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In Brief

The upstream mechanism of how the
malaria parasites activate cGMP
signaling for ookinete gliding remains
unknown. Gao et al. reveal that
Plasmodium GC polarization at
“ookinete extrados site” in a precise
spatial-temporal manner is the trigger for
elevating cGMP level and activating PKG
signaling for initiating ookinete gliding
motility.
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SUMMARY

Ookinete gliding motility is essential for penetration
of the mosquito midgut wall and transmission of ma-
laria parasites. Cyclic guanosine monophosphate
(cGMP) signaling has been implicated in ookinete
gliding. However, the upstream mechanism of how
the parasites activate cGMP signaling and thus
initiate ookinete gliding remains unknown. Using
real-time imaging to visualize Plasmodium yoelii
guanylate cyclase p (GCB), we show that cyto-
plasmic GCp translocates and polarizes to the para-
site plasma membrane at “ookinete extrados site”
(OES) during zygote-to-ookinete differentiation. The
polarization of enzymatic active GCp at OES initiates
gliding of matured ookinete. Both the P4-ATPase-
like domain and guanylate cyclase domain are
required for GCB polarization and ookinete gliding.
CDC50A, a co-factor of P4-ATPase, binds to and sta-
bilizes GCp during ookinete development. Screening
of inner membrane complex proteins identifies ISP1
as a key molecule that anchors GCB/CDC50A com-
plex at the OES of mature ookinetes. This study de-
fines a spatial-temporal mechanism for the initiation
of ookinete gliding, where GCpB polarization likely
elevates local cGMP levels and activates cGMP-
dependent protein kinase signaling.

INTRODUCTION

The spread of a malaria parasite relies on its successful develop-
ment in a mosquito vector. Upon entering the mosquito midgut
from a blood meal, gametocytes are activated to gametes that
fertilize to form round-shaped immotile zygotes. Within
12-20 hr, the zygotes further differentiate into crescent-shaped
motile ookinetes that penetrate the midgut epithelium and
develop into oocysts, each containing hundreds of sporozoites.
Mature sporozoites then invade the salivary glands and infect a
new vertebrate host when the mosquito bites again [1]. Gliding
motility of malaria parasites is essential for ookinete penetration

of mosquito midgut wall and sporozoite migration to salivary
gland for transmission from mosquito to vertebrate host. Ooki-
nete gliding is achieved via a multiple-component protein com-
plex called the glideosome located between parasite plasma
membrane (PPM) and the underside of the inner membrane
complex (IMC) [2, 3]. The IMC complex consists of flattened ves-
icles underlying the plasma membrane interconnected with the
cytoskeleton and is known to play roles in motility and cytoki-
nesis [2, 3). A secreted transmembrane adhesion protein,
CTRP, connected to actin, serves as an anchor for host cell
ligand or extracellular matrix [4]. Mechanical force produced by
the actomyosin motor is converted to backward movement of
CTRP, generating forward gliding motility that acts as a driving
force for invasion of host cells [5]. 3'-5'-cyclic guanosine mono-
phosphate (cGMP), cGMP-dependent protein kinase G (PKG),
phosphodiesterase delta (PDE3), and guanylate cyclase beta
(GCP) have been shown to be crucial for ookinete motility in
the rodent malaria parasite Plasmodium berghei [6-8]. Coordi-
nated activities of GCB (synthesizes cGMP) and PDES (hydro-
lyzes cGMP) regulate cGMP levels that activate PKG, leading
to phospholipase C (PLC)/inositol triphosphate (IP3)-mediated
Ca®* release, phosphorylation of multiple proteins in the glideo-
some, and initiation of ookinete gliding [7-9]. However, how the
parasite initiates cGMP signaling upstream of PKG and regulates
ookinete gliding remains unknown.

The Plasmodium yoelii parasite encodes two large guanylate
cyclases (GCa, 3,850 amino acids [aas] and GCp, 3,015 aas; Fig-
ure S1A) that contain 22 transmembrane (TM) helixes spanning
an N-terminal P4-ATPase-like domain (ALD) and a C-terminal
guanylate cyclase domain (GCD) [10-12]. The GC enzymes pos-
sessing this ALD/GCD structure are observed in many protozoan
species (Figure S1B). Whereas the GCD is responsible for cGMP
synthesis, the function of the ALD is still obscure [12].

In this study, we show that GCB is expressed in ookinetes, and
its polarization at the ookinete extrados site (OES) is essential for
ookinete gliding. Both ALD and GCD are indispensable for GCB
polarization. We also identify a co-factor (CDC50A) that shows
OES polarization and may function to stabilize GG during ooki-
nete development and gliding. Screening of IMC-related pro-
teins identifies another protein (IMC sub-compartment protein
1 [ISP1]) that anchors GCP at the OES. This study defines a
spatial-temporal mechanism for the initiation of ookinete gliding
motility.

e Current Biology 28, 2763-2776, September 10, 2018 © 2018 The Authors. Published by Elsevier Ltd. 2763
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Figure 1. Dynamics of GCp Polarization to a Unique OES and Initiation of Ookinete Gliding

(A) Diagrams of GCp tagged with a sextuple HA epitope (6HA) (red) at three different locations. GCP possesses a P4-type ATPase-like domain (ALD) (blue) and a
guanylate cyclase domain (GCD) (green). The 6HA is inserted at the C terminus (gcg::6HAc), between ALD and GCD (gcg::6HAm), and at the N terminus
(gc8::6HAN), respectively.

(B) Western blotting of tagged GCp protein in ookinetes. P28 protein as loading control is shown.

(C) IFA detection of GCp during the life cycle of the gcpg::6HAc parasite. Nuclei are labeled with Hoechst 33342. The scale bars represent 5 pm.

(D) Co-localization of GCP with proteins of known cellular localizations in ookinetes. ARA1 (apical collar), apical ring associated protein 1; MTIP (glideosome),
myosin A tail domain interacting protein; MyoB (apical ring), myosin B; P28, ookinete plasma membrane protein. The scale bar represents 5 pm. The right panel
shows the diagram of apical structure of Plasmodium ookinete.

(E) Western blotting of GCP, P28, and IMC1i (inner membrane complex protein 1i) proteins of the gcg::6HA/imc 1i::4Myc ookinetes treated with PBS, trypsin (Try),
or heat-inactivated (HI) trypsin. The left panel shows the predicted topology of GCp.

(F) IFA of GCp in ookinetes of three tagged parasite lines with or without Triton X-100 permeabilization. The scale bars represent 5 pm.

(G) IFA of GCp protein in the ookinete treated with PBS or trypsin. The scale bars represent 5 pm.

flegend continued on next page)
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RESULTS

GCp Is Polarized at a Unique Extrados Site in Mature
Ookinetes

To dissect the roles of GC proteins in ookinete gliding, we first
investigated the expression of GCa and GCp in ookinetes. We
tagged both GCa and GCp with a sextuple hemagglutinin (HA)
epitope (6HA) (Data S1), using the Cas9 method described pre-
viously [13]. GCa was expressed in asexual blood stages and ga-
metocytes, but not in ookinetes, and was not pursued further in
this study (Figures S1C and S1D). We tagged GCp with 6HA at
the C or N terminus as well as at the region between the ALD
and GCD domains (Figure 1A). Successful tagging was
confirmed by both genotypic PCR (Data S1) and western blotting
(Figure 1B). All of the gcg::6HA parasites showed normal pro-
gression throughout the life cycle (Table S1). Immunofluores-
cence assay (IFA) indicated that GCB protein was expressed in
gametocytes, zygotes, and ookinetes and could not be detected
in asexual blood stage parasites (Figure 1C). Interestingly, GCB
was localized in the cytoplasm of both gametocytes and zygotes
but was concentrated at a site posterior to the apical structure in
mature ookinetes (Figure 1D). Because of its unique location in
ookinetes, we designate the specific location as OES.

To further investigate GCp localization in ookinetes relative to
proteins known to be expressed within specific organelles or lo-
cations, we engineered parasite clones with additional proteins
tagged with quadruple Myc epitope (4Myc) from the gcg::6HAc
parasite (Data S1). These proteins included MTIP (glideosome)
[14], IMC1i (IMC) [2], ARA1 (apical collar) [15], myosin B (apical
ring) [16], and DHHC10 (crystalloid body) [17] (Figures S1E and
S1F). GCp was localized at the extrados area behind the apical
collar defined by ARA1 (Figure 1D). Only P28 (plasma mem-
brane) and MTIP showed overlapping localization with GCp in
mature ookinete (Figure 1D). Additionally, GCB did not co-
localize with proteins in cellular organelles, including endo-
plasmic reticulum (ER), Golgi apparatus, and apicoplast through
double staining using antisera targeting BiP, ERD2, and ACP
proteins, respectively (Figure S1G). These data show that GCB
is expressed in the cytoplasm of gametocytes and zygotes but
is polarized at a unique position in mature ookinetes.

GCp Is Expressed on the PPM of Mature Ookinete with

N and C Termini Facing the IMC

The ALD and GCD domains, as well as the inter-domain linker,
are predicted to be intracellular (Figure S1A). However, whether
GCB is localized at PPM or IMC remains to be determined. We

treated the gcp::6HA/imc1i::4Myc ookinetes with trypsin to
digest the extracellular parts of GCp if it was localized on the
PPM surface. Western blotting analysis detected a protein
band of ~240 kDa from PBS- or heat-inactivated trypsin-treated
ookinetes, but not in trypsin-treated ookinetes, suggesting
surface exposure (Figure 1E). As a control, we also detected
digestion of the PPM protein P28, but not the IMC protein
IMCH1i (Figure 1E). These results indicate that GCp is localized
on the PPM. Additionally, all three 6HA-tagged GCP could be de-
tected using the anti-HA antibody only after Triton X-100 treat-
ment (Figure 1F), which supports the predicted topology of
GCB (Figure 1E). Interestingly, trypsin treatment did not alter
GCB polarization (Figure 1G), suggesting the existence of other
proteins or structures acting to stabilize GCp at OES.

GCp Polarization at OES Coincides with Initiation of
Ookinete Gliding

The round-shaped immotile zygotes undergo significant
morphological changes (stages |-V) to differentiate into cres-
cent-shaped motile ookinetes (Figure 1H, upper panel). To inves-
tigate the GCP'’s localization dynamics during ookinete matura-
tion and its relationship with ookinete gliding, we analyzed
GCB expression from zygote to mature ookinete using in-vitro-
cultured gcf::6HAc parasites. GCp was distributed in the cyto-
plasm and localized with BiP from zygote (stage |) to retort
(stage lll; Figure S1H), started to cluster at OES in stage IV retort,
and completely polarized to OES of mature ookinetes (stages V;
Figure 1H, middle panel). We also isolated parasites from
infected mosquito midguts and observed a similar dynamic dis-
tribution of GCB (Figure 1H, lower panel), confirming the in vitro
observations. Indeed, the rates of GCP polarization at OES
were almost identical in ookinetes either from mosquitoes or
in vitro cultures (Figure 11). We next isolated the heavy (including
plasma membrane and cytoskeleton) and light (including cyto-
plasm) fractions from extracts of retort and mature ookinetes af-
ter hypotonic lysis and showed that GCB could be detected in
both fractions of the retorts but only in heavy fraction of mature
ookinetes (Figure 1J), supporting GCp association with plasma
membrane in mature ookinetes.

We next quantified GCp polarization level by calculating fluo-
rescent signals at OES over the whole cell at different stages
of ookinete development (Figure S1l) and measured ookinete
gliding using a Matrigel-based assay [7, 18]. We showed that oo-
kinete gliding was highly correlated with GCp polarization at OES
(Figure 1K). No stage Il and Il retorts had gliding motility; stage
IV retorts showed some motility (1-3 pm/min) and initial GCB

(H) IFA showing GC localization during ookinete development in vitro and in vivo. (Upper panel) Diagrams depicting morphological changes from zygote (stage )
to crescent-shaped mature ookinete (stage V) are shown. IFA images of tagged-GCp expression from in-vitro-cultured parasites (middle panel) or in-vivo-infected
mosquito midgut (bottom panel) are shown. Black arrow indicates the apical of ookinetes. The scale bars represent 5 pm.

() Quantification of GCP polarization level at the OES during ookinete development obtained from mosquitoes or in vitro culture as in (H). Polarization rates are
means + SEM of at least 30 ookinetes in each group.

{J) Western blotting of GCP from the isolated cellular fractions (total protein, light fraction, and heavy fraction) of retorts and ookinetes.

(K) Relationship of GCP polarization rate (red) at OES and gliding speed (blue) of ookinetes in different stages. Polarization rates are means + SEM of at least 30
ookinetes. The range of whisker plots for ookinete gliding speeds indicates the 2.5 and 97.5 percentiles, the box includes 50% of all values, and the horizontal line
shows median values obtained for the tested number (n) of ookinetes in each group.

(L) Real-time capturing of fluorescent signals with mScarlet-tagged GCP in developing ookinete and initiation of gliding motility. Percentage number (lower left) is
the GCP polarization rate (signal at the OES over signal from the whole cell). Note, at 69 min or 60%, the parasite started moving as reference to the nearby cells.
The scale bar represents 5 pm.

See also Figures S1 and S2, Tables S1 and S2, and Video S1.
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polarization; and mature ookinetes (stage V) with clear GCp po-
larization had acquired normal gliding (5-12 pm/min; Figure 1K).

To capture the dynamics of GCp polarization and the timing of
ookinete gliding initiation, we generated a parasite, gcf::mScarlet
(Data S1), with GCB C-terminally tagged with mScarlet that had
enhanced red fluorescence [19] and allowed tracking GCB expres-
sion in real time. The mScarlet-tagged protein was expressed at
OES of mature ookinetes (Figure S2A), and the tagging modifica-
tion did not affect ookinete gliding (Figure S2B). Real-time tracking
the GCB::mScarlet signals of the developing retorts and ookinetes
showed cytoplasmic distribution of GCf in both the protrusion and
the zygote remnant of an immotile stage IV retort (Figure 1L; Video
S1). Strikingly, as soon as the majority (~60%) of the GCp were
polarized at OES of mature ookinete, the parasites started gliding
(Figure 1L; Video S$1), suggesting that accumulation of GCB to a
required level at the OES is the trigger for gliding. Additionally,
GCp polarization at OES was always present as long as an
ookinete was moving spirally (Figures S2C and S2D). These obser-
vations directly link GCB polarization at the OES to initiation of
ookinete gliding.

Ookinete Gliding Depends on cGMP Synthesis Activity
of GCp Polarized at OES

We disrupted the gcf gene in wild-type (WT) and the gcg::6HAc
parasites (Figures S3A-S3C). Parasites without GCB could
develop into ookinetes with normal morphology (Figure S3D)
but lost gliding (Figure S3E), oocyst and sporozoite formation
in the mosquito, and infectivity to mouse (Figures S3F and
S3G). These results confirm that GCp is essential for ookinete
gliding and mosquito transmission, which is consistent with find-
ings in gcg disrupted P. berghei parasites [6, 8].

To test whether cGMP synthesis activity of polarized GCp at
OES is required for ookinete gliding, we generated GCB mutant
parasites that maintained GCp OES polarization but lost the
ability to synthesize cGMP. Sequences analysis reveal the
conserved residues Asn-Thr-Ala-Ser-Arg (NTASR) in the a4 helix
of catalytic domain 1 (C1) of GC, which are likely critical for the
cyclase to bind its substrate guanosine triphosphate (GTP)
[20], and mutations in these residues may reduce or abolish
the cyclase activity (Figure S3H). Accordingly, we introduced
mutations by replacing “NTASR"” with “NKASR” or “AKASA”
in the gcB::6HA parasite, generating GCDm1 and GCDm2 para-
sites, respectively (Figure S3l). Both mutants showed normal
GCp polarization and expression levels similar to that of
gcB::6HA parasite (Figures 2A and 2B) but had severely impaired
ookinete motility (Figure 2C), resembling the phenotype of gcf
disruption (Figure S3E). To further test whether the GC activity
for cGMP synthesis results in a loss in ookinetes of these mu-
tants, we utilized a recently developed probe (Green cGull) that
emits EGFP fluorescence when binding to cGMP [21]. We
episomally expressed a plasmid containing the gene encoding
Green cGull protein and observed basal levels of fluorescent
signal in the cytoplasm of WT, Agcg, and GCDm2 ookinetes
when treated with DMSO (Figures 2D and 2E). The fluorescent
signals in WT ookinetes significantly increased after a 20-min
treatment with zaprinast, an inhibitor active against Plasmodium
PDEs, which degrade cGMP [7], but not in Agcg and GCDm2
ookinetes (Figures 2D and 2E). These data not only demonstrate
loss of cGMP synthesis activity in mature ookinetes of the Agcg
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and GCDm2 parasites but also show that ookinete gliding
depends on the cGMP synthesis activity of GCB enriched at
the OES.

GCp Polarization Elevates cGMP Levels and Activates
PKG Signaling
cGMP signals in malaria parasites exert their function via directly
binding and activating the master effector, PKG, and thus trans-
ducing signaling downstream [7, 22]. We tagged the endoge-
nous PKG protein with 4Myc and found that PKG maintains
evenly cytoplasmic distribution during zygote to ookinete devel-
opment of both single-tagged pkg::4myc and double-tagged
gcB::6HA/pkg::4myc parasites (Figures 2F and S3J). To test
whether PKG is required for GCp polarization and ookinete
gliding, we treated the gc8::6HA ookinetes with a potent Plasmo-
dium PKG inhibitor, compound 2 (C2) [7]. As expected, C2
treatment completely inhibited ookinete gliding (Figure 2G), con-
firming the essential role of PKG in ookinete gliding as previously
reported in P. berghei [7]. However, C2 treatment had no influ-
ence on GCP polarization in mature ookinetes (Figure 2H).
Balanced activities of GCp and PDES are critical for maintain-
ing appropriate cGMP concentration, and changes in protein
expression or localization in one of them may affect cGMP levels
and downstream PKG signaling. To investigate PDES expression
and localization relative to GCj, we tagged PDES with 4Myc to
generate pded::4myc parasite (Table S1) and observed the cyto-
plasmic distribution of PDES during the zygote to ookinete differ-
entiation (Figure S3J). Furthermore, we generated a doubly
tagged parasite, gcg::6HA/pdeé::4myc, by tagging the endoge-
nous PDES with 4Myc in the gcg::6HAc parasite (Data S1). At
zygote and retort stages, both proteins were distributed at
both zygote remnant and protrusion and mostly co-localized
(Figure 2I). In mature ookinetes, PDES remained relatively evenly
distributed throughout the cytoplasm, whereas GCp polarized at
the OES (Figure 3l). The re-distribution of these two proteins led
to local enrichment of GC, with higher levels of GCp over PDE&
at OES (Figure 2J), which could probably create an elevated
cGMP level at the OES and drive PKG activation locally
(Figure 2K).

Both ALD and GCD Domains Are Required for GCp
Polarization

To analyze the role of ALD in GCp expression or localization, we
generated a modified parasite, gcg::T2A, by introducing the
“ribosome skip” T2A peptide (EGRGSLLTCGDVEENPGP) into
the middle linker region in the gcg::6HAc parasite (Figure 3A).
The T2A peptide allows expression of the ALD (residues
1-1,248) and GCD peptides (residues 1,249-3,015) separately.
Western blotting detected a protein band (GCD::6HA) smaller
than the full-length protein (Figure 3B), indicating separated
ALD and GCD expression in the gcf::-T2A ookinetes. Notably,
the GCD lost OES polarization with cytoplasmic distribution (Fig-
ures 3C and 3D). As expected, this parasite had severely
impaired gliding (Figure 3E). As a control, we replaced a key pro-
line at position 17 of the T2A peptide with arginine to abrogate its
function (Figure 3A). The resulting gcf::T2Am parasite ex-
pressed a full-length protein with a molecular weight comparable
to that of GCB::6HA protein (Figure 3B). The gcf::T2Am ooki-
netes also maintained GCp polarization (Figures 3C and 3D)



>
w
(9]

154 F  BriHoechst
gcp6HA GCDm1 GCDm2 P <0.0001

v‘S‘e <° &
O P
G G
mw w kDa "“\
28s)
NTASR: MKASR ARASA 235p . . .

P<0.0001
n=17

Zygote

10 n=21

GCp GCD

Cokinete speed (um/min)
Retort

— P e
- ; : P22
[=]
3 i HA =18 s 2
T [ =
p 15p .‘.. P28 O—ﬁ—ﬁﬁé =
T \)‘\" o \(\ ?l o
2 o o &
& ¢ d <:s v"f gcB-6HA/pkg -4Myc
D E s, G H
P:D.DDD1
wildtype GCDhm2 159
. = BFfHoechst GCB:6HA  Merge
£
2] 1. poses & 28
u_ ., P=0223 . < g y
2
‘- - w
H c o
= o8
T T T T T
Zap + DMSO + . + N + . °
Zap - + - + - + -
n=19 26 33 37 29 R goB-6HA
wildtype Agcf GCDm2
I BFHoachst Merge
P <0.0001 Gliding
8| _1007p00001 395501 >
T £
™ - No gliding
B _
- s A Oocyst
=] " ®
& G" N No gliding
o
=) B ~
2 : c A
2 P 5
o o

M Il
mid guloggmlglium

Retort Ookinete Retort Ookinete

gcB:6HA/pded: 4Myc GCh PDES | GCB * cGMP a FPDEG ® F'KG|

Figure 2. GCp Polarization Elevates cGMP Levels and Activates PKG

{A) IFA analysis of GCp in mature ookinetes of the GCDm1 and GCDm2 parasites. The upper panel shows the mutations (red) introduced in the GCD. The scale
bars represent 5 um.

(B) Western blotting of GCP expression in ookinetes of the GCDm1 and GCDm2.

(C) Gliding motility of the GCDm1 and GCDm2 ookinetes. n is the number of ookinetes tested in each group.

(D) Detection of endogenous cGMP in ookinetes of wild-type and GCDm2 parasites expressing the Green cGull probe reporter. The fluorescent signals were
microscopically monitored in ookinetes without treatment (—) or with DMSO or Zap treatment (+) for 20 min.

(E) Quantification of the fluorescent intensity change (F/Fg) in (D). n is the number of ookinetes tested in each group. The horizontal line shows the mean values.
({F) Two-colored IFA analysis of GCP and PKG proteins during ookinete development of the gcg::6HA/pkg::4Myc parasite. The scale bars represent 5 pm.

(G) Ookinete gliding motility of wild-type parasites treated with DMSO or a potent Plasmodium PKG inhibitor, compound 2 (C2).

(H) IFA analysis of GCp proteins in mature ookinete of the gcg::6HA parasites treated with DMSO or C2. The scale bars represent 5 pm.

{l) Two-colored IFA analysis of GCP and PDES proteins during ookinete development of the gcg::6HA/pded:: 4Myc parasite. The scale bars represent 5 pm.
{J) Protein polarization rate of GCp and PDES at OES of retort and ookinete in (1).

(K) A proposed model of GCP polarization at OES and initiation of cGMP and PKG-dependent ocokinete gliding. In mature ockinetes, GCp polarizes at OES, and
PDE? remains in the cytoplasm, which breaks cGMP synthesis-hydrolysis balance and increases cGMP levels, activates PKG, and initiates ookinete gliding.
See also Figure S3 and Tables 51 and S2.

and normal gliding (Figure 3E). To further confirm the T2A-medi- IFA analysis revealed cytoplasmic distribution for both ALD
ated separation of ALD and GCD, we generated another parasite  and GCD with little co-localization (Figure S4C). Like gcg::T2A,
gcB::T2An (Figure S4A), in which ALD and GCD were tagged with  this gc::T2An also displayed a defect in ookinete gliding (Fig-
the triple V5 epitope (3V5) and 6HA, respectively. Separate ure S4D). Together, these results show that expression of both
expression of ALD and GCD was confirmed on western blot us-  ALD and GCD together in a single protein is required for GCp po-
ing anti-V5 and anti-HA antibodies, respectively (Figure S4B). larization and ookinete gliding.
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The ALD of GCB is structurally related to the P4-ATPase proteins,
which function as flippase translocating phospholipids, such as
phosphatidylserine (PS) from exofacial to cytofacial leaflets of
membranes in eukaryotic cells [23, 24]. However, sequence
analysis revealed that ALD contains mutations in several
conserved functional motifs (Figure S4E), including the critical
DKTGT motif, suggesting a pseudo P4-ATPase. To investigate
whether PS is enriched at OES and thus mediates GCp polariza-
tion, we stained the living WT ookinetes with the annexin V-fluo-
rescein isothiocyanate (FITC) probe and detected no enrichment
of PS molecule at either exofacial or cytofacial leaflets of plasma
membranes at the OES (Figures S4F-S4H). In addition, saponin
treatment, which is expected to impair the PS-lipid componentin
the membrane via depleting cholesterol [25], did not affect GCp
polarization (Figure S4l). These data suggest that PS-lipid is un-
likely the mediator for GCP polarization.

P4-ATPase interacts with the co-factor protein, CDC50, which
is required for trafficking of the complex from ER to plasma
membrane and for flippase activity [26] (Figure 4A). A search of
the Plasmodium genomes identified three paralogs of cdc50
genes: cdch0a (PY17X_0619700); cdchb0b (PY17X_0916600);
and cdc50c (PY17X_0514500; Figure S5A). To determine which
CDC50 associates with GCB, we generated parasites with
individual CDC50 protein tagged with 6HA: cdcb0a::6HA;
cdcb50b::6HA; and cdc50c::6HA (Figure 4B). Of the three pro-
teins, only CDC50A has polarization at OES similar to GCB in
mature ookinetes (Figure 4B). Notably, CDC50A is exclusively
expressed in gametocytes, zygotes, and ookinetes during the
parasite life cycle (Figures S5B and S5C) and, similar to GCB,
polarized at OES during zygote to ookinete development (Fig-
ure S5D). These observations were reproduced in another inde-
pendent mScarlet-tagged parasite, 50a::mScarfet (Figure S5E).
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Figure 3. Expression of ALD and GCD in a
Single Peptide Is Required for GCp Polariza-
CES? 3 tion and Ookinete Gliding
(A) Diagrams of the endogenous GCPp protein
modification. The viral “ribosome skip” T2A pep-
tide was inserted into the region between the ALD
and GCD domains in the gcg::T2A parasite, lead-
ing to expression of the two domains separately. In
HA the gcB::T2Am parasite, replacing a proline with
arginine in the T2A abrogated the peptide function,
resulting in expression of both ALD and GCD in
one peptide.
(B) Western blotting of GCP protein using anti-HA
E antibody in the modified strains.
= (C) IFA analysis of labeled GCP proteins in ooki-
E __P=dies netes of modified strains. The scale bars represent
£ P=n.ooot 5 pm.
(D) Quantification of GCP polarization rate at OES
of the ookinetes in (C).
(E) Gliding motility of ookinetes from different
modified strains.
See also Figure 54 and Tables 51 and S2.

n=15

Next, we generated two doubly tagged parasites, gcg::6HA/
50a::mCherry and gcf::6HA/50a::3V5, from the gcp::6HA para-
site (Table S1). Results from these parasites show that GCp
and CDC50A were completely co-localized at the cytoplasm of
female gametocytes, zygotes, and retorts and at ookinete OES
(Figures 4C and 4D). Furthermore, results from immunoprecipi-
tation using anti-HA antibody indicate that GCB binds to
CDC50A in ookinetes lysate of the gcg::6HA/cdc50a::mCherry
parasite (Figure 4E). These data demonstrate that CDC50A co-
localizes and binds to GCp during ookinete development.

Deletion of CDC50A Phenocopies GCp Deficiency in
Ookinete Gliding

We next genetically disrupted the cdec50a gene and showed that,
similar to gcg disruption, Acdc50a parasites displayed normal
asexual blood stage growth, gametocyte formation, and ooki-
nete differentiation (Figures S6A-S6D) but had severe defect in
ookinete gliding (Figure 4F). Parasites with gliding defect cannot
penetrate the mosquito midgut and produce no oocysts; indeed,
no midgut oocyst (day 7) or salivary gland sporozoite (day 14)
was detected in the mosquitoes infected with Agc or Acdc50a
parasites (Figures 4G and 4H). To further confirm the phenotype,
we deleted gcg or cde50a gene in a parasite strain expressing
mCherry-labeled P28, 17XNL/P28mCh [27], to investigate early
oocyst development (Table S1). Again, these mutant parasites
lost ookinete gliding (Figure S6E) and produced no oocyst in
mosquitoes (Figure S6F). In mosquitoes infected with these par-
asites, no early midgut parasites were observed at as early as
36 hr post-blood feeding (Figure S6G). To rule out that the
phenotype defects were caused by Cas9 off-target effects, we
re-introduced a cdc50a gene with sequence encoding an N-ter-
minal Flag tag back to the endogenous cdc50a locus in the
Acdch0a parasite (Data S1). This complemented parasite
(A50a/50a) showed proper CDC50A protein expression driven
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Figure 4. CDC50A Mimics GCf Function in Ookinete Gliding

(A) Diagram of P4-ATPase (green) and CDC50 (red) protein complex in eukaryotes.

(B) Topology and IFA analysis of three CDCS50 proteins in ookinetes of P. yoelii: CDCS50A (504A); CDC50B (50B); and CDC50C (50C). These endogenous proteins
were tagged with a 6HA tag (red rectangle) C-terminally. The scale bars represent 5 pm.

(C) Two-colored IFA analysis of CDC50A and GCp proteins during gametocyte to ookinete development of the double-tagged gcg::6HA/cdc50a::mCherry
parasite using anti-HA and anti-mCherry antibodies. The scale bars represent 5 pm.

(D) Two-colored IFA analysis of CDC50A and GCP proteins in ookinete of the double-tagged gcg::6HA/cdc50a::3V5 parasite. The scale bar represents 5 pm.
(E) Co-immunoprecipitation assay of GCp and CDC50A proteins in cokinetes of the gcg::6HA/cdc50a::mCherry strain (double modified strain [DMS]).

(F) Ookinete gliding motility of the wild-type, Agcg, A50a, and the complemented A50a/50a parasites.

(G) Number of oocysts in mosquito midgut 8 days post-blood feeding. n is the number of mosquitoes tested in each group. The horizontal line shows the mean
value of each group. Right panel shows the dissected mosquito midguts stained with 0.5% mercurochrome. The scale bars represent 50 pm.

(H) Formation and infectivity to mouse of salivary gland sporozoites in the mosquitoes 14 days post-blood feeding. In each group, ten mosquitoes were fed on one
mouse and the prepatent time was measured.

{I) Western blot of the Flag-tagged CDC50A expression in ookinetes of the complemented A50a/50a parasite.

{J) Ookinete gliding motility of the parasites with various combinations of double deletions of gcg, 50a, pded, and cdpk3 genes.

(K) Ockinete gliding motility of the parasites with or without the Plasmodium PDE inhibitor zaprinast (Zap) (100 puM) treatment.

{L) A proposed model depicting positions of GCB and CDC50A in cGMP signaling for ookinete gliding.

See also Figures S5 and S6 and Tables S1 and S2.
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Figure 5. CDC50A Stabilizes GCp during Sexual Development

(A) RT-PCR analysis of gc g and 50a transcripts in gametocytes and ookinetes of the gc8::6HA and gcg::6HA/A50a parasites. 18 s rANA gene as control is shown.
(B) Western blot of GCP expression in gametocytes and ookinetes of the gcg::6HA and gcg::6HA/A50a parasites. The right panel is the quantifications of GCp
band intensity in the blot from three independent experiments.

(C) IFA analysis of GCp protein in gametocyte (left) and ookinete (right) of the gcg::6HA and 50a-deleted parasites. Two independent modified strains,
gcf::6HA/AS50a and A50a/ge3::6HA, were tested. The right panel is quantifications of the fluorescent signal of GCp.

(D) Western blot of 50A expression in the 50a::6HA and 50a::6HA/Agcg parasites. Right panel is the quantification of the results from three independent

experiments.

(E) IFA of 50A protein during in vitro ookinete development of 50a::6HA and 50a::6HA/Agc 8 parasites.
(F) Western blot of GCp and 50A proteins in ookinete of the gcg::6HA/A50a parasite complemented with 3V5-tagged 50a gene from either P. yoelii or

P. falciparum.

(G) IFA analysis of GCP proteins in ookinete of complemented parasites.
(H) Ookinete gliding motility of the complemented parasites.

(I) A proposed model of CDC50A binding and stabilizing GCp.

In (C), (E), and (G), scale bars represent 5 ym. See also Tables S1 and S2.

by the endogenous promoter (Figure 4l) and displayed normal
ookinete gliding (Figure 4F), oocyst counts (Figure 4G), and
infectivity of mice (Figure 4H). Together, these results confirm
that loss of the CDC50A protein causes ookinete gliding defect
and mosquito transmission blocking.

Four genes (gcg, cdch0a, pded, and cdpk3) have been shown
to affect ookinete gliding. To further investigate the functional re-
lationships of these genes, we generated double knockout
(DKO) parasites of gc/50a, gc/cdpk3, 50a/cdpk3, gcf/pded,
and 50a/pded (Table S1) and compared the effects of these
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DKOs on ookinete motility with single-gene deletion. The gcf/
50a DKO displayed the similar level of gliding defect with single
gene deletion (Figure 4J). Both gcg/cdpk3 and 50a/cdpk3 DKO
showed slight reductions in gliding than the Acdpk3 (Figure 5J).
The Apdeé had higher gliding than that of WT, probably due to
increased motility with elevated cGMP level; however, DKO par-
asites (gc@/pded and 50a/pded) almost completely abolished
ookinete gliding (Figure 4.J), suggesting that GCB and CDC50A
may function similarly in the signaling upstream of cGMP
(without cGMP synthesis, there will be no cGMP for hydrolysis).



Consistent with these observations, zaprinast (Zap) treatment
boosted gliding of WT ookinetes, but not with either Agcg or
Acdc50a parasite (Figure 4K). Together, these results show
that CDC50A serves as a GC co-factor, having a similar expres-
sion pattern and deletion phenotype to those of GCB, to regulate
cGMP levels in ookinete gliding (Figure 4L).

CDC50A Stabilizes GCB during Ookinete Development
To investigate how CDC50A regulates GCB, we deleted the
cdchb0a gene in the gcf::6HA parasite and generated the
gcB::6HA/ABDa parasite (Data S1). CDC50A depletion did not
affect gcf mRNA levels in either gametocytes or ookinetes (Fig-
ure 5A), ruling out an effect of CDC50A on gcg transcription.
However, an approximately 90% reduction in GCJ protein abun-
dance was observed in both gametocytes and ookinetes of the
gcB::6HA/ABOa, compared to the parental line in both IFA and
western blotting analyses (Figures 5B and 5C). As expected,
no OES polarization of GCpB occurred in these parasites (Fig-
ure 5C). In addition, we generated another parasite, A50a/
gcB::6HA, by tagging GCP in the Acdc50a parasite (Data S1)
and observed the same results (Figure 5C). In contrast, deleting
gcB had no impact on CDC50A protein abundance in gameto-
cytes or ookinetes of the 50a::6HA/Agcg line (Figure 5D). Inter-
estingly, CDC50A protein alone did not polarize at OES in the
50a::6HA/Agcp ookinete (Figure 5E). These data indicate that
CDC50A stabilizes GCB during gametocyte-zygote-ookinete
development, which may explain the similar phenotypic defects
in Agcg and Acdcb0a parasites but does not carry the signal for
directing the protein complex to the OES. Instead, the polariza-
tion signal is likely within GCp as shown above.

CDC50A amino acid sequences display high homology
(75% identity) between P. yoelii and human malaria parasite
P. falciparum, suggesting conserved functions. To test this,
we complemented the gcg::6HA/A50a parasite with the
cdchb0a gene from the P. falciparum (Pfcdc50a) or P. yoelii
(Pycdcbh0a as control) by episomal expression of the Pfcdc50a
or Pycdc50a. CDC50A protein expression was detected in ooki-
netes of the parasites complemented with either Pfcdc50a or
Pycdc50a C-terminally tagged with 3V5 (Figure 5F). Importantly,
both proteins successfully restored GCp expression and polari-
zation in ookinetes (Figures 5F and 5G) and ookinete gliding
comparable to that of WT parasite (Figure 5H). Together, these
data show that CDC50A may stabilize GCB protein or play a
role in the translation of GCp mRNA during sexual development
and its functions are evolutionarily conserved between P. yoelii
and P. falciparum (Figure 5I).

ISP1 Polarizes and Interacts with GCp at OES of Mature
Ookinete

GCB is likely anchored by the molecules at the IMC of mature
ookinetes because (1) GCPB polarizes at a curved region of the
ookinete (Figure 1D) that is mostly maintained by the IMC
[28, 29] and (2) PPM-residing GCB remains polarized at OES
even after trypsin digestion (Figure 1G). Therefore, we searched
putative IMC proteins expressed in ookinetes identified previ-
ously [30] and selected 10 genes for protein localization analyses
by tagging the protein with 6HA or 4Myc (Figure S7A). Out of 10
proteins, only the ISP1 displayed OES polarization as well
as some distribution along the cell periphery in the isp1::6HA

ookinete (Figure 6A). We observed the same location of ISP1
in the ookinetes of another tagged parasite—isp1::3V5 (Fig-
ure S7B). ISP3, another member of the ISP proteins, distributes
along the periphery of ookinete (Figure 6A).

We generated doubly tagged gcg::6HA/isp1::3V5 parasites by
tagging endogenous isp1 with 3V5 in the gcg::6HA parasite to
investigate GCP and ISP1 expression in the same parasite (Fig-
ure 6B; Table S1). ISP1 was expressed and polarized as an elon-
gated dot in early zygotes, became two branches lining the
future apical in the retort, and polarized at the OES in mature oo-
kinete (Figure 6B), which is consistent with the observations in
P. berghei [31]. Using stochastic optical reconstruction micro-
scopy (STORM), we overlaid GCpB and ISP1 signals at OES and
observed overlapping signals at the middle (Figure 6C). Further-
more, we detected the interaction between GCf and ISP1 in
ookinete lysates of the gc§::6HA/isp1::3V5 parasite using immu-
noprecipitation (Figure 6D), indicating that GCp and ISP1 interact
with each other.

GCp Polarization Is Maintained by ISP1 at the IMC

ISP1 was reported as an essential gene refractory to deletion in
P. berghei asexual blood stages [31]. However, we were able to
disrupt the isp1 gene in P. yoelii 17XNL using the Cas9 method
and obtained three mutant clones from two independent trans-
fections (Data S1). 4disp? parasites showed normal asexual
blood stages and gametocyte development in mouse, male
gametocyte activation, and mature ookinetes with normal
morphology (Figures S7C-S7F). However, isp1 disruption
caused a slight decrease in conversion rate to mature ookinete
(25% in 4isp1; 51% in WT; Figure S7G). Importantly, the Aisp1
ookinetes with normal morphology showed significantly reduced
ookinete gliding (Figure 7A) and oocyst counts in mosquito
(Figure 7B).

ISP1 may play a role in anchoring GCP at the OES. To test this,
we deleted the isp1 gene in the gcg::6HA parasite generating the
gcp::6HA/Aisp1 parasite (Data S1). ISP1 depletion did not affect
GCB protein abundance (Figure S7H) but disrupted GCp polari-
zation in ~93% of the ookinetes (Figures 7C and 7D); GCp
appeared to be randomly distributed in cytoplasm, at cell periph-
ery, or at the apical region (Figure 7C). Indeed, gc@::6HA/Aisp1
ookinetes also displayed a severe defect in gliding compared
with those of parental gcg::6HA (Figure 7E). To further confirm
the defect, we performed complementation to rescue the defect
of the gcp::6HA/Aisp1 parasite by episomal expression of
the 3Vb-tagged PylSP1 (from P. yoeli) and PfISP1 (from
P. falciparum; Data S1). Both tagged PylSP1 and PfISP1 protein
expression were detected in ookinetes of the complemented
parasites (Figure 7F), and these complementations successfully
restored GCp polarization (Figures 7D, 7G, and 7H) and ookinete
gliding to the gcB::6HA/Aisp1 ookinetes (Figure 7E), consistent
with the high homology (90% identity) in ISP1 protein sequence
between P. falciparum and P. yoelii (Figure S7l). In contrast, GCB
depletion in the isp7::3V5 parasite had no impact on the ISP1 dy-
namic localization and final OES polarization during ookinete
differentiation (Figure 71), suggesting that ISP1 itself contains
a GCBp-independent signal for OES polarization at mature
ookinete.

The ISP1 protein bears two N-terminal cysteine residues
for palmitoyl-transferase-mediated palmitoylation modification
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Figure 6. ISP1 Polarizes and Interacts with
GCp at OES of Mature Ookinete

(A) Protein polarization levels at OES based on IFA
signals for IMC-related proteins in mature ooki-
netes. The localization of the tested proteins is
indicated in Figure S7A. Polarization rates are
means + SEM of at least 30 cells and indicated at
the top of each column. Lower panel is the IFA
images of three selected proteins: IMC1i and
IMC sub-compartment proteins 1 and 3 (ISP1 and
ISP3, respectively).

(B) IFA analysis of ISP1 and GCp proteins from
zygote to ookinete development in the parasite
gcB::6HA/isp1::3V5. The scale bars represent
5 pm.

(C) Stochastic optical reconstruction microscopy
(STORM) imaging of GCp and ISP1 proteins in
mature ookinete. The scale bars represent 0.5 pm.
(D) Co-immunoprecipitation assay of GCP and
ISP1 proteins in ookinetes of the gcpg::6HA/
isp1::3V5 parasite.

See also Figure S7 and Tables 51 and S2.

GCR6HA Merge

By real-time capturing mScarlet-tagged
GCB signals, we clearly showed that ooki-
netes start to move only when the majority
(>60%) of GCp is clustered at the OES
(Figure 1L), providing a mechanism for
the initiation of ookinete gliding motility.
In addition, we demonstrated that
CDCS50A, an essential component of P4-
ATPase trafficking and activity in other or-
ganisms [26], plays an important role in

(Figure S71), which is critical for its docking to the IMC [32]. We
attempted to complement the gcg::6HA/Aisp1 parasite by
episomal expression of the 3V5-tagged ISP1-bearing C7A/C8A
mutations (cysteine changed to alanine in both amino acid 7
and 8 positions). The ISP1¢7~C8A--3y5 protein lost palmitoylation
modification compared with 1ISP1"T::3V5 protein (Figure 7J).
Consistently, ISP1€7~C8A::3y5 |ocalized evenly at cytoplasm
instead of polarizing at OES (Figure 7K) and failed to rescue
the GCP polarization in the ookinetes of complemented
gcB::6HA/Aisp1 parasite (Figure 7L). Furthermore, treating the
developing ookinete of the gcp::6HA/isp1::3V5 parasite with
2-BMP, a potent inhibitor of protein palmitoylation [33], impaired
ookinete differentiation and maturation (Figure S7J) as well as
OES localization of both ISP1 and GCp in ookinetes with
abnormal morphology (Figure S7K). Again, these abnormal ooki-
netes displayed no gliding (Figure S7L). Together, these data
indicate that ISP1, with signal for tracking to OES and residing
at the IMC, could anchor GCp at the OES of mature ookinetes
(Figure 7M).

DISCUSSION

Using P. yoelii as a model, here, we show that GCp polarization at
the ookinete OES is essential for the initiation of ookinete gliding.
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GCp protein expression and ISP1, an
IMC protein, contributes to anchoring
GCp at OES of mature ookinetes.

Why does the GCp polarization occur only after ookinete
maturation? A previous study showed that PDE& deletion led
to a defect in ookinete development and gliding, which could
be rescued by additional GCp disruption or PKG inhibition in
P. berghei [8]. Premature activation of cGMP and PKG signal
caused by PDES disruption before ookinete maturation could
interfere with the programmed development of ookinetes. These
observations not only suggest both GCp and PDES are constitu-
tively active for synthesizing and hydrolyzing cGMP, respec-
tively, during the ookinete development but also suggest that
strictly spatial-temporal regulation of cGMP and PKG signaling
is required for coordinating ookinete development and gliding.
Consistent with this speculation, our results showed that both
GCp and PDES were distributed in cytoplasmic membrane struc-
tures (mostly ER) and largely co-localized in zygotes and retorts,
which likely allow maintenance of a balanced and low level of
cGMP throughout the cytoplasm, assuming that all the enzymes
are constitutively active. In mature ookinetes, GCp is polarized at
OES but PDE® remains cytoplasmic. GCp polarization generates
a higher protein ratio of GCp over PDE® at OES and likely a higher
rate of cGMP synthesis than hydrolysis locally. This locally
elevated cGMP may activate the PKG signaling and then initiate
the ookinete gliding. The sequential events in this process are
supported by direct observations of GCp polarization at OES
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Figure 7. GCp Polarization Is Maintained by ISP1 at the IMC

(A) Ookinete gliding motility of wild-type and Aisp1 parasites.

(B) Number of cocysts in the mosquito midguts 7 days post-blood feeding.

(C) IFA analysis of GCP localization in ookinetes of the gc8::6HA/Aisp1 parasite. The scale bar represents 5 pm.

(D) Percentage of ookinete types showing different localization of GCP in (C). More than 100 ookinetes were analyzed in each group from three independent tests.
(E) Ockinete gliding motility of gcg::6HA, gc::6HA/Aisp1, and the complemented parasites: Pyisp1::3V5 (P. yoelii isp1) and Pfisp1::3V5 (P. falciparum isp1).
(F) Western blot detecting the 3V5-tagged PyISP1 or PfISP1 proteins expression in the complemented parasites.

(G) IFA analysis of GCP and ISP1 proteins in ookinetes of the complemented parasites. The scale bars represent 5 pm.

(H) Quantification of GCPB polarization rate at OES of ookinetes in (G).

{I) IFA analysis of ISP1 protein from zygote to ookinete development of the isp1::3V5/Agcg parasites. The scale bar represents 5 pm.

{J) Western blot detection of expression and palmitoylation of ISP1 in the gcg::6HA/Aisp1 parasite complemented with the 3V5-tagged wild-type ISP1
(1ISP1"T::3V5) or ISP1 bearing C7A/C8A mutations (ISP1°724::3y5), BiP as the loading control is shown.

(K) Two-colored IFA analysis of ISP1 and GCp proteins in ookinetes of the gcg::6HA/Aisp1 parasite complemented with ISP1674C84.::3y5_The scale bar rep-
resents 5 pm.

(L) Percentage of ookinetes with GCP polarization at OES from the geg::6HA/Aisp1 parasites complemented with ISP1¥T::3V5 or ISP1°748A-:3y5, The value is
means + SEM of three independent tests analyzing more than 150 cokinetes. Two-tailed t test was used.

(M) A proposed model of the IMC-residing protein ISP1 in anchoring GCP at OES of mature ookinetes.

See also Figure S7 and Tables 51 and S2.
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and the initiation of ookinete gliding (Figure 1L), although we
were not able to detect elevated level of cGMP at OES directly
using a cGMP probe reporter Green cGull developed recently
[21]. This is likely due to either the extremely fast diffusion prop-
erty of cytoplasmic cGMP inside the ookinete [34, 35] or limited
sensitivity of the probe in detecting cGMP. Further investigation
using more sensitive methods is necessary to prove that locally
elevated cGMP concentration drives ookinete gliding motility.

In many organisms, from yeast to mammals, CDC50 is a co-
factor or chaperon of P4-ATPase proteins that mediates the
complex’s cellular trafficking [36]. Disruption of cdc50a dramat-
ically reduced GCp protein levels in gametocytes and ookinetes
and abolished ookinete gliding. Interestingly, the CDC50A pro-
tein level is not affected after GCB deletion, and it alone cannot
polarize to OES. These results imply that CDC50A may not
contain the signal for trafficking the complex to OES, as reported
in other organisms [36, 37]; instead, it may function as a chap-
eron stabilizing GCp in Plasmodium, although we cannot rule
out that CDC50A could also regulate GCp at the translational
level.

IMC-residing protein ISP1 co-localizes and interacts with GCp
at OES of mature ookinetes, with GCp distributed at the PPM and
ISP1 at the IMC, functioning as an anchor pulling the GCp com-
plex to OES in mature ookinetes. Consistently, the majority
(93%) of ookinetes lost GCp polarization after ISP1 depletion.
However, approximately 7% of ookinetes still maintained GCB
OES polarization, suggesting that other proteins may participate
in anchoring GCB/CDC50A complex at OES. It is still unknown
how the GCp is “pulled” to ISP1 at OES of mature ookinete,
although ISP1 already polarizes in zygote stage (Figure 6B); it
is possible that some specific proteins are expressed and direct
GCB/CDC50A to OES when ookinete is mature or about to
mature. Previous studies have shown that biogenesis of the
IMC is dependent on vesicular transport by the alveolate-spe-
cific GTPase protein, Rab11A and Rab11B, in apicomplexans
[38, 39]. Whether Rab11A and Rab11B play a role in translocat-
ing the GCB/CDC50A to the OES requires further investigation.

We propose a model for GCB polarization-directed cGMP
signaling and the initiation of ookinete gliding. (1) From zygote
to retort stages, cytoplasmic-distributed GCB/CDC50A complex
and PDE®& maintain a sub-threshold cGMP level precluding PKG
activation in the cytoplasm throughout the whole cell, assuming
that all the enzymes are constitutively active. (2) Upon ookinete
maturation, the GCB/CDC50A complex translocates to the
PPM and is anchored by the IMC-residing ISP1 at OES. (3) The
GCp polarization presumably increases the local cGMP concen-
tration that drives PKG activation and initiates ookinetes gliding.
Mosquito midgut traversal by ookinetes is a critical limiting step
during the malaria transmission, and elucidating the mechanism
involved in ookinete gliding could assist the development of in-
terventions for blocking disease transmission.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Flag Sigma-Aldrich cat# F2555; RRID:AB_796202
Rabbit anti-HA Cell Signaling Technology cat#3724S; RRID:AB_1549585

Mouse anti-HA
Rabbit anti-Myc
Mouse anti-Myc

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

cat#2367S; RRID:AB_10691311
cat#2272S; RRID:AB_10692100
cat#2276S; RRID:AB_331783

Rabbit anti-mCherry Abcam cat# ab183628; RRID:AB_2650480
Mouse anti-o Tubulin 1l Sigma-Aldrich cat#T6199; RRID:AB_477583
Mouse anti-V5 Genescript cat#A01724-100
Alexa 488 conjugated goat anti-mouse IgG antibody ThermoFisher Scientific cat#A11001; RRID:AB_2534069
Alexa 488 conjugated goat anti-rabbit IgG antibody ThermoFisher Scientific cat# A31566; RRID:AB_10374301
Alexa 555 conjugated goat anti-mouse IgG antibody ThermoFisher Scientific cat#A21422; RRID:AB_141822
Alexa 555 conjugated goat anti-rabbit IgG antibody ThermoFisher Scientific cat#A21428; RRID:AB_141784
Alexa 555 conjugated goat anti-rat IgG antibody ThermoFisher Scientific cat#A21434; RRID:AB_141733
Goat anti-mouse IgG HRP-conjugated Abcam cat#ab6789; RRID:AB_955439
Goat anti-rabbit IgG HRP-conjugated Abcam cat#ab6721; RRID:AB_955447
Rabbit anti-P28 serum Prepared in our lab [27] N/A
Rabbit anti-BiP serum Prepared in our lab N/A
Rabbit anti-ERD2 serum Prepared in our lab N/A
Rat anti-ACP serum Prepared in our lab N/A
Rabbit anti-Hep17 serum Prepared in our lab N/A
Experimental models: parasite strains
P.yoelii 17XNL strain [13] N/A
P.yoelii 17XNL/P28M strain [27] N/A
Plasmids and vectors
pYCm Cas9 plasmid [27] N/A
PLOO19 Malaria Research and Reference Cat#MRA-788

Reagent Resource Center
PLO019-Pysoap-mScarlet This manuscript N/A
PL0O019-Pysoap-BeCyClope::mScarlet This manuscript N/A
PL0O019-Pysoap-AnnexinV::mScarlet This manuscript N/A
PLO019-Pycdc50a::3V5 rescue This manuscript N/A
PLO019-Pyisp1::3V5 rescue This manuscript N/A
PLO019-Pfisp1::3V5 rescue This manuscript N/A
PL0O019-Pysoap-GreencGull This manuscript N/A
Chemicals, Peptides, and Recombinant Proteins
RPMI 1640 medium liquid Hyclone cat#SH30809.01B
Fetal Bovine Serum GIBCO cat#16000044
Xanthurenic acid Sigma-Aldrich cat#D120804
Matrigel BD cat#356234
Nycodenz Axis-shield cat#66108-95-0
Giemsa solution Sigma-Aldrich cat#GS80
Trypsin Sigma-Aldrich cat#T1426
Hoechst 33342 ThermoFisher Scientific cat#23491-52-3
Protease inhibitor cocktail Medchem Express cat#HY-K0010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Western Bright ECL Advansta cat#K12045-D10

RIPA Solaribio cat#R0010

ACK lysing buffer ThermoFisher Scientific cat#A1049201

Pyrimethamine Sigma-Aldrich cat#46706

Sulfadiazine Sigma-Aldrich cat#58626

5-Fluorouracil (5FC) Sigma-Aldrich cat# F6627

2-BMP Sigma-Aldrich cat# 21604

Zaprinast Sigma-Aldrich cat#Z0878

Compound 2 (C2) PI: Oliver Billker [7] N/A

Protein A/G affinity argrose beads Pierce cat#20423

Thiopropyl Sepharose 6B GE healthcare cat#17-0402-01

ExpressPlus PAGE Gel,10 x 8, 4-12%, 10 wells Genescript cat#M41210

Low gelling temperature Agarose Sigma-Aldrich cat#A9414

Critical Commercial Assays

Pierce BCA Protein Assay Kit ThermoFisher Scientific cat#23225

Annexin V-FITC assay kit Abcam cat#ab14085

Nucleofector Kit Lonza catfVVMI-1011

cDNA and gDNA Resource

P.yoelii 17XNL cDNA Our lab N/A

P.falciparum 3D7 genomic DNA Our lab N/A

Oligonucleotides

Oligonucleotides and primers listed in Table S2 Genewiz https://www.genewiz.com.cn/

Software and Algorithms

ZiFT [40] http://zifit.partners.org/ZiFiT/
ChoiceMenu.aspx

TMHMM [41] http://topcons.cbr.su.se/

Mega5.0 [42] http://macdownload.informer.com/
mega-5/5.0/

Fiji-lmageJ [43] http://imagej.net/Fiji

Prism GraphPad [44] https://www.graphpad.com/

scientific-software/prism/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jing Yuan
(yuanjing@xmu.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse usage and ethics statement

All animal experiments were performed in accordance with approved protocols (XMULAC20140004) by the Committee for Care and
Use of Laboratory Animals of Xiamen University. The ICR mice (female, 5 to 6 weeks old) were purchased from the Animal Care Cen-
ter of Xiamen University and used for parasite propagation, drug selection, parasite cloning, and mosquito feedings.

Genotypic analysis of transgenic parasites

All transgenic parasites were generated from P. yoelii 17XNL strain and are listed in Table S1. Parasite infected blood samples from
infected mice were collected from the mouse orbital sinus, and mouse blood cells were lysed using 1% saponin in PBS. Parasite
genomic DNAs were isolated from transfected blood stage parasite populations using DNeasy Blood kits (QIAGEN) after washing
off hemoglobin and subjected to diagnostic PCR. For each modification, both the 5’ and 3’ homologous recombination was detected
by diagnostic genotype PCR (see Data S1), confirming successful integration of the homologous templates. All the primers used in
this study are listed in Table S2. Parasite clones with targeted modifications were obtained after limiting dilution. At least two clones of
each gene-modified parasite were used for phenotype analysis.
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Housing conditions of mosquitos
The Anopheles stephensi mosquito (strain Hor) was reared at 28°C, 80% relative humidity and at a 12h light/dark cycle in the standard
insect facility. Mosquito adults were maintained on a 10% sucrose solution.

Culture conditions for in vitro systems

Parasite ookinetes were prepared using in vifro culture. 100 pL of infected blood containing gametocytes was obtained from the
orbital sinus of infected mouse and mixed immediately with 1 mL ookinete culture medium (RPMI 1640 medium containing
25 mM HEPES, 10% FCS, 100 uM xanthurenic acid, and pH 8.0). The mixture was incubated at 22°C for 12-24 h to allow gameto-
genesis, fertilization, and ookinete differentiation. Ookinetes formation was monitored by Giemsa staining of smears of the cultured
cells.

METHOD DETAILS

Plasmid construction and parasite transfection

CRISPR/Cas9 plasmid pYCm was used for parasite genomic modification. To construct the vectors for gene deleting, we amplified
the 5'- and 3'- genomic sequence (400 to 700 bp) of target genes as left and right homologous arms using specific primers (Table S2)
and inserted into the restriction sites in pYCm. Oligonucleotides for guide RNAs (sgRNAs) were annealed and ligated into pYCm. For
each gene, two sgRNAs were designed to target the coding region of gene (Table S2) using the online program ZiFit [40]. To construct
the vectors for gene tagging and T2A insertion, we first amplified the C- or N-terminal segments (400 to 800 bp) of the coding regions
as left or right arm and 400 to 800 bp from 5’UTR or 3’ UTR following the translation stop codon as left and right arm, respectively.
A DNA fragment (encoding mCherry, mScarlet, 6HA, 4Myc, or 3V5 tag) was inserted between the left and right arms in frame with the
gene of interest. For each gene, two sgRNAs were designed to target sites close to the C- or N-terminal part of the coding region. To
construct vectors for site-directed nucleotide mutations, the substitution sites were designed with a restriction site for modification
detection and placed in the middle of the homologous arms. Parasite-infected red blood cells (RBC) were electroporated with 5 pg
purified circular plasmid DNA using the Lonza Nucleotector. Transfected parasites were immediately intravenously injected into a
new mouse and placed under pyrimethamine pressure (provided in drinking water at concentration 6 pg/ml) from day 2 post-trans-
fection. Parasites with transfected plasmids usually appear 5 to 7 days during drug selection.

Parasite negative selection with 5-Fluorouracil

Modified parasites subject for sequential modification were negatively selected to remove episomal pYCm plasmid. 5-Fluorouracil
(5FC, Sigma, F6627) was prepared in water at a final concentration of 2.0 mg/ml and was provided to the mice in a dark drinking
bottle. A naive mouse receiving parasites with residual plasmid from previous pyrimethamine selection was subjected to 5FC pres-
sure for 8 days, with a change of drug at day 4. To estimate the amount of plasmid in the parasite populations, we used two inde-
pendent primer pairs from the plasmid backbone to amplify the DNAs. All PCR primers used are listed in Table S2.

Gametocyte induction in mouse

ICR mice were treated with phenylhydrazine (80 pg /g mouse body weight) through intraperitoneal injection. Three days post treat-
ment, the mice were infected with 2.0 x 10° parasites through tail vein injection. Peaks of gametocytemia usually were observed
three days post infection. Male and female gametocytes were counted via Giemsa staining of thin blood smears. Gametocytemia
was calculated as the ratio of male or female gametocyte over parasitized erythrocyte. All experiments were repeated three times
independently.

In vitro ookinete culture and purification

In vitro culture for ookinete development was prepared as described previously [45]. Briefly, mouse blood with 4%-6% gametocy-
temia was collected in heparin tubes and immediately added to ookinete culture medium. Parasites were cultured in the medium with
a blood/medium volume ratio of 1:10 at 22°C. After 12-24 h culture, the ookinete culture was Giemsa-stained and analyzed for oo-
kinetes morphology. Ookinete conversion rate was calculated as the number of ookinetes (both normal and abnormal morphology)
per 100 female gametocytes. Ookinetes were purified using ACK lysing method as described previously [46]. Briefly, the cultured
ookinetes were collected by centrifugation and transferred into ACK lysing buffer (ThermoFisher Scientific, A1049201) on ice for
8 min. After erythrocytes lysis, the remaining ookinetes were isolated via centrifugation and washed twice with PBS. The ookinetes
were examined on the hemocytometer under 40 x objective lens for purity and counted. Only the samples with > 80% ookinete purity
were used for further biochemical analysis.

Mosquito feeding and transmission assay

For mosquito transmission, thirty female Anopheles stephensi mosquitoes were allowed to feed on an anesthetized mouse carrying
4%—-6% gametocytemia for 30 min. For oocyst formation assay, mosquito midguts were dissected on day 7 or 8 post blood-
feeding and stained with 0.1% mercurochrome for oocyst counting. For salivary gland sporozoite counting, salivary glands from
20-30 mosquitoes were dissected on day 14 post blood-feeding, and the number of sporozoites per mosquito was calculated.
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For sporozoite infection of mice, 15-20 infected mosquitoes were allowed to bite one anesthetized naive mouse for 30 min. The time
for parasite emerging in mouse peripheral blood circulation after the bite was considered as prepatent time.

Ookinete motility assay

Ookinete gliding motility was evaluated as previously described [8]. All procedures were performed in a temperature-controlled room
with 22°C. Briefly, 20 pL of the suspended ookinete cultures were mixed with 20 pL of Matrigel (BD, #356234) on ice. The mixtures
were transferred onto a slide, covered with a coverslip, and sealed with nail varnish. The slide was placed at 22°C for 30 min before
observation under microscope. After tracking a gliding ookinete under microscopic field, time-lapse videos (1 frame per 20 s, for
20 min) were taken to monitor ookinete movement using a 40 x objective lens on a Nikon ECLIPSEE100 microscope fitted with
an ISH500 digital camera controlled by /ISCapture v3.6.9.3N software (Tucsen). Time-lapse movies were analyzed with Fiji software
and the Manual Tracking plugin. Motility speed was calculated by dividing the distance an ookinete moved by the time it took. All
experiments were repeated three times independently.

Chemical treatment of ookinetes and gliding motility

To evaluate the effects of chemical treatment on ookinete development and GCp protein localization, chemicals were added to devel-
oping ookinete cultures at variable times, and the cultures were collected for Giemsa staining or IFA analysis. Compound 2 (5 uM C2)
targeting Plasmodium PKG [7], 2-BMP (100 uM) inhibiting Plasmodium DHHCs, or 0.1% saponin were used in this study. For the
effects of chemical treatment on ookinete gliding motility, 5 M C2 or 100 uM zaprinast (zap) inhibiting Plasmodium PDEs were added
to the mixture containing both ookinete culture and Matrigel before gliding motility assay. All experiments were repeated three times
independently.

Plasmid transfection for protein transient expression in ookinetes

Transient expression of proteins in ookinetes via plasmid episome was as described with minor modifications [45]. Coding sequence
of target proteins with appropriate 5'- and 3'-UTR regulatory regions were inserted into the pL0019-derived vector with human dhfr
marker for pyrimethamine selection. Briefly, blood stage parasites were electroporated with 10 pg plasmid DNA and selected with
pyrimethamine (70 pg/ml) for 7 days. Meanwhile, another group of ICR mice were treated with phenylhydrazine for 3 days through
intraperitoneal injection. The phenylhydrazine-treated mice were infected with 2.0 x 10° drug-selected parasites through intravenous
injection and further selected for another 3-4 days until peak gametocytemia was reached. The high-level gametocytemia blood was
collected for ookinete culture and further tests.

Antibodies and antiserum

The primary antibodies used were: rabbit anti-HA (western, 1:1000 dilution, IFA, 1:500 dilution), mouse anti-HA(IFA, 1:500), rabbit
anti-Myc (western, 1:1000), and mouse anti-Myc (IFA, 1:500) from Cell Signaling Technology, mouse anti-Tubulin Il (Sigma-Aldrich)
(IFA, 1:1000), mouse anti-V5 (Genescript)(western, 1:1000, IFA, 1:500), rabbit anti-mCherry (Abcam) (western, 1:1000, IFA, 1:500),
Rabbit anti-Flag (Sigma-Aldrich,) (western, 1:1000). The secondary antibodies used were: goat anti-rabbit IgG HRP-conjugated
and goat anti-mouse |gG HRP-conjugated secondary antibody from Abcam (1:5000), the Alexa 555 goat anti-rabbit IgG, Alexa
488 goat anti-rabbit IgG, Alexa 555 goat anti-mouse IgG, Alexa 488 goat anti-mouse IgG, and Alexa 555 goat anti-rat IgG secondary
antibody from ThermoFisher Scientific(1:500). The anti-serums, including the rabbit anti-Hep17(western, 1:1000), rabbit anti-
P28(western, 1:1000, IFA, 1:1000), rabbit anti-BiP(western, 1:1000, IFA, 1:500), rat anti-ACP(IFA, 1:100), and rabbit anti-ERD2(IFA,
1:500) were prepared in the Lab.

Immunofluorescence assays

Purified parasites were fixed using 4% paraformaldehyde and transferred to a Poly-L-Lysine pre-treated coverslip. The fixed cells
were permeabilized with 0.1% Triton X-100 PBS solution for 7 min, blocked in 5% BSA solution for 60 min at room temperature,
and incubated with the primary antibodies diluted in 3% BSA-PBS at 4°C for 12 h. The coverslip was incubated with fluorescent con-
jugated secondary antibodies for 1 h. Cells were stained with Hoechst 33342, mounted in 90% glycerol solution, and sealed with nail
polish. Allimages were captured and processed using identical settings on a Zeiss LSM 780 confocal microscope. Stochastic optical
reconstruction microscopy (STORM) imaging was acquired using a Nikon N-STORM 5.0 Super-Resolution Microscope System.

Imaging of live ookinetes using confocal fluorescence microscopy

Developing ookinetes (20 pl) of gcg::mScarlet parasite from 8 to 12 hr cultures were mixed with 20 plL of Matrigel thoroughly. The
mixtures were transferred onto a slide, covered with a coverslip, and sealed with nail varnish. The developing ookinetes were moni-
tored under a Zeiss LSM 780 confocal microscope. Stage |V live ookinetes were monitored and fluorescent signals were tracked and
recorded.

Cellular cGMP detection in ookinetes

Cellular cGMP detection was conducted using the Green-cGull probe as described previously [21] with minor modifications. The
coding region of Green-cGull protein driven by 1.5 kb Pysoap 5-UTR and 1.0 kb Pbdhfr 3'-UTR was inserted to pL0019-derived
plasmid containing human dhfr marker for pyrimethamine selection. Briefly, blood stage parasites were electroporated with 10 pg
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plasmid DNA and selected with pyrimethamine (70 pg/ml) for 7 days. Ookinetes from 12 to 24 hr in vitro cultures were enriched by
centrifugation and resuspended in 1% low-melting agarose (Sigma-Aldrich, A9414) to avoid cell movement during detection. The
mixtures were transferred to the bottom of 15 mm glass-bottom cell culture dish (Corning, #801002) and overlaid with RPMI 1640
medium. Using a Zeiss LSM 780 confocal microscope, the fluorescent signals of Green-cGull were monitored in 30 randomly chosen
ookinetes for their basal fluorescence (Fp) (collected before treatment) and enhanced fluorescence (F) collected 20 min post zaprinast
treatment respectively. cGMP response was calculated as the ratio of F/Fo.

Cellular phosphatidylserine detection in ookinetes

To detect the phosphatidylserine (PS) on the outer leaflet of plasma membrane of ookinetes, Annexin V-FITC assay kit (Abcam,
ab14085) was used according to the manufacturer’s instructions. To detect the PS on the inner leaflet of plasma membrane of oo-
kinetes, a sequence encoding human Annexin V tagged with mScarlet driven by 1.5 kb Pysoap 5'-UTR and 1.0 kb Pbdhfr 3'-UTR was
inserted to pL0019-derived plasmid containing human dhfr marker for pyrimethamine selection. Briefly, blood stage parasites were
electroporated with 10 pg plasmid DNA and selected with pyrimethamine (70 pg/ml) for 7 days. Ookinetes from transfected parasites
were prepared from in vitro culture. Both Annexin V-mScarlet and mScarlet expressed ookinetes were treated with 1 uM A23187, and
the cytoplasmic distribution and intensity of the fluorescent signal was monitored using a Zeiss LSM 780 confocal microscope.

Protein extraction and western blotting

Protein extraction from asexual blood parasites, gametocytes, zygotes, retorts, and ookinetes was performed using buffer A (0.1%
SDS, 1mM DTT, 50 mM NaCl, 20 mM Tris-HCI; pH8.0) containing protease inhibitor cocktail and PMSF. After ultrasonication, the
protein solution was incubated on ice for 30 min before centrifugation at 12,000 g for 10 min at 4°C. The supernatant was lysed in
Laemmli sample buffer. GCp was separated in 4.5% SDS-PAGE and transferred to PVDF membrane (Millipore, IPYH00010). The
membrane was blocked in 5% skim milk TBST buffer and incubated with primary antibodies. After incubation, the membrane
was washed three times with TBST and incubated with HRP-conjugated secondary antibodies. The membrane was washed four
times in TBST before enhanced chemiluminescence detection.

Cellular fractionation

Cellular fractionation was conducted as described previously with minor modifications [47]. The purified retorts and ookinetes were
ruptured in the hypotonic buffer (10 mM HEPES, 10 mM KCI, pH 7.4) after passing through a 1 mL syringe needle gently ten times.
Total cell lysate were centrifuged for 15 min at 1,000 g, and the supernatant (light fraction, including cytoplasm and cytosol vesicles)
and the pellet (heavy fraction, including plasma membrane, IMC, and cytoskeleton) were collected respectively and solubilized in
Laemmli buffer for 10min on ice. The solubilized protein samples were analyzed by western blotting.

Immunoprecipitation

For immunoprecipitation analysis, 1.0-2.0 x 10° ookinetes were lysed in 1 mL protein extraction buffer A plus (0.01% SDS, 1 mM
DTT, 50 mM NaCl, 20 mM Tris-HCI; pH 8.0) and centrifuged at 12,000 g for 10 min at 4°C before collecting the supernatant solution.
Rabbit anti-HA antibody (1 ng, CST, #3724S) was added to the protein solution and incubated at 4°C for 12 h on a vertical mixer. After
incubation, 20 uL buffer A plus pre-balanced protein A/G beads (Pierce, #20423) was added and incubated for 2 h. The beads were
washed three times with buffer A plus before elution with Laemmli buffer.

Detection of protein palmitoylation

The palmitoylation modification of ISP1 protein was performed using Acyl-RAC assay described previously [48]. Ookinetes were
lysed in DHHC Buffer B (2.5% SDS, 1 mM EDTA, 100 mM HEPES, pH 7.5) containing protease inhibitor cocktail and PMSF and incu-
bated on ice for 30 min. After centrifugation at 12,000 g for 10 min, supernatant was collected and treated with 0.1% methyl meth-
anethiosulfonate (MMTS) at 42°C for 15 min. MMTS was removed by acetone precipitation followed by washing with 70% acetone
three times. Protein samples were solubilized in DHHC Buffer C (1% SDS, 1 mM EDTA, 100 mM HEPES, pH 7.5 and were captured on
thiopropyl Sepharose 6B (GE Healthcare, 17-0402-01) in the presence of 2 M hydroxylamine or 2 M NaCl (negative control) by
agitating for 3 h at room temperature. Loading controls (Input) were collected before addition of thiopropyl Sepharose 6B beads. After
five times washing with urea DHHC Buffer (1% SDS, 1 mM EDTA, 100 mM HEPES, 8 M urea, pH 7.5), the captured proteins were
eluted from thiopropyl Sepharose 6B beads in 60pl urea DHHC Buffer supplemented with 50mM DTT, and mixed with Laemmli sam-
ple buffer for further western blot analysis.

Bioinformatic searches and tools

The genomic sequences of target genes were downloaded from PlasmoDB database. The transmembrane domains of proteins were
identified using the TMHMM Server (http://www.cbs.dtu.dk/services/TMHMMY/) [41]. The phylogeny tree and protein amino acid
sequence alignment was analyzed using MEGA5.0 [42].
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QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of protein expression in western blot, protein band intensity was quantified using Fiji software from three indepen-
dent experiments. The signals of target proteins were normalized with that of control proteins. For quantification of protein expression
in IFA, confocal fluorescence microscopy images were acquired under identical parameters. Fluorescent signals were quantified us-
ing Fiji software [43]. More than 30 cells were randomly chosen in each group. Protein expression was expressed as the relative per-
centage compared to control group. Protein polarization rate was calculated as the ratio of the protein fluorescent signal at OES over
the fluorescent signal from the whole cell. Statistical analysis was performed using GraphPad Software 5.0 [44]. Two-tailed Student’s
t test or Whiney Mann test was used to compare differences between treated groups and their paired controls. n represents the num-
ber of mosquitos or parasite cells tested in each group, or experimental replication. The exact value of n was indicated within the
figures. p value in each statistical analysis was also indicated within the figures.
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Figure S1. Stage expression, cellular localization, and co-localization analysis of
GCa and GCP of rodent malaria parasite Plasmodium yoelii, Related to Figure 1.
(A) Predicted topologies and structures of GCo and GCP, both possessing a ten-
transmembrane P4-ATPase-like domain (ALD, green) in the N-terminal and a twelve-
transmembrane guanylate cyclase domain (GCD, blue) in the C-terminal.

(B) The guanylate cyclases possessing the bi-functional ALD/GCD structure are
observed in many protozoan species.

(C) IFA analysis of GCa and GCP proteins in asexual blood stage, gametocytes, and
ookinetes. Scale bar =5 pum.

(D) Western blot analysis of GCo and GCp proteins in asexual blood stage,
gametocytes, and ookinetes. P28 is an ookinete-specific protein. BiP is used as a
loading control for western blot.

(E) Diagram of a mature ookinete indicating subcellular organelles and their protein
markers.

(F) Co-localization analysis of GCP with MTIP (glideosome component), IMCli
(IMC protein), ARA1 (apical collar), Myosin B (apical ring), DHHC10 (crystalloid
body), MPODD (mitochondria) using anti-HA and anti-Myc antibodies in the
double-tagged parasites derived from gcf::6HAc. Scale bar = 5 pum. All the
double-tagged parasites information are indicated in Supplementary Table 1.

(G) Co-localization analysis of GCp with ACP (apicoplast), BiP (ER), ERD2 (Golgi),
and P28 (parasite plasma membrane) using anti-HA antibody and protein-specific
antisera as indicated. Scale bar = 5 um.

(H) IFA analysis of GCp and BiP (ER) during zygote to ookinete development of the
parasite gcfi::6HA using both anti-HA antibody and anti-BiP antiserum. Scale bar = 5
pm.

(I) Definition of protein polarization rate (PR) at OES during ookinete development.
PR is the percentage of fluorescent signal at OES over that of whole ookinete cell.

More than 30 cells were randomly chosen for quantification.
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Figure S2. GCP polarization at OES of mature ookinete of the gcf::mScarlet
parasites, Related to Figure 1 and Video S1.

(A) Confocal microscopy observation of GCp tagged with mScarlet. GCPB::mScarlet
protein is detected (red) at OES of mature ookinete. Scale bar = 5 um.

(B) Ookinetes gliding motility of the wildtype and gcf:.mScarlet parasites. n is the
number of ookinetes tested in each group. Two-tailed 7 test was used for statistical
analysis.

(C) Real-time capturing of fluorescent signals with mScarlet-tagged GCP in a mature
gliding ookinete. The composite time-lapse picture shows the spiral gliding
movement of the ookinete. The time points (minute) for signal capturing are indicated.
Scale bar = 5 um. Signal in each time point is indicated in the white dash line box of
the figures in (D).

(D) Fluorescent microscopy observation of a gliding gcf::mScarlet ookinetes over
time. GCP::mScarlet protein is detected (red) at OES of the ookinetes in all time.

Scale bar =5 pm.
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Figure S3. Effects of disruption or mutation of GCP on ookinete motility and
parasite mosquito transmission, and expression of PKG and PDEé during
ookinete development, Related to Figure 2.

(A) Diagram showing gcf gene deletion in wildtype and gcf::6HA parasites using
CRISPR/Cas9 method. An N-terminal segment of genomic sequence (including 516
bp exonl and 348bp intronl) was deleted and a stop codon was inserted upstream of
the remaining region to stop translation.

(B) IFA analysis of GCP protein in gef::6HA/Agep ookinetes. Scale bar = 5 um.

(C) Western blot of GCp protein in gef::6HA/Agef ookinetes.

(D) IFA analysis of P28 proteins in wildtype and Agcp ookinetes. Loss of GCP had no
effect on ookinete maturation. Scale bar = 5 um.

(E) Gliding motility of the Agcf and gcf::6HA/Agcp ookinetes. n is the number of
ookinetes tested in each group. Two-tailed 7 test was used for statistical analysis.

(F) Number of midgut oocysts 7 days post blood feeding. n is the number of
mosquitoes tested in each group. The horizontal line shows the mean value of each
group. ND: not detected.

(G) Formation and infectivity to mouse of salivary gland sporozoites from parasites as
indicated. Mosquitoes were dissected 14 days post blood feeding, and salivary gland
sporozoites per mosquito were counted. In each group of mouse infection, ten
mosquitoes were fed on one mouse and the pre-patent time was measured.

(H) GCP domain structure and alignment of amino acid sequences of guanylate
cyclase catalytic domain (C1) from six GC proteins revealed potential conserved
motif sequence NTASR in the Cl domain. Human RetGCl (GenBank Q02846),
Rattus norvegicus GCA (P18910), Strongylocentrotus purpuratus mGC (P16065), P
falciparum GCP, P. berghei GCP, and P. yoelii GCP were included.

(I) DNA sequencing confirming substitutions at the C1 domain of GCP from the
GCDm1 and GCDm?2 parasites.

(J) IFA analysis of PKG and PDEO proteins expression in asexual blood stage,
gametocyte, zygote, retort, and ookinete of the pkg:-4Mvc and pded::4Myc parasites,

respectively. Scale bar = 5 um.
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Figure S4. Functional analysis of N-terminal ALD domain in GCp polarization

and ookinete motility, and detection of phosphatidylserine (PS) in ookinete using

Annexin V-FITC probe, Related to Figure 3.

(A) Diagram of T2A-mediated separate expression of ALD and GCD of GCp in the

modified strain GCB::T2A4n. T2A peptide was inserted into the region between ALD

and GCD in the gcf.:6HAc parasite, leading to separation of ALD::3V5::T2A and

GCD::6HA parts.

(B) Western blot of ALD::3V5::T2A and GCD::6HA expression in GCp::T72A4n
ookinetes.

(C) IFA analysis of ALD::3V5::T2A and GCD::6HA expression and localization in

GCp::T24n ookinetes.

(D) Ookinete gliding motility of the GCp::T2A4n parasite.

(E) Predicted topology of the GCB N-terminal ALD. The actuator domain (green),

phosphorylation domain (orange), and nucleotide binding domain (brown) are

indicated. Sequence alignment of conserved amino acids in catalytic domain of six

P4-type ATPase proteins (human ATP8AI, human ATPllc, P falciparum GCa,

PyGCa, P. falciparum GCP, and PyGCp). Mutations at multiple signature motifs of

ALD in P, falciparum GCP and PyGCp are indicated in red.

(F) Detection of phosphatidylserine (PS) at exofacial leaflet of plasma membrane of

living ookinete through Annexin V-FITC direct staining.

(G) Construction of a plasmid for episomal expression of human Annexin V::mScarlet

to detect intracellular PS in ookinetes. Annexin V is capable of binding to PS in the

presence of calcium. Sequence of 1.5 kb 5’UTR of Pysoap gene was used to drive

transcription of Annexin V::mScarlet in ookinetes.

(H) Fluorescence microscopy detection of PS in living ookinetes transfected with

Annexin V::mScarlet. mScarlet alone serves as a control. Both mScarlet and Annexin

V::mScarlet distribute in cytosol of the ookinete, while Annexin V::mScarlet relocates

to plasma membrane periphery after treating with 1 uM calcium ionophore A23187.

(I) IFA detecting GCP in gcf::6HA ookinetes treated with 0.1% saponin. Saponin is a

cholesterol scavenger that breaks the PS-rich lipid rafts of plasma membrane.



A PY17X_0619700 B

PBANKA_061700
PCHAS 061870 ‘\Qrbez‘oez‘o@z‘
PF3D7_0719500 CDCS0A kDa & & & §
PRCDC _0716700 LEM3/CDC50 1000

PVX_096345 family protein, 700

PCYB _032360 putative HA

PKNH _031330 — 55p

PY17X_0916600
EPBAN KA_091510
PCHAS_093090

Hep17

P28

CDC50B
LEM3/CDC50

PF3D7_1133300
PRCDC_1131700

Asexual

. PVX_092270 family protein, 100k
|r—PKNH 093100 putative o HA
PCYB_093920
PY17X_0514500 55p
PBANKA 0513400 15’_ Hep17
PCHAS_0513500 CcDC50C
PF3D7_1029400 | conserved 1or Y B P2
PRCDC_1028700 | membrane Gametocyte
PVX_111255 protein
PCYB_062360
PKNH_0614100
PY17X_0511700 HA
PCHAS 0510700
— PVX_111390
cycle protein :
PKNH_0610900 yclep Ookinete
0.2 PF3D7_1026400 20 homolog
PRCDC_1025800
C ) )
Asexual Gametocyte Zygote Qokinete Day 7 Qocyst Day 140ocyst  Sporozoite
cdc50a::6HA
D E
Stage | I 1 \") vV BF/mScarlet

cdc50a::6HA




Figure SS. Phylogenetic analysis of CDCS0 proteins, stage expression and
cellular localization of CDCS0A proteins, Related to Figure 4.

(A) All CDCS50 proteins are clustered to three paralogs (CDCS50A, CDCS50B, and
CDC50C) from eight Plasmodium species, including P. yoelii, P. berghei,
P. chabaudi, P. falciparum, P. reichenowi, P. vivax, P. cynomolgi, and P. knowlesi.
Plasmodium CDC20 (cell division cycle protein 20 homolog protein) serves as a
control not related to CDC50.

(B) Western blot detecting protein expression of the three CDC50s in asexual mouse
blood stages, gametocytes, and ookinetes.

(C) TFA analysis of CDCS0A protein during in vitro ookinete development of the
cde50a::6HA parasite. Black arrows indicate the apical end of the developing
ookinetes. Scale bar =5 pum.

(D) Fluorescent microscopy indicating the CDCS50A protein polarization at OES of
the cdc50a: :mScarlet parasite. Scale bar =5 um.

(E) IFA detection of CDC50A during the life cycle of the cdc50a::6HA parasite. Scale

bar =35 pum.
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Figure S6. Genetic deletion and phenotype analysis of wildtype, A50a, and Agcf
parasites, Related to Figure 4.

(A) Asexual blood stage proliferation of wildtype, A50a, and Agef parasites.

(B) Male and female gametocyte formation in mouse blood of wildtype, A50a, and
Agcp parasites.

(C) In vitro ookinete differentiation of wildtype, A50a, and Agcf parasites.

(D) IFA analysis of P28 proteins in ookinetes of wildtype, A50a, and Agcf parasites.
Scale bar =5 pm.

(E) Ookinete gliding motility of the modified parasites p28M, p28M/A50a, and
p28M/Agef. Each 50a and gcf was deleted in 17XNL P28mCh reporter strain
expressing P28::mCherry fusion protein, generating p28M/Agcf and p28M/A50a
strain, respectively.

(F) Midgut oocyst counts in mosquitoes 7 days post blood feeding.

(G) Fluorescence microscopy observation of mosquito midguts 36 h post blood

feeding, indicating early oocysts formation of the parasites tested. Scale bar = 50 um.
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Figure S7. Screening and identification of IMC-residing protein ISP1 critical for
anchoring GCp at OES of mature ookinete, Related to Figure 6 and 7.

(A) IFA analysis of IMC-related proteins in ookinetes tagged with HA or Myc tags.
Scale bar =5 pm.

(B) IFA analysis of ISP1 in ookinetes of the isp/::3V5 parasite. Scale bar = 5 pum.

(C) Parasitemia of wildtype and Aispl parasites in mouse. The data is indicated as
means +SEM from three mice.

(D) Gametocyte formation in mouse blood of wildtype and Aisp! parasites. The data
1s indicated as means = SEM from three mice.

(E) Male gametocyte activation in vitro of wildtype and Aispl parasites. The data is
indicated as means +SEM of three independent tests.

(F) IFA analysis of P28 proteins in ookinetes of wildtype and Aispl parasites. Scale
bar =5 pum.

(G) In vitro ookinete differentiation of wildtype and Aisp/ parasites. The data is
indicated as means +SEM of three independent tests.

(H) Western blot of GCP expression in ookinetes of gcf::6HA and gcf::6HA/Aispl
parasites. P28 as the loading control.

(I) Alignment of ISP1 protein sequences from P. yoelii (PY 17X _1212600), P. berghei
(PBANKA 1209400), and P. falciparum (PF3D7 _1011000). The red box highlights
the N-terminal cysteine residues for potential palmitoylation.

(J) Morphology of wildtype ookinetes treated with 2-BMP, a potent inhibitor of
palmitoyl transferase for protein palmitoylation. Ookinete cultures were treated with
100 uM 2-BMP or DMSO at 3 h point and were observed under a microscope at 20 h.
n is the number of ookinetes tested in each group. The horizontal line shows the mean
value of each group. Two-tailed 7 test was used for statistical analysis.

(K) IFA analysis of ISP1 and GCP proteins in ookinetes of gef.:6HA/ispl::3V5
parasite treated with DMSO or 100 uM 2-BMP. Scale bar =5 um.

(L) Gliding motility of ookinetes treated with 2-BMP. n is the number of ookinetes
tested in each group. The horizontal line shows the mean value of each group.

Two-tailed 7 test was used for statistical analysis.



Table S1. List of genetically modified parasite strains in this study

Day 7 Da:_y 14 Infection
Gametocyt . salivary to na e
Parental Asexual emia in 00“'"9_19 Ookinete COEvS! gland mice
Strain e Discription Resource growth in | mouse r(.z:;:rs;oil morpholog per“ sporozoite | (Mouse
mouse (% SD? - v rno?%u 2 per bitten/Mou
wildtype) wildtype) mosquito ze
(% wildtype) | infected)
17XNL / The wildtype strain NIH nomal |/ ggégs £ lnomal |/ / 33
Parasites with gene tagging
gepEHA: 17XNL gep C-terminally tagged with 6HA |Data 51 normal (11545 72.97+3.54 [normal 99.56 101.36 33
= gcp tagged with 6HA between
gcp:6HAm 17XNL ALD and GCD Data S1 nomal  [96.33 63.9315.81 [normal 11877  [nt 33
gcp6HAR 17XNL gcP N-terminally tagged with 6HA |Data 51 normal  [91.21 65.1315.19 [normal 94.87 nt 33
gep-mScarlet t7xnL |9¢P Cterminally tagged with red |1 oy nomal  |11836 |7440s671|nomal  |9054 [9386 |33
fluorencence protein mScarlet
gea:6HAC 17XNL gea C-terminally tagged with 6HA |Data 51 normal  [92.61 65.63+4.06 [normal 89.67 91.62 33
gepBHA/mtip:: 4Myc gep:6HAC mgc(‘ftermmally tagged with Data S1 normal  |nt nt normal nt nt nt
gepBHAImE iz 4Myc gep:6HAC TMCJ(I: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
gepBHA/arat:4Myc gep:6HAC jrl\:;c(}tern‘lnally tagged with Data S1 normal  |nt nt normal nt nt nt
gep::BHA/myosinb:: 4Myc gep:6HAC R':imb Crterminally tagged with Data S1 normal  |nt nt normal nt nt nt
gecp::6HA/dhhe 10:4Myc gep:6HAC ::ulhyi: 0 C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
gep:BHA/mpodd:: 4Myc gep:6HAC ‘Tﬁggd C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
gcp6HA/pded: 4Myc gep:6HAC meﬁ:N—tem‘lnally tagged with Data S1 normal  |nt nt normal nt nt nt
gef:BHA/pkg::4Myc gep:6HAC  |pkg N-terminally tagged with 4Myc|Data S1 normal  |nt nt normal nt nt nt
pded: 4Myc 17XNL me\ime""“a"y tagged with 1510 g4 nomal  [10082 |65.0745.96 [nomal 10358 |nt 313
pkg::4Myc 17XNL pkg N-terminally tagged with 4Myc|Data S1 normal  [86.11 80.30+3.45 [normal 11445 (108.66 33
cdc50a6HA 1N |efea0a Crteminallytagged with - p g, g1 nomal  [97.07  |71202.44|nomal  [90.16 9534 |33
cdc50b: 6HA oL [SIc0b Cteminally tagged with 551, 54 nomal (8438 |71.077.13|nomal  [90.44  |nt 1
cdc50c-6HA L [Sic0c Cteminally tagged with 551, 54 nomal  [7629  |7207:8.13|nomal  [88.15  |nt 1
cdc50a: mScarlet L |edeS0a Cterminally tagged with | o4 nomal  [80.06  |72.0041.47 |normal  [nt ot t
mScarlet
gep:BHA/cdcE0A: mCherry geB:6HAC fgﬁgfwc"”mi”a”‘f tagged with |54, 51 normal  |1044  |69.67:351 [normal 9513 [98.91 33
gep-BHA/CdCE0A-3VE gep6HAc |Suc0a Crterminally tagged with Iy, 5 nomal  [12058  |65.1315.15 [nomal  [9342  |mt 33
Acdeb0algep::6HA AcdeS0a gep C-terminally tagged with 6HA |Data 51 nomal  [93.45 63.906.95 [normal 0 nt nt
imc1f:4Myc 17XNL LmMc;: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imc1g:4Myc 17XNL LmMc;(? C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imcliz4Myc 17XNL TMC\:(I: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imcj:4Myc 17XNL TMCJ(]: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imctk::4Myc 17XNL TMC;: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imc1l:4Myc 17XNL TMCJJ: C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
imcim:4Myc 17XNL mec;;n C-terminally tagged with Data S1 normal  |nt nt normal nt nt nt
alvx::6HA 17XNL alvx C-terminally tagged with 6HA |Data S1 normal  |nt nt normal nt nt nt
isp1:6HA 17XNL isp1 C-terminally tagged with 6HA |Data S1 normal  |84.04 80.5313.11 [normal 95.18 96.23 33
isp3:6HA 17XNL isp3 C-terminally tagged with 6HA |Data S1 nomal  |79.22 58.5016.14 [normal 95.34 90.74 33
isp1:3V5 17XNL isp1 C-terminally tagged with 3V5 |Data S1 normal  [130.5 65.23+3.90 [normal 11733 [109.16 33




gepBHAIsp1::3VE gep:6HAC  |isp1 C-terminally tagged with 3V5 |Data S1 normal ‘108.?3 ‘66.5?15.25 normal ‘ 104.35 ‘95.?2 |3J'3
Parasites with gene knockout
Deleted the first three exons of gc
Agep 17XNL B causing frame shift mutation Data S1 normal  [92.83 69.87+3.82 [normal 0 0 30
Deleted the first three exons of gc
P28MiAgep P28M B causing frams shift mutation Data 51 normal  |73.51 69.5344.58 |normal 0 0 30
= ) - Deleted the first three exons of gc
gepBHA/Agep gep:6HAC B causing frame shift mutation Data S1 normal  [107.95 74,534 .49 [normal 0 0 30
Deleted the whole coding Zhang et al
Acdpk3 17XNL sequences of cdpk3 2016 normal  [80.9 65.47+4.49 [normal 356 nt nt
Apdeb f7xnL  |Deleted the Kinase domain Data 51 nomal  [7926  |7550:271[3UMmand 54 |y nt
sequences of pded round
= , - Deleted the kinase domain Stum and
gcp:6HAApded gep:6HAC sequences of pded Data S1 normal  [93.98 72.68+3.76 round 3.87 nt nt
Deleted the whole coding
Acde50a 17XNL sequences of cdcha Data 51 normal  |103.78 63.1346.41 |normal 0 0 30
P28M/Acdc50a P28M Deleted the whole coding Data S1 nomal {10917 |70.33:3.36 |nomal |0 0 30
sequences of cdchla
= ) - Deleted the whole coding
gep:BHA/Acde50a gep:6HAC sequences of cdch0a Data S1 nomal  |86.34 67.07+3.04 [normal 0 nt 30
cde50a-6HAINGR cdcsa-GHa| Deleted the first three exons of ge |1y nomal  |90.77  |71.7313.06 [nomal |0 nt nt
B causing frame shift
Deleted the first three exons of gc
Acdeb0alAgep AcdeS0a B causing frame shift 9 |Data 51 nomal  [83.11 70.80£2.50 [normal 0 nt 30
y ) Deleted the first three exons of gc
Acdpk3/Aagep Acdpk3 B causing frame shift Data S1 nomal  |76.29 65.836.55 [normal 0 nt nt
Acdpk3/Acdc50a acdpk3 | Deleted the whole coding Data 51 nomal  [8893  |636045.42 [nomal |0 nt nt
sequences of cdcbla
) Deleted the first three exons of gc
ApdediAgep Apded B causing frame shift Data S1 nomal  |68.24 62.03+4.76 [normal nt nt nt
Deleted the whole codin
ApdedlacdeS0a Apded sequences of cdcha 9 Data S1 nomal  |74.61 71.67+4.60 [normal nt nt nt
. Normal
Aisp1 17xn. |Deleted the whole coding Data S1 normal  |883 69.00+ e 843 |t nt
sequences of isp1 1212
reduced
L e Deleted the first three exons of gc
isp1::3VE/Agep isp1:3V5 B causing frame shift Data S1 nomal 1143 65.9715.64 [normal 0 nt nt
) Normal
gep- EHAisp1 gep-6HA; |Deleted the whole coding Data 51 nomal  [12206  |74004472|form  [264  |nt nt
sequences of isp1
reduced
Parasites with gene compelementation
Acdc50alFlag-50a Acdcs0a | Complementation of flagtagged  |ny . o nomal  [11184 |578282 |nomal |8295 (8643 |33
cdchla sequence
= ) - gep:6HA!  |Plasmid based complemtation of
gep:6HA/Acde50alcde50a::3VE Acde50a 3V5 tagged Pycdc50a sequence ! nomal  |73.59 62.7316.94 [normal nt nt nt
gc gep:6HA!  |Plasmid based complemtation of
B6HA/Acde50a/Pfedc50a::3VE | AcdeS0a 3V5 tagged Pfcdc50a sequence / nomal |84.07 691451 |normal nt nt nt
. . N gep:6HA!  |Plasmid-based complemtation of
gecp:6HA/AIsp1/Pyisp1::3V5 Aisp 3V5 tagged-Pyisp1 ! normal  |83.43 64.816.11 [normal nt nt nt
= . = gep:6HA!  |Plasmid-based complemtation of
gep6HA/AIsp1/Pfisp1:3V5 Aisp 3V5 tagged-Plispi ! normal  [99.02 70.8+3.13 [normal nt nt nt
Parasite with modification in GCp
- Inserting T2A sequence between
gcpT2A gep:6HAC ALD and GCD of GCR Data S1 nomal  [103.07 66.475.79 [normal 0 0 30
Inserting an mutated T2A
gcpT2Am gep:6HAC  |sequence (T2Am) between ALD  |Data S1 nomal  |88.39 63.97+3.74 [normal 9463 95.82 33
and GCD of GCB
Inserting T2A sequence between
gcfT2An gep:6HA:  |ALD and GCD of GCB with a 3V5 |Data S1 nomal  [92.44 61.43+7 .48 [normal 0 nt nt
tag on 5' side of T2A sequence.
- The NTASR residue in C1 of GCB
GCDm1 gep:6HAC are replaced with NKASR Data S1 nomal  |76.59 72.03£3.88 [normal nt nt nt
- The NTASR residues in C1 of GC
GCDm2 gep:6HAC B are replaced with AKASA Data S1 nomal  |83.55 67.57#  [normal 0 nt nt

nt: not tested




Table S2. Primers and oligonucleotides used in this study

Oligo for gene plasmid
G el G D Genesizz[!:lp]r _Lell arm _ levl arm _ i Target site of sgRNA
deleted gene size {bp) Forward primer Reverse primer Forward primer Ri primer Oligo (Forward] go {Reverse)
o8 BT 11 111321 64 CGGGGTACCCATTTAATAG | CATGCCATGGACCTCGCT |COBCTCGAGTGATTCET | COGGAATTCATGCARTA| TATTGTAGCAATTAGAT |AAACTTTTCCCATCTAATT
1128200 ACACACTTGTATGT CTTTATTTTATCTG TTAAAATCGATGGAT  |ATAATAGTTCAATCA  |GGGAAAA GCTAC
. YT 0819700 | 1307 1 1207 CGGGGTACCTACGAAATAA| CATGCCATGGACTATGTAC | CATGCCATGGGCTCCAA | COGGARTTCCGAATTTT | TATTGGAATTTTATATTT |AAACATTATTAAATATAAA
ode20 = ATACATGCTAAT ATTTTTTTATGACCCA  |AMAAGGGGGGAARAG | TATTTATTTTAAAATATG |AATAAT ATTCC
R YT 0818500 | 11221 1122 CGGGGTACCAGATCGAAC | CATGCCATGGATATATTAT |CATGCCATGGGACGAAT | COGCTCGAGTCACTAT |TATTGGTAATGGGCTTG [AAACCCATTTCCAAGCCT
ode30 = AAGTTGAGCATT TRACATTTATCAGAAC  |ABATTAACATAATATA  |GCAAATTGTACACTC |GAAATGG ATTACC
CATGCCATGGGAAATATAT COCCTTAAGTGTTTCTA
- PviTx 1212800 | 1021/ 1021 CATACAT A sy | CCBGAATTCCCCATTTTET |COGGAATICECCARATTA| e ST IEAS 2 1T TE I | TATTGOGTTACATITAG |ASACCTATCATCTARATGT
- Ny AACATG | oTTATCTGAT ATAAATATTTGCTTTATC |T ATGATAG
cpka YT 0410700 11671 1 1000 CGGGGTACCACTATGTGA |CATGCCATGGGTTCTACAC|COBCTCGAGAGTARATT |COGGAATTCTGCTTTCT |TATTGCAGTAGCAGTAG |ASACAACATATCTACTGC
= TTTACCAATGATT ACAACTGATTCAT CGTAATGTGGGTACA  |GTCTAATGCTGCC  |ATATGTT TACTGC
PviTX 1238400 | 2089 1 648 CBGGGTACCACTTATTAGT | CATGCCATGGACGAATAAT | COBCTCBAGGAGAGATC %CG—GH_W"%CCC‘W ‘TGT';F TATTCGTTTATAGATTCT | ARACTACTCAGAATCTAT
pdsb - ATGTATATTTTAAGCG  |CCCAATTTCTTCCT ATeCTAAGTGGACA |1 HAT | GacTA ARACGA
Primers for PCR-genotyping parasite with gene knockout
Gene name |Gene ID P1 P2 P3 P4 P5 P&
o v 1133300 | GTCTACACCTGACTGGA |ATGCAATAATAATAGTTICAA ATGGAGGCT TAATATTGGG| TAATTCTTAATGTATATAA | GTCTACACCTGACTGG | TGCGTCGAGTGATATCA
- CATA T ARGTATAGACA ACATA Ac
- Y17 0819700 | GCTCATTCTAATGTTATA | GAAATGTTATIGCATATCC |CAAGACGATTCCTCTATAT | TCTACATAATARAAGCAT | CACATTGTGTCTIATTT | TCTACATAATARAAGEA
50 = AGA ACC GTATGC oG ACAACC TCGC
N Y17 0816500 | AATTTCOCTTTGGEGTTT |ACATGTTAATATTTATCCGA | TGTGTGATTATACARTTGC | GGARATATATTACARAAC | GGARATATATTACAAAA | TGGATGATACCATCACT
ode50 - cac ATGGA TTATGA ATAGTG CATAGTG ATTTAG
ot v 1212000 |PATAATATTATAGAGCAR |ATAATAGTAGTAGTAGTAG |CAGATAACGACAARATGG |GTGCTTATICTITTGEAG | AATAATATTATAGAGCA | AAACCATATTATCTACTA
- TTTAARATAG AATAGCA GG TTAGTCA ATTTAARATAG ATATAC
o v 0410700 | AGGGAAGTAACCTAATT |GTCAATAGTGAGACATCGE | TGATTTTACATCCTTTAGTT | AAACTCATTGTICTIGTC | AGGGAAGTAACCTAAT |TATTGCAGTAGCAGTAG
= TGC T ceT ARCTTC TTGC ATATGTT
v 1338400 | CCTACTACCATACTAATT | CTARATICTIGTAATAATCT |CTARATICTTGTAATARTCT | CATTTTGCARATAGCTTA | GGTACTACCATACTAAT | TAAATGACAGACTGTIG
pdsb - CTGCTAA GTTC GTTC TGAAGCAD TCTGCTAA
‘Oligo sequences for gene tagging plasmid construction
= cotD Teft arm _ Right homol am i Target site of sgRNA
Forward primer Rerverse primer Forward primer Ri primer Dligo {(Forward) Oligo {Reverse)
o Coterminal A |PYI7X 1138200 CGGGGTACCTGGATGTAT |CATGCCATGGACACATTTA |COBGAATTCATTTCATTG |COCCTTAAGGTTGTGTT | TATTGTCTCGBTAGTTTAT | ARACAAAATTATARACTAC
e = TGATAGCARATCA CTITATTTITTICTCGA  |ATATATTACATAAGAT | GGAATATTAAGAACAT GAGAC
o inder-domain BHA|PYITX. 1138200 CGGGGTACCATCGAATCG |CATGCCATGGTTCTCTTAT |COBCTCGAGGACAATGE |COCCTTAAGTCTGCTGT | TATTTATAACTTTTGEG |AAACTCCTGTCCCCAARA
= ATATTTGCTTCA TATATAACTTTTGGGGA  |ATATTATGGGAAATC | TTAGATATACACG GACAGGA GTTATA
CTAGCTAGCTTTTIGTATTT [CCECTT GARRC
} CGCGGATCCATTTAATACA COCCTTAAGCAAAAGG | TATTAATATTATATTTTTT| ARACTTAACARAARATATA
a8 Neterminal 8H& | PY17X_1125200 CACAGHGTATETTIAAG - |AGCCATTAACAAAAATAT |AGATARARTARAGAGCG |CaiATAGETGYATCT . |GITAA pranesil
o Coterminal mSearl PY17X 1138200 CGGGETACCTGGATGTAT |CATGCCATGGACACATTTA |COBGAATICATTTCATTG |COCCTTAAGGTTGTGTT | TATTGTCTCGBTAGTTTAT | ARACAAAATTATARACTAC
e S = TGATAGCARATCA CTITATTTITTICTCGA  |ATATATTACATAAGAT | GGAATATTAAGAACAT |AATTTT GAGAC
e Coterminal 8HA |PYI7X 0811700 CGGGGTACCGTGTATACG |CATGCCATGGBCAAAATTG|COBCTCGAGTACTTTTA |COGGAATTCCCATGTA |TATTATAGTTTTCTAAAT |AAACTCCAACATTTAGAA
e = ABATTTRAATATGAGA  |AACTTGTGTCTTTGGA  |GAACTTTCTAATTTATG |CTGTGAACATATCA  |GTTGGA AACTAT
Neterming! BviTX 1338400 CGGGETACCCAGACOCAA ggcerm—cﬂwcc‘a CETCECTTATT | o TeGAGTTTGTTTAT | CCGGAATTCTATTCTAC | TATTGAAAAACAACAATT | ABACCTTAGCAATTGTTG
pdsb e e = ATAATTTCAATGGA e AATATCTTTGTATACAT |AGTATTATTGAGGCGT |GCTAAG TTTTTC
ok Neterming! T — CBCGGATCCAGAAATAAAA | CTAGCTAGCTTTTATTATCT | COBCTCGAGGATGATGA | COGGAATTCATCCCTC |TATTACATAAAGTATGTT |AAACCTCAARAACATACT
ter ye = TTACAACATAATGATAGAT |TCCAATCTCGTTAACTTTA |TGAAATAATICCAAAGA |AATTCTAGGTGGT  |TTTGAG TTATGT
mtp Citerminal dMye |PY17X_1462100 CBGGETACCETCAAATATC| CATGCCATGGTTGCAATAT | COBCTCGAGGTAATTGT | COCCTTAAGCAALTATG | TATTGAATCAGAAGAAT |AAACTGTTCAGATTCTTC
= AGGAGAAGAT ATCCTCGCAAA GATTTAATATGTG TGCATATACCATG CTGAACA TGATTC
et Cotermingl P — CGGGGTACCTGTAGGTAG |CATGCCATGGTATTATTAT |COBCTCGAGAACATTGA |COCCTTAAGGCTCATAT [TATTGTTTTTATITCTAA |AAACATTGGATTAGAAAT
e e = CTATTTAGTT GGTTTTTCCTCCTATTGG  |ABATTTACAGTT TCATCCACGATA TCCRAT ARARAC
) ) CBGGETACCGGTTTTTCCT|CATGCCATGGTTOGAGCT |COBCTCGAGGTAAGAAR |COCCTTAAGCAATTAAC | TATTGARATTAACAGATA| ARACTTTCCTTATCTGTTA
myesing | Crterminal dye |PYITX_0831400 CAGCTTTTTTC CTTTCATATATTTG CTGATATTTTG CTTTACTCCACTC AGGAAA ATTTC
) CGGGGTACCGAAATGTAG |CATGCCATGGACAATAACA | COBCTCGAGTTATGCAT |CCCCTTAAGTGCTCCA |TATTGATAATAATGACAT |ARACTTATCAATGTCATTA
soap Crterminal dliye | PY1TX_1040200 TAAGCGCATATC TGAACAGCTAC ARACACTGTAT AAAATATGAATGC TGATAA TTATC
- CGGGGTACCGTATGCOCA |CATGCCATGGTAATGTTTT |COGLICGAGATCACATTT| CCOCTTAAGACARGTT |TATTGGAAAACTTTAAG |ARACAAACTTGCTTARAG
dne10 Crterminal dhye | FY17X_0513100 TTTAATAGCTAGC ATAAAATAGTCCATTCCC | TTGTGTIGGA GCATATGCAGTT CAAGTTT TITTCC
- CCCAAGCTTGGAGAAATG |CATGCCATGGTATCAGGG |COBGAATICAAARTGEA |COCCTTAAGTGGAATG |TATTTTGTTGGTTCAAT |ARACTTACGCATTGAACT
mpodd Crterminal dliye | PY1TX_1225400 CTCTAAACACA ATACGGTATATA CAARATGATGAA GTAARGGAGTCTG | GCTGTAA AACAA
- Coterminal 8HA |PYI7X 0816700 CGGGGTACCAACCCARAG |CATGCCATGGGTATGTGE |COBCTCGAGCTCCAAAA |COGGARTTCGARAAGG |TATTGGAATTTTTATATT [AAACATTTATTAARATAAA
= GACGTTTC CCCATGATCCGAG ANGGGGGGAAMGAGE |AAATACCAAATTGGGT |TAATARAT AATTCC
) COCAAGCTTACGAACCCAA | CGOBEATCCTATGTGGCE |COBCTOGAGCTCCAAAA |COGGARTTCGARAAGG |TATTGGAATTTTATATTT |AAACATTATTAAATATAAA
edeS0a Crterminal mChen| PY17X_0618700 ACGACGTTTC CATGATCCGAG ANGGGGGGAAMAGAGG |AAATACCAAATTGGGT |AATAAT ATTCC
. Coterminal 3VS | PY17X 0816700 CGGGGTACCAACCCARAG |CATGCCATGGGTATGTGE |COBCTOGAGCTCCAAAA |COGGARTTCGARAAGG |TATTGGAATTTTTATATT [AAACATTTATTAARATAAA
ode20 e = GACGTTTC CCCATGATCCGAG ANGGGGGGAAMAGAGE |AAATACCAAATTGGGT |TAATARAT AATTCC
) CGGGGTACCAACCCARAG |CATGCCATGGGTATGTGE |COBCTCGAGCTCCAAAA |COGGARTTCGARAAGG |TATTGGAATTTTTATATT [AAACATTTATTAARATAAA
edeS0a Crterminal mSear| PY1TX_0618700 GACGTTTC CCCATGATCCGAG ANGGGGGGAAMGAGE |AAATACCAAATTGGGT |TAATARAT AATTCC
CCGCTCGAGATTAACATA
) CGGGGTACCTTAGGAGGE | CATGCCATGGTTCGTCAAC CCGGAATTCGATARAT |TATTGTTTATAGAATTGG|ARACCTAAGAGCAATTCT
ede30e Crterminal BHA | PY1TX_0218500 AAAATAGTTGTATC TTGTCGCATARAT _IA_-IESEATMT”ATAMW" GATTAAACATTTTATG |TCTTAG ATARAC
- Coterminal 8HA |PYI7X 0514500 CBGGGTACCGGTTAAATAT| CATGCCATGGATGCAGTG |COBGAATTCCCARATAA |COCCTTAAGGCATTCTT [TATTGCTTATTTGGTCA |AAACACTGCATTGACCAA
= GTTTTCTCCTGAAT GGCARATGCACA GCATGCACACCCAA | TTTGCATTTAAAATTG |ATGCAGT ATARGC
CATGCCATGGTGTACACAT CCCCTTAAGTAATTGAG
- Cotermingl P — COOGGTACCTARATGARAT | Tan |CCOGAATTCEGAMATEA | oo o | TATTGGTAGCAATTATT |AMACCTAARAGAATAATT
e e = TATTGTCAAAGGCAGA |7 CACCACTAARAGAATAA | TGATTTTTTAGTTCATG Jsiia CACH CTTTTAG GCTACC
metg Cotermingl EviTX 1243800 CGGGGTACCACAMMGAAC |CATGCCATGGGTTACAGTA GCCGTGM—G‘T "CAW(.I:QATT:;A# AG‘T | CCCCTTAAGTGCACAT | TATTGTTTTEGAAATTCT | AMACAARATAAGAATTTC
e e = GAATTGTTCATGTAC AAAACCTCTATTAACTAC |2 ACAAARAATAGCGTA | TATTTT CAARAC
et Cotermingl EviTX 0707400 CGGGETACCTGCAAATATT | CATGCCATGGTTCACCACT | COBGAATICTCATATATT |COCCTTAAGTGCAAAG |TATTGATTTGAATTTTCT |AAACAAGCCAAGAAAATT
ter ye S TCTCATGATARTAACA  |ACAACATTTATTCAT ARGTAAATAAATAACTAT |TTCTATTACATATTTCAA|TGGCTT CAAATC
COGEGTACCATGAATAAAT | CTAGCCATGGTGCATTGTT | CCCCTICBAGACAAGTAG | 0o s ATTCGGETCAAT |TATTGATCATATGGGTT |ARACTTTTCATAACCCATA
ime] Cterminal $Myc |PY17X_1121700 AT |C e T aa o gTATAGTAAAGTATGAAT sl Fay feare
et Cterminal R — CGGEGTACCAAATACCAAA | CATGCCATGEAGAATTTAC | COGGAATTCAAATACAC | Cre RAGATTETEC | v, o ATATGCTATTACA | AMACTATCCATGTARTAG
ter ye = ATATGTAGATGAAGT GOCAATGAGCA ATACACATATATGTGE  |o TGGATA CATATC




imetl C- inal 40 EY1TX 1023100 CEGEGTACCACCCTAATAT |CATGCCATGGTTIC ATT !T-Il:rl'?'j:g'\lrr AT A’:AI' gﬁ%ﬁ_r ATAATG TATTATTATTATTGGAGT | AMACATTATAACTCCAATA
- ATATATCAATGAAGGT TTTAACAATAAGTTCTGC ATGC A TATAAT ATAAT
imetm C- inal 40 EY1TX 0514100 CEGEGTACCTGCATCAAAT | CATGCCATGGTAT C |CCGGAATTCTTTAAATAA | COCCTTAAGGATAATAA | TATTGCAGGTAAATTGG (AAACTATATACCCAATTTA
- GATAGAAGAAC GTCTGCCTTGTTAAGGT GGGGAMMCATAGTTCG | GACCTTTACTATGTG GTATATA
alvx C- inal 40 EY1TX 1240800 CEGEGETACCGAGGAGACS | CATGCCATGGAAAAACGTA | CCGGAATTCCAGTGATC | COCCCTTAAGCATTAAAA [ TATTGTTGTTCCTAACAA| ARACATGTCATTGTTAGG
- CAACTCTTGTAG GGTG CAACACTATT |ATTGARATAATATAACA |CACATGGATAGTGCA |TGACAT AMCANC
isp1 C- inal BHA  |PY1TX 1212800 CGGGGTACCCAACAGAAT |CATGCCATGGA CCGGAATTCGCCAAATTA ?:&%‘IBTTCTCCT A'I'? TATTCCATTCCATTARAT (AAACTATATAATTTAATGG
- AATGATAAMCAT ATAATCTCTCAT ATAMATATTTGCTTTATC T TATATA
F— Cterminal 35 |PY17X 1212600 COGEGETACCCAACAGAAT |CATGLCATGGA CCGEAATTCGOCAAATTA ?EGACAMT A‘I‘I’CTCCTA‘I'? TATTCCATTCCATTAAAT | AAACTATATAATTTAATGGE
s = AATGATAAMCAT ATAATCTCTCAT ATAMATATTTGCTTTATC T TATATA ARTGG
503 C- inal 8HA  |PY1TX 1328100 CEGEGETACCTGGGAMACA |CATGLCATGGAGCAGTTAA| COCGCTCGAGGCACAGAA | COGGAATTOGACAAAT (TATTTGGATAGATAAAT |AAACGGCTTATATTTATCT
a = GCTTGTGCTGC GCAATATTTGT AATAATAATTCACAC AATAAGGATAGGA ATAAGAR ATCC
Primer sequence for PCR-genotyping parasite with gene tagging
Gene name |Tag Gene ID PT P& Pa P10
. CETGTGTTGGAGGAATTAT |TTCCTCATGCCGATGAATA | GGTAAAGCTTATAAAATA | TCCAAAAATTATAAACT
gcp C-terminal BHA  |PY17X_1128200 o=t Ter ptipa -
. GAGAAGAAAATATTATCTT |AGATTTCCCATAATATGCA | TTCATAAATAGACAAATT |GGTTCCTGTCCCTAAA
ach Inter-domain GHA [PY17X_1138200 AACAACAD G AATGTAAAACT
. CACTGGTCTACACCTGACT |ATTTAAAACCTCGCTCTT TA| TAATTCTTAATGTATATAA | ATTTAAGCTCAAAANGA
gcp Meterminal BHA  |PY17X_1128200 el s Freibiciiioel o
. CETGTGTTGGAGGAATTAT |TTCCTCATGCCGATGAATA | GGTAAAGCTTATAAAATA | TCCAAAAATTATAAACT
ach C-terminal mSearl| PY17X_1138200 AGGA TET ETGEAT
. TTAGAAATGGCATATTCAA |CCATGTACTGTGAACATAT |GTGTATACCAAATTTAAA |ATGAAATTAATTTCCAA
gea C-terminal 8HA  (PY172_0811700 e CA TATGAGA AATGGA
. TCAAAGGRACAGATTATTA |AGTTCAAAATAAAANGGAG |GACACTGGTAMGTCTCG |CCCCTTTCCTGGTATCT
pded Meterminal 4Myc |PY17X_1328400 e -
pkg - inal 40 EY17TX 1008200 CTTTGTATACA GTA g TETGCATATGTAGE GTGACGATATCTTCTGCT | GAAAAACTTTATTARAG
- ATCCTGT Al GATTTAATTGTGC
N . GGGGACCCGGE ‘GAAT |CAAATATGTGCATATACCA |GTCAAATATCAGGAGAA |CCTATTCATIC AA
mtip C-terminal dMtye (PY172_1462100 GG Te GAT oG
arat C- inal 40 BT 1412750 GGAAAAAATGTATGCACAA | GCTCATATTCATCCACGAT |TGTAGGTAGCTATTTAGT | ATCCATTTGAAAMACCGET
- c A T AG
- . CGGACAACAAGTTAGTGAA | CAATTAACCTTTACTCCACT| GG CCTCAGC GCGGCAAMAATATATAT
myosinb C-terminal dMtye (PY172_0931400 AAG - i oA
. CATTGTCTACATATTCCTCT | TGCTCCAAAAATATGAATG | GAAATGTAGTAAGCGCA |TGCTA ATCGTAGG
s0ap C-terminal dMtye (PY172_1040200 oT - TaTC
dhheto C-terminal 4Mye |PY17X_0512100 COTAGRAATIGTTTTATCS | caaGTTGCATATGEAGTT |Sag | oo AT ATCTATA | GCCTTEGATATATGTAT
m C- inal BHA | PY17X_1225400 CAAGAGAGAAATTTGGAAT gTATGMCT AGTAGTAATT |CCTATGCTTAATGATAGT TGCGMCT AAGGATAACA
. TACCACTTCAACATGTCTG |GAAATGTTATTGCATATCC |CACATTGTGTCTTATTTA | TCTACATAATAAAAGCA
cdcS0a C-terminal mChen|PY17_0818700 caTC ACC CAACT TOGC
. TACCACTTCAACATGTCTG |GAAATGTTATTGCATATCC |CACATTGTGTCTTATTTA | TCTACATAATAAAAGCA
cdcBa C-terminal 3W5  (PY17X_0819700 caTe CAACT ToEC
. TACCACTTCAACATGTCTG |GAAATGTTATTGCATATCC |CACATTGTGTCTTATTTA | TCTACATAATAAAAGCA
cdcS0a C-terminal mSearl| PY17_0818700 caTe CAACT ToEC
. TACCACTTCAACATGTCTG |GAAATGTTATTGCATATCC |CACATTGTGTCTTATTTA | TCTACATAATAAAAGCA
cdcBa C-terminal 8HA  (PY17X_0819700 caTe ace - ToEC
o Coterminal 6HA | PY17X 0016800 GTCTATACTTTATTATATGA | TCOGTCTATATTGCAACCA | GAATGGAATARTGTATAA | TATGGAGTACAACAARA
- G CA TCATTAT
. CAACATTCTACAATATTTAA |GATATTTATTAATTATGATG | TGTATGCATAGAGATGG |CTTATATTGTACATAAR
ede0e Crermina] 4hlyc |PY17X_0514500 GTGA TATGTGAAG GTAATGAT TATAATGTGCA
- " AAGGCAGCAATAACAATGG | ACCACTTAACATATTATAAT | ACATATGTTGTTGAATAT |ATGTAAARATGTTTGAA
ime1f C-terminal 4Mye (PY172_1370200 ch ATTTOTEA TTAGGAGA ATET
- " TARAACTATTGAAAAGG ATATATAACATCATGATTAC | GRATTTCCAAAACCCCAA | GCACACACCTTAARATT
imelg C-terminal dMtye (PY172_1243800 & T ACGT ATATAGET
- . . =, AAGTCTCTCATGAATCCGT |TATTCTATATGCATACATTC | ATCTAGA GCAACAT |TTAGATAAAMATACTTA
1 C-terminal PY17X_0707400
mett inl 4y = TGA ATATAGT AATGA TAAAAAGTCTCT
- . . GTTAA ATAGATTGTAT |AATGTACTTCAGGATATGG | TTCAATAGTTGGACTAAC | CATACACCT GTAR
ime1j C-terminal Mye (PY172_1121700 AATAG T TEEAC GCACE
- . GTTGAAAGAGAACGTTGTTGC | GTGCAATATGCACATATAT | TAAGTACTGATCCCAGCT | TA AAATTTATGGC
imelk C-terminal 4Miye (PY172_1380600 TTGA aT cT ATATTTATGA
- " GCCTGATCAAAATATTATTA|AAAGGGTGTATATGCATAT | ATAACTCCAATAATAATA | TAAGAGCATGTGTGATT
ime1l C-terminal 4Mtye (PY172_1028100 ATCCT ATTAACT GTGTAGCA TAATTAGT
- " GCATATACAAGAGAATTAC |GTGCGTTGTTTACATGATT |GGACATAAAGAAATGAA |CGTTCAACTGTGTACTT
imeim C-terminal 4Mye (PY172_0514100 - ATCT
. CATATATATAAAACCCCATT |ACATGCTGCAATAGTAGCA | GGCATATATAACGAATG | ATATAATGCTTATACAT
b C-terminal PY17X_1240500
= inal hye - ACCACAT TATG CETEA TACCTTATGA
isp1 C- inal BHA  |PY1TX 1212800 GCATACGTTACAA GA |CGAAATTGAGCATGTAAAA | CGTTACATTTAGATGATA |GTGCTTATTC GGA
= G TA GT A
isp1 C- inal V5 |PY1TX 1212800 GCATACGTTACAA GA |CGAAATTGAGCATGTAMAAA | CGTTACATTTAGATGATA |GTGCTTATIC GGA
- G TA GT GTTA
N " TTCGATACGCACTTTACAC |CACCACTTGGACACCATTG | CCTGGAGAGGAMAGAAT | ATTGGATATAATACATG
isp3 C-terminal 8HA  (PY17X_1328100 AT TaA & oTe
Oligo for gop plasmid
Modification Discription Left £ Right arm Target site of sgRNA
Forward primer Reverse primer Forward primer Reverse primer Dligo (Forward) Oligo )
guRT2A T2A inserted between CGGEGTACCATCGAATCG |CATGCCATGGTTCTCTTAT |CCGCT! TGC | CCCCTTAAGTCTGCTET | TATTTATAAC GGG |AMACTCCTGTCCCCAAAR
1248E/12400 ATATTTGCTTCA TATATAAC GGGGA ATATTATGGGAAATC TTACATATACACG GACAGGA GTTATA
geRT2Am T2Am inserted CGGEGTACCATCGAATCG |CATGCCATGGTTCTCTTAT |CCGCTCGAGGACAATGE | COCCCTTAAGTCTGCTGT | TATTTATAAD GGG |AAACTCCTGTCCCCAAAR
between1248E/1240D ATATTTGCTTCA TATATAAC GGGGA ATATTATGGGAAATC TTACATATACACG GACAGGA GTTATA
geRT24n T2An inserted CGGEGTACCATCGAATCG |CATGCCATGGTTCTCTTAT |CCGCTCGAGGACAATGE | COCCCTTAAGTCTGCTGT | TATTTATAAD GGG |AAACTCCTGTCCCCAAAR
between1248E/1240D ATATTTGCTTCA TATATAAC GGGGA ATATTATGGGAAATC TTACATATACACG GACAGGA GTTATA
Oligo for g otids plasmid
Modification Diseription (e Target site of sgRNA site mutation
Forward primer Reverse primer Oligo (Forward) Oligo (Reverse ) Forward primer Reverse primer
ACCACAATATTCGCTGT (TCCTTTAACGAAGTAGAC
ECDm1 NTASR(1600-1504) CGGEGTACCGTGACAATC |CATGCCATGGGGCGAGET | TATTGAATCATATTTAGC | AAACGATGCAGCTAAAT [ TTGGTGATACTGTTAAC (TTCATTCTAGAAGCTTTG
replaced with MKASR CATATACTATCCT AAAGAAATCATCAG TGCATC ATGATTC ABAGCTTCTAGAATGAA (TTAACAGTATCACCAAAC
GTCTACTTCGTTARAG  |AG
ACCACAATATTCGCTGT (TCCTTTAACGAAGTAGAC
ECDm2 AKASA{1600-1684) CGGEGTACCGTGACAATC |CATGCCATGGGGCGAGET | TATTGAATCATATTTAGC | AAACGATGCAGCTAAAT TTGGTGATACTGTTGCC | TTCATTGCAGAAGCTTTG
replaced with MKASR CATATACTATCCT AAAGAAATCATCAG TGCATC ATGATTC ABAGCTTCTGCAATGAA | GCAACAGTATCACCAAAC
GTCTACTTCGTTAMAG (AGCGA

Primer sequence for PCR-genotyping prarsite with gcf modification




Modification F7 P2 3 Ly
goBT2A GAGAAGAAAATATTATCT | AGATTTCCCATAATATGCA (TTCATAAATAGACAAATTAA|GGTTCCTGTCCCCAAAA
TAACAACAC TG TCTAAAACT G
geRT2Am GAGAAGAAAATATTATCT | AGATTTCCCATAATATGCA (TTCATAAATAGACAAATTAA|GGTTCCTGTCCCCAAAA
TAACAACAC 176 TCTAAAACT G
geRT24n GAGAAGAAAATATTATCT | AGATTTCCCATAATATGCA (TTCATAAATAGACAAATTAA|GGTTCCTGTCCCCAAAA
TAACAACAC TG TCTAAAACT G
acRGCDm1 AATGAGCCTAATTATTTT GTATGTCTTGTTTGATGT
ATCCATAG ATCAC
acRGCDm2 AATGAGCCTAATTATTTT GTATGTCTTGTTTGATGT
ATCCATAG ATCAC
Primers for RT-PCR
Gene name |Gene ID Forward Primer Reverse Primer
GG ATAATTGGAATG | ACGCTATTGGAGCTGGAAT
18s Rma P 17X_0522400 ATCG T TacC
cks0s  |PriTX osteTon (ETCCTTCTTCCTACTART | earacTansAGGCAT
ATTAGGGTATTTCAAGG |AGGCAATTCACATTTGATA
gcp PY17X_1138200 |
Primers for plasmid complementation
CDS 5'UTR S
Gene name | Gene ID = - =
Forward Primer Reverse Primer Forward Primer [Reverse Primer Forward Primer [Reverse Primer
P 50a PY17X 08108700 CA___. T —!T 5 T N CATGCCATGGCTATATGTG |CGGGGTACCCATAAGGTA |CATGCCATGGACTATGT |COGCTCGAGCTCCAAA (CCCCTTAAGGATGTAAA
- a GCCCATGATCCG ACAAAMGAAGATG ACA ATGACC AAAGGGGEGAMAAG ACTGTGGATTTCGCG
PfedeS0a PE307 0718500 CATGCCATGGTGAAAGA | CATGCCATGGCAAMAAALA (CCGGEGTACCCATAAGGTA |CATGCCATGGACTATGT |CCGCTCGAGCTCCAAA |CCCCTTAAGGATGTAAA
- AACGATGA GAAMATATATATG ACAAAMGAAGATG ACA ATGACC AAAGGGGEGAMAAG ACTGTGGATTTCGCG
- 2800 CATGCCATGGATGGGGA e T GCGGGATCCTGTCTAMAG (CATGCCATGGTTTGTCG | CTAGCTAGCAAAATTGA| CCCCTTAAGCGACGAAT
Pyizpl FrT izt ATATTGTATCCTG ST%FA AT GAAGAGCTTGT TTATCTGATTATCTT TAAGTTAACAGC GTATGGCCCTACAT
Pfispl PE307 1011000 CATGCCATGGATGGGGEA | CTAGCTAGCCGAN GCGGGATCCTGTCTAMAG (CATGCCATGGTTTGTCG | CTAGCTAGCAAAATTGA| CCCCTTAAGCGACGAAT
- ATATTGTATCATG TTATAATCTT GAAGAGCTTGT TTATCTGATTATCTT TAAGTTAACAGC GTATGGCCCTACAT
Peimers for gene in situ complementation
G g Gene ID _ CD3s _ Lg'l'tllumcﬂns arm _ R?nl!lhomnlgnnus arm _
Forward primer Rerverse primer Forward primer Reverse primer Forward primer Reverse primer
CATGCCATGGACTATG
M-terminal Fi EY17TX 0819700 CATGCCATGGECTACTTATC (CATGCCATGGATEEAAGE | COCGETACCTACGAAAT | o -\ mr s —e - | CATGCCATGEGCTCCA | COCGAATTICCGAA
Pycdcs0a inal Flag = GTCGTCATCOTTGTAATCT |AAAARAAGAARAAA AAATACATGCTAAT T ATGACC | A AAAGEGGGGAALAG | ATTTATTTTAAAATATG
ATGTGGCCCATGATCCGA




Data S1 Genotyping data of the genetic modified parasite strains in this study
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Data S1. Genotyping results of the genetic modified parasite strains in this study
(A) Schematic representation for CRISPR/Cas9 mediated gene deletion via double
cross homologous recombination. (B and C) Schematic representation for
CRISPR/Cas9 mediated N-terminal (B) or C-terminal (C) tagging of endogenous
genes with epitope tag or fluorescence protein via double cross homologous
recombination. Primers used for diagnostic PCR are indicated and listed in the SI
Table S2. (D to J) For each modification, both the 5° and 3 homologous
recombination was detected by diagnostic PCR, confirming successful integration of
the homologous templates. For most modification, at least two single clones (sc) with
targeted modifications were obtained after limiting dilution and were used for

phenotype analysis.
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