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SUMMARY

Constant mechanical stress challenges the structural integrity of cell systems. During malaria parasite trans-
mission from mammal to mosquito, Plasmodium male gametogenesis features a unique axoneme release
pattern characterized by basal body first, axoneme following. Substantial mechanical stress from axonemal
beating threatens basal body integrity during axoneme exflagellation. However, how Plasmodium adapts to
such mechanical stress and maintains the structural integrity of the basal body remains elusive. In this study,
we identified a conserved Plasmodium protein, Calcifer, essential for male gamete formation and mosquito
transmission of the parasite. Calcifer translocates to the basal body after axoneme assembly and persists
during exflagellation, which is distinct from canonical basal body proteins. Parasites lacking Calcifer form
intact axonemes but show rapid axoneme disintegration during exflagellation, a defect that can be rescued
by inhibiting axoneme beating. In vivo and in vitro assays revealed that Calcifer directly stabilizes basal body
integrity under mechanical forces generated by axoneme beating. Calcifer forms a wrapping structure
around the basal body at the axoneme minus end, providing resistance to mechanical stress. Our findings
elucidate a mechanical stabilization mechanism of the basal body that resists axoneme-beating-induced me-
chanical stress and reveal Calcifer as a key factor safeguarding basal body integrity during Plasmodium

axoneme exflagellation.

INTRODUCTION

Malaria, an infectious disease caused by protozoan parasites
Plasmodium, constitutes a global public health challenge, with
282 million cases and 610,000 deaths worldwide in 2024."
Beyond public health significance, Plasmodium is a model of
highly divergent biology and evolves non-canonical cellular
mechanisms to complete its life cycle, alternating between
mammal hosts and female Anopheles mosquito vectors. A strik-
ing manifestation occurs during parasite transmission in the
mosquito. In mammals, a small proportion of intraerythrocytic
parasites differentiate sexually into female and male gameto-
cytes, which are essential for malaria transmission to mosqui-
toes.” When a mosquito takes a blood meal, gametocytes are
promptly activated and differentiate into fertile gametes in the
midgut lumen, a process known as gametogenesis.® A female
gametocyte produces one female gamete, whereas a male
gametocyte develops into eight uniflagellated male gametes.*®
In the Plasmodium life cycle, the male gamete is the sole motile
stage that possesses an axoneme. Driven by axoneme beating,
a male gamete fertilizes a female gamete to form a zygote.
Following further development into ookinetes, oocysts, and
sporozoites within mosquitoes, the parasites in the mosquito
salivary gland ultimately infect a vertebrate host, completing
the malarial transmission.®

Male gametogenesis comprises the pre-exflagellation and ex-
flagellation stages, lasting 12 to 15 min. During pre-exflagella-
tion, three rounds of genome duplication occur without nuclear
division, resulting in an octoploid nucleus.®’ Meanwhile, eight
basal bodies are de novo assembled on the nuclear envelope
and direct the assembly of eight axonemes in the cytoplasm.*®
Spindle-mediated chromosome segregation in the nucleus and
basal body-directed axoneme formation in the cytoplasm are
coordinated by a bipartite microtubule organization center (-
MTOC) that spans the nuclear envelope.®'° Within this bipartite
MTOC, the basal body on the cytoplasmic side serves as the
nucleation template for the axoneme, while the spindle pole on
the nuclear side provides the template for the spindle.”’~'° By
the end of pre-exflagellation, each of the eight axonemes grows
to approximately 14 pm and coils around the nucleus.®® In the
nucleus, each of the eight hemispindles captures one set of
haploid chromosomes.'®"'® During the subsequent exflagella-
tion stage, each mature axoneme beats vigorously in the cyto-
plasm and quickly releases from the gametocyte cell body with
a haploid nucleus, yielding eight uniflagellate haploid male gam-
etes.'%2° Ultimately, each sperm-like male gamete contains an
axoneme, a haploid nucleus, and a plasma membrane.* '

Notably, Plasmodium displays a distinct axoneme release
pattern characterized by a basal body first, followed by axoneme
sequence during exflagellation. In canonical flagellum- or
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Figure 1. Calcifer is a male gametocyte protein essential for male gamete formation of Plasmodium

(A) Stage expression analysis of Calcifer during the life cycle of P. yoelii. Top: IFA of Calcifer in the HA::calcifer parasites in which the endogenous Calcifer was
tagged with an HA in the N terminus. Bottom: live-cell imaging of Calcifer in the calcifer::mCherry parasites in which Calcifer was tagged with mCherry in the C
terminus. Hst, Hoechst 33342. Scale bar, 5 pm. Three independent experiments.

(B) Immunoblot of Calcifer in the ABS and gametocyte of the HA::calcifer parasites. BiP, loading control. Three independent experiments.

(C) IFA of HA-tagged Calcifer and all-tubulin (highly expressed in male gametocytes) in HA::calcifer gametocytes. Scale bars, 5 pm. Three independent ex-
periments.

(D) IFA of 4Myc-tagged Calcifer and all-tubulin in calcifer::4Myc gametocytes. Scale bars, 5 pm. Three independent experiments.

(legend continued on next page)
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cilium-containing cells, the basal body remains stationarily
docked beneath the plasma membrane throughout axoneme as-
sembly and beating.?>® By contrast, Plasmodium exhibits dy-
namic positioning of the basal body. Initially, basal bodies are
anchored to the nuclear envelope to direct axoneme assembly;
however, they become mobile during axoneme exflagella-
tion.®?° Following active axoneme beating, the mechanical force
generated thereby propels the basal body toward the cell periph-
ery and further outward against the parasite plasma membrane
to drive protrusion.'® Both the vibration derived from axoneme
beating and the shear force originating from the plasma mem-
brane are presumed to exert significant mechanical stress on
the basal body. Given the rapid rate of axoneme release, it is ex-
pected that the basal body is continuously exposed to such me-
chanical stress, which poses challenges to its structural integrity
and functional stability.

The basal body constitutes a conserved structural component
that orchestrates axoneme assembly. Comparative genomic an-
alyses have revealed the absence of numerous conserved basal
body component genes (RSP5, RSP7, RSP8, CEP164, and
POCS5) in Plasmodium,?”-*® indicating that their basal bodies
may adopt a minimalistic structural organization. Consistent
with these findings, neither early electron microscopy (EM)
studies nor recent cryoelectron tomography (cryo-ET) analyses
could detect signals corresponding to the cartwheel and
spoke-core structural elements of the basal body in Plasmo-
dium.?**° However, the conserved cartwheel assembly factor
protein SAS6 exists in Plasmodium.?”*" Furthermore, Plasmo-
dium has lost the characteristic 9-fold symmetrical organiza-
tional arrangement typical of basal bodies. In addition, their
axonemal microtubule formation involves a singlet-to-doublet
microtubule transition,®*°*° which is distinct from the canonical
microtubule triplet-to-doublet transition in most organ-
isms.?>3273% Collectively, these observations suggest that Plas-
modium has evolved a simplified basal body structure. In light
of the apparent structural simplification, how the basal body
adapts to mechanical stress and preserves its structural integrity
during axoneme exflagellation remains elusive in Plasmodium.

In this study, we uncover a distinct Plasmodium-conserved
protein, Calcifer, which is essential in axoneme exflagellation
during male gametogenesis. Calcifer translocates to the basal
body after axoneme assembly. Calcifer is not required for the
axoneme assembly, which is distinct from the canonical roles
of the basal body component proteins. During axoneme

¢? CellPress

exflagellation, Calcifer functions as a stabilizing factor to resist
axoneme-beating mechanical stress and safeguard basal body
integrity. Our findings shed new light on how the eukaryotic
cellular structure evolves to withstand extreme forces in the me-
chanostress-related motility process.

RESULTS

Calcifer is a Plasmodium-conserved protein essential
for male gamete formation

The gene PY17X_1323900 encodes an uncharacterized Plasmo-
dium-conserved protein (Figure S1). No identified domain or
motif was detected in this protein. Previous studies revealed
gametocyte-specific transcription of the gene orthologs in
P. falciparum, P. berghei, and P. yoelii.>*® So far, the expres-
sion and function of this protein remain unknown. In this study,
we named this protein PY17X_1323900 Calcifer and investigated
its localization, function, and mechanism in P. yoelii. To investi-
gate the stage expression and cellular localization of Calcifer
during the life cycle of the parasite, we tagged the endogenous
Calcifer with an HA epitope at the N terminus in P. yoelii 17XNL
using CRISPR-Cas9, generating the line HA::calcifer. The HA::-
calcifer parasite developed normally in mice and mosquitoes,
indicating that HA tagging does not affect protein function.
Immunofluorescent assay (IFA) revealed that Calcifer was ex-
pressed in gametocyte cytoplasm (Figure 1A, top). No IFA signal
was detected in asexual blood stages (ABSs), ookinetes, oo-
cysts, and sporozoites. An immunoblot further confirmed the
gametocyte-specific expression of Calcifer (Figure 1B). We
also tagged the endogenous Calcifer with a red fluorescence
protein, mCherry, at the C terminus, generating the line calci-
fer::mCherry. Live-cell imaging revealed that Calcifer::mCherry
was only detected at the cytoplasm in gametocytes (Figure 1A,
bottom), which is similar to HA::Calcifer. Staining HA::calcifer ga-
metocytes with antibodies against all-tubulin (highly expressed
in male gametocytes®) and HA showed that Calcifer was exclu-
sively expressed in male gametocytes (Figure 1C). To further
validate this, we tagged Calcifer with a 4Myc at the C terminus
and detected the male gametocyte-specific expression of Calci-
fer in the calcifer::4Myc parasite line (Figure 1D).

To investigate the function of Calcifer in the parasite, we
deleted the genomic sequence (2,689 bp) of calcifer in the
P. yoelii 17XNL (wild type) using CRISPR-Cas9, generating the
mutant line Acalcifer (Figure 1E). Deletion of calcifer did not

(E) Schematic showing the calcifer gene deletion and complementation. The coding sequence (2,689 bp) was deleted, generating the mutant line Acalcifer. The
calcifer gene fused with a 4Myc was introduced back, generating the complemented line Comp.

(F) Immunoblot of Calcifer expression in the Comp gametocytes. Three independent experiments.

(G) Male and female gametocyte formation in mice. Mean + SEM from three mice in each group. Two independent experiments.

(H) In vitro EC formation of male gametocytes at 10 min post activation (mpa). ECs are marked with white arrows. Scale bars, 5 um. Right: quantification of ECs in
the hemocytometer under a light microscope. n is the number of fields counted. Mean + SEM; one-way ANOVA with Tukey’s multiple comparisons test. Three
independent experiments.

(I) Female gamete formation assayed by P28 staining. P28 is a female gamete plasma membrane protein. Mean + SEM from three independent experiments; two-
sided t test.

(J) Ookinete development in vitro. Mean + SEM from three independent experiments; one-way ANOVA with Tukey’s multiple comparisons test.

(K) Midgut oocyst formation in mosquitoes at day 7 post blood feeding. Numbers at the top indicate the ratio of infected/total mosquitoes (x/y) and the infection
prevalence (%). Red lines, mean values. One-way ANOVA with Tukey’s multiple comparisons test. Three independent experiments.

(L) Salivary gland sporozoite formation in mosquitoes at day 14 post blood feeding. 20 infected mosquitoes were analyzed per group. Mean + SEM from three
independent experiments; one-way ANOVA with Tukey’s multiple comparisons test.

(M) Ookinete development of the parasite after genetic cross between Acalcifer and Amap2 (male-defect) or Anek4 (female-defect) parasites. Mean + SEM from
three independent experiments; one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 2. Calcifer translocates from the cytosol to the basal body after axoneme assembly
(A) IFA of HA-tagged Calcifer and all-tubulin during male gametogenesis of the HA::calcifer parasite. Upper schematics show axoneme assembly and release
processes in male gametogenesis. The basal body (black) and axoneme (gray) are indicated. Scale bars, 5 pm. Three independent experiments.
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affect male and female gametocyte development in mice
(Figure 1G). We assessed parasite male gametogenesis by treat-
ing gametocytes with 100 pM xanthurenic acid at 22°C in vitro.
Compared with 17XNL, Acalcifer failed to form the exflagellation
center (EC), a cell cluster of red blood cells caught by the exfla-
gellated male gametocyte (Figure 1H), indicating defective male
gamete formation. In contrast, Acalcifer developed comparable
female gametes in vitro as 17XNL (Figure 1l), which is consistent
with the absence of Calcifer expression in female gametocytes.
Acalcifer failed to produce ookinetes in vitro (Figure 1J) and did
not develop midgut oocysts or salivary gland sporozoites in
the infected mosquitoes (Figures 1K and 1L), indicating a
blockage of parasite transmission in mosquitoes.

To confirm that the Acalcifer phenotype was due to the gene
loss of calcifer, we introduced the deleted genomic sequence
of calcifer tagged with 4Myc back to the locus in the Acalcifer,
generating the complemented line Comp (Figure 1E). An immu-
noblot detected the protein expression of Calcifer::4Myc in ga-
metocytes of the Comp parasite (Figure 1F). The Comp parasite
restored EC formation in activated male gametocytes
(Figure 1H) and parasite transmission in mosquitoes
(Figures 1J-1L). Last, we performed genetic crosses between
Acalcifer and Amap2 (male gamete-deficient) or Anek4 (female
gamete-deficient) parasites.’®*' The cross between Acalcifer
and Amap?2 failed to produce ookinetes, whereas the cross be-
tween Acalcifer and Anek4 generated a comparable number of
ookinetes as the cross of Amap2 and Anek4 (Figure 1M), confirm-
ing that Acalcifer is only male gamete-deficient. These results
demonstrate that Calcifer is essential for male gamete formation
in the mosquito transmission of P. yoelii.

Calcifer translocates from the cytosol to the basal body
after axoneme assembly
We investigated the localization dynamics of Calcifer during
male gametogenesis of the HA::calcifer parasite. Before game-
tocyte activation, Calcifer and all-tubulin were dispersed
throughout the cytoplasm (Figure 2A). At 2 min post activation
(mpa), the microtubules of nuclear spindles and cytoplasmic ax-
onemes were assembled while Calcifer maintained cytosolic
diffusion. From 4 to 6 mpa, Calcifer progressively translocated
to eight discrete basal body foci likely associated with the nu-
clear envelope while the axoneme kept growing. After axoneme
assembly at 7 to 8 mpa, Calcifer foci moved to the cell periphery.
From 9 to 10 mpa, each of the eight axonemes exflagellated out-
ward and were released from the gametocyte cell body, while
Calcifer remained at the basal body during axoneme release
(Figure 2A). Live-cell imaging of mCherry in the calcifer::mCherry
parasite observed similar localization dynamics of Calcifer dur-
ing male gametogenesis (Figure 2B).

Calcifer translocates from the cytosol to the basal body mainly
after axoneme assembly. This localization dynamic of Calcifer is
distinct from the canonical basal body proteins that localize to
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the basal body upon its assembly. We further investigated the
localization dynamic difference between Calcifer and canonical
basal body proteins. Two basal body proteins, Centrin1 and
SAS4, were chosen.”>*® Each of Centrin1 and SAS4 was endog-
enously tagged with HA or 6HA in the calcifer::4Myc parasite,
generating two double-tagged parasite lines, calcifer::4Myc;HA::-
centrin1 and calcifer::4Myc;sas4::6HA. We performed high-reso-
lution ultrastructure expansion microscopy (U-ExM) to analyze
the precise temporal-spatial relation between Calcifer and Cen-
trin1 or SAS4 during male gametogenesis. At 1 and 2 mpa, one
or two NHS-stained dense regions appeared (Figure 2C), referring
to the amorphous bipartite MTOC (spindle pole and basal body) at
the nuclear envelope.” Centrin1 was concentrated in the basal
body, while Calcifer was dispersed in the cytoplasm (Figure 2C).
At 4 mpa, Calcifer translocated to the basal bodies and co-local-
ized with Centrin1. At 6 mpa, Calcifer was predominantly localized
at the basal bodies and was not detected in the cytoplasm
(Figure 2C). U-ExM analysis of Calcifer and SAS4 in the calcifer::4-
Myc;sas4::6HA line revealed similar localization dynamics of Cal-
cifer during male gametogenesis (Figure S2A). To further confirm
the basal body localization of Calcifer after axoneme assembly,
we analyzed another protein, GCP3, which is a subunit of
y-tubulin ring complex (y-TuRC) and marks both the basal body
and spindle pole.”® In the parasite line calcifer::4Myc;gcp3::HA,
Calcifer was concentrated and accumulated at the basal body un-
til 4 mpa, while GCP3 was localized in both the basal body and
spindle pole from 1 mpa (Figure S2B). Together, these results
demonstrate that Calcifer translocates from the cytosol to the
basal body after axoneme assembly and localizes at the basal
body during axoneme release (Figure 2D).

Intact cytoplasmic axoneme assembly in

gametogenesis of a Calcifer-null parasite

We tested whether Calcifer regulates the axoneme assembly and/
or axoneme release. IFA revealed that at 0 mpa, all-tubulin was
distributed throughout the cytosol of male gametocytes in both
17XNL and Acalcifer (Figure 3A). At 6 mpa, axonemes were
assembled and coiled around the enlarged nucleus in 17XNL
and Acalcifer (Figure 3B). Under U-ExM, axonemal microtubules
exhibited a uniform diameter and consistent cytoplasmic organi-
zation, with no discernible differences between 17XNL and
Acalcifer (Figure 3C). We also stained gametocytes with an anti-
body targeting polyglutamylated tubulin (PolyE), a marker for
axonemal microtubule in Plasmodium male gametocytes.***
U-ExM analysis of PolyE also detected the intact axoneme struc-
ture at 6 mpa in both 17XNL and Acalcifer (Figure 3D).

To further validate axoneme structural integrity, male gameto-
cytes at 6 mpa were analyzed using transmission EM (TEM). In
both 17XNL and Acalcifer gametocytes, a large central nucleus
was observed, which is indicative of nuclear genome replication
(Figures 3E and 3F). Notably, longitudinal and cross-sectional
TEM images revealed that the majority of axonemes in Acalcifer

(B) Live-cell imaging of mCherry-tagged Calcifer during male gametogenesis of the calcifer::mCherry parasite. Scale bars, 5 um. Three independent experiments.
(C) Ultrastructure expansion microscopy (U-ExM) of Calcifer and Centrin1 during male gametogenesis of the double-tagged line calcifer::4Myc;HA::centrin1.
Centrin1 is a basal body protein. Parasites were stained with antibodies against HA and Myc and NHS ester dye. The basal body (BB) and spindle pole (SP) were
densely labeled with NHS ester dye. Insets show enlargements of the boxed areas. Scale bars, 5 pm. Three independent experiments.

(D) Schematic showing different localization dynamics between canonical BB protein and Calcifer during axoneme assembly and release in male gametogenesis.

See also Figure S2.
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Intact axoneme assembly in gametogenesis of Calcifer-null parasite

(A and B) IFA of all-tubulin in male gametocytes at 0 mpa (A) and 6 mpa (B). Scale bars, 5 pm. Representative of three independent experiments.
(C) U-ExM of all-tubulin in male gametocytes at 6 mpa. Representative of three independent experiments. Scale bars, 5 pm.
(D) U-ExM of the PolyE in male gametocytes at 6 mpa. PolyE marks the mature B-tubule of the axonemal microtubule doublet. Representative of three inde-

pendent experiments. Scale bars, 5 pm.

(E and F) TEM of axoneme architecture in male gametocytes at 6 mpa. Longitudinal sections (left) and cross sections (right) of axonemes are shown. The enclosed
area (black box) was zoomed in. Pie charts show the quantification of axoneme (9 + 2 microtubules) in the parasites. n is the total number of intact and defective
axoneme structures observed in each group. Three independent experiments with similar results. Scale bars, 1 pm.

See also Figure S3.

displayed the typical “9 + 2” microtubule arrangement (96%, n =
189 axonemes from 52 sections), which is indistinguishable from
that in 17XNL (95%, 192 axonemes from 45 sections)
(Figures 3E and 3F). These TEM results align with the U-ExM ob-
servations in Figures 3C and 3D. Previous results indicate that Cal-
cifer translocates to the basal body after axoneme assembly.
Consistent with this, axoneme assembly proceeds normally in
the absence of Calcifer, implying that Calcifer exerts its functional
role after axoneme assembly.

Axoneme disintegrates during exflagellation in the
Calcifer-null parasite

After assembly, the axonemes actively beat and release from the
cell body. Axonemal beating during early exflagellation was as-
sessed using the P. yoelii reporter parasite line DFsc7, which ex-
presses the axonemal dynein heavy-chain protein 1 (DHCA1,

6 Current Biology 36, 1-17, May 4, 2026

PY17X_0418900) fused with GFP and displays GFP-labeled ax-
onemes."” The calcifer gene was deleted in the DFsc7, gener-
ating the mutant line DFsc7;Acalcifer. Live-cell imaging revealed
that the axonemes in DFsc7 exhibited vigorous beating for
several minutes during release from 8 to 15 mpa, catching the
surrounding cells to form ECs (Videos S1 and S2). In contrast,
the axonemes in DFsc7;Acalcifer only beat for dozens of sec-
onds after release, with beating activity rapidly diminishing there-
after. Consequently, DFsc7;Acalcifer failed to form an EC
(Videos S3 and S4). Compared with the sustained axoneme
beating in DFsc7, the Calcifer-null parasites could beat axo-
nemes during early release but rapidly lost this capability.

We examined axoneme structural integrity during early
exflagellation. Parasites generally initiate axoneme release at 8
mpa. We performed U-ExM and analyzed parasites at 9 mpa,
enabling concurrent observation of axonemes in both
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Figure 4. Axoneme disintegrates during exflagellation in the Calcifer-null parasite

(A and B) U-ExM of all-tubulin (A) and PolyE (B) in male gametocytes at 15 mpa. Fractions (x/y) indicate gametocytes with intact axonemes/total cells analyzed.
Three independent experiments. Scale bars, 5 pm.

(legend continued on next page)
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pre-release (non-exflagellating) and release (exflagellating)
(Figures S3A and S3B). In 17XNL, axonemes maintained struc-
tural integrity in both non-exflagellating and exflagellating cells
(Figure S3A). For Acalcifer parasites, axonemes retained struc-
tural integrity in non-exflagellating cells but underwent disinte-
gration in all exflagellating cells (n = 221) (Figures S3A and
S3C). The specific disintegration of axonemes in exflagellating
cells indicates this phenomenon occurs during the axoneme
release process of Acalcifer.

We further analyzed axoneme structural integrity during later
exflagellation at 15 mpa. U-ExM revealed that the axonemal mi-
crotubules exhibited structural organization in both the cell body
and flagellum of 17XNL (Figure 4A). However, 100% of axo-
nemes in Acalcifer were morphologically aberrant: they failed
to maintain bundled structures, instead showing thin and
branched filaments in both the cell body and flagellum
(Figure 4A). We also stained Acalcifer gametocytes with an
anti-PolyE antibody and observed similar structural defects in
axonemes (Figure 4B). Ultrastructural analysis via TEM revealed
that axonemes in 17XNL displayed the 9 + 2 microtubule config-
uration in the cell body and flagellum (Figure 4C). In contrast, loss
of Calcifer led to disintegration of the 9 + 2 axoneme structure in
both the cell body and flagellum, resulting in scattered microtu-
bule doublets and singlets in Acalcifer (Figure 4C). In the comple-
mented parasite line Comp, the 9 + 2 axoneme structure was
restored to the level observed in 17XNL (Figure 4C). Aberrant ex-
flagellation was additionally identified by scanning EM (SEM).
80% of Acalcifer gametocytes developed branched flagella, a
phenotype not detected in 17XNL (Figures 4D and 4E). Notably,
this branched flagellum phenotype has not been reported in
other gene mutants of Plasmodium parasites. Both 17XNL and
Comp maintained a consistent flagellum diameter from proximal
to distal ends, whereas the Acalcifer flagella exhibited progres-
sive tapering along this axis (Figures 4D and 4F). Separated mi-
crotubules likely protrude from the plasma membrane following
axoneme disintegration, leading to flagellar branching and
tapering. Therefore, Calcifer plays a critical role in maintaining
axoneme structural integrity during exflagellation. The absence
of Calcifer results in axoneme disintegration during early exfla-
gellation, and consequently, axonemes in Calcifer-null parasites
lose the beating ability required for further release.

Calcifer stabilizes basal body integrity under axoneme-
beating-generated mechanical force

During axoneme release, the basal body orients outward toward
the plasma membrane and encounters substantial shear forces
induced by axoneme beating. It was reasoned that the basal
body must resist these mechanical forces and maintain its struc-
tural integrity. Calcifer incorporates stably into the basal body
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after axoneme assembly, and its absence leads to axoneme
disintegration during exflagellation. Based on these facts, we hy-
pothesized that Calcifer directly contributes to stabilizing the
structure of the basal body and the axoneme minus end. To
examine basal body integrity in Calcifer-null parasites during ex-
flagellation, we deleted the calcifer gene in three parasite lines
with tagged basal body proteins (HA::centrin1, sas4::6HA, and
gcp3::4Myc), obtaining three mutant clones HA::centrin1;Acalci-
fer, sas4::6HA;Acalcifer, and gcp3::4Myc;Acalcifer (Figures 5A-
5C). U-ExM analysis at 10 mpa showed that, in contrast to the
parent parasites, these three proteins (Centrin1, SAS4, and
GCP3) completely lost their basal body localization at the
axoneme minus end in Calcifer-null parasites during exflagella-
tion (Figures 5A-5D). These in vivo results demonstrated that
the structural integrity of the basal body is disrupted during
axoneme release in Calcifer-null parasites.

To determine whether the structural integrity of the basal body
is compromised by the mechanical force generated by axoneme
beating, we developed an in vitro vortex assay designed to simu-
late vibration-induced mechanical stress (Figure S4A). The HA::-
calcifer gametocytes at 6 mpa were treated with the detergent
sodium deoxycholate (SDC) for lysis, allowing the release of
intact axonemes (Figure S4B). U-ExM confirmed that Calcifer lo-
calizes to the basal body at the axoneme minus end (Figure S4C,
left), indicating that SDC treatment did not impair the structural
integrity of the basal body at the axoneme minus end. Further-
more, 100% of axonemes retained intact minus ends, whereas
19% exhibited bifurcation at the plus end (Figures S4C and
S4D), suggesting that the axoneme plus end is structurally less
stable than the minus end. These isolated HA::calcifer axonemes
were then exposed to vortexing at 3,000 rpm for 1 min. After vor-
texing, 92% of axonemes maintained basal body integrity at the
minus end, while 90% showed disintegration at the plus end
(Figures S4C and S4D). These results indicated that the basal
body exhibits structural stability under mechanical stress gener-
ated by in vitro vortexing.

Using this in vitro vortex assay, we analyzed the basal bodies
and axonemes from Calcifer-null parasites. Before vortexing, the
axonemes from both sas4::6HA and sas4::6HA;Acalcifer para-
sites displayed SAS4 localization at the basal body situated at
the minus end (Figure 5E). After vortexing, SAS4 remained
concentrated in the basal body at the sas4::6HA axoneme minus
end; however, such concentration was absent at the sa-
s4::6HA; Acalcifer axoneme minus end (Figures 5E and 5F). Addi-
tionally, sas4::6HA;Acalcifer axonemes exhibited bifurcation at
both plus and minus ends (Figures 5E and 5F), which is indicative
of axoneme disintegration at both ends. We further analyzed the
basal bodies and axonemes from gcp3::4Myc and
gcp3::4Myc; Acalcifer parasites. Consistently, the GCP3-labeled

(C) TEM of axoneme architecture in cell body (top) and flagellum (bottom) of male gametocytes at 15 mpa. The orange arrow indicates the exflagellating axo-
nemes. The enclosed area (black box) was zoomed in. Pie charts show the quantification of axonemes with 9 + 2 microtubules. n is the number of axoneme
structures analyzed in each group. Three independent experiments with similar results. Scale bars, 1 pm.

(D) SEM of exflagellating male gametocytes at 15 mpa. Branched flagella are marked with white arrows. Scale bars, 1 um. Three independent experiments.
(E) Quantification of male gametocytes with branched flagella in (D). Mean + SEM from three independent experiments; one-way ANOVA with Tukey’s multiple

comparisons test.

(F) Quantification of diameter from proximal to distal ends (1/4, 1/2, and 3/4 length) of axoneme in (D). Mean + SEM from three independent experiments; one-way

ANOVA with Tukey’s multiple comparisons test.
See also Figure S3 and Videos S1, S2, S3, and S4.
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Figure 5. Calcifer stabilizes BB integrity under axoneme-beating-generated mechanical force

(A-C) IFA of all-tubulin and three BB markers, HA-tagged Centrin1 (A), 6HA-tagged SAS4 (B), and 4Myc-tagged GCP3 (C), during axoneme exflagellation in
gametocytes at 10 mpa for the indicated parasite lines. Scale bars, 5 pm. Three independent experiments.

(D) Quantification of the BB localization retention for the BB markers in (A)=(C). n is the number of basal bodies analyzed. Mean + SEM; two-sided t test.

(E) U-ExM of SAS4 in axonemes after in vitro vortex simulating vibration-induced mechanical stress. Intact axonemes in sas4::6HA and sas4::6HA;Acalcifer
parasites were isolated from gametocytes at 6 mpa and exposed to vortexing at 3,000 rpm for 1 min. Axonemes were analyzed before and after vortexing. SAS4
signal marks the BB at the minus end of axonemes; white arrows indicate disintegrated ends. Scale bars, 5 pm.

(F) Quantification of disintegrated minus ends of axonemes after vortexing in (E). Mean + SEM from three independent experiments; two-sided t test.

(G) U-ExM of GCP3 in axonemes after in vitro vortexing for gcp3::4Myc and gcp3::4Myc;Acalcifer parasites. GCP3 signal marks the BB at the minus end of
axonemes; white arrows indicate the disintegrated ends. Scale bars, 5 pm.

(legend continued on next page)
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basal body at the minus end disintegrated in Calcifer-null axo-
nemes under vortex-induced mechanical stress (Figures 5G
and 5H). These in vitro results demonstrate that Calcifer-null
basal bodies are vulnerable to vortex-generated mechanical
force, leading to basal body disintegration and subsequent
breakdown of the axoneme minus end (Figure 5I).

Collectively, these in vivo and in vitro results confirm that the
structural integrity of the basal body is compromised by me-
chanical forces derived from either beating or vortexing, and Cal-
cifer could stabilize the basal body to resist damage induced by
such mechanical forces.

Inhibition of axoneme beating rescues axoneme
disintegration in the Calcifer-null parasite

We hypothesized that inhibiting axoneme beating during its
release would prevent the generation of the mechanical forces
required to trigger basal body disintegration in the Calcifer-null
parasite. To further validate that Calcifer-dependent structural
integrity of the basal body is compromised by mechanical force,
we aimed to suppress axoneme beating during male
gametogenesis. Axoneme beating relies on the motor activity of
the axonemal dynein complex, where the dynein heavy-chain
(DHOC) subunit provides the motor force.”® DHC1 (PY17X_
0418900) encodes a putative axonemal DHC. Our previous
studies demonstrated that DHC1 is specifically expressed in
male gametocytes and localized to the axoneme of P. yoelii*’;
however, its functional role in axoneme beating remains unvali-
dated in Plasmodium. We deleted the N-terminal coding
sequence (1,456 bp) of dhc1 in 17XNL, generating the mutant
line Adhc1 (Figure S5A). Adhc1 developed comparable levels of
male and female gametocytes in mice relative to 17XNL
(Figure S5B). Deletion of dhc1 did not impact axoneme assembly
in male gametocytes at 8 mpa (Figure S5C) or initial axoneme
release at 15 mpa (Figures S5D and S5E). However, it completely
abolished EC formation (Figure S5F). Consistently, AdhcT failed to
develop midgut oocysts and salivary gland sporozoites in infected
mosquitoes (Figures S5G and S5H). We further deleted the dhc1
gene in the parasite line calcifer::mCherry, and the resulting
mutant clone calcifer::mCherry;Adhc1 displayed phenotypes
consistent with Adhc1 (Figures S51 and S5J). Notably, loss of
DHC1 did not affect the basal body localization of Calcifer during
axoneme release (Figure S5K). Live-cell imaging revealed weak
axoneme beating after release in Adhc1, which is in stark contrast
to the vigorous and sustained axoneme beating in calcifer::m-
Cherry (Figure 6A; Videos S5 and S6). These results demonstrate
that DHC1 specifically drives axoneme beating following its initial
release from the cell body. DHC1 deficiency does not compro-
mise basal body and axoneme integrity but impairs axoneme
beating capacity after release.

Next, we investigated whether inhibiting axoneme beating
could mitigate basal body and axoneme disintegration during
exflagellation of Calcifer-null parasites. The dhc? gene was
deleted in Acalcifer, generating a double-gene-mutant clone
Acalcifer;Adhc1. U-ExM of axonemes stained with all-tubulin
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antibody revealed that DHC1 deficiency alone did not alter
axoneme structural integrity during exflagellation in Adhc? at
15 mpa (Figure 6B, third image), aligning with IFA and SEM re-
sults for Adhc1 in Figure S6. Notably, DHC1 deficiency mitigated
axoneme structural defects in Calcifer-null parasites during ex-
flagellation at 15 mpa (Figure 6B, fourth image for
Acalcifer;Adhc1). In contrast to the thin and branched axonemes
in Acalcifer, most axonemes in Acalcifer; Adhc1 exhibited a thick
and bundled morphology. Quantitative analysis revealed that
0% of male gametocytes in Acalcifer (n = 64) had intact axo-
nemes, whereas 92% of those in Acalcifer;Adhc1 (n = 71) did
(Figure 6C).

TEM ultrastructural analysis of gametocytes at 15 mpa
showed that the axonemes in Adhc1 displayed the 9 + 2 micro-
tubule arrangement in both cell body and flagellum, resembling
those in 17XNL (Figure 6D). In contrast to the defective microtu-
bule arrangement of axonemes in Acalcifer, Acalcifer;Adhc1
restored the 9 + 2 microtubule arrangement of axonemes in
both the cell body and flagellum (Figure 6D). The proportion of
the 9 + 2 axonemes was 11% in the cell body (n = 221) and
0% in the flagellum (n = 52) of Acalcifer, whereas it reached
94% in the cell body (n = 205) and 96% in the flagellum (n =
49) of Acalcifer;Adhc1 (Figures 6E and 6F). These results confirm
that axoneme structure disintegration in Calcifer-null parasites is
caused by axoneme beating during exflagellation. Conse-
quently, inhibition of axoneme beating via dhc1 gene deletion
preserves axoneme structural integrity in Calcifer-null parasites.
The rescue of axoneme disintegration by inhibition of axoneme
beating further validates that the disintegration of basal bodies
in Calcifer-null parasites is induced by mechanical forces gener-
ated by axoneme beating during exflagellation.

Calcifer wraps the basal body at the axoneme minus end

Next, we investigated the more precise localization of Calcifer
within the basal body structure at the minus end of the axoneme.
We performed U-ExM to analyze the spatial relationship be-
tween Calcifer and three basal body proteins (Centrin1, SAS4,
and GCP3). The cartwheel at the inner core structure of the basal
body consists of a central hub and nine radiating spokes, and
Centrin1 is a cartwheel protein.'® Encircling the cartwheel,
SAS4 serves as a linker between the radiating spokes and pe-
ripheral microtubules.’® GCP3 is a component protein of the
y-TuRC complex localized at the proximal end of peripheral mi-
crotubules.® The calcifer::4Myc;HA::centrin1 gametocytes at 10
mpa were stained with anti-HA and anti-Myc antibodies, fol-
lowed by U-ExM. Three-dimensional (3D) surface topology
reconstruction of fluorescence signals revealed that Calcifer fully
encompassed Centrin1 and exhibited a larger signal area than
Centrin1 (Figure 7A). To eliminate potential discrepancies in fluo-
rescence signals arising from secondary antibody-conjugated
fluorophores, we swapped the fluorophores in secondary anti-
bodies and stained the calcifer::4Myc;HA::centrin1 gameto-
cytes. U-ExM imaging confirmed that Calcifer still displayed a
significantly larger signal area compared with Centrin1

(H) Quantification of disintegrated minus ends of axonemes after vortexing in (G). Mean + SEM from three independent experiments; two-sided t test.
(I) Schematic of the BB (purple) and axoneme (green) integrity for the Calcifer-null parasite under the mechanical force generated by axoneme beating (in vivo) and

axoneme vibration (in vitro).
See also Figure S4.
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(Figure 7B). Consistently, the signal area of Calcifer was signifi-
cantly larger than that of SAS4 in the calcifer::4Myc;sas4::6HA
parasites (Figures 7C and 7D) and than that of GCP3 in the cal-
cifer::4Myc;gcp3::HA parasites (Figures 7E and 7F).

As a control, we validated the spatial relationship between
SAS4 and GCP3 within the basal body. A double-tagged line,
gcp3::HA;sas4::4Myc was generated, where endogenous
GCP3 was tagged with HA and SAS4 was tagged with 4Myc.
U-ExM showed that GCP3 largely overlapped with SAS4, and
no significant difference in signal area was observed between
the two proteins (Figures S6A and S6B). Since the spatial local-
ization relationship between GCP3 and SAS4 is conserved in the
basal body across eukaryotes,”’ this observation reinforces the
reliability of our imaging-based protein localization analysis.
Furthermore, we examined the relationship of Calcifer with
axonemal microtubules in the HA::calcifer parasites. Calcifer sig-
nals consistently encompassed tubulin signals in the basal body
at the axoneme minus end (Figures S6C and S6D). These results
collectively suggest that Calcifer forms a sheath-like structure
around the basal body at the axoneme minus end (Figure SGE).

DISCUSSION

This study identifies Calcifer, a Plasmodium-conserved protein,
as a key regulator of basal body mechanical stability and integrity
during male gametogenesis with rapid beating and release of the
axoneme (Figure 7G). Canonical basal body proteins function
primarily in nucleation, anchorage, and early assembly of
axoneme microtubules. Distinct from the canonical basal body
protein, Calcifer executes a specialized role in maintaining the
mechanical stability of the basal body to counteract mechanical
stress induced by rapid and constant axoneme beating. This
unique function is tightly coupled to its spatiotemporal localiza-
tion: Calcifer is not associated with the basal body during
axoneme assembly but translocates to this structure after as-
sembly, coinciding with the onset of axoneme beating—a timing
that aligns with its role in maintaining mechanical stability rather
than structural biogenesis.

The maintenance of basal body mechanical stability via basal
body-localized proteins during axoneme beating is a rare phe-
nomenon in eukaryotes. While axonemes beat in most flagellum-
or cilium-containing cells, the basal body remains stationarily
docked beneath the plasma membrane via the distal append-
ages and cortical cytoskeleton.’”~>° This docking ensures that
the basal body acts as a stable platform that could buffer and
resist the mechanical stress from axoneme bending or beating.
In Plasmodium gametocytes, after cytoplasmic assembly,
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mature axonemes beat vigorously and quickly to release from
the cell body at a speed (294-1,254 pm/h) that is orders of
magnitude faster than axoneme outgrowth in model organisms
(e.9., 9-24 pm/h in Chlamydomonas reinhardtii, 3.6 pm/h in Try-
panosoma brucei, 0.6 pm/h in mouse sperm, and 0.1-2.6 pm/hin
ciliated mammalian cells).?*°"° Notably, Plasmodium axo-
nemes are released from the gametocyte with their minus ends
leading, displaying a unique pattern characterized by a basal
body first, followed by axoneme. When the basal bodies
encounter the gametocyte plasma membrane, substantial me-
chanical forces derived from axoneme beating are required for
successful release. This interaction creates additional
membrane-derived mechanical resistance to the basal body.
Compounding these challenges, Plasmodium has evolved a
simplified basal body structure. The characteristic 9-fold
symmetrical structures of cartwheels and spokes have not
been detected in the basal body of Plasmodium.*® Additionally,
Plasmodium basal bodies lack the canonical rigid triplet microtu-
bules but instead consist of singlet microtubules for axonemal
doublet microtubule formation, which are thought to provide
less structural reinforcement for the mechanical stability of the
basal body and axoneme. Together, these features impose
extraordinary mechanical stress on the structurally simplified
basal body at the axoneme minus end during Plasmodium exfla-
gellation. Our data demonstrate that Calcifer acts specifically at
the basal body to maintain the mechanical stability of the basal
body and thus the 9 + 2 microtubule structure of the axoneme.
Nevertheless, the causal sequence of structural failure is inferred
rather than directly visualized. It remains formally unclear
whether structural disassembly initiates within the basal body
core and secondarily affects the axoneme minus end, or whether
destabilization of the axoneme minus end under force leads to
subsequent loss of basal body marker localization. This localiza-
tion-specific mechanism is particularly notable given the unique
structural and mechanical features of Plasmodium exflagellation.
In addition, our findings suggest that Calcifer has evolved to
compensate for these structural limitations by forming a protec-
tive wrapping structure around the basal body, thereby
enhancing its mechanical stability.

Phylogenetic analysis showed distribution of the homologous
proteins of Calcifer in two other Apicomplexa parasites, Hepato-
cystis and Haemoproteus, but this is absent in conventional
cilium- or flagellum-possessing organisms. Hepatocystis and
Haemoproteus are close relatives of the Plasmodium para-
sites.®?®! Notably, both Hepatocystis and Haemoproteus share
key features with Plasmodium in male gametogenesis during
the insect vector transmission of parasites, including axoneme

Figure 6. Inhibition of axoneme beating rescues axoneme disintegration in the Calcifer-null parasite

(A) Live-cell imaging of axoneme beating during exflagellation for calcifer::mCherry and calcifer::mCherry;Adhc1 gametocytes. Axoneme beating during release
was recorded for 13 s. MCherry signal indicates the BB. Scale bars, 5 pm. Pie charts quantify the proportion of male gametocytes with axoneme constant beating.
n is the number of cells analyzed. Three independent experiments.

(B) U-ExM of axoneme architecture during exflagellation at 15 mpa. Parasites were stained with anti-all-tubulin antibody and NHS ester. Acalcifer and Adhc1 are
single-gene mutant lines, while Acalcifer;Adhc1 is a double-gene mutant line. Scale bars, 5 pm.

(C) Quantification of gametocytes with intact axonemes in (B). n is the number of cells analyzed. Mean + SEM from three independent experiments; one-way
ANOVA with Tukey’s multiple comparisons test.

(D) TEM of axoneme architecture during exflagellation at 15 mpa. Scale bars, 100 nm.

(E and F) Quantification of 9 + 2 axonemes in the cell body (E) and flagellum (F). n is the number of axonemes analyzed. Mean + SEM from three independent
experiments; one-way ANOVA with Tukey’s multiple comparisons test.

See also Figure S5 and Videos S5 and S6.
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(A, C, and E) U-ExM analysis of relative spatial localization between Calcifer and three BB markers, Centrin1 (A), SAS4 (C), and GCP3 (E), during axoneme
exflagellation for the indicated parasite lines. Left: 2D projection images of male gametocytes at 10 mpa stained with the indicated primary antibodies (detected
by anti-mouse-555 and anti-rabbit-488 secondary antibodies) and NHS ester. Scale bars, 5 um. Middle: 3D surface topology reconstruction. Two boxed areas
were zoomed in. White arrows show the axoneme direction. Right: quantification of fluorescence signal area for proteins. Mean + SEM from three independent
experiments; two-sided t test.

(B, D, and F) Validation of relative localization between Calcifer and three BB markers, Centrin1 (B), SAS4 (D), and GCP3 (F), by swapping fluorescent secondary
antibodies (using anti-mouse-488 and anti-rabbit-555). Scale bars, 5 pm.

(G) Proposed model of the Calcifer role in the BB integrity during axoneme exflagellation in Plasmodium male gametogenesis. Calcifer likely functions as a
mechanical sheath wrapping the BB structure to resist axoneme-beating-induced mechanical stress, safeguarding the BB integrity.

See also Figure S6.

exflagellation for male gamete formation.®>°® These observa-
tions further indicate that Calcifer’s function is tailored to the
unique demands for maintaining the mechanical stability of the
basal body during axoneme exflagellation.

A comparable temporal recruitment pattern of proteins at
mature basal bodies prior to axonemal beating has been noted.
For instance, Fop1, Poc1, and BId10 in Tetrahymena thermo-
phila exhibit this pattern.®*> These proteins serve to stabilize
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basal bodies against the mechanical stress induced by ciliary
beating, thereby maintaining structural stability. It is a rational
strategy for the mechanical stability-regulating factors to be re-
cruited to the basal bodies at the appropriate developmental
phase so as to avoid interfering with axoneme assembly. The
premature recruitment of such proteins might disrupt the biogen-
esis of either the basal body or the axoneme, underscoring the
significance of tightly regulated spatiotemporal localization—a
characteristic of Calcifer during male gametogenesis of
Plasmodium.

The in vitro vortex assay in this study is an approach to
modeling mechanical vulnerability. The results from this assay
demonstrate that the Calcifer-null basal bodies at the axoneme
minus end are more susceptible to mechanical perturbation.
However, vortex-induced shear stress in vitro is not directly
equivalent to the forces generated by axoneme bending in vivo.
Therefore, this assay represents a crude surrogate mechanical
challenge rather than a quantitative recapitulation of physiolog-
ical forces from axoneme beating.

While our study establishes the role of Calcifer in maintaining
the mechanical stability of the basal body, a crucial question
remains unanswered. The exact biophysical mechanism
through which Calcifer enhances mechanical stability remains
unclear. Our U-ExM imaging data indicate that Calcifer wraps
around the basal body, enclosing the core components (Cen-
trin1, SAS4, and GCP3) of the basal body and the microtubules
at the minus end of the axoneme. This suggests that it may
function as a structural “sheath” that strengthens the basal
body architecture to enhance mechanical stability. However,
it is not clear whether Calcifer binds directly with basal body
components, oligomerizes to form a structural scaffold, or al-
ters the microtubule properties. Nevertheless, whether Calcifer
directly interacts with these components, and if it does, the
characteristics of these interactions necessitate further
exploration.

In conclusion, our study reveals a mechanism through which
Plasmodium maintains the mechanical stability of the basal
body during axoneme exflagellation, which is centered on the
unique basal body protein Calcifer. This work expands the func-
tional repertoire of basal body proteins to include the regulation
of mechanical stability and provides new insights into the evolu-
tionary adaptation of eukaryotic cells to extreme mechanical
challenges in critical biological processes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-HA

Rabbit anti-mCherry

Rabbit anti-Myc

Cell Signaling Technology

Abcam

Cell Signaling Technology

Cat#3724S; RRID:
AB_1549585
Cat#ab167453; RRID:
AB_2571870

Cat#2272S; RRID:
AB_10692100

Rabbit anti-Polyglutamate AdipoGen Cat#AG-25B-0030; RRID:

chain (PolyE) AB_2490540

Mouse anti-HA Santa Cruz Biotechnology Cat#sc-57592; RRID:
AB_629568

Mouse anti-Myc Cell Signaling Technology Cat#2276S; RRID:
AB_331783

Mouse anti-all-Tubulin Sigma-Aldrich Cat#T6199; RRID:
AB_477583

Alexa Fluor 555 goat anti- Thermo Fisher Scientific Cat#A-21428; RRID:

rabbit IgG AB_2535849

Alexa Fluor 488 goat anti- Thermo Fisher Scientific Cat#A-31566; RRID:

rabbit IgG AB_10374301

Alexa Fluor 555 goat anti- Thermo Fisher Scientific Cat#A-21422; RRID:

mouse IgG AB_2535844

Alexa Fluor 488 goat anti- Thermo Fisher Scientific Cat#A-11001; RRID:

mouse IgG AB_2534069

HRP-conjugated goat anti- Abcam Cat#ab6721; RRID:

rabbit IgG AB_955447

HRP-conjugated goat anti- Abcam Cat#ab6789; RRID:

mouse IgG AB_955439

Rabbit anti-BiP serum Gao et al.®® N/A

Rabbit anti-P28 serum Gao et al.®® N/A

Chemicals, peptides, and recombinant proteins

Nycodenz Axis-shield Cat#66108-95-0

5-fluorocytosine Sigma-Aldrich Cat#F6627

Phenylhydrazine Sangon Biotech Cat#A600705-0025

Giemsa solution Sigma-Aldrich Cat#GS80

Xanthurenic acid Sigma-Aldrich Cat#D120804

Sulfadiazine Sigma-Aldrich Cat#S8626

Hoechst 33342 Thermo Fisher Scientific Cat#62249

RPMI 1640 medium liquid Hyclone Cat#SH30809.01B

NHS-ester dye Thermo Fisher Scientific Cat#A30000

Protease inhibitor cocktail MedChemExpress Cat#HY-K0010

Enhanced LABLEAD Cat#E1060

chemiluminescence

Experimental models: Organisms/strains

P.yoelii 17XNL strain Zhang et al.®” N/A

P.yoelii 17XNL/DFsc7 strain Liu et al.*® N/A

Other modified parasite lines This paper N/A

listed in Table S1
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Oligonucleotides

Oligonucleotides and This paper N/A
primers listed in Table S2

Recombinant DNA
pYCm Cas9 plasmid Zhang et al.®® N/A

Software and algorithms

Graphpad Prism 8.0.2 GraphPad Software https://www.graphpad.com/

Imaris 10.2.0 Oxford Instruments https://imaris.oxinst.com/

MEGA11 MEGA Software https://www.megasoftware.
net/

BioEdit 7.2.5 Tom Hall N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal experiments in this study were approved by the Committee for Care and Use of Laboratory Animals of Xiamen University
(XMULAC?20230333). Female ICR mice (5-6 weeks old) were obtained from the Animal Care Center of Xiamen University and housed
in a controlled environment (22-24°C, 45-65% humidity, 12-hour light/dark cycle). These mice were used for parasite propagation,
drug selection, cloning, and mosquito feeding. Anopheles stephensi (Hor strain) mosquito larvae were reared under controlled con-
ditions (28°C, 80% humidity, 12-hour light/dark cycle). Adult mosquitoes were maintained on a 10% (w/v) sucrose solution containing
0.05% 4-aminobenzoic acid at 23°C.

METHOD DETAILS

Plasmid construction

CRISPR/Cas9-mediated genome editing was performed using the pYCm plasmid.®® For gene tagging, 5’ and 3’ homologous se-
quences (400-700 bp) flanking the target gene’s insertion site were PCR-amplified and cloned into pYCm. Epitope tags (HA, 6HA,
4Myc, or mCherry) were inserted in-frame between the homologous arms. For gene deletion or truncation, sequences flanking
the target region were amplified to serve as left and right homologous arms. At least three small guide RNAs (sgRNAs) were designed
for each construct. Paired sgRNA oligonucleotides were denatured at 95°C for 3 min, annealed at room temperature for 5 min, and
ligated into pYCm. All the genetically modified parasite lines generated are listed in Table S1. All primers and oligonucleotides used
are listed in Table S2.

Parasite transfection and genotyping

Parasite transfection and genotyping were performed as previously described.®®’ Briefly, schizonts were purified from infected
mice using a 60% Nycodenz gradient and electroporated with 5 pg plasmid using a Nucleofector 2b Device (Lonza, Germany). Trans-
fected schizonts were immediately injected intravenously into a naive mouse. Pyrimethamine (6 mg/L in drinking water) was admin-
istered 24 h post-transfection for selection. Drug-resistant parasites typically appeared within 7 days. Blood was collected from the
tail vein of infected mice and lysed with 1% saponin in PBS. Parasites were pelleted by centrifugation at 13,000 g for 1 minute,
washed twice with PBS, and boiled at 95°C for 10 minutes. After centrifugation, the supernatant containing genomic DNA was
used for PCR-based genotyping. For each gene modification, diagnostic PCR targeting both 5’ and 3’ recombination sites was con-
ducted to confirm successful integration. Parasite cloned lines were obtained by limiting dilution. All primers are listed in Table S2.
Genotyping PCR confirmation results are provided in Figure S7.

Negative selection with 5-fluorocytosine

To eliminate pYCm plasmids in preparation for the subsequent gene editing, negative selection with 5-fluorocytosine was applied.®®
Mice infected with the parasite clones were provided with drinking water containing 2 mg/ml of 5-fluorocytosine (Sigma-Aldrich,
cat#F6627). After approximately five days, the removal of the pYCm plasmids in surviving parasites was confirmed via PCR. The
parasite cloned lines were generated via limiting dilution. Pyrimethamine treatment was further applied to confirm plasmid clearance.

Gametocyte induction in mice

ICR mice were intraperitoneally injected with phenylhydrazine (80 pg/g body weight, Sangon Biotech, cat#A600705-0025) to induce
reticulocytosis. Three days post-treatment, mice were infected with 5x10° asexual blood stage parasites via tail vein injection. Male
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and female gametocytes were quantified on Giemsa-stained thin blood films. Peak gametocytemia usually appears on day 3 post-
infection and was calculated as the proportion of male or female gametocytes among total parasitized erythrocytes.

Male gametocyte exflagellation assay

2.5 pl of mouse tail blood with gametocytes was mixed with 100 pl of exflagellation medium, consisting of RPMI 1640 supplemented
with 100 pM xanthurenic acid (XA, Sigma, cat#D120804), 2 U/ml heparin, and pH 7.4. The mixture was incubated at 22°C for 10 mi-
nutes. The numbers of exflagellation centers (ECs) and total red blood cells were counted in a 1x1 mm area of a hemocytometer
under a light microscope. The exflagellation rate was calculated as the number of ECs per 100 male gametocytes.

Gametocyte purification

Gametocyte purification was performed as previously described.®® ICR mice pretreated with phenylhydrazine were infected with
5x10° asexual blood stage parasites. Starting from 2 days post-infection, mice were orally administered sulfadiazine (0.12 mg/
day; Sigma, cat#S8626) for 2 days to eliminate asexual blood stage parasites. On day 3 post-infection, approximately 1 ml of blood
was collected from the orbital sinus and suspended in 6 ml of gametocyte maintenance buffer (GMB), consisting of 137 mM NaCl,
4 mM KClI, 1 mM CaClz, 20 mM glucose, 20 mM HEPES, 4 mM NaHCOs, and 0.1% BSA (pH 7.2). The 7 ml sample was layered onto a
2 ml cushion of 48% Nycodenz in GMB in a 15 ml centrifuge tube. The Nycodenz solution contained 27.6% w/v Nycodenz in 5 mM
Tris-HCI (pH 7.2), 3 mM KCI, and 0.3 mM EDTA. After centrifugation at 1900 g for 20 minutes, gametocytes were collected from the
interface layer and washed twice with GMB for further use.

Live cell imaging

Live parasite cells of the asexual blood parasites, gametocytes, and ookinetes were resuspended in PBS and stained with 2 pM
Hoechst 33342 (Thermo Fisher Scientific, cat#62249) for 10 min. Images were captured using a Zeiss LSM 980 confocal microscope.
For time-lapse imaging of male gamete formation, purified gametocytes were suspended in 200 pl of exflagellation medium and
transferred to a 15 mm glass-bottom dish. Images were captured at 22°C using a Leica Stellaris 8 STED microscope. To record
the male gamete release process in the same focal plane, low-melting-point agarose (1% working concentration, BBI Life Science,
cat#9012-36-6) was added to the exflagellation medium to minimize gametocyte movement. The agarose was dissolved at 95°C and
cooled below 37°C before being mixed with gametocytes. The mixture was spread onto a glass-bottom dish and imaged under iden-
tical conditions.

In vitro ookinete culture

Approximately 1 ml mouse blood samples containing gametocytes were collected and immediately mixed with 10 ml of ookinete
culture medium. The medium consisted of RPMI 1640 supplemented with 25 mM HEPES, 10% fetal calf serum, 100 pM XA, pH
8.0. Cultures were incubated at 22°C for 16-20 hours and analyzed by Giemsa-stained thin blood smears. Ookinete conversion
rate was calculated as the number of ookinetes per 100 female gametocytes.

Mosquito transmission of parasites

Approximately 100 female mosquitoes in one cage were blood-fed for 30 minutes on an anesthetized mouse with 4-6% gametocy-
taemia. At day 7 post blood feeding, the mosquito midguts were dissected and stained with 0.1% mercurochrome for oocyst obser-
vation. At day 14 post blood feeding, the mosquito salivary glands were dissected. Sporozoites from thirty mosquito salivary glands
were collected and counted using a hemocytometer, and the average number of sporozoites per mosquito was calculated.

Parasite genetic cross

Amap?2 is a male gamete-deficient line while Anek4 is a female gamete-deficient line. A parasite mixture containing an equal amount
(3x10°) of asexual blood stage parasites from two different parasite lines was prepared for mouse infection. Three days after phenyl-
hydrazine treatment, mice were intravenously injected with the parasite mixture. Three days after infection, blood containing game-
tocytes was collected for in vitro gametocyte-to-ookinete development.

Antibodies and antiserum

The following primary antibodies were used: rabbit anti-HA (Cell Signaling Technology, cat#3724S; IFA 1:1000; IB 1:1000; U-ExM
1:500), rabbit anti-mCherry (Abcam, cat# ab167453; IFA 1:1000; U-ExM 1:500), rabbit anti-Myc (Cell Signaling Technology,
cat#2272S; IFA 1:1000; U-ExM 1:500), rabbit anti-Polyglutamate chain (PolyE) (AdipoGen, cat#AG-25B-0030, IFA 1:1000; U-ExM
1:500), mouse anti-HA (Santa Cruz Biotechnology, cat#sc-57592; IFA 1:200), mouse anti-Myc (Cell Signaling Technology,
cat#2276S; IFA 1:1000; IB 1:1000; U-ExM 1:500) and mouse anti-all-Tubulin (Sigma-Aldrich, cat#T6199; IFA 1:1000; U-ExM
1:500). Secondary antibodies included: Alexa Fluor 555 goat anti-rabbit IgG (Thermo Fisher Scientific, cat#A-21428; IFA 1:1000;
U-ExM 1:500), Alexa Fluor 488 goat anti-rabbit IgG (Thermo Fisher Scientific, cat#A-31566; IFA 1:1000; U-ExM 1:500), Alexa Fluor
555 goat anti-mouse IgG (Thermo Fisher Scientific, cat# A-21422; IFA 1:1000; U-ExM 1:500), Alexa Fluor 488 goat anti-mouse IgG
(Thermo Fisher Scientific, cat#A-11001; IFA 1:1000; U-ExM 1:500), HRP-conjugated goat anti-rabbit IgG (Abcam, cat#ab6721; 1B
1:5000) and HRP-conjugated goat anti-mouse IgG (Abcam, cat#ab6789; IB 1:5000). In-house antiserum included rabbit anti-BiP
(IB 1:1000) and rabbit anti-P28 (IFA 1:1000).%°
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Immunofluorescence assay

Parasites were fixed in 4% paraformaldehyde in PBS and seeded onto poly-L-lysine-coated coverslips by centrifugation (550 g, 5 mi-
nutes). Cells were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes and blocked with 5% BSA/PBS at room temperature
for 1 hour. Primary antibodies diluted in 5% BSA/PBS were added for 1 hour, followed by three PBS washes and incubation with
fluorescently labeled secondary antibodies for another hour. Hoechst 33342 (1:5000 in PBS) was used to stain DNA for 15 minutes.
Coverslips were mounted in 90% glycerol and sealed. Images were captured using a Zeiss LSM 980 confocal microscope.

Ultrastructure expansion microscopy (U-ExM)

U-ExM was performed as previously described.”® Gametocytes were fixed in 4% paraformaldehyde in PBS and transferred to poly-
D-lysine-coated coverslips. After centrifugation, samples were incubated overnight at 37°C in 1.4% formaldehyde and 2% acryl-
amide in PBS. Gels were polymerized in a monomer solution (23% sodium acrylate, 10% acrylamide, 0.1% N, N’-methylenbisacry-
lamide in PBS with tetramethylethylenediamine and ammonium persulfate) at 37°C for 1 hour. Gels were detached in denaturation
buffer (200 mM SDS, 200 mM NaCl, 50 mM Tris-HCI, pH 8.8) and incubated at 95°C for 30 minutes for denaturation. Following over-
night expansion in ddH»0, gels were rinsed in PBS, cut into quarters, and stained with primary antibodies in 2% BSA/PBS for 3 hours
at room temperature. After PBS washes, secondary antibodies were applied under the same conditions. In some experiments, the
parasites were stained with the NHS-ester dye (Thermo Fisher, cat#A30000, 10 pg/mL in PBS) for 3 h. Gels were re-expanded in
ddH,0 and trimmed into ~5 x 5 mm blocks. Imaging was conducted using Zeiss LSM 980 and Leica Stellaris 8 STED microscope.

Scanning electron microscopy

Purified gametocytes were fixed overnight at 4°C using 2.5% glutaraldehyde in 0.1 M phosphate buffer. After three washes with PBS,
samples were fixed in 1% osmium tetroxide for 2 hours at 4°C. Specimens were dehydrated through a graded acetone series, dried
using a CO, critical point dryer (K850, Emitech, UK), and coated with gold using a sputter coater (JFC-1600, JEOL, Japan). Imaging
was performed using a scanning electron microscope (SUPRA55 SAPPHIRE, ZEISS, Germany).

Transmission electron microscopy

Activated gametocytes were fixed overnight at 4 °C in 2.5% glutaraldehyde in 0.1 M phosphate buffer, and then fixed in 1% osmium
tetroxide at 4 °C for 2 hours. Samples were stained en bloc with uranyl acetate, dehydrated through a graded ethanol series, and
embedded in Spurr’s resin. Ultrathin sections were cut, post-stained with uranyl acetate and lead citrate, and imaged using a trans-
mission electron microscope (HT-7800, Hitachi, Japan).

Protein extraction and immunoblot

Parasites were lysed in buffer (0.1% SDS, 20 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM DTT, and protease inhibitor cocktail;
MedChemExpress, cat#HY-K0010) for 10 minutes. After ultrasonication, the lysates were incubated on ice for 10 minutes and
then centrifuged at 14,000 g for 10 minutes at 4°C. Supernatants were mixed with SDS-PAGE loading buffer, boiled at 95°C for 5 mi-
nutes, separated by SDS-PAGE, and transferred to PYDF membranes (Millipore, cat#IPVH00010). Membranes were blocked over-
night at 4°C in 5% milk/TBST, then incubated with primary antibodies for 1 hour at room temperature, followed by HRP-conjugated
secondary antibodies. Signals were detected using enhanced chemiluminescence (LABLEAD, cat#E1060).

In vitro vortex assay of axoneme

Purified gametocytes (2x107) were suspended in 1 ml exflagellation medium and activated at 22°C for 5 minutes. Cells were centri-
fuged at 1,000 g for 1 minute, and the pellet was resuspended in 300 pl of 1 mM sodium deoxycholate (SDC). After gentle pipetting,
samples were incubated at room temperature for 5 minutes to induce lysis. The axonemes released in the lysate were vortexed at
3,000 rpm for 1 minute using a MIX-25P vortex mixer (MIULAB, China), then centrifuged at 300 g for 5 minutes. The flocculent pellet
containing axonemes was ready for U-ExM analysis.

Sequence alignment

The protein sequences of Calcifer orthologs from Plasmodium yoelii, Plasmodium berghei, Plasmodium falciparum, and Plasmodium
vivax were retrieved from PlasmoDB: PY17X_1323900, PBANKA_1320100, PF3D7_1456400, PVP01_1250500databasehttps://
plasmodb.org/. Multiple sequence alignment was performed using the MUSCLE algorithm implemented in MEGA11 software.
The resulting alignment was exported in FASTA format and imported into BioEdit software (version 7.2.5) for graphical visualization.
Conserved and similar amino acid residues were highlighted by background shading, with the identity and similarity threshold set at
50% (Figure S1).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Graphpad Prism 8.0.2. Data collected as raw values are shown as mean+SEM. Details of

statistical methods are reported in the figure legends. The 3D surface topology reconstruction of Z-stack images was generated us-
ing Imaris 10.2.0 software.
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Figure S1. Protein sequence alignment of Calcifer orthologs across Plasmodium
species. Related to STAR Methods.

Alignment of Calcifer amino acid sequences from P. falciparum (PF3D7 1456400), P.
vivax (PVPO1 _1250500), P berghei (PBANKA 1320100), and P yoelii
(PY17X 1323900). Identical amino acids are highlighted in black, and similar amino
acids are highlighted in grey.
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Figure S2. Relative spatiotemporal localization between Calcifer and two basal
body proteins SAS4 and GCP3 during male gametogenesis. Related to Figure 2.

(A-B) U-ExM of male gametocytes in the double-tagged parasite lines
calcifer::4Myc;sas4.::6HA (A) and calcifer::4Myc;gcp3::HA (B) at the indicated time
points post-activation (mpa). Magnified views of the boxed regions are shown in the
right panels. SP, spindle pole; BB, basal body. Scale bars: 5 um. Representative of three

independent experiments.
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Figure S3. Axoneme disintegrates specifically during exflagellation in Calcifer-null
parasites. Related to Figures 3 and 4.

(A) U-ExM of all-Tubulin in axoneme pre-release (non-exflagellating) and release
(exflagellating) male gametocytes at 9 mpa for 17XNL and Acalcifer parasites. Scale
bars: 5 um. Three independent experiments.

(B) Quantification of axoneme initial release for the parasites in A. Mean + SEM from
three independent experiments; two-sided #-test.

(C) Quantification of male gametocytes with disintegrated axonemes in A. Mean +

SEM from three independent experiments; two-sided #-test.
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Figure S4. The basal body at axoneme minus end exhibits superior structural

stability under mechanical stress generated by in vitro vortex. Related to Figure 5.
(A) Schematic of the in vitro axoneme vortex assay simulating vibration-induced
mechanical stress. Axonemes released from 6 mpa male gametocytes via SDC lysis are
applied to mechanical shear (3000 rpm vortex). Basal body proteins are shown in purple,
and axonemes are shown in green.

(B) U-ExM of axonemes in the HA::calcifer male gametocytes at 6 mpa. HA-tagged
Calcifer (magenta) marks the basal body at the axoneme minus end. Scale bars: 5 pm.

Two independent experiments.

(C) U-ExM of isolated axonemes from the HA::calcifer male gametocytes before and
after vortex. HA-tagged Calcifer (magenta) marks the basal body at the axoneme minus

end. After vortex, most of axonemes showed intact minus ends and branched plus ends

(white arrowhead). Scale bars: 5 um. Three independent experiments.

(D) Quantification of axonemes showing disintegrated minus and plus ends in C. Mean

+ SEM from three independent experiments; two-sided #-test.



8- 17XNL 8 mpa Adhc1 8 mpa

74 ° OFemale /Hoechst

dhc1 endogenous locus 64 & ° [ Male

17XNL [5'UTRI 17568 bp

3UTR

1456 bp l Deletion

Adhc! BUTRH

3UTR|

Gametocytemia (%)
N
o

17XNL Adhct

D 17XNL 15 mpa Adhc1 15 mpa E 17XNL 15 mp Adhc1 15 mpa
/Hoechst

F G 46/55 26/42 H

17XNL Adhc1 404 n=20 n=20 83.6% 61.9% p=6.91x10"

_ — _ - R o =7.91x10°
o og T © F00 GOO% O, ° w0 - Toop%Tot O 9 . 7
000 ng° ¥ :%’oo AR 3% ohme Y 30_%05:0.,;%%,‘ - 300 p 7
o £° %8 S0 0 g8 27 0% R o° lo 9% 0f0 £838e%° 00 08, 4980 80 000 = 357 8 @
%890 P00 (o og00 oo 0 © SR L S Yo 9 oo 5% 99950 gg08 @ 6
% o oBoadEdcm0 o, Dog G o® © 0.%%0 % FHO G0 02086 ) o s 00 8 3 o 250 =
5% °c% 00 20 ostefo s t00 | & 990,570 ¢ 5098050 2%, 05, 0d0C s 2 's = 0~
038 0000 W0 5 mecd B o o |os 20506 %.008% %08 S PL0eLBY D E NG sl
0° o S, 2 %20 o %00 6 ° 4 | S8 © 0o Sus 2080 28 8% g 25 o o=
BP0 0f 5,000 % 080 2709 0 0g 2ot 070, 800 0 %W 885 020 Jo 2@ 800 s o= @ 200 O X
09 ‘0 E 0%, 9%08%° ¢ o 8% 8079080 00 co0 S:0e 0o X
oF o, o o ° o © 00290 0 0, 00°2.% o ‘o %00
o2 o8 o P0olso R T XYY § © 0%, % &0 06d% 20080 ® 5 Q Q
oPg R8P0 0° " o to° 00 9 225,05 90.°0 0% 00 &7 % 39 o 3 20 - € » o 44
4 o 8%9,% & 800 0 0 1883000 2o 08% 03080 108, eC oo * = =
S Ho 0C 00 0 S wog® 0o° 2°°° %R0l 0 o8 & Cges (e C = o 1504 ®5
SIS O RO O slr o & 90, %o, °¢°500,00g00 100G ° G50 %, O b aQ S o
LS Ty ) :%"&c: b g, o5do8 oos CoFende o %00 eonge 28 S 15 X > ® S @ 34
o % £8 ¢ o Be, oo @ 8% %00 g 0800 @© [SXe]
o 3 o o 0 Pro0 ° ° o, — -~ -
200 ° 22 88 00 RLE 0oo 0B S | 950, 2sSo Wy (8o Ceoadotie | T 40 - 2 1004 o
oo BETRMIEST o fogon Fasiion(s looeclint, oo WS & I & 2o 21
B %3 08 o8 RO 30283, 0500 8¢ S0l
e AR 0% 00l D% % % 3 2,080 %9301 0° 008087 Peoe’ FetR @ Q. o o
8, %8 25 CO S R RO 00 050t 0 %8 0% o0 o8 % 0950620050%8 = 5] = e
8o, o Bl 00 00 Be 20 % Saoky (0 ° °0se0 8 Fos s Sy Skttt o0 T O s50d & = 1
%5 ug . °© ° @0 ¢ 0202 o ® 850000 %00 © $
) 8% g0 B O ¢ o%%&:%o :?:o O PR oposeaiE S BN, .,: Pe 839455, w 0 3
%% ,°° 003 00 Siooe’ 1S 8§90.0% 0%, 36295 o'e°0 -
3 ? 52 (bo%c ok s 00%::\"" °WOD {5 ROk of-’oowgc° °u°°°a° %ﬂaao -r&ao 3 0 % = 0 O
oB e, 092 o . 008 ZoPccs 886 208660 20 20 %80 °, o, TXte! 17XNL Adhc1 o ! M

17XNL  Adhc1 17XNL Adhct

calcifer::mCherry calcifer::mCherry;Adhc1

calcifer::mCherry calcifer::mCherry;Adhc1

/Hoechst

15 mpa
p=1.91x10™
15 mpa




Figure S5. Dhcl is critical for axoneme beating after initial release during male
gametogenesis. Related to Figure 6 and Videos S5-6.

(A) Schematic of the dhcl gene deletion in P. yoelii. The N-terminal coding sequence
(1456 bp) was deleted in the 17XNL strain, generating the mutant line Adhcl.

(B) Male and female gametocyte formation in mice. Mean + SEM from three mice in
each group. A representative from two independent experiments.

(C-D) IFA of all-Tubulin in male gametocytes at 8 mpa (C) and 15 mpa (D). Scale bars:
5 um. Representative of three independent experiments.

(E) Scanning electron microscopy (SEM) of exflagellating male gametocytes at 15 mpa.
Scale bars: 1 um. Three independent experiments.

(F) Exflagellation center (EC) formation of male gametocytes at 10 mpa. White
arrowheads indicate ECs. Scale bars: 20 pm. Right panel: EC counts per field (n). Mean
+ SEM from three independent experiments; two-sided #-test.

(G) Midgut oocyst formation in mosquitoes at day 7 post blood feeding. Numbers at
the top indicate the ratio of infected/total mosquitoes (x/y) and the infection prevalence
(%). Red lines: mean values; two-sided #-test. Three independent experiments.

(H) Salivary gland sporozoite formation in mosquitoes at day 14 post-blood feeding.
20 infected mosquitoes were analyzed per group. Mean + SEM from three independent
experiments; two-sided z-test.

(I) TFA of all-Tubulin in the exflagellating male gametocytes at 15 mpa for the
calcifer::mCherry and calcifer::mCherry;Adhcl parasites. Scale bars: 5 um. Three
independent experiments.

(J) Quantification of Exflagellation center (EC) formation in calcifer::mCherry and
calcifer::mCherry;Adhcl. Mean =+ SEM from three independent experiments; two-
sided #-test.

(K) U-ExM of all-Tubulin and mCherry in the exflagellating male gametocytes at 15
mpa for the calcifer::mCherry and calcifer::mCherry;Adhcl parasites. Scale bars: 5
pm. Three independent experiments.
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Figure S6. Relative localization between SAS4 and GCP3, and between Calcifer
and the axoneme. Related to Figure 7.

(A) U-ExM validation of relative spatial localization between GCP3 and SAS4 within
the basal body. Left: 2D projection images of the gcp3.::HA;sas4::4Myc male
gametocytes at 10 mpa stained with the indicated antibodies and NHS ester. Scale bars:
5 um. Middle: 3D surface topology reconstruction. Two boxed areas were zoomed in.
White arrows show the axoneme direction. Right: Quantification of fluorescence signal
area for proteins. Mean = SEM from three independent experiments; two-sided #-test.
(B) Validation of relative localization between GCP3 and SAS4 by swapping
fluorescent secondary antibodies. Scale bars: 5 um.

(C) U-ExM of relative spatial localization between Calcifer and axonemal microtubule
at the minus ends in the HA::calcifer male gametocytes at 10 mpa. Scale bars: 5 um.
Three independent experiments.

(D) Validation of relative spatial localization between Calcifer and axonemal
microtubule at the minus ends by swapping fluorescent secondary antibodies. Scale
bars: 5 um. Three independent experiments.

(E) Proposed schematic model showing Calcifer localization relative to the basal body
structure at the minus end of the axoneme. Side (left panel) and top views (right
panel) show that Calcifer (green) forms a wrapping structure surrounding or enclosing
the basal body. Centrinl, SAS4, and GCP3 are the conserved basal body component
proteins. Note that Plasmodium exhibits a microtubule singlet-to-doublet transition

for the axonemal MT doublet assembly, distinct from the canonical microtubule
triplet-to-doublet transition.
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Figure S7. Generation and genotyping of transgenic parasite lines. Related to
STAR Methods.

(A-C) Schematics of CRISPR/Cas9-mediated gene N-terminal tagging (A), C-terminal
tagging (B), and gene deletion (C) via double cross-over homologous recombination.
Black arrows indicate the position of primers (p) used for parasite genotyping; red bolts
indicate the sites recognized by sgRNA.

(D-G) Genotyping PCR results showing correct 5 and 3’ homologous recombination
in the modified parasite lines with tagging in Calcifer (D), with tagging in the basal
body protein (E), with gene deletion in calcifer (F), and with gene deletion in dhcl (G).
Red labels indicate the parasite clones for further analysis. All the modified parasite
lines generated in this study are listed in Table S1.

(H) Schematic (left) and PCR validation (right) of the calcifer complemented line
Comp. Primers and sgRNA are shown. DNA sequence of all primers and sgRNA used
in this study are provided in Table S2.



Strain Parental strain Description Resource
17XNL / Plasmodium yoelii 17XNL strain NIH
Parasites with gene tagging
DFsc7 17XNL g)rl;sczazxg;?:;sc;:gsherry and GFP reporters mutual-exclusively in the female Yuan labs!
HA::calcifer 17XNL Calcifer N-terminally tagged with HA In this study
calcifer::4Myc 17XNL Calcifer C-terminally tagged with 4Myc In this study
calcifer::mCherry 17XNL Calcifer C-terminally tagged with mCherry In this study
HA::centrin1 17XNL Centrin1 N-terminally tagged with HA In this study
calcifer::4Myc ;HA::centrin1 calcifer::4Myc Centrin1 N-terminally tagged with HA In this study
sas4::6HA 17XNL SAS4 C-terminally tagged with 6HA In this study
calcifer::4Myc;sas4::6HA calcifer::4Myc SAS4 C-terminally tagged with 6HA In this study
calcifer::4Myc;gcp3::HA calcifer::4Myc GCP3 C-terminally tagged with HA In this study
gcp3::4Myc 17XNL GCP3 C-terminally tagged with 4Myc In this study
gcp3::HA 17XNL GCP3 C-terminally tagged with HA In this study
gcp3::HA; sas4::4Myc gcep3::HA SAS4 C-terminally tagged with 4Myc In this study
Parasites with gene knockout
Acalcifer 17XNL Deletion of the whole coding sequences of calcifer In this study
Acalcifer DFsc7 Deletion of the whole coding sequences of calcifer In this study
Anek4 17XNL Deletion of the partial coding sequences of nek4 Yuan lab%?
Amap2 17XNL Deletion of the partial coding sequences of map2 Yuan lab$?
HA::centrin1 ;Acalcifer HA::centrin1 Deletion of the whole coding sequences of calcifer In this study
sas4.:6HA ;Acalcifer sas4::6HA Deletion of the whole coding sequences of calcifer In this study
gcp3::4Myc ;Acalcifer gcp3::4Myc Deletion of the whole coding sequences of calcifer In this study
Adhct 17XNL Deletion of the N-terminal 1456 bp coding sequence of dhc1 In this study
calcifer::mCherry ;Adhc1 calcifer::mCherry |Deletion of the N-terminal 1456 bp coding sequence of dhc1 In this study
Acalcifer; Adhc1 Acalcifer Deletion of the N-terminal 1456 bp coding sequence of dhc? In this study
Parasites with gene complementation
Comp Acalcifer In situ complementation of calcifer C-terminally tagged with 4Myc In this study

Table S1. List of genetically modified parasite lines in this study. Related to STAR Methods.




Oligo sequences for constructing gene tagging plasmids

Gene name

Gene ID

Tag

Left homols

logous arm

Right homologous arm

Target site of SgRNA

Forward primer

Reverse primer

Forward primer

Reverse primer

Forward oligo

Reverse oligo

aloier ov17X 1323900 N-torminal HA CCCAAGCTTGGCATTACTGT|CATGCCATGGATTAATTACA [CCGCTCGAGATGGAACAAA |CCCCTTAAGACCTGTTTATC |TATTGTAAATATGAAGGGAG |AAACTCCTCCTCCCTTCATA
- CGAAGGACT AGGAAAGGTA AAAATGCGA GAGGA TTTAC

caloifor ov17X_ 1323900 -terminal 4Myc CGGGGTACCCAATTCTATG |CATGCCATGGATGCATGTTA|CCGCTCGAGAAATATACTAA [CCCCTTAAGCCATAGAACCA|TATTGCGTTATCGTTACTAAT|AAACCAATATTAGTAACGAT
- v GATGTATCAA TAAAACTTAG AATTTATAC ATTGCATTA ATTG AACGC

alcitor oY17X_ 1323900 -terminal mChern CGGGGTACCCAATTCTATG |CATGCCATGGATGCATGTTA|CCGCTCGAGAAATATACTAA [CCCCTTAAGCCATAGAACCA|TATTGCGTTATCGTTACTAAT|AAACCAATATTAGTAACGAT
- 4 GATGTATCAA TAAAACTTAG AATTTATAC ATTGCATTA AACGC

ontrint oY17X 0207700 N-terminal HA CCCAAGCTTGGCTTGACATT|CATGCCATGGTTTAATTAAT [CCGCTCGAGATGAATAGAAA|CCGCTTAAGGTTTATACATG [TATTGTTTGTTTGATATTACA |[AAACCAGGTGTAATATCAAA
- TAACAAGCG CTCAATTAAAATACG AAATCAAAATATG CACATAATTG ccTe cAAAC

asd oY17X 1326000 o | 6HA CGGGGTACCCATGCTTGTT |CATGCCATGGATTTAACCTT [CCGGAATTCAACACTAAATA |CCCCTTAAGCCAAACAATGG|TATTGTTTCTTTCGAGATTTC |AAACTTAGGAAATCTCGAAA
- ~terminal CCTCAATTCA TTTATGACACCT TAATTAACAAATATTCTCG |CTAACAATT cTAA GAAAC

asd ov17X 1326000 -terminal Mt CGGGGTACCCATGCTTGTT |CATGCCATGGATTTAACCTT [CCGGAATTCAACACTAAATA [CCCCTTAAGCCAAACAATGG|TATTGTTTCTTTCGAGATTTC |AAACTTAGGAAATCTCGAAA
- e CCTCAATTCA TTTATGACACCT TAATTAACAAATATTCTCG |CTAACAATT cTAA GAAAC

on3 Y17 0837700 -terminal HA CGGGGTACCTCTCACATGA |CATGCCATGGTTTGCTTATC [CCGCTCGAGGCATGATAAG |CCCCTTAAGAAATCGTTCTG [TATTCTCGGTGTCAGGGCG |AAACAAACTCGCCCTGACACH

9P - ! TAATGGAAATGATG ATGTTTATTTGCTTG CAAATAACTCG TATGCTCACT AGTTT CGAG

03 Y17 0837700 -terminal 4Myo CGGGGTACCTCTCACATGA |CATGCCATGGTTTGCTTATC [CCGCTCGAGGCATGATAAG |CCCCTTAAGAAATCGTTCTG [TATTCTCGGTGTCAGGGCG |AAACAAACTCGCCCTGACAC

9P - ¥ TAATGGAAATGATG ATGTTTATTTGCTTG CAAATAACTCG TATGCTCACT AGTTT cGAG

Diagnositc PCR primers for N-terminal tagging

Gene name Gene ID Tag P1 P2 P3 P4

calcifer PY17X_1323900 N-terminal HA n TeA ACTAAATGAAGGCGACTCAC|GTTCTTTTACCTTTCCTTGT |GGAAAGGTTTTGTGTAGCTA

centrin{ PY17X_0207700 N-terminal HA GTGATATCTTCGATTTAATTT |GCGCTTCTTATCATATTTTG gTCACCACCATAWATCATAT GTATAACTATGGTTTTATAG

Diagnositc PCR primers for C-terminal tagging

Gene name Gene ID Tag P5 P6 P7 P8

calcifer PY17X_1323900 C-terminal 4Myc CTCATAAAACCACGTATGAT |AGAGATTTCCTTCTGAATTG |CATCAAGACAGCAAAAAGGA|AACGTCTTTTCCTTCGTCCC

calcifer PY17X_1323900 C-terminal mCherry CTCATAAAACCACGTATGAT |AGAGATTTCCTTCTGAATTG |CATCAAGACAGCAAAAAGGA|AACGTCTTTTCCTTCGTCCC

sas4 PY17X_1326000 C-terminal 6HA CTTCCCTAATTCGTATACGG (C;TGCTCCAACTT VARATGAA ggWGTAGGTGTCAT VA | ATATTTACGGCCATTCTACG

sasd PY17X_1326000 C-terminal 4Myc CTTCCCTAATTCGTATACGG gTCTCCAACTr VAMAATGAA GGTTGTAGGTGTCATAAAAA |\ 1 1rTACGGCCATTCTACG

gcp3 PY17X_0837700 C-terminal HA TACTACATATTCTTCCCCAA [GAGTTATTTGCTTATCATGC [AGCAAATAAACATGATAAGC |TGTAGTGTTTCAATTCTTCA

9cp3 PY17X_0837700 C-terminal 4Myc TACTACATATTCTTCCCCAA [GAGTTATTTGCTTATCATGC [AGCAAATAAACATGATAAGC |TGTAGTGTTTCAATTCTTCA

Oligo sequences for constructing gene knockout plasmids

. Target site of SgRNA
Left homologous arm Right homologous arm arget site of sg

Gene name

Gene ID

Gene size (bp) / deleted

ene size (b) F d pri R i R i
9 (bp) orward primer everse primer Forward primer everse primer Forward oligo Reverse oligo

calcifer PY17X_1323900 2689/2689 CGGGGTACCGTGTGTATAG [CATGCCATGGATTAATTACA |CCGCTCGAGAAATATACTAA |CCCCTTAAGCCATAGAACCA|TATTGTAATGCGTAGACAAC |AAACATAATGTTGTCTACGC

- GCACGCTATT AGGAAAGGTA AATTTATAC ATTGCATTA ATTAT ATTAC
dhet PY17X_0418900 17568/1456 CGGGGTACCGAAATGAATG [CATGCCATGE ATCA |CCGCTCGAGATGATTCTGAT |CCGGAATTCCGTTCTTGTAA [TATTGTAAATTGTTAAGTTTA |AAACCGAATAAACTTAACAA

- AGAATATGCG TTTGGATAAT GAAGAAGTG [ATCACTTTC TTCG TTTAC
Diagnostic PCR primers for gene knockout

Gene name Gene ID P9 P10 P11 P12 P13 P14
calcifer PY17X_1323900 gc TGAT CATTT( \TTGAACAG [GTTCTTTTACCTTTCCTTGT [AACGTCTTTTCCTTCGTCCC |CACAAAACCTTTCCATTTTT |ATTCCTTTGGGTACAACAAG
dhet PY17X_0418900 GAAGCAGTTTGAATCGTTTC _!?CACTTCTI'CATCAGAATCA ggTGCATGTACATATGAATA gTAAAATATCATATGTTGTGT | AAAATGACGAAGTAGATGTT AsATTGTl'AAGWATTCGGG
Oligo sequences for constructing gene in situ complementation plasmids
Left homologous arm Right homologous arm Target site of sgRNA

Strain

Gene ID

Tag

Forward primer

Reverse primer

Forward primer

Reverse primer

Forward oligo

Reverse oligo

Comp PY17X_1323900 C-terminal 4Myc ‘(r)ggAGA'Gé:é;TGGCAWACTG $:ZEXC({I/;FA%GATGCATGWA gz%;(}ic(&:::g:éﬁgM isfélg;./;‘l/'\:CCATAGAACCA 'éAC'I‘I";GCGGACGCTAATCGTA /é/(\:gCCTAGCTACGA'ITAGCGT
Diagnostic PCR primers for in situ complementation gene

Strain Gene ID Tag P1 P6 P3 P8
Comp PY17X_1323900 C-terminal 4Myc (A;GGGGGAATGATGGAAAAA [AGAGATTTCCTTCTGAATTG |GTTCTTTTACCTTTCCTTGT |AACGTCTTTTCCTTCGTCCC

Note: The blue sequences are designed for the restriction enzyme digestion

Table S2. Oligonucleotides and primers used in this study. Related to STAR Methods.
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