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Differentiation of male gametocytes into flagellated fertile male gametes relies
on the assembly of axoneme, a major component of male development for

mosquito transmission of the malaria parasite. RNA-binding protein (RBP)-
mediated post-transcriptional regulation of mRNA plays important roles in
eukaryotic sexual development, including the development of female Plas-
modium. However, the role of RBP in defining the Plasmodium male tran-
scriptome and its function in male gametogenesis remains incompletely

understood. Here, we performed genome-wide screening for gender-specific
RBPs and identified an undescribed male-specific RBP gene Rbpml1 in the
Plasmodium. RBPmL1 is localized in the nucleus of male gametocytes. RBPml-
deficient parasites fail to assemble the axoneme for male gametogenesis and
thus mosquito transmission. RBPm1 interacts with the spliceosome E complex
and regulates the splicing initiation of certain introns in a group of 26 axo-
nemal genes. RBPm1 deficiency results in intron retention and protein loss of
these axonemal genes. Intron deletion restores axonemal protein expression
and partially rectifies axonemal defects in RBPml-null gametocytes. Further
splicing assays in both reporter and endogenous genes exhibit stringent
recognition of the axonemal introns by RBPm1. The splicing activator RBPm1
and its target introns constitute an axonemal intron splicing program in the
post-transcriptional regulation essential for Plasmodium male development.

Malaria is a worldwide infectious disease caused by the protozoan
parasite Plasmodium'. The spread of Plasmodium depends on the
transition between the mammal host and the Anopheles mosquito. In
mammal hosts, a small proportion of intraerythrocytic asexual para-
sites undergo sexual development, irreversibly differentiating into the
sexual precursor gametocytes, which are transmission-competent for
the mosquito vector’. Within 10 min after being ingested into the
mosquito midgut, the gametocytes escape from host erythrocytes and
develop into fertile gametes, a process known as gametogenesis’. A
flagellated motile male gamete fertilizes with a female gamete to form
a zygote. After the zygote-ookinete-oocyst-sporozoite development in

mosquitoes, the parasites are finally injected from the salivary gland
into a mammal host, completing the transmission of the malaria
parasite®.

Sexual development plays a central role in malaria transmission™’.
When activated by two joint environmental stimuli (a temperature
drop’ and a metabolite xanthurenic acid®) in the mosquito midgut, a
female gametocyte produces a haploid gamete, while a male game-
tocyte gives rise to 8 haploid gametes’. Female gametogenesis
undergoes minor morphological changes, while male gametogenesis
involves fast and spectacular changes™. During the male gameto-
genesis, two spatially distinct components are coordinated. One is the
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cytoplasmic assembly of 8 basal bodies and axonemes, and the other is
the 3 successive rounds of genome replication without nuclear divi-
sion, resulting in an octoploid nucleus. Subsequently, 8 axonemes with
chromosomes attached are released from the cell body of male
gametocytes, resulting in 8 flagellated daughter gametes, which is the
process termed “exflagellation”.

Parasite stage transition during the Plasmodium life cycle requires
a fine-tuned multilayer regulation of gene expression" ™. Previous
studies have identified transcriptional and epigenetic programs critical
for the sexual commitment and development of the gametocytes™ .
However, how the Plasmodium establishes distinct repertoires of
transcripts between male and female gametocytes remains incom-
pletely illustrated. RNA-binding proteins (RBPs) can interact with
transcripts in all manner of RNA-driven processes™. RBPs regulate all
aspects of the life cycle of mRNA, including mRNA transcription,
splicing, modification, trafficking, translation, and decay”*°. RBP-
containing ribonucleoprotein complexes, such as the DOZI (develop-
ment of zygote inhibited) complex and CITH (CARIl/Trailer Hitch
homolog) complex, had been shown to repress the translation of
multiple mRNAs in female gametocytes” . So far, our understanding
of post-transcription control is still limited in the male gametogenesis.
Recent transcriptome studies in both human malaria parasite P. falci-
parum and mouse malaria parasite P. berghei revealed that certain
RBPs are specifically or preferentially expressed in male
gametocytes'”, implying gender-specific roles of RBPs in the post-
transcriptional regulation for male development. However, systematic
identification of male RBPs for male gametogenesis and their precise
roles in defining the gender distinct transcriptome via the post-
transcription regulation have not been reported.

In this work, we perform comparative transcriptome analysis on
male and female gametocytes and obtain a list of gender-specific RBPs
in the rodent malaria parasite P. yoelii. From this list, we identify a
functionally unknown gene (PY17X_0716700, named as Rbpml in this
study), which is specifically transcribed in male gametocytes. We
demonstrate that RBPmLl is a nuclear RBP essential for male gameto-
genesis and mosquito transmission of parasite. RBPml interacts with
the spliceosome E complex and initiates the splicing of certain introns
in a group of axonemal genes. RBPml-deficient parasites cannot
express these axonemal proteins and fail to assemble the axoneme.
These findings reveal an RBPml-mediated intron splicing program of
the axonemal genes essential for Plasmodium male development.

Results
RNA-binding protein RBPml1 is expressed in the nucleus of male
gametocytes
Approximately 180 putative Plasmodium RBPs had been predicted in
silico™. To identify the key RBPs for male gametogenesis, we searched
the male gametocyte-specific RBPs in the rodent malaria parasite
P. yoelii. Using the fluorescence-activated cell sorting, highly purified
male and female gametocytes were collected from a P. yoelii reporter
line DFsc7 (Fig. 1A and Supplementary Fig. 1A), in which fluorescent
proteins GFP and mCherry are expressed in male and female game-
tocytes, respectively”. We performed RNA-seq and obtained gender-
specific gametocyte transcriptome (Supplementary Fig. 1B and Sup-
plementary Data 1). Among the 179 P. yoelii RBPs, an unstudied gene
(PY17X_0716700) was identified with the greatest enrichment in male
compared to female gametocytes (Fig. 1B, left panel). This gene was
named as Rbpml for RBP in male gametocyte. Notably, the RbpmlI
orthologs PBANKA_0716500 and PF3D7_0414500 are also among the
top male RBP genes of P. berghei and P. falciparum, respectively,
(Fig. 1B, middle and right panels) based on the gender gametocyte
transcriptomes™*.

To investigate RBPm1 expression during the parasite life cycle, we
tagged endogenous RBPm1 with a sextuple HA (6HA) at the carboxyl
(C)-terminus in the P. yoelii 17XNL strain (wild type or WT) using CRISPR-

Cas9™". The tagged parasite Rbpm1I::6HA developed normally in mice
and mosquitoes, indicating no detectable detrimental effect of tagging
on protein function. Immunofluorescent assay (IFA) showed that RBPml1
was expressed only in gametocytes, but not in asexual blood stages,
ookinetes, oocysts, or sporozoites (Fig. 1C, upper panel). Immunoblot
also confirmed the gametocyte-restricted expression of RBPm1 (Fig. 1D).
Gametocyte-specific expression of RBPml was observed in another
parasite line RbpmI:gfp, in which RBPml was tagged with GFP from the
17XNL (Fig. 1C, lower panel). To dissect whether RBPm1 expression is
male-specific, the RbpmlI:6HA gametocytes were co-stained with anti-
bodies against HA and o-Tubulin 1l (a highly expressed protein in male
gametocytes™. RBPml was only detectable in the male gametocytes
(Fig. 1E). Additionally, we tagged RBPm1 with 6HA in the reporter line
DFsc7 and observed the male-specific expression of RBPmL1 (Fig. 1F). We
noticed the nuclear localization of RBPmLl in all the male gametocytes
tested (Fig. 1C, E, F), which was further confirmed by immunoblot of
nuclear and cytoplasmic fractions from the RbpmI::6HA gametocytes
(Fig. 1G). Last, we analyzed the localization dynamics of RBPml
throughout the process of gametogenesis (0, 2, 8, and 15min post
activation, mpa) in the RbpmlI:6HA parasites. Both IFA and immunoblot
revealed consistent protein expression profile and nuclear localization
of RBPml during gametogenesis (Fig. 1H, 1). Together, these results
demonstrated that RBPm1 was a nuclear protein specifically expressed
in the male gametocytes.

RBPml1 is essential for male gametogenesis and mosquito
transmission of parasite

P.yoelii Rbpm1 gene encodes a protein of 361 amino acid (aa) residues,
with two RNA recognition motifs (RRM1 and RRM2). To investigate its
function, we generated a mutant line, ARbpml1, by deleting the entire
genomic sequence (1904 bp) of Rbpml gene in P. yoelii 17XNL strain
using CRISPR-Cas9 (Fig. 2A). ARbpm1 produced normal level of male
and female gametocytes in mice (Fig. 2B), indicating that RBPml is not
essential for asexual blood stage proliferation and gametocyte for-
mation. We next measured the male gametogenesis by counting
exflagellation centers (ECs) in vitro after stimulation with 50 pM xan-
thurenic acid (XA) at 22 °C. ARbpm1I showed a striking deficiency in the
EC formation (Fig. 2C, D) and male gamete release (Fig. 2E). In contrast,
RBPmL disruption had no impact on female gamete formation in vitro
(Fig. 2F), which corresponded with no RBPml expression in female.
ARbpmli produced no ookinetes in vitro (Fig. 2G) or midgut oocysts
and salivary gland sporozoites in the infected mosquitoes (Fig. 2H, 1),
indicating transmission failure in mosquito. Additionally, we deleted
each of the RNA recognition motifs RRMI1 (119-190 aa) and RRM2 (203-
274 aa) of endogenous RBPm1 in the 17XNL (Fig. 2A). Both mutants,
Arrml and Arrm2, displayed similar defects as those observed in
ARbpmi (Fig. 2B, D), suggesting essential role of both two RNA
recognition motifs in RBPm1 function.

To further confirm that the ARbpmlI phenotype was caused by
Rbpm1 deficiency, we introduced a sequence consisting of the coding
region of RbpmI and a N-terminal quadruple Myc epitope (4Myc) back
to the RbpmlI locus in the ARbpmlI line, generating the complemented
line, referred to as rescue (Fig. 2A). The 4Myc-tagged RBPml was
detected in the rescue gametocytes (Fig. 2J) and localized in the nucleus
of male gametocytes (Fig. 2K). The rescue parasites restored the for-
mation of ECs (Fig. 2C, D), male gametes (Fig. 2E), ookinetes (Fig. 2G),
midgut oocysts (Fig. 2H), and salivary gland sporozoites (Fig. 2I).

Lastly, we performed genetic crosses between ARbpmI mutant
and the male-deficient line Amap2 or the female-deficient line Anek4.
As expected, the cross between Amap2 and Anek4 produced the
ookinetes in vitro (Fig. 2L). The ookinete formation was restored in the
ARbpm1i parasites that were crossed with Anek4 but not Amap2, fur-
ther confirming the defective male gamete formation in the ARbpmI.
Together, these results demonstrated that RBPml is essential for male
gametogenesis and mosquito transmission of parasites.
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Fig. 1| RNA-binding protein RBPml is expressed in the nucleus of male
gametocytes. A Flowchart showing the purification and transcriptome analysis of
male (green, GFP+) and female (red, mCherry+) gametocytes from a P. yoelii
parasite reporter line DFsc7. B Gender analysis of gene transcription for the Plas-
modium genome-wide putative RBPs between male and female gametocytes. The
top male gene PY17X_0716700, RBPmI, is marked in red. CITH (orange dot) is a
known female RBP. The results of P. berghei (middle panel) and P. falciparum (right
panel) were based on the published gametocyte transcriptomes contributed by
Yeoh, L.M. 2017 and Lasonder, E. 2016. The p-values were calculated by quasi-
likelihood F-test and adjusted by false discovery rate (FDR). C Stage expression of
RBPm1 during the P. yoelii life cycle. Immunofluorescence assay (IFA) of RBPml
expression in the RbpmI:6HA parasites stained with anti-HA antibody (top panel).
Live cell imaging of the RBPmL:GFP protein in the Rbpml:gfp parasites (bottom
panel). Nuclei were stained with Hoechst 33342. Three independent experiments
with similar results. Scale bars: 5 pm. D Immunoblot of RBPmL in the asexual blood

Rbpm1::6HA

stage (ABS) and gametocyte of the RbpmI::6HA parasites. BiP as a loading control.
Three independent experiments with similar results. E IFA of HA-tagged RBPml1 and
a-Tubulin (male gametocyte marker protein) in Rbpml::6HA gametocytes. Three
independent experiments with similar results. Scale bars: 5 um. F IFA of HA-tagged
RBEPm1 and mCherry (expressed in female gametocytes) in the DFsc7:RbpmI::6HA
gametocytes. Three independent experiments with similar results. Scale bars: 5 pm.
G Immunoblot of RBPmL in cytosolic and nuclear fractions of RbpmI:6HA game-
tocytes. Enolase (cytoplasmic/Cyto) and histone H3 (nuclear/Nuc) proteins used as
controls respectively. Two independent experiments with similar results. H IFA of
HA-tagged RBPm1 and histone H3 during male gametogenesis of the RbpmI::6HA
parasites. mpa: minute post activation. Three independent experiments with
similar results. Scale bars: 5 pm. 1 Immunoblot of RBPm1 expression in the
RbpmlI:6HA parasites during male gametogenesis. Two independent experiments
with similar results.
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Fig. 2 | RBPml is essential for male gametogenesis and mosquito transmission
of parasite. A A schematic showing genetic modification at the RbpmI locus in the
P. yoelii parasite. The top panel depicts the protein structure of RBPm1 with two
RNA recognition motifs RRM1 (residues 119-190, yellow) and RRM2 (residues 203-
274, purple). ARbpm1, deletion of the whole coding sequence from the 17XNL (wild
type) strain; rescue, the ARbpmlI line complemented with RbpmlI fused with a 4Myc
tag; ArrmI and Arrm2, deletion each of RRM1 and RRM2 from the 17XNL. B Female
and male gametocyte formation in mice for the modified parasite. Data are
means + SEM of three independent experiments. C Exflagellation center (EC) for-
mation of activated male gametocytes at 10 mpa. Cell clusters representing the EC
are marked with white arrows. Four independent experiments with similar results.
Scale bars: 20 pm. D Quantification of EC formation. The ECs were counted within a
1= 1-mm square area in the hemocytometer under a light microscope. n represents
the number of fields counted. Means + SEM, one-way ANOVA with Tukey multiple
pairwise-comparisons. Three independent experiments. E Light microscope ima-
ges of the exflagellated male gametes (black arrow) after Giemsa staining. Four
independent experiments with similar results. Scale bars: 5 pm. F Female gamete
formation assayed by P28 staining. P28 is a female gamete plasma membrane
protein. n = 32 and 35 female gametocytes in 17XNL and ARbpmlI respectively. Scale
bars: 5 pm. G Ookinete formation in vitro. Data are means + SEM from three
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independent experiments, one-way ANOVA with Tukey multiple pairwise-
comparisons. H Midgut oocyst formation in mosquitoes at 7 days afier blood
feeding. x/y at the top represents the number of mosquitoes containing ococysts/
the number of dissected mosquitoes, and the percentage represents the infection
prevalence of mosquitoes. Red lines show the mean value of cocyst numbers, one-
way ANOVA with Tukey multiple pairwise-comparisons. Three independent
experiments with similar results. I Salivary gland sporozoite formation in mosqui-
toes at 14 days after blood feeding. At least 20 infected mosquitoes were counted in
each group. Data are means + SEM of three independent experiments, one-way
ANOVA with Tukey multiple pairwise-comparisons. J Inmunoblot analysis of
RBPmI1 expression in gametocytes of the complemented line rescue. BiP as a loading
control. Two independent experiments with similar results. K IFA of Myc-tagged
RBEPm1 and a-Tubulin in gametocytes of the rescue parasite. Three independent
experiments with similar results. Scale bars: 5 pm. L Gender gamete fertility assay of
the ARbpmlI by parasite genetic cross. Fertility was determined by ookinete
development of ARbpmI gametes after cross-fertilization with mutant lines that are
defective in either female (Anek4) or male (Amap2) gametes. Data are means + SEM
of three independent experiments, one-way ANOVA with Tukey multiple pairwise-
comparisons.

Defective axoneme assembly in RBPml-deficient male
gametogenesis

Next, we delineated more detailed defects of ARbpml. During male
gametogenesis, the parasites undergo axoneme assembly, genome
replication, rupture of the parasitophorous vacuole membrane (PVM)
and erythrocyte membrane (EM), and finally releasing eight uni-
flagellated male gametes. We first assessed the axoneme assembly. At
0 mpa, both a- and B-Tubulin were evenly distributed in the cytosol of
male gametocytes of WT and ARbpm1I (Fig. 3A, upper panel). Immu-
noblot also detected comparable level for both Tubulins in gameto-
cytes between WT and ARbpml (Fig. 3B). At 8 mpa, the axonemal

microtubules (MTs) were observed to be coiled around the enlarged
nucleus in the WT gametocytes. However, aberrant axonemes were
formed in ARbpml (Fig. 3A, middle panel). At 15 mpa, ARbpm!I failed to
produce flagellated male gametes (Fig. 3A, lower panel). Under ultra-
structure expansion microscopy (U-ExM)”, the axonemes lost bundled
structures at 8 mpa in ARbpmI compared to the organized axonemes
in WT (Fig. 3C). We used electron microscope to dissect the ultra-
structural defects of axoneme in ARbpmI male gametocytes at 8 mpa.
The majority of axonemes (93%, 150 axonemes from 43 section ima-
ges) displayed 9 + 2 arrangement of MTs in WT (Figs. 3D). In contrast,
no intact axonemes (from 69 section images) were detected in either
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Fig. 3 | Defective axonemal assembly in RBPm1-null male gametogenesis.

A Detection of formation and exflagellation of axonemes during male gameto-
genesis (0, 8, and 15 mpa) by staining a-Tubulin (left panels) and B-Tubulin (right
panels). Nuclei were stained with Hoechst 33342. Four independent experiments
with similar results. Scale bars: 5pm. B Immunoblot of a- and 3-Tubulins in
gametocytes. The numbers indicate the relative intensities of the bands in the
immunoblots. BiP as a loading control. Two independent experiments with similar
results. C Ultrastructure expansion microscopy (U-ExM) of the axonemes in male
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gametocytes stained with a-Tubulin antibody at 8 mpa. Three independent
experiments with similar results. Scale bars: 5 pm. D Transmission electron
microscopy of axoneme architecture in male gametocytes at 8 mpa. Inset panels
show longitudinal sections (top panels) and cross sections (bottom panels) of
axonemes. The enclosed area (black box) was zoomed in. Pie charts show the
quantification of axoneme (“9 + 2" microtubules) in the mutant 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.

longitudinal or cross sections of ARbpmI (Figs. 3D). All the axonemes
in ARbpml1 showed severe defects with loss of either central singlet
MTs or peripheral doublet MTs (Fig. 3D), consistent with the obser-
vation of Tubulin staining in Fig. 3C. In the complemented line rescue,
the axoneme assembly restored to normal as in WT (Figs. 3D). These
results demonstrated that RBPml is required for axoneme assembly
during male gametogenesis.

We additionally analyzed genome replication and erythrocyte
rupture during male gametogenesis. Flow cytometry analysis of male
gametocytes at 8 mpa detected a comparable increase in DNA content
in both parental DFsc7 and its derivative mutant DFsc7;ARbpmI para-
sites (Supplementary Fig. 2A). These results indicated normal genome
replication in the absence of RBPml, consistent with the enlarged
nucleus observed in the activated ARbpmI male gametocytes from
both the fluorescence and electron microscope images (see Fig. 3A, D).

In addition, immunostaining of SEP1 (parasite PVM protein) and
TERIIY9 (mouse EM protein) showed that RBPm1 deficiency had no
notable effect on parasite rupture from the gametocyte-residing ery-
throcytes (Supplementary Fig. 2B, C).

RBPm1 deficiency causes defective intron splicing of

axonemal genes

To investigate the mechanism of RBPml in regulating the axoneme
assembly, we performed RNA-seq to examine the changes in male
transcriptome due to the loss of RBPmL (Fig. 4A). To purify the RBPm1-
null male gametocytes for comparison, we deleted Rbpml in the DFsc7
line. The mutant line DFsc7;ARbpmI displayed the same phenotypes as
ARbpm1 (Supplementary Fig. 3A-D). Purified male gametocytes of the
DFsc7;:ARbpm1 were collected by fluorescence-activated cell sorting
for RNA-seq (Supplementary Fig. 3E, F). We analyzed the differentially
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Fig. 4 | RBPm1 deficiency causes intron retention and protein loss of
axonemal genes. A A schematic showing the transcriptome analysis of RBPm1-null
male gametocytes. DFsc7;ARbpml is a DFsc7-derived RBPm1 mutant line. DFsc?
(parental) and DFsc7;:ARbpmI (mutant) male gametocytes were sorted by FACS for
RNA-seq. B Global analysis of differential intron retention identified 30 retained
introns (blue dots) in the mutant versus the parental line. Retained introns with
log,FC =1and p < 0.05 were further verified manually by visualization in IGV. The p-
values were calculated by quasi-likelihood F-test and adjusted by FDR. These
introns were originated from 26 genes. Detailed information of these genes and
introns is provided in Supplementary Fig. 4A. C List of the 26 genes with intron
retention from (B), categorized by protein function. D-1. RT-PCR confirmation of
intron retention in 6 selected genes kinesin8b, PF16, dhcé, dicl, dic2, and

PY17X 1109100. Genomic DNA (gDNA) from 17XNL parasite, complementary DNA

(cDNA) from male gametocytes of parental and mutant parasites were analyzed.
Exons are indicated by boxes and introns by lines. Three independent experiments
with similar results. RT-PCR analysis for all 26 genes is presented in Supplementary
Fig. 5A. J-0. Protein expression analysis of the 6 genes shown in (D-1I) in male
gametocytes after loss of RBPmL. Each endogenous gene was tagged with a 6HA at
the C-terminus in both 17XNL and ARbpm1 parasites (the schematic in the top left
panel), generating two tagged lines. Immunoblot of the 6HA-tagged protein in
gametocytes with and without REPm1 (bottom left panel). IFA of the 6HA-tagged
protein in male gametocytes with and without RBPmL (right panel). x/y at bottom-
left represents the number of HA-positive male gametocytes/the total number of
male gametocytes tested. Three independent experiments with similar results.
Scale bars: 5 pm.

expressed genes between DFsc7 and DFsc7;ARbpml (Supplementary
Data 2). As expected, the Rbpml transcripts were undetectable in the
DFsc7;ARbpm1 (Supplementary Fig. 3G, H). RBPm1 deficiency led to
changed expression of several genes (Supplementary Fig. 3G), but
none of the differentially expressed genes was known to be implicated
in axoneme assembly during male gametogenesis.

We found 30 intron retention (IR) events in transcripts of 26 genes
after loss of RBPml (Fig. 4B, C) by bioinformatic analysis of global
intron retention and manual examination on Integrative Genomics
Viewer™. These genes were specifically or preferentially transcribed in
the male gametocytes (Supplementary Fig. 4A). Among them (Fig. 4C),
the orthologs of kinesin8b and PFI6 had been reported essential for
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axoneme assembly of male gametogenesis in P. berghei” ™. Six puta-
tive dynein motor-associated genes, dhcé (dynein heavy chain,
PY17X_0603800), dhc7 (dynein heavy chain, PY17X 0510800), dicl
(dynein light chain, PY17X_1241500), dic2 (dynein light chain,
PY17X_0302800), drcl (dynein regulatory complex protein,
PY17X_0721100), and dbc (dynein beta chain, PY17X_1333900), were
included. The md2 (male development protein 2, PY17X_1450400), a
male gene recently identified*, was also included. The rest 17 IR genes
had not been previously described in the Plasmodium. Gene Ontology
(GO) enrichment analysis of these IR genes found significant GO terms
that are associated with MT or cytoskeleton (Supplementary Fig. 4B).
RT-PCR using the primers anchored in the flank exons of each of 26
introns further confirmed that these introns were retained in the
transcripts in the absence of RBPm1, while their neighboring introns
were correctly removed (Fig. 4D-1 and Supplementary Fig. 5A). Using
RT-gPCR, we further confirmed the IR of kinesin8b intronl and PF16
intronl in the RBPm1-null male gametocytes (Supplementary Fig. 5B).
Interestingly, the whole part of intron was retained in the transcripts
for most IR genes, while only a N-terminal part of intron was retained
for three IR genes, including PFI6 intronl, dlc! intron4, and
PY17X_ 1311800 intron5 (Fig. 4D~ and Supplementary Fig. 5A). There-
fore, RBPmLl is required for the splicing of selective introns in certain
male genes, especially MT or cytoskeleton-related genes.

We speculated that the RBPml-regulated IR genes are axonemal
given the following facts: (1) RBPml depletion causes defective axo-
neme assembly; (2) All IR genes are male-specific; (3) 8 IR genes are
axoneme-related. To test it, we selected 12 out of the 26 genes,
including 6 annotated (kinesin8b, PF16, dhcé, dhc7, dicl, dic2) and 6
unannotated (PY17X_1109100, PY17X_ 0521800, PY17X_1311800,
PY17X 1323900, PY17X1357300, PY17X_1335600). Each gene was
endogenously tagged at the N- or C-terminus with a 6HA in the 17XNL.
All 12 proteins were specifically expressed in male gametocytes during
parasite life cycle (Supplementary Fig. 6A), in agreement with their
transcript profile. In the inactivated gametocytes, these proteins were
distributed in the cytoplasm, while after activation, 11 of 12 proteins
displayed axoneme localization in the flagellating male gametes
(Supplementary Fig. 6B-M). These results suggested that RBPml
controls intron splicing for a group of the axonemal genes.

Intron retention leads to loss of axonemal protein in RBPm1-null
male gametocytes

Nucleotide sequence analysis revealed that IR would result in pre-
mature translation and thus cause loss of protein expression for the
axonemal genes (Supplementary Fig. 7). To analyze the effect of IR on
the axonemal proteins after RBPml loss, we deleted Rbpm! gene in
each of two tagged lines kinesin8B::6HA and PF16::6HA (Fig. 4), K). In
the absence of RBPml, 6HA-tagged Kinesin8B, and PF16 were not
detected or under detectable thresholds in male gametocytes com-
pared to the parental counterparts in both IFA and immunoblot
(Fig. 4), K). To further confirm the protein loss, we analyzed 4 other IR
genes dhcé, dicl, dic2, and PY17X_1109100. Endogenous Rbpml gene
was deleted in all the 4 tagged lines (dhcé6::6HA, dicl::6HA, dlc2::6HA,
and 1109100:6HA) (Fig. 4L-0). These 6HA-tagged proteins lost
expression in the RBPm1-null male gametocytes (Fig. 4L-0), similarly
as Kinesin8B and PF16 did. These results demonstrated that RBPml
deficiency causes expression loss of target axonemal proteins.

To confirm the essential roles of P. yoelii Kinesin8B and PF16 in
axoneme assembly as reported in P. berghei’**, we disrupted kine-
sin8b and PF16 genes in the 17XNL, obtaining mutant lines Akinesin8b
and APF16 (Supplementary Fig. 8A). As expected, depletion of kine-
sin8b or PFI6 either blocked or severely impaired male gamete for-
mation, respectively (Supplementary Fig. 8B). Neither mutant
produced any midgut oocysts in the infected mosquitoes (Supple-
mentary Fig. 8C). Ultrastructure analysis of male gametocytes at 8 mpa
revealed that the Akinesin8h mutant failed to develop “9 + 2" axoneme,

with loss of both central and peripheral MTs, while most of the axo-
nemes lost central MTs (shown as “9+0” or “9+1") in the APFI6
(Supplementary Fig. 8D, E), in line with gene disruption phenotypes in
P. berghei” . Therefore, depletion of Kinesin8B or PF16 phenocopies
RBPm1 deficiency in axoneme assembly.

Intron deletion restores axonemal proteins and partially rec-
tifies axoneme assembly defects in RBPml-null gametocytes
Since IR disrupted the axonemal proteins expression, we tested whe-
ther enforced genomic deletion of the retained intron could restore
protein expression by bypassing intron splicing at the transcripts in
RBPmI-null male gametocytes. The endogenous kinesin8bh intronl
(239bp) was removed in the kinesin8b:6HA;ARbpml parasite by
CRISPR-Cas9 (Fig. 5A), generating the intron-null mutant kine-
sin8bAintronl (kinesinSbAlI). Both IFA and immunoblot revealed that
the deletion of intronl restored Kinesin8B::6HA expression to WT level
in the RBPml-null gametocytes (Fig. 5B, C). To further confirm the
restoration effect, we tested 3 other retained introns (PF16 intronl, dicl
intron4, and PYI7X 1109100 intronl). Compared to the parental
RBPml-null parasites, the expression of PF16:6HA and 1109100::6HA
in male gametocytes were fully restored (Fig. 5D-F, J-L), while the
Dicl::6HA was partially restored after removal of the corresponding
intron (Fig. 5G-1). Expression restoration of these axonemal proteins
(Kinesin8b, PF16, Dicl, and PY17X_1109100) via intron deletion strongly
confirmed the causative effect of IR on axonemal protein loss in the
absence of RBPmL

We next tested whether genomic deletion of the retained introns
could rescue or rectify the defective axoneme assembly in the ARbpm1
mutant. We deleted the kinesin8b intronl in the ARbpm! line, but this
deletion of single intron failed to restore any EC formation in the
ARbpm1;kinesin8bAintronl parasites. However, compared to complete
lack of axonemes showing “9 +2”,“9 +1”, or “9 + 0” MTs in the parental
ARbpmli, some axoneme-like structures (“9+2": 1%, “9+1": 3%, and
“9+0": 15%) were detected in the ARbpmI;kinesin8bAintronl
(Fig. 5M, N), indicating that deletion of kinesin8b intronl could partially
rescue the defective axoneme assembly caused by RBPm1 deficiency.
Notably, additional deletion of the PF16 intronl in the ARbpmI;kine-
sin8bAintronl parasite further mitigated axoneme defects in the
resulted ARbpmI;kinesinSbAintronl;PFI6Aintronl parasite line (“9 +2":
1%, “9+1": 11%, and “9 + 0": 32%) (Fig. 5M, N). These results demon-
strated that RBPm1 regulates axoneme assembly by controlling intron
splicing of a group of axonemal genes. Without RBPm1, deletion of 2
introns (kinesin8b intronl and PF16 intronl) was insufficient to restore
axoneme assembly to the WT level (“9 +2": 93%) (Fig. 5SM, N). There-
fore, in addition to kinesin8b and PF16, other axonemal genes targeted
by RBPm1 may also play important roles in axoneme assembly during
male gametogenesis.

RBPmlI interacts with spliceosome E complex and introns of
axonemal genes

To investigate whether RBPml associates with the spliceosome
responsible for intron splicing, we used the biotin ligase TurbolD-
based proximity labeling to identify RBPml-interacting proteins in the
gametocytes. The endogenous RBPm1 was tagged with a HA:TurbolD
motif in the 17XNL, generating the line Rbpml::TurbolD (Fig. 6A). A
control parasite RbpmlI::T2A::TurbolD was generated by fusing endo-
genous RBPm1 with a “ribosome skip” T2A peptide, a NLS (nuclear
localization signal), and a HA:TurbolD (Fig. 6A), permitting separated
expression of RBPmL and biotin ligase. Gametocytes expressing the
ligase were incubated with 50 uM biotin for 20 min at 37 °C. Staining
with fluorescent-conjugated streptavidin and anti-HA antibody detec-
ted a nuclear distribution of biotinylated proteins in both TurbolD-
modified gametocytes (Supplementary Fig. 9A), indicating biotinyla-
tion of the potential RBPml-interacting proteins in the nucleus. Mass
spectrometry of the streptavidin affinity purified proteins from the
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Fig. 5 | Intron deletion restores axonemal protein expression and partially
rectifies axoneme assembly defects in REPmI-null male gametocytes. A A
schematic showing the genomic deletion of retained intron (kinesin8b intronl,
orange) in the kinesin8b::6HA;ARbpm1 parasite (abbreviated as ARbpmI), generat-
ing the mutant kinesin8b::6HA;ARbpmI;kinesinSbAintronl (abbreviated as kine-
sin8bAll). B Immunoblot of 6HA-tagged Kinesin8B protein in gametocytes. Three
independent experiments with similar results. C IFA of 6HA-tagged Kinesin8B in
male gametocytes. x/y represents the number of HA-positive male gametocytes/the
total number of male gametocytes tested. Three independent experiments with
similar results. Scale bars: 5 pm. D, E, F Effect of intron deletion (PF16 intronl) on the
restoration of PF16 protein in RBPm1-null male gametocytes. Similar analysis as in

(A, B, C). G, H, 1 Effect of intron deletion (dlcl intron4) on the restoration of Dicl
protein in RBPm1-null male gametocytes. ), K, L Effect of intron deletion

(PY17X 1109100 intronl) on the restoration of PY17X 1109100 protein in RBPmI1-
null male gametocytes. M Transmission electron microscopy of axoneme archi-
tecture in male gametocytes at 8 mpa. ARbpmI;kinesinSbAIL is a ARbpmI-derived
modified line with deletion of kinesin8b intronl. ARbpmI:kinesinSbAILPFI6AL is a
ARbpmlI derived modified line with deletion of both kinesin8b intronl and PFi16
intronl. Scale bars: 100 nm. N Quantification of axoneme formation from parasites
in (M). n is the total number of the intact and defective axoneme structures
observed in each group. Three independent experiments with similar results.

Rbpm1I:TurbolD resulted in a list of 113 proteins enriched with high
confidence compared to the control (Fig. 6B and Supplementary
Data 3). RBPm1 was the top hit, confirming cis-biotinylation of RBPml1
(Fig. 6B). Among the significantly enriched proteins, we found the
components of the spliceosome earliest assembling E complex*,
including the Ul small nuclear ribonucleoproteins (snRNP) U1-70K, Ul-
A, UI-C, Sm-B, Sm-D1, Sm-D2, Sm-D3, Sm-E, Sm-F and Sm-G (Fig. 6B, C),
and three E complex key factors SF1, U2AF1, and U2AF2 (Fig. 6B, C).
Tagging the endogenous U1-70K, UI-A, and U1-C proteins with 4Myc in
the Rbpml::6HA parasite showed that these three Ul snRNPs co-
localized with RBPmL1 in the nucleus (Fig. 6D). Co-immunoprecipitation
also confirmed the interaction between RBPml and these Ul snRNPs
(Fig. 6E-G). Spliceosome A, B, and C complex are formed after the

assembly of splicing initiating E complex***’. However, the compo-
nents of A, B, and C complex were not detected (Supplementary
Fig. 9B, C). Therefore, RBPml interacted only with spliceosome E
complex, possibly helping to initiate splicing for certain introns in the
axonemal genes (Fig. 6H).

Nuclear localization and interaction with spliceosome E complex
imply that RBPm1 may bind to the target introns in the pre-mRNA of
axonemal genes. We performed UV crosslinking RNA immunopreci-
pitation (UV-RIP) followed by RT-gPCR with primers recognizing the
target pre-mRNAs. In the RbpmI::6HA gametocytes, RBPml bound to
the intronl of the kinesin8b transcripts using anti-HA nanobody
(Fig. 61). As a control, RIP using anti-GFP nanobody detected no
binding (Fig. 61). Additionally, we analyzed the interaction between
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RBPmL and five other target introns (PFI6 intronl, dhcé intron20, dicl
intron4, dic2 intronl, and PYI7X 1109100 intronl). As expected, RBPml1
bound these target introns. As expected, RBPml bound these target
introns but not the neighboring introns or exons since each intron is
individually excised as a lariat RNA during the splicing (Fig. 6)-N).
Furthermore, we used RNA pull-down to validate the interaction
of RBPm1 with the kinesin8b intronl and PFI6 intronl. A biotinylated
500nt RNA probe kinesin8b 11 and a control probe kinesin8b 14 were
synthesized (Fig. 60, upper panel) and incubated with the Rbpm1::6HA
gametocyte lysate. The potential RNA-interacted proteins were pre-
cipitated using the streptavidin beads and detected by immunoblot.
The kinesin8b 11 probe retrieved more RBPml protein than the kine-
sin8b 14 probe (Fig. 60). Similarly, the PFI6 I1 probe captured more
RBPmI protein than the probe PF16 E1 (Fig. 6P). Both RIP and RNA pull-
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down experiments supported that RBPm1 binds the kinesin8b intronl
and PF16 intronl.

RBPml1 directs splicing of axonemal introns inserted in a
reporter gene

To further investigate the interaction between RBPm1 and the axone-
mal introns, we test whether RBPm1 could direct splicing of target
introns when inserted into a reporter gene. We developed a blue
fluorescence protein (BFP) reporter assay that allows an easy splicing
readout in male and female gametocytes of the DFsc7 parasite. The
intact bfp transcript driven by the hAsp70 5-UTR and the dhfr 3-UTR
was integrated into the p230p locus of DFsc7 using CRISPR-Cas9,
generating the control line BFP (Fig. 7A). The kinesin8b intronl
(Kin8bl1, 239 bp) was inserted to the bfp gene at the nucleotides
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Fig. 6 | RBPml interacts with spliceosome E complex and introns of
axonemal genes. A A schematic showing two modified parasite lines generated for
searching RBPml-interacting proteins by TurbolD-based proximity labeling and
mass spectrometry. The motif of HA:TurbolD and T2A:3NLS:HA:TurbolD,
respectively, was inserted at the C-terminus of the endogenous RBPml, generating
the line RbpmI:TurbolD and the control line RbpmI::T2A:TurbolD. B Volcano plot
displaying 113 significantly enriched proteins (pink dot, cutoffs logzFC =1 and
p=0.05) in the Rbpm1::TurbolD versus RbpmI:T2A:TurbolD. Among them, 13 sub-
units (red dot) of the early spliceosome E complex were included. The p-values
were calculated by two-sided r-test and adjusted by FDR. C Protein interaction
analysis between RBPm1 and six spliceosome E complex subunit proteins (Ul-70K,
UL-A, UL-C, SF1, U2AFL, and U2AF2) from (B). D IFA of 6HA-tagged RBPm1 and 4Myc-
tagged Ul snRNP proteins (UL-70K, UI-A, and U1-C) in male gametocytes of three
double-tagged parasites. Three independent experiments with similar results. Scale
bars: 5 um. E Co-immunoprecipitation of REPm1 and Ul-70K in gametocytes of the
double-tagged parasite UI-70K:4Myc;RbpmI::6HA. Anti-Myc nanobody was used.
Bip as a loading control. Three independent experiments with similar results. F Co-
immunoprecipitation of RBPm1 and UL-A in gametocytes of the double-tagged
parasite UI-A-4¢Myc;RbpmI::6HA. Three independent experiments with similar
results. G Co-immunoprecipitation of RBPml and Ul-C in gametocytes of the
double-tagged parasite UI-C:¥Myc;RbpmI::6HA. Three independent experiments

with similar results. H Proposed model showing the interaction between REPm1
and early spliceosome E complex for intron splicing of axonemal genes. I-N. UV-RIP
detection of RBPmL1 interaction with the retained introns of 6 axonemal genes
(kinesin8bh, PF16, dhcé, dicl, dic2, and PY17X 1109100). A top schematic shows the
exon-intron structure of the RBPm1 target axonemal genes. The retained introns
are indicated with orange lines, and the genomic regions for gPCR amplicon are
shown. UV-RIP was performed in Rbpm1::6HA lines using anti-HA nanobody. Anti-
GFP nanobody was used as a control. Bound RNA was analyzed by RT-gPCR.
Means + SEM from three independent experiments, two-sided r-test. 0 RNA pull-
down assay detecting RBPml interaction with kinesin8b intronl. A top schematic
shows the exon-intron structure of the kinesinSh gene. The retained introns are
indicated in orange lines. A biotinylated 500 nt RNA probe 11 (comprising intronl
and its flanking sequences) and a control probe 14 (comprising intron4 and its
flanking sequences) were used. Proteins via RNA pull-down were immunoblot with
anti-HA antibody. The numbers are the relative intensities of bands in the blot.
Histone H3 and Bip were used as negative controls. Two independent experiments
with similar results. P RNA pull-down assay detecting RBPm1 interaction with PF16
intronl. A top schematic shows the exon-intron structure of the PF16 gene. The
retained introns are indicated in orange lines. A biotinylated 500 nt RNA probe 11
(comprising intronl and its flanking sequences) and a control probe E1 in exonl
were used. Two independent experiments with similar results.

396-397, generating the line BFP-Kin8bl1 (Fig. 7B). The inserted kine-
sin8b intronl would result in premature translation of the bfp tran-
script if it is not spliced. In the control BFP line, BFP was expectedly
detected in both male (GFP+) and female (mCherry+) gametocytes
(Fig. 7A). However, in the BFP-Kin8bll1 line, BFP was detected only in
male gametocytes (Fig. 7B), indicating that splicing of kinesin8b
intronl in the bfp transcripts occurred only in male gametocytes. To
prove that splicing of kinesin8b intronl in male was RBPml-dependent,
we deleted RbpmlI in the BFP-Kin8bl1 line and obtained the mutant line
BFP-Kin8bI1;ARbpm] (Fig. 7C). RBPm1 deletion disrupted BFP expres-
sion in the BFP-Kin8bI1;ARbpmI male gametocytes (Fig. 7C). We par-
allelly analyzed the kinesin8b intron2 (Kin8b12, 148 bp), whose splicing
from the native gene transcript required no RBPml (Supplementary
Fig. 5A). In both transgenic line BFP-Kin8b12 (Fig. 7D) and its derivative
mutant line BFP-Kin8b12;ARbpmI (Fig. 7E), BFP was detected in both
male and female gametocytes, confirming RBPml-independent spli-
cing of kinesin8b intron2 from the bfp transcript.

Using the reporter assay, we tested 3 other target introns,
including PFI6 intronl (Fig. 7F, G), dlcl intron4 (Supplementary
Fig. 10A, B), and PY17X 1109100 intronl (Supplementary Fig. 10C, D).
The PFI6 intronl (276 bp) was inserted to the bfp at the nucleotides
500-501 (Fig. 7F), the dlcl intron4 (193 bp) at the nucleotides 455-456
(Supplementary Fig. 10A), while the PY17X 1109100 intronl (353 bp) at
the nucleotides 390-391 (Supplementary Fig. 10C). As expected, these
introns were spliced from the bfp transcript only in male gametocytes
(Fig. 7F, Supplementary Fig. 10A, C). Similarly, these introns were not
spliced at male gametocytes in the RBPm1-null parasites compared to
their parental parasites (Fig. 7G, Supplementary Fig. 10B, D). Addi-
tionally, we analyzed the PY17X 1109100 intron2 (272 bp), which could
be spliced in the RBPml-null parasites (Supplementary Fig. 5A), and
found that RBPm1 was not required for splicing of this intron from bfp
transcript in both male and female gametocytes (Supplementary
Fig. 10E, F).

Furthermore, we analyzed the RBPml interaction with the kine-
sin8b intronl and PF16 intronl in the bfp transcript by RNA pull-down. A
biotinylated RNA probe bfp-Kin8bll, corresponding to the kinesin8b
intronl-inserted bfp transcript (Fig. 7H, upper panel), retrieved sig-
nificantly more RBPm1 from the RbpmI::6HA gametocyte lysate com-
pared to the control probe bfp (Fig. 7H, middle panel). Similarly, the
probe bfp-PFIé6ll, corresponding to the PFI6 intronl-inserted bfp
transcript, captured more RBPmL than the control probe bfp (Fig. 7H,
lower panel). Therefore, RBPml could recognize the axonemal introns
in the reporter transcript for splicing (Fig. 71).

RBPml1 directs splicing of axonemal introns inserted in an
endogenous gene

In addition to the reporter gene, we also tested whether RBPm1 could
direct splicing of target introns when inserted into an endogenous
gene which does not require RBPmLl for intron splicing. We chose the
gepl, a 4-exon gene expressed in both gender gametocytes and
essential for initiating both genders’ gametogenesis**. We analyzed
male and female gametogenesis by measuring EM rupture (TERLI9
staining), genome replication (DNA staining), and axoneme assembly
(o-Tubulin staining). Compared to 17XNL, the gepl-deleted parasite
line Agepl expectedly lost ability in EM rupture, genome replication,
and axoneme assembly in activated male gametocytes, as well as EM
rupture in activated female gametocytes (Fig. 8A, B, E, F, G, and H).
Using CRISPR-Cas9, the kinesin8b intronl was inserted into the exon3
of gepl locus at the nucleotides 273-274 in the 17XNL (Fig. 8C), while
the PF16 intronl inserted into the exonl at the nucleotides 885-886
(Fig. 8D). In both intron-inserted lines gepI-Kin&bll and gepl-PF16l1,
normal male gametogenesis and defective female gametogenesis was
speculated because GEP1 is not expressed in female due to no RBPml-
mediated intron splicing from the gep! transcript. Notably, both the
gepl-Kin8b 11 and gepI-PFI16 11 parasites underwent EM rupture only in
male (Fig. 8C-F). These results supported that both kinesin8b intronl
and PFI6 intronl were spliced from the gep! transcript only in male
gametocytes with RBPml expression. Consistent with GEP1 expression
in male gametocytes, normal genome replication and axoneme
assembly were detected during male gametogenesis in both gepl-
Kin8b 11 and gepl-PFI6 11 parasites (Fig. 8C, D, G, H). Collectively, the
results from the reporter and the endogenous gene assays (Fig. 8I)
indicated that the tested axonemal introns themselves could be spe-
cifically recognized by RBPm1 for splicing.

Intron retention prevents expression of axonemal proteins in
female gametocytes

Despite the male-biased transcription, the axonemal genes still
displayed low-level transcripts in female gametocytes (Supplemen-
tary Fig. 11A, C, E). However, no axonemal proteins are expressed in
female gametocytes (Supplementary Fig. 11B, D, F). The facts of no
protein product of low-level transcripts for the axonemal genes
observed in this study are consistent with results from previous
transcriptomic and proteomic studies™”***°, suggesting a post-
transcription regulation for the axonemal genes in female gameto-
cytes. Enforced genomic deletion of the retained intron could
restore expression of the axonemal proteins Kinesin8b, PF16, Dicl,
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and PY17X_1109100 in the RBPm1-null male gametocytes (Fig. 5A-L).
Strikingly, we found that deletion of these introns (PF16 intronl, dicl
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transcription of kinesin8b in female gametocytes (Supplementary
Fig. 11G). Furthermore, RT-PCR not only detected the transcripts of
these axonemal genes (PF16, dicl, and PY17X 1109100), but also IR in
these transcripts from the purified female gametocytes (Supple-
mentary Fig. 111-L). These results indicated a role of the RBPml1-
target introns in preventing the expression of axonemal proteins in
female gametocytes.
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Fig. 7 | RBPm1 directs splicing of axonemal introns inserted in a reporter gene.
A A top schematic shows a transgenic line BFP with a bfp reporter expression
cassette integrated at the p230p locus of the DFsc7 reporter line. The intact bfp is
driven by the 5'UTR of hsp70 and the 3'UTR of dhfr, allowing expression of BFP in
both male (GFP+) and female (mCherry+) gametocytes. Live cell imaging was
shown. Three independent experiments with similar results. Scale bars: 5pm. B. A
transgenic line BFP-Kin8bl1 with a kinesin8b intron 1 (Kin8b 11, purple line)-inserted
bfp cassette integrated at the p230p locus of the DFsc7 line. Kin8b 11 (purple) was
inserted into the bfp gene at the nucleotides 396-397 to mimic the splice site
(vertical lines) of in situ Kin8b I1. BFP expression was detected specifically in male
gametocytes of the BFP-Kin8bll parasites. Three independent experiments with
similar results. Scale bars: 5 um. C A BFP-Kin8bl1 derived RBPm1 mutant line BFP-
Kin8bl1;ARbpmI. No BFP expression was detected in male gametocytes of the BFP-
Kin8bl1;ARbpm1 parasites. Three independent experiments. Scale bars: 5 um.

D Effect of the kinesin8b intron 2 (Kin8b 12) insertion on the gametocyte expression
of BFP. Similar analysis as in (B). BFP expression was detected in both male and
female gametocytes of the BFP-Kin8bl2 parasites. E A BFP-Kin8b12 derived RBPm1

mutant line BFP-Kin8b12;ARbpm1. Similar analysis as in (C). BFP expression was
detected in both male and female gametocytes of the BFP-Kin8bl2;ARbpmI para-
sites. F Effect of the PF16 intronl (PF16 11) insertion on the gametocyte expression of
BFP. Similar analysis as in (B). BFP expression was detected specifically in male
gametocytes of the BFP-PFI6I1 parasites. G A BFP-PF1611 derived RBPm1 mutant line
BFP-PF1611;ARbpmI. Similar analysis as in (C). No BFP expression was detected in
male gametocytes of the BFP-PF1611;ARbpm1 parasites. H RNA pull-down assay
detecting RBPmL1 interaction with the Kin8b 11 and PFI6 11 -inserted bfp transcripts
from BFP-Kin8bl1 and BFP-PF1611 gametocytes, respectively. Three biotinylated
RNA probes bfp, bfp-Kin8bi1 (corresponding to the KinSb 11-inserted bfp transcript),
bfp-PF1611 (corresponding to the PFI6 l1-inserted bfp transcript) were used. Proteins
via RNA pull-down were immunoblotted with anti-HA antibody. The numbers are
the relative intensities of bands in the blot. Histone H3 and Bip were used as
negative controls. Two independent experiments with similar results. 1 A schematic
of RBPm1-dependent splicing of axonemal introns inserted in the reporter
transcript.

Discussion

For efficient transmission, the malaria parasites in the vertebrate host
differentiate into sexual precursor gametocytes that are poised to
rapidly activate to fertile gametes upon entering into the mosquito
midgut for fertilization and further development. So far, a limited
number of transcription and epigenetic factors have been identified
during gametocyte and gamete development™ . Among -180 putative
Plasmodium RBPs, about one-third of RBP genes exhibit stage specific
or elevated expression in the gametocyte™. From this list of RBPs, we
identified a previously undescribed male-specific nuclear RBP, RBPm1,
which is essential for male gametogenesis and mosquito transmission
of the Plasmodium. RBPm1 operates as a stage- and gender-specific
splicing factor for spliceosome assembly initiation and regulates the
protein expression of a group of 26 male genes, most of which are
axoneme-related.

Recent studies had discovered several RBPs playing roles in the
developmental programs of gametocyte and gametes. During
gametocytes development, UISI2 contributes to the development
of gametocytes of both genders™. Disrupting Puf1 led to a reduction
in gametocytes, especially female gametocytes™, while ccr4-1 gene
deletion obstructs male gametocyte development™. Puf2 knockout,
on the other hand, promotes male gametocyte development™. The
CCCH zinc finger protein MD3 regulates the gametocyte maturation
and male gametocytogenesis”. In female gametocytes, the DOZI/
CITH/ALBA translation repressor complex and PUF2 hold the stored
mRNAs for translation repression until their proteins were needed
during the development of post fertilization*~®, Additionally, the
CAF1/CCR4/NOT complex also plays a role in safeguarding the
stored mRNAs from degradation. In male gametocytes, two func-
tional RBPs have been identified. The alternative splicing factor SR-
MG promotes the establishment of sex-specific splicing patterns
and knocking it out reduces the formation of male gamete™; the
ZNF4's knockout results in deregulation of 473 genes, including
axonemal dynein-related genes®. These documented RBPs and
RBPm1 identified in this study may function together at the post-
transcriptional regulation to shape the male transcriptome for
gametocyte and gamete development.

During the manuscript preparation of this study, another work by
ref. 42 demonstrated that deletion of the RbpmlI ortholog of P. berghei
(PBANKA 0716500, named as md5) had no effect on female and male
gametocyte formation, but resulted in male-specific infertility. These
findings are consistent with the defective male gamete formation
phenotype of the ARbpm1I in P. yoelii in this study, indicating conserved
function of RBPml in the rodent malaria parasites. As P. falciparum is
the most lethal human malaria parasite, future studies are worthy to
investigate whether the RBPml ortholog in the P. falciparum functions
similarly in male gametogenesis.

The RBPml-deficient parasites showed specific defects in axo-
neme assembly during male gametogenesis (Fig. 3). Axoneme is a MT
cytoskeleton essential for the eukaryotic flagellar motility, consisting
of a central pair of singlet MTs encircled by 9 outer doublet MTs. This
9 + 2 organization of axonemes is highly conserved in the eukaryotes,
including Plasmodium®'. However, the axoneme in Plasmodium differs
from that in other model organisms in several aspects'**>*. First, the
biogenesis of axoneme in Plasmodium male gametogenesis is extre-
mely fast, taking only 6-8 min to assemble 8 axonemes™". Second,
location of basal body. In the canonical cilium, the basal body is
localized under the plasma membrane. In Plasmodium male gameto-
cytes, the basal bodies are residing at the nuclear membrane®. Third,
location for axoneme assembly. The canonical axoneme protrudes
distally from the cell simultaneously when growing from the basal
body. The Plasmodium assemblies the axoneme within the cytoplasm,
independent of intraflagellar transport required for cilium
formation'*“*. Last, each assembled axoneme associates with a haploid
nuclei to progressively protrude from the parasite plasma membrane,
resulting in a free motile flagellum'™. Mechanisms underlying the
cytoplasmic assembly and exflagellation of axonemes in Plasmodium
remain largely unknown, although the involvement of some conserved
basal body and axonemal proteins has been described, including
armadillo repeat protein PF16*, motor protein Kinesin8B**"“*, basal
body proteins SAS4 and SAS6“*%, and radial spoke protein RSP9%. It
is possible that the Plasmodium had evolved novel mechanisms to
fulfill the requirement for the axoneme. In this study, we identified a
group of 26 male genes targeted by RBPmL. Several known or putative
axoneme-associated genes were included. Importantly, analysis of
endogenous protein localization showed that most of the tested pro-
teins encoded by RBPml-target genes co-localizing with axoneme
(Supplementary Fig. 6B-M), suggesting their roles in biogenesis,
structure, regulation, or function of axoneme. For future studies, it will
be intriguing to understand the roles of these 26 RBPml-regulated
genes, especially 17 previously undescribed ones, during male game-
togenesis in the Plasmodium.

In the RBPml deficient male gametocytes, 30 IR events were
detected in 26 male genes. One intron was retained in each of 22 genes
while two introns were retained in each of 4 other genes, respectively
(Fig. 4B and Supplementary Fig. 4A). Mechanistically, RBPml not only
bound to the intron-retained transcripts, but also interacted with
spliceosome E complex. Ul snRNPs recognize and pair with the 5
splice site of intron. SF1, U2AF1 and U2AF2 form a complex and bind to
branch point, 3’ splice site, and polypyrimidine tract respectively®"".
These above factors assemble the E complex as a spliceosome earliest
stage. After that, the spliceosome dynamically releases and recruits
different snRNPs to establish the assembly for further stages, including
spliceosome A, B, and C complex. RBPml was detected to interact

Nature Communications | (2024)15:4697

12



https://doi.org/10.1038/s41467-024-49002-9

A B
17XNL Agep1
1 Ai2 3
g::ﬁ; el e2fl e3 fled
Male Female Male Female

TER119 a-Tubulin Hoechst

E EM rupture F EM rupture G Genome replication
in male in fermale in male
e, 2%,
a8 35 =3 3

100 TET 100 100 Lt

__ 80 __ 80 __ 80

& & &

2 80 el 2%

8 40 B4{ |2 ¢ & 840

[} [ L I T 1 o

& 20 &g [* %% 220

0 0 u

S AN v AN N Mooal
B R P8 «+‘:ga° S8 ‘@‘9\ &
NP NV R

nN WN

& & @ﬁ
Fig. 8 | RBPm1 directs splicing of axonemal introns inserted in the
endogenous gene. A A top schematic shows the genomic locus of a 4-exon gene
gepl, which is expressed in both gender gametocytes and essential for both gen-
ders’ gametogenesis. Erythrocyte plasma membrane (EM) rupture, genome repli-
cation, and cytoplasmic assembly of the axoneme were analyzed in gametocytes of
the 17XNL parasites at 10 mpa. The parasites were co-stained with anti-TER-119 and
anti-a-Tubulin antibodies and Hoechst 33342. TER-119 (red) negative gametocytes
were recognized as EM rupture. Enlarged nuclei represent the genome replication
in male gametocytes. Enhanced a-Tubulin (green) signal represents cytoplasmic
assembly of the axoneme in male gametocytes. Three independent experiments
with similar results. Scale bars: 5pm. B. A top schematic shows a modified line
Agepl, in which the endogenous gepl gene was deleted in the 17XNL. Similar ana-
lysis for the Agepl parasites as in (A). C A top schematic shows a modified line gepI-
Kin8bl1, in which the kinesin8b intronl (Kin8bll) was inserted into the exon3 of gepl
locus at the nucleotides 273-274 in the 17XNL. Similar analysis for the gepI-Kin8bil
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parasites as in (A). D A top schematic shows a modified line gepI-PFI6ll, in which
the PF16 intronl (PFI611) was inserted into the exonl of gepl locus at the nucleotides
885-886 in the 17XNL. Similar analysis for the gepI-PFI611 parasites as in (A).

E Quantification of EM rupture in male gametocytes of the four parasites tested.
Data are means + SEM from three independent experiments, two-sided r-test.

F Quantification of EM rupture in female gametocytes of the four parasites tested.
Data are means + SEM from three independent experiments, two-sided r-test.

G Quantification of genome replication in male gametocytes of the four parasites
tested. Data are means + SEM from three independent experiments, two-sided ¢-
test. H Quantification of axoneme assembly in male gametocytes of the four
parasites tested. Data are means + SEM from three independent experiments, two-
sided t-test. I Schematic of RBPm1-dependent splicing of axonemal introns inserted
in the endogenous gene gepl. Male-specific REPm1 could recognize and splice the
axonemal introns (kinesin8b intronl or PF16 intronl) inserted in the gepl transcript,
allowing male-specific GEP expression and thus male gametogenesis.

exclusively with the components of spliceosome E complex, but not
those of the A, B, and C complex (Supplementary Fig. 9C). Therefore,
RBPml likely function as a splicing activator, linking spliceosome E
complex with the selective introns of axonemal genes for splice site
recognition. In mammals and plants, a RBP of Dek played a similar role
and promoted the splicing of certain introns by bridging the intron
with the U1/U2 snRNPs™"2. At this stage, the data support an associa-
tion of RBPm1 and spliceosome E complex, but it is not yet clear if itis a
direct association.

Both RIP and RNA pull-down assays demonstrated that RBPml
interacts with the target introns in transcripts of the axonemal genes,
suggesting the presence of signals recognized by RBPml in these
introns. To investigate if the signals for RBPml recognition are
imparted by the introns themselves but not the adjoining exons, we
analyzed the splicing capability of these introns when they were
inserted in either a reporter gene (bfp) or an irrelevant endogenous

gene (gepl). The results from both intron splicing assays establish
stringent dependencies of splicing on RBPml for these axonemal
introns, suggesting intrinsic signals within the introns for RBPml
recognition. In addition, the adjoining exons may play less modulatory
role in the RBPm1 recognition of the axonemal introns. We attempted
to search for the common features, such as length, GC content, splice
sites, and motif enrichment, but unfortunately observed seemingly no
shared features among these 30 RBPml target introns. The molecular
basis for the axonemal intron recognition by RBPml is still unknown.
One possibility is that RBPml target introns may possess the sequence-
independent features, such as RNA structures or epigenetic mod-
ifications, for RBPml1 recognition. The structure of RBPml is not
available yet. To understand the recognition or interaction between
RBPmL and its target introns, future studies into an atomic resolution
structure of the protein (RBPmI1)-RNA (intron) complex will be
required.
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Axoneme is an essential cellular structure specifically required for
male gametogenesis during the life cycle of Plasmodium. Consistent
with this physiological requirement of male gametocytes, the axone-
mal genes display significant male-biased transcription®**’, Interest-
ingly, these axonemal genes also showed low-level transcripts in
female gametocytes in many others and our studies™~**, likely due to
the transcription leaking. However, no axonemal proteins are detected
in female gametocytes™, suggesting a post-transcription regulation for
the expression turn off of axonemal genes in female gametocytes. We
found that genomic deletion of the retained intron (kinesin8b intronl,
PFI16 intronl, dicl intron4, and PY17X 1109100 intronl) could bypass
the intron splicing and thus restore expression of the axonemal pro-
teins (Kinesin8b, PF16, Dlcl, and PY17X 1109100) in the RBPmI-null
male gametocytes. Notably, these introns deletion unexpectedly
resulted in low-level expression of PF16, Dicl, and PY17X 1109100 in
female gametocytes (Supplementary Fig. 11B, D, F). The level of pro-
teins restored was correlated with the level of transcripts for these
axonemal genes in female gametocytes. These results confirmed the
low-level transcripts of these axonemal genes in female gametocytes.
In addition, no protein products of these low-level transcripts could be
explained by IR and translation failure in female gametocytes. Based
on these results, we proposed a dual role of RBPml-target introns in
axonemal gene expression in male and female gametocytes respec-
tively (Supplementary Fig. 11M). In male gametocytes, RBPml (as a
key)-directed splicing of axonemal intron (as a lock) allows protein
expression of axonemal genes for axoneme assembly. In female
gametocytes, dual blockage via weak transcription and IR shuts the
protein expression of the axonemal genes. The splicing activator
RBPmL and its target introns constitute an intron splicing program,
safeguarding the expression of axonemal proteins in male gameto-
cytes while preventing the expression of these proteins in female
gametocytes, to fulfill the sexually dimorphic protein profiles during
sexual development of the Plasmodium.

Methods

Animals and ethics statement

The animal experiments conducted in this study were approved
by the Committee for Care and Use of Laboratory Animals of
Xiamen University (XMULAC20190001). Female ICR mice aged
5-6 weeks were acquired from the Animal Care Center of Xiamen
University. The mice were housed in a controlled environment at
22-24 °C, relative humidity of 45-65%, and a 12-h light/dark cycle.
They were used for parasite propagation, drug selection, parasite
cloning, and mosquito feeding. The larvae of Anopheles stephensi
mosquitoes (Hor strain) were maintained in an insect facility
under controlled conditions of 28 °C, 80% relative humidity, and
a 12-h light/12-h dark cycle. Adult mosquitoes were fed with a 10%
(w/v) sucrose solution containing 0.05% 4-aminobenzoic acid and
kept at 23°C.

Plasmid construction

All genetically modified parasites in this study are listed in Supple-
mentary Table L. The CRISPR/Cas9 plasmid pYCm was used for gene
editing™”. To construct plasmids for gene tagging, the 5- and 3™
flanking sequences (300-700bp) at the designed insertion site of
target genes were amplified as homologous templates. DNA fragments
encoding 6HA, GFP, or 4Myc were placed between them and in-frame
with the target gene. To construct the plasmids for gene knockout, the
left and right homologous arms consisted of 400-700 bp sequences
upstream and downstream of the coding sequences of the target gene.
To construct the plasmids for domain or intron deletion, the left and
right homologous arms consisted of 200-700 bp sequences upstream
and downstream of the domain or intron were PCR-amplified and
inserted into specific restriction sites in pYCm. To construct the plas-
mids for intron insertion, the left and right homologous arms were

composed of gene genomic sequences ranging from 300-600 bp
upstream and downstream of the insertion site, respectively. The left
homologous arm, intron, and right homologous arm were connected
by overlap PCR, and the fused fragment was inserted into specific
restriction sites in pYCm. In each modification, at least two small guide
RNAs (sgRNAs) were designed. To construct the plasmids for the bfp
reporter assay, the intact bfp reporter (717 bp) driven by the 5-UTR
(1755 bp) of the hsp70 gene and the 3"-UTR (561 bp) of the dhfr gene
were inserted into specific restriction sites between the left and right
homologous arms for transgenic integration in the p230p locus of P.
yoelii’*. The kinesin8b intronl (239 bp), kinesin8b intron2 (148 bp), PF16
intronl (276 bp), dicI intron4 (193 bp), PY17X_1109100 intronl (353 bp),
and PY17X 1109100 intron2 (272bp) were inserted into the bfp
reporter by overlap PCR. All primers and oligonucleotides used in the
plasmid construction are listed in Supplementary Table 2.

Parasite transfection and genotyping

The procedures for parasite transfection and genotyping were carried
out as previously described™. Briefly, the schizonts were isolated
from infected mice using a 60% Nycodenz density gradient cen-
trifugation. The parasites were then electroporated with 5 pg plasmid
using a Nucleofector 2b Device (Lonza, Germany). The transfected
schizonts were immediately intravenously injected into a naive mouse,
and pyrimethamine (Pyr) selection (6 mg/ml in drinking water) was
applied the day following transfection. Pyr-resistant parasites were
typically observed about 7 days after drug selection. Single clone of
parasite was obtained by limiting dilution in mice, and genomic DNA
was extracted from infected mouse blood for PCR genotyping using
specific primers listed in Supplementary Table 2. PCR confirmation of
correct 5" and 3" homologous recombination in each gene modification
are presented in Supplementary Fig. 12.

Negative selection with 5-fluorocytosine

To remove the pYCm plasmids, we employed negative selection using
5-fluorocytosine. A mouse infected with the modified parasite clone
was given drinking water containing 2mg/ml of 5-fluorocytosine
(Sigma-Aldrich, cat#F6627) in a dark bottle. After -3 days, most of the
surviving parasites no longer carried pYCm plasmids and underwent
limiting dilution cloning by injecting into mice via the tail vein. Seven
days later, blood smears were used to identify the mice that were
infected with parasites, and these parasites were genotyped again and
used as the single cloned parasite.

Gametocyte induction in mice

The ICR mice were treated with phenylhydrazine (80 pg/g body
weight; Sangon Biotech, China, cat#A600705-0025) to induce hyper-
reticulocytosis. Three days post-treatment, the mice were infected
with 4 x 10° asexual stage parasites via tail vein injection. The peak of
gametocytaemia usually occurred on day three post-infection. Male
and female gametocytes were counted using Giemsa-stained thin
blood films, and gametocytaemia was calculated as a percentage of the
number of male or female gametocytes over the number of parasitized
erythrocytes.

Gametocyte purification

The procedures for gametocyte purification were carried out accord-
ing to previously described methods*. Briefly, ICR mice were intra-
peritoneally treated with phenylhydrazine 3 days prior to parasite
infection. Starting from 2 days post-infection, the mice were orally
administered 0.12 mg/d of sulfadiazine (Sigma, cat#58626) for 2 days
to eliminate asexual stage parasites. Approximately 1ml of mouse
blood containing gametocytes was collected from the orbital sinus and
then suspended in 6 ml of gametocyte maintenance buffer (GMB).
GMB comprises 137 mM NaCl, 4 mM KCl, 1 mM CacCl,, 20 mM glucose,
20 mM HEPES, 4 mM NaHCOs;, 0.1% BSA, and has a pH of 7.2. The 7 ml
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parasite sample was layered on top of a 2ml 48% Nycodenz/GMB
cushion in a 15 ml centrifugation tube. The cushion consisted of 27.6%
w/v Nycodenz in 5 mM Tris-HCI (pH 7.2), 3 mM KCl, and 0.3 mM EDTA.
After centrifugation at 1900 g for 20 min, the gametocytes were col-
lected from the interphase and washed twice with GMB for further use.

Exflagellation assay of male gametocytes

2.5yl of mouse tail blood with gametocytes was mixed with 100 pl of
exflagellation medium. The exflagellation medium was composed of
RPMI 1640 supplemented with 100 uM xanthurenic acid (XA, Sigma,
cat#D120804), 2 unit/ml heparin, and pH 7.4. The mixture was incu-
bated at 22 °C for 10 min. The number of parasite exflagellation centers
(ECs) and total red blood cells were counted within a 1 x I-mm square
area of a hemocytometer under a light microscope. The exflagellation
rate was calculated as the number of ECs per 100 male gametocytes.

In vitro ookinete culture

Mouse blood with the gametocytes was collected in the heparin-
containing tubes and immediately mixed with the ookinete culture
medium. This medium consisted of RPMI 1640 supplemented with
25 mM HEPES, 10% fetal calf serum, 100 M XA, and had a pH of 8.0.
The blood/medium volume ratio was 1:10. The parasite samples were
incubated at 22°C for 16 h and analyzed using Giemsa-stained thin
blood films. The number of ookinetes (including normal and abnormal
ookinete in morphology) per 100 female gametocytes was calculated
as the ookinete conversion rate.

Parasite genetic cross

ICR mice were treated intraperitoneally with phenylhydrazine for
gametocyte induction. Three days post-treatment, an equal number
(3 x10°) of asexual stage parasites from two different gene knockout
lines were mixed and injected via the tail vein into the phenylhydrazine
pre-treated mice. After 3 days, mouse blood with mixed gametocytes
from two different parasite lines was collected from the mice and
subjected for the in vitro gametocyte-gamete-zygote-ookinete devel-
opment analysis using the in vitro ookinete culture described above.

Mosquito transmission of the parasite

Approximately 100 female Anopheles stephensi mosquitoes were
allowed to feed on an anesthetized mouse with 4-6% gametocytaemia
for 30 min. To evaluate midgut infection of parasite, mosquito guts
(n ~30) were dissected and stained with 0.1% mercurochrome 7 days
post-feeding, and oocysts were tallied under a microscope. For quan-
tifying salivary gland sporozoites, mosquito salivary glands (n-30)
were dissected 14 days after feeding, with the sporozoites counted
using a hemocytometer. Transmission efficacy was assessed by
allowing -30 infected mosquitoes to feed on a naive mouse for 30 min
at day 14 post-feeding. Parasite transmission from mosquito to mouse
was monitored 5 days later via Giemsa-stained thin blood films. These
procedures were performed in triplicate.

Flow cytometry analysis and sorting of male and female
gametocytes

To analyze DNA content of male gametocytes, parasites containing
gametocytes from the DFsc7 or DFsc7;ARbpml lines were divided into
two equal parts. One part was promptly fixed with 4% paraformalde-
hyde in PBS, while the other was exposed to exflagellation medium at
22 °C for 8 min to initiate gametogenesis before fixation. After staining
with 4 uM Hoechst 33342 (Thermo Fisher Scientific, cat# 62249) for
10 min at room temperature and subsequent PBS washes, the samples
were analyzed via flow cytometry on a BD LSRFortessa device (BD
Biosciences, San Jose, CA, USA). Based on cell size and granularity,
forward and side scatter signals were used to distinguish red blood
cells from debris, doublets and white blood cells. Male gametocytes
were identified by GFP fluorescence and analyzed for Hoechst 33342

fluorescence. For sorting gametocytes, parasites containing gameto-
cytes were kept in GMB at 4 °C and sorted on a BD FACS Arialll based
on GFP and mCherry fluorescence for male and female gametocytes,
respectively. Sorted gametocyte purity was verified by re-analysis of a
sample fraction.

Bulk RNA sequencing (RNA-seq)

Total RNA from 2 x 107 purified gametocytes was isolated using TRIzol
(Thermo Fisher Scientific, cat#15596026) according to the manu-
facturer’s instructions. RNA integrity was confirmed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). mRNA
was isolated with Oligo (dT) beads, fragmented, and reverse-
transcribed to ¢cDNA using random primers. Using DNA polymerase
I, RNase H, dNTPs, and buffer, a second cDNA strand was synthesized.
The resulting cDNA fragments were purified with the QIAQuick PCR
Purification Kit (Qiagen, cat#28104), end-repaired, A-tailed, and liga-
ted to lllumina sequencing adapters. The ligation products were size-
selected using agarose gel electrophoresis, PCR amplified, and
sequenced using the lllumina NovaSeq 6000 by Genedenovo Bio-
technology Co., Ltd (Guangzhou, China).

Differential expression analysis of RNA-seq data
lllumina-generated paired-end FASTQ files were trimmed using Trim
Galore (v0.6.10)" (trim_galore —illumina -q 20 —paired --stringency 3
--length 25 -e 0.1 --fastqc --gzip) to remove the sequencing adapters and
low quality reads. To refine the dataset, rRNA and tRNA were removed
via a genome alignment program HISAT2 (v2.2.1)" (hisat2 -p 12 -q --un-
conc-gz). The cleaned reads, around 40 million per sample, were
aligned to the Plasmodium yoelii 17X reference genome (PlasmoDB-62
release) using HISAT2 (hisat2 -p 12 -q). The resulting BAM files were
sorted by position and indexed with SAMtools (vL16.1)” (samtools
-sort | samtools index). Mapped reads were summarized using fea-
tureCounts (v2.0.3)”". Gene expression analysis were performed in R
(v4.2.1). Gene expression levels were normalized using transcripts per
million (TPM) with the R package t-arae/ngscmdr (v0.1.0.181203)".
Differential expressed genes (DEGs, fold change >2, and false dis-
covery rate < 0.05) were assessed by the R package edgeR (v3.40.2)".
The volcano plot of DEGs were generated by the ggplot2 (v3.4.2)".

Bioinformatic analysis of global intron retention

A GFF file containing genomic intron information was crafted using a
perl script from agat package* and an in-house bash script, then
converted into a BED file with BEDOPS convert2bed (v2.4.41)*. Deep-
Tools bamCoverage (v3.5.1)* was used to generate the bigWig files for
peak visualization in Integrative Genomics Viewer (IGV, v2.16.1)*, and
calculate the peak score of each exon and intron regions. Low
expressed genes (TPM below 30) were excluded. To exclude potential
false hits, introns with peak scores exceeding 50% of adjacent exons
were discarded in parental parasites. In mutant parasites, introns with
peak scores under 50% of neighboring exons were also omitted. Before
differential intron retention analysis, the introns were normalized
based on the gene expression level:

Intron region counts x 1000

Normalized intron counts = -
Corresponding gene counts

Differentially retained introns (fold change > 2 and false discovery
rate <0.05) were assessed with the R package edgeR (v3.40.2)*". These
introns were further validated by IGV visualization and RT-PCR.

Bioinformatic analysis of RBP in the P. falciparum and P. berghei
189 putative RBPs had been predicted in silico in the P. falciparunt™.
Among them, 179 RBPs have homologous proteins in P. yoelii and P.
berghei. Differential expression analysis of the 179 RBPs between male
and female gametocytes of P. berghei was based on the public dataset
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by Yeoh, L.M., 2017”. The RNA-seq FASTQ files from NCBI SRA data-
base (Accession: PRJNA374918) were processed using Trim Galore
(v0.6.10) and HISAT2 (v2.2.1) for quality trimming and rRNA/tRNA
removal, respectively. The cleaned reads were mapped to the P. ber-
ghei ANKA strain genome (PlasmoDB-62 release) using HISAT2 (v2.2.1),
and the resulting BAM files were sorted and indexed with SAMtools
(vL16.1). Mapped reads were summarized using featureCounts
(v2.0.3), and the differential expression analysis of RBPs was per-
formed by the R package edgeR (v3.40.2). Differential expression
analysis of the 189 RBPs between male and female gametocytes of
P. falciparum is based on the public dataset from Lasonder E. 2016™.
The RNA-seq FASTQ files from NCBI SRA (Accession: PRJINA305391)
were processed similarly as above. The cleaned reads were mapped to
the Plasmodium falciparum 3D7 reference genome. Given the absence
of biological replicates in this dataset, differential expression analysis
was performed by Cufflinks (v2.2.1)* (cuffdiff -p 8 --dispersion-method
blind -library-norm-method geometric -library-type ff-firststrand).
RBPs with fold change > 2 and false discovery rate <0.05 were con-
sidered differentially expressed. The volcano plot of differentially
expressed RBPs were generated by the ggplot2 (v3.4.2).

Antibodies and antiserum

The following primary antibodies were utilized: rabbit anti-HA (Cell
Signaling Technology, cat#3724S; IFA, 1:1000 dilution; IB, 1:1000
dilution), rabbit anti-mCherry (Abcam, cat# abl67453; IFA, 1:1000
dilution), rabbit anti-histone H3 antibody (Abcam, cat#abl791; IFA,
1:1000 dilution), rabbit anti-Myc (Cell Signaling Technology,
cat#2272S; IFA, 1:1000 dilution; 1B, 1:1000 dilution), mouse anti-a-
Tubulin (Sigma-Aldrich, cat#T6199; IFA, 1:1000 dilution; 1B, 1:1000
dilution; U-ExM, 1:500 dilution), mouse anti-B-Tubulin (Sigma-Aldrich,
cat#T5201; 1B, 1:1000 dilution) and mouse anti-HA (Santa Cruz Bio-
technology, cat#sc-57592; IFA, 1:200 dilution). The secondary anti-
bodies included: Alexa Fluor 555 goat anti-rabbit IgG (Thermo Fisher
Scientific, cat#A-21428; IFA, 1:1000 dilution), Alexa Fluor 488 goat anti-
rabbit 1gG (Thermo Fisher Scientific, cat#A-31566; IFA, 1:1000 dilu-
tion), Alexa Fluor 555 goat anti-mouse IgG (Thermo Fisher Scientific,
cat# A-21422; IFA, 1:1000 dilution; U-ExM, 1:500 dilution), Alexa Fluor
488 goat anti-mouse IgG (Thermo Fisher Scientific, cat#A-11001; IFA,
1:1000 dilution), Alexa Fluor 488 goat anti-mouse TER-119 (BioLegend,
cat#116215; IFA, 1:500 dilution), Alexa Fluor 488 conjugated strepta-
vidin (Invitrogen, cat# S32354; IFA, 1:1000 dilution), HRP-conjugated
goat anti-rabbit IgG (Abcam, cat#ab6721; 1B, 1:5000 dilution) and HRP-
conjugated goat anti-mouse IgG (Abcam, cat#ab6789; IB, 1:5000
dilution). The antiserum, including rabbit anti-BiP (1B, 1:1000 dilution)
and rabbit anti-P28 (IFA, 1:1000), were previously in-house prepared in
the laboratory™.

Immunofluorescence assay

Parasites fixed in 4% paraformaldehyde in PBS were placed on poly-L-
lysine-coated coverslips in a 24-well plate and centrifuged at 550 g for
5 min. They were then permeabilized with 0.1% Triton X-100 in PBS for
10 min at room temperature, blocked with 5% BSA/PBS at 4 °C over-
night, and incubated with primary antibodies in 5% BSA/PBS for 1 h at
room temperature. After three PBS washes, the samples were incu-
bated with fluorescently labeled secondary antibodies in 5% BSA/PBS
for 1 h at room temperature. Hoechst 33342 at a 1:5000 dilution in PBS
was applied for 15min at room temperature. Finally, the coverslips
were washed, mounted in 90% glycerol, and sealed with nail varish.
Imaging was performed with a Zeiss LSM 780 confocal microscope at
100 x magpnification.

Ultrastructure expansion microscopy (U-ExM)

According to the method described in*’, gametocytes were fixed in 4%
paraformaldehyde in PBS, then transferred to poly-D-lysine-coated
coverslips in a 24-well plate and centrifuged. They were incubated in a

1.4% formaldehyde (Sigma-Aldrich, cat#F8775) and 2% acrylamide
(Sigma-Aldrich, cat# A4058) mixture in PBS overnight at 37 °C. After-
ward, the coverslips were gelled in a monomer solution containing 23%
sodium acrylate (Sigma-Aldrich, cat#408220), 10% acrylamide, and
0.1% N,N-methylenbisacrylamide (Sigma-Aldrich, cat#M1533) in PBS
with tetramethylethylenediamine (TEMED) and ammonium persulfate
(APS) at 37°C for 1h of polymerization. After polymerization, the
coverslips were moved to a 6-well plate with denaturation buffer
(200 mM SDS, 200 mM NacCl, 50 mM Tris-HClI, and pH 8.8) for 15 min at
room temperature to detach the gels. The gels were denatured in 1.5 ml
Eppendorf tubes with denaturation buffer at 95°C for 30 min, incu-
bated with ddH,0 at room temperature overnight in a 10 cm dish for
the first round of expansion. The expanded gels were incubated with
mouse anti-a-Tubulin antibody diluted in 2% BSA/PBS at room tem-
perature for 3 h, washed 3 times with PBS, and incubated with anti-
mouse Alexa 555 diluted in 2% BSA/PBS at room temperature for 3 h.
After 3 washes in PBS, the gels were transferred into 10 cm dishes and
incubated with ddH,0 at room temperature for the second round of
expansion. Subsequently, gel blocks of -5 mm x5 mm were excised
from the expanded gels and placed in the cavity well of cavity well
microscope slides, covered with a coverslip, and imaged using a Zeiss
LSM 980 confocal microscope.

Protein extraction and immunoblot

Asexual blood parasites, gametocytes or ookinetes were lysed in RIPA
buffer (Solaribio, cat#R0010) containing a protease inhibitor cocktail
(MedChemExpress, cat#HY-KO010). After ultrasonication, the lysate
was centrifuged at 14,000 g at 4 °C for 10 min. The resulting super-
natant was mixed with SDS-PAGE loading buffer and heated at 95 °C for
5 min. Following SDS-PAGE separation, samples were transferred to a
PVDF membrane (Millipore, cat#IPVHO0010) and blocked with 5% milk
in 1x TBST (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% Tween20) at
4 °C overnight. PVDF membranes were then incubated with primary
antibodies at room temperature for 1h. After washing with 1 x TBST,
the membranes were incubated with an HRP-conjugated secondary
antibody and then washed again with 1 x TBST. Finally, the membranes
were visualized using a high-sensitivity ECL chemiluminescence
detection kit (Vazyme, cat#E412-01), and the light emission was
recorded either by X-ray film or by Azure Biosystems C280 (Azure
Biosystems, USA).

Isolation of nuclear and cytoplasmic fractions

The procedures were performed with modifications according to the
previous study®. Nycodenz-purified gametocytes were first released
from red blood cells by incubating them with 0.15% saponin/PBS on ice
for 5 min and then washed twice with ice-cold PBS. The parasite pellet
was resuspended in ice-cold lysis buffer (20 mM HEPES pH 7.9, 10 mM
KCl, L5mM MgCl,, ImM EDTA, 1mM EGTA, 1mM DTT, and 0.65%
Nonidet P-40) supplemented with protease inhibitor cocktail. The
lysate was transferred to a 1ml Dounce tissue grinder and homo-
genized gently for 80 strokes on ice. Nuclei were pelleted at 9000 g at
4 °C for 10 min, and the resulting supernatant represented cytoplasmic
fractions. The nuclear pellet was washed twice with ice-cold lysis buffer
before resuspension in one pellet volume of high salt buffer (20 Mm
HEPES pH 7.8, 1M KCI, 1mM EDTA, 1mM EGTA, and 1mM DTT) sup-
plemented with a protease inhibitor cocktail. After vigorous shaking at
4°C for 30 min, the extract was centrifuged at 14,000 g at 4°C for
10 min, and the resulting supernatant represented nuclear fractions.
Immunoblotting was performed to analyze the proteins in each
fraction.

Protein immunoprecipitation

Nycodenz-purified gametocytes containing 3 x 107 male gametocytes
were lysed in 1 ml lysis buffer (0.01% SDS, 20 mM Tris-HCI pH 8.0,
50mM NaCl, ImM DTT) supplemented with protease inhibitor
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cocktail. The lysate was transferred to a 1 ml Dounce tissue grinder and
homogenized gently for 100 strokes on ice. The homogenate was
transferred to an Eppendorf tube and incubated on ice for 10 min
before centrifugation at 14,000 g at 4 °C for 10 min. The resulting
supernatant was divided into two equal portions, with one portion
mixed with 20 pl pre-balanced anti-GFP nanobody agarose beads (KT
HEALTH, cat#KTSM1301) and the other portion mixed with anti-Myc
nanobody agarose beads (KT HEALTH, cat#KTSM1306). Both portions
were incubated at 4 °C for 2h with rotation. The beads were then
washed three times with lysis buffer before elution with SDS-PAGE
loading buffer, followed by incubation at 95°C for 5min. Immuno-
blotting was performed on equal volumes of the supernatant samples.

Transmission electron microscopy

Nycodenz-purified gametocytes were fixed at 8 mpa and 15 mpain 2.5%
glutaraldehyde in 0.1M phosphate buffer at 4 °C overnight, as pre-
viously described™. Then, the samples were post-fixed in 1% osmium
tetroxide at 4 °C for 2h, treated en bloc with uranyl acetate, dehy-
drated, and embedded in Spurr’s resin. Thin sections were sliced,
stained with uranyl acetate and lead citrate, and examined in an HT-
7800 electron microscope (Hitachi, Japan).

TurbolD-based proximity-labeling and biotinylated protein
pull-down

Nycodenz-purified gametocytes containing 1> 10* male gametocytes
from either the RbpmlI:TurbolD or Rbpml:T2A:TurbolD line were
incubated with 50 pM biotin (Sigma-Aldrich, cat#B4639) at 37 °C for
20 min. After biotinylation, the parasites were pelleted, washed thrice
with 1 ml ice-cold PBS to remove excess biotin, and then lysed with
RIPA buffer containing a protease inhibitor cocktail via ultrasonication.
The lysate was incubated on ice for 10 min before centrifugation at
14,000 g at 4 °C for 10 min. The supernatant was then mixed with 50 pl
pre-balanced  streptavidin  sepharose  (Thermal Scientific,
cat#SA10004) at 4 °C overnight. The beads were washed five times
with 1 ml ice-cold RIPA buffer and then washed five times with 1 ml ice-
cold PBS. The washed beads were resuspended in 200 pl 100 mM Tris-
HCI pH 8.5 followed by digestion with 1pg trypsin at 37 °C overnight.

Peptide desalting and mass spectrometry

Trifluoroacetic acid (TFA; Sigma-Aldrich, cat#T6508) was added to the
trypsin-digested sample to a final concentration of 1%, and the pre-
cipitation of sodium deoxycholate was removed by centrifugation. The
resulting supernatant was desalted using in-house-made StageTips
that were packed with SDB-RPS (3M EMPORE, cat#2241) and condi-
tioned with 50pl of 100% acetonitrile (ACN; Sigma-Aldrich, cat#
34851). After loading the supernatant onto the StageTips, centrifuga-
tion was performed at 3000 g for 5min. The StageTips were then
washed twice with 50 pl of 1% TFA/isopropyl alcohol (Sigma-Aldrich,
cat# 19030) followed by a wash with 50 pl of 0.2% TFA. The peptides
were eluted in glass vials (CNW Technologies, cat# A3511040) using
80% ACN/5% NH,OH and dried at 45°C using a vacuum centrifuge
(Eppendorf, Hamburg, Germany, cat#5305). The peptide samples were
resolved in 2% ACN/O.IFA for LC-MS analysis. Liquid chromatography
was performed on a high-pressure nano-flow chromatography system
(Elute UHPLC, Bruker Daltonics). Peptides were separated on a
reversed-phase column (40cmx75pum id.) at 50°C packed with
1.8pm 120A CI8 material (Welch, Shanghai, China) with a pulled
emitter tip. A solution is 0.1% FA in H,0, and B solution is 0.1% FA in
ACN. The gradient time is 60 min and the total run time is 75 min
including washes and equilibration. Peptides were separated with a
linear gradient from O to 5% B within 5 min, followed by an increase to
30% B within 55 min and further to 35% B within 5 min, followed by a
washing step at 95% B and re-equilibration. LC was coupled online to a
hybrid TIMS quadrupole time-of-flight mass spectrometer (Bruker
timsTOF Pro) via a CaptiveSpray nano-electrospray ion source. We

performed data-dependent data acquisition in PASEF mode with 10
PASEF scans per topN acquisition cycle. Singly charged precursors
were excluded by their position in the m/z-ion mobility plane and
precursors that reached a ‘target value’ of 20,000 a.u. were dynami-
cally excluded for 0.4 min. We used 100 ms to accumulate and elute
ions in the TIMS tunnel. The MS1 m/z-range was acquired from 100 to
1700, and the ion mobility range from L5 to 0.7Vcm™ For data-
independent acquisition, we adopted the isolation scheme of 25 Da x
32 windows to cover 400-1200 mz. DIA files (raw) files were input to
DIA-NN (v1.8.1)* FASTA files downloaded from https://www.uniprot.
org (UP000072874) were added. “FASTA digest for library-free search”
and “Deep learning-based spectra, RTs, and IMs prediction” were
enabled. “Generate spectral library” was also enabled. “Protein infer-
ence” was set to “gene”. Other parameters were kept at their default
settings. The protein groups and precursor lists were filtered at 1% FDR,
using global g-values for protein groups and both global and run-
specific g-values for precursors.

RNA isolation, RT-PCR and RT-gPCR

Total RNA was extracted from parasites using TRIzol reagent. cDNA
was synthesized with the HiScript Il 1st Strand ¢cDNA Synthesis Kit
(Vazyme, cat#R212-02), using provided random hexamers, and utilized
for PCR or gPCR analysis. qPCR was performed using 2xRealStar Green
Fast Mixture (GenStar, cat#A301-101) with the following cycling pro-
gram: a single incubation at 95 °C for 30 s, followed by 40 cycles (95 °C
for 5s, 60°C for 40s) on a CFX96 Real-Time PCR System (Bio-Rad,
Hercules, CA, USA). The housekeeping gene gapdh (PY17X_1330200)
was used as a reference gene in the RT-qPCR. The relative expression
was calculated using the 24 method. The primers used for RT-PCRs
and RT-gPCRs are listed in Supplementary Table 2.

UV crosslinking RNA immunoprecipitation (UV-RIP)

The Nycodenz-purified gametocytes, containing 6 x 10” male gameto-
cytes in 6 ml ice-cold PBS, were placed in 10 cm dishes. Subsequently,
they were irradiated using an HL-2000 HybriLinker (UVP, Upland,
CA, USA) with 254nm UV light at intensities of 400 mj/cm® and
200 mj/cm?. The gametocytes were then collected, centrifuged, and
resuspended in 1ml lysis buffer (1% TritonX-100, 50 mM Tris-HCI
pH 7.4, 150 mM NaCl, 1mM EDTA, 1mM EGTA) supplemented with
400 U/ml RNaseOUT (Thermo Fisher Scientific, cat#10777019) and a
protease inhibitor cocktail. The lysate was transferred to a 1 ml Dounce
tissue grinder and gently homogenized for 100 strokes on ice. The
homogenate was then transferred to a tube and incubated at 4 °C for
25 min with rotation, followed by treatment with 30 U TURBO DNase
(Thermo Fisher Scientific, cat#AM2238) at 37 °C for 15 min. The lysates
were centrifuged at 14,000 g and 4 °C for 10 min. The supernatant was
divided into two equal parts. One part was mixed with 20 pl of anti-GFP
nanobody agarose beads (KT HEALTH, cat#KTSM1301), and the other
part was mixed with 20 pl of anti-HA nanobody agarose beads (KT
HEALTH, cat#KTSM1305). The mixtures were incubated with rotation
at 4 °C for 2 h. The beads were washed six times with 500 pl RIP wash
buffer (Millipore, cat#C5203177) at 4 °C and then incubated with 117 pl
RIP wash buffer, 15 pl 10% SDS and 18 pl 10 mg/ml proteinase K (Milli-
pore, cat#CS203218) at 55°C for 30 min. RNA was isolated using
phenol-chloroform extraction, and the purified RNA was reverse
transcribed with random hexamer primers and determined by
RT-qPCR.

In vitro RNA transcription (IVT)

To prepare biotinylated probes for Fig. 60, P, IVT templates with T7
RNA polymerase promoter were obtained by PCR using the P. yoelii
genome as a template. For Fig. 7H, IVT templates with T7 RNA poly-
merase promoter were obtained by PCR using the plasmid used in the
bfp reporter assay as a template. Supplementary Table 2 provides a list
of primers used to obtain the IVT templates. Subsequently,
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Biotinylated RNA was produced using a MEGAscript kit (Thermo Fisher
Scientific, cat#AMI1334) and a biotin RNA labeling mix (Roche,
cat#11685597910). To create a 20 pl reaction volume, 1pg of PCR-
amplified IVT templates were incubated at 37 °C for 2 h with 2 pl of 10%
reaction buffer, 2 pl of T7 RNA polymerase enzyme mix, 2 pl of biotin
RNA labeling mix, and RNase-free water. The DNA templates were then
removed from the RNA using TURBO DNase, and the biotinylated RNA
was purified using the RNAclean Kit (TIANGEN, cat#4992728). In this
process, the kinesin&b 14 probe, kinesin8b 11 probe, PF16 E1 probe, and
PFI16 11 probe all have a length of 500 nt. Additionally, the kinesinSb 14
probe, kinesin&b 11 probe, and PF16 11 probe span the corresponding
intron sequences.

RNA pull-down

Biotinylated RNA pull-down was performed using an RNA pull-down
Kit (BersinBio, cat# Bes5102) following the manufacturer’s protocol.
Briefly, 1 pg of biotinylated RNA was denatured at 90 °C for 2 min and
immediately cooled on ice for 2 min. The denatured RNA was then
incubated with RNA structure buffer and RNase-free water at room
temperature for 20 mi to facilitate RNA secondary structure formation.
For cell lysate preparation, Nycodenz-purified gametocytes containing
3 x 107 male gametocytes were lysed by RIP buffer, and the resulting
lysate was centrifuged at 14,000 g at 4 °C for 10 min. The supernatant
was then incubated with DNase I and agarose beads to remove the
chromosomes, followed by incubation with folded RNAs, streptavidin-
coupled beads, and RNase inhibitor at room temperature for 2 h. The
beads were subsequently washed five times with NT2 buffer at 4 °C,
and proteins were retrieved from the beads by rinsing them with
protein elution buffer. The retrieved proteins were then subjected to
immunoblot assay.

bfp reporter assay

The Nycodenz-purified gametocytes from either DFsc/7 or
DFsc7;ARbpml1 lines, which contain a bfp expression cassette in the
Pp230p locus, were suspended in 200 pl of GMB. The samples were then
transferred to a 15 mm glass bottom cell culture dish and imaged using
a Zeiss LSM 780 confocal microscope at room temperature with 100x
magnification. The laser illumination was set at 561 nm (mCherry),
491 nm (GFP), and 405 nm (BFP). BFP-positive parasites indicated that
the intron in the bfp expression cassette had been spliced.

Other bioinformatic analysis and tools

The genomic sequences of target genes were downloaded from the
PlasmoDB database (http://plasmodb.org/plasmo/). The sgRNAs of tar-
get gene were designed using EuPaGDT (http://grna.ctegd.uga.edu/).
The analysis of flow cytometry data was performed using the Flowjo
software (Tree Star, Ashland, OR, USA). The Gene Ontology (GO)
enrichment analysis was performed using PlasmoDB. Statistical analysis
was performed using GraphPad Prism (GraphPad Software Inc., San
Diego, CA, USA) with either a two-tailed Student’s ttest or Mann-
Whitney test as appropriate. Error bars represent the standard error of
the mean (SEM) for triplicate experiments. p values were indicated in the
figures above the two groups being compared, with a value <0.05
considered significant. The protein signal on the blotting membrane
was quantified using ImageJ software (NIH, Bethesda, MD, USA), and the
background was subtracted from each signal. Each signal was then
normalized to the Bip signal.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data in this study are submitted as supplementary source
files. Source data are provided with this paper. The RNA-seq data for

the P. yoelii male- and female gametocyte transcriptome have been
deposited in the Gene Expression Omnibus database under the
accession number GSE222860. The RNA-seq data for male gametocyte
transcriptome of the P. yoelii Rbpm1 knockout parasite line is available
under accession number GSE223170. The mass spectrometry pro-
teomic data have been deposited in the ProteomeXchange with iden-
tifier PXD044094  (https://www.iprox.cn//page/project.html?id=
IPX0006804000). Source data are provided with this paper.

Code availability

All code and supporting files for transcriptome and intron retention
analysis in this study were available in Zenodo (https://doi.org/10.5281/
zenodo.10979262).
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Supplementary Figure 1. Purification of male and female gametocytes of the P
yoelii parasite for transcriptome analysis

A. Purification of male (GFP+) and female (mCherry+) gametocytes from a P. yoelii
parasite reporter line DFsc7 using flow cytometry sorting. The purity of gametocytes
was shown. Representative from three independent experiments.

B. Pearson’s correlation coefficient analysis of global gene expression between male

and female gametocytes based on RNA-seq data with three biological replicates.
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Supplementary Figure 2. Normal ability of genome replication and erythrocyte
rupture for the RBPm1-null parasite during male gametogenesis

A. Flow cytometry analysis of genomic DNA content in male gametocytes during
gametogenesis. The DFsc7;ARbpmli 1s a DFsc7-derived RBPml-null parasite line.
Male gametocytes (GFP+) were gated, and genomic DNA content was measured based
on the Hoechst 33342 fluorescence intensity. Representative for three independent
experiments.

B. IFA detection of the parasitophorous vacuole membrane (PVM) rupture. SEP1
protein is a marker for PVM. Male gametocytes from the sep!::4Myc parasite and the
derived RBPm1-null parasite sepl::4Myc;ARbpm1 were analyzed. Representative for
three independent experiments. Scale bars: 5 pm.

C. IFA detection of the erythrocyte plasma membrane (EM) rupture. TER-119 protein
1s a marker of mouse EM. Male gametocytes from the 17XNL and ARbpm 1 parasites
were stained with anti-TER-119 antibody. Representative for three independent

experiments. Scale bars: 5 pm.
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Supplementary Figure 3. Generation, purification and transcriptome analysis of
male gametocytes with RBPm1 deficiency

A-D. Phenotype analysis of DFsc7 (parental) and DFsc7,ARbpm1 (mutant) parasite
lines, including gametocyte formation (A), male gamete formation (B), ookinete
formation in vitro (C), and salivary gland sporozoite in mosquitoes (D). Data are means
+ SEM of three independent experiments, two-sided 7-test.

E. Flowchart showing the purification of male gametocytes (green, GFP+) from both
DFsc7 and DFsc7;ARbpm 1 parasites for transcriptome analysis via RNA-seq.

F. Flow cytometry detection of male gametocytes (GFP+) before and after sorting, with
indicated purity. Representative results from three independent experiments.

G. A heatmap showing the Pearson correlation coefficient between DFsc7 (parental)
and DFsc7,ARbpmI (mutant) male gametocyte RNA-seq data.

H. A volcano plot showing the differentially expressed genes in male gametocytes
between the DFsc7 (parental) and DFsc7;ARbpm1 (mutant) lines. The threshold for the
log> fold change (logoFC) and false discovery rate (FDR) are £2 and 0.05, respectively.
There are 481 genes up-regulated and 295 genes down-regulated in male gametocytes
after loss of RBPm1l. Three down-regulated genes (PY 17X 1109100, PY17X 0833600,
and PY17X 1216400), which exhibited intron retention in further study, are
highlighted.
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Supplementary Figure 4. Expression and function information of 26 intron-
retained genes identified in the RBPm1-null male gametocytes

A. List of 26 genes with intron retention detected in the RBPm1-null male gametocytes.
Among them, 22 genes had one retained intron while 4 genes (drcl, PY17X 1357300,
PY17X 0523500, and PY17X 1305400) possessed two retained introns after loss of
RBPmI. Information including the protein function, gene ID, exon-intron structure,
retained intron, and gender transcription, is provided. Gender transcription (TMM
normalized counts) were from the gametocyte transcriptome data in this study.

B. Gene ontology enrichment analysis of the 26 genes indicates male-specific or

preferential biological processes. Hypergeometric test was applied.
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Supplementary Figure S. Verification of intron retention for 30 introns at 26 genes
in the RBPm1-null male gametocytes

A. RT-PCR confirmation of intron retention in the 26 genes after loss of RBPml. For
each gene, the mapped views of the RNA-seq results (DFsc7 in green and
DFsc7;ARbpml1 1n blue, representative for three biological replicates) and the exon-
intron structure (black) are shown in the upper panels. Intron retention is highlighted
with red boxes. The primers (F or R) designed for detecting the intron via RT-PCR and
the expected PCR products are shown. RT-PCR analysis using the genomic DNA
(gDNA) from 17XNL parasite, complementary DNA (cDNA) from male gametocytes
of parental and mutant parasites showed the intron retention (red) and intron splicing
(black).

B. RT-qPCR confirmation of intron retention in the kinesin8b and PF16 genes after loss
of RBPm1. The top schematic of gene exon-intron structure shows the positions of the
retained intron (orange line) and the RT-qPCR amplicon. RT-qPCR analysis using
cDNA from male gametocytes of parental and mutant parasites showed the retention of

kinesin8bh intronl and PF16 intronl. Data are means + SEM from three independent
experiments, two-sided 7-test.
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Supplementary Figure 6. RBPm1-regulating genes encode axoneme-associated
proteins

A. Summary of protein stage expression and localization of 12 selected intron-retained
genes in the P, yoelii. These genes include 6 annotated genes (kinesin8b, PF16, dhc6,
dhe7, dicl, dic2) and 6 unannotated genes (PY17X 1109100, PY17X 0521800,
PY17X 1311800, PY17X 1323900, PY17X 1357300, PY17X 1335600). Each gene
was endogenously tagged at the N- or C-terminus with a 6HA in the 17XNL, generating
the HA-tagged lines for protein expression and localization analysis. Due to the space
limit, only the results of protein expression at the gametocytes were shown in B-M.
B-M. Protein expression and localization analysis of the 12 intron-retaining genes in
gametocytes. IFA of the HA-tagged target protein and a-Tubulin in female gametocytes
(O mpa) and male gametocytes (0 and 15 mpa). Representative results from two

independent experiments. Scale bars: 5 um.
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Supplementary Figure 7. Intron retention causes premature stop codons in
RBPml1 target transcripts

Amino acid and nucleotide sequence analysis of the retained introns in the 26 genes.
For each gene, intron retention (highlighted in orange lowercase letter) creates at least
one premature stop codon (red asterisk) at the transcripts in the RBPm1-null parasites.
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Supplementary Figure 8. Depletion of kinesin8b or PF16 phenocopies RBPm1
deficiency

A. Female and male gametocyte formation in mice. Data are means = SEM from three
independent experiments.

B. Exflagellation center (EC) formation of male gametocytes at 10 mpa. Data are means
+ SEM from three independent experiments, two-sided z-test.

C. Midgut oocyst formation in mosquitoes at 7 days after blood feeding. x/y at the top
represents the number of mosquitoes containing oocysts/the number of dissected
mosquitoes, and the percentage represents the infection prevalence of mosquitoes. Red
lines show the mean value of oocyst numbers, two-sided Mann—Whitney U test.
Representative results from two independent experiments.

D. Transmission electron microscopy of axoneme architecture in male gametocytes at
8 mpa. Scale bars: 100 nm.

E. Quantification of axoneme formation in the mutant parasites in D. n is the total
number of the intact and defective axoneme structures observed in each group.
Representative for three independent experiments.
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Supplementary Figure 9. RBPml1 interacts with spliceosome E complex

A. A schematic of two modified parasite lines generated for detecting the RBPml-
interacting proteins in gametocytes by TurboID ligase-based proximity labeling.
Endogenous RBPm1 was C-terminally tagged with an HA:: TurboID motif by CRISPR-
Cas9 1 17XNL, generating the Rbpml::TurboID line. A control line
Rbpm1::T2A::TurbolD was generated, in which a “ribosome skip” T2A was inserted
between RBPm1 and 3NLS::HA::TurboID for separated nuclear expression of RBPm1
and TurbolD.

B. Co-staining of HA-tagged TurbolD ligase (red) and biotinylated proteins (SA-488,
green) in male gametocytes of the Rbpm1::TurboID and Rbpm1::T2A:: TurbolD lines.
Gametocytes incubated with 50 uM biotin at 37°C for 20 minutes were co-stained with
the fluorescent-conjugated streptavidin (SA-488) and anti-HA antibody. Scale bars: 5
um. Representative for three independent experiments.

C. Protein interaction analysis between RBPm1 and spliceosome at different stages of
assembly based on the data from TurboID-based proximity labeling and mass
spectrometry. The upper panels show the spliceosome complexes from early to later
stages during assembly, including E, A, B, and C complexes. The lower panels show
the enrichment level (logoFC value) of protein components in different spliceosome
complexes.

D. Proposed model showing RBPm1 interaction with the early spliceosome E complex

for intron splicing of axonemal genes.
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Supplementary Figure 10. RBPm1-dependent splicing of axonemal introns
inserted in the reporter gene. Related to Figure 7

A. A transgenic line BFP-dlc114 with a dicl intron4 (dlc114, purple line)-inserted bfp
cassette integrated at the p230p locus of the DFsc7 line. Similar analysis as in Figure
5B. dicl intrond was inserted into the bfp gene at the nucleotides 455-456 to mimic the
splice site (vertical lines) of in situ dic 114. BFP expression was detected specifically in
male gametocytes of the BFP-dic114 parasites. Representative for three independent
experiments. Scale bars: 5 pm.

B. A BFP-dicI14 derived RBPm1 mutant line, BFP-dlc114,ARbpm1, showed no BFP
expression in male gametocytes. Representative for three independent experiments.
Scale bars: 5 pm.

C. Effect of the PY17X 1109100 intronl (BFP-110910011) insertion on the gametocyte
expression of BFP. Similar analysis as in A. PY17X 1109100 intronl was inserted into
the hfp gene at the nucleotides 390-391 to mimic the splice site (vertical lines) of in situ
PY17X 1109100 tronl. BFP expression was detected specifically in male
gametocytes of the BFP-110910011 parasites.

D. A BFP-110910011 derived RBPm1 mutant line, BFP-110910011;ARbpm 1, showed
no BFP expression in male gametocytes. Similar analysis as in B.

E. Effect of the PY17X 1109100 intron2 (BFP-110910012) insertion on the gametocyte
expression of BFP. Similar analysis as in A. PY17X 1109100 intron2 was inserted into
the bfp gene at the nucleotides 384-385. BFP expression was detected in both male and
female gametocytes of the BFP-110910012 parasites.

F. A BFP-110910012 derived RBPm1 mutant line BFP-110910012;ARbpm1, showed
BFP expression in both male and female gametocytes. Similar analysis as in B.



A

PF16
normalized counts

P. yoelii in this study

Male
580

Female
38

P. berghei [31]

Male |Female
352 53
P. falciparum [30]
Male |Female
72 25
E
1109100

normalized counts

P. yoelii in this study
Male |Female
1662 55

P. berghei [31]
Male
743

Female
67

P. falciparum [30]
Male
561

Female
16

500

200

1109100
=Y cD
4

]

bp M =

500

200

5 2

PF16::6HA,;
ARbpm T,
PF16AI11

PF16::6HA

a-Tub

0 - o
£+ S 't -
é ; o':-‘ I :?\
f . _‘,; e ¥ r :‘
F 1109100::6HA;
ARbpmT;
1109100:-:6HA 1109100411

fHst

HAJa-Tub

kinesin8b
cDNA

5 2

NA

o

dic1
normalized counts

dic1::6HA

P. yoelii in this study

Male |Female

296 68

P. berghei [31]

Male |Female

194 63

P. falciparum [30] E =] £ \‘

Male |Female| &I '!@ ¢4’

96 32 T »
G H

kinesin8b

normalized counts kinesin8b:-6HA

P. yoelii in this study
Male | Female
5148 2

P. berghei [31]
Male
333

Female
34

s}
3
5
=]

P. falciparum [30]
Male
879

fHst

Female
146

Co

HAJa-Tub

G

dic1::6HA;
ARbpm T,
dic1Al4

s

kinesin8b::6HA;
ARbpm T,
kinesin8bAI1

M
Male gametocyte
Intron splicing
RBEPm1
Axggﬁgnal —— Pre-mRNA ——— mMRNA ———» A)élr)gtleemal
Strong .
transcription Translation

Female gametocyte

Intron retention
[ ]

Ax | i Ax |
onema ] | Axonema
gene —Pp Pre-mRNA i mRNA | “Hrotein

gy Translation

transcription



Supplementary Figure 11. Intron retention prevents expression of axonemal
proteins in female gametocytes

A. Transcription level of the PFI16 gene in male and female gametocytes. TMM
normalized counts are from the gametocyte transcriptomes in this study and the
published dataset contributed by Yeoh, L.M. and Lasonder, E.

B. IFA of 6HA-tagged PF16 in female and male gametocytes of the PF16::6HA and
PF16::6HA;ARbpm1,PF16AIl (PF16 intronl-deleted line described in the Figure SD)
parasites. In each image, one male and one female gametocytes were shown. The HA-
positive female gametocyte was highlighted with an asterisk. x/y represents the number
of HA-positive female gametocytes/the total number of female gametocytes tested.
Representative for three independent experiments. Scale bars: 5 pm.

C and D. Low-level expression of the DIlcl protein detected in female gametocytes
after deletion of the dic/ intron4. Similar illustration as in A and B. The dic! intron4-
deleted line was described in the Figure 5G.

E and F. Low-level expression of the PY17X 1109100 protein detected in female
gametocytes after deletion of the PY/7X 1109100 intronl. Similar illustration as in A
and B. The PY17X 1109100 intronl-deleted line was described in the Figure 5J.

G and H. Undetectable expression of the Kinesin8B protein in female gametocytes
after deletion of the kinesin8b Aintronl. Similar illustration as in A and B. Note that
the kinesin8b transcripts are almost undetectable in female gametocytes of P. yoelii.

L, J, K, and L. RT-PCR confirmation of intron retention at the transcripts of 4 genes
(PF16, dicl, PY17X 1109100, and kinesin8b) in female gametocytes. Genomic DNA
(gDNA) from 17XNL parasite, complementary DNA (cDNA) from the purified male
and female gametocytes of DFsc7 were analyzed. Exons are indicated by boxes and
introns by lines. Representative for three independent experiments.

M. Proposed different roles of RBPm1-target introns in axonemal gene expression at
male and female gametocytes respectively. In male gametocytes, RBPm1 (as a key)-
directed splicing of axonemal intron (as a lock) allows protein expression of the
axonemal genes. In female gametocytes, dual blockage via weak transcription and IR
prevents protein expression of the axonemal genes.
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Supplementary Figure 12. Genotyping of genetically modified parasite lines

A-C. Schematic diagrams showing CRISPR/Cas9-mediated gene tagging at C-terminus
(A), gene tagging at N-terminus (B), and gene deletion (C) via double cross-over
homologous recombination. ‘p’ represents the primers for PCR, and the red lightning
bolt represents the sites for sgRNA recognition.

D-L. Genotyping PCR results showing correct 5° and 3 homologous recombination in
the modified parasite lines in this study. For each modification, usually 1-3 parasite
single clones (sc) were obtained via limiting dilution. The red-colored sc was selected
for further analysis. Oligo sequences used for plasmid construction and primers used
for genotyping PCR are listed in Supplementary Table 2.
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Supplementary Figure 13. Flow cytometry gating strategies

A. Gating strategy for sorting male and female gametocytes from a P. yoelii parasite
reporter line DFsc7 presented in Supplementary Fig. 1A. Forward and side scatter
signals were used to distinguish red blood cells from debris, doublets, and white blood
cells. Male and female gametocytes were sorted based on GFP fluorescence and
mCherry fluorescence. After sorting, gametocyte purity was assessed by re-analysis of
a sample fraction.

B. Gating strategy for analyzing DNA content of male gametocytes presented in
Supplementary Fig. 2A. Forward and side scatter signals were used to distinguish red
blood cells from debris, doublets, and white blood cells. Male gametocytes were
identified by GFP fluorescence and analyzed for Hoechst 33342 fluorescence.

C. Gating strategy for sorting male gametocytes from the DFsc7 and DFsc7;ARbpm1
lines presented in Supplementary Fig. 3F. Forward and side scatter signals were used
to distinguish red blood cells from debris, doublets, and white blood cells. Male
gametocytes were sorted based on GFP fluorescence. After sorting, male gametocyte

purity was assessed by re-analysis of a sample fraction.



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

Strain Parental strain Description Resource
17TXML i Plasmodium yoelii 17XML strain MNIH
Parasites with gene tagging
DEse? 1TXNL S;ns.liiot:xyg:sses mCherry and GFP reporters mutual-exclusively in the female and male Liu et al. 2018
sep i 4Myc 17TXHL sep1 C-b lly tagged with 4Myc Jiang et al. 2020
Rbpm1::6HA 1TXNL Rbpm1 C-terminally tagged with 6HA Fig 512
Rbpm?1::gfo 17XNL Rbpm1 C-terminally tagged with GFP Fig 512
DFsc? .Rbpm1.:6HA DFsc? Rbpm1 C-terminally tagged with 6HA Fig 512
Rbpm1::HA: TurbolD 17TXHL Rbpm1 C-t lly tagged with HA-TurbolD Fig 512
Rbpm1::T2A:: TurbolD 17TXHL Rbpm1 C-terminally tagged with 3MLS-HA-TurbolD Fig 512
kinesin8b:-6HA 1TXNL C inally tagged with 6HA Fig 512
FPFi6:6HA 1TXNL PF16 C y tagged with 6HA Fig 512
dhch::6HA 17TXHL dhcé C-b lly tagged with 6HA Fig 512
dhc7::6HA 1TXNL 0510800 C-terminally tagged with 6HA Fig 512
dlci-6HA 1TXNL dicT C-terminally tagged with 6HA Fig 512
dic2::6HA A7TXMNL dic2 C-terminally tagged with 6HA Fig 512
1109100 6HA 1TXNL 1109100 C-terminally tagged with GHA Fig 512
0521800-6HA 1TXNL 0521800 C y tagged with GHA Fig 512
1311800--6HA 1TXNL 1311800 C y tagged with 6HA Fig 512
HA:1323900 1TXNL 1323900 N y tagged with HA Fig 512
1357300 6HA 1TXNL 1357300 C y tagged with GHA Fig 512
1335600 6HA 1TXNL 1335600 C y tagged with GHA Fig 512
Rbpm?1::6HA ;U1-T0K:-4Myc Rbpm1-6HA LH-TOK © y tagged with 4Myc Fig 512
Rbpm1::6HA ;U1-A-4Myc Rbpm1:-6HA UT-A C y tagged with 4Myc Fig 512
Rbpm1::6HA ;U1-C::4Myc Rbpm1--6HA U1-C C-terminally tagged with 4Myc Fig 512
Parasites with gene knockout
LARbpm1 1TXNL Deletion of the whole coding sequences of Rbpm? Fig 512
Linked 1TXNL Deletion of the parfial coding sequences of nekd Jiang et al. 2020
Lmsp2 1TXNL Deletion of the partial coding sequences of map2 Jiang et al. 2020
sepl:4Myc ARbBpm1 sept4Myc Deletion of the whole coding sequences of Rbpm? Fig 512
DFsc? . ARBpm1 DFsc? Deletion of the whole coding sequences of Rbpm? Fig 512
Lkinesingb 1TXNL Deletion of the M-terminal 1184 bp coding sequence of kinssin8b Fig 512
LPF16 1TXNL Deletion of the whole coding sequences of PF16 Fig 512
Lkinesingb [ APF16 Lkinesin8b Deletion of the whole coding sequences of PF16 Fig 512
kinesin8b::6HA ;ARbpm KinesinSb::6HA Deletion of the whole coding sequences of Rbpm? Fig 512
PF16::6HA ;ARbpm PF16:6HA Deletion of the whole coding sequences of Rbpm? Fig 512
dhch: 6HA ARbpmT dhch::6HA Deletion of the whole coding sequences of Rbpm? Fig 512
dic1:6HA ARbpm! dici:6HA Deletion of the whole coding sequences of Rbpm? Fig 512
dic2:6HA ARbpm! dic2::6HA Deletion of the whole coding sequences of Rbpm? Fig 512
1109100::6HA ;ARbpm 1109100::6HA Deletion of the whole coding sequences of Rbpm? Fig 512
Mgepi 1TXNL Deletion of the whole coding sequences of gep1 Jiang et al. 2020
Parasites with RRM deletion at the Rbpm7 locus
Lrrmd 1TXNL Deletion of the 565-931 bp coding sequence of Rbpm7 Fig 512
Lrrm2 1TXNL Deletion of the 1018-1519 bp coding sequence of Rbpm1 Fig 512
Parasites with gene compelementation
rescue ARbpmd In situ tafion of Rbpm{ N-b lly tagged with 4Myc Fig 512
Parasites with intron deletion
kinesin8b::6HA ;ARbBpm1 Kinesin8b Al kinesinBb::6HA [ARbBpm1 Deletion of Kinesin8b intron 1 Fig 512
PF16:26HA ARbpm1 PF16 AT PF16::6HA .ARbBpm1 Deletion of P15 intron 1 Fig 512
dic1:6HA ;ARbpm dict Ll4 dic1::6HA ;ARBpm1 Deletion of dic? intrond Fig 512
1109100-:6HA ;ARbpm ;1109100 Al 1109100::6HA ;ARbBpmT Deletion of 1703700 intron 1 Fig 512
ARbpm1 kinesin8b A1 LARbpm Deeletion of ki intron 1 Fig 512
ARbpm1 kinesinBb A1 ,PF16 AT LARbpm1 kinesinBb A1 Deletion of P15 intron 1 Fig 512
Parasites with modification at the p230p locus
EBFP DFsc? Coding region of p230p gene was replaced with the BFF exp i il Fig 512
BFP-Kingb 1 DFsc? Coding region of p230p gene was replaced with the BFP-Kin8b 1 exp Fig 512
BFP-Kin8b 11:ARbBpm1 DFscT ;ARbpm1 Coding region of p230p gene was replaced with the BFP-Kingb 11 exp Fig 512
BFP-Kin8b12 DFsc? Coding region of p230p gene was replaced with the BFP-Kin8b 12 exp Fig 512
BFP-Kin8b 12:ARbBpm1 DFscT ARbpm1 Coding region of p230p gene was replaced with the BFP-Kingb 12 exp Fig 512
BFP-PF1EIN DFsc? Coding region of p230p gene was replaced with the BFP-PF1611 expression cassette Fig 512
BFP-PF1611;ARbBpm1 DFscT ;ARbpm1 Coding region of p230p gene was replaced with the BFP-PF1611 expression cassette Fig 512
EBFP-dicl4 DFsc? Coding region of p230p gene was replaced with the BFP-dicT 14 expression cassette Fig 512
EBFP-dict 14, ARbBpm1 DFscT ARbpm1 Coding region of p230p gene was replaced with the BFP-dic7 14 expression cassette Fig 512
BFP-110910011 DFsc? Coding region of p230p gene was replaced with the BFP-110970011 expression cassette Fig 512
BFP-110910011;ARbpm1 DFscT ARbpm1 Coding region of p230p gene was replaced with the BFP-110970011 expression cassette Fig 512
BFP-110910012 DFsc? Coding region of p230p gene was replaced with the BFP-110910012 expression cassette Fig 512
BFP-110910012;ARbpm1 DFscT ARbpm1 Coding region of p230p gene was replaced with the BFP-110970012 expression cassette Fig 512
Parasites with axonemal intron inserted at the gap? locus
gep1-Kingb 11 1TXNL Inserion of Kinesin8b infron 1 into exon 3 of gep? Fig 512
gep1-PF1611 1TXNL Inserlion of PF16 intron 1 into exon 1 of gep? Fig 512

nt: not tested




Table S2. Oligonucleotides and primers used in this study

0ilgo sequencas for constructing gens tagging plasmide

Gere cene D T Laft homalogous arm RIght homalogaus arm Target aita of sgRNA
3 Forward primer Revarss primer Forward primer Raverss primar Forward ollgo Reverse cllgo
. CCGARGCTTGCCGAACCTA |CATGLCATGGATTGTTATAA | COBCTCGAGTITATGTCATT | COGRAAT TCGTTCOAATGAA| TATTGTARGGGARAGGACT |ARACTTTATGGGTCCTITCS
Rbpm FYITE_ATIETH Crermina] 54 AGAAGCCARA TCCGETTEITEC GAGGT GACAMACAA CATARA CTTAC
fE— [m— ——— CCCAAGCTIGCCGAACGTA |CATGLCATGGATIGTTATAA |CORCTCGAGTITATGTCATT | COGRAAT TCGTT COAATGAA| TATTGTARGGGARAGGACT |ARACTTTATGGGTCCTITCS
- 17, DAA I¢ TGTT
S CCCAAGCTIGCCGAACGTA |CATGLCATGGATTGTTATAA |COBCTCGAGTITATGTCATT | COGRAAT TCGTT COAATGAA| TATTGTANGGGARAGEALT |ARACTTTATGGGTCCTITCE
Ropmi EYITX_0T16700 Caminal HA-TurbolD
e = AGAAGCCARA TCCGETTEITES TITTGAGET GACAMACAA CATASA CTTAC |
CCCAACC T TCCTGARGLTA, | CATCCCATCCATTGTTATAA | CCOC L CASTITATGICATT | CCGCANT[CETTCCAATRR TATICTARGEEARAGEACE | AAACTTTATGGGTLCTITCE
FRopmi 7
l FYITE ATIETH CHerminal 3NLE HATUMOD | sranc TCCGETTETTEC GAGGT GACAMACAA CATARA CTTAC
. occm;ﬂm‘rmoc.wr CATGCCATGGAGTTTTATIT |COGCTCGAGAARTGTTTGA |GEGCTTAACGAARAAGGCA |TATTGTGOGTCAGTTAATTT |ARACTCATARAT TARCTGAT
e YT G20410 Crermina] 54 GAAGAGC TTTGTGATGCTAG ACTTTACCATTC ATGATGCCAT ATGA GCAC
. e e CATGCCA CCTICTICERTA| CCOC T - ACAACARGEARA | GEGCTTAACCTCOCAATTC | TATTGTGTGTACATACTICA | AAACCACATGARGTATGTA
FFig EY17X_0S15000 Czminal 44 “ e P
" - c 1 S TTATATETA [Con T o ARRRRATACS | SEa AT ACEATTATATY TAWGMTAG.W\TGDC ARACACAACGECATTTCTAL
arct EY17X_DEO3500 Caminal 4A 1.2 P iy <
P FE——— f— B e | o TR | T TTTEETTTA | Sbbe L EATEACATTET [ AT TCGABACTASEATET | AAACCETTEABATEETASTE
= — GAATTTATTT ATGAACTTTAA ATTTTTTAA TICATTTTA cAAGE TocAC |
- - ECCHCTTCTCGARAATG |CATGCCA S CARGATGAGE |CCGC) (oA CRTTGARRAGG | CCOCA | CCARARTTATAG |IAITCTTACTGRARAGTACE [ AAACTATARCETACTITICA
ot YT 1241500 Crermina] 54 CTTCCTCTCAA ACGGATCCATC CAACATGCTCA ATA
oz [m— — e AT AT TATAT [ S S AR TATERTART | oS T S EaaTGARAA | I SETATATCRTETATES M ATAGEATAGRTCRTR
- ATCAGAA ACAACAA Aa ﬂﬁﬁ
o - CCCAAGCTIGTACCAGARA |CBGEGTACCGBATTGTCET TATTGTTGCTECTTEECT TG |ARACAGCARCANGECARGT
1109100 EY17X_1109100 Caminal 44 s il il o
CGEGETACCCARTARATAG |CATGLCATGGCAGTTTATCD| GO TATTGTGARGTCTATATGAC |ARACACTTGETCATATAGAT
s521500 7
YT 0521500 Crermina) 54 TEEAAACARA CCTAATAAAT CAAGT TTcAC
P - CGGSCTACCCCOORAGEA [CATGC A STTGTCCAGTT|COGC o CRARARARGAG |CCCC T AACGTGTGOCTAR | IATTAATCAGAGGATGARGT [ AAACTGCARCTICATCCTCT
1311800 FYI7X 1311300 Crsrminal A CCAATCTTTTG AATACA AAGTATGTTC TGCA GATT
p— [m——— [P— CECAAC LTI GRTATIATST c.qu::ﬂ“m‘rrm‘rmca CCBCTCGAGATEGARCARA | COCC TTAAGACCTGTITATC | TATTGTAARTATGAAGGEAR | ARACTCCTCCTCCCT TCATA
B o CaTGC:&T_.:ﬁTCTATI'I’C& CCGLTCGAGCATACAAATA |COCCTTAAGTATGCCAGCTT | TATTGCATATGCACATTATC |ARACCTTTTGATAATGTGCA
1357300 EY17X_1357300 Caminal 44
- TTAATACAAC AATTIT GTATGCCAG AAAAS TATGC
B e e Fer S P e e CCGGAAT TCCTARTGATCTG| TATTGCCCTT TATGGCTACT |ARACTARTAGGTAGCCATAR
YT 1235500 Crermina) 54 GAGATARA TATTTGTCTITAAMAG TGAACTTAGC TIAATTGC TATT: AGGGC |
- CCOCAAGCTTGGAARAGGTC |CATGCCATGGTTCATACCCT | CCGCTUGAGAAG CET|CCGGAATTCGTAACTTGCTT | TATTGACAGAGATAGAGGEE |AAACTCTCTGCCTCTATCTC
-7 T 4,
ur-ToK FYITR 1144300 Crterminal shyc CTICTAGGES TCATTATGATC ARAAATATCATAAT AAAATGACA AGAGA TaTC |
i [——— [Ep—— CCCAACCTICAGGATTTGT | CATGCCATCCTERTTGEG |GCGCTCoASCCTTITITTIT | CGCTTANCECATATLTT |IATIGTATGICGATATICAC | ARACARATACARTATEEA
S CATATAETTEA| ATE A S ECTCATTRTTT [CEBL T o CoCARTTARE | SAae Al SAGTATATAL ARACTEGGEARNCATAGTET
utc EY17X_1426500 Caminal M
- L CCASTAGET TTATITACARRATITEC | GGAAGTATAT ACGTTCGAAA cooo GCTCT
Diagnoeltc PCR primere for C-tarminal tagging
pe— [Eem—— — GEATAARATGETTGAAGTTA | GOTTARARGLTAARRAGET | TGARAATATGCARCARCCE | oo o oo
fe— e p— ——— CEATARRATCCTIGAAGTTA| CETTARRAGCTARRRACEL | TEARRATATCERACARCES |10 aTroracoTaTACACOAR
Ropm1 EYITX_0T16700 C4aminal HA-TurbolD CERTRARATECTTGAASTTA| ECTTAAAGCTARMARGSC | TCAMRATATECAACAACCE | reaTTeTACCTRTACACCAS
fe— [ —— e LS A TuDoiD | SOATPARAT GG T TGARGTTA | CETTARAAGCTARARAGEE | [SAARATATGCAACARCCE | 1GATTCTACCTGTACACCAS
pe— [Em—— — CEATAARATCETTGAAGTTA| CETTARRAGCTARRRAGEL | TEARRATATCERACARCEE | 1o TToTACOTRTACACOAR
= S
finesings EY17X_0204100 CErmingl BA TTAATARACAAACTAGTTGS | S| CETARAETTCARARAT | BECACCARABATCTEARAE | cocacTTacaTATTTCGARA
FFig EY17X_0813000 Caminal E4A CTAATGAGTCATCTGATGAT | TATAGTAAGAAATAGCAGAC | CACACCTGGATATTCTGAAR | CCTTGAAGTAATCTTATCAC
anct EY17X_0B03500 CAerminal 64A CETTAAGATATECAACTETC | TACAARAATAGCARACGETT | SAMTCTEAMMEATAMT | creTocascasaTTTASATS
ac7 EY17X_D510500 Carmingl B4 GACCATEAATCAAATTCGAR | ACAGGTTAAARATTARACE | SCCATCCATCCATAGCARA | e aaTTTETTCTAMCTE
P vTH 1281500 —— gammrmmmwlwmwamm AGATGGATCEGTAGETCAT | 5o ooToTTAGTATGTOTARG
- GEAGEAG | ATCATTCEET
oz JE—— f— CCCATRAGTTGARTARGCAT o o oA GTGTTTTCATCRE | o TAT T TGTAGGAGGAS ATCATTCCCTATATTTCET
1100100 EY17X_1108100 CAerminal 64A TCTACAAAAGAGEAAGCTTC| TTCCATCTTATATERACCCL | GACACTTACAATAATGACGA | SEEAABCACAATTARCAAT
0521500 EY1TX_0521500 C-terminal 6+A E'“GGTMTMT”GT*C‘” AACTTCCATGATATTTTGAG |ATTTATTAGGGGATAAACTS | TETGTATATTGACAACATCS
1311800 PY17X_1311500 Czrminal 644 ATAGGAAARACTGGATTTCE | TCCCTTTGTTTTITTTCGETTG GWGG“TWG'ITGG'\TG GEOCTAAGCCARAGARTGA
pr— E—— f— ARPACTGCAGGAGARRATE |COGGGCARGEEGTATATIT |CAACTICCGATARTTCARTA | ACAATATGCCACETGCACA
o - c =] =] A
1335000 EY17X_1335500 CAerminal 64A CTGATGATATTTITGARACS |TAGGARATATGAATTAGGAS| AAAATCCAGABATECAMA | iroaTTATEERATATAGTE
o [—— [Ep——— TACCTAGAAGATTAGGARE |TATCATI TGGAATATCARAG | GOCASGARAATGEAGARTA |CCCTATATATGTERTTATAT
7 TX_ G T c
ut-A EYI7X_1407100 Carminal 4Mye GAAARTGTTAATACTGARGE |CTACATATATTGTGCETTTT |AGTTAAAAATATCATATECS |TAACGGATGGTTAGATAAGA)
ur-c EY17X_1426500 CAerminal dMyc grc;... TATTGCEATATATAT |<_'°';T MCTTAAMCATTTCATET | s ATGAATAAAGAMATGE | CEEAATAACTECTCATTTAT
Diagnoeltc PCR primere for N-tarminal tapging
Gene name Gena ID Tag P5 | Pe BT e
1323000 PY17X_1323900 Neterminal HA SCECEERATEATEEARAR (ACTRATGAAGECEACTCA | GTTCTTTTACCTTTCCTTGT |GGAAAGETTTTGTGTARCTA
Kinesinge EY17X_0204100 NzmInal E4A GTTTACTCTCTTGTCCACAT |GATCCTRCACATTTTTAAGA | GTGEATCTACTTGATATACT | CATCATARTATTGAGTTTTA
FFig EY17X_0815000 N-terminal 64A CLARAMATGTAGACANTAAT | cCACCTATTATAATCGTCAA | AAAAAATTTCACARAARAGE | GGTATGATACCTTTATCAAC
0ilgo sequencas for constructing gens knockout plasmids
T —_——
Gans nams Gene ID {Goualatas | g rblatad 8 arm Target sife of sgriA
gane &lza {bp) Raveraa primar Forward oll; Reverss oll
. - 5 T CCGGAATICGTICCARTGAR| TATTGTAGGGGGGTTAAGT |AAACATAGTAGCTTARGECE
Ropmi EY17X_0T16700 190411804 iy e T
p CGGGETACCCOGRTT CCGGAAT CCTTTCTCTICA [TATTGTTACCCTCAGTATAC |ARACATTTTETATACTGAGE
Kinesings PY17X_0204100 s3T5 Pl st Lt} A Pl
. - GGGCTTAAGCTCRTAATIC |TATTAGTGCATGTGTTTGEA | ARACACAGTCCARACACATS)
FFig EY17X_0S15000 180311808 T it pies
Diagnoetic PCR primere for gens knockout
Gene name Gena ID 3 P12 P13 Pi4
[ [E—— FAGCCARATRART GARACE |G COTAATTTCARAAAT GANGA | e CCACACTCTRRGTALTE | CCTIACARAGGCARACECT
inesingt EY17X_0204100 GTTTACTCTCTTGTCCACAT |STSTCCATTAASTTGTTCTE | STATATATETEEATETACTT | TATGATATTTTTGECGTCTC |CRATECAMCTATAACATCT | SATTCTSTATETTEAGEES
FFig EY17X_0S12000 CARATTATTGTCATATCATC |AAAGCACAATAATGTATTGG |CCTCCCCACTITTAGTACTG | S0 oo | TACABET | SCRACAGTAATACTAGESA |4 accrreascaTccaTascT
oligo tor RRM dalst
e = Wutation primers Targst alts of agRNA
Forward primer Reverse primer Forward primer Reverse primer Forward ollgo Reverse oligo
; CCGCTo A CCGACAACGAR | GEGCTTAACGEACATATAC | BTARLT CARARARTATRARTEARCEATT ATCTEASEETETCRTATTETETTC: TCATTTA [TATTATTAGAARAATARAART | RAACACAATTTTTATITITET |
A GTTTATCTAA aTATTCTCCT ACE TAT 16T AAT
Ammz2 e NTTGBAGGA| ABGCT A CTGTTATARTCS | CGACACCOTCAGATATICARAGAAMAGCCGARCCTARG | TTBGCTTCTTAGSTTCEECTTTTCTTTGAATATCTGAG | IATICTAAGEEARAGEACE |AMETITATGERTECTTTCE
Diagnostic PCR primere for RRM dedetion
strain ] P2 Ps Pe s e
arrmi LECETETCEETATIETETIE | CTTCAACAGRAATTATTGAA |CTCCTCATTCCACTATTATT | TTTCATTGGAGGAATTCCA [ATTTATATGAGATGACATES
armz GTTGGCAACATATCTGAACT |ATGAGCCAATACATACACAC & CARTEESARCEARTE | aocaaTeascacanacas| SEEEETTRASCTACTATIE | craacTTCanCCATTTTATE
oligo Tor gens in s plasmics
Gene cene D Tag Left homologous Right homologous arm Targst eits of BgRNA
Forward primer Revarse primer Forward primer | Raverss primar Forward ollgo Reverse cllgo
oGG“;TA::Gmemlcm CCATGETITGTGTATT |COGCTCGAGTITATGTCATT |CCGRAATTCGTTCCAATGAA| TATTGOGGACGTTARTCGTA| AAAC TAGG TACGAT TAGLET
Ropmi EYITX_0T16700
e - Neterminal shyc GEAAATACTA TTATITTTCGTCS TITTGAGET |Gac.m GCTA
for in sim gene
Strain M Pz P3 P4
— FAGCGRARTARATGARAS, |BETTRAAAGCTARAARGEE | oA GARARRTAARTACAL |G T TCARAARTGANGA
oliga tor Intron delst
s = Wutation primers Targst alte of agRNA
Forward primar Revarse primer Forward primar Reverss primar | Forward oligo Ravarzs ol
Kinesngn Al (CATGCCAT “‘;G'“Tm 1?0@3:&;':‘;‘_"_0‘“@ GG | Ao TCAACTAAAG GAARACATAACAGATAAAGACAAT TETTATGTTTTCCTTTAGTTGAGTGTATITECGTTT e TEARGCTTGACTAAL mg&marmarwcc
AARAACACAC AGA
FF1gAIT S o T AT | 1™ | TCAGGGTECTTAAMATATTTGCAAGTAATTTTTATC ARATACAATGEEEATARAAATTACTTGCARATATTT T T TGTGTACATACTICA | AMCCACATGAAGTATGTAC
it Al _IC_IEI_%G_"COGGCC"‘T“CT" CEE A CATGCTCTATA | TCAAATACATTATARGTTGCTACATTTTARAGAATT TETAGCAACTTATAATGTATTTGAGAGGAAGCATTT ];ETGC"‘”C”W”“ :‘;_‘22"‘5”“"‘ CTGAAGA




PO CGEEETACCGTACGTACAT |COGGAATTCGTGERARAAA TAT TEAGAACARA [ ARACTTTTTTTGTICTCATTT
110010041 vy s GTTGAGCECGEETTCTAAGCCCTTAGARATATGEAA AAGGECTTAGAACCCECGCTCARCAAGAGT GACAAT s
Diagnostic PCR primera for Intron delstion
strain L_ ] P2 Ps | Pe s e
Kinesngn Al é;w""“' TAGRATECTTARN g#ﬂ'm‘" TTATCTGETIAT | s TTToEaTTCTATAACCES ggc CATTTAARACETS gGGGCT’Gm‘G‘ TCETAL | oo GATAATGAACCATCGATT
FRisAIt ET’CGTGC‘ SETGETTTAL | CoTCACATGAAGTATETACA | CATTTATTARATCAGEETEE | GCACAATAATGTATTGGAAA | CCTABTTGTAATTTCTCAAA (ACGATTTGETTATATATAAT
it Al GUACACGTAATCAAATTTAA |[CTTTARMTETABCARCTT |ooTTerToTCARATACATTA | COATCTGATACTTTCAATGE | TTCARAAAGTAGAAGTATGL | CTGAAARGTACGTTATAAGE
110010041 CATATECARATAATATTTEC | aTTTCTAMGEGCTTAGAAC |ATTGTCACTCTTGTTGAGES (1711 o PACCARAMAR | o o e AGTATATGTAGTT | CTGATTATARAAGGAAAGAC
0ilgo sequencas for constructing bfp reproter assay plasmids
Eﬂr'“|0ﬂ slemant Forward pnlllar Revarse wm" thnl‘lrgal' Forward mm Reverse |I1I|Ir Elpmm alament Forward |I1I|Ir Reverse mr
- " CGGEGTACCGTARAGAGEA| CATGCCATGGCTTTTTITIT CATGLCATGGGEATGETEA | CORCTCEAGTTACTTGTACA 1 3- CCGCTCGAGTGTTCATITIT |COBGAATT COCTGRAGARG
The LT of hsp7id TEATETATGT TTTTAATTGCAA b CAMGEGCGAGGAGCT | GCTCGTCCATGE [T F°LITFL of chuk CTTATTTAT AACAGTCCGA
m bfp sequence Intron bfp saquance Overlap PCR
Forward imer Reverse primer Forward mer FﬂmE imer | Raverse primer Forward mer Reverse imer
[— CATGCCAT GEGGATGGTGA | TAGCCCCACCTTGAAGTT |CGACTICAAGGTTGEEECT TTATITGTAGGAGGACGEE |COBCTCGACTTACT IGTACA| CATGCCAT SGGGATGETGA | COGLTCGAGTTACTIGTACA)
AACATCCTGEE B A
Po— CATGCC AT CCCCATGGToA |CTCAATATACTTGTGECCGT ACGECCACAAGTATATICA | CACCTCARCCTETTTACAT | ATCTARACASSTTCAGCET CATGCCATGCGGATGETGA | COGLTCGACTTACTTGTACA]
ik GCAAGGGCGAGGA TTACGTCEC GTTCTITCCAT ATATTAARAA GAGGEGCGAGE GCAAGGGCGAGGA
— T oo [T A S TSARETTEAC TR ETT CAALTARATARA CTGGCCGATCETARRTARA | TTTTAT [TAGGATCGGGCAL CATGCCATGGGGATGGTGA
i GCAAGGGCGAGGA CTTGATECE ACAAAACAAA AACGTGGAGS CAAGGECGAGGA
r— CATGC ! CCGGATGRTaA AATATGTTACTAGATGTIGT | ACAACKTCTAGTARCATATY TACTITTCAGTATCATSGCC CATGCCATGRGGATGGTGA | CORCTCGAG
GCAAGGGCGAGGA ACGTTATAAGG STCAAG! GCAAGGGCGAGGA GCTCGTCCATGE
[P— o oToh [P AT TSSACET0T | SR ey COCETARTTTAR e e AR R EE | o TR TTOTATA S e e e AT EETa | oo s oh AT eATTTaTATH
Fo— CATGCCAT GRGGATGGTGA [TARGTATTACGTCGACETE TTCTGCTTAGT ICARGGAGE| COGLTCGAGTTACT TG TACA| CATGLCAT SGGGATGET GA | CCGLTCGAGT TACTTGTACA)
1100100 GCAAGGGCGAGGA CTTCAGCTCGA ARATTTTAAA ACGGCAACAT GCTCGTCCATES GCAAGGECGAGGA GCTCGTCCATGE
for casastts Into the p230p locus
] m 3 P s Pe
CRARASTATGATAACGA TACATE TEAGTCARTEETETTC
= TATGATRACGAT | CAC CATC oG EACTGTTCTICTICAGE | AGATEATATCGCTATATATE | GATGCATCTATAACTCCARA | 100 T
0ilgo sequencas for constructing plasmide with axonemal Intron Ineertion Into gep1
T Upstream gep] sequence gep1 saquanca Overlap PCR
Forward primer Reverss primer Forward primer Raverss primar Forward primer Reverse primer
P— CECCGTALCGTCAARTCAT |TASCCCCARCCTTTTICAT TTATITGTAGGATAGATSTA |CATGCCATGGLTTTGAGGA |CGGGEGTACCETCAPATCAT |CATGCCATGGCT TTGAGGA |
= GARGTITS CTGATATAAG TTATITITGT GAGAGTGTGES CEA GAGAGTGTGEE
J— AT O ST O [T A OCA TR T O AR | Sk ey CoTRATARRA | T AT A SR TS | St A R ETTE | e O AT GTET oA | o A SERETTAT
ATAAMAGATS ATceAGCCE ACAAAACAAR GAGAARAGCC GAGGAAGATT CAACTTCATT ATAAAAGATE CAACTTCATT
T Tarpet sits of spRMA
TATTGTATTGATTCCGAGTC |AAACT TTCAGACTCGGAATC
geot-Hnzal pyerdl
P TATTGTTATIGCAAGAGATT |AAACCCATIARTCTCTIGEA
i AATGE ATAAC
for axanemal Intr rted Into gepl
strain ] P2 Ps Pe
gepi-Kingit TATTGAGCTACTGTCAGCAG | ACAAAAATAATACATCTATC g‘*"“'“"“sc‘ CAMAA | o CATTTTTCGGCTTATCAC
gent-FFIGN ACGARAARTT! GTTTATAGAATTG |CBGCTCCATTTTTATTGCAA |CG““" SCAATGATRTCTCATS
Primers for RT-PCR
Kinesnzs F1 CAAAGTTAATCTTCAAGAST |kinesias =1 AGTTCATCTTGCAATCCTTC SYATX_1357300 75 CEAATTTECAGARAGTACS |7y 1357300 RS CEATTTTTTTTCCEATTTIT
Kinesngs F2 GARAACATAACAGATAAAGA |kinasias =2 CTCCTCAAGCATCTTAATAT YATX_1357300 F7 CSOAGARGCTACTEAACTTA |byin_tastaon =7 GTATCATTAAACATGGAATC
FFisF1 CATTTATTAAATCAGGETEE |PFTG R TCGETATTTTCAACTTCATE EYTX_1335500 F1 CRATCAABANGEARATTCE | py17x 1335600 R1 SRACTRTCERARCRACTET
atct Fig CAAGARAATGATGCATTARA |dnct R19 GTAGCGTTGATTTTCCACTA P TX_1452300 F1 CAGCCTGAATATABACCTAA | PY17X_1452800 Ri ATATGCTGTTTAAACTCCAC
atct F20 TTITCTACAACAAGAGAGAAT |dnct R20 GEAGTCATATAATTGATCTT BYTX_1452300 F2 GTGEAGTTTAAACAGCATAT |FY17X_1452800 R2 ATCAGCARAACTTATGTGES
T 75 ?GGG" TTATGATEACET |ancr Re CTTCAAAACATGATTTAACA FY17X_1122300 F1 gcc AGCTATTTTTET |oyi7x_1122300 R1 GTAGAATCCEAABTAATTCS|
ateT F7 CCTACTAATCTTATAACATT |ahe? R7 TTTETATCTCAATARGCTTC EYTX_1122300 F2 CRAATTACTTCEGATTCTAC |PY17X_1122300 R2 TTCCATTTATGATAATCETC
T 75 ATCTGATCCAABAATACAAC |dhe? RE GCTCACGAATATTAGTTCCC S¥1TX_0523500 F1 TRACACCATATAACAATAAC |PY17X_0523500 Rl ATAATGTGAAAAGATCTTCS
aict F3 ACGTTTTAAAGAACAARATS |oict A3 TAATGTATTTGAGAGGAAGT SY17X_0523500 F2 CACCACATCTATCTTACCAS |PY17X_0523500 R2 $GG~“TCW”GWGG
aict F4 EGTCMTMT”GTG“ et Rl 'gg\nmm’rcmm‘rr SY17X_0523500 F3 GACAATATTCCAGACACTAA |PY17X_D523500 R3 ARTTTGTGGARTETCCAGA
aict 75 GCTACATTTTAARGAATTCE |dict RS GCACAATATATATGAGCATS SYTX_0S08300 F4 CAAATTCCGATTTTTACGAT |PY17X_0S08500 Ré CCTTCTTTTTACTCATTAAT
- . AGACAGAGGACTT,
aicz Fi ATGAGTTCCBAARATTTTTE |dic2 R1 TTCAACTTGTATAGCATITS EYTX_0S08300 75 A AATTCA | ovvi7_os08500 RS GTGTETCATCAATTAGTTET
aic2 F2 AAATCTAATATTCCTTATCA |dic2 Rz CTTTGCTGAGATETTARMES S¥TX_0S08300 75 GCTTTCTTATGATGTTAACA |FY17X_0S08500 R CGCATTTGCTTTCTTCGETC
arct F1 ATGCTACAAAACAATCTTAA |dret R1 TTTCAAATTTCTTASCAGAC Y TX_1320300 F1 CEGAABATAACATICAGEA [pv17x_taa0a00 R1 TATGTACTAGTTTTTTCTGE
arct F2 GTCCAACCACTTTAAGATEE|dre? A2 g’rm'ru. VCACATTTACACT BYTX_1320300 F2 CTCATGAAAATTTGEAAGAG |PY17X_1320300 R2 CTCGTCATGTGATTGCTTAA
arct F3 ATTTTGAAGATGATCAABAS |dre? 3 CETTTTATCATTTTCTTECT EYATX_1320300 F3 AARATATTARAATTGAAASC |PY17X_1320300 R3 CATTCATGAGTTTCTTTTGA
ate F1 COCAGCESATAATATCCAR | ne 1 TTTCARAATTTACTTCCTCS PY1TX_0833500 F1 CAGATGGAGTATTAATEES | o7y _geazsnn R E”AMGGGTCGGGG”CT
abc F2 TG“G”“TWTGG“ ohe "2 CETARTTTRATITACETAT PY17X_0833500 F2 amw\coccc;.ﬁccc A8 | evi7x_pessean Rz TATTTAATGCCTCAATTTTC
maz F1 CTAGCTABAGCTATECETA | g = TCAATAGGAACTTGTGAATC PYTX_1341200 F1 GCAGTAATGACARTAGARGT|PY17X_1341200 Ri GEATETCEAGTTTTTATCCT
PYTX_1109100 F1 TTGTCACTCTTETTGAGCEE | FY17TX_1103100 Ri GCTGTGTATATETACGAGTE| BYITX_1341200 F2 AGGATAAAARCTCGACATCS | PY1TX_1341200 R2 TACARATGATACTTTTTGCE
PYTX_1109100 F2 GEETGTETTABAAAAGTTTT |FY1TX_1108100 R2 TTCRAARAGTTCTTCEACAS BYTX_1205400 F10 GAGATTTGTACGAATGTCGA|FY17X_1305400 R10 CCTGACTCCATATTATATCT
PYATX_0521800 F1 CEAAACTEATGTTARAAATA |FY17X_0521800 Ri CTCETCAGAATTAAAGTATT BYTX_1205400 F12 CACRRAGRAGECARTEATS |py17x_1aos40 R1z GTCATTGATAAGTTGATCTS
¥ATX_0521800 F2 CECAGTAAATATAGAGTTAG|FY17X_0521500 R2 TATAAAMACTTCTTCGTCAS BYATX_1305400 F13 GATTCTEAGGAATTTGATCA |PY17X_1305400 R13 CATCATTTAGTTCTTTGCAA
YITX_1311800 F4 ATAGTGTTTTATCCTABATS |FY17X_1311500 Rd GTCTTCTATTTCTCCASTET PY1TX_0415300 F12 CETTEAAMTGTTTCCTCAA [PY17X_0415500 RiZ TCTTATGCATTTTTATCTCC
SYATX_1311800F5 GATATTACCCATAAGGTETS|FY1TX_1311800 RS CETAGCTAARTATCATGTAG BYTX_0415300 F13 GCCACATTTTTACGAAAATG [PY17X_0415500 R13 AGTATGTCTCTGGCCCTTAT
SYTX_1311800 75 ATTRAGATTGTATTCCTTCS |FYITX_1311500 RE ATATCTATATTCATAGACCE BY1TX_0105500 F1 GCTACCTETCTTATTTTATC |PY17X_0105800 Ri ACGTCCTCARACTTGAGETC
PYTX_1323800 F1 GTATTTGCTCGACARARATS |FY17X_1323900 Ri GTCTTTCCAGTTTTATACAC YITX_1216400 F4 E“G"GG"‘““"‘T“" BT evime_1216400 R o TRACTCATARSTTT
SYSTX_1357300F5 AATATAAGCATCTATCACAS |FY17X_1357300 RS GGATCGTTTTATGTATCCAA SYITX_1216400 F5 SECAGACATTAAMAAGABS |py17x_1216400 RS ATCETTTCCTTCTETTTCAG
Primers for RT-gPCR
Laocation Gena ID Forward primer Reverse primer Laocation Gens ID Forward primer Reverse primer
— [E—— SAGTAGE T [ACTCTARAGGCARGALCAG pre— [E——— CAACCCTGARGAGATAGCT |CCCGTTATCTICTICATCAR
a-tubun 2 EY17X_0524100 ATSTTGETEARGCAGGTAT | CAACTTGATCACTGGECATT Knesingn 1 EY17X_0204100 SECTASTTAGATORTACCA | 100 aCTTGACTAACGATAT
uin [ ARG TAT GACEAR  CTTCAGCAGTECATCTTG F—— [ AHGCARGEARRATGCAACE | GAEAGTTARRCARTCAGEA
FRbpm1 EY17X_0T16700 iGmTWG"‘m :.chmcwm TTCCCATTC FF16 1 PY17X_0819000 ATTCCTAGTTGTAATITCTC |CCAATGTGTAARTATTGCAT
1109100 PY17X_1108100 TTGTCACTCTTETTEAGCEE | GCTETGTATATGTACGARTC FFig /22 EY17X_Dg13000 GTGTGTACATACTTCATETG | ST AT oo SEAATETTEA
5833600 EY17X_0B33600 CATGEGTETERRAMAGTE | oocaTTTCOGTTTCATGACT
Primers for RIP-GRCR
Location Gens ID Forward primer Raversa primer Location Gena ID Forward primer Raversa primsr
kinesinge 11 PY17X_0204100 g_?rCchG'l'rhGe\TCGT.&CQ\  TSGOGCTTGACTAACGATAT) it 14 PY1TX_1241500 TTCAAAAACTACAAGTATEC %memmMTMT
inesngd 14 BYITX_0204100 (AAGCAAGGARRATGIAACS | GAGAGTTAAACAATGAGCA dict 13 EY17X_1241500 CTGCATATCCTACACESTT | o o ra ATACACACATTACTAT
PFi8 E1 BY17X_0815000 CLTAGCTAATATTGTTELTE ?:WGWTGCGWM aic2 11 BY17X_0302500 S'S'WTMTMGCWT TCACATACATACTTTTTTAAC
PF16 11 PY17X_0815000 WG"‘"‘TM"”MDC'“TC _?'fc“““"“"' CTTATATA aicz 13 PY17X_0302500 GTTAGAGCATGCTITATAGA | TEARGTAARATTGTGACACT
atict 120 EY17X_DEO3500 CRATCCTRATABGEACCED | rararTiaTeTaTATRAMCE PYTX_1108100 11 EYITX_1108100 CEGTAGCAGTATATGTAGTT |CTAGTTCAATGTTTTCTACA
anct £22 EY17X_0B03500 CCTCCTATAGACGAATCTA | STETTTCTECTTGTEATATA SYI7X_1108100 12 BY17X_1108100 CCCACTTTTTTCAATTCCCE | CASSTATATITATECETATA

PPrimere for obisining fn

wiro franscription templates




Probe Gens ID Forward primer Feversa primer PFrobe Gena 1D Forward primer Feversa primer

TAATACGACTCACTATAGGS | TAATACGACTCACTATAGGS| CTTETACAGS o |

kinesingt |4 probe PY17X_0204100 [AGACTAAAATGGAARACCA |TAAGGTGAATGGTAAAGTTC b | AGAATGGTGAGCAAGGGCS) - i TEET e
GTTAC AGGA |
TAATACGACTCACTATAGGS | TAATACGACTCACTATAGGS| CTTETACAGS o

kinesingd |1 probe PY17X_0204100 [ACGAATGAAAAATTATTTATA |TAAGTTCATCTTGCAATCCT bip-Kingd 1 | AGAATGGTGAGCAAGGGCS) c & TEET T
TAATACGACTCACTATAGGS | TAATACGACTCACTATAGGS)

PF18 E1 probe PY17X_0515000 ACGAAGATAAAGTTCCTATAG (AAAATTTGATTAAATTTGET bip-FF16 1 | AGAATGGTGAGCAAGGGECS) ?TGTMTCGTDC&TG
T7C [AGGA
TAATACGACTCACTATAGGS )

PF16 1 probe PY17X_0915000 (AGACTAAAATCACCTTTAAA (TCAGAATATCCAGGTGTGTA
[ACT

Mote: The blue sequences are designed for the restriction enzyme digestion. The red sequences are T7 promoter sequence.







