasite division in T. gondii, which
might be extended to phylogenetically related parasites.

Conclusion

T. gondii division is organized by a homolog of the stri-
ated fiber assembling structure evolutionarily derived
from green alga. However, so far only three proteins
(SFA1-3) have been discovered and characterized. Here
we leveraged efficient technologies of TurboID prox-
imity biotinylation and CRISPR genome engineering,
discovering 2 novel SFA proteins from a screen of pro-
teomic candidates, namely, SFA4 and SFA5. Within the
plant auxin-inducible degradation system, we success-
fully constructed conditional knockdown strain of SFA4
and SFA5 and accomplish a series of phenotype assay.
Notably, although both of SFA4 and SFA5 share common
localization and structural features with SFA2, only SFA5
is restricted to Sarcocystida parasites and is required to
parasite survival in vitro and in the mouse model.

Materials and methods

Antibodies and chemicals

Primary antibodies such as rabbit and mouse anti-HA
were sourced commercially (Thermo-Fisher, #71-5500
and BioLegend, #901501). Other primary antibodies,
including rabbit anti-GAP45, rabbit anti-Actin, rabbit
anti-IMC1, rabbit anti-Tubulin, rabbit anti-ACP, rabbit
anti-Centrinl, and rabbit anti-MLC1 were developed
in-house, following methods elucidated in earlier stud-
ies [41, 42]. The mouse anti Ty antibodies were generated
from a hybridoma line (BB2), generously given by Profes-
sor Philippe Bastin. Secondary antibodies with conjuga-
tion to Alexa Fluors (either 488 or 568), both anti-mouse
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and anti-rabbit, were obtained from Thermo-Fisher Sci-
entific. LI-COR Biotechnology supplied fluorescent rea-
gents conjugated with LI-COR 800 CW. Chemicals such
as 2-(5-Phenyl-1H-indol-3-yl)acetic acid (5-Ph-IAA)
(Sigma-Aldrich, #SML3574), mycophenolic acid (Sigma-
Aldrich, #M3536), 6-xanthine (Sigma-Aldrich, #X4002),
and pyrimethamine (Sigma-Aldrich, #46706) were pur-
chased from commercial sources.

Parasites and host cell culture

The previously characterized strains RHAku80Ahxgprt
and RHAku80Ahxgprt/TIR1¥74G, herein referred to as
RHAku80Ahxgprt and TIR1F74S respectively, served as
the progenitor strains for the transgenic lines discussed
in this article. These original strains and their derived
lines (See Table S3 for details) were cultured on HFF-1
cells (ATCC, SCRC-1041) in DMEM (referred to as D5
medium) fortified with 5% heat-treated fetal bovine
serum, 2 mM glutamine, and 100 units of penicillin—
streptomycin at 37 ‘C with a controlled environment of
5% CO,. Both the parasites and HFF-1 cell lines were
kept free from mycoplasma, facilitated by the use of the
e-Myco plus kit (Intron Biotechnology). The TIR1F74G
strain and corresponding mAID lines were cultured in
HFF with either 2 pM 5-Ph-IAA or 0.01% ethanol for the
purpose of the phenotypic assay.

Mice

The vivo experiments of 1. gondii were observed in
Balb/C mice that were six weeks old. The mice were kept
in filter-top cages under specific pathogen-free (SPF),
with the acquisition of sterile water and food. They were
randomly grouped into experimental parties (n=5 per
group), and subjected to an intraperitoneal (i.p.) injection
carrying 100 tachyzoites, after which their health was
regularly monitored. This daily check included observ-
ing their physical appearance, weight, and response lev-
els. The mouse experiments were conducted according
to the guidelines and regulations issued by the Veterinary
Office of the China Agricultural University (Issue No.
AW11402202-2-1).

CAS9 plasmid construction and generation of Toxoplasma
gondii lines

The pCas9-sgRNA plasmids (Table S4) were employed
for gene tagging utilizing the CRISPR/Cas9 method.
The sgRNA aiming for a specific area was chosen utiliz-
ing the EuPaGDT online prediction software, and the
pCas9-sgRNA plasmid was constructed utilizing the
Basic Seamless Cloning and Assembly kit with the prim-
ers outlined in Table S5. The existing pCas9-sgRNA plas-
mid (Addgene, #54,467) was employed as a template,
and three fragments were amplified using three pairs of
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primers, namely Amp-F/Cas9-R, CAS9-F/sgRNA-F, and
xx sgRNA-F (where xx represents the Gene ID)/Amp-R
(Table S5). For gene tagging, the gene of interest in the
screening was targeted downstream of the translational
stop code (sgRNA 3’). The primers comprising the spe-
cific sgRNA (CAS9-sgRNA xx) were listed in Table S5 for
individual genes. The production of T. gondii (Table S3)
adhered to the tagging strategy developed in prior studies
[18] and depicted in the corresponding figures. The short
homology regions targeting the stop codon area were
selected before the stop codon (HR3) and downstream
of the sgRNA 3’ (HR4). The primers possessing HR3 and
HR4 were designated as L and T for their specific genes.
The amplicon was carried out from the generic tagging
plasmid, that is, pLinker-TurboID-4Ty-DHFR, pLinker-
6Ty-DHFR, pLinker-6HA-HX, and pLinker-mAID-
6Ty-DHFR, which contains TurboID or epitope tags for
tagging either at the stop codon region utilizing the cor-
responding primer pairs (L and T). The CAS9-sgRNA
plasmid and the corresponding amplicon with specific
homology regions were combined and transfected into
recipient lines. The lines were chosen by the correspond-
ing drugs and evaluated by indirect fluorescent assay
(IFA).

Transfection and selection of genetically modified lines
Approximately 1x 107 freshly emerged tachyzoites were
combined with the pCAS9-sgRNA plasmid (20-50 ug)
and the corresponding amplicon (2-5 pg) using 250 pL of
CytoMix buffer in a BTX cuvette with a 4-mm gap. The
mixture was then transfected employing a BTX ECM 830
electroporator, a product of Harvard Apparatus. There-
after, the parasites were cultivated in HFF monolayers,
with drugs being added the following day for selection,
using the appropriate concentrations of mycophenolic
acid (MPA) (25 pg/mL) and 6-xanthine (6Xa) (50 pg/mL),
or pyrimethamine (Pyri) (3 uM). Once the selection pro-
cess had stabilized, which occurred several days later, the
selection pools were sub-cloned onto HFF cells in 96-well
plates to allow for additional screening.

Indirect Fluorescent Assay (IFA)

Parasites cultivated in HFF layers on coverslips were fix-
ated by utilizing a 4% solution of paraformaldehyde in
PBS and underwent permeabilization in PBS that con-
tained 2.5% Bovine Serum Albumin (BSA) and 0.25% Tri-
ton X-100. This was followed by incubating the parasites
with a variety of primary antibody combinations, then
with suitable secondary antibodies conjugated with Alexa
Flour IgG-488 or -568. After 3—5 wash cycles with a PBS
solution containing 2.5% BSA and 0.05% Tween-20, the
coverslips were prepared with ProLong Antifade Mount-
ant, with or without DAPI, after which the parasites were
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visualized using a Nikon Ni-E microscope C2+, fitted
with a DS-Ri2 Microscope Camera. The colocalization
study was conducted employing the NIS Element AR
software which was directly interfaced with the confocal
system’s computer.

Western blotting

Parasites, whether freshly egressed or mechanically pro-
duced, were collected and resuspended in PBS combined
with 5xLaemmli sample buffer. Subsequently, the pro-
teins were differentiated through the process of SDS-
PAGE, which then proceeded to blotting performed by a
Bio-Rad wet-blotting system. The execution of Western
blots carried out with the aid of fitting primary antibod-
ies merged with LI-COR 800CW or 680CW reagents, or
alternatively, streptavidin LI-COR 800CW for the detec-
tion of proteins that have been biotinylated. The mem-
branes’ visualization was accomplished via the utilization
of a Bio-Rad ChemiDOC MP imaging system.

TurbolD and biotinylated proteins

The SFA2-TurbolD line was grown on HFF monolayers
for 24 h and subsequently incubated with 500 uM D-bio-
tin for 90 min. The parasites were fixed with a 4% para-
formaldehyde solution for IFA or harvested for Western
Blot. IFA and Western Blot were performed with appro-
priate streptavidin reagents to visualize biotinylated pro-
teins in parasites. The parental line and SFA2-TurbolD
line was grown in HFF cells for 36 h, followed by the
labeling of proteins by 500 uM D-biotin for 90 min, and
harvesting of the parasites for purification of biotinylated
proteins. In parallel, the SEA2-TurbolD parasite after 36 h
of growth was harvested, and extracellular parasites were
incubated with 500 uM D-biotin for 90 min, followed by
a collection of parasites for purification of biotinylated
proteins. The parasites were lysed in the buffer contain-
ing 1% Triton X-100, 0.2% SDS and 0.5% deoxycholate,
and sonicated with a microtip in 550 sonic dismembra-
tors (Thermo-Fisher Scientific). Biotinylated proteins
in cleared supernatant were purified using streptavidin
magnetic beads, exactly following the protocol described
before [43]. The SFA2-TurbolD strain was cultivated on
HFF substrate layers for a duration of 24 h, after which,
they were exposed to a concentration of 500 uM D-biotin
for 90 min. The parasites were then subjected to stabili-
zation using a 4% paraformaldehyde compound, follow-
ing which they were prepared for either IFA or Western
Blotting. IFA and Western Blotting procedures were con-
ducted using pertinent streptavidin substances in order
to visualize biotinylated proteins present in the para-
sites. Both the initial strain and the SFA2-TurbolD strains
were nurtured in HFF cells for a stretch of 36 h. This
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period was followed by protein labeling using 500 uM
D-biotin for a timeframe of 90 min. After this procedure,
the parasites were compiled for the purification of their
biotinylated proteins.

Simultaneously, the SFA2-TurbolD parasites were gath-
ered after spending 36 h on growth. Extracellular para-
sites were subjected to exposure to 500 uM D-biotin for a
timeframe of 90 min, following which the parasites were
assembled for the purification of their biotinylated pro-
teins. Once assembled, the parasites were dispersed in
a medium containing 1% Triton X-100, 0.2% SDS, and
0.5% deoxycholate, thereafter undergoing sonication with
a microtip in 550 sonic dismembrators; a process facili-
tated by Thermo-Fisher Scientific. The biotinylated pro-
teins in the precipitated supernatant were subsequently
purified utilizing streptavidin magnetic beads, adhering
strictly to the protocol outlined previously [43].

Proteomic analysis

The purified biotinylated proteins were separated on
SDS-PAGE and stained by Coomassie blue R250, 45%
methanol and 10% glacial acetic acid, subsequently dried
on SDS-PAGE slice by vacuum. The dried gels were
rehydrated, alkylated and washed to remove the stain
and SDS, and subjected to steps of mass-spectrometry
analysis described as our previous study [41]. The con-
trol line RHAku80Ahxgprt and TurbolID fusion lines
were analyzed in parallel with two technical replicates.
The obtained spectra were searched against the jointed
database including human proteins, 7. gondii (http://
ToxoDB.org, release 53) and a decoy databse by Mascot
and Scaffold softwares. The current views in Scaffold
were exported into an excel spreadsheet using the fol-
lowing settings of peptide 2, protein threshold 99% and
peptide threshold 95%. The resulting data containg both
fold change of peptide numbers and P value was used to
indentified the differentially expressed proteins (DEPs).
Combined to the phenotypic score, the candidate puta-
tive DEPs were retrieved for subsequent functiaonal
assays. The biotinylated proteins that had been purified
were separated using SDS-PAGE and dyed with Coomas-
sie Blue R250, a mixture of 45% methanol, and 10% gla-
cial acetic acid. They were then dried on an SDS-PAGE
slice using a vacuum. Following this, the dried gels were
rehydrated, alkylated, and rinsed to eliminate the dye
and SDS. These were then subjected to the stages of
mass-spectrometry analysis, as delineated in our preced-
ing study [41]. Both the control line RHAku80Ahxgprt
and TurboID fusion lines were examined concurrently,
with two technical duplicates. The resulting spectra
were examined against a combined database containing
human proteins, T. gondii (http://ToxoDB.org, release
53), and a decoy database using both Mascot and Scaffold
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software. The prevailing visualizations in Scaffold were
extracted into an excel file using the peptide 2, 99% pro-
tein threshold, and 95% peptide threshold settings. The
resulting data containg both fold change of peptide num-
bers and P value was used to indentified the differentially
expressed proteins (DEPs). Combined to the phenotypic
score, the candidate putative DEPs were retrieved for
subsequent functiaonal assays.

Plaque formation

Parasites freshly lysed were cultivated on HFF cells con-
tained in 6-well plates supplemented with either an
inducer (2 puM 5-Ph-IAA) or standalone ethanol (0.1%)
within D5 media at 37 °C for a duration of 7 days. Sub-
sequently, both the host cell monolayers and the para-
sites were secured in 75% ethanol for a 20-min interval,
thereafter undergoing a staining process with 0.5% crys-
tal violet for a minimum of 30 min. The plates underwent
sequential washing, were dried at ambient temperature,
and had their content scanned using the HP-Scanjet
G4050. Use Adobe Photoshop (v16.1.2.355) to crop the
image and use Image] to analyze the image data.

Parasite replication

The mAID lines derived from TIR1F74C were cultivated
on monolayers in 24-well plate setups with coverslips
using 2 pM 5-Ph-IAA for 24 h. The parasites under-
went a fixing process with 4% paraformaldehyde for a set
duration of 10 min. This was succeeded by blockage and
permeabilization utilizing 0.25% Triton X-100 in a PBS
setup that contained 2.5% BSA. Afterward, the parasites
were subjected to an incubation process with a GAP45
antibody paired with secondary anti-rabbit antibodies
which were attached to Alexa Fluor 488. Following the
attachment of the coverslips, the samples were visualized
using a Nikon Ni-E microscopic tool. Three independent
experiments were conducted where unassociated indi-
viduals assessed vacuoles containing various quantities of
parasites against the identical imagery. Finally, the ratios
of vacuoles housing different amounts of parasites were
marked against the overall vacuoles examined.

Parasite growth in mice

Mice were randomly divided into groups, with each
mouse intraperitoneally injected with 100 parasites. Fol-
lowing this, mice (n=5 from each group) were given oral
treatment with or without 5-Ph-IAA, and an intraperito-
neal injection daily. Their drinking water was a sterile mix
containing 1 mg/mL 5-Ph-IAA, 3 mM NaOH, and 5%
w/v sucrose, stirred with 2 mg/mL TANG (Mondeléz
International), with a final pH of 8.0. At the same time,
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each mouse received a daily intraperitoneal injection of a
0.2 mL sterile solution that included 5 mg/mL 5-Ph-IAA
and 1 M NaOH, with a pH of 7.8. Control mices were
those infected with the TIR1Y74¢ line (+), which received
the same 5-Ph-IAA-containing solution in their drink-
ing water and intraperitoneal injection as the mAID line
(+) did. Mices’ weights and health statuses were recorded
everyday until the 17th day.

Phylogenetic analysis

For the phylogenetic analysis, amino acid sequences
from them were utilized as queries against a tailored
database retrieved from the NCBI-NR database. This
used the iterative version of the profile hidden Markov
models (HMMs) search system also known as jack-
hammer (E-values beneath e-7). The taxonomy of this
personalized database included classifications such as
chlorophyta, streptophyta, rhodophyta, cryptophyta,
haptophyta, amoebozoa, fungi, metazoan, and the SAR
supergroup. The optimal hit was picked and protein
sequences from it were aligned applying Maftt (v7.490)
using the L-INS-I algorithm. Regions that were poorly
conserved or incorrect were removed automatically using
the trimAL software (v1.2.rev57; https://vicfero.github.
io/trimal/) with the parameter “automatedl” Eventually,
the resulting tree of the maximum likelihood was con-
structed by the FastTree software (v2.1) employing the
Le-Gascuel (LG) model, and subsequently annotated and
displayed via the Chiplot online portal (v1.8.0; https://
www.chiplot.online/).

Statistics

Statistical analyses were performed using the GraphPad
Prism software (version 8.0). Data adhering to a normal
distribution pattern were examined by either one-way or
two-way ANOVA coupled with Tukey’s post-hoc test. For
data sets of smaller sizes, the Student’s t-test was applied.
P-value of less than 0.05 was deemed statistically signifi-
cant. Specific statistical details pertaining to the experi-
ments were furnished in the captions provided beneath the
figures.

Abbreviations

SFA Striated fiber assemblin
PV Parasitophorous vacuole
IMC Inner membrane complex
S-phase  Synthesis phase

SPF Specific pathogen-free
MPA Mycophenolic acid

6Xa 6-Xanthine

Pyri Pyrimethamine

BSA Bovine serum albumin
DEP Differentially expressed protein
HMM Hidden markov model
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