Super-Resolution Microscopy to analyze
replication and gliding motility in
Toxoplasma gondii

von Yuan Song



Inaugural-Dissertation zur Erlangung der Doktorwiirde
(Dr. rer. biol. vet.)

der Tierarztlichen Fakultdt der Ludwig-Maximilians-
Universitat Miinchen

Super-Resolution Microscopy to analyze
replication and gliding motility in
Toxoplasma gondii

von Yuan Song

aus Shandong (China)

Miinchen 2025






Aus dem Veterindrwissenschaftlichen Department der
Tierarztlichen Fakultat der Ludwig-Maximilians-
Universitat Miinchen

Lehrstuhl fiir Experimentelle

Parasitologie

Arbeit angefertigt unter der Leitung von:

Univ.-Prof. Dr. Markus MeiRner

Mitbetreuung durch: Dr. Francisco Javier Periz Coloma



Gedruckt mit Genehmigung der Tierarztlichen Fakultit der
Ludwig-Maximilians-Universitat Miinchen

Dekan: Univ.-Prof. Dr. Reinhard K. Straubinger, Ph.D.
Berichterstatter: Univ.-Prof. Dr. Markus MeilSner

Korreferent/en: Univ.-Prof. Dr. Dusan Pali¢

Tag der Promotion: 26. Juli 2025



For my parents and friends



TABLE OF CONTENTS

Table of Contents

1 Introduction

1.1 APICOMPIEXA c.uevieeeiiiie ettt ettt s e e s bre e s s e e s sabe e e saeeeesanee 1
1.2 TOXOPIASMA GONGi ..evoeeeiiiiieiiie ettt ettt st 3
1.2.1 ReSEArch HiStOrY ......cociiiiiiiiieeiiee ettt e e 3
1.2.2 Pathogenesis and health risk ..........ccccoeoiiiiiiiiiici e 4
1.2.3 Life CYCIE ettt 6
1.2.3.1 Asexual repliCation .......coceeeveeeriernieeeeee e 9
1.2.3.2 Sexual reproduCtion ........ccocvieeeiiieceiee et 9
1.2.3.3 Lytic cycle of Toxoplasma gondii .............cceceeeueeecceeeeiuneennnen. 10
1.2.4 Ultrastructure of tachyzoite ........cccceeveerierniiniiiie e 11
1.2.5 Gliding and iNVASION .....ceevieriierieerieeiee e 16
1.2.5.1 Gliding Motor COMPIEX......cccveeeiiieeiiiieeeiiee e 23
1.2.5.2 Linear MOdel .....ccereeviinieiirieenieeeneeeee e
1.2.5.3 Related data.....
1.2.6 Replication ......cc.ccceuueeee
1.2.6.1 SUN-like Protein ........coocuieiiiiiieeiiie e 42
L. 2.7 EIESS ittt ettt 45
1.3 Molecular genetic tools for Toxoplasma gondii ...........c.ccccceueeevcveeennnnn. 46
1.3. 1 DICre SYSTEM ....eiiiiieeiee ettt ettt 47
1.3.2 CRISPR/ Ca59...cuueeueeieeeieieeieesieetesteeteseeessestsetesaeesessaesteeseassesnneseens 48
1.4 Super resolution Microscopy (SRM)......eeceeeiieerieeieeiieecee et eeree e 49
LA L STED ettt s e 50
1.4.2 EXPANSION MICIOSCOPY ccieruuerereeerariiunrrereeesannnreeeesassannreeeeessesnnneeeeeens 52
1.4.3 Immunogold labeling electron microscopy (Immunogold-EM)........ 58
2 AIM OF SEUAY ©eiiiiiieciiee ettt e e e e e e e sbae e e aaeeeeas 60
3 Materials and Methods ..........ccceviiiiiiiiiiniiiin 62

3.1 Materials



TABLE OF CONTENTS

0 0 A 0o 01T 0 5 T=T o | PP PPPPPN 62
3.1.2 SOTEWAIE.c.eeeieitiee ettt sttt s 63
3.1.3 Consumables, biological and chemical reagents.........cccecceeeeiveeennne 63
3Ll KIS ettt 65
3.1.5 Buffers, solutions and Medium ..........ccocvvveeeeieiiiiireeeeeeeeierreeeeeeeeenns 65
3.1.6 Antibodies and dyes........ccueeiriiiiiiiiie e 67
3.1.7 CellS TINES ottt 69
3.1.8 Oligonucleotides .70
3.2 Methods .......cccverveuennene w72
3.2.1 Molecular BIOIOZY .......coceerieiriieiieriieeieeee et 72
3.2.1.1 ReStriction digeSt ...c.cvveveiereerieriieeieesee e 72
3.2.1.2 Agarose gel electrophoresis ........ccccveeeecieeeeciee e 72
3.2.1.3 Annealing of Oligonucleotides ..........ccceeuveeeiiieeciiee e, 73
3.2.0.4 LiGAtION..c.eiiiiiiiii it 73
3.2.1.5 Bacteria transformation .......c..ccoeevvevenieninicneeeee 73
3.2.1.6 Plasmid eXtraction......c.cceceevuereenienienenieneeiese et 74
3.2.1.7 Concentration measurement and sequencing of DNA............. 74
3.2.1.8 Genomic DNA extraction........ccccocevvviiiiiiininniiininiicicee, 74
3.2.1.9 Polymerase chain reaction........cccccceeeeecieeeeciie e 74

3.2.1.10 Ethanol precipitation of DNA
3.2.1.11 DNA purification..
3.2.2 Cell biology .....cccccvvveennnen.

3.2.2.1 Culturing of host CellS .....cccuvevieerieeeeceeee e
3.2.2.2 Culturing of T. gONdii....c..cecueeveueeeiieciesieeeeeeesee e 77
3.2.2.3 Cryopreservation and recovery of Toxoplasma gondii.............. 77
3.2.2.4 Transfection of Toxoplasma gondii........ccceeevieeeiiieeiniiieeenineenn. 77
3.2.2.5 Isolation of Toxoplasma gondii clones with FACS sorting.......... 78
3.2.3 PhENOtYPIC @SSAYS -vveruveerrerrreerreeeteeseeessteeseeesseeseeesseesseesseesnseessseenns 78

3.2.3.1 Immunofluorescence assay (IFA).....c.cccceevreercreeneeeiieesreecnee e 78



TABLE OF CONTENTS

3.2.3.2 GlIdING @SSAY .vveeeeuriieeiiiieiiieeeeire e et eeree e st e et e e e eba e e e saae e 79
3.2.3.3 INVASION @SSAY uuuirrieeeeeieiiiiieeeeeeseiireeeeesesrreeeee e e s e senreeeeeeeeeans 79
3.2.4 IMlICIOSCOPY et euueurrereeeeeutrtteeeeesesitrreeeeesesnrreteeesessnnreeeeeeesannrneeeeeaanans 80
3.2.4.1 Ultrastructure Expansion Microscopy (U-EXM) .......c.ccceeevnneen. 80
3.2.4.2 Protein-retention Expansion Microscopy (proExM)................. 82
3.2.4.3 TUIDOID EXM . ..iiiiiiiiieiieiieienitestee ettt 83
3.2.4.4 Expansion microscopy with cryofixation (Cryo-ExM) ............... 84

3.2.5 Data analysis ..
B RESUIS .ot

4.1 Establishment of expansion MiCroSCOPIes .......cooverrveereeriieeneeeieenieeieene 88
4.1.1 Ultrastructure Expansion Microscopy (U-EXM)......ccccevereerueneeennne. 88
4.1.2 Protein-retention Expansion MiCroSCOPY.....ccceveeeerevurereeeesescveneeeenn 90
4.1.3 TUrBOID EXM ..coiiiiiiiiieniccieieee ettt e 91
4.1.4 Expansion microscopy With cryofixation........cccecceevveeneenieeneenninen. 94

4.2 The nuclear division in Toxoplasma gondii relies on TgSLP1............c....... 95
4.2.1 Previously completed work by Mirjam Wagner .........ccccceeeeevvernenn. 96
4.2.2 Localization of TgSLP1 during the division ........ccccccvveeviieieeniennnnnn. 97

4.2.3 Knockout of TgSLP1 results in compromised centromere integrity 102
4.3 Super resolution to analyze the machinery for gliding and invasion in

TOXOPIASMA GONGi ..ottt 105
4.3.1 F-actin is distributed throughout the cytosol of Toxoplasma
GONGUl ettt ettt st st st ne e ane s aee s 105
4.3.2 Myosin A is situated on the exterior of inner membrane complex 1
and the subpellicular microtubules. ........cccoooverieecieieceee e 110

4.3.3 EM imaging indicates the existence of two populations of MyoA .116
4.3.4 EM reveals the distribution of MyoA in association with GAP45...119

4.3.5 GAC is an active protein found in both the conoid and the
[ e 1Yo ] FA SRR 121

4.3.6 FRM1 and MyoH are potential dynamic components of the
[ole] g o1 1o PRSP PRSPPI PTOPRRRTO 125



TABLE OF CONTENTS

5 DISCUSSION .cuviiiiiiiiiiitie ittt saa e sr e eane 130
5.1 Application Of SRM .....cceeiiiicieceetee e 130
5.1L1 U-EXIM ottt sttt st s 132

5.1.2 PrOEXM..cciiiiiiiiiiiiiiiiciticc e 133

5.1.3 TUIBOID EXM ...ciiiiiiiiiiiieienieereeieeie sttt 134

5.0.4 Cry0-EXM ..ottt ettt s 134

5.1.5 Other expansion MICrOSCOPY ....cccveerreerrerreersrieneesieesreereeseeeneeens 135

5.2 TgSLP1 localization analysis with SRM
5.2.1 Localization of TgSLP1 during the nuclear division.

5.2.2 Function of TgSLP1 during the nuclear division .......cc.cccccceevvernen. 138
5.2.3 Relationship between TgSLP1 and actin......cccceveervveenveesieenvennnnene 140
5.3 Linear model and hypothetical alternative models ..........cccceeeeveeennneen. 141
5.3.1 LiN€ar MOodel .....cceruiiiiiiiiinieiieieceece e 141
5.3.2 The distribution of F-actin may be conserved among apicomplexan
[0 L= ] LTSRS 142
5.3.3 Myosin A may also be localized in the cytosol .........cccccevcveeeiinnnn. 143
5.3.4 GAC may associated with actin or microtubules..........ccccceeeruvnenn. 144
5.3.5 Formin 1 and Myosin H may not function solely as anchored
proteins at the CoNOI......cuuiiiiiiiiiiiiiie e 145
5.3.6 GAP45 is a linker between IMC1 and PM.......ccccccevieneneenenienienne 146
5.3.7 Hypothetical alternative models..........cccovveeceenerrieenieereesieeeeene 146
5.4 OULIOOK......ciiiiiiiiiiiiiic e 148
6 SUMIMATY woiiiiiiiiiiiiieeee e ettt e e e e e sttt et e e e s s atbt e e e e e e sssbbeaeaeesssssssbaaeeessassnresaeeeens 150
7 ZUSAMMENFASSUNG ...ttt et e e e s e e e s e neeeeeas 152
8 REFEIENCE. .. ettt ettt st b e e 154

9 ACKNOWIEAZEMENT.....eiiiiiiiiiiiecee et e s 179



LIST OF ABBREVIATIONS

ABBREVIATIONS
AA Acrylamide
ABPs actin-binding proteins
ADF Actin depolymerising factor
AID Auxin-inducible degron
AKMT Apical complex lysine (K) methyltransferase
AMA1 Apical membrane antigen 1
Amp Ampicillin
APEX2 ascorbate peroxidase 2
APR Apical polar ring
APS Ammonium persulfate
BiolD Biotin identification
BLAST Basic local alignment search tool
bp Base pair
BSA bovine serum albumin
C. elegans Caenorhabditis elegans
Cas9 CRISPR associated protein 9
CbEm Chromobody-emeraldFP
CDPKs Calcium-dependent protein kinases
CO. Carbon dioxide
Cre Causes recombination
CRISPR Clustered regularly interspaced short
palindromic repeats
cw Continuous wave




LIST OF ABBREVIATIONS

C-terminal Carboxyl terminal

CoHe Ethane

Da Dalton

DAB diaminobenzidine

dd Destabilisation domain

ddH.0 Double destilled water

DHFR Dihydrofolate reductase

DiCre Dimerisable recombinase

DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide

DNA Deoxyribunucleic acid

dNTP Deoxynucleodtide 5’-triphosphate
DTT Dithiothreitol

DSB Double-strand break

E. coli Escherichia coli

EDTA Ethylene diamine tetra acetic acid
ER Endoplasmic reticulum

EM Electron microscopy

EtOH Ethanol

ExM Expansion microscopy

FA Formaldehyde

FACS Fluorescence-activated cell sorting
F-actin Filamentous actin

FH Formin homology

Fig

Figure




LIST OF ABBREVIATIONS

FRMs Formins

FRM1 Formin 1

Fw Forward

g Gravity

G-actin Globular actin

G1 gap phase 1

GA Glutaraldehyde

GAC Glideosome-associated connector
GAPs Gliding-associated proteins
GAP45 Gliding-associated protein 45
GFP Green fluorescent protein

GOl Gene of interest

gRNA Guide RNA

h Hour(s)

HA Human influenza hemagglutinin
HCI Hydrochloric acid

HFFs Human foreskin fibroblasts

IFA Immunofluorescence assay

IMC Inner membrane complex

Immunogold EM

Immunogold labeling electron microscopy

kb Kilobase

kDa Kilo Dalton

KO Knock out

LB Lysogeny broth

LINC Linker of nucleoskeleton and cytoskeleton




LIST OF ABBREVIATIONS

LoxP Locus of crossover (x)in P1

M Molar

MA Methacrylic acid

mAID Minimal auxin-inducible degron

Mb Megabases

MDa Mega Dalton

mg Milligram

MIC Micronemal protein

MLC1 Myosin light chain 1

mm Millimeter

mM Millimolar

MORN1 Membrane occupation and recognition nexus
protein 1

M-phase Mitosis phase

mRNA Messenger ribonucleic acid

MyoA Myosin A

MyoH Myosin H

NaCl Sodium chloride

NaOH Sodium hydroxide

NCBI National Center for Biotechnology Information

NEB New England Biolabs

NHEJ Non-homologous end joining

N-terminal Amino terminal

obj objective

ORF Open reading frame




LIST OF ABBREVIATIONS

PAM Protospacer adjacent motif
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PFA Paraformaldehyde

pH Potential of hydrogen

PA Phosphatidic acid

PAGE Polyacrylamide gel electrophoresis
PCRs Preconoidal rings

PM Plasma membrane

POI Protein of interest

PSF point-spread function

PV Parasitophorous vacuole
PVM Parasitophorous vacuole membrane
Rapa Rapamycin

RB Residual body

Rh Rhoptry

ROI Regions of interest

RONs Rhoptry neck proteins

RoPs Rhoptry bulb proteins

rpm Revolutions per minute

RT Room temperature

Rv Reverse

s Second(s)

S. pombe Schizosaccharomyces pombe
SAGs Surface antigens




LIST OF ABBREVIATIONS

sCas9 Split Cas9

SD Standard deviation

SDS- Sodium dodecyl sulphate polyacrylamide gel
PAGE elecrophoresis

SEM Scanning electron microscopy

SIM Structured-illumination microscopy
SMLM Single-molecule localization microscopy
S-phase Synthesis phase

spp. Species pluralis

STED Stimulated emission depletion microscopy
SUN Sad1/ UNC-84

T. gondii or Tg

Toxoplasma gondii

TAE Tris-acetate-EDTA

TBS Tris-buffered saline

TEM Transmission electron microscopy
TEMED Tetramethylethylendiamin

TgSLP1 Toxoplasma gondii SUN-like protein 1
TgSLP2 Toxoplasma gondii SUN-like protein 2
TRIS Tris(hydroxymethyl)aminomethane
TX-100 Triton X-100

\Y Volts

w/v Weight / volume

WHO World Health Organization

WT Wildtype

YFP Yellow fluorescent protein




LIST OF FIGURES

LIST OF FIGURES

Figure I-1. The life cycle of Toxoplasma gondii. ...........ccccceeeevuveeciiieiincieeciieeeenen. 8
Figure 1-2. Image of lytic cycle of Toxoplasma gondii. ...........ccccccvuevuvecvesvnnnnnn. 11

Figure 1-3. Schematic ultrastructure of tachyzoite.........ccccccvevevvceerceeciecieee.

Figure I-4. Structure of the apical complex of tachyzoites

Figure I-5. Schematic overview process of Toxoplasma gondii invasion

0 o =L 22
Figure I-6. Schematic diagram of the linear model..........cccccovveviiiiiiiiiiiiiiecnnns 33
Figure I-7. Images not fit to the linear model. .......ccoceevveviiiiiniinneeeee 35

Figure I-8. Actin and GAP45 distribution by pre-labeling Expansion Confocal-
STED microscopy (Ex-ConSTEDM)..............

Figure I-9. Replication process of T. gondii. .....

Figure I-10. Morphogenesis of the centrosome during the replication and

division of Toxoplasma gondii. ...........cc.ceceeveeriieniieneeniieeeeee e 41
Figure I-11. Conditional knockout with the dimerisable Cre-mediated
recombination (DICre) SYSTEM. ......uiiecuiiiiiie et e e e 48
Figure 1-12. Schematic diagram of ExM and labeling process. ...53
Figure I-13. Scheme of expansion microscopy operations. ... .54
Figure 1-14. Main steps of four expansion microscopy methods. ........c.ccccoeeuuee. 57
Figure IV-1. Comparison of ultrastructure expansion microscopy (U-ExM) before
and after apPlicatioN. .....ooveeee e s 90
Figure IV-2. Distribution of FRM1 using TurbolID EXM. ......ccccccevvvieerieeiieennennnnn. 93
Figure IV-3. TurbolD ExM causes background in negative control. ...........c......... 93
Figure IV-4. NHS-ester labelling of tachyzoites using Cryo-ExM. .........ccccccvveennne 95
Figure IV-5. IFA results of the T. gondii with or without TgSLP1 captured by
IMIIFJAM WABNET. ..vtiiiiiieiiiitteee ettt ettt e e s rre e e e e s s s sataea e e e e ssaantaeeeessssansnees 96
Figure IV-6. PCR result of ‘TgSLP1-sYFP2-Cep250_L1-3xHA’ Toxoplasma gondii
SEFINS. 1ttt 98

Figure IV-7. Tri labeling of TgSLP1, Mtbs and Cep250_L1 using U-ExM. ............. 99



LIST OF FIGURES

Figure IV-8. TgSLP1 is found at the kinetochore and appears to connect the

centromeres to the nuclear menbrane during cell division...........cccceeveennnneen. 101
Figure IV-9. The conditional knockout of TgSLP1 results in unsuccessful nuclear
IVISION. <ottt s 103
Figure IV-10. Measurement of vacuoles with both normal and abnormal
CENEIANL SIBNAIS.c..eiiieeiie et st 104

Figure IV-11. Dual Labeling of F-Actin and MyoA in Toxoplasma gondii Using U-

[/ O 107
Figure IV-12. Analysis of positional relationship between F-actin and Myosin
N PPN 108

Figure IV-13. Quantification of the spatial correlation between F-Actin and

Figure IV-14. Locolization analysis of MyoA using U-ExM and proExM ....

Figure IV-15. Localization analysis of MyoA and IMC1 using U-ExM. ............... 114
Figure IV-16. Quantification of the spatial relationship between IMC1 and

IMIYOAL. ettt ettt sttt ettt e s bbbt e et b e s te e nar e e neesanes 114
Figure IV-17. Localization analysis of IMC1 and Mtbs using U-ExM.................. 116

Figure IV-18. Distribution analysis of MyoA using immunogold-labeling EM. ..117
Figure IV-19. Quantification of MyoA distribution using immunogold-labeling

=1 PP PPPP PN 118
Figure IV-20. Localization analysis of GAP45 and Mtbs using U-ExM. .............. 120
Figure IV-21. Localization Analysis of GAC Using ProEXM. ........ccccceevvevvernueenne. 122
Figure IV-22. Localization analysis of GAC and Mtbs using proExM.................. 123
Figure IV-23. Localization analysis of GAC using proEXM.........cccceevvererecneennen. 124
Figure IV-24. Localization analysis of FRM1 using IFA. .......c.cccccevveevvenceeecneennne. 126
Figure IV-25. Localization analysis of FRM1 and Mtbs using U-ExM.................. 127
Figure IV-26. Localization analysis of FRM1 and Mtbs using U-ExM.................. 128
Figure IV-27. Localization analysis of MyoH and Mtbs using U-ExM. ............... 129

Figure V-1. Schematic Representation of Hybrid Linear Models. ..................... 148



LIST OF TABLES

LIST OF TABLES

Table I-1. Concise historical timeline of Toxoplasma gondii research................... 3
Table -1, EQUIPMENT......eiiiiiiie ettt sttt s s saee e e e 62
Table [11-2. COMPULEr SOfEWATIE. ...c.vveeeieeieecieeie e 63

Table I11-3. Consumables and chemical and biological reagents... .63

Table I11-4. ...65
Table I11-5. Buffer for molecular cloning. ..........ccoceevierieiniieneenieeeeeeeee e 65
Table I11-6. Buffer for cells culture and freezing. ........ccecvevveeveenieenicnieeneeeeene 66
Table I11-7. Buffer for phenotypic assays and fixations. ........cccccceeveeeiiieeeeineeeenns 66
Table 111-8. BUFfer fOr EXIM. .....ccoiiiiiiiiieniieiiciicieneetteeeie et 67
Table I11-9. Primary antibodies for IFA and EXM. ........ccccceeviieneenienneensieeseenieene 67
Table 111-10. Secondary antibodies for IFA and EXM.........cccccouveeiiieeeciieeeeiieeeene 68
Table [11-11. Dyes for IFA and EXM. ........cooiiiiiiiiiieciieee et aaee e 69
Table [11-12. Mammalian Cells. ......c.ooviieieeriiiieeieeee e 69
Table 111-13. Bacteria cells. ........coeevuiiiiiiiniiiiiiiiici e 69
Table I1-14. Generated or used Toxoplasma gondii strains. ........ccceceeceervernnnn. 69
Table I11-15. Sequences of generated SGRNAS. ........cccveveercieereerieenee e 70
Table 1I-16. Oligonucleotides. ............. ...70
Table 111-17. Restriction digest reaction. .......ccccueevrcireeeriieesiiee e sieeesines .72
Table I11-18. PCR reaction using Q5 High-Fidelity DNA Polymerase (25-pL)........ 75
Table I11-19. Thermocycling conditions of PCR reactions with Q5 polymerase...75
Table IV-1. Classification of labeled MyoA beads. .........cccceevvviercieeiniiieeeiieeenn, 118
Table V-1. Comparison of Super-Resolution Microscopy Techniques. .............. 131

Table V-2. Comparison of motor component localization. ........cccceccvevvveveennen. 147



INTRODUCTION

1 Introduction

1.1 Apicomplexa

The existence of human parasites has been documented as early as 3000 B.C.
(Cox 2002). Throughout evolutionary history, prolonged coevolution between
parasitic organisms and their hosts has led to significant adaptive specialization
in parasites (Vilcinskas 2016). Parasites are defined as organisms that obtain
essential nutrients and energy from their host organisms to maintain their
metabolic functions and survival. Throughout this parasitic relationship, they
may excrete toxic metabolites or induce structural damage to host tissues

through mechanical or biochemical mechanisms (Poulin 2007).

As the sole major taxonomic group comprising exclusively parasitic organisms,
Apicomplexa represents a eukaryotic phylum encompassing over 6,000
described species. This unique characteristic renders it a particularly intriguing
yet poorly understood group from a biodiversity perspective (Morrison 2009;
Adl et al. 2007). A defining characteristic of apicomplexans is the absence of
photosynthetic capability; they have apicoplast, a non-photosynthetic
secondary plastid (Sato 2011). The majority of characterized apicomplexan
species are obligate intracellular parasites. These organisms have evolved
specialized apical complex structures and secretory organelles for gliding

motility and invasion (Morrison 2009).

The Apicomplexa phylum includes many species that present considerable
dangers to both the poultry and livestock industries, including Eimeria spp.,
Babesia spp., Plasmodium spp., Cryptosporidium spp., and Toxoplasma gondii.
These pathogens not only cause substantial economic losses but also play
critical roles in both medical and veterinary fields (Black and Boothroyd 2000;

Stelzer et al. 2019). For instance, coccidiosis, caused by Eimeria spp., is a

1



INTRODUCTION

disease with significant economic impact globally, leading to reduced
productivity and high mortality rates in domestic poultry and livestock
(Chapman et al. 2013). Similarly, Babesia spp., responsible for babesiosis, affect
many hosts, including domestic and wild mammals, as well as humans. This
disease has emerged as a zoonotic threat, as evidenced by human babesiosis
cases (Michel, Mathis, and Ryser-Degiorgis 2014). Transmission primarily occurs
through the bite of ixodid ticks, often resulting in clinical manifestations such as
anemia, hyperbilirubinuria, hemoglobinuria, and, in severe cases, organ failure

(Hildebrandt, Gray, and Hunfeld 2013).

In addition to these, Plasmodium spp., the etiological agents of malaria,
represent one of the most severe global health challenges. Malaria is
transmitted through the bites of infected female Anopheles mosquitoes
(Alkema et al. 2021). According to recent data, the World Health Organization
(WHO) reported that more than 260 million individuals across 83 malaria-
endemic countries were infected in 2023, while the number of 2022 was 11

million less (WHO, 2024).

Furthermore, Cryptosporidium spp. are recognized as a leading cause of
diarrheal disease worldwide, particularly affecting kids and
immunocompromised individuals, particularly in developing countries (O'Leary,
Sleator, and Lucey 2021). Notably, zoonotic transmission of Cryptosporidium
often occurs through contaminated water supplies, making waterborne
epidemics and large-scale outbreaks a significant public health concern (Hassan
et al. 2021). Overall, these apicomplexan pathogens highlight the critical need
for continued research and intervention strategies to mitigate their impact on

both animal and human health.
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1.2 Toxoplasma gondii

1.2.1 Research History

T. gondii is the sole species within the genus Toxoplasma. A summary of key

milestones in T. gondii research is provided in Table I-1.

Table I-1. Concise historical timeline of Toxoplasma gondii research.

Year Milestone Reference

1908 Toxoplasma gondii first identified in C. gundi | (Nicolle 1908;
and a rabbit; named for its crescent shape Splendore 1908)
and host.

1939 Recognized as a human pathogen after (Wolf, Cowen, and
isolation from a fatal congenital Paige 1939)
toxoplasmosis case; confirmed zoonotic
potential through experimental
transmission.

1948 Development of the methylene blue dye (Sabin and
test, a serological assay for detecting T. Feldman 1948)
gondii in humans and animals, facilitating
global epidemiological studies.

1954— | Identification of key transmission routes, (Weinman and

1965 including ingestion of infected pork, vertical | Chandler 1954;
transmission, and fecal-oral transmission. Hutchison 1965)
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1960— | Discovery of the oocyst as the (Jacobs,

1970 environmentally resistant and infective Remington, and
stage in feline feces, elucidating aspects of Melton 1960;
the life cycle. Sheffield and

Melton 1970).

1988— | Advances in genetic manipulation, including | (Burg et al. 1988;
1995 gene knockout and complementation, Soldati et al. 1995;
enhancing functional studies of T. gondii. Donald and Roos
1994; Ferguson
2009)

2002 Application of proteomic approaches, (Cohen et al. 2002)
including 2D electrophoresis, mass

spectrometry, and bioinformatics, to analyze
Toxoplasma gondii expressed sequence tags

(ESTs).

Collectively, these significant research advancements and established
methodologies have provided a robust foundation for contemporary
investigations, along with a diverse array of sophisticated tools that facilitate

further exploration of Toxoplasma gondii biology and pathogenesis.
1.2.2 Pathogenesis and health risk

T. gondii is a pathogen that could infect almost all eukaryotic organisms and
disseminating across tissues in warm-blooded hosts. As a globally successful
protozoan parasites, epidemiological estimates indicate that nearly one-third of

the global human population harbors Toxoplasma gondii infection (Montoya

4
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2002). The global average, however, may not provide a faithful account of
endemicity in particularly highly endemic regions. In Benin, for example, overall
infection rates have been reported to reach 87.7% in certain communities
(Rodier et al. 1995), and in Brazil, to reach 74.7% (Porto et al. 2008). In Germany
and Iran, the infection rates reached levels of up to 59% (Molan et al. 2019;

Fiedler et al. 1999; Youssefi et al. 2007).

In immunocompetent individuals, infections with Toxoplasma gondii are largely
subclinical or asymptomatic. Clinical diseases are mainly manifested in three
types of patient: the immunosuppressed host such as an AIDS patient, the fetus
affected by congenital transmission of the parasite and presenting at birth or
during its life with symptoms of the disease, and immunocompetent adult
showing severe ocular disease due to T. gondii infection. For instance,
Congenital Toxoplasmosis is acquired when the parasite crosses the placental
barrier during a maternal infection, potentially resulting in spontaneous
abortion or a spectrum of neonatal diseases. These conditions often involve
severe neurological and ocular pathologies, including hydrocephalus and
retinochoroiditis, among others. Such outcomes highlight the significant health
risks associated with Toxoplasma infection, particularly in vulnerable
populations (Caldas and De Souza 2018; Pinto-Ferreira et al. 2019; Holland
1999).

Geographically distinct subpopulations of Toxoplasma gondii parasites exhibit
population genetic structures within different geographical regions (Sibley et al.
2009). In Europe most strains belong to one of three clonal lineages, denoted as
Type I-ll1l. Sexual recombination among these three predominant clonal
lineages is exceptionally rare in natural populations (Howe and Sibley 1995). All
3 lineages have been isolated from human infections, prompting investigations

into potential correlations between strain genotypes and disease
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manifestations. Some studies suggested that type Il strains were predominantly
associated with toxoplasmosis, particularly in cases of AIDS-related and
congenital infections, which often presented with severe complications such as
encephalitis and pneumonitis (Howe et al. 1997; Honore et al. 2000; Howe and
Sibley 1995; Dardé 2004). Nevertheless, virulent strains, particularly those of
type | or atypical alleles, were associated with severe disease (Xiao and Yolken
2015; Grigg et al. 2001; Boothroyd and Grigg 2002) and congenital infection
(Fuentes et al. 2001). These findings suggest that no definitive correlation exists
between specific strain types and the occurrence of cerebral infections,
highlighting the complexity of strain-specific pathogenicity in Toxoplasma

gondii.

Beyond that, Toxoplasma gondii is also a significant meat safety hazard,
especially in products such as mutton, with potential for zoonotic transmission

to humans (Abu Samraa et al. 2007).

As a zoonotic parasite of considerable medical and veterinary significance, T.
gondii has been the focus of extensive research for more than 100 years.
However, no safe and effective antiparasitic drug or human toxoplasmosis
vaccine is available yet (Konstantinovic et al. 2019; Kur, Holec-Gasior, and
Hiszczyniska-Sawicka 2009). Thus, additional research and development is

critical to meet this ongoing public health challenge.
1.2.3 Life cycle

Unlike many other parasites, Toxoplasma gondii has a complex life cycle that
includes both sexual and asexual stages of reproduction in different hosts.
Sexual stage replication in Toxoplasma gondii occurs only in cats, the definitive
host species. Asexual stage replication occurs in intermediate hosts that
comprise almost all warm-blooded animals, including humans (Figure I-1). T.
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gondii has 3 infectious phases: tachyzoites disseminate rapidly and proliferate
within nucleated cells of intermediate hosts; bradyzoites replicate slowly within
tissue cysts of intermediate hosts; and sporozoites are found in the oocysts
shed by the definitive host (Deng et al. 2021). Even when no definitive host are
present, Toxoplasma gondii can continue to cycle between intermediate hosts
with the dissemination of bradyzoites. This adaptive ability contributes to the
global dissemination and prevalence of this parasite (Attias et al. 2020; Hazards

et al. 2018).

Foodborne transmission accounts for most instances of toxoplasmosis infection.
As intermediate hosts, humans can acquire the infection through the
consumption of animal products (e.g., milk, pork, mutton, beef, and poultry)
derived from other intermediate hosts (Jones and Dubey 2010). Additionally,
exposure to sporulated oocysts from feline feces in the environment or through
contaminated water and produce represents another significant transmission
route. These pathways underscore the multifaceted nature of Toxoplasma
transmission and its implications for public health (Dubey 2016; Opsteegh et al.
2015).
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Figure I-1. The life cycle of Toxoplasma gondii.

This process involves multiple distinct stages. Felids, functioning as definitive hosts,
contract T. gondii through consumption of infected intermediate carriers (rodents, avian
species) or from environmental contamination. After consumption, the cyst wall is
digested within the stomach and gastrointestinal tract. This process results in the release
of either tachyzoites or bradyzoites. These invasive forms subsequently invade the
intestinal epithelial cells. Then parasites undergo multiple schizogonic cycles, producing
merozoites. These merozoites subsequently develop into microgamonts and
macrogametes, which fusion to form oocysts. These oocysts are then released with feline
feces.

Following environmental release, excreted oocysts initiate sporogenic development,
acquiring infectivity through this process. Sporulated oocysts could directly infect
intermediate hosts, including most warm-blooded animals and humans, through
contamination of water, soil, grass, or vegetables. Additionally, humans may be infected
by consuming raw meat or unpasteurized milk containing tissue cysts with bradyzoites or
tachyzoites from infected food animals. In cases of maternal infection during pregnancy,
tachyzoites can cross the placental barrier, leading to congenital transmission and
potentially severe fetal complications. (Attias et al. 2020; Robert-Gangneux and Dardé
2012). Image copied from Robert-Gangneux and Dardé with license number 1600241-1.
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1.2.3.1 Asexual replication

In intermediate hosts, T. gondii exhibits two distinct developmental phases:
tachyzoite and bradyzoite forms. The former phase functions as a rapidly
proliferating form, during which the parasite disseminates throughout the
host's tissues, leading to acute infection. In contrast, the bradyzoite phase
corresponds to chronic infection, characterized by cystogenesis. These parasitic
cysts exhibit preferential tropism, predominantly colonizing neural tissues and
striated musculature. The cysts could be ingested by other hosts, leading to the
release of bradyzoites, which subsequently revert to tachyzoites. Alternatively,
within the same host, cysts can convert back to tachyzoites under
immunosuppressive conditions (Figure I-1) (Dubey, Lindsay, and Speer 1998;
Skotarczak 2016; Pinto-Ferreira et al. 2019). The asexual or lytic cycle primarily
drives for the clinical symptom severity (Tenter, Heckeroth, and Weiss 2000;

Black and Boothroyd 2000).
1.2.3.2 Sexual reproduction

The life cycle of T. gondii also includes a sexual reproductive phase, which
strictly confined to definitive host, typically felids (cats). When a feline definitive
host ingests tissue cysts from intermediate hosts, such as mice or birds, the
cysts reach the stomach and intestines, where the cyst wall is degraded by the
acidic environment and digestive enzymes, releasing bradyzoites or sporozoites.
These invasive forms then invade the intestinal epithelium, initiating several
rounds of schizogony to produce merozoites. These merozoites differentiate
into two distinct forms: female macrogametes display an oval-shaped
configuration (8 x 6 um), and elongated male microgamonts (6 x 2 um).

Following fertilization, unsporulated oocysts are generated and prior to
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environmental release through fecal discharge (Figure I-1) (Attias et al. 2020;

Dubey, Lindsay, and Speer 1998; Frenkel, Dubey, and Miller 1970).

Each oocyst eventually generates 2 sporocyst structures, each with 4
sporozoites. The excretion process could persist for one to two weeks, during
which the freshly released oocysts in feces become infectious within 48 hours.
Due to the protection provided by their thick, impermeable walls, oocysts can
survive in harsh environmental conditions, such as in water or dry
environments, for several months. Under more favorable conditions, their
survival can extend to several years, highlighting their resilience and
contributing to the parasite's widespread transmission (Hill and Dubey 2002;

Freppel et al. 2019).
1.2.3.3 Lytic cycle of Toxoplasma gondii

These obligate intracellular parasites employ a conserved mechanism for
migration and invasion, known as the lytic cycle. This cycle initiates through
host cell invasion, followed by iterative proliferation phases in a unique
compartment known as the parasitophorous vacuole (PV). Subsequently, the
host cell is lysed, releasing tachyzoites to migrate and invade nearby cells,
starting new cycles of replication (Fig. I-2). In Toxoplasma gondii, the
intracellular replication cycle has a replication time ranging from 6 - 8 hours
under in vitro conditions, resulting in the production of 64 to 256 progeny
parasites. These progeny are then primed for egress and subsequent infection

of new host cells (Radke and White 1998).
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Migration Invasion

cytoplasm

Figure I-2. Image of lytic cycle of Toxoplasma gondii.

Extracellular parasites initiate host cell invasion by forming a PV. Within this protective
structure, proliferation occurs via endodyogeny. After egress, the parasites initiate
another round of the lytic cycle. Actin-chromobodies were utilized to label parasites,
revealing a dynamic filamentous actin (F-actin) network during the lytic cycle. The model,
developed by Dr. Javier Periz and adapted from referenced studies, demonstrates the
presence of independent F-actin structures within the PV, as detected through the
expression of actin-chromobodies (Periz et al. 2019). Image copied from Dr. Javier Periz.

1.2.4 Ultrastructure of tachyzoite

During the lytic process, T. gondii exists as tachyzoites, characterized by
dimensions of about 6 x 2 um. The ultrastructural features of tachyzoites were
first elucidated through electron microscopy (EM) over seven decades ago

(Gustafson, Agar, and Cramer 1954). Morphologically, tachyzoites exhibit a
11
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crescent-shaped or banana-like appearance, with a distinctly cuspate apical part
contrasting with a blunt posterior region. This unique morphology is integral to
their invasive capabilities and intracellular lifestyle (Dubey, Lindsay, and Speer

1998).

As illustrated in Figure I-3 (Sanchez and Besteiro 2021), the tachyzoite is
enclosed by a trilaminar membrane structure, formed by the plasma membrane
(PM) and a double-membraned compartment termed the inner membrane
complex (IMC). The interspace of PM-IMC houses the motor complex, the
motility apparatus of Toxoplasma gondii (Mann and Beckers 2001)(see Section
1.2.5). Tachyzoite cytoskeletal architecture includes 22 subpellicular
microtubules (Mtbs) emanating from the conoid. These Mtbs elongate to
approximately 2/3 of the tachyzoite's longitudinal axis. The cytoplasm,
supported by a network of microtubules, provides structural flexibility and
facilitates cell deformability in the tachyzoite. Positioned between IMC and the
Mtbs is an alveolin network, formed by intermediate filament-like proteins. This
network envelops the whole parasite except for the apical and posterior poles

(Pacheco et al. 2020).

12
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Figure I-3. Schematic ultrastructure of tachyzoite.

The schematic illustrates the ultrastructure of a tachyzoite, highlighting key organelles and
structural components. The pellicle consists of the outermost PM (depicted in brown) and
the underlying IMC (shown in green). At the apical region, the conoid (represented as a
brown ring), along with the micronemes (in orange) and rhoptries (in yellow), forms the
apical complex, a structure that is essential for parasite’s invading. 22 Mtbs (grey lines)
spanning from the conoid, spanning approximately two-thirds of the tachyzoite's length.
Dense granules (in dark blue) and the mitochondrion (in pink) are distributed throughout
the parasite's cytoplasm. In the mid-region of the tachyzoite, organelles such as vacuolar
and endosomal-like vesicles (in green) are present. The apicoplast (in purple) and Golgi
complex (in grey) are positioned anterior to the nucleus. The endoplasmic reticulum (ER)
forms a reticular framework encircling the nucleus. (Sanchez and Besteiro 2021) © 2021
Sanchez and Besteiro. CC BY 4.0 license.

The phylum Apicomplexa is named after its defining feature, the apical complex.
This specialized structure comprises the conoid complex, micronemes, and
rhoptries, with hundreds of proteins precisely localized, as evidenced by
proteomic and organellar protein localization studies. Functioning as a critical
structural and signaling hub in T. gondii, the apical complex orchestrates
essential processes such as gliding, invading and egress. This is mediated

through the coordinated protrusion-retraction cycles of the conoid and the
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regulated expression of micronemal and rhoptry proteins (discussed in detail in
Sections 1.2.5 and 1.2.7). Furthermore, the apical complex undergoes initial
assembly prior to other cellular structures in developing daughter cells, serving
as an organizational center for the assembly of the cytoskeletal and membrane
framework during parasite replication (elaborated in Section 1.2.6)(Hu et al.

2006; Long et al. 2017; Barylyuk et al. 2020; Sibley 2010).

The anterior terminus of the conoid complex houses the preconoidal rings
(PCRs), characterized by an external periphery of approximately 220 nm and an
internal diameter of around 160 nm. Due to their proximity and diminutive size,
these 2 preconoidal rings can only be resolved using advanced super-resolution
microscopy (SRM), like expansion microscopy (ExM) and electron microscopy
(EM) (Figure 1-4)(Munera Lopez et al. 2022). Positioned beneath the
preconoidal rings (PCRs) is the conoid, a frustoconical structure comprising 14
distinct tubulin polymer fibers. These fibers are assemblage in a spiral
configuration and exhibit active motility during parasite’s invasion (Nagayasu et
al. 2016; Munera Lopez et al. 2022). Adjacent to the conoid lies the apical polar
ring (APR); within the conoid, 2 intra-conoid Mtbs is housed (Munera Lopez et

al. 2022).

As a dynamic organelle, the conoid extends outward from the APR according to
elevated intracellular Ca®* levels. Figure I-4 depicts a tachyzoite in this
protruded state. Several proteins localized at the conoid, including the
glideosome-associated connector (GAC), formin 1 (FRM1), and Myosin H
(MyoH), play important roles in regulating gliding, migration, and egress in
Toxoplasma gondii (elaborated in Section1.3.2) (Koreny et al. 2021; Graindorge
et al. 2016; Jacot et al. 2016; Dos Santos Pacheco et al. 2022).

14
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The specialized organelles localized at the apical complex are named
micronemes and rhoptries. They are necessary for the parasite’s survival of,
playing critical roles in invasion, replication, and egress, as detailed in
subsequent sections. Micronemes are small, rod-shaped organelles, measuring
approximately 40 by 100 nm, and are predominantly situated at the apical part
of the parasite. Each tachyzoite possesses 50 to 100 micronemes, which are
indispensable for successful progression through the parasite's developmental

cycle. (Carruthers, Giddings, and Sibley 1999; Venugopal and Marion 2018).

In contrast to micronemes, rhoptries are larger, club-shaped organelles,
measuring 2 to 3 um in length. Each Toxoplasma gondii tachyzoite possesses
eight to twelve rhoptries. Each rhoptry comprises two distinct regions: the
rhoptry neck, which is located closest to the conoid; and the rhoptry bulb,
which constitutes the posterior portion of the organelle. Rhoptries secrete
proteins RONs (rhoptry neck proteins) and ROPs (rhoptry bulb proteins) are
required for parasite’s invading and modulation of host cellular functions

(Boothroyd and Dubremetz 2008; Suarez et al. 2019).
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Figure I-4. Structure of the apical complex of tachyzoites.

The apical complex of Toxoplasma gondii is illustrated through schematic representations
and transmission electron microscopy (TEM) images. (A) The schematic (left) and
corresponding TEM image (right) depict the apical complex, which includes two
preconoidal rings, 14 conoid fibers, an apical polar ring, and two intra-conoid Mtbs. (B)
TEM data of the apical cytoskeleton, following treatment with detergents and proteases,
reveal the structure after the removal of specific cellular components. An end-on view of
the apical cytoskeleton shows the PCRs situated within the apical polar ring, with most
Mtbs and conoid fibers separated (left). The middle and right panels display the
preconoidal rings still linked to the disassembled conoid fibers. These images highlight the
intricate organization and structural resilience of the apical complex. (Munera Lopez et al.
2022). © 2022 Munera Lopez et al. CC BY 4.0 license.

1.2.5 Gliding and invasion

The ability to glide is an important biological function for parasites, especially
for obligate intracellular protozoan parasites that depend on host cells for their

survival. Many intracellular parasites rely on host-mediated machinery to
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invade, such as Leishmania, which utilizes phagocytosis, and Trypanosoma
cruzi, which induces host cell uptake (Sibley 2004). Unlike eukaryotic cells,
bacteria, viruses, or other parasites that depend on substantial changes in the
shape (amoeboid movement) or force-producing structures like cilia or flagella,
apicomplexans utilize a specific way of adhesion-based motility termed ‘gliding’.
This active process enables them to penetrate host cells without relying on host
machinery, distinguishing their invasion strategy from other pathogens

(Tardieux and Baum 2016).

Gliding motility in apicomplexan parasites is closely associated with its highly
organized outer pellicle structures: IMC, PM, microtubules and filament-based
cytoskeleton between PM-IMC (Morrissette and Sibley 2002; Prazak et al.
2024). This structurally stable yet non-dynamic knot enables the parasite to
maintain its shape while retaining flexibility (Hanssen et al. 2013; Cyrklaff et al.
2007; Kan et al. 2014). Beneath the plasma membrane, Toxoplasma gondii
possesses a specialized motility apparatus known as the glideosome, which
incorporates the microtubules, actin, actomyosin and other components (This
will be discussed in detail in Section 1.2.5.1). The glideosome, driven by actin
polymerization, facilitates substrate-dependent gliding motility, enabling the
parasite to traverse host tissue barriers, execute active cellular invasion, and
lyse and released from old host cells (Tardieux and Baum 2016; Soldati, Foth,

and Cowman 2004).

APR is a stable, multilayered structure, while the conoid exhibits dynamic
extension and retraction through the APR. The mechanical forces associated
with conoid extrusion facilitate the directional flux of filamentous actin enter
the PM-IMC space and along the apico-basal axis, thereby regulating parasite
motility and invading (Ren et al. 2024). In Cryptosporidium parvum and T.

gondii, F-actin is localized at the PCRs. The extrusion of the conoid facilitates
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the flow of F-actin into the pellicular space (Martinez et al. 2023; Prazik et al.

2024)

The integration of the apical complex and the glideosome underpins the
remarkable efficiency of apicomplexan invasion. For example, Plasmodium
sporozoites demonstrate locomotory velocities exceeding those of human cells
by 10-fold (Munter et al. 2009). Invasive stages like Plasmodium and Babesia
merozoites just need a few seconds to achieve cellular invasion. Similarly,
Toxoplasma gondii is capable of targeting and invading host cells in less than 30
seconds through a conserved mechanism. Despite these insights, the precise
spatial and structural organization of the myosin motor system that drives
efficient parasite motility remains incompletely understood (Frénal et al. 2017;

Leung et al. 2014; Martinez et al. 2023).

Toxoplasma gondii tachyzoites display three types of motility trails on 2D coated
glass surfaces, presumably reflecting three types of gliding motility: clockwise
twirling, counterclockwise circular gliding, and helical gliding, the latter
characterized by a 180° rotation along its vertical axis during movement
(Hakansson et al. 1999). In 2D helical moving (Tosetti et al. 2019; Pavlou et al.
2020), T. gondii initiates substrate adherence through apical pole anchorage.
The adhesion site subsequently expands along the parasite's length, during
progressive motility, parasite’s apical part detaches from the substrate, causing
the adhesion zone to contract until an ultimate posterior focalization. Upon
reaching the posterior end, a new apical adhesion site forms, initiating a new
cycle. Unlike Plasmodium sporozoites, the adhesion site of tachyzoites remains
fixed relative to the substrate (Stadler et al. 2022). 2D traction force analysis
demonstrated vectorially aligned tractive forces along the tachyzoite's
anteroposterior axis, with negligible lateral force components. When coupled

with microtubular forces, they could contribute to the unidirectional parasite
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motility (Pavlou et al. 2020). The helical motility pattern likely originates
through two biomechanical mechanisms: dynamic reorganization of
microtubule cytoskeletal architecture altering three-dimensional force vectors,
or generation of torque forces within the parasite's cytosolic matrix (Tardieux

and Baum 2016).

In contrast, when observed within a three-dimensional (3D) gel matrix,
Toxoplasma gondii tachyzoites display irregular, corkscrew-like trajectories
(Tardieux and Baum 2016). Within this 3D environment, the adhesion site
adopts a circular configuration, and the resulting motility pattern is likely more
physiologically relevant, reflecting the parasite's movement within host tissues
(Leung et al. 2014). 3D traction force analysis demonstrates that T. gondii
generates biomechanical forces exhibiting rhythmic patterns. These centripetal
force vectors converge at a defined pericellular locus within the extracellular
matrix. These constrictions are not a consequence of the parasite mechanically
pushing through gaps. They are caused by parasite-generated pulling forces on
the substrate, which induce visible constrictions in the parasite’s PM (Stadler et
al. 2022). The ring of inward-directed force likely corresponds to a
circumferential attachment zone between the parasite and the matrix, through
which the parasite propels itself forward. This motility is powered by the
parasite’s myosin motors, which translocate F-actin in an opposite direction

(Martinez et al. 2023).

For host cell adhesion, surface antigens (SAGs) play an important role in guiding
the initial orientation and attachment of Toxoplasma gondii to the host cell
membrane (Carruthers and Boothroyd 2007). The invasion process is further
guided by the precisely timed expression of proteins from apical complex
organelles, including micronemes, rhoptries, and dense granules. Microneme

expression starts before the completion of previous lytic cycle and continues
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until the next host cell attachment (Bisio and Soldati-Favre 2019; Dubois and
Soldati - Favre 2019). Upon release, microneme proteins such as AMA1 and
MIC2 interact with the glideosome, which is localized beneath the plasma
membrane. These proteins subsequently integrate into the tachyzoite plasma
membrane, where they recognize and combined with specific receptors on the
host cell membrane (Kato 2018). Microneme exocytosis is thought to regulate
the secretion of rhoptry proteins, triggering the release of RONs and ROPs. This
secretion process begins prior to invasion and concludes concurrently with the

generation of the PV (Dubremetz 2007).

For instance, the micronemal protein MIC2 functions as a transmembrane
adhesin, featuring multiple conserved extracellular domains that facilitate
receptor binding, as well as a short cytosolic domain that interacts with the
actinomyosin-based glideosome via aldolase (Huynh and Carruthers 2006;
Jewett and Sibley 2003). The transmembrane adhesin complexes mediate
critical interfacial stabilization during gliding motility. This mechanotransduction
system counterbalances actomyosin-driven retrograde flow by establishing
transient substrate anchors. Molecular coupling to the glideosome motor
complex amplifies traction force, powering unidirectional zoite propulsion.
Parasites deficient in MIC2 exhibit impaired generation of inward-directed
forces and fail to form plasma membrane (PM) constrictions, resulting in
defective surface attachment and an inability to complete host cell egress. This
underscores the critical role of MIC2 in coordinating mechanical forces crucial

for parasite gliding and invading (Gras et al. 2017; Stadler et al. 2022).

Apical membrane antigen 1 (AMA1) is a microneme-secreted protein that
becomes widely distributed on parasite’s surface before invading (Alexander et
al. 2005; Besteiro et al. 2009). AMAL1 directly interacts with RON2, forming a
high-affinity complex in vitro. Rons such as RON2, RON4, RON5, and RONS are
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expressed and released to the host cell cytoplasm, where RON2 subsequently
integrates into the host cell membrane. This integration facilitates the assembly
of a RON complex, which interacts with other RON proteins and host cell actin
filaments, playing a crucial role in parasite invasion (Besteiro et al. 2009;

Lamarque et al. 2011; Tyler and Boothroyd 2011; Tonkin et al. 2011).

Apicomplexan pathogens orchestrate host cell invasion via microneme- and
rhoptry-derived proteins, which assemble into a circumferential molecular
adhesion complex at the parasite-host interface. This structure, known as the
tight junction (TJ), remains stationary due to anchoring to the host
cytoskeleton, providing a stable surface enabling parasite generates force for
invasion (Tardieux and Baum 2016; Stadler et al. 2022). RON4, along with
AMAL1, is considered a key component of the MJ. Upon released to the host cell,
RON4 associates with RON2, which binds to the host PM and functions as a
ligand for AMA1 binding (Baum and Cowman 2011; Bargieri et al. 2013).
Successful host cell invasion requires the parasite to engage its actomyosin
motor with the MJ complex, ensuring efficient force application through proper

anchorage to the host membrane and cytoskeleton.

During invading process, the TJ, in coordination with the parasite’s glideosome,
translocates from the apical to the basal end as the tachyzoite actively
penetrates the host cell (Lebrun et al. 2005; Cova, Lamarque, and Lebrun 2022;
Frénal et al. 2017; Sweeney et al. 2010). Micronemal proteins function as
adhesins, generating the traction force necessary for invasion. However,
following successful entry, adhesion protein are digested by rhomboid
proteases (ROMs) within their transmembrane domains, facilitating
detachment from host receptors and enabling complete internalization (Bargieri
et al. 2014; Tardieux and Baum 2016). An excess of surface adhesins disrupts

this process, resulting in unproductive host cell attachment, impaired migration
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ability, defective tight junction assembly, and inefficient invading process.
Notably, ROM-deficient parasites maintain cellular viability, with preserved
MIC2 clearance from the membrane of invaded mutant organisms. This
observation implies the existence of alternative pathways mediating adhesin

shedding (Shen, Buguliskis, et al. 2014; Rugarabamu et al. 2015).

If Toxoplasma gondii tachyzoites encounter resistance during invasion or the TJ
is not firmly fixed to the surface of host cell, the parasite continues to exert
force on the junction. This lead to the retrograde displacement of the junction
along the tachyzoite’s surface, accompanied by the host cell membrane,
ultimately facilitating the generation of a functional PV and enabling the

tachyzoite to envelop itself within it (Bichet et al. 2014).
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Figure I-5. Schematic overview process of Toxoplasma gondii invasion process.

(1) Initial Attachment: Toxoplasma gondii identifies and adheres to the host cell surface
through the continuous expression of surface antigens (SAGs). (2) Microneme Secretion
and Protrusion: Micronemal proteins, including MIC2, AMA1, and MIC8 (green), are
expressed and localized to the parasite surface. These adhesins play a critical role in
facilitating tight attachment via interaction with receptors on host cell. Concurrently, the
parasite undergoes apical protrusion. (3) Reorientation and Moving Junction Formation:
Prior to host cell penetration, the protozoan undergoes apical reorientation. RONs (shown

in red and yellow) are discharged to the cytosolic part of host cell. These proteins undergo
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trafficking to reaccumulate at the host-parasite interface. Here, RONs react with AMA1,
forming the TJ (highlighted in red), a critical structure for host cell entry. (4) Rhoptry Bulb
Protein Secretion and PV Formation: ROPs (yellow) are released and integrated with
developing parasitophorous vacuole (PV), which serves as the intracellular niche for the
parasite. (5) Dense Granule Secretion and PV Modulation: Simultaneously, dense granule
proteins (shown in purple) are secreted, contributing to the modification and regulation
of the PV environment to support intracellular survival and replication (Whitelaw 2017).

Image copied from Dr. Whitelaw Jamie Adam.

Additionally, evidence suggests that endocytosis is a critical process for gliding
motility, contributing to the establishment of retrograde membrane flow. This
process aligns with the proposed ‘fountain-flow model’ in apicomplexan
parasites, which functions alongside the glideosome-driven motility
mechanism. As the name suggests, this model describes a dynamic membrane
flow resembling a fountain, characterized by high membrane turnover rates
that actively support cell migration (Tanaka et al. 2017). The apicomplexan
fountain-flow model relies on microneme secretion to initiate retrograde
membrane flow, after which excess membrane components and proteins are
recycled and redistributed to various organelles to complete the cycle (Gras et

al. 2019).

1.2.5.1 Gliding motor complex

The tachyzoites could be easily cultured and continuously propagated in
mammalian cell culture. Over decades of research, Toxoplasma gondii has also
developed a well-established and comprehensive genetic toolkit, solidifying its
status as the leading model organism for studying gliding motility in
apicomplexan functional biology (Lourido 2019; Ferguson 2009). In addition to
actin and actomyosin, the glideosome, or gliding motor complex, comprises
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several essential components, including glideosome-associated proteins (GAPs),
the GAC, formin 1 (FRM1), and myosin H (MyoH), among others (Periz et al.
2019; Meissner, Schliter, and Soldati 2002; Harding et al. 2016; Jacot et al.
2016; Tosetti et al. 2019; Graindorge et al. 2016).

1.2.5.1.1 Actin

Actin, an important factor of the cytoskeleton and a protein involved in
numerous protein-protein interactions, is of high abundance and evolutionarily
conserved proteins among most organisms (Dominguez and Holmes 2011). It
serves as critical factors in a wide range of structural homeostasis and dynamic
cellular activities, including myofibril shortening and cytoskeletal architecture

stabilization (Pollard and Cooper 2009).

In contrast to its widespread presence in eukaryotes, apicomplexan genomes
typically encode only a single actin gene, reflecting its role as the structural core
of the glideosome. The sequence identity between apicomplexan actin and
canonical actins (found in opisthokonts and plants) is less than 80%, making
apicomplexan actin the least conservative member in this otherwise conserved

family (Kumpula and Kursula 2015).

The actin contains 2 primary phases: globular (G-actin) consisting of individual
soluble units, and filamentous (F-actin), which is polymerized and insoluble. In
apicomplexans, actin was initially thought to predominantly exist in the G-actin
form (Dobrowolski, Niesman, and Sibley 1997). However, subsequent studies
have suggested that F-actin may exist as very short filaments, typically less than
100 nm in length, functioning as linear tracks for myosin motor proteins

(Schatten, Sibley, and Ris 2003; Pospich et al. 2017).
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Actin interacts with a diverse array of proteins known as actin-binding proteins
(ABPs). In higher eukaryotes, the number of ABPs exceeds 100 (Dominguez
2004), whereas apicomplexan actins are associated with only approximately 10
ABPs and notably lack the ARP2/3 (Actin-related protein) complex (Gordon and
Sibley 2005). Unlike canonical ABPs, apicomplexan ABPs exhibit distinct amino
acid sequences and functional properties (Sattler et al. 2011; Wesseling, Smits,
and Schoenmakers 1988; Skillman et al. 2011; Vahokoski et al. 2014). These
proteins can bind to G-actin as nucleotide-exchange factors or interact with F-
actin to facilitate nucleation, filament stabilization, or generation of higher level

structures (Kumpula and Kursula 2015).

Given the limited repertoire of ABPs in apicomplexans, the switching of G-actin
and F-actin is regulated not only by ABPs but also by additional binding factors
through polymerization and depolymerization processes (Lee and Dominguez
2010; Dominguez and Holmes 2011). For instance, profilin promotes nucleotide
substitution in actin monomers while enhancing formin-mediated filament
assembly rates (Kovar et al. 2006). Cyclase-associated proteins (CAPs) function
as enzymatic regulators of G-actin, binding directly to soluble monomers to
drive nucleotide replacement reactions (Kumpula and Kursula 2015). Actin-
depolymerizing factors (ADFs) play multifaceted roles, including filament
shortening, polymerization enhancement, filament stabilization, nucleation
mediation, and actin helix depolymerization and cleavege (Van Troys et al. 2008;
Andrianantoandro and Pollard 2006; McGough et al. 1997; Galkin et al. 2011).
In Toxoplasma gondii, actin nucleation and rapid filament assembly are
primarily mediated by three formins (FRM1, FRM2, and FRM3) (Daher et al.
2010) (for details, see Section 1.2.5.1.5).

In apicomplexan parasites, the apicoplast is a crucial, vital organelle unique to

apicomplexan parasites derived from endosymbiosis. Actin has been identified
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as crucial for parasite maturation, apicoplast maintenance, and inheritance

(Andenmatten et al. 2013b; Whitelaw 2017; Das et al. 2017).

The detection of filamentous actin (F-actin) has historically been challenging in
apicomplexan parasites, hindering the elucidation of its functional roles.
However, the advent of actin chromobodies (Cb) has revolutionized the
visualization of F-actin, even in live imaging (Tosetti et al. 2019; Periz et al.
2017). Utilizing actin chromobodies fused to EmeraldFP, our laboratory
identified F-actin in the cytosol of Toxoplasma gondii, revealing an extensive F-
actin network which interconnects T. gondii in the PV. This network facilitates
vesicle exchange between parasites and supports their organization, replication,

and egress (Periz et al. 2017; Periz et al. 2019; Das et al. 2021).

As a highly dynamic structure, actin is proposed to form in the cytosol and
exhibit bidirectional movement, from apical to posterior pole or in the opposite
way. Additionally, actin flows from the cytosol to the parasite periphery,
adopting a retrograde pattern along the surface, likely associated with the inner

membrane complex (Das et al. 2021; Del Rosario et al. 2019).

Actin is also hypothesized to exist and flow between the PM and the IMC,
serving as a critical component of the glideosome (Frenal et al. 2017; Tosetti et
al. 2019). During migration and invading process, F-actin accumulates at the
basal complex of Toxoplasma gondii. The presence of F-actin meshwork
surrounding nucleus during cell entry led to the hypothesis that actin may
protect the nucleus and facilitate its passage through the TJ via a force

transduction system (Del Rosario et al. 2019).
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1.2.5.1.2 Myosin A

Myosin A (MyoA), which binds to actin, serves as the primary force-generating
motor protein mediating the substrate-adherent gliding mechanism of
Toxoplasma gondii (Meissner, Schliiter, and Soldati 2002). Genetic depletion of
MyoA does not disrupt conoid extrusion; however, it leads to the aberrant
accumulation of F-actin localized at the apical region and severely compromises

parasite motility (Dos Santos Pacheco et al. 2022; Egarter et al. 2014).

MyoA belongs to the class XIV unconventional small myosin family. While
Plasmodium expresses 6 myosin genes, Toxoplasma gondii expresses 11, with 4
of these genes exhibiting overlap between the two species (Douglas, Moon, and

Frischknecht 2024).

Initially, MyoA was regarded t to be attached to the PM. However, Bergman et
al. later demonstrated that the Myosin A tail domain-interacting protein (MTIP)
is localized at the IMC of P. sporozoites, suggesting that MyoA may also be
linked to the IMC in apicomplexans (Bergman et al. 2003; Gaskins et al. 2004).
Structurally, MyoA comprises head domain and neck domain but lacks a
discernible tail architecture. Instead, its neck region associates with myosin light
chains. The unique myosin light chain, MLC, features an elongated N-terminal
sequence. This distinctive structural motif functionally compensates for the
absent tail domain through establishment of critical membrane associations
with the inner membrane complex (Bosch et al. 2006; Heaslip et al. 2010;
Herm-Gotz et al. 2002; Martinez et al. 2023). Another light chain of Toxoplasma
gondii is ELC1 has also been described necessary for rapid directional
movement mediated through conventional F-actin networks (Nebl et al. 2011;
Bookwalter et al. 2014). Another essential light chain in Toxoplasma gondii,

ELC1, has been identified as critical for rapid motility along canonical actin
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filaments (Nebl et al. 2011; Bookwalter et al. 2014). In other apicomplexans,
such as Plasmodium falciparum, filamentous actin (F-actin) has been observed
in association with densities corresponding to myosin heads, with their tails

oriented toward the IMC (Prazak et al. 2024).

In contrast to conventional myosins, which generate force through a piston-like
mechanism, Myosin A (MyoA) employs a distinct mechanism involving
electrostatic interactions and a unique N-terminal extension. These features
enable rapid transitions during the power stroke, facilitating efficient force
production (Moussaoui et al. 2020; Robert-Paganin et al. 2019). MyoA is also
hypothesized to drive migration and invading process by translocating apically
released adhesins in a rearward direction toward the basal end of the parasite

(Herm - Gotz et al. 2002).

Recent studies have further proposed that MyoA exhibits perimitochondrial
localization during terminal phases of apicomplexan cell replication. It also
serves as a key factor of mitochondrial morphology and inheritance of T. gondii

(Oliveira Souza, Yang, and Arrizabalaga 2024).

1.2.5.1.3 Glideosome associated proteins

Following the consensus that the glideosome of Toxoplasma gondii is driven by
actin filaments and Myosin A (MyoA), which interacts with actin, additional
proteins associated with these key structures have been investigated for their
roles in motility. Gaskins et al. identified two glideosome-associated proteins
(GAPs), GAP45 and GAP50, which form a complex with MyoA and the MLC1,
thereby refining the definition of the glideosome to include actin, MyoA, and
GAPs (Gaskins et al. 2004).
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As a membrane-associated protein, GAP45 may contains little globular folded
structure. It serves as the anchoring point for the MyoA-MLC1 complex,
recruiting it to the IMC (Whitelaw 2017; Frénal et al. 2010). It also functions as a
linker of the PM and IMC through its myristoylated and palmitoylated residues,
maintaining the structural spacing between these two membranes (Gilk et al.

2009; Egarter et al. 2014).

Further researches have demonstrated that GAP40 is a polytopic IMC protein
that may participate in connecting and stabilizing subpellicular microtubules,
while GAP50 is an integral membrane glycoprotein located at the outer side of
the IMC. Both proteins are essential for IMC biogenesis and contribute to its

structural integrity (Frénal et al. 2010; Harding et al. 2016).

1.2.5.1.4 Glideosome-associated connector

The glideosome-associated connector (GAC) is a 280 kDa protein that is unique
and highly conserved across apicomplexan parasites, playing an important role

in parasite motility (Jacot et al. 2016; Hung et al. 2022).

GAC is structurally and functionally modular, with distinct domains contributing
to its role in motility. The central region of GAC is responsible for conoid
targeting and has been observed localizing at the apical pole during Toxoplasma
gondii invasion. This localization is dependent on AKMT, an apical lysine
methyltransferase that ensures proper positioning (Jacot et al. 2016; Tosetti et
al. 2019). The C-terminal domain interacts with microneme-secreted adhesin
MIC2, both in vivo and in vitro, forming an adhesion complex essential for host
cell attachment (Lamarque et al. 2014; Jacot et al. 2016). Meanwhile, the N-
terminus combined with actin and stabilizes actin filaments, facilitating the
rearward translocation of F-actin within the parasite (Jacot et al. 2016). Through
interactions with transmembrane adhesins and phosphatidic acid, GAC bridges
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F-actin to the plasma membrane. This complex could thereby convert myosin-
driven force into substrate-adherent propulsive forces, ultimately driving

parasite motility (Kumar et al. 2023).

During gliding motility and invasion, GAC is proposed to serve as a dynamic
connector of F-actin and the adhesion complex, potentially acting in a spring-
like manner (Vahokoski et al. 2014; Kumpula et al. 2019). It is hypothesized that
GAC clusters or accumulates along the waves of F-actin and adhesins,
modulating the force transmission required for movement (Jacot et al. 2016;

Tosetti et al. 2019; Hung et al. 2022).

Given the limited PM-IMC space, where the actomyosin system has occupied a
substantial portion, GAC must align parallel to F-actin and the PM to
accommodate this confined environment. This lateral binding configuration may
contribute to actin filament stabilization. However, it remains unclear whether
all the coiled-coil domains of GAC interact with actin at the same time or
sequential control occurs in coordination with MyoA-driven actin translocation

(Hung et al. 2022).

1.2.5.1.5 Formins

In Toxoplasma gondii, formins (FRMs) serve as key regulators of actin nucleation
and polymerization. All FRMs contain a formin homology 2 (FH2) structure. It
facilitates actin polymerization by binding to filament end, promoting the
formation of linear, unbranched actin structures (Pruyne et al. 2002; Martinez
et al. 2023). During F-actin polymerization, the proline-enriched FH1 domain
recruits profilin-bound G-actin, accelerating polymerization (Paul and Pollard

2009).
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FRM1 is stably anchored to the conoid, displaying a ring-like localization in both
the mother cell and developing daughter cells. It functions as a critical factor of
motility by generating F-actin, which supports egress, gliding, and invasion.
Conditional depletion of FRM1 leads to the concurrent disruption of actin
filament polymerization initiation, conoid protrusion, and apicomplexan gliding

mechanism (Tosetti et al. 2019; Dos Santos Pacheco et al. 2022).

FRM2 is localized to the Golgi complex and transiently overlaps with the
apicoplast in non-dividing Toxoplasma gondii. In contrast, for replicating
individual, FRM2 accumulates at the apicoplast periphery during elongation and
division, aligning with the positions of the two centrosomes, suggesting a role in
apicoplast inheritance. FRM3 is predominantly localized at the basal end, the
residual body (RB), and the apex of emerging daughter cells during division,
indicating a function in cell-cell communication (Tosetti et al. 2019; Dos Santos

Pacheco et al. 2022).

1.2.5.1.6 Myosin H

Myosin H, a class XIV myosin, is a critical component of a microtubule-
associated complex on the conoid, facilitated by three a-tubulin suppressor
domains at its tail. MyoH has been implicated in parasite invasion, motility, and
egress (Graindorge et al. 2016). During F-actin polymerization at the
preconoidal rings, MyoH translocates F-actin to the apical polar ring, anchoring
it in place and thereby enabling conoid protrusion (Dos Santos Pacheco et al.

2022).

MyoH also plays a crucial role in the extension of the TJ from the parasite’s
apical tip to the terminus of the IMC. Additionally, it functions as a translocator
for the transposition of the GAC in coordination with MyoA. Both MyoH and
MyoA facilitate the moving of F-actin along the pellicle, leading to filament
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accumulation at the basal pole, independent of microneme secretion or GAC
activity. This mechanism is central to the generation of mechanical force which
is indispensable for migration (Jacot et al. 2016; Meissner, Schliiter, and Soldati

2002).

Disruption of MyoH through gene knockout results in severe defects in parasite
motility, impaired conoid extrusion, and abnormal leakage of F-actin into the
cytoplasm, further underscoring its essential role in Toxoplasma gondii

pathogenesis (Graindorge et al. 2016; Dos Santos Pacheco et al. 2022).

1.2.5.2 Linear model

The prevailing model of Toxoplasma gondii motility, known as the linear model
or glideosome model, describes the parasite’s migration mechanism. This
model postulates that the PM and IMC are connected by glideosome-associated
proteins (GAPs), which span the entire parasite surface except for the apical and
basal pole. A 30-nm-wide space exists between the PM and IMC, where the
motor complex consists of Myosin A (MyoA), filamentous actin (F-actin), GAPs,
and the glideosome-associated connector (GAC) (Fig. I-6). During the initiation
of migration and invasion, apical eompex organelles secreted proyeins from the
apical pole, triggering the actin motor. In conjunction with FRM1, MyoH, MyoA,
and GAC, F-actin is stabilized and translocated from the preconoidal rings to the
basal pole along the pellicle, where it interacts with transmembrane adhesins,
including micronemal proteins. GAC further facilitates the directional
translocation of F-actin toward the posterior end, ensuring that as the motor
complex moves in one direction, the parasite propels itself in the opposite
direction (Frenal et al. 2017; Venugopal and Marion 2018; Dos Santos Pacheco

et al. 2022; Graindorge et al. 2016; Tardieux and Baum 2016).
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Figure I-6. Schematic diagram of the linear model.

Top Left and Top Right Panels: Expanded view of the apical complex, illustrating the
interaction between secreted organelles and actin filaments. The secreted organelles bind
to actin, facilitating movement as actin undergoes dynamic flow. Bottom Row: Structural
representation of the linear model, depicting the organization of the apical cap (GAP70),
the body (GAP45), and the basal part (GAP80). The model was developed by Dr. Javier
Periz and adapted from referenced studies (Frenal et al. 2017; Boucher and Bosch 2015).
Image copied from Dr. Javier Periz.

1.2.5.3 Related data

Although this model is currently the most widely accepted, recent
advancements in the literature, the development of conditional knockout (KO)
techniques, and the application of advanced microscopy methods suggest that
it requires re-evaluation. Experimental results from our laboratory demonstrate
that the genetic knockout of Myosin A (MyoA), Myosin C (MyoC), or actin does
not completely abolish invasion and migration (Egarter et al. 2014;

Andenmatten et al. 2013a). Some data also indicates that cytosolic F-actin
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connected with not only microtubules (Mtbs), but also parasite periphery (Fig.
I-7, upper left and upper right). Furthermore, Myo A patterned distribution
recycled in anterior and posterior end of the parasite, with accumulation and
internalization somewhere (Fig. I-7, lower left). The F-actin localization and Myo
A distribution suggests a role of the motor in parasite plasticity. Preliminary
data using expansion microscopy suggest that the IMC can be permeable during
the shape changes observed in migration and invasion (Fig. I-8) (Periz et al.

2017).
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Figure I-7. Images not fit to the linear model.
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Upper left panel: Cytosolic filamentous actin (F-actin; cyan arrows) exhibits interactions
with microtubules (Mtbs; blue arrow). MIC2 is indicated with white arrows. Upper right
panel: F-actin (yellow) is also observed to associate with the peripheral structures (MyoA)
of the parasite (magenta arrows). Lower left panel: MyoA displays a distinct spatial
distribution pattern. Single-molecule localization microscopy (SMLM) was employed to
visualize actin chromobody-emerald GFP (orange), SirTubulin (magenta), microneme 2-
HALO (green), and myosin A-SNAP (cyan). These findings highlight the intricate spatial
organization of cytoskeletal components and their potential roles in parasite motility and
structural dynamics. Images developed by Dr. Javier Periz. (Periz et al. 2019). © 2019 Periz
et al. CCBY 4.0 license.
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a Expansion view F-actin GAP45

Figure I-8. Actin and GAP45 distribution by pre-labeling Expansion Confocal-STED
microscopy (Ex-ConSTEDM).

(a) Actin is localized beneath, yet in close proximity to, GAP45, a marker for the inner
membrane complex (IMC) space. Expansion microscopy reveals potential pores facilitating
communication between the IMC and the parasite cytoplasm. The white arrow indicates
actin labeled with actin chromobody-emerald GFP. (b) In two-stage parasitophorous
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vacuoles (PVs), cytosolic actin exhibits associations with both GAP45 (red square) and the
apicoplast (yellow square). Expansion view 1: The white arrow highlights cytosolic actin
associated with GAP45. Expansion view 2: Actin (white arrow) is shown in association
with the apicoplast (yellow arrow). (c) In large PVs, actin displays a cytosolic distribution
(white arrow). Actin is labeled with actin chromobody-emerald GFP (green). GAP45
(magenta) was visualized with a primary rabbit antibody and an Abberior 635 secondary
antibody. The nucleus (cyan) was labeled with NucBlue (Periz et al. 2017). Images copied
from Dr. Javier Periz.

1.2.6 Replication

After invasion, the secreted ROPs localize to the PVM. Concurrently, the
expression of dense granule proteins induces modifications to the PVM and
facilitates the formation of an intricate network of Mtbs and F-actin within the
PV lumen (Attias et al. 2020). Subsequently, tachyzoites initiate replication

within the non-fusogenic, protective environment of the PV (Portes et al. 2020).

Within the PV, tachyzoites replicate via a distinctive process termed
endodyogeny (Sheffield and Melton 1968), wherein the daughter cells develop
internally in the maternal cell, rather than the mother cell undergoing binary
fission. The critical stages of this replication process are illustrated in Figure 1-9
(Gissot 2022). Tachyzoites exhibit a unique cell cycle characterized by closed
mitosis, consisting of three primary phases: the growth gap phase (G1), the
DNA synthesis phase (S), and mitosis (M), with the apparent absence of a
distinct G2 phase (Gubbels et al. 2008).

The replication process of T. gondii initiates during the G1 phase, marked by the
replication and division of centrosomes and Golgi complex. Next is DNA
synthesis phase (S phase), during which the apicoplast elongates, and the ER
and mitochondria undergo division (Hartmann et al. 2006; Nishi et al. 2008).
Upon completion of apicoplast duplication, the APR and conoid complexes of
daughter cells begin to assemble. Subsequently, the inner membrane

complexes (IMCs) of daughter cells bud and elongate from the apical to basal
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end. Concurrently, specialized secretory organelles, including rhoptries and
micronemes, are newly synthesized, initiating after nuclear segregation at the
conclusion of the S/M phase (Nishi et al. 2008). However, research results
indicated that some components of daughter cells are recycled from the

mother cell (Periz et al. 2019).

During the final budding stage, the membrane occupation and recognition
nexus protein 1 (MORN1) assembles circumferential scaffolding at the basal
end, facilitating the physical separation of the daughter cells (Lorestani et al.
2010). Simultaneously, the cytoskeletal architecture and apical complex of
maternal cell undergo degradation, and the PM of maternal cell is fused into
the developing plasma membranes of the daughter cells. The residual
components of the maternal cell are transformed into a residual body (RB),
which remains connected to the developing daughter cells (Periz et al. 2017;
Anderson-White et al. 2012; Gubbels et al. 2020). Through repeated cycles of
this process, a rosette-like cluster of Toxoplasma gondii parasites is formed

(Attias et al. 2020).

Under optimal conditions, the entire replication cycle is completed within 67 h
(Anderson-White et al. 2012). T. gondii is able to independently undergo

nuclear division and generate new parasite bodies through budding enables the
parasite to achieve an optimal population size, thereby facilitating adaptation to

diverse host-cell environments (Chen and Gubbels 2015).
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Figure I-9. Replication process of T. gondii.

The cell cycle of tachyzoites initiates with the division of the centrosome (depicted in red),
which occurs at the G1/S transition, following by diving of the Golgi apparatus (shown in
green and yellow). Then the apicoplast elongates in the S phase. When the parasite
progresses into the S/M stage, the apicoplast (represented as a green oval) undergoes
division. Concurrently, the inner membrane complexes (IMCs; illustrated as green lines) of
the daughter cells begin to bud near the centrosome as nuclear division commences.
Subsequently, the rhoptries (orange) and micronemes (blue and red) are newly
synthesized within the nascent daughter cells, and the IMCs are fully assembled. The
newly formed daughter cells are equipped with a complete set of organelles, including a
nucleus, enabling them to initiate a new cell cycle starting from the G1 phase. (Gissot
2022). Image copied from Gissot with license number 1599078-1.

It is noteworthy that during replication, Toxoplasma gondii tachyzoites undergo
closed mitosis, a process distinct from that observed in mammalian cells. In
closed mitosis, the integrity of the nuclear envelope is maintained, and
chromosome condensation does not occur (Francia and Striepen 2014). Nuclear
division and replication are tightly regulated by the centrosome, a critical

organelle composed of three distinct structural domains: the outer core, middle
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core, and inner core, each performing specialized functions. The outer core,
positioned at the distal end of the nucleus and potentially housing centrioles,
plays a role in regulating the budding process. The middle core is essential for
coordinating mitosis and cytokinesis, as well as maintaining centromere
homeostasis. The inner core, located proximal to the nucleus, participates in
the nuclear division directly. The duplication of these centrosomal components
occurs sequentially, progressing from the outer core to the inner core (Suvorova
et al. 2015; Striepen et al. 2000; Tomasina et al. 2022; Chen and Gubbels 2019;
Courjol and Gissot 2018).

The centrocone, a structure positioned at the nuclear periphery (Sheffield and
Melton 1968), facilitates the interaction between the mitotic spindle and the
cytoplasmic centrosome. The spindle extends through nuclear envelope pores,
connecting the centrosome to the centromeres (Striepen et al. 2007). Following
the duplication of the inner core, the centrocone also undergoes duplication
(Suvorova et al. 2015). During the terminal phase of mitosis, chromosomes are
segregated into daughter cells, initially forming a U-shaped nucleus that

subsequently divides through fission (Radke et al. 2001).

centrocone  early G1 early S S/M
@ inner core
outer core START

Figure I-10. Morphogenesis of the centrosome during the replication and division of
Toxoplasma gondii.

The replication and division of the centrocone and centrosome in Toxoplasma gondii
tachyzoites follow a highly regulated sequence. The outer core of the centrosome
duplicates first during the early S phase. In the S/M phase, the duplication of the inner
core occurs. Finally, the centrocone undergoes duplication. (Suvorova et al. 2015). © 2015
Suvorova et al. CC BY 3.0 license.
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1.2.6.1 SUN-like protein

To ensure proper nuclear positioning and division, the linkage between the
nucleus and the cytoskeleton are essential. Presenting among eukaryotic
organism, the LINC (linker of nucleoskeleton and cytoskeleton) complex extends
across the inner and outer nuclear envelopes, bridging the nucleus and the
cytoskeleton. It functions as a foundation in a serious of cellular processes, like
the transmission of mechanical forces for nuclear localizing and movement, as
well as the regulation of centrosome positioning during DNA replicating and
repairing (Sato et al. 2009; Horn 2014; Katsumata et al. 2017; Oza et al. 2009;
Wang et al. 2018).

In opisthokonts, SUN (Sad1 and UNC-84) domain proteins and KASH (Klarsicht,
ANC-1 and Syne homology) domain proteins together form the LINC complex.
The latter is formed by a combination of Sadl, a S. pombe protein, and UNC-84,
a protein from C. elegans (Hagan and Yanagida 1995; Malone et al. 1999). Itis a
conserved protein domain found in the inner nuclear membrane. This
membrane-integrated domain achieves stable intranuclear retention through
biochemical anchoring mechanisms involving high-affinity binding interfaces
with components of the karyoskeletal network like nuclear lamins (Haque et al.
2006). KASH proteins situated at the outer nuclear envelope, extending into the
cytosolic region to engage with cytoskeletal proteins, like actin nucleator formin
or proteins that associate with both microtubules and actin (Starr and Han
2002; Patterson et al. 2004; Zhen et al. 2002; Fridolfsson and Starr 2010).
Moreover, SUN and KASH domain proteins both contain transmembrane
domains (TMD) and interact within nuclear envelope lumen (Padmakumar et al.

2005; Crisp et al. 2006; Tapley and Starr 2013).
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While canonical LINC complexes have been documented across diverse
eukaryotic organism, the structural and functional homologs mediating
cytoskeletal-nuclear coupling remain uncharacterized in apicomplexans.
Notably, similar evidence observed in these protozoan pathogens suggest the
functional conservation of nuclear-cytoskeletal coupling mechanisms. During
the invasion of the tachyzoite, a tight junction appears to constrict both the
parasite's body and its nucleus. As a highly dynamic structure, F-actin
undergoes continuous remodeling during replication stages and is involved in
inner membrane complex (IMC) recycling during endodyogeny, vesicular
trafficking, and the development of tachyzoites in the PV (Periz et al. 2017;
Whitelaw 2017). During gliding and invasion, the enrichment of F-actin occurs
at the basal end and around the nucleus of Toxoplasma gondii (Del Rosario et
al. 2019); and presents in the cytosol and, most notably, within the nucleus in
Plasmodium falciparum (Prazak et al. 2024). These findings suggest an
interaction between F-actin and the nucleus in apicomplexans. The actin
localized near the nucleus may provide structural support during parasite
constriction and contribute to efficient invasion (Del Rosario et al. 2019; Yee et
al. 2022). This observation may further imply that F-actin, along with a putative
apicomplexan nuclear-cytoskeletal coupling system, contributes to nuclear
translocation, stabilization, and structural plasticity during the invading process.
Furthermore, the pronounced nuclear deformations observed during
replication suggest coordinated interactions between the cytoskeleton and
nuclear structures to ensure the equitable distribution of nuclei to daughter
cells (Del Rosario et al. 2019; McGregor, Hsia, and Lammerding 2016; Suvorova

et al. 2015).

Using the ToxoDB database, my colleague Mirjam Wagner identified two

proteins with a SUN domain and a presupposed protein with an UNC-50
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domain in the genome of Toxoplasma gondii, suggesting they are strong
candidates as components of an apicomplexan LINC complex (Gajria et al.
2007). KASH domain proteins has not been identified with neither

bioinformatics approaches nor educated guesses (Wagner et al. 2023).

The UNC-50 domain protein (TgUNC1) contains several predicted
transmembrane domains (Jones et al. 2014) and is situated at the apical part of
the nucleus, where the Golgi is also situated (Barylyuk et al. 2020; Wagner et al.
2023). Conditional knockout of uncl failed to cause obvious growth defects or
morphological changes in both Golgi apparatus ultrastructural organization
(including cis-trans polarity) of the analyzed cells, suggesting that UNC1 is not

an essential gene for Toxoplasma gondii (Wagner et al. 2023).

The SUN domain is situated at the central region of TgSLP2 (SUN-like protein 2)
(Jones et al. 2014). TgSLP2 exhibits a diffuse, punctate distribution throughout
the entire parasite and within the intravacuolar network but is not associated

with the nucleus (Wagner et al. 2023).

TgSLP1 (SUN-like protein 1) possesses a canonical SUN structural sequence
within its C-terminal region, as well as multiple coiled-coil structures (Jones et
al. 2014). This protein exhibits cell cycle-regulated expression dynamics,
integrating into the duplicated centrosomal complex. TgSLP1 consistently
localizes near the nucleus and exhibits stage-specific expression. It is associated
with the mitotic spindle, which facilitates chromosome segregation during
parasite’s dividing process; however, its localization is independent of mitotic
spindle formation (Wagner et al. 2023). Additionally, TgSLP1 is linked to the
centrocone, a mitotically active nuclear component implicated in mitotic
spindle organization, apicoplast division, and daughter cell development

(Gubbels et al. 2006; Lorestani et al. 2010; Wagner et al. 2023). The deletion of
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TgSLP1 gene for seven days resulted in no detectable growth in a plaque assay,

demonstrating that TgSLP1 is essential for parasite survival (Wagner et al. 2023).

Several components are closely associated with TgSLP1 during different stages
of Toxoplasma gondii development. For instance, TgCentrinl, a centrinl
homolog that serves as a conserved marker of centriolar structures across
species, has been identified at the outer core of centrosomal architecture. In
contrast, TgCep250 localizes to the centrosome, where it functions as a
structural scaffold bridging the core subdomains and plays a role in ensuring
centriolar structure integrity and coordinating mitotic nuclear division
(Suvorova et al. 2015; Tomasina et al. 2022; Chen and Gubbels 2019). MORN1, a
conserved protein involved in both asexual and sexual development of
Toxoplasma gondii, is localized at the apical, basal ends and the centrocone of T.
gondii (Gubbels et al. 2006). Additionally, Nuf2 serves as a kinetochore marker
(Farrell and Gubbels 2014), while Chromo1 functions as a centromere marker

(Gissot et al. 2012).

1.2.7 Egress

Egress is a procedure occurred when Toxoplasma gondii lyses and is released
from the host cell following intracellular replication. This stage not only marks
the conclusion of one lytic cycle but also serves as a critical prerequisite for
initiating the next cycle. The failure of parasites to successfully exit the host cell
would significantly impair their survival and proliferation. To complete egress,
Toxoplasma gondii must breach both the parasitophorous vacuole membrane
(PVM) and the host cell PM (Schultz and Carruthers 2018). This process is
facilitated by the collaboration of the actomyosin motor system and the
micronemal secretion. They could thereby promote parasite egress process

(Egarter et al. 2014; Gras et al. 2017; Frénal et al. 2017).
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Once intracellular tachyzoites have fully developed within the PV and require
dissemination to new host cells, egress may occur spontaneously or be
modulated by external stimuli. Various factors, including calcium (Ca?*), pH,
potassium (K*), guanylate cyclase (GC), micronemal perforin-like protein 1, and
phospholipase lecithin-cholesterol acyltransferase, have been implicated in
either inducing or inhibiting egress (McCoy et al. 2012; Bullen et al. 2016; Bisio
et al. 2019; Giinay-Esiyok et al. 2019; Kafsack et al. 2009; Schultz and Carruthers
2018; Dubois and Soldati-Favre 2019; Carruthers 2019). However, the precise

signaling pathways regulating these processes remain largely unresolved.
1.3 Molecular genetic tools for Toxoplasma gondii

After years of research, a variety of genetic tools have been established,
positioning Toxoplasma gondii as a representative organism for apicomplexan
biological research. For non-essential genes, knockout can be achieved through
the insertion of resistance cassettes. In contrast, for genes that may be
essential, conditional manipulation can be performed at multiple levels (Shen,
Brown, et al. 2014). At the genetic level, tools such as the dimerizable Cre-
mediated recombination (DiCre) system, the CRISPR-associated protein 9
(CRISPR-Cas9) system, and the split Cas9 (sCas9) system enable precise gene
editing (Shen, Brown, et al. 2014; Wang et al. 2016; Li et al. 2022).

At the transcriptional level, the U1 gene silencing system, which relies on the
U1 small nuclear ribonucleoprotein (U1 snRNP), and the tetracycline-inducible
(TET) system are widely utilized for regulating gene expression (Pieperhoff et al.
2015; Meissner et al. 2001; Meissner, Schliiter, and Soldati 2002; Van Poppel et
al. 2006). At the protein level, the auxin-inducible degron (AID) system and the

destabilization domain (ddFKBP) system allow for conditional protein
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degradation, facilitating the establishment of conditional knockout cell lines

(Brown, Long, and Sibley 2018; Herm-G6tz et al. 2007).
1.3.1 DiCre System

The Cre-lox site-specific recombination system is a widely utilized genetic tool
across various species for achieving precise gene excision, inversion, and
translocation. This system employs Cre recombinase, an enzyme derived from
the P1 bacteriophage, which specifically recognizes a 34-base pair sequence
known as the locus of X-over in P1 (loxP) (Sauer 1987; Sauer and Henderson
1988). An advanced iteration of this system, the dimerizable Cre-mediated
recombination (DiCre) system, enables conditional control of Cre recombinase

activity in Toxoplasma gondii with high efficiency (Andenmatten et al. 2013b).

In the context of knockout assays, the dimerizable Cre recombinase is
engineered into two non-active fragments, each combined with distinct
rapamycin-responsive domains: FKBP12-rapamycin-binding (FRB) domain and
FK506-binding protein (FKBP) (Figure 1-11) (Kudyba et al. 2021). Upon the
addition of rapamycin, these two proteins dimerize, thereby reconstituting the
functional DiCre recombinase. The active DiCre then recognizes and binds to
loxP sites, catalyzing the deletion of the DNA sequence localized between the 2

loxP sequence (Andenmatten et al. 2013a; Jullien et al. 2003).
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Figure I-11. Conditional knockout with the dimerisable Cre-mediated recombination
(DiCre) system.

Parasites are engineered to express two split subunits: the FRB domain is combined with
the carboxyl terminus of Cre recombinase and the FKBP interact with the amino terminal
region of Cre recombinase. The region of interest (ROI) is flanked by genetically inserted
LoxP sites. Rapamycin-mediated chemical induction of FKBP12-FRB heterodimerization
triggers the reassembly of Cre recombinase subunits into functional dimers. In DiCre-
edited organism, the activation of Cre recombinase by rapamycin results in the deletion of
the DNA sequence situated between the LoxP sites, generating a conditional knockout.
(Kudyba et al. 2021) © 2021 Kudyba et al. CC BY 1.0 license.

1.3.2 CRISPR/ Cas9

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) represents
an adaptive immune system originally identified in bacteria. Derived from the
type Il CRISPR-Cas system of Streptococcus pyogenes (Bolotin et al. 2005). A
Cas9 nuclease and a guide RNA (gRNA) are involved in the CRISPR-Cas9 system.
The gRNA mediates Cas9 endonuclease localization to complementary DNA
sequences through sequence-specific hybridization, resulting in a nuclease-
induced double-strand break (DSB) (Sander and Joung 2014). In the presence of
a DNA donor template, the homology-directed repair (HDR) pathway can
facilitate precise insertions, enabling the addition of tags to target proteins.
However, Toxoplasma gondii predominantly repairs DSBs via the non-
homologous end joining (NHEJ) pathway. To circumvent this, the Aku80 parasite
line is utilized to suppress NHEJ activity, thereby enhancing HDR efficiency
(Vartak et al. 2018). Following HDR-mediated repair, transfected parasites are
isolated and sorted into 96-well plates for plaque purification, subsequent

culturing, and confirmation through sequencing.
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1.4 Super resolution microscopy (SRM)

The optical resolution of traditional light microscopy is constrained by the
diffraction barrier (Abbe limit), achieving about 250 nm along both lateral axes.
However, the advent of SRM has solved this problem by modulating excitation
or activation light in either the temporal or the spatial domain, thereby
enhancing resolution to approximately 10 nm. This breakthrough has enabled
scientists to visualize subcellular structures with unprecedented detail

(Galbraith and Galbraith 2011; Schermelleh et al. 2019).

SRM encompasses several major techniques, comprising single-molecule
localization microscopy (SMLM), structured illumination microscopy (SIM),
stimulated emission depletion microscopy (STED), expansion microscopy (ExM)

and immunogold labeling electron microscopy (Immunogold-EM).

Among these, SMLM techniques, consist of photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM);
achieve nanoscale positional determination of single fluorescent molecules via
exploiting their stochastic activation and deactivation. These methods enable
quantitative subcellular cartography of molecular distributions of samples,
providing insights into subcellular organization and dynamics. PALM employs
light-inducible fluorophores, like PA-GFP and mEos, which is able to be
selectively activated and deactivated. By sequentially activating and precisely
localizing subsets of these molecules, PALM constructs a high-resolution image
reaching a resolution of approximately 20-30 nm (Betzig et al. 2006). While
STORM utilizes fluorophores capable of stochastic converting between emissive
and non-fluorescent phases, such as Alexa Fluor 647 and Cy5. By precisely
localizing individual fluorophores across multiple imaging cycles, STORM could

achieve a higher resolution around 10-20 nm (Rust, Bates, and Zhuang 2006).
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SIM improves resolution via performing a striped illumination pattern onto the
sample, generating moiré fringes through interference effects. By systematically
shifting and rotating the illumination pattern, multiple images are acquired.
Leveraging the known properties of the illumination pattern, computational
algorithms are applied to demix the superimposed information, thereby
reconstructing high-resolution details that surpass the diffraction limit. This
approach achieves a resolution of approximately 100 nm. While SIM is
particularly suited for dynamic processes in viable specimens offering reduced
photodamage and rapid temporal sampling rates. Its resolution remains inferior

to that of SMLM (Gustafsson 2000; Schermelleh et al. 2008).

Confocal microscopy is an advanced optical imaging technique that utilizes
point-scanning excitation and a confocal aperture to suppress non-planar
fluorescence, thereby enhancing image clarity. Typically, a laser serves as the
excitation source, generating high-intensity fluorescence or reflectance
specifically from the focal plane. This approach significantly improves optical
resolution and contrast, while also enabling the reconstruction of three-

dimensional (3D) images (Nwaneshiudu et al. 2012).

In this study, the primary SRM techniques employed are STED microscopy
(discussed in Section 1.4.1) ExM (detailed in Section 1.4.2) and Immunogold-EM

(discussed in Section 1.4.3).

1.4.1STED

The point-spread function (PSF) represents the inherent limitation of optical
systems, describing the diffraction-induced spread of a single point of light as it
passes imaging system. It defines the smallest resolvable point source or object,
setting the fundamental resolution limit of the system (Galbraith and Galbraith
2011). Stimulated Emission Depletion (STED) microscopy overcomes this
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limitation by changing the PSF to decrease its valid diameter. This is achieved by
encircling the laser-scanning focal excitation PSF with a ring of longer-
wavelength depletion light, which is sufficiently intense to deplete fluorophores
in the surrounding region, forcing them into their ground state and preventing
fluorescence emission. By improving the intensity of depletion light, the
saturated depletion zone expands, further compressing the excitation PSF to a
diameter below the diffraction barrier of 200 nm. The resulting sub-diffraction
PSF is then imaged across the specimen to produce high-resolution images (Hell

and Wichmann 1994; Galbraith and Galbraith 2011).

In cellular imaging, modern commercial STED systems typically achieve lateral
resolutions of less than 50 nm (Wegel et al. 2016). An advanced variant, time-
gated STED (gSTED), combines temporally modulated excitation pulses with
continuous-wave photonic depletion systems and time-correlated acquisition
protocol to further enhance resolution and contrast (Vicidomini et al. 2011).
Compared to 2D STED, 3D STED systems extend functionality along the z-axis,
allowing adjustable tuning between lateral and axial resolution improvements.
This capability makes 3D STED particularly suitable for imaging thicker and more

densely packed biological structures (Eggeling et al. 2015; Urban et al. 2011).

Standard STED microscopy, often implemented as an add-on to confocal
systems, is relatively user-friendly and does not require extensive
computational post-processing, although deconvolution is frequently applied to
improve signal quality. It supports routine two-color imaging with a variety of
fluorophores, though optimal performance is achieved with STED-optimized
dyes. Additional imaging channels can be incorporated using conventional

confocal modes (Eggeling et al. 2015; Géttfert et al. 2013; Bottanelli et al. 2016).
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However, as a targeted imaging technique, STED has inherent limitations.
Reducing the fluorescence observation volume decreases signal detection
efficiency and necessitates smaller scan steps, which prolongs acquisition times.
While small imaging windows enable high-frame-rate imaging, capturing entire
cells with sufficient photon counts remains relatively slow (Schermelleh et al.

2019).
1.4.2 Expansion microscopy

The SRM is able to increase the resolution reaching typically 20 to 50 nm (Sahl,
Hell, and Jakobs 2017). On the other hand, if the resolution already reach it
limitation and cannot be improved further, what we can do is to expand the
structure of Toxoplasma. ExM is a SRM technique, employing the physical
magnification of hydrogel-embedded specimens through controlled polymer
network swelling while preserving architecture through polyelectrolyte
crosslinking (Fig. I-12 and Fig. I-13) (Chozinski et al. 2016; Dos Santos Pacheco
and Soldati-Favre 2021a).

In ExM, the fluorophores on the samples are anchored to a gel matrix, and
expand 3-4 times as large as before eventually. Moreover, ExM is compatible
and does not rely on specialized instruments (Bertiaux et al. 2021; Halpern et al.
2017; Chozinski et al. 2016). Therefore, the motor can be visualized via
combining the expanded samples with SIM and STED in 2D or 3D pattern, so
that it is possible to have a further cognition of the structure and localization of

the migration motor of Toxoplasma gondii.
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Figure I-12. Schematic diagram of ExM and labeling process.

Two methodologies are illustrated in the box: the DNA-based method and the post-
staining linker-group functionalization approach (referred to as the methacrylic acid N-
hydroxy succinimidyl ester/glutaraldehyde (MA-NHS/GA) method). In the DNA-based
protocol, the sample is labeled using a primary antibody conjugated to both a fluorophore
and an acrydite-modified DNA strand. In the MA-NHS/GA protocol, following regular
labeling, the sample is further labeled with polymer-linking groups using either MA-NHS
or GA. (Chozinski et al. 2016). Image copied from Chozinski et al with license number
1599079-1.
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Figure I-13. Scheme of expansion microscopy operations.

(A) The addition of acrylamide (AA) and formaldehyde (FA) buffers creates molecular
‘anchors’ that bind to free amine groups on proteins within the sample. These anchors
subsequently tether the proteins to the gel mesh, ensuring their spatial preservation
during expansion. (B) The sequential steps of the protocol are as follows: Sample
preparation: The sample is prepared with or without prior fixation. Crosslinking
prevention and anchor formation: AA/FA buffers are applied to prevent crosslinking and
form molecular anchors. Gelation: The sample is embedded in a gel matrix using a
monomer buffer, APS as an initiator, and TEMED as an accelerator. Denaturation: The gel
is treated with a buffer containing SDS at 95°C for denaturation. First round of expansion:
The gel is expanded overnight in deionized water (ddH20). Gel shrinkage and
immunostaining: The gel is treated with PBS and immunostained with antibodies diluted
in BSA. Final round of expansion: The gel undergoes a final expansion overnight in ddH20
to achieve the desired resolution for imaging (Dos Santos Pacheco and Soldati-Favre
2021b). Image copied from Dos Santos Pacheco and Soldati-Favre with license number
1599080-1.

Various expansion microscopy (ExM) techniques have been applied in this
study, each with distinct methodologies, as illustrated in Figure 1-14. In the
upper left panel, Protein-retention Expansion Microscopy (proExM) is depicted.

This method, referred to as Protocol 1, involves proteinase K-dependent
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digestion following pre-immunostaining (Halpern et al. 2017; Chozinski et al.
2016). The upper right panel illustrates an U-ExM protocol that includes a
denaturation step at high temperature (95°C) using a strong buffer containing
sodium dodecyl sulfate (SDS), referred to as Protocol 2 (also detailed in Figure |-

13) (Dos Santos Pacheco and Soldati-Favre 2021a).

Conventional super-resolution microscopy (SRM) often relies on chemical
fixation and permeabilization, which can alter the native cellular state and
potentially introduce artifacts, leading to biased interpretations (Schnell et al.
2012). Cryofixation, which rapidly immobilizes cells in a vitreous state, is the
only method capable of preserving native ultrastructure without introducing
artifacts (Neuhaus et al. 1998; Dubochet 2012). Cryo-ExM bridges this vacancy
via integrating the benefits of cryopreservation with the high-resolution
capabilities of expansion microscopy, offering a robust solution for super-
resolution imaging while maintaining cellular integrity. Cryo-ExM (Figure 1-14,
lower right) employs cryofixation (rapid vitrification) instead of chemical
fixation, with subsequent steps identical to U-ExM protocol (Laporte et al.

2022).

The detection of specific protein targets can be challenging according to the
observed low protein expression or limited accessibility (Pifia et al. 2022). To
overcome these limitations, an alternative approach involves fusing the interest
protein to TurbolD, a biotin ligase that labels proximal lysine residues, followed
by detection using fluorescent streptavidin (Branon et al. 2018). Streptavidin-
based detection demonstrates significantly higher signal intensity compared to
traditional antibody-based methods, substantially enhancing detection
sensitivity in both ExM and correlative light and electron microscopy (CLEM)
without compromising resolution (Kim et al. 2016). Notably, proteins localized

within phase-separated regions, which are often resistant to antibody labeling,
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can be effectively detected using streptavidin. Additionally, streptavidin imaging
enables the resolution of fluctuating, time- and location-dependent molecular
groups and, under some conditions, provides insights into the history of
dynamic protein interactions (Odenwald et al. 2023). The lower left panel
illustrates the TurbolD ExM process, which combines Protocol 2 with

streptavidin labeling instead of antibodies for TurbolD-expressing strains.
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Figure I-14. Main steps of four expansion microscopy methods.

Upper left: Schematic representation of the primary steps in proteinase K (protK)-based
Expansion Microscopy (ExM). This method involves proteinase K digestion following pre-
immunostaining to retain proteins within the expanded gel matrix. Upper right:
Schematic depiction of the key steps in high-temperature-based ExM. This protocol
includes a denaturation step at 95°C using a buffer comprising SDS to facilitate protein
unfolding and gel expansion. Lower left: Schematic illustration of the TurbolD ExM
process. This approach combines high-temperature-based ExM with streptavidin labeling,
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utilizing TurbolD-mediated biotinylation for enhanced detection of target proteins. Lower
right: Schematic overview of the cryofixation step in Cryo-ExM. This method employs
rapid vitrification to preserve native cellular ultrastructure, followed by steps identical to
high-temperature-based ExM for gelation, denaturation, and expansion.

Improvements in ExM methods have resulted in the development of
increasingly refined and iterative methods. A 20-fold expansion has been
achieved through sequential fourfold expansion processes (Chang et al. 2017;
M'Saad and Bewersdorf 2020). It is worth noting that, these methods present
several limitations, including complex and prolonged processing durations, limit
expansion ratios and risk of structural integrity alterations. An alternative
method involves the use of modified gel chemistries, which enable a 10-fold
expansion but necessitate special machine for oxygen extraction during gel
polymerization (Truckenbrodt et al. 2018). Additionally, a ‘one-step 4x and 12x
3D-ExM’ method has been developed, allowing for either fourfold or twelvefold
expansion while ensuring both three-dimensional isotropic expansion and the

structural preservation of biological specimens (Norman et al. 2024).

1.4.3 Immunogold labeling electron microscopy

(Immunogold-EM)

Immunogold-EM is a high-resolution immunolabeling technique designed to
detect and localize specific proteins, antigens, or cellular structures at the
ultrastructural level. This method employs gold nanoparticles as markers, along
with the high resolution of EM with the specificity of immunolabeling to
achieve nanometer-scale precision in molecular localization within cellular and

tissue samples (Luci¢, Forster, and Baumeister 2005).

For immunostaining of cryosections, electron-dense protein-A (PA)/gold

particles (PAG) serve as highly effective markers. These particles are of high-
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contrast visualization compared to host cytosol and provide clear, measurable
signals in both transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) (Slot and Geuze 2007). Gold particles are chemically inert,
minimizing nonspecific interactions with the sample, and can be conjugated to
antibodies, protein A, or streptavidin, enabling specific binding to target
molecules. This versatility allows for double- or even triple-labeling experiments
(Roth, Bendayan, and Orci 1978; Geuze et al. 1981; Griffiths and Lucocq 2014).
Gold markers are available in various sizes, typically ranging from 3 to 15 nm,
which is ideal for immuno-electron microscopy applications (Geuze et al. 1981;

Slot and Geuze 1981).

Sample preparation involves fixation with glutaraldehyde and
paraformaldehyde to preserve ultrastructural integrity. Cryosections are then
prepared, and primary antibodies specific to the target antigen are applied.
Secondary antibodies conjugated to PAGs are used to label the target
molecules. For imaging, samples are stained with electron-dense contrast
agents such as uranyl acetate or lead citrate. In TEM or SEM images, gold
particles appear as distinct, dark electron-dense spots, enabling precise

localization of the target molecules (Slot and Geuze 2007; Saibil 2022).
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2 Aim of study

As an obligate intracellular pathogen, T. gondii depends on gliding, invading,
replication and egress to survive and proliferate. With the availability of genetic
tools, Toxoplasma gondii functions as a representative model for studying other
apicomplexans. Investigating the localization of molecular motors involved in
migration and invasion can provide insights into the mechanisms underlying

parasite motility.

However, due to the limited optical resolution of microscopes, the mechanism
of motility remains not well understood. Even with super-resolution
microscopy, achieving optimal resolution to accurately localize and characterize

the motor structure remains a challenge.

Therefore, the key lies in employing appropriate technologies and
methodological approaches to achieve a further understanding. Utilizing ExM to
physically expand the sample by 3-4 times, combined with the high resolution

of SRM, may enable the visualization of the motor.

Conversely, based on Mirjam Wagner’s findings, TgSLP1 is necessary for in
nuclear division during the replication of Toxoplasma gondii. As a candidate of
the LINC complex, TgSLP1 may responsible for nuclear processes in coordination

with F-actin, including positioning, protection, and deformation during invasion.

Therefore, the aim of this project is to visualize key motor factors responsible
for the migration and invasion of T. gondii. Additionally, this study will explore
the potential existence of different motility models. Furthermore, the role and
function of TgSLP1 will be investigated during the various phases of cell division

with SRM.
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1. Optimize and implement various Expansion Microscopy (ExM) protocols
for Toxoplasma gondii, along with STED for high-resolution imaging of
candidate proteins at the nanoscale.

2. Tag specific proteins located at the inner and outer cores of the
centrosome, and components of the kinetochore and centromeres. Apply
the SRM to investigate the dynamic behavior of the Sun-like protein 1
(TgSLP1) during parasite division process.

3. Investigate the localization of the glideosome complex, including actin,
Myosin A (MyoA), glideosome-associated protein 45 (GAP45), glideosome-
associated connector (GAC), formin 1 (FRM1), and Myosin H (MyoH), to
confirm its proposed location between PM and IMC in line with the linear

motor model.
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3 Materials and Methods

3.1 Materials

3.1.1 Equipment

Table 1ll-1. Equipment.

Manufacturer Description
Rhost 620 Manual Cryo-Plunger
Zeiss Axio Vert.Al fluorescence microscope
Leica DMi8 wide-field microscope
Abberior 3D STED microscope
Eppendorf Mastercycler EP Gradient (PCR thermocycler)
Centrifuge 5910 Ri
thermomixer C
thermomixer
pipettes
Hettich Centrifuge
Thermoscientific Centrifuge
Roth Centrifuge
Lonza 4D-Nucleofactor™ electroporation units
BD bioscience ACSAria™ Ill Cell Sorter
BioRad Mini Trans-Blot Electrophoretic Transfer Cell

PowerPac Basic Power Supply

Mini-Sub Cell GT Cell Horizontal electrophoresis system

Hartenstein

pipettes

Vacuum pump

Starlab

ErgoOne® single & multi-channel pipettes

Vortexer

NIPPON Genetics

FastGene Blue/Green LED Transilluminator

Thermo Fisher Scientific

NanoDrop Spectrophotometer

CO2-Incubator

Safety cabinets

Owl EasyCast minigel electrophoresis system

LI-COR Biosciences

Odyssey CLx-1849

Scientific industries

Vortex-Genie 2

Memmert Incubator

New brunswick scientific Incubator shaker
Heidolph shaker

Sarstedt shaker

Flow Laboratory shaker

KERN Scale

Sartorius Analytical balances
Wagner&Munz PH meter
PHOENIX Instrument Water Bath

Haier biomedical -80 °C freezer
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Bosch Fridge & -20 °C freezer
Siemens Fridge & -20 °C freezer
Sharp Microwave

3.1.2 Software

Table Ill-2. Computer software.

Software

Description

ToxoDB

National Institute of Allergy and Infectious
Diseases (NIAID)

NEB tools™: Tm Calculator

New England Biolabs (NEB)

Basic Local Alignment search tool (BLAST),
Primer-BLAST

National Institute for Biotechnology
Information (NCBI)

ApE Plasmid Editor

University of Utah (by M. Wayne Davis,
v.2.0.53c)

Clustal Omega

Clustal Omega

Las X software (v.3.4.2.183668)

Leica Application Suite X (Las X)

Imspector 16.3.14274

Abberior microscope

Fiji (ImageJ) v1.53c

National Institutes of Health (NIH)

Graphics Editor

InkscapeTM: Open Source Scalable Vector Inkscape Project

Microsoft Excel Worksheet 2016

Microsoft

3.1.3 Consumables, biological and chemical reagents

Table I1l-3. Consumables and chemical and biological reagents.

Manufacturer

Description

Faust Lab Science

TPP cell culture flask 150 cm? with filter

TPP cell culture test plates (6-well, 12-well, 24-well and 96 well)

TPP centrifuge tubes (15 ml and 50ml)

TPP cell culture dishes (6-cm and 10-cm)

TPP cryo tubes

TPP cell scrapers

Syringe filter

Gloves

Ibidi

p-Dish 35 mm high

Roth

DMSO (Dimethyl sulfoxide)

TAE Buffer 50x, NaCl,

Sodium acetate

Sodium chloride (NaCl)

Sodium hydroxide

SDS (Sodium dodecyl sulphate)

Acetic acid (100%)

Acetone =99.7%
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Ethanol

Methanol Rotisolv = 99.98%

Glycine

Glycerine

Magnet, tweezer, cell scratcher and spreaders, parafilm

Filter nylon 0,2 um

Microscope slides

Eppendorf

Tips (1000 pl, 200 pl, 10 pl)

Eppendrof (2.0 ml and 1.5ml)

Greiner Bio-One

Aspiration pipette

Sarstedt

Serological Pipettes

Thorlabs

Lens Tissues

Low autofluorescence immersion oil

Hartenstein

Cover slips (12 mm)

Agar Bacteriology grade

Tryptone BioChemica

Yeast extract BioChemica

Incuwater-clean

Avantor PCR tubes
Petridish
HEPES
Assistent Counting chamber
Biochrom Ultra pure water
Trypsin/EDTA
BioRad TEMED (Tetramethylenediamine)
APS (Ammonium persulfate)
40% Acrylamide
N,N’-methylenebisacrylamide (Bis, 2% w/v)
Zeiss Immersion Oil 518F 30°C Zeiss
Merck/Sigma Rapamycin

DNA Ladder 250bp

Tris base, Tris-HCI

Triton TX-100, Tween-20

L-glutamine

DMEM (Dulbecco’s modified Eagle’s medium, high glucose)

PBS 1x

DL-Dithiothreitol (DTT)

EDTA (Ethylenediaminetetraacetic acid)

Sodium acetate

BSA (Bovine serum albumin)

Poly-L-lysine solution

Gentamycin solution 50 mg/mL

Ampicillin sodium crystallin

Biotin

Sodium deoxycholate

Trypsin-EDTA solution

Sucrose, glucose

MgS04

EGTA

MES
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Methacrylic Acid-NHS (MA-NHS)

Sodium Acrylate

MgCl2

36.5-38% Fomaldehyde

Sodium Acrylate

Thermo Hoechst 20 mM
Proteinase K (600 U/mL in glycerol)
ProLong™ gold antifade mountant
10x PBS Buffer (pH 7.4)
Carl Zeiss™ immersion oil
K,S04
HBSS
10x TAE Buffer (pH 8.3)
BioSell FBS (Fetal bovine serum)
Science services 20% PFA (Paraformaldehyde)
SMS-Medipool Braun Omnifix syringes 1 mL
Braun Injekt Syringe 5 mL
Sterican needle 26G
Biotium GelRed Nucleic Acid Gel Stain
Linde CO2, Dry ice
Biozym Biozym LE GeneticPure Agarose
New England Biolabs T4 DNA ligase

T4 DNA Ligase Reaction buffer

Q5 High-Fidelity DNA Polymerase

dNTP (deoxynucleotide) Mix

SOC Outgrowth Medium

DNA ladder 1kb (plus),

Gel Loading Dye, purple (6x), no SDS

MP Biomedicals

Guanidine HC|

3.1.4 Kits
Table Il1-4. Kits.
Company kit
Blirt ExtractMe DNA Clean-Up&Gel-Out Kit, ,
ExtractMe genomic DNA Kit
ExtractMe plasmid Mini Kit
Lonza P3 Primary cell 4D nucleofector X Kit L

3.1.5 Buffers, solutions and medium

Table I1I-5. Buffer for molecular cloning.

Buffer

Components

Annealing buffer

10 mM Tris, pH 7.5 - 8.0
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50 mM NaCl
1mM EDTA
diluted in ddH,0

Table I11-6. Buffer for cells culture and freezing.

Buffer Components

Ampicillin (1000X) 100 mg/ml Ampicillin power in ddH,0

LB-Medium 10 g/l tryptone

5 g/l yeast extract
10 g/I NaCl
dissolved in ddH,0

LB-Agar 1.5 % (w/v) agar in LB-Medium

50% glycerol 50 % glycerol (v/v)
in 50 % ultrapure water (v/v)

DMEM (complete) 4 mM L-glutamine
10 % FCS (v/v)

20 ug/ml gentamicin
in 500 ml DMEM

2x Freezing media 25% FBS (v/v)
10% DMSO (v/v)
in DMEM

Table I1l-7. Buffer for phenotypic assays and fixations.

Buffer Components
Endo buffer 44,7 mM K,SO4
10 mM MgS04

100 mM sucrose
5 mM glucose
20 mM Tris
0.35% w/v BSA
adjust pH to 8.2

Gliding Buffer 1mM EGTA
100 mM HEPES
in HBSS buffer

Rapamycin (1000X) 50 uM in DMSO

4% PFA 20% PFA in PBS

Cytoskeleton buffer: CB1 MES 10 mM pH 6.1
KCl 138 mM

MgCl, 3mM
EGTA2 mM

5% PFA

Cytoskeleton buffer: CB2 MES 10 mM pH 6.1
KCl 163.53 mM
MgCl; 3.555 mM
EGTA 2.37 mM
sucrose 292 mM

CB mix buffer CB1 and CB2 mix in 4:1 ratio
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Table 111-8. Buffer for ExM.

Buffer

Components

10% TEMED (v/v)

100 pl Tetramethylethylenediamine in 900 pl
water.

10% APS (w/w)

0.1 g Ammonium persulfate in water

38% (w/w) SA

19 g of Sodium Acrylate powder in 31 ml water

Monomer solution (MS)

500 pl 38% SA

250 pl 40% AA

50 pL 10% BIS

100 pL 10x PBS

mix on ice

keep at -20 °C for at least one night before use

Denaturation buffer

200 mM SDS

200 mM Nacl

50 mM Tris-Base
Adjust the pH to 9

Antibody diluent solution

BSA 2% in PBS

Washing solution

0.2% Triton TX-100 in PBS

MA-NHS buffer

1 M Methacrylic Acid-NHS powder in anhydrous
DMSO store at -20 °C

Monomer buffer (different from MS)

0.8625 g Sodium Acrylate

5 mL 40% Acrylamide

0.375 mL 2% Bis

1.169 g NaCl

1 mL 10x PBS

Add water to final volume of 10 mL
Storeat4°C

Digestion Buffer

3 mL 10x TAE Buffer

2.3 g Guanidine HCI

0.15 mL Triton X-100

Add water to final volume of 30 mL
Store at 4 °C

3.1.6 Antibodies and dyes

Table 111-9. Primary antibodies for IFA and ExM.

Dilution Dilution
Antibodies Species Reference
IFA ExM
Beta Tubulin Toxo Rabbit 1:1000 1:500
Centrin Mouse 1:200 1:100 Sigma 04-1624
Centrin Rabbit 1:1000 1:500 Abcam ab11257
Camelid sdAb a-GFP- 1:250 NanoTag Biotechnologies: N0304-
Camelid 1:500
ATTO 488 At488-L
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GAP45 Rabbit 1:1000 1:500 Soldati, D.
1:500 Prof. Dominique Soldati-Favre,

GAC Rabbit 1:1000

University of Geneve
GFP Mouse 1:1000 1:500 Roche 11814460001
GFP Rabbit 1:1000 1:500 Abcam #ab290
HA Rat 1:1000 1:500 Roche 11867423001
HA Rabbit 1:1000 1:500 Sigma H6908
Halo polyclonal Rabbit 1:1000 1:500 Promega #G928A
IMC1 Mouse 1:1000 1:500 Ward, G.
Ron2 Rabbit 1:1000 1:500 Boothroya
SAG1 Mouse 1:1000 1:500 Sebastian Lourido
SNAP tag Rabbir 11000 | 1:200 Biozol
Tubulin acetylated Mouse 1:500 1:250 sigma, cat# T6793
Tubulin acetylated
(Lys40) Rabbit 1:1000 | 1:500 Merck ABT241

Table 111-10. Secondary antibodies for IFA and ExM.

Dilution Dilution
Antibodies Species Reference

IFA ExM
AlexaFluor 488 goat-anti-mouse Goat 1:5000 1:1000 Invitrogen A-11001
AlexaFluor 488 goat anti-rabbit Goat 1:3000 1:1000 Invitrogen A-11008
AlexaFluor 488 goat-anti-rat Goat 1:5000 1:1000 Invitrogen A-11006
AlexaFluor 546 goat-anti-mouse Goat 1:3000 1:1000 Invitrogen A-11030
AlexaFluor 594 goat-anti-mouse Goat 1:3000 1:1000 Invitrogen A-11005
AlexaFluor 594 goat-anti-rabbit Goat 1:3000 1:1000 Invitrogen A-11012
AlexaFluor 594 goat-anti-rat Goat 1:3000 1:1000 Invitrogen A-11007
AlexaFluor 647 chicken anti-rat Chicken 1:3000 1:1000 Invitrogen A-21472
AlexaFluor 647 goat anti-mouse Goat 1:3000 1:1000 Invitrogen A-21235
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AlexaFluor 647 goat anti-rabbit | Goat

| 1:3000 | 1:1000

| Invitrogen A-21245

Table I1l-11. Dyes for IFA and ExM.

Dye Dilution in IFA Dilution in Origin / cat. Number
ExM

Janelia Fluor HaloTag ligand 549 200 nM 400 nM Promega GA111A
Janelia Fluor HaloTag ligand 646 20 nM 40 nM Promega GA112A
Streptavidin AlexaFluor 488 1:1000 1:500 Invitrogen S11223
conjugate
Streptavidin AlexaFluor 594 1:1000 1:500 Invitrogen S11227
conjugate

3.1.7 Cells lines

Table I1I-12. Mammalian cells.
Cell Source

Human foreskin fibroblasts (HFF, SCRC-1041)

LGC/ ATCC ® SCRC-1041™

Table 111-13. Bacteria cells.

Cell

Source

DH5a Competent Escherichia coli (High
Efficiency)

New England Biolabs (NEB; C29871)

Table Ill-14. Generated or used Toxoplasma gondii strains.

CEP250_L1-3xHA

Strains Source/reference
DiCreAku80 (Andenmatten et al. 2013a)
RH-Aku80-DiCre-LoxP-TgSLP1-sYFP2-LoxP (Wagner et al. 2023)
RH-Aku80-DiCre-LoxP-TgSLP1-sYFP2-LoxP- This study
CEP250_L1-3xHA

RH-Aku80-DiCre-LoxP-TgSLP1-sYFP2-LoxP-Nuf2- This study

3xHA

RH-Aku80-DiCre-LoxP-TgSLP1-sYFP2-LoxP- This study

RH-Aku80-CbEmerald

(Periz et al. 2017)

RH-Aku80-CbEmerald-MyoA-SNAP

Meissner Lab

RH-Aku80-CbEmerald-FRM1-Halo

Meissner Lab

RH-Aku80-IMC1-Halo-MyoA-SNAP

Meissner Lab

RH-Aku80-DiCre-LoxP-FRM1-Halo-loxP

Meissner Lab

RH-Aku80-DiCre-FRM1-TurbolD

Meissner Lab
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RH-Aku80-DiCre-FRM1-3xHA

Meissner Lab

RH-Aku80-DiCre-FRM1-Halo-GAC-SYFP2

Meissner Lab

RH-Aku80-DiCre-MyoH-Halo

Meissner Lab

3.1.8 Oligonucleotides

Table 111-15. Sequences of generated sgRNAs.

Name Sequence PAM
TgSLP1_sgRNA-Cterm-tag TTTCTGGGCATGCCTAGTTG AGG
TgSLP1_sgRNA-Upstr-LoxP GTTTCTGGCTGCTCTGAGCA CGG
CEP250_L1_sgRNA-Cterm-tag TGGCGATCCAGTCTCAACAG TGG
Nuf2_sgRNA-Cterm-tag CCGAGTAGAGCACCGATCT TGG
Chromo1_sgRNA-Cterm-tag CGACAGTGGACGAACCGGTC AGG

Table I1l-16. Oligonucleotides.

Name

Sequence

Purpose

TgSLP1_sgRNA-Cterm-

AAGTTGTTTCTGGGCATGCCTAGTTGG

integration into Cas9YFP-

tag-fw sgRNA vector
TgSLP1_sgRNA-Cterm- AAAACCAACTAGGCATGCCCAGAAACA integration into Cas9YFP-
tag-rv sgRNA vector

TgSLP1_Cterm-tag-
donor-fw

GCCTGAGAGTCCACGGCGAGAAGGCGGT
GCTGAAGTCCACCACCCTCAACGCTAAAAT
TGGAAGTGGAGG

PCR amplification of the
repair template

TgSLP1_Cterm-tag-
donor-rv

AGCATGTGCGACTGCTTTGCTTTCTTTGCC
TACGTTTCTGGGCATGCCTAATAACTTCGT
ATAATGTATGCTATACG

PCR amplification of the
repair template

TgSLP1_sgRNA-Upstr-

AAGTTGTTTCTGGCTGCTCTGAGCAG

integration into Cas9YFP-

LoxP-fw sgRNA vector
TgSLP1_sgRNA-Upstr- AAAACTGCTCAGAGCAGCCAGAAACA integration into Cas9YFP-
LoxP-rv sgRNA vector

TgSLP1_Upstr-LoxP-
donor

GCCGCTGCTTCTCCTTCGCCGTGCTCAGAG
CAGCATAACTTCGTATAGCATACATTATAC
GAAGTTATCAGAAACATCCTGCGATGGAC
TCCTTCGAGCG

repair template

contr-rv

C

TgSLP1_5UTR-fw CAGCGGGCTTCTGTATTTGC genotyping
TgSLP1_internal-fw CTGAAGGAGAAGCCGGTACG genotyping
TgSLP1_3UTR-rv GCAGTTGGGCATTCCATTTCG genotyping
TgSLP1_Upstr-LoxP- GATGTTTCTGATAACTTCGTATAATGTATG genotyping
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CEP250_L1_sgRNA-

AAGTTGTGGCGATCCAGTCTCAACAGG

integration into Cas9YFP-

Cterm-tag-fw sgRNA vector
CEP250_L1_sgRNA- AAAACCTGTTGAGACTGGATCGCCACA integration into Cas9YFP-
Cterm-tag-rv sgRNA vector

CEP250_L1_sgRNA-
Cterm-tag-donor-fw

CTTCGACAAGGATCAGCACAGGAAGGGG
AAAGTCGTCGCTTTCGGGGCGAGCTAAAA
TTGGAAGTGGAGG

PCR amplification of the
repair template

CEP250_L1_sgRNA-
Cterm-tag-donor-rv

TGCTCGTCCATAAACATCGCTACTGCAGAG
GCTTGGCGATCCAGTCTCAAATAACTTCGT

PCR amplification of the
repair template

ATAATGTATGCTATACG
CEP250_L1_5UTR-fw CACCTGTCCGCTTTCAATTC genotyping
CEP250_L1_internal-rv CAACACTCTACGAACCTGTC genotyping
Nuf2_sgRNA-Cterm- AAGTTGCCGAGTAGAGCACCGATCTG integration into Cas9YFP-
tag-fw sgRNA vector
Nuf2_sgRNA-Cterm- AAAACAGATCGGTGCTCTACTCGGCA integration into Cas9YFP-
tag-rv sgRNA vector

Nuf2_sgRNA-Cterm-
tag-donor-fw

CAAGGGAGCCCAGAGAAGACGGCGACTT
TCCAATGTATAGTCACGCCGAGGCTAAAA
TTGGAAGTGGAGG

PCR amplification of the
repair template

Nuf2_sgRNA-Cterm-
tag-donor-rv

GCCAAAGTTCTCCGAGTGTCCGTACACCG
GAAACTTTCTCCATGCCAAGAATAACTTCG

PCR amplification of the
repair template

TATAATGTATGCTATACG
Nuf2_5UTR-fw AGCGAGAACGAGAATCCGAC genotyping
Nuf2_internal-rv CGAGTGTCCGTACACCGGAA genotyping
Chromo1_sgRNA- AAGTTGCGACAGTGGACGAACCGGTCG integration into Cas9YFP-
Cterm-tag-fw sgRNA vector

Chromo1_sgRNA-
Cterm-tag-rv

AAAACGACCGGTTCGTCCACTGTCGCA

integration into Cas9YFP-
sgRNA vector

Chromo1_sgRNA-
Cterm-tag-donor-fw

CCGTCTGCGGGAGGTTCCAACGCTCTCCA
GTGTTCTCTTGTGTCGCTGGCGCTAAAATT
GGAAGTGGAGG

PCR amplification of the
repair template

Chromo1_sgRNA-
Cterm-tag-donor-rv

CCAGTCTCGTGGAAGCGGTGCAACGCCTC
TGGGATTCCGTTCGGCCTGACATAACTTCG

PCR amplification of the
repair template

TATAATGTATGCTATACG
Chromo1_5UTR-fw CGTTCGTTTCAGATGAGTCC genotyping
Chromo1_internal-rv GGTATAGAGACAGCGCGTTG genotyping
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3.2 Methods
3.2.1 Molecular biology
3.2.1.1 Restriction digest

To integrate the sgRNAs into the Cas9_YFP vector, endonucleases were used
for restriction digestion.

Table 111-17. Restriction digest reaction.

Component Volume/ weight
Cas9_YFP plasmid 5ug

10x rCutSmart buffer 5puL

Bsal-HFv2 5puL

ddH,0 up to 50 pL

Incubate the mixture at 37 °C for 2 hours. The backbones were then checked by

agarose gel electrophoresis and purified by DNA purification kit.
3.2.1.2 Agarose gel electrophoresis

Agarose gel electrophoresis was conducted to separate and analyze DNA
fragments. Agarose gels were prepared through dissolution of the powder in
TAE buffer followed by heating until fully dissolved, and incorporating 1-2 ulL of
GelRed (depending on gel size) for subsequent visualization. DNA samples were
mixed with 6x purple loading dye and diluted with water to achieve a final 1x
concentration before loading. Electrophoresis was performed at 80-120 V for
20-40 minutes, depending on DNA fragment size and applied voltage. DNA
ladders (250 bp or 1 kb plus) served as molecular weight markers for fragment
size determination. After electrophoresis, DNA bands were visualized using a

UV transilluminator.
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3.2.1.3 Annealing of Oligonucleotides

Single-guide RNAs (sgRNAs) were obtained from Thermo Fisher Scientific. After
appropriate dilution, 2 uL of forward and reverse primers (10 pmol/uL each)
were combined in a PCR tube with 16 pL of annealing buffer. The reaction
mixture was incubated at 90-95 °C for 5 minutes, followed by cooling to room

temperature to facilitate subsequent ligation.
3.2.1.4 Ligation

To integrate the sgRNA sequences into the Cas9YFP plasmid backbone, 5 pL of
annealed primers from the previous step were combined with 25-50 ng of the
Cas9YFP vector, 1 uL of T4 DNA ligase, 1 pL of 10x T4 buffer, and ultrapure
water to a final volume of 10 pL. The ligation reaction was carried out for 2

hours at room temperature or overnight at 16 °C.
3.2.1.5 Bacteria transformation

To obtain the Cas9YFP-sgRNA plasmid, the ligation reaction product was
transformed into chemically competent Escherichia coli DH5a cells. A 50 pL
aliquot of bacteria stored at -80 °C was thawed on ice and incubated with 5-10
uL of the ligation product for 30 minutes. The mixture underwent a heat shock
at 42 °C for 30 seconds, followed by a 3-minute incubation on ice. Subsequently,
400 pL of LB medium was added, and the sample was incubated at 37 °C for 1
hour with shaking. The transformed bacteria were then plated onto LB agar

containing 100 pug/mL ampicillin and incubated overnight at 37 °C.

Single bacterial colonies from the LB agar plate were picked and transferred into
liquid LB medium supplemented with 100 pg/mL ampicillin. The cultures were
then incubated overnight at 37 °C with shaking in preparation for plasmid

extraction or cryopreservation stocks with 50% glycerol.
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3.2.1.6 Plasmid extraction

The bacteria were first pelleted, and plasmid DNA was subsequently isolated
using the ExtractMe Plasmid Mini Kit, according to the company's protocol. The

plasmid DNA was finally eluted for subsequent steps.

3.2.1.7 Concentration measurement and sequencing of DNA

Plasmid DNA concentrations were determined using a Nanodrop
spectrophotometer, according to the company's instructions. Based on the
concentration calculations, the appropriate amounts of purified PCR products,

plasmids, and primers were sent to Eurofins Genomics for sequencing.

3.2.1.8 Genomic DNA extraction

After pelleting, the genomic DNA of Toxoplasma gondii was extracted with the

ExtractMe Genomic DNA Kit, following the manufacturer's instructions.

3.2.1.9 Polymerase chain reaction

In this study, polymerase chain reactions (PCR) were utilized to generate repair
templates for transfection and to confirm whether the genetically modified
Toxoplasma gondii strains, following FACS sorting, maintained correct DNA
integration. For genotyping, parasites were first pelleted, resuspended in 18 pL
of elution buffer, and 2 pL of proteinase K from the ExtractMe Genomic DNA
Kit. The mixture was incubated at 50°C for 1 hour and subsequently boiled at
95°C for 10 minutes. The resulting product was then used as a template for
PCR. The PCR reactions were mediated by Q5 High-Fidelity DNA Polymerase
(Table 111-18), with the thermocycling conditions outlined in Table I11-19. The
DNA renaturation temperature was determined based on the respective gene
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sequences of the primers (TmCalculator; NEB), while the extension time was

adjusted according to the size of the amplified DNA fragment.

Table 111-18. PCR reaction using Q5 High-Fidelity DNA Polymerase (25-uL).

Component Volume (pL)
5X Q5 reaction buffer 5

10 mM dNTPs 0.5

10 uM forward primer 1.25

10 pM reverse primer 1.25

Q5 high-fidelity DNA polymerase 0.25
Template DNA 1

Ultrapure water 15.75

Table 111-19. Thermocycling conditions of PCR reactions with Q5 polymerase.

Process Temperature (°C) Time (s)

Initial denaturation 98 30

35x denaturation 98 10
renaturation 50-72 30
extension 72 60-240

Final extension 72 120-300

hold 4 oo

3.2.1.10 Ethanol precipitation of DNA

For Toxoplasma gondii transfection, plasmid DNA and the repair template must
first undergo ethanol precipitation. 10 pg of plasmid DNA and repair template
were added to 0.1 volumes of 3M sodium acetate and 2.5-3 volumes of 100%
pre-cold ethanol, followed by thorough vortexing to ensure homogeneous
mixing. These components were then incubated at -80°C for 1 hour or -20°C
overnight to enhance precipitation, particularly when DNA levels were low.
Alternatively, immediate centrifugation at full speed for 1 hour at 0°C was

performed.
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After incubation, the sample was spun at full speed at 0°C for 30 minutes. The
precipitated pellet was washed twice with 0.5 mL of 70% pre-cold ethanol, with
centrifugation at 0°C for 15 minutes per wash. The supernatant was then
sucked away, and the precipitated DNA was either dried upside down in a
tissue culture hood or stored in the final ethanol wash at -20°C for later use in

transfection.
3.2.1.11 DNA purification

The DNA was purified using An ExtractMe DNA Clean-Up&Gel-Out Kit following

the company’s instructions.
3.2.2 Cell biology
3.2.2.1 Culturing of host cells

HFFs were cultured and maintained in DMEM supplemented with 50 mL FBS,

15 mL L-glutamine, and 250 pL gentamicin at 37 °C in a 5% CO, atmosphere.

For experimental use or continued culture, HFFs were subcultured at a 1:4 ratio
weekly. The medium was sucked away, and the confluent HFFs were washed
with pre-warmed PBS, which was then discarded. Trypsin-EDTA was used to
eliminate the attachment between the cells and culture flask, followed by
incubation at 37 °C with 5% CO, for 10 minutes to ensure complete cell
detachment. To neutralize the trypsinization process, pre-warmed complete
DMEM was added, achieving the desired 1:4 dilution. The diluted HFF
suspension was then transferred into fresh culture dishes, plates, or flasks for

further maintenance.
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3.2.2.2 Culturing of T. gondii

Freshly released tachyzoites were cultured in dishes, plates, or flasks containing
a confluent monolayer of HFFs in complete DMEM at 37 °C in a 5% CO,

atmosphere.
3.2.2.3 Cryopreservation and recovery of Toxoplasma gondii

Cryopreservation of tachyzoites in late-stage vacuoles was performed using pre-
prepared cryotubes containing 800 pL of 2x freezing medium. The complete
DMEM medium was removed, and 800 uL of DMEM buffer was added to the
cells. The cells were then scraped, transferred to the prepared cryotubes, and

subsequently frozen and stored at -80°C.

For recovery, the frozen parasites were thawed and transferred onto a
confluent monolayer of HFFs. The cultures were incubated at 37 °C with 5%

CO,, and the complete DMEM medium was changed after several hours.
3.2.2.4 Transfection of Toxoplasma gondii

To generate parasite lines, tachyzoites in late-stage vacuoles were transfected
using the P3 Primary Cells 4D-Nucleofector X Kit L. The infected human foreskin
fibroblasts were detached from the culture dish using a tip, and T. gondii were

released by passing the suspension three times through a 26G needle.

A volume of 500 pL to 1 mL of healthy parasites, depending on the vacuole
density, was collected in a 2 mL tube and spun at 1,500 rpm for 5 minutes for
precipitation. The precipitated plasmid DNA and repair template (as described
in Section 3.2.1.10) were resuspended in 100 uL of buffer P3 and subsequently

used to resuspend the parasite pellet. The resulting product was thoroughly
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mixed, transferred to a cuvette, and subjected to electroporation using the Fl-

158 program on the Amaxa 4D-Nucleofector system.

Following electroporation, the cuvette was rinsed with complete DMEM
medium, and the parasites were transferred to a culture dish or plate for
incubation to establish stable transfection. While for transient transfection, 20
UL of electroporated parasites were added to coverslips in 24-well plates
containing HFF cells. After approximately 24 hours, the parasites were fixed for

imaging.
3.2.2.5 Isolation of Toxoplasma gondii clones with FACS sorting

After 24—48 hours of growth, parasites expressing nuclear Cas9YFP were
visualized using a fluorescence microscope. Fluorescence-activated cell sorting
(FACS) was then employed to isolate these parasites. HFFs containing parasite
vacuoles were detached by scraping, subjected to syringe lysis using 26G
needles, and filtered through 3-um filters to obtain extracellular parasites.
These parasites were subsequently sorted using a FACSAria IlI Cell Sorter, with
5-10 YFP-positive parasites sorted into individual wells of a 96-well plate
containing HFFs. After five days of incubation, single plaques were screened and

selected for PCR analysis and microscopy examination.
3.2.3 Phenotypic assays
3.2.3.1 Immunofluorescence assay (IFA)

For imaging intracellular parasites, tachyzoites within vacuoles were fixed along
with HFFs on coverslips in 24-well plates or light dishes. To image extracellular
parasites, the parasites were first released and filtered to remove host cell

debris before being transferred onto poly-L-lysine-coated coverslips or light
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dishes. Fixation was performed using 4% paraformaldehyde (PFA), 100%

methanol, or CB mix buffer at room temperature for 20 minutes.

To permeabilize the fixed samples, they were incubated in PBS containing 0.2%
Triton X-100 for 20 minutes. Following permeabilization, a blocking step was
performed by incubating the samples in PBS with 2% BSA for 40 minutes at

room temperature.

Subsequently, the primary antibody, diluted in PBS with 2% BSA, was applied for
a one-hour incubation at room temperature. For fluorescently labeled parasites,
incubation was conducted in the dark. After primary antibody incubation, the

samples were washed 3 times with PBS under gentle shaking.

Next, the diluted secondary antibody or fluorescent dyes were applied for
incubation in the dark for 45 minutes at room temperature. Following this, the
samples were washed three times with PBS under gentle shaking. If necessary,
nuclear staining was performed using DAPI or Hoechst, followed by an

additional washing step before mounting the coverslips for imaging.
3.2.3.2 Gliding assay

The freshly released parasites were pelleted and resuspended in pre-warmed
gliding buffer. The parasites were then transferred onto coverslips in a 24-well
plate and incubated at 37°C. After 20 minutes, the parasites were fixed for

further analysis (Del Rosario et al. 2019).
3.2.3.3 Invasion assay

Freshly released parasites (3 mL) were pelleted and resuspended in 400 uL of
Endo buffer, then incubated at 37°C for 10 minutes. The parasites were

subsequently allowed to settle onto coverslips containing a confluent layer of
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HFFs for 3 minutes at room temperature, followed by a 20-minute incubation at
37°C. The liquid was gently removed and replaced with pre-warmed culture
medium. The samples were incubated for an additional 5 minutes to allow for
parasite invasion. Afterward, the samples were fixed with CB mix buffer for 10
minutes, followed by treatment with 50 mM NH4CI, a PFA quenching solution,
for 10 minutes. The samples were then washed three times with PBS and stored

at 4°C for future analysis.
3.2.4 Microscopy

All microscopy images were acquired using either a Leica DMi8 widefield
microscope or an Abberior 3D STED microscope. Confocal and STED imaging
were conducted exclusively on the Abberior 3D STED microscope. Image
acquisition was performed using Leica LasX software and Imspector. Image
processing and analysis were conducted using Fiji (ImagelJ) (Schindelin et al.

2012) and art work and diagrams in Inkscape software.
3.2.4.1 Ultrastructure Expansion Microscopy (U-ExM)

To prepare samples for imaging, intracellular or extracellular Toxoplasma gondii
are either fixed or left unfixed on 12-mm coverslips within a 24-well plate. Each
coverslip containing samples is treated with 500 pL of a
formaldehyde/acrylamide (FA/AA) mixture, prepared by combining 38 puL
formaldehyde, 50 uL acrylamide, and 912 uL phosphate-buffered saline (PBS).
The plate is then sealed with parafilm to avoid evaporation, and incubated at

37°C for five hours.

Twenty minutes prior to gelation, aliquots of TEMED, APS, and monomer
solution (MS) are thawed on ice. Ten minutes before gelation, a 10-cm dish

containing wet paper and parafilm is placed at -20°C and subsequently
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transferred to ice. Coverslips are removed from the FA/AA mixture and placed
upright on a tissue to eliminate excess liquid. A polymerization solution is
prepared by mixing 5 uL of 10% TEMED with 90 uL MS, followed by the addition
of 5 uL of 10% APS, ensuring thorough mixing. A 40-uL droplet of this mixture is
then placed onto parafilm for each coverslip, with the coverslip positioned
parasite-side down. The samples are maintained on ice for 5 minutes and

incubated at 37°C for one hour.

Following polymerization, the gel is transferred to a 6-well plate containing 2 mL
of denaturation buffer and shaken for 15 minutes to facilitate separation. It is
then transferred to a 1.5-mL microcentrifuge tube for incubation at 80-95°C for
1.5 hours. After incubation, the buffer is removed, and the gel is soaked in

water within a 50-mL Falcon tube for overnight expansion.

Once expansion is complete, water is removed, and PBS is added to induce gel
shrinkage. The gel is trimmed to fit the wells of a 24-well plate and incubated
with a primary antibody at twice the concentration used for
immunofluorescence assays, in 500 pL PBS-BSA (2%). The plate is sealed with
parafilm and incubated at 37°C with agitation for three hours. The antibody
mixture is then aspirated, and the gel is washed three times with 1 mL PBS-
Triton (0.2%) for ten minutes each at 37°C with agitation. Next, a secondary
antibody diluted in PBS-BSA (2%) is added, and the gel is incubated at 37°C with
agitation for two hours in the dark, followed by three additional washes. Finally,
the buffer is removed, and the gel is expanded overnight in water within a 15-

mL Falcon tube.

For imaging, excess water is removed from the gel, which is then transferred to

a light dish, and the location of parasites is determined using a microscope.
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Once the parasites are identified, the gel is mounted onto a poly-L-lysine-coated

light dish for further imaging (Dos Santos Pacheco and Soldati-Favre 2021a).
3.2.4.2 Protein-retention Expansion Microscopy (proExM)

To permeabilize the fixed sample, incubate the samples in PBS-Triton (0.2%) for
20 minutes. Following permeabilization, perform a blocking step by incubating
the samples in PBS-BSA (2%) for 40 minutes at room temperature.
Subsequently, add the primary antibody at twice the concentration used for
standard immunofluorescence assays (IFA) in PBS-BSA (2%) or apply a
fluorescent dye, and incubate for one hour at room temperature. If working
with fluorescent parasites, maintain incubation in the dark. After primary
antibody incubation, wash the samples three times with PBS under gentle

shaking.

Next, add the secondary antibody at a 1:1000 dilution in PBS-BSA (2%) and
incubate in the dark for 45 minutes at room temperature. Following incubation,
wash the samples three times with PBS under gentle shaking. If necessary, stain
the nuclei using DAPI or Hoechst and repeat the washing step before

proceeding with imaging.

Prior to gelation, the sample undergoes a preparation process involving the
modification of amine groups with MA-NHS. A 1 M MA-NHS stock solution in
DMSO is diluted to a final concentration of 50 mM in PBS (50 pL in 1 mL)
immediately before use to prevent rapid hydrolysis in water. The solution is
vortexed immediately after dilution to ensure proper mixing. The sample is then
incubated with the MA-NHS buffer at room temperature for 30 minutes.
Following incubation, the buffer is completely removed, and the sample is

washed three times with PBS to eliminate any residual reagent.
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For gelation, the sample is first treated with a monomer buffer for five minutes.
A monomer solution is then prepared by mixing 100 uL of monomer solution
with 2 pL of 10% TEMED and 2 pL of 10% APS. This mixture is vortexed briefly to
ensure homogeneity. Subsequently, 70 uL of the prepared solution is placed
onto a parafilm surface, and the sample slide is inverted onto the mixture. The
polymerization process is carried out at room temperature for 20 minutes,

allowing the gel to form on the sample.

Prepare the digestion buffer by adding 10 uL of Proteinase K to 1 mL of
digestion buffer, achieving a final concentration of approximately 6 U/mL. The
sample is then incubated in a humidified incubator at 37°C for a duration
ranging from three hours to overnight to facilitate digestion. Following
digestion, the digestion buffer is removed, and water is added to initiate sample
expansion. After 30 to 60 minutes, the water is replaced, and this process is
repeated two to three times or until the specimen is fully expanded. More
frequent water exchanges or the use of thinner hydrogel samples can

accelerate the expansion process.

For imaging, following the protocol used in U-ExM, excess water is removed
from the gel before transferring it to a light dish. The position of the parasites is
then identified using a microscope. Once localized, the gel is mounted onto a

poly-L-lysine-coated light dish to facilitate further imaging (Halpern et al. 2017).

3.2.4.3 TurbolD ExM

For extracellular parasite biotin labeling, late vacuole-stage Toxoplasma gondii
within human foreskin fibroblasts (HFF) are used. The culture medium is
removed, and intracellular parasites are incubated in 4 mL of DMEM along with
150 uM biotin at 37°C for 30 minutes. Longer incubation periods (1 hour or 4.5
hours) do not yield significant differences.
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Following incubation, parasites are collected by mechanical disruption through
scraping, syringe passage, and filtration. The parasites are then precipitated by
centrifugation at 600 x g for 5 minutes, after which the supernatant is removed,

and the pellet is resuspended in 500 uL PBS.

A maximum of 200 uL of the parasite suspension is applied to a 12-mm round
coverslip in a 24-well plate and allowed to settle for 15 minutes. Extra buffer is
carefully removed using tissue from the side, and the sample is treated with an
acrylamide/formaldehyde (AA/FA) buffer at 37°C for 5 hours. For gelation, 90 uL
of monomer buffer is mixed with 3 uL of 10% APS and 3 uL of 10% TEMED. A
40-uL droplet of this solution is placed per coverslip, and polymerization is

conducted on ice for 5 minutes, followed by incubation at 37°C for 1 hour.

The sample is then shaken in denaturation buffer for 10 minutes and
subsequently incubated at 95°C for 90 minutes. The first round of expansion is
carried out by immersing the gel in deionized water (ddH,0) overnight. This is
followed by immersion in PBS to induce gel shrinkage. The gel is then incubated
with streptavidin (1:500 dilution) at 37°C for 3 hours under gentle agitation.
After incubation, the sample is washed 3 times with PBS-Triton (0.2%), each
wash lasting 10 minutes. A second expansion step is performed by incubating
the gel in ddH,0 overnight. Finally, the sample is mounted and imaged

(Odenwald et al. 2023).
3.2.4.4 Expansion microscopy with cryofixation (Cryo-ExM)

For cryo-fixation, 6-mm coverslips are coated with poly-L-lysine (1:5-1:10
dilution) and incubated at room temperature for 20 minutes. In an Eppendorf
tube with perforations, a fixation solution consisting of acetone (-20°C) with
0.025% glutaraldehyde (GA) and 0.5% formaldehyde (FA) is prepared. The poly-
L-lysine solution is then removed, and samples are added to the coverslips,
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incubating at 37°C for approximately 20 minutes. The cryo-fixation setup is pre-
cooled with liquid nitrogen, and ethane gas is converted into liquid ethane
liquefied within a container cooled by liquid nitrogen. Excess liquid is removed
from the sample, and fixation is performed using tweezers equipped with a
homemade locking mechanism. The sample is then quickly immersed in liquid
ethane before being transferred sequentially to liquid nitrogen and the acetone
fixation solution, ensuring that the temperature remains low throughout the
process. Samples are incubated on dry ice overnight, followed by a controlled
temperature ramp-up to room temperature at a rate of 5°C per hour on a

shaker.

Rehydration is performed at room temperature through sequential incubations:
100% ethanol for 5 minutes, 95% ethanol twice for 5 minutes each, 75%
ethanol for 3 minutes, and 50% ethanol for 3 minutes. Samples are
subsequently stored in PBS until further use, taking care to prevent pellet

dissolution, which may occur during the 75% or 50% ethanol washes.

Coverslips are then incubated overnight at 37°C in a freshly prepared solution of
1% acrylamide (AA) and 0.7% FA in PBS (25 pL AA, 19 pL FA, and 956 ulL PBS per
1 mL solution) for crosslinking. 10% TEMED, 10% APS and MS are thawed on ice
for approximately 30 minutes before gelation. A metal block covered with
wrinkle-free parafilm is prepared as a gelation surface. To an 18-pL aliquot of
monomer solution (sufficient for two 6-mm coverslips; 35 uL for a 12-mm
coverslip), 1 uL of TEMED is added and mixed, followed by 1 pL of APS with
brief vortexing. A 9-uL droplet of monomer solution is placed onto the parafilm,
and coverslips are positioned cell-side down on the droplet. Gelation proceeds
on ice for 5 minutes, followed by sealing and incubation at 37°C for 45 minutes

to 1 hour.
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Following, coverslips with gels are transferred into pre-warmed (95°C)
denaturation buffer within a 1.5-mL tube (for 6-mm coverslips) and incubated
at 95°C for 1.5 hours. Gels are washed twice with PBS in a 6-well plate under
agitation. The PBS is then replaced with deionized water (ddH,0) and incubated
for 10 minutes, followed by a second ddH,0 incubation for 30 minutes to

complete the first round of expansion.

Gels are shrunk by washing twice with PBS for approximately 15 minutes per
wash and then transferred to a 1.5-mL Eppendorf tube and incubated with
primary antibody (at twice the standard immunofluorescence concentration) in
PBS containing 3% BSA and 0.1% Tween-20. Incubation is conducted for 3 hours
at 37°C or overnight at 4°C under agitation. The samples are then washed three
times with PBS-Tween (0.1%) (10 minutes each at room temperature with
agitation). Secondary antibody incubation follows, performed at 37°C for 2.5
hours with agitation, followed by three additional washes with PBS-Tween
(0.1%). Gels are then expanded in ddH,0O for imaging, stored in PBS, or labeled

with NHS, Hoechst, or DAPI as required (Prof. Gautam Dey’s laboratory).
3.2.5 Data analysis

For double-labeled Expansion Microscopy (ExM) section images, Fiji (Image))
was utilized to analyze fluorescence intensity and spatial distance, providing
insights into the positional relationship between the two structures.
Measurements were conducted at fifteen distinct locations per parasite,
including five points at the apical region, five at the midsection, and five at the

basal region.

For the analysis of immunogold labeling, beads localized between the PM and
the IMC, those associated with the IMC, and those within the cytosol were
counted separately. Beads localized in regions lacking structural integrity of
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Toxoplasma gondii were categorized as undefined. The distribution of beads

was then quantified accordingly.

Quantification data were plotted and visualized using Microsoft Excel. Statistical
significance was assessed using a two-tailed Student's t-test, with p-values
reported as follows: *** p < 0.001, * p < 0.05, and n.s. (not significant). All
experiments were performed in biological triplicates, with mean values derived

from three independent assays. Error bars represent the standard deviation.
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4 Results

Given that SRM overcomes the diffraction barrier inherent in traditional light
microscopy, the combination of STED and ExM has been employed to visualize
subcellular structures and dynamic processes at the nanometer scale in

Toxoplasma gondii.

These SRM approaches have been further utilized to investigate the localization
and function of the SUN-like protein TgSLP1, as well as to analyze the spatial

organization of the gliding motor complex in Toxoplasma gondii.

Results regarding TgSLP1 have been published in Wagner, Mirjam, Yuan Song,
Elena Jiménez-Ruiz, Sonja Hartle, and Markus Meissner. 2023. 'The SUN-like
protein TgSLP1 is essential for nuclear division in the apicomplexan parasite

Toxoplasma gondii', Journal of cell science, 136.
The results related to motility are currently being prepared for publication.
4.1 Establishment of expansion microscopies

To investigate the ultrastructure of proteins in Toxoplasma gondii, various ExM
protocols were applied and optimized to achieve a three to fourfold physical
expansion while preserving internal structural integrity. This was followed by
imaging using 3D-STED microscopy. In this study, various fixation methods,
primary and secondary antibodies, and reaction conditions were systematically
evaluated to determine the most effective approach for high-resolution

imaging.
4.1.1 Ultrastructure Expansion Microscopy (U-ExM)

The U-ExM protocol that was established in 2021 (Dos Santos Pacheco and

Soldati-Favre 2021a) was modified and applied, as described in section 3.2.4.1.
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To minimize protein damage, the denaturation temperature was set to 80 °C
instead of the standard 95 °C. Additionally, a 0.2% PBS-Triton solution was used
as the washing buffer, as 0.1% PBS-Tween was found to be ineffective for

immunostaining under the conditions of this study.

Following the U-ExM procedure, the gel expanded to approximately three times
its original volume (Fig. IV-1, left column). Compared to standard
immunofluorescence assay (IFA) data obtained using a Leica DMi8 widefield
microscope, the resolution was significantly enhanced when utilizing U-ExM in
conjunction with the Abberior 3D-STED microscope (Fig. IV-1, right column). To
evaluate the resolution and fluorescence intensity after U-ExM during parasite
invasion, the invasion assay and U-ExM were conducted as described in
Sections 3.2.3.3 and 3.2.4.1. A ring-shaped zone of tight attachment between
the T. gondii and host cell membranes, the tight junction, was labeled using an
anti-Ron2 antibody (Beck et al. 2014), while microtubules were stained with an
antibody against acetylated tubulin. The acetylated tubulin staining remained
stable and clearly visible following high-temperature denaturation, making it a

reliable control in subsequent U-ExM experiments.

However, despite testing various time points and incubation temperatures,
staining with dyes (such as Janelia Fluor HaloTag ligand) in the U-ExM protocol
was unsuccessful, regardless of whether pre- or post-labeling methods were

employed.
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Figure IV-1. Comparison of ultrastructure expansion microscopy (U-ExM) before and
after application.

Left column: Following U-ExM, the gel expanded to approximately three times its original
size. Right column: After U-ExM and imaging with STED microscopy, both the volume and
resolution of the parasite increased. Microtubules (Mtbs) were labeled with acetylated
tubulin (red), while the tight junction ring was labeled using an anti-Ron2 antibody
(yellow), as indicated by white arrows. Before U-ExM: Leica DMi8 widefield microscope,
100x objective. After U-ExM: 2D STED microscopy, 60x objective. Scale bar: 10 um

4.1.2 Protein-retention Expansion Microscopy

The Protein-retention Expansion Microscopy (proExM) protocol used in this
study is based on the literature published in 2017 (Halpern et al. 2017) for
Giardia, a flagellated protozoan, was applied in this study to Toxoplasma
gondii. The detailed protocol is described in section 3.2.4.2. Unlike U-ExM,
labeling in ProExM was performed prior to digestion with 6 U/mL Proteinase K
and subsequent expansion. A digestion time of either 3 hours or overnight

yielded no observable differences. Due to the prolonged reaction time, an

90



RESULTS

incubation temperature of 37 °C was sufficient. In contrast to U-ExM, dye
staining produced clear results; however, fluorescence signals from antibody
staining were inferior compared to staining with dyes (Figure 1V-14d). To
optimize antibody staining, both pre- and post-labeling approaches were
tested, along with increased antibody incubation times and reduced Proteinase
K digestion times. Despite these efforts, antibody staining remained
unsuccessful. Additionally, the expansion achieved with ProExM was not as

good as U-ExM.

4.1.3 TurbolD ExM

Formin 1 (FRM1) is a protein essential for generation of F-actin and is
associated to the ring-like structure anchored to the conoids of both maternal
and daughter cells. It is a protein expressed at low levels in Toxoplasma gondii,
making its visualization particularly challenging, especially after the reduction in
antigen density caused by physical expansion. However, for FRM1-Halo strain, a

high cytosolic signal was detected with the Halo-antibody in U-ExM.

To determine the native distribution of these proteins, we aimed to identify a
labeling method or marker that could provide a stronger signal than traditional
antibody-based detection in ExM. Given that streptavidin is able to label
multiple lysine residues on both the bait protein and nearby proteins; it has
been demonstrated to offer significant advantages for detecting low-

abundance proteins in ExM (Odenwald et al. 2023).

Thus, streptavidin labeling combined with U-ExM (short as TurbolD ExM in this
article) was applied to the Toxoplasma gondii strain ‘FRM1-TiD’ and the AKu80
DiCre Toxoplasma gondii strain as a negative control, following the protocol in

Section 3.2.4.3. To optimize the labeling conditions, different biotin incubation
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periods (0.5 h, 1 h, and 4.5 h) were tested; however, no obvious differences

were detected in the results.

The images presented in Figure V-2 were obtained using TurbolD ExM
combined with STED imaging using the Abberior 3D-STED microscope. In the
expanded view, black arrows indicate the FRM1 signal in extracellular (mother)
parasites, highlighting a distinct double-ring structure at the conoid. However,
as the FRM1 signal becomes detectable in daughter cells (red arrows), the
clarity of the double-ring structure in mother cells appears to diminish. Notably,
the FRM1 signal is stronger in daughter cells than in mother cells. Additionally,
FRM1 was observed to be distributed and accumulated in specific cytosolic

structures within both mother and daughter cells.

As a negative control, the AKu80 DiCre strain, which lacks the target protein for
TurbolD, underwent the same experimental procedures as the FRM1-TiD strain.
However, despite the absence of the target protein, a signal was still detected
throughout the parasite, with accumulation at the conoid and within the
cytosol (Figure IV-3). This high background signal in TurbolD ExM complicates
the distinction between the true FRM1 signal and nonspecific labeling, thereby

limiting the method’s applicability in Toxoplasma gondii research.
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Figure IV-2. Distribution of FRM1 using TurbolD ExM.

Confocal sections of TurbolD ExM captured with a 100x objective (Abberior 3D-STED
microscope). The FRM1-TiD strain was incubated with biotin for 1 hour and subsequently
labeled with Alexa-488-conjugated streptavidin. Mitochondrial signal was also labeled by
streptavidin in the cytosol with unfixed form. Black arrows: FRM1 signal at the mother
cells; red arrows: FRM1 signal at the daughter cells. Scale bar: 10 um.
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Figure IV-3. TurbolD ExM causes background in negative control.

Confocal sections of TurbolD ExM captured with a 100x objective (Abberior 3D-STED
microscope). The AKu80 DiCre strain was incubated with biotin for 1 hour and
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subsequently labeled with Alexa-488-conjugated streptavidin. Black arrows: FRM1 signal
at the mother cells. Scale bar: 10 pm.

4.1.4 Expansion microscopy with cryofixation

Compared to chemical fixation, cryofixation is considered the gold standard for
preserving native cellular architecture (Laporte et al. 2022). To gain a more
accurate representation of the native ultrastructure associated with gliding
motility and to enhance visualization, expansion microscopy with cryofixation
(Cryo-ExM) was explored and applied to Toxoplasma gondii. The Cryo-ExM
protocol employed in this study was developed in Prof. Gautam Dey’s
laboratory at the European Molecular Biology Laboratory (EMBL) in Heidelberg
and is detailed in Section 3.2.4.4.

N-hydroxy succinimide ester (NHS-ester) is a chemical reagent that was utilized
to label the primary amines of proteins in Toxoplasma gondii (Figure IV-4). NHS
labeling in Cryo-ExM led to extensive coverage of the expanded parasite’s

surface and enabled the visualization of vesicular structures.

94



RESULTS

Figure IV-4. NHS-ester labelling of tachyzoites using Cryo-ExM.

A maximum projection image of primary amines in Toxoplasma gondii was obtained using
Cryo-ExM, revealing proteins on the surface and vesicular structures. The experiment was
conducted by Yuan Song and Dr. Javier Periz in Prof. Gautam Dey’s laboratory at EMBL.
Images were captured by Dr. Javier Periz using an Abberior 3D-STED microscope (100x
objective, confocal) with NHS-ester Alexa-647 labeling. Scale bar: 10 um.

In summary, Section 4.1 presents the testing and optimization of various ExM
techniques and labeling methods. In the subsequent sections, these
methodologies were applied to investigate two biological questions: the
distribution of SLP1 during nucleus dividing process and the mechanisms of

gliding motility in T. gondii.

4.2 The nuclear division in Toxoplasma gondii relies on TgSLP1

As a linker between the nucleoskeleton and cytoskeleton, the LINC complex is
crucial for linking nuclear and cytoplasmic functions by bridging the nuclear

membranes and anchoring the cytoskeleton to the nucleus (Haque et al. 2006).
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In opisthokonts, the LINC complex consist of SUN domain proteins and KASH

domain proteins (Tapley and Starr 2013).
4.2.1 Previously completed work by Mirjam Wagner

As the foundation of this study, my colleague Mirjam Wagner identified TgSLP1
(SUN-like protein 1) and TgSLP2 (SUN-like protein 2), both containing a SUN
domain, along with a hypothetical protein possessing an UNC-50 domain in the
Toxoplasma gondii genome as strong potential members of an apicomplexan
LINC complex. Her findings suggest that TgSLP1 is a critical protein essential for
mitosis and potentially associated with the centrocone (Wagner et al. 2023)

(described in Section 1.2.6.1).

However, the images obtained using the Leica DMi8 widefield microscope lack
the necessary resolution to make definitive conclusions regarding its precise

localization and function (Figure IV-5).

ag-centrin1 3S Merge

notinduced
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-

Figure IV-5. IFA results of the T. gondii with or without TgSLP1 captured by Mirjam
Wagner.
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IFA images captured by Mirjam Wagner using Leica. Scale bars: 5 um (Wagner et al. 2023).
© 2023 Wagner et al. CC BY 4.0 license.

Thus, super resolution microscopy was applied to analyze the localization and
relationships between TgSLP1 and other components of centrocone in the

following sections.
4.2.2 Localization of TgSLP1 during the division

To characterize TgSLP1, this study used a ‘RH-Aku80-DiCre-LoxP-TgSLP1-sYFP2-
LoxP’ Toxoplasma gondii strain generated by Mirjam Wagner (Wagner et al.
2023; Wagner 2023). The TgSLP1 was labeled with a fluorescent protein sYFP2,

and a LoxP site, enabling locus excision upon rapamycin induction.

Given that TgSLP1 appears to divide following the division of the outer core, as
indicated by its colocalization with the outer core marker centrinl (Wagner et
al. 2023); investigating its relationship with specific cellular components in
different phases of tachyzoite development is crucial for understanding its
localization and function. To assess the subcellular localization of TgSLP1 in
relation to the inner core centrosome, kinetochore, and centromeres, the
proteins Cep250_L1 (Suvorova et al. 2015), Nuf2 (Farrell and Gubbels 2014) and
Chromol (Gissot et al. 2012) were endogenously labeled with a 3xHA tag at the
C-terminal end using CRISPR/Cas9 (Stortz et al. 2019), as detailed in section 3.2.
Despite multiple transfection attempts, we failed to establish a Toxoplasma
gondii strain with endogenously 3xHA-tagged MORNL1. Transient transfection
of parasites expressing fluorescently tagged MORN1 resulted in overexpression
phenotypes, complicating the distinction between the effects of TgSLP1

knockout and the phenotypic consequences of MORN1 overexpression.
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For ‘TgSLP1-sYFP2-Cep250_L1-3xHA’, ‘TgSLP1-sYFP2-Nuf2-3xHA’ and ‘TgSLP1-
sYFP2-Chromo1-3xHA’ Toxoplasma gondii strains, correct addtion of the tags

was proved by PCR (part pf data shown in Figure IV-6 as an example).

Cep250_L1 (247bp)
L 1 23 4567 8 -

Figure IV-6. PCR result of ‘TgSLP1-sYFP2-Cep250_L1-3xHA’ Toxoplasma gondii strains.

No.1 and no.8 were positive strains. L: DNA Ladder 250bp (Sigma). -: negative control.

U-ExM was employed to investigate the localization of TgSLP1, microtubules
(Mtbs), and Cep250_L1 using tri-labeling, yielding high-resolution images with a
substantial expansion factor (Figure IV-7). The localization of Cep250_L1 was
observed in proximity to the mitotic spindle (Figure IV-7, merged channel).
However, the TgSLP1 signal was either undetectable or nonspecific. Some
TgSLP1 signals appeared as background fluorescence overlapping with the red

channel (Figure IV-7b).

This result also highlights the limitations of U-ExM, as discussed in Section 4.1.1.
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Figure IV-7. Tri labeling of TgSLP1, Mtbs and Cep250_L1 using U-ExM.

Representative images illustrate the distribution of SUN-like protein 1 (TgSLP1),
microtubules (Mtbs), and Cep250_L1 in Toxoplasma gondii. TgSLP1 was tagged with sYFP
(green), Mtbs were labeled with an acetylated tubulin antibody (magenta), and
Cep250_L1 was labeled with an HA antibody (yellow). (a) The TgSLP1 signal was not
detected. (b) The specific signal of TgSLP1 was not observed, while Cep250_L1 appeared
to be closely associated with the mitotic spindle. Maximum projection images were
acquired using confocal microscopy with a 100x objective. Scale bar: 10 pum.

Consequently, localization analysis was conducted exclusively using STED super-
resolution microscopy to elucidate the spatial relationships between TgSLP1
and key cellular structures, including the centrosome, kinetochore, and
centromeres, across stages of the cell cycle (Figure 1V-8). The resolution of STED

is sufficient for the localization analysis.

At the beginning of S-phase, a single centrosome and a single TgSLP1 signal
were detected. In late S-phase, Cep250_L1 underwent division, whereas TgSLP1
remained undivided. During the transition from late S-phase to the early M-
phase, TgSLP1 divided and exhibited a close connection with the centrosome
(Fig. IV-8a, left column). Although TgSLP1 remained connected to centrosome,
its division occurred a little later than that of the inner core of the centrosome.
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As shown in the middle column of Fig. IV-8a, in early S-phase, Nuf2 colocalized
with TgSLP1 as a single signal, similar to Cep250_L1. However, in late S-phase
stage, both proteins duplicated and divided simultaneously. In M-phase, Nuf2

and TgSLP1 remained colocalized during the budding process.

TgSLP1 was also associated with Chromo1, a centromere marker. Unlike
Cep250_L1, Nuf2, and TgSLP1, Chromo1l remained undivided until M-phase
(Figure IV-8a, right column), making it the last component in this study to

undergo division.

Earlier researches characterized structural dynamics of the apicomplexan
centrosome throughout mitotic progression, demonstrating that the outer core
separates first, followed by the inner core, and subsequently the centromeres
(Suvorova et al. 2015; Tomasina et al. 2022). Collectively, these data indicate
that the duplication and division of TgSLP1 occur simultaneously with the
kinetochore (Nuf2) and are associated with the centrosome, including both the
outer core (Centrinl) and inner core (Cep250_L1). This process may contribute
to the division of centromeres, as marked by Chromo1, as illustrated in Figure

IV-8b.
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Figure IV-8. TgSLP1 is found at the kinetochore and appears to connect the centromeres
to the nuclear menbrane during cell division.

(a) 3D-STED SRM of parasite nuclei that are in different cell cycle stages expressing
TgSLP1-sYFP2 and Cep250_L1-3xHA (inner core centrosome), Nuf2-3xHA (kinetochore) or
Chromo1-3xHA (centromeres). TgSLP1 was labeled with GFP antibody; Cep250_L1, Nuf2
and Chromo1HA were labeled with HA antibody; nuclei were stained with Hoechst
33342. Scale bars: 1 um. (b) Schematic diagram of the Toxoplasma gondii centrosome
(outer core: centrinl, yellow; inner core: Cep250_L1, purple), kinetochore (Nuf2, red) and
centromeres (Chromo1, orange) in regard to TgSLP1 (green) in different stages of the cell
cycle.
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4.2.3 Knockout of TgSLP1 results in compromised centromere integrity

Previous Studies in other eukaryotes have shown that the LINC complex,
particularly SUN proteins, is necessary for kinetochore assembling (Yadav and
Sanyal 2018). To investigate the function and role of TgSLP1 in division cycle of
Toxoplasma gondii, the knockout assay was performed under induction for 48h.

A non-induced control was included for the same time points.

To gain a further understanding of centrosome morphology, we also applied
STED to visualize the T. gondii engineered to express epitope-tagged
Cep250_L1, Nuf2, and Chromol, cultured under rapamycin-treated and
untreated conditions. Phenotypic data of Toxoplasma gondii vacuoles was

obtained with IFA (Figure I1V-9a).

For untreated tachyzoites, all the components mentioned above are closely
associated (Figure 1V-9a). The results of Centrinl and Cep250_L1 analysis
revealed that the outer and inner cores of the centrosome remained connected
in some instances, suggesting that their interaction may not be affected by the
loss of TgSLP1. However, the intensity of Centrinl appeared abnormal, with
noise signal detected (Figure 1V-9a, left column, KO). In the absence of TgSLP1,
incorrect localization and division of the kinetochore and centromeres (Nuf2
and Chromo1) were observed, resulting in their clustering and random
distribution within the nucleus (Figure IV-9a, middle and right columns, KO).
These findings indicate that TgSLP1 may play a role in linking the centrosome to

the kinetochore and centromeres (Figure 1V-9b).
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Figure IV-9. The conditional knockout of TgSLP1 results in unsuccessful nuclear division.

(a) 3D-STED super-resolution microscopy of parasite nuclei expressing Cep250_L1-3xHA,
Nuf2-3xHA or Chromo1-3xHA in TgSLP1 and TgSLP1-cKO parasites. TgSLP1 was labeled
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with GFP antibody; Cep250_L1, Nuf2 and Chromo1HA were labeled with HA antibody;
centrinl was visualized with centrinl antibody and the nuclei were stained with Hoechst
33342. Scale bars: 1 um. (b) Schematic representation of centrosome (outer core:
centrinl, yellow; inner core: Cep250_L1, purple), kinetochore (Nuf2, red) and
centromeres (Chromo1, orange) in TgSLP1-cKO parasites.

The Toxoplasma gondii vacuoles displaying normal and abnormal Centrinl
signals were quantified under conditions with and without rapamycin
induction. Quantification analysis was conducted using Microsoft Excel (Figure
IV-10). In non-induced parasites, more than 92% of vacuoles exhibited normal
Centrinl signal intensity and localization. In contrast, following 48 hours of
rapamycin induction, fewer than 5% of vacuoles retained normal Centrinl

localization.

100

vacuoles [%]
3

non-induced induced

M centrinl abnormal M centrinl normal

Figure IV-10. Measurement of vacuoles with both normal and abnormal centrinl
signals.

A total of 100 PV were counted under both under rapamycin-treated and untreated
conditions. The experiment was performed in three biological replicates. Error bars
represent the standard deviation (s.d.). ***P < 0.001.
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4.3 Super resolution to analyze the machinery for gliding and invasion

in Toxoplasma gondii

As described in Section 1.2.5, Toxoplasma gondii relies on gliding motility for
survival. The prevailing linear model describes a tiny space between the PM and
IMC. This space is maintained by GAPs and contains essential motor
components, including MyoA, F-actin, GAPs, and GAC proteins. During motility,
proteins expressed from apical complex organelles engage with the actin-
guided motor complex then undergoes translocation, generating a propulsive
force that drives the parasite in the inverse orientation (Frenal et al. 2017;
Venugopal and Marion 2018; Dos Santos Pacheco et al. 2022; Graindorge et al.
2016; Tardieux and Baum 2016).

However, certain data obtained from different time points and various
techniques do not fully align with this model, suggesting that the linear model
may not be the sole or entirely accurate mechanism of motor complexin T.
gondii (Egarter et al. 2014; Periz et al. 2017; Yasuda et al. 1988; Periz et al.
2019).

Due to the challenges associated with imaging apicomplexan actin and the
resolution limitations of standard light microscopy techniques, which are
insufficient to resolve the 30-nm axial space, the linear motor components have

not been directly visualized (Halpern et al. 2017)

4.3.1 F-actin is distributed throughout the cytosol of

Toxoplasma gondii

Actin, as the most critical structural component of gliding motility, is believed
to orchestrate the coordination of all other motor elements to facilitate cellular

migration. A Toxoplasma gondii strain in which the actin chromobody (Cb) is
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fused to Emerald GFP was used to analyze the localization of F-actin (Shaner,
Patterson, and Davidson 2007). This construct was specifically designed to bind
to parasite F-actin without altering the overall quantity of F-actin (Periz et al.
2017). Building upon this cell line, additional structures were subsequently
tagged using CRISPR/Cas9 technology to enable colocalization analysis. In the
present study, the ‘CbEmerald-MyoA-SNAP’ strain was dual-labeled to
investigate the spatial distribution of F-actin and Myosin A, thereby facilitating

the precise localization of motor complexes (Periz et al. 2019).

The U-ExM data revealed that MyoA is distributed across the entire parasite
surface, except at the posterior end. F-actin was observed beneath MyoA
within the cytosol of tachyzoites during migration and invasion. Actin filaments
accumulated at the posterior pole of the tachyzoite, forming a distinct ring
structure (Figure IV-11a, indicated by arrows). Additionally, actin filaments
were released from the basal end of the tachyzoite to the external environment
(Figure IV-11b, indicated by arrows). During parasite replication, F-actin forms a
circular formation at the conoid of a daughter cell and appears to be
distributed along the basal surface of the daughter cell (Figure IV-11c, indicated

by arrows).
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Figure IV-11. Dual Labeling of F-Actin and MyoA in Toxoplasma gondii Using U-ExM.

Representative maximum projection images obtained via U-ExM illustrate the
distribution of MyoA-SNAP (labeled with SNAP antibody, shown in green) and F-actin
(labeled with CbEmerald GFP, shown in cyan) in tachyzoites during migration and
invasion. (a) F-actin (indicated by arrows) form an annular structure at the posterior part
of the tachyzoite. (b) F-actin (indicated by arrows) extend outward from the basal
aperture of the tachyzoite. (c) F-actin (indicated by arrows) form a ring at the conoid and
the surface of a daughter cell. Images were acquired using STED microscopy with a 60x
objective. Scale bar: 2 um.

To analyze the relationship between F-actin and MyoA, a quantification was
conducted as described in Section 3.2.5. Fluorescence intensity and spatial
distribution measurements were obtained from fifteen distinct locations per

parasite—five at the apical region, five at the midsection, and five at the basal
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region—to provide a comprehensive representation of their localization. Figure
IV-12 presents one representative example of these measurements, indicating
that actin exhibits relatively low fluorescence intensity and is positioned

beneath MyoA.

F-actin

Figure IV-12. Analysis of positional relationship between F-actin and Myosin A.

For ‘CbEmerald-MyoA-SNAP’ U-ExM section, Fiji (Imagel) was utilized to analyze
fluorescence intensity and spatial distance at a certain location (yellow line). Green:
MyoA,; cyan: actin-CbEmerald GFP. Scale bar: 10 um.

For each parasite, fifteen measurements were taken at distinct locations,
including five points at the apical region, five at the midsection, and five at the
basal region. The quantitative data were analyzed using mathematical
calculations and subsequently plotted using Microsoft Excel (Figure IV-13).

Distanceyein
Distanceyyoa

dlStanceActin Fluorescence signal last appears ~— dlStanceAcrin Fluorescence signal first appears

d"StanceMyaA Fluorescence signal last appears dlStanceMyﬂA Fluorescence signal first appears
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Figure IV-13. Quantification of the spatial correlation between F-Actin and MyoA.

The spatial relationship between F-Actin and MyoA was quantified by calculating the ratio
of distanceactin to distancemyoa. This analysis was conducted using data obtained from
eight parasites (measurements 12, 13, 17, 18, 19, 5, 21, and 8) and plotted using
Microsoft Excel. The experiments were performed in independent biological triplicates to
ensure reproducibility and statistical robustness. dis = distance. Series: fluorescence
intensity and spatial distribution measurements at fifteen distinct locations for one
parasite.

Quantification of the relative positioning between F-Actin and MyoA (Figure IV-
13) demonstrates that the majority of the ratios of distanceactin to distancemyoa
are less than one. This observation indicates that nearly all fluorescence signals
corresponding to Actin in these replicates were localized on the cytosolic side
relative to the fluorescence signals of MyoA. The occasional ratios exceeding

one may correspond to released Actin, as depicted in Figure IV-11b.

Despite extensive efforts, we have been unable to conclusively determine

whether F-actin localizes at the PM-IMC space or not of Toxoplasma gondii.
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4.3.2 Myosin A is situated on the exterior of inner membrane complex 1

and the subpellicular microtubules.

To investigate the colocalization of MyoA and subpellicular microtubules
(Mtbs), U-ExM was performed on gliding and invading parasites (Figure IV-14a
and IV-14b, respectively). MyoA was labeled using a SNAP (green) antibody,
while Mtbs were labeled with an acetylated tubulin antibody (magenta). Figure
IV-14a depicts a protruding tachyzoite, in which tubulin polymers fibers are
clearly visualized. In contrast, Figure IV-14b captures an invading, non-
protruding parasite with a distinct TJ. MyoA appears to be distributed in a non-
uniform manner, accumulating near the apical polar ring in the protruding
parasite (Figure IV-14a, expanded view). Additionally, a fluorescence
accumulation of MyoA is observed at the tight junction region (Figure 1V-14b,

expanded view).

According to the linear model, MyoA is localized between the PM and IMC in
Toxoplasma gondii. To investigate its precise localization, an antibody against
the surface protein SAG1 was used to label the PM. However, in U-ExM, SAG1
exhibited non-specific labeling (data not shown), necessitating the use of
ProExM without permeabilization (Figure IV-14c). In invading parasites, MyoA-
YFP was not labeled, while SAG1-Halo was stained using Janelia Fluor HaloTag
ligand 646. As expected, the region of the tachyzoites that inside the host cell
remained unstained due to the absence of Triton 100 treatment. MyoA-YFP
was detected covering the parasite surface, though some areas appeared
deformed. This deformation may be attributed to ProExM processing, despite

its relatively mild effects compared to U-ExM.

Due to limitations in antibody compatibility, a triple-labeling experiment for

MyoA, IMC1, and microtubules (Mtbs) was conducted using ProExM. Janelia
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Fluor HaloTag dye was used to label IMC1-Halo, while SNAP and acetylated
tubulin antibodies derived from rabbit and mouse were employed to label
MyoA and Mtbs, respectively to avoid the antibody influence from same or

close species (Figure 1V-14d).
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Figure IV-14. Locolization analysis of MyoA using U-ExM and proExM

Representative maximum projection images from U-ExM and proExM experiments
illustrate the distribution of MyoA-SNAP (labeled with SNAP antibody, shown in green)
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and acetylated tubulin antibody (magenta). (a) A parasite labeled with MyoA-SNAP and
acetylated tubulin antibodies is displayed in single and merged channels. The images
reveal the accumulation of MyoA-SNAP below the conoid, with no detectable distribution
at the conoid itself. (b) An invading parasite labeled with MyoA-SNAP and acetylated
tubulin antibodies is shown in single and merged channels. The images demonstrate the
accumulation of MyoA-SNAP at the tight junction and its distribution above the
subpellicular microtubules (Mtbs). (c) The distribution of MyoA-YFP and SAG1-halo (blue)
during invasion is depicted under proExM conditions, showing that the invaded surface of
tachyzoites remained unstained with halo antibody without permeablization. SAG1 was
labeled with halo antibody; MyoA was labeled with GFP antibody. (d) A tri-labeled single
parasite is presented, showing MyoA-SNAP (with SNAP antibody), IMC1-halo dye (blue),
and acetylated tubulin antibody in single and merged channels. Images were acquired
using STED microscopy ((a) and (b), MyoA), or confocal microscopy, with a 60x objective.
Scale bar: 2 um.

However, the antibody signals obtained with ProExM were weaker compared to
those observed in U-ExM, and the expansion factor was also lower. The
reduced expansion multiple was insufficient for accurately analyzing the

colocalization of MyoA with either the PM or the IMC.

To further analyze the colocalization of MyoA and IMC1 while avoiding issues
arising from antibodies derived from similar or identical species, an anti-IMC1
antibody was used for direct labeling. Utilizing U-ExM combined with STED
microscopy, the resolution achieved was sufficient to distinguish these two

structures (Figure IV-15), demonstrating that Myosin A is localized above IMC1.
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Figure IV-15. Localization analysis of MyoA and IMC1 using U-ExM.

A representative sectional image from U-ExM experiments illustrates the distribution of
MyoA-SNAP (labeled with SNAP antibody, shown in green) and IMC1 antibody (magenta).
Image obtained using STED microscopy with 100x obj. Scale bar: 10 um.

To analyze the positional relationship of MyoA and IMC1, the analysis was
conducted using mathematical calculations, and the results were subsequently
plotted using Microsoft Excel (Figure 1V-16). The methodology was consistent
with the quantification approach used for Actin and MyoA, as detailed in
Sections 3.2.5 and 4.3.1. The analysis revealed that the majority of the ratios of
distanceiuci to distancemyon Were less than one, further confirming that IMC1
localizes beneath MyoA. The occasional ratios exceeding one may arise from
background interference caused by poly-L-lysine or may represent a genuine
signal of MyoA, suggesting the presence of an additional population of MyoA

within the cytosol.

IMC1/MyoA
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Figure IV-16. Quantification of the spatial relationship between IMC1 and MyoA.

The spatial relationship between IMC1 and MyoA was quantified by calculating the ratio
of distanceimc: to distancewmyoa. This analysis was conducted using data obtained from nine
parasites (measurements 1 to 9) and plotted using Microsoft Excel. The assays were
repeated for three times independently to ensure reproducibility and statistical
robustness. dis = distance. Series: fluorescence intensity and spatial distribution
measurements at fifteen distinct locations for one parasite.
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It is important to note that the morphology of IMC1 and MyoA appears slightly
different from what is observed under immunofluorescence assay (IFA) and live
imaging. This discrepancy may be attributed to the series of treatments
involved in expansion microscopy (ExM), such as denaturation or expansion
processes. Nevertheless, the primary objective of determining the positional
relationship between the two proteins has been successfully achieved, and the

results of the colocalization analysis remain reliable.

Based on the finding that MyoA localizes above IMC1 and the Mtbs, further
colocalization analysis of IMC1 and Mtbs was conducted on both gliding and
invading parasites using U-ExM (Figure IV-17). The results revealed that Mtbs
localize beneath IMC1 (Figure IV-17a, expanded view 1, indicated by the yellow
arrow). In gliding parasites, IMC1 was observed to distribute along the
parasite’s surface, with the exception of the posterior hole (Figure IV-17,
expanded views 2). Figure IV-17b demonstrates that Mtbs localize below IMC1
at the tight junction (indicated by the yellow arrow). The orthogonal views
further corroborate the colocalization results, and the structure of tubulin
polymers fibers is clearly depicted in both protruded (Figure IV-17a, expanded

views 3) and non-protruded parasites (Figure IV-17b, expanded view).
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Figure IV-17. Localization analysis of IMC1 and Mtbs using U-ExM.

Representative images illustrate the distribution of inner membrane complex 1 (IMC1)
and microtubules (Mtbs) in tachyzoites during migration and invasion. (a) Extracellular
parasites labeled with IMC1-halo antibody (blue) and acetylated tubulin antibody
(magenta) is displayed in single and merged channels. (b) An invaded parasite labeled
with IMC1-halo antibody (blue) and acetylated tubulin antibody (magenta) is shown in
single and merged channels. Image obtained using STED microscopy with 60x obj. Scale
bar: 2 um.

4.3.3 EM imaging indicates the existence of two

populations of MyoA

The localization quantification revealed that the majority of MyoA localizes
above IMC1, while a subset localizes below, suggesting the potential existence
of an additional population of MyoA on the cytosolic side (Figure 1V-16). To

investigate this possibility, the MyoA-SNAP cell line was fixed using 4%
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paraformaldehyde and 0.1% glutaraldehyde and subsequently sent to Prof.
Katherina Psathaki’s laboratory for immunogold-labeling electron microscopy
(EM) analysis. In this study, the maximum distance between the epitope and the
gold particle should not exceed 20 nm when using a standard primary antibody.
This distance is influenced by the size of the primary antibody used. For
labeling, 10-nm electron-dense protein-A (PA)/gold particles (PAG) against
rabbit was employed for binding to the Fc-subunit of the primary antibody in a
1:1 ratio labeling specifically transmission electron microscopy (TEM).
Immunogold-labeling EM is a highly effective technique for achieving precise
mapping of antigens at the subcellular scale. (Slot and Geuze 2007; Tokuyasu

1973; Tokuyasu 1980).

Figure IV-18 is presented as an example, suggesting MyoA distributed in the
cytosol, associated with IMC (yellow arrows), or between PM and IMC (magenta

arrows).

Figure IV-18. Distribution analysis of MyoA using immunogold-labeling EM.
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The yellow arrows indicate MyoA associated with IMC1 or localized within the cytosol,
while the magenta arrows highlight populations of MyoA localized between the PM and
IMC in the immunogold-labeling EM data. Images developed by Prof. Katherina Psathaki’s
laboratory.

For the immunogold-labeling EM data, labeled MyoA beads were counted and
categorized into four groups: (A) located between PM IMC, (B) associated with
the IMC, (C) undefined due to a lack of structural integrity in Toxoplasma gondii,
and (D) present within the cytosol (Table IV-1). Based on these classifications,

guantitative analysis was conducted using Microsoft Excel (Figure IV-19).

Table IV-1. Classification of labeled MyoA beads.

replications beads FOV A.PM-IMC  B. IMC associated C. notdefine  D. cytosolic

1 25 1 4 2 18
2 154 15 14 32 93
3 275 29 31 27 188

*Immunogold-labeling EM for MyoA were performed in biological triplicates.

Distribution of MyoA

REPLICATION 1 REPLICATION 2 REPLICATION 3

A. PM-IMC B. IMC associated C. not define D. cytosolic

Figure IV-19. Quantification of MyoA distribution using immunogold-labeling EM.

Quantification data were analyzed and visualized using Microsoft Excel. (A) MyoA beads
located between PM and IMC (blue). (B) MyoA beads associated with the IMC (orange).
(C) MyoA beads undefined (grey). (D) MyoA beads present within the cytosol of parasites.
R: replication.
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1gG-gold complexes generate a higher number of gold particles but exhibit
lower precision. This is due to the frequent combination with two or more gold
particles to the primary antibody, which increases the distance between the
gold marker and the target epitope. Immunogold-labeling EM revealed a limited
number of labeled MyoA particles, with even fewer observed between the PM
and the IMC. This may be attributed to the low binding efficiency of protein A-
gold (PAG). However, populations of MyoA associated with IMC1 or located

beneath the IMC were detected.

4.3.4 EM reveals the distribution of MyoA in association
with GAP45

Another key component of the motor complex is GAP45, which functions to
connect and maintain the space between PM and IMC while also associating

with MyoA. To determine its localization, U-ExM was performed.

The shooting angle of Figure IV-20a clearly depicts the tubulin polymer fibers at
the conoid, as well as the 22 subpellicular microtubules extending from the
conoid. However, a significant gap is observed between GAP45 and the
microtubules (section z7; indicated by the yellow and white arrows,
respectively), a feature that was not visualized in the immunofluorescence
assay (IFA). This observation suggests that GAP45 may have lost its connection
to the IMC, likely due to the denaturation process involved in U-ExM, which
includes high-temperature (80°C) treatment and sodium dodecyl sulfate (SDS)

exposure.

In the absence of a connection to the IMC, GAP45 adopts an expanded
morphology at the tight junction, possibly due to the mechanical forces exerted
during invasion (Figure 1V-20b, yellow arrows). However, certain regions retain

their connections; for instance, the expanded view reveals an association
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between GAP45 and the microtubules, suggesting that GAP45 is localized above

the microtubules. These findings are align with the linear model.

The apparent artifacts observed in GAP4S5 localization highlight the importance

of conducting IFA controls in parallel with ExM to ensure accurate

interpretation of structural relationships.

Section z7

Figure IV-20. Localization analysis of GAP45 and Mtbs using U-ExM.

Representative images showing distribution of glidesome associated protein 45 (GAP45)
and microtubles (Mtbs) in tachyzoites during gliding and invasion. (a) U-ExM Max
projection and section z7 of gliding parasite with GAP45 antibody (yellow; indicated by
the yellow arrow) and acetylated tubulin antibody (magenta; indicated by the white
arrow) in single channel and merge channels, respectively. (b) U-ExM Max projection of
invading parasite with GAP45 antibody (yellow; indicated by yellow arrows) and
acetylated tubulin antibody (magenta) in single channel and merge channels,
respectively. Image obtained using STED microscopy with 60x obj. Scale bar: 2 um.
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4.3.5 GAC is an active protein found in both the conoid

and the cytosol.

Although GAC (Glideosome-Associated Connector) has not been described as
localized in close proximity to most motor components, it function as a critical
factor in the motility of Toxoplasma gondii. GAC facilitates motility by
interacting with and connecting microneme protein-2 (MIC2) to the actomyosin
system. Additionally, GAC binds to actin, stabilizing and translocating actin
filaments, thereby contributing to the parasite's gliding movement. It has been
previously identified to situated at the conoid, and its proper positioning is
dependent on AKMT (apical lysine methyltransferase) (Lamarque et al. 2014;
Jacot et al. 2016; Tosetti et al. 2019).

However, fluorescence recovery after photobleaching (FRAP) assay data
generated in our laboratory (not shown here) revealed that the fluorescence
signal of GAC exhibited rapid recovery following photobleaching, suggesting

that GAC is a highly dynamic protein.

Consequently, expansion microscopy was applied to the Toxoplasma gondii
strain ‘GAC-YFP’. Despite multiple attempts, GAC signals remained
undetectable using U-ExM. Therefore, proExM was utilized to analyze the
distribution of GAC. Single-channel imaging revealed that GAC was localized not
only at the conoid but also accumulated at the basal part of the tachyzoite
(Figure IV-21, top left panel; white arrow) and within the cytosol. Notably, no
GAC accumulation was observed at the tight junction of invading parasites

(Figure IV-21, top right panel).
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Figure IV-21. Localization Analysis of GAC Using ProExM.

Top Panel: Representative images illustrating the distribution of GAC during gliding and
invasion. No antibodies or dyes were used for visualization of strain GAC-YFP. Bottom
Panel: Representative image depicting the colocalization of GAC and GAP45 in
tachyzoites. GAP45 was labeled with an antibody (blue), while GAC was visualized
without the use of antibodies or dyes (yellow). Section was acquired using confocal
microscopy with a 100x objective. Scale bar: 2 um.

For further localization analysis, proExM was employed to examine the
colocalization of GAC and GAP4S5 (Figure 1V-21, bottom panel). GAP45 was

labeled using a specific antibody, whereas no antibody or dye was used to stain
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GAC-YFP. The expanded view indicates that GAC is localized beneath GAP45
(orange arrow) and exhibits a filament-like structure (red arrow) at the conoid

within the cytosol of the parasite.

The filament-like structure observed at the conoid suggested a potential
association between GAC and the subpellicular microtubules (Mtbs) extending
from the conoid. To investigate this possibility, acetylated tubulin antibody was
used for colocalization analysis of Mtbs and GAC in proExM (Figure IV-23). In
this analysis, GAC again exhibited a filament-like structure. Despite the weak
signal of Mtbs, some associations between GAC (white arrows) and Mtbs (blue
arrows) were observed in the expanded views. However, as an antibody-based
marker, the signal of acetylated tubulin was difficult to detect in proExM,

despite its stability in U-ExM.

Expanded view

GAC Mtbs .
-

Figure IV-22. Localization analysis of GAC and Mtbs using proExM.

Representative image illustrating the colocalization of GAC and microtubules (Mtbs) in
tachyzoites. Microtubules were labeled with an acetylated tubulin antibody (magenta),
while GAC was visualized without the use of antibodies or dyes (yellow). GAC exhibited a
filament-like structure at the apical part and associated to Mtbs at some sites. Images
were acquired using confocal microscopy with a 100x objective. Scale bar: 2 um.

To optimize the labeling of Mtbs and GAC-YFP, both B-tubulin and acetylated

tubulin antibodies were used simultaneously to enhance the fluorescence
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intensity of Mtbs. Additionally, a nanobody against GFP that recognize YFP in
the GAC-YFP strain was employed to improve signal detection. The results of
the double-labeling experiment (Figure 1V-23, top panel) and labeling with only
the GAC-YFP nanobody (Figure IV-23, bottom panel) are presented. With the
enhanced fluorescence signal, finer structural details became visible. Notably,
GAC appeared to form a double-ring structure at the conoid, which may
correspond to the PCRs and the APR. Additionally, a signal was detected
between the two rings (Figure IV-23, bottom panel), which may be associated
with the intra-conoidal microtubules. Furthermore, GAC was distributed
throughout the cytosolic region of the tachyzoites and exhibited accumulation
at the posterior pole and specific regions within the parasite, as indicated by

the white and black arrows.

However, due to limitations in antibody signal strength and the expansion
factor, the precise association between Mtbs and GAC remains uncertain and

requires further investigation.
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Figure IV-23. Localization analysis of GAC using proExM.
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Top panel: Representative images illustrating the colocalization of GAC and microtubules
(Mtbs) in a gliding parasite, displayed in single and merged channels. A nanobody was
utilized to label GAC-YFP, while beta-tubulin and acetylated tubulin antibodies were
employed to label Mtbs. Bottom panel: Representative image depicting the localization
of GAC in tachyzoites. A nanobody was used to label GAC-YFP. Images were captured
with a confocal microscope with a 100x objective. Scale bar: 2 um.

4.3.6 FRM1 and MyoH are potential dynamic components of the conoid

Formin 1 (FRM1) has been reported to produce F-actin, playing a role in
initiating and maintaining motility during gliding and invasion. It is also tightly
anchored to the conoid of both maternal and daughter cells (Stortz et al. 2019;

Pruyne et al. 2002).

To investigate the localization of FRM1, immunofluorescence assay (IFA) was
performed using tri-labeling of FRM1-Halo antibody, acetylated tubulin
antibody, and CbEmerald in gliding parasites. The results indicate that FRM1
localizes at the conoid and is also distributed within the cytosol of the parasite
(Figure IV-24). Furthermore, FRM1 was found to accumulate in specific
cytosolic regions where microtubules (Mtbs) are localized (Figure IV-24;
magenta and yellow arrows) and where actin accumulates (Figure IV-24; black

arrows).

FRM1 Mtbs F-actin
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Figure IV-24. Localization analysis of FRM1 using IFA.

Representative images illustrating the colocalization of FRM1 (yellow), Mtbs (magenta)

and Actin (cyan) in a gliding parasite, displayed in single and merged channels. Halo and
acetylated tubulin antibodies were used for labeling. Images were captured with a STED
microscopy using a 100x objective. Scale bar: 2 um.

To obtain a more detailed visualization, U-ExM was applied to the FRM1-Halo
strain. As a stable control in this method, conoidal fibers (Figure 1V-25,
expanded view 1, magenta arrow) and subpellicular microtubules were clearly
observed. The results indicate that FRM1 forms a ring structure at the
preconoidal ring localization (Figure IV-25, expanded view 1, yellow arrow).
Additionally, FRM1 is distributed throughout the cytosol and appears to be
connected to microtubules on the exterior (Figure IV-25, expanded view 2,
yellow arrows). The cytosolic signal of the Halo antibody was not detected in
either the control strain lacking the Halo tag or the FRM1 KO strain in both IFA

and U-ExM. (data not shown).
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Expanded view

FRM1 Mtbs

Figure IV-25. Localization analysis of FRM1 and Mtbs using U-ExM.

U-ExM Max projection showing distribution of FRM1 with Halo antibody (yellow;
indicated by yellow arrows) and Mtbs with acetylated tubulin antibody (magenta;
indicated by the magenta arrow) in tachyzoites in single channel and merge channels,
respectively. 2D STED x60 obj. Scale bar: 2 um.

However, the cytosolic distribution of FRM1 observed in both IFA and U-ExM
had not been previously detected in IFA experiments using the FRM1-Halo
strain labeled with Janelia Fluor HaloTag ligand. To further validate these
findings, the FRM1-HA strain was labeled with HA antibody and analyzed using
U-ExM. The results confirmed that FRM1 is localized at the preconoidal ring
region of the maternal cell and at the conoid of daughter cells (Figure IV-26, left
panel). Additionally, FRM1 signals were detected in the cytosol and along the
microtubules (Figure 1V-26, right panel, white arrows); however, the signal was
significantly less compared to that observed in samples labeled with the Halo

antibody.

Since the Halo antibody specifically detects Halo-tagged proteins with high
expression levels, such as IMC1-Halo and MyoH-Halo, it remains unclear
whether the cytosolic signal observed with the Halo antibody represents true

FRM1 localization or is merely background noise. Alternatively, the sporadic
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FRM1 signals that detected in the cytosol using the HA antibody and Janelia
Fluor Halo Tag ligand may according to low protein expression. Therefore, the

question of whether FRM1 is distributed in the cytosol or associated with

microtubules remains unresolved and requires further investigation.

Figure IV-26. Localization analysis of FRM1 and Mtbs using U-ExM.

U-ExM Max projection showing distribution of FRM1 with HA antibody (yellow; indicated
by white arrows) and Mtbs with acetylated tubulin antibody in tachyzoites in merge
channels, respectively. 2D STED x100 obj. Scale bar: 10 um.

Similar to FRM1, MyoH was describled localized at the conoid and plays an
important role in T. gondii motility. For instance, Myosin H (MyoH) translocates
polymerized F-actin from preconoidal rings to the apical polar ring, facilitating
conoid protrusion. It also collaborates with MyoA to drive F-actin translocation
along the pellicle, enabling actin accumulation at the basal pole and generating
the propulsive force necessary for gliding motility. Additionally, MyoH assists in
extending the moving junction (MJ) and functions as a translocator for GAC,
contributing to the coordination of the actomyosin system (Dos Santos Pacheco

et al. 2022; Jacot et al. 2016; Meissner, Schliter, and Soldati 2002).
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Although the specificity of Halo antibodies in FRM1-Halo samples remains to be
evaluated, no similar cytosolic signals were observed in the MyoH-Halo strain.
The U-ExM section (Figure 1V-27, top panel) and maximum projection (Figure
IV-27, bottom panel) demonstrated that MyoH colocalized precisely with the
conoidal fibers formed by microtubules (white arrows). However, a few MyoH-
Halo signals were identified in the tachyzoite’s cytosol (white arrows). Although
the signal may result from poly-L-lysine background staining, it is suggested that

MyoH may exhibit dynamic properties, as the signal is localized exclusively in

the cytosol.
MyoH o Mtbs o
MyoH Mtbs
- s

Figure IV-27. Localization analysis of MyoH and Mtbs using U-ExM.

U-ExM section (top panel) and Max projection (bottom panel) showing distribution of
MyoH with Halo antibody (yellow; indicated by white arrows) and Mtbs with acetylated

tubulin antibody in tachyzoites in single channel and merge channels, respectively. 2D
STED x100 obj. Scale bar: 10 pm.
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5 Discussion

Many biochemical techniques disrupt the native organization of biological
structures; however, microscopy enables the study of biological systems while

preserving their spatial organization.

The target of this study is to establish SRM to visualize the native ultrastructure
of Toxoplasma gondii and investigate key biological processes, such as

replication and gliding motility in apicomplexans.
5.1 Application of SRM

The optical resolution of traditional light microscopy is limited by the diffraction
barrier, around 250 nm, which constrains the analysis of TgSLP1 and other
related structures during nuclear division in Toxoplasma gondii. STED
overcomes this limitation by modifying the PSF, which defines the smallest
resolvable point source or object. In this study, colocalization and functional
analysis of TgSLP1 were performed using three-dimensional STED (3D-STED)
super-resolution microscopy, enabling a detailed examination of cellular

structures and their dynamics.

As the motor components are reported to be localized at the 30-nm PM-IMC
space, a significantly higher resolution is needed for the analysis of gliding
motility. To address this challenge, we first applied expansion microscopy (ExM)
to achieve a 3—4-fold physical expansion of the specimen, along with imaging
using STED. In this study, various ExM methods, labeling techniques, and
fixation protocols were applied or optimized to achieve higher resolution and
improved signal preservation. Additionally, the applicable conditions, as well as

the advantages and limitations of each method, were systematically evaluated.
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ExM is an effective technique for enlarging microscopic structures; however,
achieving a three- to fourfold expansion is sometimes challenging, particularly
in samples with a high cell density. Additionally, as the expansion factor
increases, antigen density decreases, which can lead to the apparent
discontinuity of otherwise uniform structures. To mitigate this issue, a doubled
antibody concentration was used in ExM, highlighting the necessity of
balancing expansion efficiency with signal preservation rather than solely

maximizing the expansion factor.

The resolution, benefits, and limitations of SRM tools are summarized in Table
V-1. SMLM offers the highest resolution; however, it is limited by slow
acquisition times. STED microscopy enables rapid imaging but necessitates
specialized laser systems. SIM is well-suited for live imaging but offers only
moderate improvements in resolution. ExM differs from these techniques by
physically enlarging the sample rather than relying on optical resolution
enhancement (Betzig et al. 2006; Rust, Bates, and Zhuang 2006; Gustafsson
2000; Hell and Wichmann 1994; Schermelleh et al. 2019).

Table V-1. Comparison of Super-Resolution Microscopy Techniques.

Technique Resolutio | Disadvantages Advantages
n (nm)
SMLM | PALM molecular
~20-30 localization, high
Slow acquisition, resolution
mainly for fixed
STORM ~10-20 samples Single-molecule
tracking, high
resolution
SIM ~100-120 Limited resolution Live-cell imaging,
improvement, low phototoxicity
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reconstruction
artifacts
STED ~30-50 Uses depletion laser | Fast imaging, live-
to sharpen cell compatible
resolution
ExM ~60-70 Sample prep Works with
nm complexity, possible | standard
(better molecular distortion | microscopes,
with (discussed in large-area imaging
iterations) | following sections)

In this study, ExM is combined with STED microscopy to achieve improved

resolution.

5.1.1 U-ExM

As the primary method employed, U-ExM offers significant advantages,
including a high expansion factor and the preservation of strong antibody
signals. However, the high-temperature denaturation step required for U-ExM
presents certain limitations and challenges. For instance, staining with dyes
such as the Janelia Fluor Halo Tag ligand was attempted under various
conditions but remained unsuccessful. Additionally, despite the denaturation
temperature being set at a relatively low 80°C, experiments analyzing GAP45
produced artificial results and non-specific labeling of SAG1, highlighting the

critical need for immunofluorescence assay (IFA) controls.

To better preserve the native structure, the denaturation temperature was
reduced to 80°C in this study. According to previous research (Dos Santos
Pacheco and Soldati-Favre 2021a), PBS-Tween 0.1% was used for washing;

however, in our case, no detectable fluorescent signal was observed with this
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buffer. This may be attributed to the relatively low denaturation temperature

(80°C). Consequently, PBS-Triton 0.2% was used as an alternative.

Since imaging requires mounting the gel on poly-L-lysine-coated light dish, IFA
controls are also essential for distinguishing true protein signals from

background artifacts.

In conclusion, U-ExM is a robust technique suitable for stable, antibody-labeled
proteins; however, at least one IFA control should be included in initial

experiments to validate the results.

5.1.2 ProExM

Protein-retention Expansion Microscopy (ProExM) is an ExM protocol that is
more compatible with dyes than antibodies. Since dye molecules are
significantly smaller than antibodies, this method is particularly advantageous
for visualizing fine structures. In the analysis of GAC, ProExM exhibited milder
digestion compared to U-ExM. Additionally, for proteins tagged with
fluorescent markers such as YFP or GFP, ProExM without antibody labeling

produced superior results compared to U-ExM using antibodies.

Although 37°C is not the optimal temperature for Proteinase K digestion, the
prolonged reaction time ensured sufficient enzymatic activity at this
temperature. Both three-hour and overnight digestion periods were tested,

with no observable differences in outcome.

In summary, ProExM is well-suited for dye staining and the visualization of YFP-
or GFP-tagged proteins. However, its limitations include weaker fluorescent

signals for antibody labeling and a lower expansion factor compared to U-ExM.

133



DISCUSSION

5.1.3 TurbolD ExM

In fixed samples, the total amount of a given protein remains constant.
However, when a sample undergoes physical expansion by a factor of 3—4,
antigen density is inevitably reduced. This effect is particularly pronounced in
low-abundance proteins, where dilution renders detection challenging. To
address this limitation, TurbolD ExM was developed to analyze proteins of low

expression level.

By fusing the target protein with TurbolD, a biotin ligase that labels lysine
residues in close proximity, and subsequently detecting biotinylation with
fluorescently labeled streptavidin, this method enhances signal strength.
Streptavidin labeling has been shown to produce a stronger signal than
antibody-based detection due to its ability to label multiple lysine residues on
both the bait protein and nearby proteins, whereas antibodies bind to only a
few (polyclonal) or a single (monoclonal) epitope of the target protein

(Odenwald et al. 2023).

As anticipated, TurbolD ExM enabled clear visualization of FRM1 in Toxoplasma
gondii in this study. However, the extensive lysine biotinylates not only the
target polypeptides but also proximal interactors, resulting in a high
background signal. This non-specific labeling complicates the identification of
the true signal of the target protein, thereby limiting the broader applicability

of TurbolD ExM in future studies.

5.1.4 Cryo-ExM

Common chemical fixation methods typically involve the use of aldehyde-based
chemical crosslinkers, such as paraformaldehyde (PFA), acrylamide (AA), and

formaldehyde (FA), or cold methanol for protein precipitation. These chemical
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fixation techniques have been employed in protocols for U-ExM, proExM,
TurbolD ExM, and Immunofluorescence Assay (IFA). However, these chemical
reactions, along with subsequent permeabilization steps, may potentially alter
the native cellular state. For instance, in the IFA of TgSLP1, samples were
initially fixed with 4% PFA, but the signals for Cep250_L1, Nuf2, Chromo1l,
TgSLP1, and Centrinl were difficult to visualize. In contrast, when the samples
were fixed using cold methanol, the signals were significantly improved. This
observation aligns with previous reports indicating that cold methanol
treatment enhances antibody accessibility to target proteins (Neuhaus et al.

1998).

Cryofixation is the only fixation method capable of preserving the native
ultrastructure by rapidly immobilizing specimen in a vitreous state. This fixation
method has been widely utilized in EM as well as been integrated into
Expansion Microscopy (ExM) since 2022, combining the benefits of native
structure preservation with the high-resolution capabilities of expansion

microscopy (Laporte et al. 2022).

The Cryo-ExM experiment conducted on Toxoplasma gondii was performed in
the laboratory of Prof. Gautam Dey at EMBL. The NHS-ester labeling provided
insights into the global proteome of Toxoplasma gondii. The cryofixation
system is currently being established in our laboratory and is expected to be

extensively applied in future research.
5.1.5 Other expansion microscopy

Over time, numerous variants of Expansion Microscopy (ExM) have been

developed, each offering unique advantages and challenges.
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10x ExM achieves a tenfold physical expansion of biological specimens.
However, it requires optimization of hydrogel properties to ensure isotropic
expansion and mitigate potential distortions or uneven expansion in complex
tissue structures (Guo et al. 2025). Additionally, the increased volume resulting
from 10x expansion may result in a significant reduction in signal-to-
background ratio (Wen et al. 2023). An alternative approach involves modified
gel chemistries that enable tenfold expansion but necessitate specialized
apparatus for oxygen removal during gel polymerization (Truckenbrodt et al.

2018).

Iterative expansion microscopy (iExM) employs multiple rounds of expansion to
achieve extreme expansion (>20-fold), pushing resolution to molecular scales.
However, this method increases sample fragility, the risk of distortion, and the
complexity of preparation due to repeated expansion cycles (Chang et al. 2017;

M'Saad and Bewersdorf 2020).

Ex-SMLM integrates ExM with SMLM, such as STORM or PALM, to achieve ultra-
high resolution (~5 nm) by combining physical expansion with molecular
localization. Limitations include the computational demands of single-molecule
tracking, the requirement for highly stable labeling and expansion (Kuo et al.

2024; Zwettler et al. 2020).

In this study, ExM was combined with STED, termed Ex-STED, enabling super-
resolution imaging of expanded samples (Woglar et al. 2022). Additionally, Ex-
STED is constrained by the requirement for STED-compatible secondary
antibodies or dyes. Furthermore, the expanded samples are more susceptible
to photobleaching due to prolonged STED laser depletion during imaging (Oracz
et al. 2017; Gottfert et al. 2017).
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Additionally, a ‘one-step 4x and 12x 3D-ExM’ method has been developed,
which reportedly allows for either fourfold or twelvefold expansion while
ensuring three-dimensional isotropic expansion and preserving the structural

integrity of biological specimens (Norman et al. 2024).
5.2 TgSLP1 localization analysis with SRM

Previously, no analogous complex had been revealed in apicomplexans.
However, given that the nucleus is positioned at the posterior pole of T. gondii,
we hypothesized that apicomplexans possess a analogous mechanism that

assembles the nucleus with the cytoskeleton.

During her dissertation, my colleague Mirjam Wagner identified SLP1 as a
potential candidate of the LINC complex (see section 1.2.6.1). While the role of
SLP1 during endodyogeny has been established using diverse phenotypic assays
and live-cell imaging (Wagner et al. 2023), the exact location of this protein in
relation to other components of the centrocone could not be established

without super-resolution microscopy.

Attempts to analyze TgSLP1 using ExM and STED microscopy were unsuccessful,
as the TgSLP1 signal was either undetectable or exhibited nonspecific labeling
following ExM. Consequently, we applied STED microscopy alone, which
provided sufficient resolution to clearly visualize the localization of TgSLP1 and

its relationship with other components during nucleus division.
5.2.1 Localization of TgSLP1 during the nuclear division

The TgSLP1-sYFP2 clonal line with LoxP sites utilized in this study was previously
generated by Mirjam Wagner (Wagner et al. 2023). Since TgSLP1 is not
distinctly detectable until the S-phase, imaging was primarily conducted during

early S-phase, late S-phase, and M-phase (mitosis) in Toxoplasma gondii.
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To precisely determine the localization of TgSLP1, the proteins Cep250 L1,
Nuf2, and Chromo1 were tagged to mark the inner core centrosome,
kinetochore, and centromeres (Suvorova et al. 2015; Farrell and Gubbels 2014;
Gissot et al. 2012), respectively, enabling the assessment of colocalization. The
data suggest that these structures duplicate and divide in a sequential manner:
the inner core of the centrosome, TgSLP1, the kinetochore, and the
centromeres. Consistently, their spatial distribution along the nuclear axis
follows the same order, from the distal to the proximal end: the inner core of

the centrosome, TgSLP1, the kinetochore, and the centromeres (Figure I1V-8).

In this study, colocalization between the outer core of the centrosome
(Centrinl) and TgSLP1 was not examined throughout the entire S-phase and M-
phase. However, based on previous studies on parasite centrosome
morphological dynamics, the outer core of the centrosome is known to divide

prior to the inner core (Suvorova et al. 2015; Tomasina et al. 2022).

MORNL1 is a protein localized at the centrocone. However, despite multiple
attempts, we failed to generate a stable, double-labeled cell line co-expressing
TgSLP1 and MORNL1. Transient transfection of parasites expressing
fluorescently tagged MORNL1 resulted in overexpression phenotypes, making it
challenging to differentiate between the effects of TgSLP1 knockout (KO) and
MORNZ1 overexpression. Consequently, this approach was not suitable for

further analysis.
5.2.2 Function of TgSLP1 during the nuclear division

Colocalization analysis suggests that TgSLP1 functions as a linker between the
inner core of the centrosome and the kinetochore. To explore the role of

TgSLP1 in nuclear division, a knockout assay was conducted. The dynamics of
the DiCre system in T. gondii have been extensively studied (Andenmatten et
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al. 2013a); however, knockout efficiency often does not reach 100%.
Immunofluorescence assays revealed residual TgSLP1 expression after 24 hours
of treatment (Wagner et al. 2023), prompting us to conduct most assays after
48 hours of rapamycin treatment to ensure more complete depletion of the

protein.

To obtain a more comprehensive understanding of centrosome defects, triple
labeling of ‘Centrin1-TgSLP1-Cep250_L1,” ‘Centrin1-TgSLP1-Nuf2,” and
‘Centrinl1-TgSLP1-Chromo1l’ was performed and analyzed in both induced and
non-induced parasites. In control group, these structures were closely

associated as predicted.

In parasites lacking TgSLP1, the outer and inner cores of the centrosome
remained intact. Although the signal of Centrinl seems abnormal, their
interaction was not seriously disrupted by the absence of TgSLP1. This suggests
that, in the absence of TgSLP1, apicoplast duplication and division can still
occur, but is uncoupled from karyogenesis. Although not directly tested, it

appears that the centrosome remains in proximity to the apicoplast.

Notably, the kinetochore and centromeres exhibited aberrant localization
relative to the centrosome in induced parasites, indicating disruption of the
centrosome-kinetochore linkage. This implies that TgSLP1 localizes particularly
to kinetochore-associated spindle during mitosis, and is likely responsible for
kinetochore clustering and division. This result aligns with the requirement of
SUN proteins for kinetochore assemblage (Yadav and Sanyal 2018).
Furthermore, TgSLP1 is critical for centromere association with the centrocone,

and subsequently for the division of the centromeres.

Since proteins interacting with SUN domain proteins are always conserved in

species or phylum, non-canonical LINC complexes have been identified in
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various species, where they function to connect the centrosome to the nucleus.
In C. elegans, the centrosome is tethered to the nucleus via the SUN-KASH pair
SUN-1 and ZYG-12 (Malone et al. 2003; Zhou et al. 2009). In mice, SUN1 and
SUN2 form complexes with syne-2 (nesprin-2) to facilitate nuclear-centrosome
assemblage during neurogenesis and neuronal movement (Zhang et al. 2009).
Additionally, research in budding yeast identified an atypical centrosome-
associated LINC complex composed of the SUN protein Mps3 and the KASH-like

protein Mps2 during mitosis (Chen et al. 2019).

Toxoplasma gondii deficient in TgSLP1 exhibit severe defects in centrosome
assemblage and nuclear division, which is aligns with established SUN-domain
protein roles in nuclear-centrosomal coupling observed in C. elegans and S.
cerevisiae. However, sun-1 knockout C. elegans individuals exhibit complete
centrosome-nuclear separation (Malone et al. 2003). The pronounced nuclear
division defects observed upon TgSLP1 deletion are consistent with its
proposed role as a component of the LINC complex and revealed a functional
relationship between the nucleus and the mitotic spindle. Nevertheless, KASH-

like protein that serve as interactors for TgSLP1 has yet to be identified.

5.2.3 Relationship between TgSLP1 and actin

F-actin is a highly dynamic structure undergoes continuous remodeling during
replication stages and plays a crucial role in organizing tachyzoites in the PV
(Periz et al. 2017). During the parasite's invading procedure, F-actin was found
to accumulate at the basal pole, around the nuclear periphery, and at the tight
junction, which constricts both the parasite's body and its nucleus (Whitelaw
2017; Periz et al. 2017; Del Rosario et al. 2019). This observation suggests an

interaction between F-actin and the nucleus.
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Additionally, as observed in several species, cytoskeletal proteins, such as actin,
related to KASH domain proteins, which subsequently engage with SUN domain
proteins linked to the inner nuclear envelope (Zhen et al. 2002; Starr and Han
2002; Patterson et al. 2004; Padmakumar et al. 2005; Fridolfsson and Starr
2010). Mirjam Wagner also found that the actin polymerization center appears
to be in close proximity to TgSLP1. However, in subsequent tests, actin-
modulating drugs were observed to have no influence on TgSLP1 localization
across the whole intracellular phases (Wagner 2023). This suggests that the
stabilization or depolymerization of actin does not directly affect SUN domain

proteins in Toxoplasma gondii.
5.3 Linear model and hypothetical alternative models
5.3.1 Linear model

The linear model describes the motor complex localized between PM and IMC
comprising MyoA, F-actin, GAPs, and GAC proteins (Frenal et al. 2017). FRM1,
GAC, MyoA, and MyoH play critical roles in initiation, stabilization, translocation
of F-actin; as well as in conoid protrusion and the movement of the tight
junction (details see Section 1.2.5) (Frenal et al. 2017; Venugopal and Marion
2018; Dos Santos Pacheco et al. 2022; Graindorge et al. 2016; Tardieux and
Baum 2016; Pruyne et al. 2002). In coordination with other organelle proteins,
the actin-based motor system is active (Venugopal and Marion 2018). This
coordinated activity generates the central propulsive force essential for gliding

motility in the parasite.

Although the linear gliding motility model is currently the most widely
accepted, a reassessment is warranted based on a review of the literature, the
development of conditional knockout (KO) approaches, and advancements in

microscopy techniques. Immunogold staining data from electron microscopy
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have revealed relationship between actin and Mtbs (Yasuda et al. 1988).
Additionally, data from our laboratory indicate that parasite invasion and
migration can still occur even when MyoA, MyoC, or actin is knocked out
(Egarter et al. 2014). Further evidence indicates that cytosolic filamentous actin
(F-actin) is associated not only with microtubules but also with the parasite
periphery (Periz et al. 2019). Moreover, MyoA exhibits a dynamic localization
pattern, cycling between the apical and basal extremities of T. gondii, with
localized accumulation and internalization at specific sites. The observed
localization of F-actin and the dynamic distribution of MyoA suggest that the

motor complex serves as a maintainer of parasite plasticity.

The linear motor components have not been visualized in live or fixed samples
in the space underneath the parasite plasma membrane due to two challenges,
the difficulty to image apicomplexan actin, and the limitation of resolution of
standard light microscopy methods that cannot resolve the 30 nm PM-IMC

space (Halpern et al. 2017).

5.3.2 The distribution of F-actin may be conserved among

apicomplexan parasites

F-actin serves as a critical factor in the migration and invasion processes of
Toxoplasma gondii. U-ExM and confocal microscopy were employed to analyze
parasites in which F-actin was specifically labeled using Chromobodies-Emerald.
This approach serves as a robust tool for visualizing the dynamics of parasitic F-
actin. Compared to other actin probes, Chromobodies (Cb) offer several
advantages, including reduced cellular toxicity, minimal interference with F-
actin dynamics, no alteration in the total quantity of F-actin, and a high signal
clarity. These features make Cb an effective and reliable tool for studying actin-

related processes in Toxoplasma. gondii (Panza et al. 2015; Periz et al. 2017).
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In contrast to the linear model, F-actin was observed to localize beneath MyoA
during migration and invasion processes, forming a distinct circular formation
at the cytosolic posterior site of some tachyzoites. Additionally, F-actin was
found to be released into the extracellular environment from the posterior pole
or distributed along the conoid and basal surface of daughter cells.
Consistently, F-actin has also been observed in the cytosol and extending
through the basal pore of Plasmodium falciparum, suggesting that it may
traverse this opening to facilitate recycling (Prazak et al. 2024). The localization
of F-actin near the preconoidal rings has also been identified in
Cryptosporidium parvum and Toxoplasma gondii in recent studies, suggesting
that this feature may be restricted to apicomplexan parasites (Martinez et al.
2023; Prazak et al. 2024). However, in apicomplexan parasites, F-actin is likely
to exist as short filaments in vivo and remains relatively unstable (Pospich et al.
2017; Sahoo et al. 2006; Wetzel et al. 2003; Angrisano et al. 2012). Given the
denaturation/digestion and reduced abundance in expansion microscopy
(ExM), the accurate positioning of F-actin between the PM and the IMC of
Toxoplasma gondii remains unresolved. Consequently, further investigation is
necessary to elucidate this aspect of actin localization and its functional

implications.
5.3.3 Myosin A may also be localized in the cytosol

To investigate the localization of Myosin A (MyoA), two super-resolution
microscopy techniques were employed in this study. Ultra-Expansion
Microscopy (U-ExM) data revealed that MyoA is positioned on the outer side of
IMC1 and exhibits a non-uniform distribution, while IMC1 is localized on the
outer surface of the subpellicular microtubules (Mtbs). This observation aligns
with the linear model; however, the potential presence of a cytosolic MyoA
population cannot be excluded.
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In contrast, quantification of immunogold-labeling EM data identified MyoA
populations associated with IMC1 or situated at the cytosolic side of the IMC.
These findings suggest that rather than being a static, anchored structure,
MyoA may exhibit dynamic behavior, necessitating IMC permeability during

morphological changes associated with parasite migration and invasion.
5.3.4 GAC may associated with actin or microtubules

GAC was previously describeld localized at the apical pole and relies on AKMT,
an apical lysine methyltransferase for positioning. However, fluorescence
recovery after photobleaching (FRAP) assay data from our laboratory (not
shown here) demonstrated that the fluorescence of GAC rapidly recovered
after bleaching. This rapid recovery indicates that fluorescent molecules were
efficiently transferred to the bleached region, suggesting that GAC is a highly
dynamic protein with significant mobility within the cellular context. It is also
suggested that during gliding motility and invasion, GAC is proposed to serve as
a dynamic linkage of F-actin and the adhesion complex, potentially acting in a
spring-like manner (Vahokoski et al. 2014; Kumpula et al. 2019). Additionally,
GAC must align parallel to F-actin and the PM to fit the 30-nm space between
PM-IMC (Hung et al. 2022).

In this study, GAC was observed to localize predominantly at the preconoidal
ring and the apical polar ring, with additional distribution throughout the
cytosolic region of the parasite. In some instances, GAC exhibited enrichment
at the posterior pole and specific regions within the parasite. This corresponds
to the observation that GAC is connected to F-actin. However, in invading
parasites, no accumulation of GAC was detected at the tight junction, where F-

actin occasionally accumulates.

144



DISCUSSION

Furthermore, similar to Mtbs, GAC displayed a filament-like structure and was
observed to localize between the two rings at the conoid. Given its highly

dynamic nature, GAC may interact with multiple cellular components without
stable anchoring. Therefore, further experiments are are needed to clarify the

precise structural correlation between GAC and Mtbs.

5.3.5 Formin 1 and Myosin H may not function solely as anchored

proteins at the conoid

The FRM1 co-localization experiment presented significant challenges, as the
data obtained varied depending on the antibodies or dyes used for labeling. A
distinct FRM1 signal was observed when labeled with the Halo antibody, both
in IFA and U-ExM. In contrast, minimal signal was detected when FRM1 was
labeled with the Halo dye or HA antibody. The labeling efficiency of the Halo
antibody, Janelia Fluor HaloTag ligand, and HA antibody is variable and does
not reach 100%. However, the Halo antibody is a rabbit polyclonal antibody
that can bind multiple secondary antibodies, and it is expected to specifically
target Halo-tagged proteins with high expression levels, such as IMC1-Halo and

MyoH-Halo.

In contrast, the sporadic FRM1 signals detected in the cytosol using the HA
antibody and Janelia Fluor HaloTag ligand may be attributed to the low-
expressed protein. Therefore, it remains unclear whether the cytosolic signal
observed with the Halo antibody represents genuine FRM1 localization or
background noise. As a result, the precise localization of FRM1—whether
distributed within the cytosol or associated with microtubules—remains

unresolved and warrants further investigation.

U-ExM analysis of MyoH-Halo demonstrated that MyoH colocalized precisely

with the conoidal fibers formed by microtubules. Despite being labeled with
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the same Halo antibody, only a few MyoH-Halo signals were detected in the
cytosol of the parasites, in contrast to the cytosolic signals observed for FRM1.
This discrepancy may be attributed to the higher expression level of MyoH
compared to FRM1. Additionally, the observed distribution of MyoH suggests

that it may function as a dynamic component of the conoid.
5.3.6 GAP45 is a linker between IMC1 and PM

The results obtained from U-ExM and immunogold-labeling EM reveal that
GAP45 is associated with the IMC, localizes at PM-IMC space, colocalizes with
MyoA, and is positioned above the microtubules. According to the U-ExM data,
GAP4S5 is also a protein that is prone to degradation, which may result in a loss
of connection with subpellicular microtubules. These findings align with the
predictions of the linear model and confirm that GAP45 serves as a structural

connector linking the PM and IMC in Toxoplasma gondii.
5.3.7 Hypothetical alternative models

Returning to the central question—where are the key motor components
located in Toxoplasma gondii? In summary, super-resolution microscopy (SRM)
revealed the distribution of F-actin, MyoA, GAC, and MyoH within the cytosol of
the parasite. MyoA and GAP45 were detected at PM-IMC space. Additionally,
GAC, FRM1, and MyoH were localized at the conoid, yet they also participate in
gliding motility. Lastly, the potential localization of F-actin within the PM-IMC
space and the possibility of FRM1 functioning as a dynamic protein cannot be
excluded. The comparison of motor component localization described in the
linear model and the motor localization observed in this study is summarized in

Table V-2.
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Table V-2. Comparison of motor component localization.

Component Linear model In this study

F-actin Between PM-IMC Localized and accumulated in cytosol

MyoA Anchored between Localized between PM-IMC and in cytosol

PM-IMC

GAP45 Connector of PM-IMC | Connector of PM-IMC

GAC At the apical pole Dynamic protein, localized at PCRs and APR

FRM1 At the coniod Localized at PCRs, may localized at cytosol,
may be dynamic

MyoH At the coniod Localized at coniod, may localized at
cytosol, may be dynamic

Based on these findings, we propose an alternative model: the hybrid motor
model. In this model, we propose that the IMC is permeable, allowing actin to
flow through the IMC via the open alveolar sutures. Additionally, MyoA may
also pass through the permeable IMC alongside actin, facilitating its recycling
(Figure V-1). Alternatively, migration could be driven exclusively by
microtubule-based mechanisms, as FRM1 and MyoH appear to be associated
with microtubules. Further investigation is required to elucidate the precise

mechanisms underlying these processes.
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Figure V-1. Schematic Representation of Hybrid Linear Models.

GAC is localized at PCRs, APR and in the cytosol. FRM1 and MyoH are localized at the
PCRs and conoid, respectively. The IMC is permeable, allowing actin to flow outside
through the gap. When the alveolar structure opens, cytosolic actin flows out and later
returns along with MyoA. Orange: F-actin; cyan: MyoA; purple: GAP45; yellow: GAC; red:
FRM1; blue: MyoH and white: IMC; green: IMC; grey: PM.

5.4 Outlook

In this study, SRM was utilized to further analyze the localization and function
of SUN-like protein 1. However, the LINC complex of Toxoplasma gondii
comprises not only SUN domain proteins but also KASH domain proteins.
Therefore, the potential KASH-like protein candidates proposed by Mirjam

Wagner warrant further investigation.

Based on super-resolution microscopy (SRM) data on the gliding motility of

Toxoplasma gondii, we proposed Hybrid Linear Models. However, further
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studies are necessary to validate or refine these models. Advanced techniques
such as expansion microscopy, cryofixation, and electron microscopy may be
integrated, along with components that specifically bind to low-expressed
proteins with high fluorescence intensity. These approaches could enable the
resolution of nanoscale structures, allowing for the investigation of whether
actin and GAC are localized in PM-IMC space, whether GAC associates with

microtubules, and whether Formin 1 and Myosin H exhibit dynamic behavior.
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6 Summary

Super-resolution microscopy (SRM) techniques each possess distinct
advantages, limitations, and specific conditions for application. The selection of
an appropriate method should be guided by the properties of the interest
protein and the availability of suitable antibodies or fluorescent dyes for

labeling.

SUN and KASH domain proteins are fundamental components of LINC
complexes, which have been well-studied in many eukaryotic systems. However,
their presence and functional significance in apicomplexan parasites remain
poorly understood, despite indirect evidence suggesting their existence. In
collaboration with Mirjam Wagner, this study investigates the subcellular
localization and functional role of TgSLP1, a SUN-like protein, in T. gondii using
SRM. Our results indicate that TgSLP1 is critical for maintaining centrocone
assemblage and ensuring precise nuclear division during endodyogetic process.
We hypothesize that TgSLP1 is a member of apicomplexan-unique LINC
complex, which mediates the connection between the bipartite centrosome
and centromeres. However, the identification of potential KASH-like interactors

was left as an open question for future research.

As an obligate intracellular protozoan, Toxoplasma gondii relies on an actin-
based gliding mechanism for its dissemination and host cell invasion. These
processes are facilitated by a conserved motility apparatus known as the
glideosome, which comprises essential molecular components, including
filamentous actin (F-actin), myosins, glideosome-associated proteins (GAPs),
and glideosome-associated connector (GAC) motor complexes. These
components collectively mediate force generation and transmission, enabling

parasite movement and host cell penetration. The linear model has been the
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predominant framework for explaining Toxoplasma gondii motility. However,
recent advancements in conditional knockout (KO) strategies, microscopy
technologies, and a comprehensive review of existing literature suggest the
need for a reevaluation of this model to better align with emerging

experimental evidence.

SRM studies have revealed the situation of F-actin, MyoA, GAC, and MyoH
within the cytosol of Toxoplasma gondii. MyoA and GAP45 were found localized
at PM-IMC space, while GAC, FRM1, and MyoH were localized at the conoid and
implicated in gliding motility. Additionally, the potential presence of F-actin
within the PM-IMC space and the dynamic behavior of FRM1 require further
investigation. Based on these observations, we propose alternative hybrid linear
models for parasite motility. One model suggests that the IMC is permeable,
allowing actin and MyoA to traverse its open alveolar structure, facilitating actin
recycling. Alternatively, motility may be driven solely by microtubule-based
mechanisms, given the association of FRM1 and MyoH with microtubules.
Further researches are required to elucidate the potential mechanisms and

validate our hypotheses.
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7 ZUSAMMENFASSUNG

Die Verfahren der Super-Resolution-Mikroskopie (SRM) weisen jeweils
unterschiedliche Vorteile, Einschrankungen und spezifische
Anwendungsbedingungen auf. Die Auswahl einer geeigneten Methode sollte
sich an den Eigenschaften des Zielproteins und der Verflgbarkeit geeigneter

Antikorper oder Fluoreszenzfarbstoffe zur Markierung orientieren.

SUN- und KASH-Domanenproteine sind grundlegende Bestandteile von LINC-
Komplexen, die in vielen eukaryotischen Systemen gut untersucht wurden. |hr
Vorkommen und ihre funktionelle Bedeutung in Apicomplexa-Parasiten sind
jedoch noch immer wenig erforscht, obwohl es indirekte Hinweise auf ihre
Existenz gibt. In Zusammenarbeit mit Mirjam Wagner untersucht diese Studie
die subzelluldre Lokalisierung und funktionelle Rolle von TgSLP1, einem SUN-
dhnlichen Protein, in T. gondii mittels SRM. Unsere Ergebnisse zeigen, dass
TgSLP1 fiir die Aufrechterhaltung der Centrocone-Integritat und die
Gewahrleistung einer prazisen Kernsegregation wahrend der Endodyogenie von
entscheidender Bedeutung ist. Wir gehen davon aus, dass TgSLP1 Teil eines
Apicomplexa-spezifischen LINC-Komplexes ist, der die Verbindung zwischen
dem zweiteiligen Centrosom und den Centromeren vermittelt. Die
Identifizierung eines potenziellen KASH-dhnlichen Bindungspartners bleibt

jedoch eine offene Frage fur zukinftige Forschungen.

Als obligat intrazelluldrer Protozoon ist Toxoplasma gondii fir seine Verbreitung
und Invasion in Wirtszellen auf einen Aktin-basierten Gleitmechanismus
angewiesen. Diese Prozesse werden durch einen konservierten
Motilitdtsapparat namens Glideosom erleichtert, der aus wesentlichen
molekularen Komponenten besteht, darunter filament&ses Aktin (F-Aktin),

Myosine, Glideosom-assoziierte Proteine (GAPs) und Glideosom-assoziierte
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Konnektor-Motorkomplexe (GAC). Diese Komponenten vermitteln gemeinsam
Krafterzeugung und -tibertragung und ermoglichen so die Bewegung des
Parasiten und das Eindringen in die Wirtszelle. Das lineare Modell war der
vorherrschende Rahmen zur Erklarung der Motilitat von Toxoplasma gondii.
Jingste Fortschritte bei bedingten Knockout-Strategien (KO),
Mikroskopietechnologien und eine umfassende Uberpriifung der vorhandenen
Literatur legen jedoch die Notwendigkeit einer Neubewertung dieses Modells

nahe, um es besser an neue experimentelle Erkenntnisse anzupassen.

SRM-Studien haben die Lokalisierung von F-Aktin, MyoA, GAC und MyoH im
Zytosol von Toxoplasma gondii gezeigt. MyoA und GAP45 wurden im Raum
zwischen der PM und IMC gefunden, wahrend GAC, FRM1 und MyoH am
Konoid lokalisiert und an der Gleitmotilitdt beteiligt waren. Dartiber hinaus
missen das mogliche Vorhandensein von F-Aktin im PM-IMC-Raum und das
dynamische Verhalten von FRM1 weiter untersucht werden. Basierend auf
diesen Beobachtungen schlagen wir alternative hybride lineare Modelle fiir die
Parasitenmotilitat vor. Ein Modell legt nahe, dass der IMC durchlassig ist, sodass
Aktin und MyoA seine offene Alveolarstruktur durchqueren kénnen, was das
Aktinrecycling erleichtert. Alternativ kann die Motilitat aufgrund der Assoziation
von FRM1 und MyoH mit Mikrotubuli ausschlieRlich durch mikrotubulibasierte
Mechanismen gesteuert werden. Weitere Studien sind erforderlich, um die
zugrunde liegenden Mechanismen aufzuklaren und diese Hypothesen zu

bestatigen.
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