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A B S T R A C T

Toxoplasma gondii which is a member of the coccidian parasites owns a spatially polarized secretory system,
which synthesizes de novo micronemes and rhoptries. These apical secretory organelles discharge their contents
into host cells promoting invasion and survival. Herein, we identified a novel Coccidian Specific CORVET/HOPS
Associated Protein (CSCHAP) belonging to the interaction network of both tethering complexes. CSCHAP is
associated with the endomembrane system, rhoptries, micronemes and probably to the inner core of the conoid.
Conditional depletion of CSCHAP leads to apical disconnection of rhoptries, aberrant apical organelles bio-
genesis and severely hinders T. gondii invasion. Overall, our study provides new insights into the mechanisms
underpinning secretory organelles biogenesis in coccidian parasites.

1. Introduction

Apicomplexan parasites are a phylum of obligate intracellular pro-
tists, responsible for a wide range of human and animal afflictions.
Among these, Plasmodium species are the causative agent of malaria and
Toxoplasma gondii (T. gondii) is responsible for toxoplasmosis.

Apicomplexans are named after an apical complex structure containing
among others unique secretory organelles playing a key role in their inva-
sion [1]. This apical complex contains rhoptries and micronemes that se-
quentially discharge their contents, enabling parasite gliding motility, in-
vasion and intracellular survival [2]. In T. gondii, the apical complex also
includes a cytoskeletal component termed the conoid, which is connected to
two preconoidal rings (PCR) at the top and an apical polar ring (APR) at the
bottom [1]. The conoid is formed by a unique polymer of 14 tubulin fibers
arranged as a set of counter-clockwise spiraling filaments, creating a cone-
shaped structure [3]. The conoid protrudes and its extrusion may play a role
in coccidian parasites motility, invasion and egress [4]. In addition, two
intra-conoid microtubules have been identified, both are positioned close to
the center of the apical complex [5].

Host cell entry is initiated by the attachment and reorientation of
the polarized parasites, such that the apical secretory organelles (mi-
cronemes and rhoptries) sequentially discharge their contents at the
point of contact with the host plasma membrane [6]. It has been sug-
gested that the intra-conoid microtubules are closely associated with
rhoptries and micronemes and are speculated to provide structural
support for both secretory organelle positioning and for their protein
secretion during invasion [5]. Micronemes and rhoptries, secrete their
contents at the tip of the apex. Micronemes are located at the anterior
part of the parasites, and their secreted micronemal proteins (MICs) are
involved in gliding motility, host cell invasion and parasites exit from
infected host cells [2]. Rhoptries are situated at the apical pole of the
parasite and adopt an elongated, club-shaped morphology with a
narrow neck and a bulbous body whose protein contents are tightly
involved in parasite invasion, parasitophorous vacuole membrane
(PVM) formation, and ensure the evasion of the host cell defense me-
chanisms [2,7–9]. To discharge and inject their contents into host cells,
the neck of the rhoptries traverses the apical complex and reaches a
point of contact at the apical tip of the parasite referred to as the
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porosome [10]. During parasite penetration only one or two of the 8–12
rhoptries inject their content, including rhoptry neck proteins (RONs)
and rhoptry bulb proteins (ROPs), into the host cell [6,11]. RONs in-
itiate the formation of a moving junction (MJ) required for host cell
invasion and ROPs hijack host cell functions to assist parasite survival
[8,11].

Pro-micronemes and pro-rhoptries are formed de novo, first ap-
pearing as vesicles in close proximity to the Golgi complex, and then
subsequently maturing into micronemes and rhoptries organelles [12].
Many protein complexes involved in canonical vesicular trafficking in
mammals, such as retromer complex, adaptin protein complex 1, cla-
thrin complex, CORVET and HOPS complexes are involved in the bio-
genesis of micronemes and rhoptries [12,13]. The armadillo repeats
only protein (ARO) located at the surface of rhoptries is a key factor
ensuring the apical positioning and clustering of rhoptries [14–16].
Conditional depletion of ARO and MyoF, or interfering with actin
polymerization lead to the random dispersion of rhoptries within the
parasite cytosol, block rhoptry secretion and impede host cell invasion
[14,15,17]. Two other proteins called ARO interacting protein (AIP)
and adenylate cyclase β (ACβ) were found to be associated with the
ARO complex but do not seem to have an apparent role in rhoptry
positioning at the apical pole of T. gondii tachyzoites [16].

In this study, we characterized a novel coccidian-specific protein
belonging to the interaction network of Toxoplasma Vps11 protein (a
common member of CORVET and HOPS tethering complexes). In con-
trast to Vps11 mutant where a general block in the biogenesis of dense
granules, micronemes, rhoptry and VAC compartment was obtained,
the novel coccidian-specific protein shows a more restricted function,
and intervenes in the apical positioning of mature rhoptries. Moreover,
its depletion leads to the formation of aberrant apical organelles.

2. Materials and methods

2.1. Parasite culture

Toxoplasma gondii RH strains RH-ku80ko [18] and TATi1-ku80ko
[19] were grown in HFFs maintained in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO, Invitrogen) supplemented with 5% fetal calf
serum (FCS) and 2mM glutamine. Selections of transgenic parasites
were performed with chloramphenicol for CAT selection [20], pyr-
imethamine for DHFR-TS selection [21], 1 μMShld-1 for DD fusion
stabilization [22] and ATc at 1.5 μg/ml for the inducible system [23].

2.2. Toxoplasma vectors and generation of transgenic T. gondii parasites

Plasmids LIC-CAT-CSCHAP/Ctg-GFP and LIC-CAT-CSCHAP/Ctg-
HA3 were designed to add a sequence coding for a GFP or (3) HA at the
endogenous locus of TgCSCHAP open reading frame. A 1204 bp frag-
ment corresponding to the 3′ of TgCSCHAP was amplified from
genomic DNA and cloned into LIC-CAT-GFP or LIC-CAT-HA3 vectors
[18]. 40 μg of these plasmids was digested by PshAI restriction enzyme
and then transfected in the RH-ku80ko or cschapi or vps11i strains and
were subjected to chloramphenicol selection.

A 1398 bp fragment corresponding to the 5′ of the TgCSCHAP
coding region (downstream of the codon corresponding to the first
predicted in-frame methionine residue) was amplified by PCR from T.
gondii genomic DNA and then cloned in the DHFR-tetO7-Sag4 plasmid
between BglII and NotI restriction sites [19,24], downstream the DHFR
selection marker, tetO7 tet operator and pSag4 promoter. This con-
struct was linearized by XmaI prior to transfection. Transfected TATi1-
ku80ko parasites were selected with pyrimethamine and cloned by limit
dilution. Positive clones were verified by PCR to detect the native locus
or the single homologous recombination of the inducible vector in the
CSCHAP locus.

To detect the outer core of the conoid, the apical polar ring and the
ELC, the cschap-HA3 strain was transfected transiently with 100 μg of

RING1-YFP or CAM1-GFP or DD-Myc-Rab5 A or DD-Myc-Rab7 circular
vectors, respectively [25–27].

2.3. Protein detection by Western blot

To detect CSCHAP-GFP, CSCHAP-HA3, CSCHAPi-HA3, GFP, Vps11-
HA3, ARO or MIC2, ROP5, GRA3 proteins, parasite lysates or eluted
proteins were separated on 3–8% or 10% acrylamide gels depending on
their size prior to detection. Upon transfer to nitrocellulose membranes,
the blots were probed with appropriate antibodies in 5% non-fat milk
powder in TNT buffer (50mM Tris pH 8; 150mM NaCl; 0.05% Tween-
20) (EUROMEDEX). The primary antibodies used and their respective
dilutions were rat anti-HA (Roche) at 1/300, rabbit anti-GFP (abcam) at
1/1000, mouse anti-ROP5 at 1/100, mouse anti-MIC2 at 1/100, rabbit
anti-ARO at 1/1000 and mouse anti-GRA3 at 1/1000. Bound secondary
conjugated antibodies were visualized using either the ECL system
(Amersham Corp.) or using alkaline phosphatase kit according to
manufacturer’s instructions (Promega).

2.4. Fluorescent staining of cells

Briefly, for IFAs of intracellular parasites, infected confluent HFF
monolayers were fixed for 20min in 4% paraformaldehyde in phos-
phate buffered saline (PBS) or with cold methanol for 6min, permea-
bilized with 0.2% tritonX-100, blocked with 10% FCS in PBS and then
incubated with primary antibodies [anti-HA (Roche) 1:100, anti-GFP
(abcam) 1:2000, anti-SAG1 1:1000 [28], anti-MIC3 1:500 [29], anti-
ROP1 1:1000 [30], anti-ROP7 1 :1000 (kindly provided by Dr Peter
Bradley), anti-AMA1 1:1000 [31], anti-GRA2 1:1000 (kindly provided
by Dr Marie-France Cesbron), anti-CPL 1:500 [32], anti-proM2 AP
1:400 (kindly provided by Dr Vern Carruthers), anti-proROP4 1:100
(kindly provided by Dr Gary Ward), anti-MIC2 1:400 [29], anti-GAP45
1:2000 [33], anti-ARO 1:1000 [15], anti-DD 1:1000 (abcam), anti-
ROP2,4 (kindly provided by Dr Jean-François Dubremetz)], followed by
goat anti-rabbit or goat anti-mouse or goat anti-rat immunoglobulin G
conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes,
Invitrogen). Coverslips were mounted onto microscope slides using
Immumount (Calbiochem). Samples were observed with a Zeiss Ax-
ioimager epifluorescence microscope equipped with an apotome and a
Zeiss Axiocam MRmCCD camera driven by the Axio vision software
(Zeiss) at the Montpellier RIO imaging facility.

2.5. Super resolution microscopy

For immunofluorescence analysis, HFF cells grown to monolayer on
coverslips were inoculated with T. gondii parasites. At 2–4 PV cell stage
parasite cells were fixed with 4% w/v paraformaldehyde in phosphate
buffered saline (PBS) for 20min at room temperature. Fixed cells were
permeabilized and blocked with 0.2% Triton-X100, 2.5% bovine serum
albumen (BSA) in PBS and stained with primary antibodies: rabbit anti-
GAP45 (kind gift from Dominique Soldati), mouse anti-ROP2/4 (T3
4 A7) and rat anti-HA (ROCHE cat # 1,187,431,001). Secondary anti-
bodies used were goat anti-rabbit Alexa Fluor 594, goat anti-mouse 633
or goat anti-rat Alexa Fluor 488 as required (Life Technologies). Super
resolution microscopy (SR-SIM ELYRA S.1 Zeiss) with a Plan
Apochromat 63×, 1.4 NA oil immersion lens was used to capture
images using a CoolSNAP HQ camera (Photometrics). Image processing,
Structured Illumination Microscopy (SIM) and channel alignment, was
done using ZEN Black software (Zeiss) followed by 3D construction
using Imaris Image Analysis Software (Bitplane).

2.6. Plaque assay

Fresh monolayers of HFF on circular coverslips were infected with
parasites in the presence or absence of 1.5 μg/ml ATc for 7days. Fixation,
staining and visualization were performed as previously described [34].
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2.7. Intracellular growth assays

Parasites (cschapi) were pretreated for 48 h, with or without 1.5 μg/
ml ATc, collected promptly after egress and inoculated onto new HFF
monolayers in the absence or presence of ATc during 24 h. The infected
host cells were then fixed with PFA and stained with anti-TgGAP45
antibodies. The numbers of parasites per vacuole in more than 300
vacuoles for each condition were counted. Data are mean values ±
standard deviation (S.D.) from three independent biological experi-
ments.

2.8. Invasion assays

Parasites were treated for 72 h with or without 1.5 μg/ml ATc, and
collected promptly after egress. For invasion assays, 5×106 freshly re-
leased tachyzoites were sedimented on confluent cells for 30min on ice,
then warmed up for invasion for 5min at 38.5 °C. Invasion was stopped by
fixation in 4% PAF and parasites were further processed for IFA. Prior to
triton permeabilization, extracellular parasites were labelled with anti-SAG1
antibodies, while following permeabilization, intracellular parasites were
stained with the anti-ROP1 antibody labeling the nascent PV [35]. Data are
mean values ± SD from three independent biological experiments. For
each condition, 300 parasites were observed.

2.9. Egress assay

Parasites incubated with or without 1.5 μg/ml ATc for 39 h were
collected promptly after egress and inoculated onto new HFF mono-
layers, and then incubated with ATc during 33 h to allow intracellular
growth. Afterwards, the ATc containing medium was changed and in-
fected cells were incubated in DMEM containing 0.06% of DMSO or
3 μM of the Ca2+ ionophore A23187 (from Streptomyces char-
treusensis, Calbiochem 100,105), for 5min at 37 °C as previously de-
scribed [34]. Data are mean values ± SD from three independent
biological experiments. For each condition, 300 parasites were ob-
served.

2.10. Gliding motility assay

Parasites were incubated for 72 h in media containing1.5 μg/ml
ATc, and collected promptly after egress. Freshly released tachyzoites
were collected by centrifugation, resuspended in 100 μl and deposited
onto poly-L-lysine coated coverslips (1 mg/ml, 2 h at room tempera-
ture) in a wet environment for 15min at 37 °C. Parasites were fixed
with PAF/GA and IFA using the anti-SAG1 antibody was performed to
visualize the trails.

Fig. 1. TgCSCHAP belongs to the interaction net-
work of CORVET and HOPS tethering complexes.
(A). Insertion of a GFP or three HA tags at the C-
terminus of TgCSCHAP, by single homologous re-
combination at the 3′ of the corresponding gene
(knock-in in RH-ku80ko strain). The genomic C-
terminal sequence of CSCHAP gene was amplified
by PCR from genomic DNA using primers 5′-TAC
TTCCAATCCAATTTAAtgccgacggtgtcggacactgcag-
3′ and 5′-tcctccacttccaattttagcTCTCCGTCGTGGCG
TGTAGAACG-3′ and cloned into both LIC-CAT-GFP
and LIC-CAT-HA3 vectors. The RH-ku80ko strain
was transfected with 30μg of the resulting plas-
mids and transgenic parasites selected in presence
of chloramphenicol. (B). To highlight the interac-
tion of TgCSCHAP with TgCORVET and TgHOPS,
we generated two different cell lines. In the first
one, the endogenous proteins TgCSCHAP and
TgVps11 were fused to a GFP and 3-HA tags, re-
spectively. The second one that expresses the GFP
protein alone and the native TgVps11 protein fused
to 3-HA tags was used as negative control. Pull-
down experiments were carried out using the GFP-
Trap system. Proteins that bind to GFP or to
TgCSCHAP-GFP were eluted and subjected to
western blot analysis with anti-GFP (left lanes) and
anti-HA (right lanes) antibodies. IB: immunoblot.
(C). Co-staining between GFP- tagged TgCSCHAP
and endomembrane marker TgVps11-HA3. DIC:
differential interference contrast. (D). Immuno-
fluorescence assays of TgCSCHAP-HA3 in in-
tracellular vps11i parasites grown in the presence
or absence of ATc for 2 days. TgCSCHAP-HA3 was
detected using anti-HA antibodies. IFA scale bars
represent 2μm.

J. Morlon-Guyot et al. Molecular & Biochemical Parasitology 223 (2018) 19–30

21



(caption on next page)

J. Morlon-Guyot et al. Molecular & Biochemical Parasitology 223 (2018) 19–30

22



2.11. Microneme secretion assay

Freshly egressed parasites were re-suspended in equal volume of intra-
cellular (IC) buffer (5mM NaCl, 142mM KCl, 1mM MgCl2, 2mM EGTA,
5.6mM glucose, 25mM HEPES, pH 7.2) prior to pelleting (1050 rpm/
10min). Pellets were subsequently washed in IC buffer and re-pelleted
before resuspension in serum-free medium and 500mM propranolol (37 °C/
30min). Parasites were pelleted (1000 × g/5min/4 °C), and supernatant
was transferred to new Eppendorf tubes and re-pelleted (2000 × g/5min/
4 °C). Final supernatant (excreted secreted antigens [ESAs]) was re-sus-
pended in sample buffer (50mM Tris-HCl [pH 6.8], 10% glycerol, 2mM
EDTA, 2% SDS, 0.05% bromophenol blue, 100mMDTT) and boiled prior to
analysis by immunoblotting using anti-MIC2 and anti-GRA3 antibodies.

2.12. Studying the interaction between CSCHAP-GFP and Vps11-HA3

Freshly released tachyzoites were harvested, washed in PBS, and
lysed in RIPA buffer (50mM Tris HCl pH 7.4, 1% NP40, 76mM NaCl,
2 mM EGTA, 10% Glycerol, protease inhibitor cocktail [Roche]) and
incubated on ice for 20min. After centrifugation at 14,000 rpm during
45min at 4 °C, the supernatants were subjected to immuno-precipita-
tion using anti-GFP lama antibodies (GFP-Trap Agarose Beads from
ChromoTek). Following stringent washing conditions (50mM Tris HCl
pH 7.4, 1% Nonidet P-40, 76 mM NaCl, 2 mM EGTA, 10% Glycerol,
protease inhibitor cocktail [Roche]), beads were suspended in loading
buffer for SDS-PAGE, followed by western blot analysis.

2.13. Electron microscopy

Infected HFF monolayers on coverslips were fixed for 4 h at room tem-
perature with 2.5% glutaraldehyde (EMS) in 0.1M phosphate buffer pH7.2,
washed and fixed for an additional hour in 1% Osmium tetroxide. After
washing in water, infected cells were stained overnight in 2% uranylacetate.
Coverslips were then dehydrated in ethanol series and embedded in Epon
(Embed 812, EMS). Ultrathin sections were prepared with a Leica ultracut E
microtome, contrasted with 2% uranylacetate in ethanol and lead citrate.
Sections were then observed with a JEOL 1200E electron microscope.

2.14. Semi-quantitative RT-PCR

Total RNA was extracted from T. gondii tachyzoites using the
Nucleospin RNA II kit (Macherey-Nagel, 740,955.10). RT-PCR was
performed with the Superscript III first-strand synthesis kit (Invitrogen,
18080-051). Three hundred nanograms of total RNA as a template were
used per RT-PCR reaction, and specific primers of TgCSCHAP or
TgFYVE1 were used. Thirty cycles of PCR were performed.

2.15. Sequence alignment

Sequence of CSCHAP from T. gondii (TGME49_313340) was aligned
to H. sapiens (AAF29901.1) syntaphilin and to H. sapiens (CAA67333.1)
dynactin using the online tool Clustal Omega. The resulting sequence
parts where then used to calculate the reported sequence identities.

Fig. 2. Expression and localization of TgCSCHAP in tachyzoites. (A). Western blot analysis of lysates obtained from cschap-HA3 or RH strains probed with a rat anti-
HA antibody (dilution 1/1000, Roche). The ROP5 protein was used as a loading control. (B). Immunofluorescence analysis of TgCSCHAP-HA3 parasites grown on HFF
monolayers, with the indicated antibodies (pro-ROP4, ARO, pro-M2 AP and AMA1) or transiently expressing the indicated markers (DD-Myc-Rab5 A and CAM1-GFP).
The extreme apical dot staining TgCSCHAP is indicated by a red arrow. (C). Immunofluorescence analysis of TgCSCHAP-HA3 parasites grown on HFF monolayers,
with the indicated antibodies (CPL) or transiently expressing the indicated markers (DD-Myc-Rab7 and RING1-YFP). IFA scale bars represent 2 μm. (D).
Immunofluorescence analysis using super resolution microscopy followed by 3D reconstruction using IMARIS software of intracellular TgCSCHAP-HA3 parasites (2
cell PV) hybridised with antibodies to detect GAP45 (pellicle marker, green), ROP2/4 (rhoptries marker, violet) and HA (CSCHAP-HA3, yellow). Partial co-locali-
sation of CSCHAP-HA3 is observed with the rhoptries marker ROP2/4. Inset images show apical end of parasite, rotation of the image and removal of the IMC/GAP45
signal reveals the CSCHAP-HA3 signal is adjacent and embedded along the length of the rhoptries. Red arrow indicates most apical CSCHAP-HA3 staining which is
probably located at the extreme apical end of parasites at the conoid area. IFA scale bar represents 2 μm.

Fig. 3. Determination of the localization of TgCSCHAP
protein. Schematic representation of the endomembrane
system (Golgi, Endosome-like compartment, Vacuolar
compartment, Pro-rhoptries and Pro-micronemes), apical
secretory organelles (Rhoptries, Lateral and Apical micro-
nemes) and apical complex (Preconoidal rings, Apical
polar ring, Conoid and 2 Intraconoidal microtubules) in
Toxoplasma. RING1 and CAM1 are markers of APR and
outer conoid respectively. The yellow hatched rectangle
represents the probable location of the extreme apical
staining dot of TgCSCHAP.
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2.16. Statistics

P values were calculated in the Excel software, using the Student’s t-
test assuming equal variance, unpaired samples, and using two tailed
distribution. Means and SD were also calculated in the Excel software.

3. Results and discussion

To identify the interaction network of the TgVps11 protein (a central
protein common to the TgCORVET and TgHOPS tethering complexes), we
used the GFP-Trap pull-down strategy and we were able to identify a novel
protein specific to coccidian parasites [13,36]. Since this protein is hy-
pothetical, we named it Coccidian Specific CORVET/HOPS Associated

Protein (CSCHAP, TGME49_313340). To validate our mass spectrometry
approach, we carried out a reverse GFP-Trap pull-down experiment. GFP
and HA3 tags were fused to the C-termini of TgCSCHAP and TgVps11 re-
spectively using the pLIC strategy (Fig. 1A). As a control, we included a
strain that expresses both the native TgVps11 protein fused to HA3 but also
as well an intact GFP protein. TgCSCHAP-GFP and GFP proteins were pulled
down using a GFP-Trap pull-down strategy. Subsequent western blot ana-
lysis using anti-GFP or anti-HA antibodies revealed the presence of
TgCSCHAP-GFP and monomeric and dimeric GFP in the eluted fractions
(Fig. 1B, left panel). Importantly, a single band at the appropriate size of
TgVps11-HA3 was only pulled down with TgCSCHAP-GFP but not with GFP
alone (Fig. 1B, right panel). These results confirm that TgCSCHAP belongs
to the interaction network of TgVps11.

Fig. 4. Conditional disruption of TgCSCHAP gene
and regulation of TgCSCHAPi-HA3 expressing
parasites. (A). Schematic representation of the
strategy used to replace the endogenous promoter
of TgCSCHAP with the tetracycline-inducible
promoter. The DHFR-tetO7-Sag4-NtgCSCHAP
plasmid contains the dihydrofolate reductase
(DHFR) gene (in blue) and the N-terminal
genomic coding sequence of TgCSCHAP (in grey)
under the control of the inducible tetO7Sag4
promoter (orange arrow). A 1398 bp fragment
corresponding to the 5′ of the coding region
(downstream of the codon corresponding to the
first predicted in-frame methionine residue) was
amplified by PCR from T. gondii genomic DNA
using primers 5′- gcgcAGATCTATGAGCTCTCGT
ACCTGCGTCGTCAAC-3′ and 5′- gcgcGCGGC
CGCgtagtcttaagcagtccagtgggcagcg-3′ and then
sub-cloned in the DHFR-tetO7-Sag4 plasmid be-
tween BglII and NotI restriction sites downstream
the DHFR selection marker, tetO7 tet operator and
pSag4 promoter. Transgenic inducible cschapi
parasites obtained by transfecting TATi1-ku80ko
strain with 40 μg of linear DHFR-tetO7-Sag4-
NtgCSCHAP (digested with XmaI) and mutant
parasites (cschapi parasites) were selected with
pyrimethamine. To study the regulation of
TgCSCHAPi gene product we inserted, by single
homologous recombination, a sequence coding
three HA epitope tags at the C-terminus of the
corresponding TgCSCHAPi protein. (B). PCR ana-
lysis performed on Tgcschapi, showing that single
homologous recombination occurred. Genomic
DNA from TATi1-ku80ko parasites used as nega-
tive control. Black arrows represent the primers
used for PCR analysis (A: ctgtgcccttgtcgtttggt-
ctccacac; B: ccctgctttggacttcttcatggaaagtaattcatac;
C: CGGATCATTTGAAAACATCGTGAGGCTGG)
and the length of the PCR fragments is indicated.
(C). Western blot analysis of TgCSCHAP-HA3 and
TgCSCHAPi-HA3 (±ATc) strains. TgCSCHAPi-
HA3 parasites treated for 1, 2 and 3 days with ATc.
ROP5 used as a loading control. (D). TgCSCHAPi-
HA3 were grown for 3 days with ± ATc and as-
sessed by IFA. Staining with anti-HA antibodies
confirms TgCSCHAPi-HA3 knock-down in pre-
sence of ATc. Anti-GAP45 antibodies used to vi-
sualize the parasite pellicle. (E). Semi-quantitative
RT-PCR analysis of TgCSCHAP expression in the
wild-type and mutant parasites, preceded or
not by 3 days of ATc treatment to regulate ex-
pression. The FYVE1 gene was used as a loading

control. The primers that we used to amplify either a small fragment of CSCHAP or FYVE1 open reading frames are as follows: CGAGAGTCGCCACCATTTGTCGG
(CSCHAP, forward), CTTCTGGGAAGACAGAGTCGTG (CSCHAP, reverse), GGATCCATGAGCGAGAACGAAAATCC (FYVE1, forward), AAGCTTAGGTGTGAGAGGACGCACG
(FYVE1, reverse).
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The crosstalk between TgCSCHAP, TgCORVET and TgHOPS te-
thering complexes, prompted us to localize it within the parasite. Anti-
GFP antibodies showed the accumulation of TgCSCHAP-GFP in vesi-
cular structures present mainly at the apical part of the parasites but
also, randomly in the cytosol (Fig. 1C). Co-localization experiments
between the endomembrane protein TgVps11 and the novel
TgCSCHAP-GFP protein showed a partial overlap between both pro-
teins (Fig. 1C). Interestingly, the depletion of the TgVps11 protein
disturbs the localization of endogenous TgCSCHAP-HA3 protein, the
distinct apical localization is mainly lost and a general distribution of
the protein through the cytosol of the parasites is observed (Fig. 1D).
These results indicate that CORVET and/or HOPS tethering complexes
are responsible for the appropriate targeting of the TgCSCHAP protein.
To avoid compatibility problems between antibodies and to be able to
determine more precisely the localization of TgCSCHAP, we fused it
with 3-HA tags (Fig. 1A). Using anti-rat HA antibodies, immuno-blot
analysis showed a single band corresponding to TgCSCHAP-HA3 protein
(Fig. 2A). Immunofluorecence assay (IFA) revealed that this protein
localizes mainly to the apical part of the parasites (Fig. 2B and C). Co-
staining with different markers revealed that TgCSCHAP colocalized
partially with TgRab5 A (a marker of the endosome-like compartment),
TgPro-ROP4 (a marker of immature rhoptries), TgARO (decorating the

surface of mature rhoptries), TgM2 AP (a marker of immature micro-
nemes) and TgAMA1 (a marker of mature micronemes) (Figs. 2B and 3
). The larger apical dot signal labelled with TgCSCHAP was found to be
systematically posterior to TgCAM1 and TgRNG1, which are proteins
localizing near the middle part of the conoid, or at the APR, respectively
(Figs. 2B, C and 3). Moreover, we found no obvious overlapping be-
tween TgCSCHAP and TgCPL (present in the lumen of the vacuolar
compartment) or TgRab7 staining’s (Figs. 2C and 3). Super resolution
microscopy reveals that the CSCHAP-HA3 signal is adjacent and em-
bedded along the length of the rhoptries and indicates that the most
apical CSCHAP-HA3 staining is probably located at the extreme apical
end of the parasites at the conoid area (Fig. 2D). These findings indicate
that TgCSCHAP is associated with the Rab5 compartment, immature
and mature rhoptries and micronemes and possibly with the inner part
of the conoid.

To investigate the role of TgCSCHAP, we generated a conditional
knock-down for TgCSCHAP (Tgcschapi), by replacing the endogenous
promoter with an Anhydro-tetracycline (ATc)-repressible promoter as
previously described (Fig. 4A) [24]. Single homologous integration of
the inducible cassette at the TgCSCHAP locus was monitored by PCR
(Fig. 4B). To study the regulation of TgCSCHAPi protein in the presence
or absence of ATc, a C-terminal triple HA epitope-tag was inserted by

Fig. 5. Phenotypic characterization of
TgCSCHAP-depleted parasites. (A). Plaque
assay performed on HFF monolayer infected
with TATi1-ku80ko and Tgcschapi parasites. 50
Toxoplasma tachyzoites from each strain
± ATc were inoculated into 24-well plates
containing confluent monolayers of HFF host
cells. After 7 days ± ATc, the HFF were
stained with Giemsa. (B). The area of 30 pla-
ques formed by each strain ± ATc was mea-
sured by using ImageJ software (the unit of
measurement that we used is Pixels). Values are
means ± standard deviations. Statistical sig-
nificance was evaluated using the unpaired t-
test ***P < 0.0001. (C). Intracellular growth
of TATi1-ku80ko and Tgcschapi cultivated in
presence or absence of ATc for 2 days and al-
lowed to invade new HFF cells. Numbers of
parasites per vacuole (x-axis) were counted
24 h after inoculation, the percentages of va-
cuoles containing varying numbers of parasites
(1, 2, 4, 8, 16, or 32 y-axis) were shown. Values
are means ± SD for three independent ex-
periments. (D). Egress assay was performed by
growing parasites for 3 days ± ATc. Egress
was induced upon addition of 3 μM A23187,
and DMSO was used as a negative control. The
data shown represent mean values ± SD from
three independent experiments. (E). Gliding
motility was assessed after growing Tgcschapi
mutant parasites for a total of 3 days+ATc.
Parasites added to Poly-L-Lysine pretreated
coverslips, and trails visualized using anti-
SAG1 antibodies. IFA scale bars represent 2 μm.
(F). The invasion capacity of Tgcschapi and
parental (TATi1-ku80ko) parasites was eval-
uated after 3 days ± ATc. Results are shown as
percentage of invading parasites and values are
means ± SD for three independent experi-
ments. Statistical significance was evaluated
using the unpaired t-test ***P < 0.0001.
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single homologous recombination at the inducible TgCSCHAP locus in
the Tgcschapi strain (Fig. 4A). A chloramphenicol acetyltransferase
resistance cassette was used to select transgenic parasites expressing the
inducible TgCSCHAPi-HA3 protein (Fig. 4A). Total protein extracts of
the TgCSCHAP-HA3 and TgCSCHAPi-HA3 (±ATc) transgenic parasites
were analyzed by western blot using an anti-HA antibody; ROP5 was
used as loading control (Fig. 4C). Placing the TgCSCHAP gene under the
control of the minimal Sag4 promoter causes a down-regulation of the
TgCSCHAPi-HA3 protein when compared with endogenous TgCSCHAP-
HA3 levels (Fig. 4C, lane 1 vs 2). The expression of TgCSCHAPi-HA3 is
no longer detectable after 72 h of ATc treatment (Fig. 4C and D). Si-
milarly, TgCSCHAP mRNA is drastically down-regulated under the
control of Sag4 promoter without or after 3 days of ATc treatment
(Fig. 4E). Depletion of TgCSCHAP results in a defect on parasite growth

as observed by plaque assays with ATc treatment (Fig. 5A). The plaques
formed were reduced in size (∼ 2-fold smaller), as compared to the
TATi1-ku80ko wild-type strain (Fig. 5B). In addition, we observed a
decrease in the number of lysis plaques formed when the TgCSCHAP
protein was depleted in comparison with the control. The number of
plaques formed dropped by approximately half (from 41 ± 3 to
19 ± 4 lysis plaques). The phenotypic consequences of TgCSCHAP
depletion were investigated in each step of the lytic cycle. Parasite re-
plication within host cells was scored by counting the number of
parasites per vacuole after 72 h ± ATc treatment. Both examined
strains replicated at a similar rate, which suggested that TgCSCHAP is
not required for parasite replication (Fig. 5C). We then tested whether
TgCSCHAP-depleted parasites were affected in their ability to egress
from infected cells, by addition of the calcium ionophore A23187. Both

Fig. 6. Depletion of TgCSCHAP induces aber-
rant apical organelles but did not disturb nei-
ther the localization of immature micronemes
(Pro-M2 AP), micronemes (MIC2) and dense
granules (GRA2) markers nor micronemes se-
cretion. (A). TgCSCHAP-deficient parasites
were incubated with ATc for 3 days. Anti-pro-
M2 AP, anti-MIC2 and anti-GRA2 were used to
detect pro-micronemes, micronemes, and one
of the secreted dense granule proteins respec-
tively. Scale bar= 2 μm. (B). Microneme se-
cretion assay performed on WT (TATi1-
ku80ko) and Tgcschapi lines ± ATc for 3 days.
Tgcschapi mutant parasites are still able to se-
crete their micronemes as indicated by the
presence of signal when ESA (excreted secre-
tory antigens/micronemes) was probed for
MIC2 micronemal protein. Full length MIC2c
protein is detected at ∼100 kDa and secreted
MIC2s is detected at around ∼85 kDa.
Microneme secretion triggered by adding pro-
pranolol (500mM). Dense granule protein 3
(GRA3) was used as control for constitutive
secretion. MIC2c: cellular and MIC2s: secreted.
(C). Thin section electron micrographs taken
from Tgcschapi mutant parasites grown for a
total of 3 days in presence of ATc. The white
inset pictures show normal apical and lateral
micronemes (AM, white arrows and LM yellow
head-arrows, respectively) together with aber-
rant compartments (red head-arrows). C:
conoid, D.G.: dense granules. The morphology
of dense granules seems to be intact in absence
of TgCSCHAP-depleted parasites. Scale bars
represent 2 μm or 500 nm.

J. Morlon-Guyot et al. Molecular & Biochemical Parasitology 223 (2018) 19–30

26



strains showed no defect in egress, and the percentage of lysed vacuoles
was almost 100% (Fig. 5D), clearly indicating that TgCSCHAP is not
required for egress. Next, we assessed whether TgCSCHAP-depleted
parasites were impaired in gliding motility. TgCSCHAP-depleted strain
was grown for 72 h in presence of ATc and added to poly-L-Lysine-
treated coverslips. The visualization of the trails by staining for TgSAG1
deposited in the tails of gliding parasites indicates that TgCSCHAP
protein is not required for parasite gliding motility (Fig. 5E). In con-
trast, invasion assays revealed that parasites depleted for TgCSCHAP for
72 h with ATc were significantly impaired in their ability to penetrate
host cells. The percentage of invasion was reduced to ∼20% compared
to the control strain (Fig. 5F). In the absence of ATc, a decrease in the
invasion rate of the order of 40% was observed, probably due to a lower
level of expression of TgCSCHAP under the control of the inducible
promoter (Figs. 4C, E and 5F). Taken together, these results show that

TgCSCHAP depletion severely and selectively affects T. gondii host cell
invasion. To understand why TgCSCHAP-depleted parasites are affected
in their ability to invade the host cell, we examined the trafficking of
rhoptry, microneme and dense granule proteins by IFA and also the
integrity and the positioning of the rhoptry and microneme organelles
as well as dense granules by EM upon TgCSCHAP depletion. We found
that TgCSCHAP depletion had no effect on the targeting or secretion of
pro-micronemes, micronemes and dense granules (Fig. 6A and B). By
EM, organelle morphology appeared normal, but abnormal structures
were consistently observed in the apical submembrane regions flanking
the conoid (Fig. 6C, red head-arrows). These structures appeared as
vesicles containing an accumulation of multi-membrane whorls and
were strictly apical, in a position where lateral micronemes are nor-
mally expected (Figs. 6C and S1 A, yellow head-arrows). However,
normal micronemes were also observed in the same mutant parasites

Fig. 7. Depletion of TgCSCHAP abolishes solely
mature rhoptry organelle positioning to the
apical end of the parasite. (A). Wild type
(TATi1-ku80ko) and Tgcschapi strains were
grown for 3 days+ATc and assayed by IFA
using anti-ROP7 Abs. In TgCSCHAP-depleted
parasites, ROP7 protein becomes spread
through the whole parasite or clustered at the
posterior part of parasites. (B). The localization
of the rhoptries (apically anchored or detached
(dispersed and clustered)) in wild type (TATi1-
ku80ko) and Tgcschapi strains grown for 3
days ± ATc is reported for 100 vacuoles in
three biological replicates from three in-
dependent experiments. The data shown are
mean values ± SD. Statistical significance was
evaluated using the unpaired t-test
***P < 0.0001. (C). The localization of the
rhoptries (normal, dispersed or in clusters) is
reported for 100 vacuoles in three biological
replicates from three independent experiments.
The data shown are mean values ± SD. (D).
Thin section electron micrographs taken from
Tgcschapi mutant parasites grown for a total of
3 days in presence of ATc. The picture shows
clustered (white arrows) and dispersed (white
asterisk) mature rhoptry organelles found
within the cytosol. C: conoid. Scale bar re-
presents 1 μm. (E). Scoring the number of E-
vacuoles in the parental (TATi1-ku80ko) and
inducible knock-down TgCSCHAP cell lines
treated ± ATc. The number of E-vacuoles in
20 fields counted following IFA using anti-
ROP1 antibodies. Data are mean values ± SD
for three independent experiments. Statistical
significance was evaluated using the unpaired
t-test ***P < 0.0001. IFA scale bars represent
2 μm. (F). TgCSCHAP-deficient parasites were
incubated with ATc for 3 days. Anti-pro-ROP4
antibodies were used to detect pro-rhoptries.
Scale bar= 2 μm.
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(Fig. 6C, yellow head-arrows). These aberrant vesicular structures are
probably much rarer in parasites not treated with ATc and therefore
more difficult to observe by electron microscopy. When we examined
the rhoptries, we found that when TgCSCHAP was expressed, ROP7 was
associated to clustered rhoptries located at the apex of parasites
(Fig. 7A–C). Interestingly, when TgCSCHAP is partially (without ATc)
or fully depleted (with ATc), ROP7 was associated either to dispersed
rhoptries found within the parasite cytosol (up to 10%) or to clustered
rhoptries visualized on the posterior side of cschapi mutant parasites
(up to 70%) (Fig. 7A–C). In contrast, using anti-Pro-ROP4 antibodies,
partial or total TgCSCHAP depletion did not affect the formation of
immature rhoptries (Fig. 7F). These data led us to conclude that the
dispersed compartments are in fact mature rhoptry organelles that have
lost their proper apical distribution and thus are unable to secrete their

content upon host cell invasion. To further validate our hypothesis, we
checked by EM the positioning of rhoptries normally found in the apical
part of the wild-type parasites (Fig. S1B). In TgCSCHAP-depleted
parasites, we identified single organelle dispersed in the parasite cy-
tosol (Fig. 7D, white asterisk) or a group of clustered rhoptries located
at the posterior end (Fig. 7D, white arrows). The apical detachment of
the rhoptries probably blocks the secretion of the rhoptry content in-
cluding the RONs proteins required for the invasion process. To support
this view, we counted the number of empty vacuoles (E-vacuoles,
clusters of vesicles containing rhoptry proteins deposited within the
host cell cytosol) in both strains ± ATc which were detected using
anti-ROP1 antibodies. Our results show a significant decrease in the
number of E-vacuoles thus indicating a defect in rhoptry content se-
cretion in the Tgcschapi mutant parasites ± ATc (Fig. 7E). Taken

Fig. 8. (A, B and C) Primary structure of
TgCSCHAP protein. (A). Schematic representa-
tion of T. gondii CSCHAP showing the domains
of homology to syntaphilin and dynactin. (B
and C). Amino-acids alignment between the
putative Syntaphilin- and Dynactin-like se-
quences found in TgCSCHAP protein and their
human homologues. (.) represents conserved
residues; (:) represents similar residues; (*) re-
presents identical residues. (D and E) The ab-
sence of TgCSCHAP does not affect the asso-
ciation of TgARO with rhoptries and
TgCSCHAP does not seem to belong to the in-
teraction network of TgARO. (D). Tgcschapi
strain was grown for 3 days+ATc and assayed
by IFA using anti-ARO and anti-MIC3 Abs. In
TgCSCHAP-depleted parasites, ARO protein
remains associated with rhoptries that are
found on the posterior side of parasites. Scale
bar= 2 μm. (E). Western blot performed on
total proteins extracts (lane 1), proteins eluted
from CSCHAP-GFP beads (lane 2) and proteins
eluted from GFP beads (lane 3) using anti-ARO
antibodies.
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together, our data indicate that TgCSCHAP is not involved in an early
step of rhoptry biogenesis but is vital for the attachment of the mature
organelles to the apical end of the parasites. The potential association of
TgCSCHAP with the inner part of the conoid may suggest that this
protein plays a key role in anchoring rhoptries to microtubules and lies
at this conoid area (Fig. 3). To gain more insight into the role of
TgCSCHAP protein, we searched for putative functional domains. We
identified two regions with sequence similarities with syntaphilin
(amino acids 241 to 405, 26% identity and 44% similarity) and dy-
nactin (amino acids 828 to 971, 31% identity and 48% similarity)
(Fig. 8A–C). Interestingly, both dynactin and synthaphilin link vesicles
or organelles to cytoskeleton by interacting with microtubules [37,38].
The presence of two putative microtubule-binding domains in
TgCSCHAP suggests that the positioning of rhoptries in coccidian
parasites, depends not only on actin but may also on tubulin. Future
functional complementation experiments with truncated forms of the
protein are needed to elucidate the role of each predicted domain in
TgCSCHAP function. These experiments can be performed using the
cosmids 1061064360360 and 1061064346283 that span the entire
TgCSCHAP gene as listed on ToxoDB.

Finally, we tried to find out if there is a probable cross-talk between
TgCSCHAP and TgARO. For this, we studied the localization of TgARO
in the absence of TgCSCHAP and we checked for the presence of TgARO
in the eluted proteins from TgCSCHAP-GFP beads. Our results show
that TgARO labeling is not affected in the absence of TgCSCHAP and
that TgARO does not interact directly or indirectly with TgCSCHAP
(Fig. 8D and E). TgARO is associated with rhoptries detached from the
apex that are visualized on the posterior side of the parasite below the
micronemes. Therefore, TgCSCHAP seems to belong to a new molecular
complex involved in the positioning of rhoptries in coccidian parasites.
Nevertheless, we cannot rule out that such an interaction between
TgCSCHAP and TgARO may be indirect and lost upon parasite lysis.

In conclusion, we identified a novel Coccidian Specific CORVET/
HOPS Associated Protein involved in the apical positioning of rhoptries,
and demonstrated that it plays a key role similar to that of TgARO in the
final steps of rhoptry biogenesis, leading to apical translocation and
firm positioning of these organelles to the parasite apex. Nevertheless,
the comparative phenotypic analysis between these two mutants shows
differences between the partners of the two proteins and their re-
spective localizations. It has been shown that TgARO not only positions
the rhoptries to the apical pole, but also maintains them in bundles. Our
results show that TgCSCHAP mainly positions rhoptries at the apex but
intervenes modestly in their clustering. Our findings suggest that
TgCSCHAP is not a key player of the molecular machinery involved in
clustering rhoptries with each other. Thus, TgARO and TgCSCHAP
could act synergistically to attach rhoptries to each other and to posi-
tion them in groups at the apex of the parasite, respectively. TgARO
interaction with TgMyoF strongly suggests that the repositioning of the
rhoptries is an actomyosin-based process. We have demonstrated that
TgCSCHAP interacts with CORVET and HOPS tethering complexes and
contains two putative binding domains to microtubules. This informa-
tion raises the possibility of the existence of a new molecular machinery
possibly depending on tubulin, involved in the positioning of rhoptries
at the apex in coccidia. In this context, several studies have already
highlighted a crosstalk between the dynactin complex and two subunits
of the CORVET and HOPS tethering complexes (RILP and Vps18) during
the vesicular transport and fusion stages [39,40]. It is conceivable that
the TgCSCHAP protein, which contains a putative dynactin domain,
assumes its function in the positioning of the rhoptries at the apex by
ensuring the link between the CORVET/HOPS complexes, the rhoptries
and the dynein/kinesin motors. In order to understand this key me-
chanism for parasite survival, the potential dynein and/or kinesin
motors involved in the process are yet to be identified. Moreover, direct
partners of TgCSCHAP need to be elucidated. Co-localization experi-
ments have shown that TgCSCHAP exceeds the labeling surface covered
by TgARO and is likely to be in the inner conoid below CAM1. It is

tempting to speculate that TgCSCHAP likely crosslink the rhoptries
package to the two intraconoid microtubules and/or the microtubule
filaments that are present at the inner part of the conoid. Finally, our
results do not show an effect on the transport of secretory organelle
proteins, as is the case in the Vps11 mutant [13], but show that the
depletion of TgCSCHAP leads to the biogenesis of aberrant organelles in
the apical region flanking the conoïd. This could result either from
abnormal microneme biogenesis or from the formation of chimeric
compartments due to improper fusion events, and/or absence of
docking. The exact nature of these structures will require further stu-
dies. We also established a specific effect on the positioning of rhop-
tries. Taken together, these observations suggest that TgCSCHAP is an
additive component of CORVET and HOPS complexes and is likely to
associate transiently with tethering complexes to accomplish particular
functions important for the biogenesis and function of apical secretory
organelles.
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