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5-methylcytosine (m°C) is an important epitranscriptomic modifica-
tion involved in messenger RNA (mRNA) stability and translation
efficiency in various biological processes. However, it remains
unclear if m°C modification contributes to the dynamic regulation
of the transcriptome during the developmental cycles of Plasmo-
dium parasites. Here, we characterize the landscape of m>C mRNA
modifications at single nucleotide resolution in the asexual replica-
tion stages and gametocyte sexual stages of rodent (Plasmodium
yoelii) and human (Plasmodium falciparum) malaria parasites.
While different representations of m>C-modified mRNAs are asso-
ciated with the different stages, the abundance of the m°C marker
is strikingly enhanced in the transcriptomes of gametocytes. Our
results show that m*C modifications confer stability to the Plasmo-
dium transcripts and that a Plasmodium ortholog of NSUN2 is a
major mRNA m°>C methyltransferase in malaria parasites. Upon
knockout of P. yoelii nsun2 (pynsun2), marked reductions of m>C
modification were observed in a panel of gametocytogenesis-
associated transcripts. These reductions correlated with impaired
gametocyte production in the knockout rodent malaria parasites.
Restoration of the nsun2 gene in the knockout parasites rescued
the gametocyte production phenotype as well as m*C modification
of the gametocytogenesis-associated transcripts. Together with
the mRNA m®C profiles for two species of Plasmodium, our find-
ings demonstrate a major role for NSUN2-mediated m°C modifica-
tions in MRNA transcript stability and sexual differentiation in
malaria parasites.

RNA methyltransferase | gametocytogenesis | epitranscriptomic
modifications | RNA bisulfite sequencing | gene knockout

M alaria is a mosquito-borne infectious disease caused by
unicellular apicomplexan protozoa of the genus Plasmo-
dium. Transmission of these parasites in 2020 caused an esti-
mated 241 million infections and 627,000 deaths globally, a 12%
increase over malaria deaths in 2019 (1). Among the species
infecting humans, Plasmodium falciparum is the most virulent
and accounts for most of these deaths. Plasmodium parasites
have a complex life cycle that alternates between mosquito and
vertebrate hosts, in which the parasites complete numerous
rounds of asexual proliferation in the haploid state and pass
through a brief diploid period following obligatory mating of
male and female gametes in the mosquito midgut (2). During
the proliferation of intraerythrocytic parasites in the vertebrate
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bloodstream, a small fraction of the asexual population commits
to gametocytogenesis, producing sexual-stage gametocytes that
are taken up by mosquitoes in which they emerge from red
blood cells as gametes (3, 4). These cellular developments are
associated with stage-specific and highly dynamic transcriptomes
under the hierarchical control of transcription factors and epige-
netic regulators (3, 5, 6).

Epigenetic regulation at the transcriptional level plays a criti-
cal role in genome expression events and their global outcome.
For example, heterochromatin protein 1 (HP1)-dependent
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heterochromatin modification provides a transcriptionally
repressive microenvironment for the silencing of antigenically
variant genes and ap2-g, a master regulator of sexual commit-
ment, thus determining parasite adaptation and development in
the human host and transmission into mosquitoes (5, 7, 8). Reg-
ulatory pathways, such as RNase-mediated nascent decay, m6A
modification-mediated messenger RNA (mRNA) stability, and
RNA helicase-associated translational repression confer other
important mechanisms for fine-tuning posttranscriptional regula-
tion in malaria parasites (9-11). These findings demonstrate that
the highly dynamic transcriptome of malaria parasites is con-
trolled by a complex but well-organized multilayered regulatory
network.

While DNA methylation has been widely studied as an epige-
netic phenomenon, characterizations of mRNA methylation in
the modulation of transcriptome stability and expression are more
recent (12-14). Reversible mRNA modifications are now known
to be involved in the posttranscriptional regulation of gene expres-
sion in eukaryotes (10). For example, N6-methyladenosine (m°A)
is the most prevalent RNA modification and has been investi-
gated extensively in many eukaryotic organisms, particularly in its
association with various cellular processes, such as cell differentia-
tion, embryonic development, and stress responses. In these
processes, m°A epitranscriptomic modifications are involved
in regulation of mRNA metabolism, translation, decay, and
microRNA biogenesis (10, 15, 16). In malaria parasites, the epi-
transcriptome has likewise been recognized as an important mod-
ulator of posttranscriptional gene expression. Baumgarten et al.
(14) described highly regulated features of m°A mRNA methyla-
tion in P, falciparum, found that these features are associated with
stage-specific fine-tuning of the transcriptional cascade, and sug-
gested that widely distributed m°®A modifications may shape tran-
scriptome expression through effects on mRNA stability during
blood-stage development.

In addition to m°A, RNA modifications such as N1-methyla-
denosine (m'A), m°C, 5-hydroxymethylcytosine (hm>C), pseu-
douridine (¥), adenosine-to-inosine (I), cytosine-to-uridine
(U), and methylation of ribose at the 2’ position (2'-O-Me)
may affect RNA processes, including pre-mRNA splicing,
nuclear export, transcript stability, and translation initiation
(16). Modification of mRNA by m°C is important for diverse
biological processes in bladder cancer, HIV-1 infection, and
developmental progressions of zebrafish, Arabidopsis thaliana,
and rice (12, 17-19), suggesting that cytosine methylation is a
powerful regulator at the epitranscriptomic level (15). In other
studies, pathways involving m>C-modified transcripts have been
found to include DNA repair and homologous recombination
(20). Specific methyltransferases (m>C writers) in various spe-
cies include NSUN2 in humans, TRM4B in A. thaliana, and
OsNSUN?2 in rice. NSUN2 can drive human urothelial carci-
noma pathogenesis by targeting the m>C methylation site in the
HDGF 3’ untranslated region (UTR) (18). TRM4B, by pro-
moting mRNA stability through m°C modifications, influences
the transcriptional levels of genes involved in the root develop-
ment of A. thaliana (12). Mutation of OsNSUN?2 affects photo-
synthesis efficiency in rice (19).

Among binding proteins (m°C “readers”) that recognize
m°C-modified transcripts are the Aly/REF export factor
(ALYREF) in humans and the Y-box binding protein 1 (Ybx1)
in zebrafish. ALYREF is an adaptor that regulates the trans-
port of m®>C-modified transcripts from the nucleus to the cyto-
plasm (13), whereas Ybxl promotes the stability of its target
mRNAs in an m°C-dependent manner (21). A potential m°C
demethylase, ALKBH (an AlkB homolog), was reported more
recently from A. thaliana and is attracting study for its possible
role as an m°C “eraser” (22, 23).

In P falciparum, the DNA methyltransferase homolog
TRDMT]1 has been shown to methylate position 38 of aspartic
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acid transfer RNA (tRNA), where the m°C modification may
modulate translation of proteins involved in pathogenesis, para-
site stress response, and gametocytogenesis (24, 25). More gen-
erally, a number of RNA (cytosine-5)-methyltransferase
(RCMT) orthologs have been predicted from genome analysis
of Plasmodium species, including P, falciparum and the rodent
malaria parasite Plasmodium yoelii (26-28).

The present study was designed to characterize the overall
transcriptome profile and stage-specific dynamics of m’C
mRNA modifications in the asexual replicating forms and
gametocytes of P yoelii and P. falciparum. Our results demon-
strate comparatively high levels of mC mRNA methylation in
the gametocytes of both species. Enhanced stability of m°C
transcripts is likely to play an important role in the processes of
sexual stage development and transmission. P. yoelii and P, fal-
ciparum each carry an ortholog of NSUN2 (PyNSUN2;
PfNSUN?2) that functions as a methyltransferase with a major
role in these m°C modifications of the transcriptome. We show
that P, yoelii gametocytogenesis is disrupted by knockout (KO)
of the Pynsun2 gene and can be reestablished by restoration of
Pynsun2 expression.

Results

Global Profiles of m°C Modification in the P. yoelii and P.
falciparum Transcriptomes. To test for detectable m>C modifica-
tions, dot blot assays were performed with mRNA preparations
from P yoelii and P falciparum mRNAs. Using an anti-m°C
antibody previously shown to detect mRNA m’C modifications
in Oryza sativa (19), our experiments demonstrated the pres-
ence of m°C modifications in schizont-stage parasites of both
Plasmodium species (Fig. 14).

For quantitative assessments of modified nucleotides in the
P, yoelii transcriptome, purifiecd mRNA preparations from P
yoelii were completely digested to mononucleotides, which were
then dephosphorylated and subjected to analysis by triple quad-
rupole liquid chromatography-mass spectrometry (QQQ LC-
MS). Results identified well-known mRNA modifications,
including m°A, the most abundant mRNA modification in
eukaryotes including P falciparum (14, 29). Other modifica-
tions, including m’C, hm’C, m°U, and m’G were detected at
lower levels (Fig. 1B).

To obtain transcriptome-wide maps of m°C modification at
single-base resolution, we performed RNA bisulfite sequencing
(BisSeq) on mRNA preparations from asexual schizont (S) and
sexual gametocyte (G) stages of P, yoelii, and from synchronized
schizonts and three stages of induced gametocytes (5 to 6 d
stage III, 8 to 9 d stage IV, and 12 to 13 d stage V) of P, falcipa-
rum. For each stage, two biological replicates were used for
high-confidence site calling (Dataset S1). The m>C sites identi-
fied between the independent replicates displayed variation and
reproducibility comparable to those of high-quality studies
from other organisms, such as zebrafish, human, and mouse
(21, 30). About one-third of m°C sites were shared between
replicates (SI Appendix, Fig. S14). The methylation levels of
these shared (common) m’C sites were significantly higher
than those of the m>C sites unique to one replicate or the other
(SI Appendix, Fig. S14, box plots). Median fractional methyla-
tion levels at the shared sites were 0.77 for P yoelii schizonts
and 0.15 for P, falciparum schizonts. In comparison, the median
m°C methylation levels were 0.39 for P yoelii day 3 gameto-
cytes, and 0.2, 0.48, and 0.39 for the stage III, IV, and V P, fal-
ciparum gametocytes, respectively (SI Appendix, Fig. S1B).

Examination of complete transcripts harboring m>C modifi-
cations showed that individual transcripts more often carried
these modifications at two or more sites than at just one site
alone, and that a greater fraction of P, yoelii transcripts carried
multiple m°C modifications than did P falciparum transcripts
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Features of m°>C-modified mRNA in malaria parasites. (A) Dot blot assays show detection of m>C modifications in schizont-stage mRNAs (enriched

from total RNA) from P. falciparum and P. yoelii. m>C-modified and unmodified RNA oligonucleotides served as positive and negative controls, respec-
tively. (B) LC-MS/MS signals indicating modified nucleotides from P. yoelii schizont-stage mRNA. Am, 2'-O-methyladenosine; Cm, 2’-O-methylcytosine; Gm,
2'-0-methylguanosine; hm°C, 5-Hydroxymethylcytosine; m°C, 5-methylcytosine; m°U, 5-methyluridine; m®A, N®-methyladenosine; m’G, N’-methyl-2’-gua-
nosine; rA, adenosine; rC, cytosine; rG, guanosine; rU, uracil. (C) Frequency logo displays of the nucleotides proximal to mRNA m®C sites in the schizonts
(S) and gametocytes (G) of P. yoelii (Py), and the schizonts (S) and stage IlI, IV, and V gametocytes (GllI, GIV, GV) of P. falciparum (Pf). (D) Density distribu-
tion of the m°C sites in mRNA transcripts of P. yoelii and P. falciparum. The moving averages (10-bp window) of percentage mRNA cytosine content (light
blue) are lower in the 5’ and 3’ UTR regions than in the CDS, as expected for these species. (E) Integrative Genomics Viewer displays of example transcript
sequence levels and their m°C sites from genes in P. yoelii (Left) and P. falciparum (Right). Vertical red bars indicate the m°C levels detected in specific
parasite stages. The m>C levels were normalized to their corresponding transcript fragment abundance levels before comparison.

(SI Appendix, Fig. S1C and Dataset S1). Frequency analyses of
neighboring nucleotides downstream of the m>C modifications
found that most modifications were at CHH sequences (where
H = A, C, U) (SI Appendix, Fig. S1D) and often in the context
of AU-rich segments (Fig. 1C). We also analyzed the bases
upstream of the methylated sites and found that motifs of
GHC, HHC, and HGC predominated (SI Appendix, Fig. S1D),
which is similar to the case for rice (19).

The large majority of m°C modifications were detected within
the transcript coding sequences (CDSs) (SI Appendix, Fig. S1E),
where most of these m’C sites were located upstream of stop
codons (Fig. 1D) in a different pattern than in human HeLa cells
(13) and zebrafish embryos (21). Fig. 1E presents representative
examples of P yoelii and P, falciparum transcripts that carry m’C
modifications in the 3’ regions of their CDSs.

Profiles of m°C Modifications in the Asexual and Sexual Stages of
P. yoelii and P. falciparum. Results of RNA-BisSeq analysis iden-
tified 7,409 m°C modifications in 527 mRNA transcripts from
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the P, yoelii schizont set (Py17X_S) (Dataset S2) and 9,168 m°C
modifications in 796 transcripts from the P yoelii gametocyte
set (Pyl17X_G) (Dataset S2). In contrast, results from the P, fal-
czpamm datasets showed lower levels of 335 m°C modlﬁcatlons
in 220 asexual-stage transcripts, and 781, 419, and 891 m°C
modifications in 422 GIII, 224 GIV, and 438 GV transcripts,
respectively (Dataset S2).

To further investigate the potential roles of mMRNA m>C modi-
fications in the Plasmodium life cycle, we performed gene ontol-
ogy (GO) analysis on the sets of methylated transcripts from
P, yoelii and P. falciparum. For P yoelii gametocytes, results from
this analysis identified enriched numbers of transcripts relating to
metabolic/cellular processes and sexual development. Correspond-
ingly, for P. falciparum gametocytes, transcripts relating to cellular
and metabolic processes were enriched in GIII stages and tran-
scripts relating to sexual development were enriched in GV stages
(Table 1). In the asexual-stage parasites including schizonts, m°C
modifications were enriched with transcripts having assigned GO
terms of nucleoside transport, nucleic acid metabolic processes,
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Table 1. Gene ontology (GO) assignments for m>C-modified transcripts in schizonts and gametocytes of P. yoelii and P. falciparum

ID Biological processes Result count P value Stage
GO:0007049 Cell cycle 5 9.12E-03 Py.S
GO0:0015698 Inorganic anion transport 2 1.18E-02 Py.S
G0:0090304 Nucleic acid metabolic process 49 1.99E-02 Py.S
G0:0006352 DNA-templated transcription, initiation 4 4.45E-02 Py.S
G0:0006720 Isoprenoid metabolic process 3 4.73E-02 Py.S
GO0:0016310 Phosphorylation 28 9.44E-04 Py.G
G0:0006796 Phosphate-containing compound metabolic process 46 1.31E-03 Py.G
G0:0009166 Nucleotide catabolic process 7 2.20E-03 Py.G
G0:0046031 ADP metabolic process 6 2.27E-03 Py.G
GO0:0046939 Nucleotide phosphorylation 6 7.41E-03 Py.G
G0:0006468 Protein phosphorylation 21 1.24E-02 Py.G
GO:GNF0004 Sexual development 78 1.48E-08 Py.G
G0:0006325 Chromatin organization 5 6.59E-03 Pf.S
G0:0043543 Protein acylation 4 7.73E-03 Pf.S
G0:0000280 Nuclear division 3 2.06E-03 Pf.S
G0:0015858 Nucleoside transport 2 4.82E-03 Pf.S
G0:0031365 N-terminal protein amino acid modification 2 9.38E-03 Pf.S
G0:0015858 Nucleoside transport 3 4.94E-04 Pf.GlII
G0:0009987 Cellular process 159 1.18E-03 Pf.GIII
GO0:0031365 N-terminal protein amino acid modification 3 1.86E-03 Pf.GlII
G0:0006325 Chromatin organization 8 1.78E-03 Pf.GIII
GO0:1901642 Nucleoside transmembrane transport 2 6.26E-03 Pf.GlII
GO0:0008152 Metabolic process 140 4.68E-03 Pf.GlII
G0:0042273 Ribosomal large subunit biogenesis 5 8.46E-03 Pf.GlII
GO0:0007155 Cell adhesion 9 1.65E-03 Pf.GIV
GO:0006811 lon transport 9 9.05E-03 Pf.GIV
G0:0048870 Cell motility 6 4.01E-03 Pf.GV
G0:0051674 Localization of cell 6 4.01E-03 Pf.GV
GO0:0000737 DNA catabolic process, endonucleolytic 2 5.92E-03 Pf.GV
G0:0006415 Translational termination 3 7.60E-03 Pf.GV
G0:0043624 Cellular protein complex disassembly 3 7.60E-03 Pf.GV
GO:GNF0004 Sexual development 43 2.76E-05 Pf.GV

and chromatin organization (Table 1). These features were also
evident in heatmaps of the m’C-modified transcripts, which iden-
tified similarities as well as distinct differences between the tran-
script methylations in asexual stages and gametocytes of the
P, yoelii and P, falciparum populations (SI Appendix, Fig. S2).

m°C-Mediated mRNA Stability Correlates with Gametocyte
Development. Having found that m°C methylated transcripts
were significantly enriched for GO identifications of sexual
development in P yoelii and P falciparum gametocytes, we
focused next on genes involved in gametocyte development. As
previously reported, genes with higher transcript abundances in
gametocytes relative to asexual parasites have important roles
during gametocyte development (31-33). Our search of the
P, yoelii data identified 873 genes with transcript abundances
more than threefold (log, > 1.585) higher in gametocytes rela-
tive to asexual parasites (Dataset S3). Similarly, 462 gametocyte
development-related genes were identified with greater than or
equal to threefold higher transcript abundance in P, falciparum
gametocytes (stage GIII) vs. asexual stages (Dataset S3). On
comparative analysis of these greater than or equal to threefold
more abundant gametocyte transcripts, significantly increased
m°C levels were observed relative to the schizont transcripts of
P 5yoelii and P, falciparum, particularly in the comparison using
m’C-modified stage V gametocyte transcripts (Fig. 2.4 and B).
Our results confirmed the presence of m°C modifications in
transcripts with well-established roles in sexual commitment (3,
5, 6, 34). For example, m°C methylation of AP2-O
(PY17X_0907300) transcripts was not detected in schizonts but
was present at a level of 0.34 along with higher expression of
these transcripts in gametocytes (SI Appendix, Fig. S34). In
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another example, the DEAD/DEAH helicase (PY17X_
0313200), an AP2-G-induced transcript involved in male game-
tocyte development in Plasmodium berghei (5), was found to be
m’C methylated in both asexual and sexual stages of P yoelii.
Similarly, data from P falciparum showed gametocyte-stage
m°C methylation of three transcripts that possibly regulate sex-
ual commitment and gametocytogenesis (2, 3, 23), including
genes whose disruption is known to lead to greatly reduced
gametocyte numbers (GIG, AP2-G2, Pfs16) (2, 3) (SI
Appendix, Fig. S34). However, distinct from AP2-O or AP2-
G2, no detectable m>C modification was found for AP2-G tran-
scripts in either the P, yoelii or P. falciparum malaria parasites.

In view of the above results and m>C stabilization of tran-
scripts known from other systems (18, 21), we asked if m°C
might be associated with mRNA stability in Plasmodium para-
sites. To address this question, we first assessed the abundance
of mRNAs whose m°C levels differed between sexual and asex-
ual parasites, relative to the abundance of mRNAs that showed
no change of m°C levels between these stages. Results from
these comparisons suggested a positive correlation between
m°C level and mRNA abundance in malaria gametocytes rela-
tive to schizonts (SI Appendix, Fig. S3B).

We next studied the half-lives of mRNAs in P yoelii gameto-
cytes that were treated with actinomycin D as a transcription
inhibitor (18). Results from RNA-sequencing (RNA-seq) analysis
indicated that mRNAs with m°C modification had detectably lon-
ger half-lives than those without m>C modification (Fig. 2C and
Dataset S4). Greater protein abundance was likewise found to be
associated with corresponding transcript m>C modifications in
quantification experiments with tandem mass tags (Fig. 2D and
Dataset S5). Although these differences were overall modest
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Fig. 2. Association of m°C methylation levels with transcript longevity and protein expression in gametocytes. (A and B) Heatmaps indicate the expres-
sion of transcripts whose levels are greater than or equal to threefold higher in gametocytes than in schizonts of P. yoelii and P. falciparum. Boxplots
show corresponding m>C levels of those genes at different stages (***P < 0.001, Wilcoxon test). The m>C levels were normalized to their corresponding
transcript fragment abundance levels before comparison. (C) Boxplot and cumulative fraction plots indicate the longer mRNA half-lives of m>C methyl-
ated (red) relative to nonmethylated (blue) transcripts in P. yoelii gametocytes (***P < 0.001, Wilcoxon test). (D) Boxplot and cumulative fraction plots
compare the levels of proteins translated from m°C-methylated (red) and nonmethylated (blue) transcripts in P. yoelii gametocytes (***P < 0.001,

Wilcoxon test).

between the methylated and unmethylated populations, we found
that markedly higher transcript m°C levels in gametocytes were in
important instances associated with 5 to 10x greater abundance
of their corresponding proteins. For example, transcripts for
actin- depolymerlzlng factor (ADF2, PY17X 113890) were signifi-
cantly m°C-methylated in gametocytes but not in schizont stages,
and this methylation was associated with approximately seven
times greater protein abundance in the gametocytes; ADF2 is piv-
otal to the developmental progression of ookinetes to sporozoites
(35). Likewise, m°C modifications of transcripts for the PhIL1
interacting protein PIP2 [putative, PY17X_1015100, involved in
Plasmodium sexual stage development (36)] and for the secreted
ookinete protein PSOP1 [putative, PY17X_ 0621900, involved in
ookinete development (37)] were detected only in gametocytes
and were associated with four to five times greater protein abun-
dance in these stages (Dataset S5).

PyNSUN2 Functions as an mRNA m°C Methyltransferase in P. yoelii.
To identify potential mRNA m’C methyltransferases in P, yoelii,
we searched for orthologs of ANSUN2 and identified four can-
didate sequences: PY17X_0804600, PY17X_0938600, PY17X_
0920500, PY17X_1447800 (which we named PyNSUNI1 to PyN-
SUNA4, respectively) (Fig. 34). Corresponding searches of the
PlasmoDB database (http://www.plasmoDB.org) identified
PF3D7_0704200, PF3D7_1111000, PF3D7_1129400, and
PF3D7_1230600 (PfNSUNl to PNSUN4) as candidate RNA
methyltransferases in P falciparum (Pf3D7_0704200 and
Pf3D7_1111000 have been annotated in PlasmoDB as
tRNA methyltransferases and Pf3D7_1129400 as a ribosome
RNA methyltransferase). Sequence comparisons showed that
individual members of this family are highly conserved between
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P, yoelii and P, falciparum, and that the NSUN1 and NSUN2
sequences have close affinities to orthologs in humans, A. thali-
ana, Saccharomyces cerevisiae, and O. sativa (Fig. 34).

To study the role of these putative m°C methyltransferases in
Plasmodium, we performed experiments to disrupt Pynsun2 in
the P, yoelii 17XNL line and Pfnsun2 in the P, falciparum NF54
line by CRISPR-Cas9 gene editing (Fig. 3B). Functional disrup-
tion attempts of the sunl, sun3, and sun4 homologs were like-
wise made. After a minimum of three independent attempts
with two to three different single-guide RNA (sgRNA) sequen-
ces for each individual homolog (Dataset S6), we obtained KO
lines for three of the eight genes (Pynsunl, Pynsun2, and
Pfnsun2) (Fig. 3C and SI Appendix, Fig. S44). We note that
some of these results differ from those of other studies (38, 39),
which found the PF3D7_0704200 (Pfnsunl) gene to be dispens-
able and PF3D7_1111000 (Pfnsun2) gene to be potentially
essential. Among possible explanations for these differences
are the use of alternative genetic manipulation strategies,
including the choices of selection agent and sequence targets
for replacement or deletion.

We used LC-MS/MS and RNA-BisSeq to compare m°C
modification levels in the schizont-stage transcripts of the
17XNL wild-type (WT) and Pynsun2-KO lines (sexual stage
production by PynsunZ KO parasites was madequate for game-
tocyte comparisons; see below). By LC-MS/MS, m>C/C levels
in the Pynsun2-KO schizonts were reduced by an average of
72% (Fig. 3D). C0n51stent with these results, there was a
marked decrease in the m°C transcript modifications detected
by RNA-BisSeq analysis. In the 17XNL WT schizonts, 7,409
m°C sites were detected in 527 mRNAs, whereas this number
was reduced to 1,845 m°C sites in 265 mRNAs of Pynsun2-KO

PNAS | 50f11
https://doi.org/10.1073/pnas.2110713119

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110713119/-/DCSupplemental
http://www.plasmoDB.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110713119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110713119/-/DCSupplemental

09 P120 antigen Pynsun2-KO
Yni2428p - o @
= PINSUN3 Cas9o + [ —— | bwMWTg 8 8
04 e
100 PyNSUN3 o6 1k 5 ¢ &
99 PINSUN4 o , il LS 1.0- - p5/p6
60— PyNSUN4 ynsun2 [gyTR [ CDS [ 3uTR |
RCM1 ¢ BE ’p_s 3.0-
95— AAHOB084 p5  p7 1.0- oTIp8

100———PMNSUN2 g p oo ko [5UTR | BUTR
L Bhaoe ™ [5UTR [ 3UTR |

1.0-
{PyNSUN1
55 53 NP009529
hNSUN2 p1 p3 WT  Pfnsun2- KO
75 AITRM4B = >
100 OsNSUN2 [suTr | I Pinsun2 [autr] p1/p2
L3 €« € p3/p4
Delete p2 pé
. . Gene KO KO line Gametocyte
Gene ID Plasmodium DB Annotation  name attempt generated  production
5
PY17X_0804600 methyltransferase Pynsunt YES YES Normal 4
3
PY17X_0938600 unknown Pynsun2 YES YES Severely reduced
log=(FPKM)
PY17X_0920500 (cytosine-C(5))-methyltransferase Pynsun3 YES NO NT
PY17X_1447800 sun-family protein Pynsun4 YES NO NT
; ; Gene KO KO line Gametocyte
Plasmodium DB Annotation o
Gene ID name  attempt generated  production @ < o NNl 7
6
PF3D7_0704200 m°C-methyltransferase Pfnsunt YES NO NT 5
4
PF3D7_1111000  m*C-methyliransferase Pfnsun2 YES YES Severely reduced log=(FPKM)
PF3D7_1129400 (cytosine-C(5))-methyltransferase Pfnsun3 YES NO NT
PF3D7_1230600 sun-family protein Pfnsun4 YES NO NT
D E F Cas9 + BHA
p5 p7 ‘
104 axk L, el
_ = — e Pynsun2-KO 5'UTR | 3'UTR
) % 8 ] p6 p8
z 34 et v
z 2 . S (75 pS p7 SHA
< 5] o o o 7 Pynsun2-KO-RC [5'UTR | CDS I 3UTR |
: i g p6 p8
e 1 s N Pynsun2-KO-RC
Q g2 0.257 3
S £ B kb G—am
S ol ] MESTESE
E == 3.0 EL
Bl p5/p6
RN W X0 et W O o e

i o @ o 0 7Ip8

Fig. 3. Identification and verification of PyNSUN2 as a m°C methyltransferase. (A) Phylogenetic analysis of candidate NSUN m>C methyltransferases in
P. yoelii and P. falciparum. Sequences were aligned using ClustalX 2.1. The neighbor-joining phylogeny was performed using MEGA 5.2.2 with 1,000 repli-
cates. (B) Strategies to generate Pynsun2-KO and Pfnsun2-KO parasites. For CRISPR/Cas9-mediated deletion of the Pynsun2 CDS, the left arm (LA) and
right arm (RA) were designed to match sequences in the 5" UTR and 3’ UTR of Pynsun2, respectively. For disruption of Pfnsun2, sgRNA targeting was used
to delete a portion of the CDS (red box) and introduce multiple stop codons downstream. Red thunderbolt indicates the site for sgRNA targeting. PCR
products with indicated primer pairs confirmed the expected differences between the WT and allelically manipulated parasites (single clones: sc1-3, with
the expected amplicon sizes; p5/p6: 1.1 kb for the Pynsun2-KO vs. 2.7 kb for WT parasites; p7/p8: 1 kb for Pynsun2-KO vs. 2.6 kb for WT). Sequence data
confirming the deletion and stop codons in the Pfnsun2-KO parasites are shown in S/ Appendix, Fig. S4A. (C) Summary results from experiments to disrupt
homologs of the NSUN family in P. yoelii and P. falciparum. NT: not tested. Heatmaps show transcript fragment abundance levels from each gene in the
WT parasites, as determined by RNA-seq. (D) LC-MS/MS-determined levels of m>C/C in the poly(A)-selected transcripts of P. yoelii WT and Pynsun2-KO par-
asites (schizont stage). Paired points represent the results of each of two biological replicates showing an average 72% reduction (P = 0.046 by paired t
test). (E) Histogram shows numbers of mRNA m®C sites in schizont stages of WT, Pynsun2-KO and Pynsun2-KO-RC P. yoelii clones. Box plot shows the cor-
responding m>C levels in WT, Pynsun2-KO, and Pynsun2-KO-RC lines (Right) (***P < 0.001, Wilcoxon test). Only m>C sites detected in both replicates were
used for the graphs. (F) Strategy for genetic complementation repair of the Pynsun2-KO with the gene CDS fused with a C-terminal 6HA. (Upper) The
design for the CRISPR/Cas9-mediated gene knockin. LA and RA match sequences in the 5 UTR and 3’ UTR of Pynsun2, respectively. Red thunderbolt indi-
cates the site for sgRNA targeting. (Lower) The expected PCR products from three Pynsun2-KO-RC clones (sc1-3) by the primer sets p5/p6 (1.1 kb for the
Pynsun2-KO line vs. 2.7 kb for the WT and Pynsun2-KO-RC lines) and p7/p8 (1 kb for the Pynsun2-KO vs. 2.6 kb for the WT and Pynsun2-KO-RC lines).

6 of 11 | PNAS Liu et al.
https://doi.org/10.1073/pnas.2110713119 5-methylcytosine modification by Plasmodium NSUN2 stabilizes mRNA and
mediates the development of gametocytes


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110713119/-/DCSupplemental

schizonts (75% and 50% reductions, respectively) (Fig. 3E and
Dataset S2). Corresponding experiments with P, falciparum WT
and Pfnsun2-KO schizonts did not yield adequate signals for
reliable comparisons, either by LC-MS/MS or RNA-BisSeq,
presumably because of the much lower WT m°C modification
levels in P, falciparum relative to P, yoelii schizonts (SI Appendix,
Fig. S14).

In the case of the Pynsunl-KO line, moderately reduced
m’C sites and levels were observed in schizont-stage transcripts
(SI Appendix, Fig. S4B). For transcripts of the ApiAP2,
AROM, SNF2L, and MSRO2 genes known to be involved in
gametocytogenesis (3, 4, 34), no significant reductions of m°C
levels were observed for any of these transcripts in Pynsunl-KO
schizonts, in contrast to the markedly lower m>C levels in tran-
scripts from three of these genes (ApiAP2, SNF2L, and
MSRO?2) in Pynsun2-KO relative to WT schizonts (SI Appendix,
Fig. S4C and Dataset S2).

To examine the NSUN2 subcellular localization, P, yoelii and
P, falciparum parasites were engineered to express NSUN2 as
an HA-tagged form: as either PyNSUN2-HAX6 (six HA tags in
tandem) or PINSUN2-3HA-3Ty1 (three HA followed by three
Ty1 tags) (SI Appendix, Fig. S5 A and B). Immunofluorescence
assay (IFA) and Western blot analyses of these parasites with
anti-HA antibody showed signals indicating the presence of
PyNSUN2 and PfNSUN2 in nuclear extracts throughout the
intraerythrocytic cycle (SI Appendix, Fig. S5 C and D), consis-
tent with its localization in previous studies of other organisms
(17, 19).

By IFA and Western blot analyses with HA-tagged enzymes,
we detected the signal of PYNSUN2 in the cytoplasmic extracts
of P, yoelii, but we did not find a clear PENSUN?2 signal in the
cytoplasmic extracts of P falciparum (SI Appendix, Fig. S5 C
and D). This difference may help to explain the higher median
fractional shared-site mRNA methylation level of 0.77 in P. yoe-
lii schizonts vs. only 0.15 in P falciparum schizonts (SI
Appendix, Fig. S1B). We note that levels of NSUN2 can vary
widely in cell cytoplasms, as has been observed in mouse and
human keratinocytes, SZ95 immortalized human sebocytes
(40), and osteosarcoma cells (41).

To confirm the evidence from KO parasites that Pynsun2
functions as a major m°C methyltransferase, we used CRISPR/
Cas9 allelic modification to reintroduce Pynsun2 to its original
locus in the Pysun2-KO parasite (Fig. 3F and SI Appendix, Fig.
S5E). Comparative analysis of the restored line (Pynsun2-KO-
RC) demonstrated the return of substantial m>C levels, reflect-
ing restored methylation activity (Fig. 3E).

Gametocytogenesis Is Impaired by Disruption of Plasmodium nsun2
and Can Be Restored by Genetic Complementation. Considering
the differentially greater m°C levels in gametocyte vs. schizont
mRNA transcripts and the successful KOs of Pynsunl, Pynsun2,
and Pfnsun2 in blood-stage parasites, we asked if expression of
these genes might be associated with phenotypes of gametocyte
production or development of parasite stages in the mosquito.
Comparative experiments with the KO and WT lines demon-
strated that disruptions of Pynsun2 in P. yoelii and Pfnsun2 in P
falciparum resulted in dramatically reduced gametocyte produc-
tion (Fig. 44). In contrast, gametocyte production by the Pyn-
sunl-KO parasites line was not significantly reduced (Fig. 4B).
The disruption of Pynsun2 affected the production of male and
female gametocytes similarly (Fig. 44), while it showed no
detectable effect on the propagation of asexual parasites (S/
Appendix, Fig. S64). As with m’C modification of the mRNA
transcripts, gametocyte production was successfully rescued by
the restoration of Pynsun2 expression in the Pynsun2-KO-RC
line (Fig. 44).

Consistent with the effect of gene disruption on gametocyte
production, in vitro ookinete conversion rates to mature forms
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were significantly reduced in the Pynsun2-KO relative to WT
parasites; these rates were then rescued by gene complementa-
tion in the Pynsun2-KO-RC parasites (Fig. 4C). Also, the num-
bers of midgut oocysts at day 7 and salivary gland sporozoites
at day 14 were markedly decreased with Pynsun2-KO parasites
(Fig. 4D), suggesting that Pynsun2-KO effects may impair the
development of parasite stages in the mosquito.

To further investigate the association of decreased numbers
of gametocytes with diminished mRNA m’C modification, we
identified transcripts whose m’C levels were significantly
reduced in Pynsun2-KO relative to WT schizonts. Many of
these transcripts were more than threefold changed in Pyn-
sun2-KO vs. WT P, yoelii parasites, including 145 instances of
increased transcript abundance and 473 instances of decreased
transcript abundance (Fig. 4F); these changes were largely
reversed with restoration of Pynsun2 expression in the Pynsun2-
KO-RC line (Fig. 4F and Dataset S7). Among the instances of
reduced abundance, we identified transcripts that have been
reported to be AP2-G-mediated and involved in gametocyte
development (5) (SI Appendix, Fig. S6B). These included tran-
scripts of PY17X_0313200 (DEAD/DEAH), disruption of
which can greatly reduce the number of gametocyte parasites in
P berghei (5). Interestingly, no significant change of AP2-G
expression itself was evident with the Pynsun2-KO (SI
Appendix, Fig. S6C).

Discussion

The results of this study illuminate a landscape of m>C mRNA
transcriptome methylations in the schizonts and gametocytes of
two Plasmodium species, P yoelii and P, falciparum, and show that
these epitranscriptomic modifications are linked to the develop-
ment of gametocytes. Furthermore, the searches for possible
RNA methyltransferases and findings from experiments to KO
and repair the candidate genes indicate that a homolog of the
NSUN2 family plays a major role in these m°C mRNA modifica-
tions. Although little or no effect on the growth of asexual blood-
stage parasites was detected in these experiments, markedly
decreased gametocyte production was found after disruption of
the Pynsun2 homolog in P, yoelii (Pynsun2-KO) and disruption of
the Pfusun2 homolog in P, falciparum (Pfnsun2-KO). Moreover, in
evaluations of Pynsun2-KO infectivity, the conversion rate of ooki-
netes from immature to mature forms was also decreased, sug-
gesting that m°C mRNA modifications may be important both to
gametocyte production and to parasite development following
zygote formation in the mosquito.

m°C modifications can stabilize mRNA transcripts and increase
half-life, and they may also influence the export of the transcripts
for translation in the cytoplasm (13, 21, 42, 43). In the present
work, several transcripts known to be involved in sexual commit-
ment and gametocyte development were found to be m’C-modi-
fied, suggesting a role for this form of posttranscriptional methyla-
tion in the timing and control of their expression. Interestingly, no
m°C modification was found for AP2-G, a master regulator of sex-
ual commitment and development (44-46), nor was there any evi-
dence for a change of AP2-G expression in NSUN2-disrupted par-
asites. These observations suggest that pathways downstream of
AP2-G are epigenetically modulated at the posttranscriptional
level. Transcripts for gametocyte development protein 1 (GDV1,
PF3D7_0935400) showed high levels of m*C in the GIII gameto-
cyte stage (m°C level, 0.941) (Dataset S2), but not in other stages.
GDV1 has been reported to work as an upstream activator of sex-
ual commitment, with peak transcript abundance in schizont-stage
parasites (34). We speculate that the presence of these m*C-meth-
ylated transcripts in GIII stages reflects additional functions of
GDV1 (after sexual commitment) that remain to be discovered.
KOs of NSUN2 and loss of m°C methylation may adversely affect
the stability and translation of mRNA transcripts in these and
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Fig. 4. Reduction of gametocytogenesis in Plasmodium NSUN2 KO lines and its restoration by gene complementation. (A) Gametocytogenesis is mark-
edly decreased in Pynsun2-KO and Pfnsun2-KO parasites relative to high levels in the original WT lines. Repair of the KO in Pynsun2-KO parasites restores
gametocyte production. Error bars represent median and 95% confidence intervals (Cl) (***P < 0.001; **P < 0.01; N.S.: not significant, Wilcoxon test). (B)
No significant effect on gametocyte production was detected after knockout of the Pynsun1 gene. Error bars represent median and 95% Cls (N.S.: no sig-
nificant difference, Wilcoxon test). (C) Markedly decreased ookinete conversion rate in Pynsun2-KO relative to WT parasites as well as Pynsun2-KO-RC par-
asites carrying the restored gene. Data were obtained from two independent replicates. Error bars represent median and 95% Cls (***P < 0.001; N.S.: not
significant, Wilcoxon test). (D) Number of oocysts in mosquito midguts 7 d after blood feeding with WT or Pynsun2-KO gametocytes (Left), and number
of sporozoites in mosquito salivary glands 14 d after blood feeding in the same experiments (Right). The number of mosquitoes dissected in each group
is indicated. Medians and 95% Cls are indicated (****P < 0.0001, Wilcoxon test). (E) Identification of transcripts that are differentially expressed between
Pynsun2-KO and WT parasites at the schizont stage. Transcripts that were found to have greater than or equal to threefold higher or lower levels in Pyn-
sun2-KO vs. WT parasites are marked in red or blue, respectively. (F) Higher or lower levels of transcripts in the KO clone are reversed by restoration of
Pynsun2 expression in the Pynsun2-KO-RC clone (***P < 0.001, Wilcoxon test).

other pathways, resulting in dysregulation and impairment of effec-
tive gametocytogenesis.

As in other organisms (12, 13, 21), the m’C sites of tran-
scripts modified by NSUN2 are found predominantly in the
protein coding regions of Plasmodium mRNAs. However, the
profiles of m>C distributions within these regions differ among
organisms. In the two Plasmodium species studied here, a peak
of m>C levels in CDSs occurs just upstream of the stop codon.
In contrast, the m°C levels in cells from human and mouse cells
or from zebrafish embryos are more uniformly distributed
across the CDSs or are enriched near the translation initiation
sites. A. thaliana shows two peaks of m°C enrichment that flank
the stop codon. Differences in the consensus site logos for m>C
modification are also present between Plasmodium spp. and
other eukaryotes (18, 19, 47). In P, yoelii and P, falciparum, the
target C nucleotide is flanked on each side by a highly AU-rich
sequence, which may in part reflect the correspondingly high
AT content of the genomes and transcriptomes of these two
species.
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Our homology searches for sequences related to NSUN2 iden-
tified other potential methylases, termed Plasmodium NSUNI,
NSUN3, and NSUN4 in this work. Multiple attempts with
CRISPR/Cas9 strategies to KO these different homologs in P. yoe-
lii and P. falciparum yielded only one parasite line with a disrup-
tion of Pynsunl. However, unlike the Pynsun2 and Pfnsun2 KOs,
the Pynsunl-KO line showed little or no reduction of gametocyte
production relative to that of WT P, yoelii. Further investigations
are needed to establish phenotypes associated with Plasmodium
NSUNT1, as well as NSUN3 and NSUN4, which, in light of the
multiple unsuccessful KO attempts, are likely to be critical for
parasite survival. We note that the observed reduction of m’C
methylation in Pynsun2-KO schizonts was to ~30% of the WT
level, as measured by LC-MS/MS and supported by RNA-BisSeq.
Thus, writers other than NSUN2 may also be involved in m>C
transcript modifications of asexual- as well as sexual-stage para-
sites. In addition to its major activity as an mRNA m°C methyl-
transferase in eukaryotic cells (13), NSUN2 can also target tRNA
and vault RNA (48-50). These possibilities, in addition to the
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potential activities of the NSUN-type m>C methyltransferases on
other RNAs, such as tRNA and noncoding RNAs (51), remain to
be explored.

We asked if m°C modifications of schizonts and gametocytes
might be subject to an eraser (demethylase) activity, but to our
knowledge no eraser has been reported from any eukaryote in
which m’C mRNA modifications have been studied (52) In the
absence of an identified eraser, it is poss1ble that m°C levels
simply rise and fall due to dlfferent rates of m>C writer activity
and subsequent degradation of m°C-modified transcripts. This
possibility is supported by the posmve correlation between m>C
status and mRNA stab111ty (half-life) in gametocytes, as well as
the greater average m>C modification to transcript ratios in
gametocytes relative to shorter-lived schizonts (Dataset S2).

m°C-modified mRNA trafficking in mammalian cells is
mediated b;/ ALYREF and other RNA binding proteins (13,
53), and m”C modifications have also been found to have an
important role in RNA transport and function in plants (54,
55). Our searches using the human ALYREF sequence identi-
fied seven genes in P, yoelii and P, falciparum with e-values less
than 0.0004, and searches for Ybxl homology identified one
predicted protein in each of these species with an e-value less
than 0.01 (SI Appendix, Fig. S7). Further studies of these candi-
date genes may help to determme if an ALYREF-like reader in
Plasmodium recognizes m’C-modified mRNAs and facilitates
the transport of the methylated transcripts for expression from
bound complexes in the cytoplasm.

Control of mRNA turnover and translational repression is
critical to Plasmodium sexual development and is mediated by
molecules, including DOZI (development of zygote inhibited),
a member of the DDX6-family of DEAD-box RNA helicases
(56). In the comparative analysis of our data with the DOZI-
bound P. berghei mRNAs reported by Guerreiro et al. (57), we
identified 50 of 246 (20%) homologs of the DOZI-bound
mRNAs that show m>C methylation in WT P, falciparum schiz-
ont and gametocytes (SI Appendix, Fig. S84) as well as 122 of
449 (27%) homologs of the DOZI-bound mRNAs that show
m°C methylation in WT P. yoelii schizont and gametocytes (81
Appendix, Fig. S8B). The transcript abundances and m°C levels
of these homologs have similar dynamics during the gametocyte
development of the two species (SI Appendix, Flg S8 A and B),
suggesting that m°C modifications may function in concert with
DOZI complexes to sequester mRNAs for translational repres-
510n Intriguingly, among the 51 DOZI-bound mRNAs with
m°C methylation 1n WT P yoelll schizont stages, 50 mRNAs
showed reduced m°C levels in Pynsun2-KO parasites, 1nclud1ng
DEAD/DEAH, an AP2-G-induced transcript involved in the
male gametocyte development of P berghei (5) (SI Appendix,
Fig. S8C). Translational repression also occurs in mature sporo-
zoites and is associated with their quiescence in mosquito sali-
vary glands untll blood feeding and salivation (58-60).

Dynamic m >C modifications are vital to gene regulatory net-
works in a diverse variety of biological processes, including
embryogenesis in zebrafish (21) and stages of development in
A. thaliana (12). Global transcriptome fluctuations of 30% in
m°C methylation occur with altered ;)hotosynthems efficiency
and heat tolerance in rice (19); and m’C fluctuations have like-
wise been associated with the maternal-to-zygotic transition
and the development of bladder carcinoma (18, 21). The m°C
modification patterns observed in the present study, including
increased levels of methylation in gametocytes and their loss
following KO of Plasmodium NSUN2, are also associated with
developmental processes of male and female gametocytogene-
sis and progression to mature ooklnetes following fertilization.
Further investigation of these m>C-mediated processes and
those of other epitranscriptomic modifications, such as m°A
(14), in both mRNA and other types of RNA, may yield new
insights into gametocytogenesis, mosquito infectivity, and
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molecular pathways that might be exploited to interrupt
malaria transmission.

Methods

Animal Use and Ethics Statement. All animal experiments were performed in
accordance with approved protocols (XMULAC20140004) by the Committee
for Care and Use of Laboratory Animals of Xiamen University. ICR mice
(female, 5- to 6-wk old) were purchased and housed in the Animal Care Center
of Xiamen University and kept at room temperature under a 12-h light/dark
cycle at a constant relative humidity of 45%, where they supported parasite
propagation, drug selection, parasite cloning, and mosquito feedings.

Parasite Culture and Mouse Infections. P. falciparum strain 3D7 (NF54) para-
sites were cultured and synchronized as previously reported (14). Human
erythrocytes were obtained under approved clinical protocol at the Shanghai
Blood Center. Microscopy of Giemsa-stained thin blood films was used to
monitor parasite development.

P. yoelii 17XNL strain parasites were obtained from the Malaria Research
and Reference Reagent Resource Center (MR4) (https://www.beiresources.org/
About/MR4.aspx). The parasites were injected intravenously or intraperitone-
ally into mice for infection, and parasitemia was monitored by Giemsa-stained
thin blood films. Single clones were obtained by the limiting dilution method
61).

Gametocyte Induction. For the P. yoelii 177XNL strain, gametocyte induction in
mice was performed as previously described (62). Briefly, phenylhydrazine (80
ng/g mouse body weight) was administered to the ICR mice through intraperi-
toneal injection. The mice were infected 3 d later with 3.0 x 10° parasites
through tail vein injection. Gametocytemia typically peaked at day 3 postinjec-
tion. Giemsa-stained blood smears were used to count the number of male
and female gametocytes. Gametocytemia (male, female, or both) was deter-
mined by the ratio of gametocytes over total infected erythrocytes. All experi-
ments were repeated three times independently.

For P. falciparum, gametocyte induction was performed as described previ-
ously with minor modifications (63, 64). The P. falciparum population was syn-
chronized and expanded to 8% parasitemia in culture (4% hematocrit).
Medium changes were performed daily without dilution of the culture and
without disturbing the red blood cell layer at the bottom of the culture dish.
N-acetylglucosamine (50 mM; Sigma-Aldrich, A3286) was used for 5 d to elimi-
nate asexual parasites (46). Giemsa-stained thin blood smears were used to
count the number of gametocytes from day 3. Stage Ill gametocytes were har-
vested on days 5 to 6, stage IV on days 8 to 9, and stage V on days 12 to 13.
Gametocytemia determined on days 8 to 9 was used to calculate sexual com-
mitment (%). The coding regions of the Pfap2-g and Pfgdvl genes were
sequenced in the WT- and Pfsun2-KO parasites and confirmed that no muta-
tions or deletions occurred during the KO process (file GSE159126_qP-
CR_of_gdv1_ap2g.xlsx, available under GEO accession no. GSE159127).

Ookinete Conversion Rate Determinations. Conversion rates to mature ooki-
netes were determined as described previously (65). Briefly, 100 pL of mouse
blood with 3 to 10% gametocytemia from the WT line or 1 to 3% gametocyte-
mia from the KO line was collected and immediately transferred to a 10-cm
cell culture dish (Corning, cat# 801002) containing ookinete culture medium
(RPMI 1640, 25 mM Hepes, 10% FCS, 100 mM xanthurenic acid, pH 8.0) to
allow gametogenesis, fertilization, and ookinete development at 22 °C (66).
For ookinete conversion analysis, samples from 12-h culture were collected for
thin blood films stained by Giemsa solution (Sigma, cat# GS80). The conversion
rate to mature ookinetes was calculated from the counts ratio of mature ooki-
netes (stage V) to total ookinetes (stages | to V). Three biological replicates of
these experiments were performed with identical volumes of infected blood.

Mosquito Maintenance and Mosquito Feeding. Sucrose solution (10%) with
0.5 g/L PABA was used to feed Anopheles stephensi mosquitoes (strain Hor)
(67), which were reared at 28°C, 80% relative humidity, in a 12-h light/dark
cycle. Blood feeding assays were performed at 23 °C. Each anesthetized mouse
with 4 to 6% gametocytemia was used to feed 80 female mosquitoes for 30
min. For oocyst detection, mosquito midguts were dissected 7 d after blood
feeding and stained with 0.1% mercurochrome. For salivary gland sporozoite
counting, salivary glands from 30 to 50 mosquitoes were dissected on day 14
after blood feeding, and the number of sporozoites per mosquito
was calculated.

Gene Homolog Identification and Phylogenetic Analysis of m>C Writer
Candidates. Candidate proteins of the malaria parasite m>C writer complex
were identified by blast search against PlasmoDB database (https:/plasmodb.
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org/plasmo/) using the amino acid sequence of human mRNA m°C methylase
NSUN2 as a query. The amino acid sequences of human, rice, and A. thaliana
RCMT domain family members were obtained from the National Center for
Biotechnology Information database (https://www.ncbi.nm.nih.gov/). Clus-
talX software (68) was used to construct the neighbor-joining phylogenetic
tree with 1,000 bootstrap replicates.

GO Analysis. GO analysis of specific genes were performed using EnrichGO tool
from PlasmoDB (https:/plasmodb.org/). Only terms in the biological process cate-
gory were shown. GO terms with P < 0.05 were considered as statistically signifi-
cant terms. Genes enriched for terms sexual development (GO: GNFO004) were
obtained from a previous study (32) and used for enrichment analysis.

Detailed Methods. Extended descriptions of the dot blot experiments, LC-MS/
MS determinations, transcriptome sequencing, mRNA half-life assessments,
RNA-BisSeq analyses, parasite transfections, proteomics analyses, Western
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