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ABSTRACT

Gametocytogenesis, the process by which malaria
parasites produce sexual forms that can infect
mosquitoes, is essential for the transmission of
malaria. A transcriptional switch of the pfap2-g gene
triggers sexual commitment, but how the complex
multi-step process is precisely programed remains
largely unknown. Here, by systematic functional
screening of a panel of ApiAP2 transcription fac-
tors, we identify six new ApiAP2 members associated
with gametocytogenesis in Plasmodium falciparum.
Among these, PfAP2-G5 (PF3D7_1139300) was found
to be indispensable for gametocytogenesis. This fac-
tor suppresses the transcriptional activity of the
pfap2-g gene via binding to both the upstream re-
gion and exonic gene body, the latter is linked to
the maintenance of local heterochromatin structure,
thereby preventing initiation of sexual commitment.

Removal of this repressive effect through pfap2-g5
knockout disrupts the asexual replication cycle and
promotes sexual commitment accompanied by up-
regulation of pfap2-g expression. However, the ga-
metocytes produced fail to mature fully. Further anal-
yses show that PfAP2-G5 is essential for gameto-
cyte maturation, and causes the down-regulation of
pfap2-g and a set of early gametocyte genes acti-
vated by PfAP2-G prior to gametocyte development.
Collectively, our findings reveal a regulation cas-
cade of gametocyte production in malaria parasites,
and provide a new target for transmission blocking
interventions.

INTRODUCTION

Gametocytogenesis in malaria parasites is composed of two
sequential stages; sexual commitment, in which a tropho-
zoite commits to differentiate into a gametocyte rather
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than a schizont, and development, the biological process
by which the merozoite transforms into a gametocyte (1,2).
Identification of the regulators controlling the behavior of
parasites pre- and post-sexual commitment can inform the
design of transmission-blocking interventions for the con-
trol of malaria. Growing evidence indicates that one mem-
ber of the apicomplexan apetala (AP2) transcription fac-
tor (ApiAP2) family, AP2-G, is a master regulator of sexual
commitment in both human and rodent malaria parasites
(3-10). In addition, studies with rodent and human malaria
parasites have shown that additional ApiAP2 proteins, such
as AP2-G2 and AP2-G3, co-regulate gametocytogenesis in
conjunction with AP2-G, suggesting that a regulatory net-
work involving ApiAP2 proteins regulates sexual commit-
ment and gametocyte development (4,6,11-13). However,
the molecular basis for the entire process is not well under-
stood.

In the human malaria parasite Plasmodium falciparum,
epigenetic regulators such as PfHP1 and PfHda2 repress
sexual commitment via silencing of the pfap2-g gene in a
heterochromatic environment, and GDV1 positively reg-
ulates this process by antagonizing HP1 (14-17). In ad-
dition, a metabolic pathway involving lysophosphatidyl-
choline also regulates sexual differentiation during the ear-
liest known events upstream of PfAP2-G-mediated com-
mitment (17,18). However, direct regulators of the pfap2-
g gene remain largely uncharacterized. It was recently
demonstrated that pfap2-g is able to positively autoreg-
ulate itself through the binding of PfAP2-G to its up-
stream regulatory region (URR) (9). Such a positive feed-
back loop likely contributes to a rapid response to envi-
ronmental cues. However, how this feedback is regulated
is not known. Moreover, the molecular mechanism(s) reg-
ulating the entire multi-step process of gametocytogene-
sis remain unresolved. To explore potential mutual reg-
ulation between PfAP2-G and other ApiAP2 factors, we
utilized CRISPR-Cas9-mediated gene disruption to screen
ApiAP2 transcriptional factors that have unknown func-
tions using a gametocyte-producing parasite strain, P, falci-
parum NF54 (19). In addition to PfAP2-G, other ApiAP2
factors such as PfSIP2, PfTAP2-Tel, PfAP2-1 and PfAP2-
exp are known to regulate telomere biology or gene expres-
sion in P. falciparum (9,20-24). Excluding these, the func-
tions of the remaining twenty-two ApiAP2 genes remain
uncharacterised.

Here we report that the ApiAP2 PF3D7_1139300, herein
named PfAP2-GS5, is crucial for both sexual commit-
ment and development via regulation of the transcription
of pfap2-g and/or its downstream target genes. We find
that PFAP2-GS5 suppresses the expression levels of pfap2-
g via binding to the upstream regulatory region directly or
through recruitment to the exonic gene body involved in the
maintenance of local heterochromatin structure, thereby
preventing the initiation of sexual commitment. Removal of
this repressive effect by knockout of pfap2-g5 induces higher
pfap2-g expression levels and disrupts asexual replication,
but parasites fail to develop into mature gametocytes. We
show that PfAP2-G5 is essential for gametocyte develop-
ment through down-regulation of pfap2-g and a set of early
gametocyte genes which are activated by PFAP2-G during
commitment to gametocytogenesis.
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MATERIALS AND METHODS
Parasite culture, plasmid construction and transfection

Plasmodium falciparum NF54 and 3D7 (G7 clone) parasites
were cultured in vitro as described previously (25). Briefly,
parasites were cultured in medium containing 0.5% Albu-
max II with O type fresh red blood cells, and a gas phase
with 5% O,, 5% CO; at 37°C. Ring stage synchronization
was achieved by repeated 5% sorbitol treatments. To dis-
rupt the opening reading frame (ORF) of the ApiAP2 TFs
coding sequence in NF54 and 3D7 wild-types, we gener-
ated CRSIPR /Cas9 knockout vectors (26). First, comple-
mentary oligonucleotides encoding the guide RNA were in-
serted into pL6 plasmid between Xho I and Avr 11 sites. A
~1-kb homologue sequence of the target genes which con-
tained a several bases deletion was then generated using Asc
I and Aff 11 sites by the In-Fusion PCR Cloning System.
To create the GFP-expressing or 3x HA-tag parasite lines,
we prepared transfection vectors carrying the sequence of
gfp or 3x HA-tag, and fused them to the 3’end of pfap2-g5,
pfap2-g or pfap2-g4, respectively. To generate promoter re-
gion mutation in pfap2-g and pfap2-g5_trun_rc parasites, the
same strategy was adopted. Sequences coding different drug
resistance genes were inserted into a pL6 plasmid between
the Af1 11 and Hind 111 sites (see related supplementary Fig-
ures for more details of each construct).

These vectors were transfected to synchronized ring-
stage parasites at ~5% parasitemia with 100 ng of plasmid
sgRNA and 80 pwg pUF-Cas9 by electroporation as previ-
ously described (26). Transfected parasites were selected by
DSMI1, WR99210, G418 or Blasticidin S deaminase (BSD)
according to the selective marker gene used in each plas-
mid. After selection under drug pressure for continuous 2—
3 weeks, the transgenic parasites appeared. To confirm suc-
cessful editing of different genes, parasites were subjected to
PCR diagnosis or PCR-sequencing of integration site with
genomic DNA (gDNA), or Western-blots with total pro-
tein extract lysed in SDS-PAGE loading buffer. The estab-
lished lines were sub-cloned by limiting dilution cloning. All
primers and sgRNA sequences used and the editing posi-
tions are listed in Supplementary Table S1.

Gametocytogenesis assay

Gametocyte induction was performed as previously de-
scribed with minor modifications (27,28). Briefly, parasites
were maintained in culture at < 5% parasitemia at 4%
hematocrit. When cultures reached 3-5% rings, parasites
were synchronized twice in two continuous intraerythro-
cytic cycles by 5% sorbitol solution. Old RBCs were re-
placed by fresh RBCs in the culture following multilayer
Percoll gradient centrifugation at a late stage in the cycle
prior to the gametocytogenesis assay. At day 0, the tightly
synchronized ring-stage culture was adjusted to a 2% par-
asitemia in six-well plates without the addition of fresh
RBCs during gametocytogenesis. The medium of the cul-
ture was changed every day by the addition of 5 ml of com-
plete medium (ICM with 0.5% AlbuMax II) without dis-
turbing the RBC layer at the bottom of the well. From Day
5 (GO), the cultures were treated with 50 mM N-acetyl-D-
glucosamine (NAG) for 5 consecutive days to kill the asex-
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ual replicating forms after sexual commitment. Gametocyte
production rate (%) was determined with reference to the
gametocytemia at day 8 by dividing the parasitemia at day
3 determined by examination of Giemsa’s solution-stained
thin blood smears. Each experiment had three biological
replicates and the experiment was repeated three times.

Quantitative reverse transcription PCR (qRT-PCR)

For qRT-PCR, total RNA was isolated from highly syn-
chronous parasites with a combination of TRIzol (Invit-
rogen) treatment and using a Direct-zol RNA Kit (Zymo
Research) as per the manufacturer’s instructions. 1 pg total
RNA was used to reverse transcribe and dye couple cDNA
as described previously (Takara, No. 2641A). The RT-
qPCR was performed in instrument (Takara, No. RR820A)
on QuantStudio 7 Flex with an initial denaturing at 95°C
for 30 s, followed by 40 cycles of 5 s at 95°C, 20 s at 54°C,
7 s at 56°C, 7 s at 59°C and 27 s at 62°C. The gene Seryl-
tRNA synthetase (PF3D7.0717700) was used as endoge-
nous control. Data were analysed using the AACt method
(29). All qPCR experiments were performed for three bio-
logical replicates. All primers used for gPCR were listed in
Supplementary Table S1.

Fluorescence assay

Live-cell fluorescence microscopy, immunofluorescence as-
says (IFAs) and flow cytometry were performed as de-
scribed (29). For IFA, synchronized schizont-stage para-
sites were lysed with 0.15% saponin and fixed with 4%
paraformaldehyde (Sigma) for 10 min, then blocked with
1% BSA (Sigma) in PBS (Gibco) and subsequently in-
cubated with antibodies on microscope slides. pfap2-g-
gfp::3D7 and pfap2-g-gfp:: pfap2-g5_trun were detected with
primary antibody rabbit anti-GFP (Abcam, ab290), 1:1000.
The secondary antibody (Alexa-Fluor-568-conjugated anti-
mouse, 2 pg/ml, ThermoFisher Scientific) was diluted by
1:250. For live-cell fluorescence microscopy, parasites were
Percoll-purified and centrifuged at 2000 rpm for 3 min. The
pellet was resuspended in 1 ml pre-warmed 1% BSA (Sigma)
in PBS (Gibco). The nuclei of parasites were stained by
Hoechst (Invitrogen, H3570) (1:1000) and incubated for 15
min at 37°C in the dark, after which the cells were pelleted,
washed and resuspended in 100 wl PBS. 5 pl sample was
deposited on a microscope slide and covered with a cov-
erslip. Images were taken using a Nikon A1R microscope
at 100 x magnification, acquired via NIS Elements software
and processed using Adobe Photoshop CS5.

For flow cytometry, schizont-stage parasites of the 3D7
or PfAP2-G-GFP lines enriched by Percoll treatment were
stained with Hoechst as for live-cell fluorescence mi-
croscopy, and subjected to flow cytometry analysis. About
20000 cells were acquired (counting all events except debris)
by gating on size (FSC and SSC) to draw gate 1. All cells
in gate 1 were plotted on FSC-A versus FSC-H and gate 2
was drawn to exclude potential doublets and clumps. Cells
in gate 2 were plotted on SSC versus V450 (Hoechst) and
gate 3 was drawn to select infected cells. Infected cells were
plotted on SSC versus GFP (FITC) and the gate was drawn
on the basis of WT control (3D7 or NF54) and uninfected

RBC population stained in the same way and analysed at
the same time. Flow cytometry data were collected using
the BD FACSVerseTM Flow Cytometer (Cat. No. 651155)
and analysed using FlowJo 10.

Western blots

Synchronized schizont-stage parasites were isolated by
treatment of infected RBC (iRBCs) with 0.15% saponin in
PBS on ice for 10 min. Parasite pellets were washed by 1x
PBS twice, then dissolved in 100 pl 1 x SDS-loading buffer
(Bio-Rad) and boiled at 100°C for 5 min. Total proteins
were loaded onto SDS-PAGE gels with suitable amount
according to the theoretical molecular weight of target
proteins. Proteins were transferred to a PVDF membrane
by semi-dry (Trans-Blot® SD Semi-Dry Electrophoretic
Transfer Cell) for 2 h at room temperature or wet transfer
(Trans-Blot® Cell) overnight at 4°C, and visualized by ex-
posing with the Bio-Rad ChemiDoc XRS system. The anti-
body used in this study was mouse anti-GFP (Sigma), anti-
HA (Roche) and rabbit anti-aldolase (Abcam). The experi-
ment was done with ECL western blotting kit (GE health-
care).

RNA-seq library preparation and high throughput sequencing

RNA-seq analysis were performed as described (30). Briefly,
parasites were synchronized twice to obtain asexual ring
(1015 hpi), trophozoite (25-30 hpi), schizont (4045 hpi)
at continuous timepoints during the process of gameto-
cyte induction. Total RNA was isolated using TRIzol ac-
cording to the manufacturer’s protocol. Further library
preparation for strand-specific RNA-seq was carried out by
poly(A) selection with the KAPA mRNA Capture Beads
(KAPA), and fragmented to about 300400 nucleotides (nt)
in length, then all subsequent steps were performed accord-
ing to a KAPA Stranded mRNA-Seq Kit Illumina platform
(KK8421) and sequenced on an Illumina HiSeq Xten sys-
tem to generate 150 bp pair-end reads.

ChIP-seq and ChIP-qPCR

ChIP-seq assay was carried out as previously described with
minor modifications (9,31). Synchronized parasites at dif-
ferent stages were harvested and cross-linked immediately
with 1% paraformaldehyde (Sigma) by rotating for 10 min
at 37°C, then quenched with 0.125 M glycine for 5 min. The
culture was resuspended with 1x PBS and parasites were
released from iRBC with 0.15% saponin for 10-15 min on
ice. The washed nuclei were isolated by incubation with 2
ml of Lysis Buffer (10 mM HEPES pH 7.9, 10 mM KCl,
0.1 mM EDTA pHS.0, 0.1 mM EGTA pH 8.0, 1 mM DTT,
0.25% NP40, 1x protease inhibitors cocktail) for 30 min on
ice, and followed by dounce homogenization for 100 strokes.
Afterwards the nuclei were resuspended in 200 wl of SDS
Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM Tris—HCI
pH&.0) for sonication to generate 200-500 bp fragments in
length for 20 min at 5% duty factor, 200 cycles per burst,
75 W of peak incident power with Covaris M220 sonica-
tor. The sonicated chromatin was diluted ten-fold with dilu-
tion buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA,



16.7 mM Tris—-HCI pHS8.0, 150 mM NaCl, 1x protease in-
hibitors cocktail) and precleared with Protein A/G mag-
netic beads (Pierce) for 2 h. The precleared chromatin super-
natant was incubated with 1 g rabbit anti-GFP (Abcam,
ab290) or rat monoclonal anti-HA (Roche, 11867431001)
and rabbit IgG (Abcam) as control or 3 wg anti-H3K9ac
(Millipore, 07-352) and anti-H3K9me3 (Abcam, ab8898)
and Protein A/G magnetic beads at 4°C overnight with
a small volume of non-immunoprecipitated input mate-
rial kept separately. The protein A/G agarose-antibody-
chromatin complex was washed once for 5 min at 4°C un-
der agitation with Low Salt Immune Complex Wash Buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris—
HCI pH 8.0, 150 mM NacCl), High Salt Immune Complex
Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris—HCI pH 8.0, 500 mM NaCl) and LiCl Immune
Complex Wash Buffer (0.25 M LiCl, 1% NP-40, 1% de-
oxycolate, | mM EDTA, 10 mM Tris—-HCI pH 8.0), then
washed twice at room temperature with TE Buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA pH 8.0). Protein—-DNA
complex was eluted with 200 wl fresh Elution Buffer (1%
SDS, 0.1 M NaHCOs;). Crosslinking was reversed by incu-
bating overnight at 45°C and DNA was treated with RNase
A at 37°C for 30 min and Proteinase K at 45°C for 2 h.

ChIP-DNA was extracted using MinElute PCR purifica-
tion kit (Qiagen, 28006), then used to prepare libraries or
analyzed by qPCR. To prepare sequencing libraries, ChIP-
DNA was end-repaired (Epicentre No. ER81050), adding
protruding 3’ A base (NEB No. M0212L), adapter ligation
(NEB No. M2200L), size selection and amplification of li-
braries (KAPA Biosystems, KB2500) with a PCR program:
1 min at 98°C, 12 cycles of 10 s at 98°C, 1 min at 65°C; fi-
nally extended 5 min at 65°C. Amplified libraries were se-
quenced on an Illumina HiSeq Xten system to generate 150
bp pair-end reads. For ChIP-qPCR, values of samples and
control samples were presented as fold enrichment in the
immunoprecipitated sample versus the negative control (a
mock IP performed with non-immune IgG). Two biologi-
cal replicates were used for each ChIP-seq experiment and
three replicates for ChIP-qPCR. Those qPCR primers used
were listed in Supplementary Table S1.

Strand-specific RNA-seq data analysis

Low-quality and adaptor sequences were trimmed from
the reads using cutadapt (v1.16) with parameters: -a
AGATCGGAAGAGC-AAGATCGGAAGAGC —trim-n -
m 75 -q 20,20. Then, the reads were mapped to the P. falci-
parum 3D7 genome (Pf3D7 v32, obtained from PlasmoDB)
using Hisat2 strand-specific mode (v2.1.0) (32) with param-
eters: —rna-strandness RF —dta —no-discordant —no-mixed
—no-unal. Samtools (v1.9) was used to filter low mapping
quality reads and transfer the mapping results from sam
format to position sorted bam format. After that, mapped
reads were subsequently assembled into transcripts guided
by the PlasmoDB gff annotation files (Pf 3D7 v32) using
featureCounts (v1.6.1) with parameters: -M -p -B -C for all;
-s 2 for sense transcripts; -s 1 for antisense transcripts. Fi-
nally, the expression levels of each gene were quantified and
normalized as FPKM (fragments per kilobase of transcript
sequence per million read pairs mapped) based on feature-
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Counts raw outcome in R. Both sense and antisense read
counts were merged for library normalization.

ChIP-seq data analysis

Low-quality and the adaptor sequences were trimmed
from the reads using cutadapt (v1.16) with parameters: -
a AGATCGGAAGAGC -A AGATCGGAAGAGC —trim-
n -m 50 -q 20,20. Then, the reads were mapped to the
P falciparum 3D7 genome (Pf 3D7 v32, obtained from
PlasmoDB) using Bowtie2 (v2.3.4.3) (33) with parame-
ters: -N 0 —no-discordant —no-mixed —no-unal. Samtools
(v1.9) was used to filter low mapping quality reads and
transfer the mapping results from sam format to position
sorted bam format. Next, the duplicated reads were re-
moved by markdup from sambamba (v0.6.8). Then, the
bam files were converted to bigwig files using bamCov-
erage from the deeptools suite (v3.1.3) (34) with parame-
ters: —normalizeUsing RPKM -binSize 10 —smoothLength
30 -ignore Pf3D7_API_v3 Pf_ M76611. The Integrative Ge-
nomics Viewer (IGV) was used to show the signal of ChIP-
seq in certain genomic region in a track view.

Peak calling

MACS2 (v2.1.1) (35) was used to perform peak calling with
the p-value cutoff of 0.01 and threshold cutoff 5-fold. IgG
was used as control. The summit of peaks in intergenic re-
gion were used in further analysis using the BEDTools suite.
The called summits of peaks were annotated to genes us-
ing annotatePeaks.pl from Homer (v4.10.1). Two biological
replicates were used for each ChIP-seq experiment and sub-
sequent analyses focused on genes bound by certain protein
within 5 kb upstream in both replicates. For visualization,
bam files were converted to bigwig files by MACS2 (v2.1.1)
with the parameter —bdg. The bigwig files from ChIP sam-
ple were normalized to IgG sample by bigwigCompare from
the deeptools suite (v3.1.3) and viewed using IGV.

Motif searching

Within 5 kb upstream to each gene, the summits with high-
est score were retained and the £200 bp sequences sur-
rounding these summits were trimmed for motif searching.
Then MEME-ChIP suite (v5.1.1) (36) was used in motif
enrichment analysis. In brief, DREME was used to iden-
tify enriched motifs between 5 and 10 bp in the trimmed
sequences as compared to random P, falciparum genomic
intervals of similar length. CentriMo was used to detect en-
richment of previously characterized functional motifs for
ApiAP2 family in the trimmed sequences. Finally, TOM-
TOM was used to compare the de novo discovered motifs
to previously in silico discovered motifs; a match required
a minimum overlap of four positions. Motif sequence logos
were generated by MEME-ChIP suite.

RESULTS

CRISPR-Cas9-mediated gene disruption screen identifies
the upstream regulators of pfap2-g

A total of twenty-two ApiAP2 genes were targeted for func-
tional disruption via the CRISPR-Cas9 gene editing system
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in the P. falciparum NF54 strain. This approach enables a
rapid preliminary screening of the effects of ApiAP2 pro-
teins on the regulation of pfap2-g expression, though trun-
cated products may be produced in some cases. After two
to three rounds of independent transfection, we success-
fully obtained knockout lines for ten ApiAP2 genes (Fig-
ure 1A). Among these, four members were successfully dis-
rupted by transposon mutagenesis previously (37). These
conflicting results may be due to the failure of complete
loss-of-function of target genes via piggy Bac insertion in the
5'UTR or CDS, i.e. truncated proteins will be also produced
as in the frameshift approach.

We next examined the influence of each ApiAP2 gene
knockout on the mRNA abundance of pfap2-g and
on gametocyte production in vitro. Quantitative RT-
PCR (RT-qPCR) analysis showed that three ApiAP2
genes [PF3D7.1342900, PF3D7.1317200 (putative AP2-
G3), PF3D7.1222400] positively correlated with pfap2-g
transcription and gametocytogenesis, i.e. the knockout lines
exhibited significantly lower levels of pfap2-g transcripts
as well as reduced gametocyte production (Figure 1A and
Supplementary Table S2).

Previously, single-cell RNA sequencing (scRNA-seq) has
been used to investigate the dynamic transcriptome during
sexual commitment in P, falciparum. Notably, two ApiAP2
genes, PF3D7_1139300 and Pf3D7_1222400 were shown to
be transcribed sequentially following the transcription of
pfap2-g, suggesting their involvement in sexual commit-
ment (5). Consistent with this, our functional screen of
the ApiAP2 family validated the positive regulatory role of
Pf3D7_1222400 in gametocytogenesis (Figure 1A and Sup-
plementary Figure S1). As two AP2-G-associated ApiAP2
factors (AP2-G2, AP2-G3) have been named in malaria
parasites previously (4,12,13), we herein name this factor
PfAP2-G4. Together with PfAP2-1, which is a regulatory
partner of PFAP2-G (9), these PFAP2-G-associated ApiAP2
factors were predominantly transcribed in trophozoites, the
stage at which cell fate is determined for differentiation
into asexually replicating parasites or gametocytes (2). This
suggests a potential ApiAP2-mediated regulatory network
initiated when asexual forms commit to gametocytogen-
esis following environmental cues. In addition, the puta-
tive pfap2-o2 gene knockout displayed decreased gameto-
cyte production, but with no change in pfap2-g gene expres-
sion, suggesting an unknown down-stream function of this
factor on gametocytogenesis.

PfAP2-GS is essential for asexual replication by preventing
sexual commitment

Strikingly, one knockout line, PF3D7_1139300, which we
herein name pfap2-g5, displayed a significant increase in
pfap2-g mRNA abundance compared to the parental NF54
strain, but had a severe defect in gametocyte production
(Figure 1A). Moreover, complementation of the pfap2-g5
gene by a second-round of gene editing, reversing the muta-
tion, rescued the phenotype (Figure 1B-D and Supplemen-
tary Figure S2A and B). This unexpected phenotype in the
pfap2-g5_trun line suggests that the function of PFAP2-G5
is not limited to the commitment stage, and also challenges
the idea that the expression level of pfap2-g is positively as-

sociated with gametocyte production in malaria parasites
(2,10).

We then generated an additional pfap2-g5 knockout line
in the 3D7-G7 strain with a different genetic background
to further validate this finding. This clone undergoes a very
low-frequency of gametocytogenesis due to transcriptional
silencing of the pfap2-g gene (25). We found that although
the mRNA abundance of pfap2-g also increased by 2-5-
fold in the resulting pfap2-g5_trun::3D7 transgenic parasite
line asexual parasites (as observed in pfap2-g5_trun::NF54
line), the gametocyte production rate was significantly re-
duced (Supplementary Figure S2C and D). Western blot
analysis validated the loss and regain of full-length PfAP2-
G5 protein by generation of a GFP-tagging line with the
WT NF54, KO and RC lines as parental parasites (Figure
3B and Supplementary Figure S3). These results for both
pfap2-g5_trun lines indicate that PFAP2-GS is required for
not only gametocyte conversion but also gametocyte devel-
opment.

However, the fact that gametocyte production was not
completely abolished in either line indicates that the
frameshift-based knockout employed here may not com-
pletely disrupt the function of PfFAP2-GS5 due to the pos-
sible presence of truncated products. To investigate this fur-
ther, we generated another loss-of-function line via deletion
of the single AP2 DNA-binding domain (dDBD) within
the coding region of PfAP2-GS5 in 3D7 (here named pfap2-
g5_dDBD) (Figure 2A and Supplementary Figures S4A and
B). Surprisingly, while we observed a much higher expres-
sion of pfap2-g in this line, gametocyte production was com-
pletely abolished (Figure 2B and C). This finding was also
confirmed in the NF54 line (Supplementary Figure S5).

Moreover, an in vitro growth-rate assay revealed a serious
growth defect in this line during the intraerythrocytic stages,
whereas only moderate growth phenotypes were observed
in the frameshift-based KO lines (Figure 2D and Supple-
mentary Figures S2E and S2F). Meanwhile, whole genome
sequencing analysis showed no nonsynonymous mutations
in the CDS of known gametocytogenesis-associated genes
(Supplementary Tables S3 and S4). These data confirm the
essential role of PFAP2-G5 in maintenance of the asex-
ual replication cycle via prevention of sexual commitment
for human malaria parasites. In addition, we note that the
frameshift KO approach may only produce a disrupted phe-
notype for ApiAP2 genes screened in this study (Figure 1A).

To further characterize the gametocyte null phenotype of
pfap2-g5_dDBD parasites, we first generated a C-terminal
GFP-tagged PfAP2-G protein in the WT 3D7 strain (pfap2-
g-gfp::3D7), and performed a second round of CRISPR-
Cas9 transfection to generate two lines of pfap2-g-gfp::
pfap2-g5_trun and pfap2-g-gfp:: pfap2-g5-dDBD) (Figure
2A and Supplementary Figure S4A-D). These GFP-tagged
lines enabled us to evaluate the expression of PFAP2-G at
the protein level upon the loss of PfAP2-G5. A flow cy-
tometry (FACS) quantification assay showed that the pro-
portion of PfAP2-G positive cells was dramatically en-
hanced in pfap2-g5_dDBD parasites (~67%) compared to
WT (~1.5%) or pfap2-g5_trun line (~9%) (Figure 2E and
Supplementary Figure S6A). This result was confirmed by
Western Blot and live-cell fluorescence analysis (Figure 2F
and G).
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Figure 1. Functional screening of ApiAP2 family for gametocyte production. (A) Phenotype summary of a CRISPR—Cas9 knockout screen of ApiAP2
genes in NF54 strains. The transcriptional abundancies of the pfap2-g gene were measured by RT-qPCR analysis for three biological replicates for each
transgenic parasite line at 30-40 hpi. Gametocyte production rates were quantified by measuring the proportion of all gametocytes among infected RBCs,
when mature forms were observed. Expression data of individual stages including asexual rings (R), trophozoites (T) and schizonts (S), and continuous
timepoints over the course of gametocytogenesis (see Figure SA) were measured by RNA-seq. RNA-seq data was normalized as Z-Scores. Conflicting
results between transposon mutagenesis and frameshift-based KO approaches are indicated in red font, and the days on the top of the heatmap indicate the
stages during gametocytogenesis. For detailed information, see Supplementary Table S2. (B) Schematic representation of the constructs of pfap2-g5_trun
and pfap2-g5_trun_rc lines. The pfap2-g5_trun line was used a parental line for the 2" transfection. (C) Fold-change in pfap2-g transcription of pfap2-
g5_trun::NF54 or pfap2-g5_trun_rc::NF54 lines over WT NF54 line in ring (R), trophozoite (T), schizont (S). The data are from two replicates of RNA-seq
analysis. (D) Gametocyte formation rate in NF54, pfap2-g5_trun::NF54 and pfap2-g5_trun_rc::NF54 line. The statistical analysis: ***P < 0.001, **P < 0.01,

*P < 0.05, ‘ns’: not significant (unpaired two-tailed Student’s #-test). The error bars represent s.e.m. for two replicates (C) or three replicates (D).

PfAP2-GS suppresses pfap2-g expression through binding to
the upstream region

To investigate the underlying mechanism of PfAP2-G5-
dependent suppression of pfap2-g gene expression in asex-
ual replicating parasites, we profiled the binding sites of the
two ApiAP2 transcription factors (PfAP2-G and PfAP2-
G)) in the 3D7 genome of asexual stage parasites with
PfAP2-G-GFP and PfAP2-G5-GFP transgenic lines (Fig-
ures 2F and 3A and B). Chromatin immunoprecipitation-
sequencing (ChIP-seq) analysis with two highly repro-
ducible replicates for PfAP2-G5 with trophozoite-stage
PfAP2-G5-GFP parasites using the ChIP-grade commer-
cial anti-GFP antibody (9) revealed that PFAP2-G5 binds to
the upstream regions of 517 genes involved in different phys-
iological processes, such as gametocytogenesis, pathogene-
sis, cell-host remodeling, etc (2,5,9,23,38) (Supplementary
Figures S7A, C, S8A and Supplementary Table S5). De novo
motif calling in PFAP2-G5-binding regions and motif distri-
bution within the URR of pfap2-g gene suggested two puta-
tive motifs (GAACA or AACAA) matching the previously
reported motif (AGAACAA) predicted by utilizing protein
binding microarrays (PBMs) in vitro (39) (E-value = 8.71e—
03 and 3.07e-02, respectively) (Figure 3C and Supplemen-
tary Figure S10B). Further examination revealed PfAP2-

G5 mainly binds within —0.5 to —2.0 kb upstream the start
codon (proximal upstream regulatory region (URR)) of the
target genes (Figure 3D and Supplementary Figures S9A
and B).

The overall mRNA abundancies of the 517 target genes
increased significantly upon pfap2-g5 knockout (Supple-
mentary Figures S7B, D, S8B and Supplementary Table
S5). Intriguingly, the gametocytogenesis-associated group
1 genes exhibited an apparent upregulation compared to
other target genes, suggesting a crucial role for PFAP2-G5
in regulating gametocyte production (Supplementary Table
S4). In addition, the mRNA abundancies of some invasion
and virulence genes also increased (Supplementary Fig-
ure S8B and Supplementary Table S5). This, together with
the phenotypes of PFAP2-GS5 in different parasite strains,
strongly suggests that PFAP2-GS5 is involved in transcrip-
tional repression during gametocytogenesis.

Surprisingly, we observed that both PfAP2-G5 and
PfAP2-G bind to the URR region (2.0 to 3.5 kb) of pfap2-
g and share a similar profile (Figure 3E). Three sub-regions
(R1,R2, R3) were partitioned within the URR based on the
ChIP-signal profiles and motif distribution of PFAP2-G and
PfAP2-G5 (Supplementary Figure SI0A). A motif search
showed that multiple copies of either the PFAP2-G-binding
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Figure 2. Loss of PFAP2-G5 promotes sexual commitment by activating pfap2-g gene but abolishes gametocyte production. (A) Schematic representation
of pfap2-g5_dDBD line (upper) and pfap2-g-gfp line (bottom). DBD: DNA-binding domain. (B) Fold-change in pfap2-g transcription of pfap2-g5_dDBD
over 3D7 line in asexual stages. The data are from RNA-seq analysis with two independent replicates. (C) Gametocyte formation rate in pfap2-g5_dDBD
and 3D7 lines. (D) Growth rate analysis of pfap2-g5_dDBD, pfap2-g5_-dDBD::pfap2-g_ko and vector control lines. (E) FACS assays of PfFAP2-G-positive
sub-population signal with late-stage parasites (3040 hpi) from 3D7, pfap2-g5_trun, pfap2-g5_dDBD lines carrying PFAP2-G-GFP fusion protein. The
detailed gating strategy is shown in Supplementary Figure S6. The nuclei are stained with Hoechst. (F) Western-blot analysis of PFAP2-G-GFP in pfap2-
g-gfp and pfap2-g-gfp::pfap2-g5-dDBD lines by using anti-GFP antibody. The Pfaldolase was used as an internal control. (G) Live-cell fluorescence assays
of PFAP2-G signal (green) with late stage parasites (3040 hpi) from 3D7, pfap2-g5_trun, pfap2-g5_dDBD lines carrying PFAP2-G-GFP fusion protein. The
nuclei are stained with DAPI (blue). Scale bar: 5 pm. The statistical analysis: ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant (unpaired two-tailed
Student’s z-test). The error bars represent s.e.m. for two biological replicates (B), or three replicates (C, D).

motif (GTAC) or PFAP2-G5-binding motif 2 (AACAA or
TTGTT) were present in the URR sequence of the pfap2-
g gene, whereas only two PFAP2-G5-binding motif 1 copies
were distributed within R1 or in the internal site between the
R1 and R2 regions (Supplementary Figure S10A). Com-
parative ChIP-seq assays showed an altered pattern of the
PfAP2-G binding in target genes including pfap2-g upon
PfAP2-GS5 KO (Figure 3E and G). These findings reveal a

reciprocal co-regulation of PFAP2-G and PfAP2-GS5 on the
expression level of pfap2-g.

To explore how PfAP2-G5 and PfAP2-G co-ordinate in
regulating the expression of pfap2-g, we conducted motif
(AACAA or TTGTT) mutation in R1 (S1-mut) or R3 (S3-
mut or S3-del) for PFAP2-GS5 in the PFAP2-G5-GFP::3D7
line using the CRISPR-Cas9 system. A random muta-
tion was introduced in R2 as a control (S2-mut-control)
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Figure 3. PfAP2-GS represses PFAP2-G expression via targeting the URR for maintenance of the integrity of local heterochromatin structure surrounding
pfap2-g gene. (A) Upper: Schematic representation of the construct of pfap2-g5-gfp::3D7. Bottom: Live-cell fluorescence assay of PFAP2-G5-GFP (green).
Nuclei are stained with DAPI (blue). Scale bar: 5 wm. (B) Western-blot analysis of pfap2-g5-gfp, pfap2-g5_trun-gfp, pfap2-g5_trun-rc-gfp lines at schizont
stage. The Pfaldolase was used as an internal control. (C) DREME logos for the de novo motif enriched within trophozoite-stage PFAP2-GS5 binding sites
upstream of its target genes in vivo and the matching reported ApiAP2 binding motif (the top one) in vitro identified by Tomtom (39). (D) The distribution
of PfAP2-G5-binding sites relative to the start codon of target genes. (E) Track view of the normalized signals (Log2-transformed ChIP/input ratio) at the
pfap2-g gene locus for PFAP2-G5 in WT parasites (upper; red) and PfAP2-G in WT and pfap2-g5_trun parasites (bottom; green) in asexual trophozoites.
One of the two biological replicates is shown. Three sites with mutations are indicated by black squares at the bottom. (F) Gametocyte production in
parasites lines shown in the motif mutagenesis analysis (Supplementary Figure S10). (G) Box plots showing PfFAP2-G binding signal (peak enrich score
calculated from MACS2; higher score means higher enrichment) on the PFAP2-GS target genes or non-target genes in WT and pfap2-g5_trun parasites in
asexual trophozoites. The average values from two independent replicates are shown. P value: unpaired Wilcoxon rank test. (H) Box plots showing fold
change (logp) in transcriptional levels of pfap2-g5_trun over WT parasites of target genes bound by PfAP2-GS5 at upstream (ups) regions or gene body
(gb) regions and non-target genes in asexual trophozoites by RNA-seq (the detailed transcriptomes are shown in Supplementary Table S5). The average
values from two independent replicates are shown. P value: unpaired Wilcoxon rank test. (I) Box plots showing fold change (logy) in transcriptional levels
of pfap2-g5_dDBD over WT parasites (red) or pfap2-g5_dDBD::pfap2-g_ko: over WT parasites of different groups of target genes, i.e. only PfAP2-G5-
binding at upstream (ups) regions, only PFAP2-G-binding at upstream (ups) regions, both PFAP2-G5 and PfAP2-G-binding at upstream (ups) regions,
and other non-binding genes for the two factors in asexual trophozoites by RNA-seq (the detailed transcriptomes are provided in Supplementary Table
S9). The average values from two independent replicates were shown. P value: paired Wilcoxon rank test. (J) ChIP-qPCR analysis of histone modification
changes (H3K9me3 over H3K9ac) at the pfap2-g gene locus in WT, pfap2-g5_trun, and S3-mut lines. The target regions for amplification are shown in
Supplementary Figure S10G. Control gene: fba. In the (G-I): Boxes indicate the 25th to 75th percentiles. The horizontal lines within the boxes are the
median values. The statistical analysis: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns: not significant (unpaired two-tailed Student’s 7-test).
The error bars represent s.e.m. for three replicates (F, J).
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(Supplementary Figures SI0A and S11). RT-qPCR analy-
sis showed that pfap2-g gene expression is significantly in-
creased upon either mutation or deletion of the R3 PfAP2-
G5-binding motif, whereas mutation of the R1 PfAP2-G5-
binding motif significantly reduced pfap2-g mRNA abun-
dance (Supplementary Figure S10C). This indicates that
the mutation of the PfAP2-G5-binding motif in R1 may
have interfered with the localization of PfAP2-G at this
site. Meanwhile, ChIP-qPCR showed PfAP2-G5 binding
is almost completely ablated following mutation or dele-
tion of R3 (Supplementary Figure S10D). As a control,
we also conducted motif (GTAC) mutation in R1 (mutl)
or R2 (mut2) for PfAP2-G (Supplementary Figure S10A
an S11). Only the mutl line produced clear phenotypes as
described previously (9) (Supplementary Figures S1I0E and
F). Together, these results confirm that PFAP2-GS5 represses
the pfap2-g gene through binding to the URR. We then
investigated whether parasites bearing mutations or dele-
tions in R3, which leads to pfap2-g activation, were unable
to produce gametocytes as observed in the pfap2-g5_dDBD
line. Strikingly, gametocytogenesis was enhanced in both
the S3-mut or S3-del lines (Figure 3F). The seemingly oppo-
site phenotypes observed following PFAP2-G5 knockout or
binding disruption demonstrate that PFAP2-GS is required
for both sexual commitment and downstream gametocyte
development.

Activation of pfap2-g accounts for the phenotypes of PfAP2-
G5 KO parasites

Considering the potential interaction of PfAP2-G5 and
PfAP2-G, we systematically assessed the overlapping ChIP
target genes between the two transcriptional factors. A to-
tal of 126 genes were bound by both factors at the upstream
regions in trophozoites, and most gametocytogenesis-
associated genes were targeted (Supplementary Figure
S12A and Supplementary Tables S6-S8). However, no di-
rect physical interaction was observed in the Co-IP/WB
analysis, though the fluorescent foci were closely associated
in the nucleus as detected by IFA assay (Supplementary Fig-
ures S12D and E).

We next examined the triple overlapping ChIP target
genes among PfAP2-GS5, PfAP2-G and PfAP2-I since the
coordination of gene regulation between PfAP2-G and
PfAP2-1 has been described recently (9). There are 28
genes co-regulated by the three ApiAp2 factors, includ-
ing gametocytogenesis- and merozoite invasion-associated
genes (Supplementary Figures S12B and C and Supplemen-
tary Table S8). This further supports the hypothesis that
these merozoite invasion genes are involved in gametocy-
togenesis via unknown mechanisms (1,9).

We next evaluated the global effect of PFAP2-G5 KO on
PfAP2-G enrichment at target gene loci. As observed in
the case of pfap2-g, global PFAP2-G binding signals signif-
icantly increased in the pfap2-g5_trun line (Figure 3G). The
mRNA abundances of PFAP2-G5-binding genes were also
significantly elevated (Figure 3H and Supplementary Fig-
ure SOF and Supplementary Tables S5 and S11). These re-
sults raise the concern that the increased expression levels
of PfAP2-G5 binding genes may be a result of either the re-
moval of PFAP2-G5 on the target gene loci, or alternatively,

the activation of pfap2-g. To explore this issue, we generated
a dual gene KO line (pfap2-g5_dDBD: :pfap2-g_ko) (Supple-
mentary Figure S4E), and examined the differential gene
expression pattern with RNA-seq data.

Interestingly, while the overall expression level of those
genes only targeted by PfAP2-GS were unchanged, other
genes bound by PfAP2-G only or both PfAP2-G and
PFAP2-G5 showed decreased expression levels compared
with that of the WT line (Figure 31 and Supplementary Ta-
ble S9). These data not only confirm that PFAP2-G is a tran-
scriptional activator of its target genes, but also suggests
that the de-repression of PfAP2-G5-binding genes is mainly
a consequence of overexpression of pfap2-g upon PfAP2-
G5 KO.

We then examined the growth rate of this dual gene KO
line. Surprisingly, to a great extent, the severe growth defect
of pfap2-g5_dDBD parasites was rescued when the pfap2-g
gene was also disrupted (Figure 2D). Finally, the PfAP2-
G-GFP-positive subpopulation of the pfap2-g5-dDBD line
isolated by FACS-sorting failed into asexual replicating cy-
cles (Supplementary Figure S6B and C). These data confirm
that the activation of PfAP2-G promotes sexual commit-
ment in either NCC or SCC pathways (7), thereby interfer-
ing with asexual replication.

PfAP2-G5 represses gene expression in heterochromatic
genes via chromatin alteration

It is known that heterochromatin levels control the tran-
scriptional activity of pfap2-g (14-16). ChlP-seq data re-
vealed that PFAP2-G5 binds to the exonic gene body of
target genes including pfap2-g (Figure 3E and Supplemen-
tary Figures S9C and D). This raises the possibility that
PfAP2-GS5 may affect gene expression, including that of
pfap2-g, through interaction with the local heterochromatin
structure. To assess this possibility, we then investigated
whether activation of pfap2-g expression following removal
of PfAP2-G5 from the URR is also linked to local chro-
matin alteration at this locus. We performed ChIP-qPCR
analysis for two representative histone markers, H3K9me3
and H3K9ac, with trophozoite-stage parasites from pfap2-
g5_trun, S3-mut or WT line, respectively. Intriguingly, we
observed an alteration of heterochromatin modification
(H3K9me3) surrounding the upstream and coding regions
of pfap2-g gene (Figure 3] and Supplementary S10G).
Previous studies have uncovered several upstream posi-
tive (HP1 (14) or Hda2) and negative (GDV1) regulators
of heterochromatin structure (14-16). Here, no change in
HP1 or Hda2 expression level was observed in the pfap2-
g5 _trun line, whereas GDV1 expression levels were dramat-
ically reduced (Supplementary Figure S13A). This suggests
that PFAP2-GS is critical for the maintenance of the hete-
rochromatin microenvironment surrounding the pfap2-g lo-
cus via a mechanism independent of HP1 and Hda2. More
importantly, this factor is likely able to antagonize the ef-
fect of decreased level of GDV1. We note, however, that the
observed local chromatin remodeling in the two pfap2-g-
deficent lines may be compromised due to the death of sex-
ually committed parasites. An opposing effect of chromatin
alteration (heterochromatinization) on the pfap2-g gene lo-
cus was observed in the pfap2-g4_trun line (Supplementary



Figure S13B), which is consistent with the reduced expres-
sion of PfAP2-G in this line (Supplementary Figure S1G).

The above result suggests that PFAP2-G5 may regulate
heterochromatic gene expression in genes other than pfap2-
g (Supplementary Table S10). In fact, 458 out of 554 hete-
rochromatic genes are also bound by PfAP2-GS5 mostly at
the exonic gene bodies (Figure 4A and Supplementary Fig-
ure SOE and Supplementary Table S11). The loss of PFAP2-
G5 induced chromatin alteration toward euchromatic struc-
ture, i.e. switching from H3K9me3 to H3K9ac, which is fa-
vorable for heterochromatic gene expression (Figure 4B-E).
Of note, the effect of gene dysregulation for those exonic
gene body-binding (gb) targets was relatively weaker than
that of upstream-binding (ups) targets (Figure 3H and Sup-
plementary Figure SOF). Together, these finding suggest a
complementary mechanism of PfAP2-G5-mediated game-
tocytogenesis control.

PfAP2-GS5 is essential for gametocyte maturation through
transcriptional repression of early gametocyte genes

It is important to know at which developmental stage the
PfAP2-G5 KO parasites have been arrested during game-
tocyte production (Figure 5A). Examination of parasite
morphology via Giemsa’s solution-stained thin-smear mi-
croscopy suggests that knockout of PFAP2-GS5 leads to de-
velopmental defects in early gametocytes likely at the GI
stages, though a few GII-like parasites were also observed
(Figure 5B and Supplementary Figure S14). In order to un-
derstand the mechanism underlying the defective develop-
ment of gametocytes in PFAP2-G5 KO parasites, we pro-
filed the dynamic transcriptome of the pfap2-g5_trun:: NF54
line over the course of gametocytogenesis with WT NF54
control as described previously (8) (Supplementary Figure
S15A). In P, falciparum, gametocytogenesis comprises two
sequential processes: sexual commitment (D2-D4) and ga-
metocyte development (D4-D12) as shown in Figure 5SA.
The second process is composed of two stages: early game-
tocyte development (D4-D6) and gametocyte maturation
(D6-D12). Specifically, the developmental stage at D4 cor-
responds to committed schizonts, and that of D5 approx-
imately corresponds to sexual rings (G0). Principle com-
ponent analysis (PCA) of gene expression revealed the tra-
jectory from sexual commitment to gametocyte matura-
tion in WT parasites. In contrast, knockout of the pfap2-g5
gene led to arrest at a time point between sexual commit-
ment (D4) and early gametocyte development (D6). For the
pfap2-g4_trun line, however, a similar pattern was observed
to that observed in the WT NF54 line during gametocyte
development in spite of considerable differences in the pu-
tative ‘commitment cycle’ (Figure 5C).

We then attempted to interrogate this phenomenon at
the gene level by categorizing putative gametocytogenesis-
associated genes into five classes based on the peaks of their
expression over the course of sexual commitment to game-
tocyte development (see the full gene list in Supplementary
Table S4), i.e., early commitment, committed schizont (e.g.
pfap2-g and dblmsp?2), sexual ring (e.g. gexp02 and nup116),
GI (e.g. Pfs16) and GII (e.g. Puf1) (2,5,9,10,16). In general,
these classes of genes match to the continuous developmen-
tal stages of gametocytes during gametocytogenesis, i.e. ¢S
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(early or middle commitment stages, class 1), GO (class 2),
GI (class 3), GII (class 4) and GIII-V (class 5). Dynamic
transcriptome analysis of the pfap2-g5_trun line revealed a
disrupted pattern of gene expression for GIII-V genes, cor-
responding to the stages after sexual rings (Figure 5D and
Supplementary Figures S15B and S15C and Supplementary
Table S4). Therefore, we suggest that PFAP2-G5-mediated
rapid suppression of these early gametocyte genes at sexual
ring stages is critical for the completion of gametocyte de-
velopment. Taken together, we demonstrate that PFAP2-G5
is not only critical for prevention of sexual commitment in
asexual replicating cycles, but is also essential for the devel-
opment of early gametocytes.

PfAP2-G5 and PfAP2-G reciprocally co-regulate early
gametocyte-associated genes

In order to investigate the mechanistic role of PfAP2-G5
in regulating early gametocyte development following sex-
ual commitment, we attempted to identify PFAP2-GS5 target
genes using ChIP-seq analysis with PFAP2-G5-GFP para-
sites harvested at D5 (corresponding approximately to GO0)
(Figure 5A). There are 540 potential PFAP2-GS5 target genes
with binding peaks in their upstream regions at this stage,
and 314 target genes with signals at the exonic gene bodies
(Figure 6A and Supplementary Figure S16A, Supplemen-
tary Tables S12 and S13). Strikingly, of the eight groups of
PfAP2-GS5 target genes, only Group 1, which are involved
in gametocytogenesis, exhibited much higher mRNA abun-
dancies during the stages from sexual commitment and
early gametocyte development in pfap2-g5_trun parasites
(Supplementary Figure S16B). Recent studies have revealed
that AP2-G activates a group of genes during sexual com-
mitment, and it has been hypothesized that they are as-
sociated with early gametocyte development (5,8—10). Im-
portantly, the pfap2-g gene and its target genes are rapidly
down-regulated following sexual commitment by an un-
known mechanism.

We then profiled the transcription dynamics of all
reported gametocytogenesis-associated genes to which
PFfAP2-GS5 is predicted to bind or not, in both the WT and
pfap2-g5_trun parasite lines. Strikingly, gametocytogenesis-
associated genes with PFAP2-GS5 binding, most of which
are early gametocyte (EG) genes, were significantly down-
regulated in WT parasites from D4 onwards and these genes
were released from suppression in the pfap2-g5_trun line.
This suggests that repression of early gametocyte genes is
required for gametocyte development. In contrast, those
genes to which PFAP2-G5 does not bind remained highly
expressed following D4 in both WT and pfap2-g5_trun lines
(Figure 6B). Furthermore, 6-h interval transcription pro-
files of the development of sexual-stage-committed sch-
izonts to sexual rings (9) revealed that both pfap2-g and
pfap2-g5 share a similar expression pattern. Of note, pfap2-
g reached maximal transcription on D4 (the endpoint of
sexual commitment) whereas pfap2-g5 was maximally tran-
scribed at the GO stage (Figure 6C). Taken together, these
results show that low expression of pfap2-g5 at the pre-
commitment stage activates pfap2-g gene expression and
this facilitates sexual commitment. Increasing expression
of pfap2-g5 after sexual commitment is required for the
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of heterochromatin related genes bound by PfAP2-GS5, all target genes bound by PfAP2-G5 and other non-target genes in asexual trophozoites by ChIP-
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¥HREEP < 0.0001, **¥*P < 0.001, **P < 0.01, *P < 0.05, ns: not significant.

maturation of sexually committed forms to gametocytes
(Supplementary Figure S2G).

In addition, the sequential expression peaks of PfAP2-
G and PfAP2-G5 shown in Figure 5C are consistent with
the possibility that PFAP2-G activates pfap2-g5 to repress
pfap2-g itself after EG genes are activated. To address the
potential reciprocal regulation of these genes during sex-

ual commitment and early gametocyte development, we
tagged PFAP2-GS5 endogenously with HA in the pfap2-g-
gfp line (Figure 6D-F), and then performed ChIP-qPCR
analyses for both proteins in parallel from the same para-
site extracts. This enabled profiling of the dynamic binding
of the two regulators on the upstream regions of pfap2-g and
pfap2-g5 in committed schizonts (D4) or sexual rings (DY),
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respectively. Surprisingly, PFAP2-G binds to the upstream
region of pfap2-g5 and pfap2-g at the committed schizont
stage, but binding of PFAP2-GS5 to pfap2-g was observed in
sexual rings. No significant autoregulation of the pfap2-g5
gene was observed, though there was a minor enrichment of
PfAP2-GS on its own promoter (Figure 6G and H). Con-
sistent with this finding, motif mapping analysis revealed
that a cluster of PfAP2-G-binding motifs were present in
the promoter region of pfap2-g5, in addition to the pres-
ence of a small number of scattered PFAP2-G5-binding mo-
tifs (Supplementary Figure S16C). These data confirm the
co-regulation of PFAP2-G and PfAP2-GS5 for early gameto-
cyte development. Moreover, based on the ChIP-seq data,
we speculate that PFAP2-GS5 is also involved in the direct re-
pression of early gametocyte genes activated by PFAP2-G.
The overall ChIP signals of PFAP2-GS5 on early gametocyte
genes were significantly stronger than that of those genes
involved in gametocyte maturation (Supplementary Figure
S16D).

DISCUSSION

The present study uncovers a cascade of multiple ApiAP2
transcription factors involved in gametocytogenesis in
malaria parasites. While many studies have reported that
translational repression is a key mechanism underlying sex-
ual differentiation and development in eukaryotes including
protozoan Plasmodium (40-42), here we describe an entirely
novel repression pathway at the transcriptional level that
controls both sexual commitment and development in hu-
man malaria parasites. As a repressive transcription factor,
PfAP2-GS suppresses the expression of PFAP2-G via direct
binding to its promoter or occupies the exonic gene body for

maintenance of the integrity of the local heterochromatin
environment surrounding the pfap2-g locus in asexual repli-
cating parasites, thereby preventing the initiation of sexual
commitment. When this repressive effect is removed, local
chromatin alteration occurs at the pfap2-g gene locus, which
activates pfap2-g gene expression and recruits PFAP2-G to
the URR region. This positive autoregulation mechanism
then promotes PFAP2-G-positive cells to develop to sexual
commitment. At the late stage of the sexual commitment
cycle, PFAP2-G activates a set of EG genes involved in early
gametocyte development, and upregulates pfap2-g5. Subse-
quently, the expression of pfap2-g and this set of EG genes
appear to be down-regulated by PfAP2-G5 in sexual rings
allowing the maturation of gametocytes (Figure 7). Such re-
ciprocal regulation along with the sequential developmental
stages between the two ApiAp2 factors (and possibly addi-
tional factors including AP2-1 and AP2-G2 (43) (44) rep-
resents a precisely programmed cascade for the regulation
of gametocyte production in P, falciparum (Supplementary
Table S8). Systematic comparative ChIP-seq and RNA-seq
analyses confirm the co-regulation of some genes by the two
physically interacting ApiAp2 factors (Supplementary Fig-
ure S17 and Table S14).

The mechanism underlying the mediation of the dynamic
distribution of PfAP2-G5 in the URR of pfap2-g in re-
sponse to environmental cues remains elusive. In rodent
malaria parasites, the ortholog of PFAP2-G5 has not been
functionally investigated due to failure of a CRISPR-Cas9-
mediated knockout attempt (11). Interestingly, another ro-
dent Plasmodium ApiAp2 protein, PbAP2-G2 (4), is also in-
volved in early gametocyte development via a distinct mech-
anism,; it represses genes associated with asexual replica-
tion via direct binding to their promoter regions, thus fa-
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cilitating sexual differentiation (11). A recent report shows
that the PFAP2-G2 is also involved in gametocyte matura-
tion though repression of early gametocyte gene transcrip-
tion. This finding indicates that PFAP2-G2 is another down-
stream regulator of PFAP2-G. Co-IP/MS analysis revealed
a potential interaction between PfAP2-G5 and PfAP2-G2,
suggesting an essential role for the transcriptional repres-
sion complex of early gametocyte genes for gametocyte
maturation (43). In the future, more experimental evidence
is required to confirm the necessity of EG gene repression
for gametocyte development.

It is of note that there are two pathways underlying the
conversion from asexual replicating forms to sexual rings
(G0), i.e. next cycle conversion (NCC) and same cycle con-
version (SCC). The latter has been relatively neglected fol-
lowing the identification of PFAP2-G as a ‘master regulator’
of gametocytogenesis (4,9), but we now recognize it as an
important complementary mechanism to the classic NCC
pathway (7). PFAP2-G-positive late-stage parasites will di-
rectly develop into sexually committed rings without the
sexual commitment cycle. Though it is unclear as to the ex-
act contribution of the SCC pathway to gametocytogenesis,
both pathways are dependent on the presence of PFAP2-G5.
The accumulation of PFAP2-G upon the removal of PfFAP2-
G5 from pfap2-g gene locus may trigger either NCC or SCC
for the production of sexual rings. It is likely that both will
be arrested at the early gametocyte stage due to the absence
of the PfAP2-G5/G2-mediated transcriptional repression
of early gametocyte genes (Figure 7). However, more exper-
iments are needed to validate the involvement of PFAP2-G5
in the SCC pathway.

In other eukaryotes, this mechanism is sometimes uti-
lized to regulate non-coding (45) or protein-coding gene ex-
pression, e.g., direct promoter repression by BCL11A con-
trols the developmental transition between fetal and adult
hemoglobin in humans (46). These findings reveal complex
roles of transcription factors in regulating biological pro-
cesses. In conclusion, our study provides a simplified con-
trol mechanism governing the entire process of gametocy-
togenesis which expands our understanding of the complex
mechanism of transmission in malaria parasites (2,47).
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