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Abstract

Differentiation from asexual blood stages to mature sexual gametocytes is re-
quired for the transmission of malaria parasites. Here, we report that the ApiAP2
transcription factor, PfAP2-G2 (PF3D7_1408200) plays a critical role in the matu-
ration of Plasmodium falciparum gametocytes. PfAP2-G2 binds to the promoters of
a wide array of genes that are expressed at many stages of the parasite life cycle.
Interestingly, we also find binding of PfAP2-G2 within the gene body of almost 3,000
genes, which strongly correlates with the location of H3K36me3 and several other
histone modifications as well as Heterochromatin Protein 1 (HP1), suggesting that
occupancy of PfAP2-G2 in gene bodies may serve as an alternative regulatory mech-
anism. Disruption of pfap2-g2 does not impact asexual development, but the majority
of sexual parasites are unable to mature beyond stage Il gametocytes. The absence
of pfap2-g2 leads to overexpression of 28% of the genes bound by PfAP2-G2 and
none of the PfAP2-G2 bound genes are downregulated, suggesting that it is a repres-
sor. We also find that PfAP2-G2 interacts with chromatin remodeling proteins, a mi-
crorchidia (MORC) protein, and another ApiAP2 protein (PF3D7_1139300). Overall
our data demonstrate that PfAP2-G2 establishes an essential gametocyte maturation

program in association with other chromatin-related proteins.
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Malariais a life-threatening disease that continues to impact the lives of
millions of people worldwide. According to the latest WHO estimates,
there were 228 million cases of malaria in 2018, resulting in 405,000
deaths (World Malaria Report, WHO, 2019). Malaria is caused by uni-
cellular protozoan parasites belonging to the genus Plasmodium. Of the
six species that infect humans, Plasmodium falciparum has the highest
mortality rate (Weiss et al., 2019; WHO, 2019). P. falciparum exhibits
a complex life cycle with asexual and sexual erythrocytic phases in
the human host, followed by development in Anopheles mosquitoes
which transmit the parasite back to a new host, initiating the pre-
erythrocytic liver stage of infection. Although the cyclic 48-hr asexual
blood-stage is responsible for symptomatic disease and severe ma-
laria, this form of the parasite cannot be transmitted. Rather, in each
round of replication, a fraction of the parasites (<10%) exit the asexual
pathway and undergo sexual differentiation to form male and female
gametocytes, which are transmission competent (Bruce et al., 1989).
Inhibition of gametocyte development is of great interest, because
it would prevent malaria parasite transmission, which is one of the
major goals in the effort to achieve disease eradication (Rabinovich
et al., 2017).

Gametocyte development in P. falciparum is a 9-12 day process,
which is substantially longer than that of other human infecting
Plasmodium species such as P. vivax and the rodent malaria para-
sites P. berghei (26-30 hr) and P. yoelii (36 hr) (Armistead et al., 2018;
Gautret & Motard, 1999; Liu et al., 2011). P. falciparum gametocyte
development is divided into five (stage | to V) morphologically dis-
tinct stages (Sinden, 1982). The earliest phase of gametocyte devel-
opment, stage la, occurs around 24 to 30 hr post-invasion (hpi) and is
morphologically indistinguishable from the young trophozoite stage.
However, there are several well-defined markers of early stage | ga-
metocytes such as Pfs16, Pfg27, and PfGEXP-5 (Alano et al., 1991;
Bruce et al., 1994; Josling et al., 2020; Llora-Batlle et al., 2020;
Poran et al., 2017; Silvestrini et al., 2010). In the human host, stage
Ib to stage IV sexually developing parasites are sequestered in deep
tissues like the bone marrow and only stage V gametocytes freely
circulate in the blood and can be picked up by mosquitoes (Aguilar
et al., 2014; Joice et al., 2014; Venugopal et al., 2020).

Regulation of Plasmodium development is driven by stage-specific
transcription factors (TFs), such as the well-studied Apicomplexan
AP2 (ApiAP2) family of DNA-binding proteins. ApiAP2 proteins are
found among all members of the phylum, and each ApiAP2 protein
contains between one and three Apetala2 (AP2) DNA binding do-
mains (Balaji et al., 2005; Painter et al., 2011). In P. falciparum there
are 27 members of the ApiAP2 protein family. ApiAP2 proteins have
been shown to control all developmental transitions in Plasmodium
(Jeninga et al., 2019; Modrzynska et al., 2017; Zhang et al., 2017).

A master regulator of sexual (gametocyte) commitment, AP2-G,
has been identified in both P. falciparum and Plasmodium berghei,
a rodent malaria parasite (Kafsack et al., 2014; Sinha et al., 2014).
Expression levels of PfAP2-G (PF3D7_1222600) strongly correlate
with the formation of gametocytes, and targeted disruption of the

pfap2-g locus results in a complete block in gametocytogenesis and

downregulation of many gametocyte-associated genes (Kafsack
et al., 2014). Another regulator of Plasmodium gametocyte devel-
opment is AP2-G3. Disruption of pyap2-g3 (PY17X_1417400) in
P. yoelii resulted in significant reduction in the numbers of male and
female gametocytes, day 8 oocysts, and sporozoites, but it did not af-
fect the asexual growth of the parasites (Zhang et al., 2017). The P.
berghei orthologue, PBANKA_1415700, has also been disrupted and
shown to be female specific and essential for female gametocyte de-
velopment, and was thus renamed PbAP2-FG (Yuda et al., 2020). The
P. falciparum orthologue, PF3D7_1317200, was also found to be asso-
ciated with gametocytogenesis (Ikadai et al., 2013), although it has not
been extensively characterized.

AP2-G2 has been shown to play a role in gametocytogenesis in
both P. berghei and P. yoelii (Modrzynska et al., 2017; Sinha et al., 2014;
Yuda et al., 2015). Deletion of pbap2-32 does not inhibit sexual stage
conversion but rather results in the nearly complete loss of gameto-
cyte maturation and a block in transmission to mosquitoes (Yuda
et al., 2015). Yuda et al. reported that this P. berghei transcription
factor is bound to roughly 1,500 genes, or slightly over 1/3 of the
genome during asexual development, and a number of these genes
were upregulated by more than two-fold in pbap2-g2 knockout lines.
In another study, disruption of pbap2-g2 also caused premature ex-
pression of liver stage and sporozoite stage genes during asexual de-
velopment in red blood cells (Modrzynska et al., 2017). Moreover, a
P. berghei liver-stage (LS) transcriptome of P. berghei reported strong
upregulation of pbap2-g2 in early LS that is negatively correlated
with the expression of liver stage-specific transcripts (Toro-Moreno
et al., 2020). Together, these findings suggest that AP2-G2 acts as
a repressor in both the asexual and sexual stages and during early
liver-stage infection in P. berghei. Accordingly, P. yoelii parasites lacking
the pyap2-32 gene had greatly reduced numbers of gametocytes and
oocysts (Zhang et al., 2017). A recent genome-wide knockout screen
suggests that AP2-G2 is also not essential for blood-stage develop-
ment in P. falciparum (Zhang et al., 2018), and may have a role in a later
stage of development.

In this study we explore the function of AP2-G2 in P. falciparum
during parasite blood-stage development. The period of gameto-
cyte maturation for rodent malaria parasites is shorter than in
P. falciparum, making it difficult to discern the developmental phe-
notypes associated with ap2-32 knockouts. Therefore, disrupting
this gene in P. falciparum is of interest due to the longer maturation
period. Furthermore, two studies have reported differences in asex-
ual blood-stage development resulting from pbap2-g2 deletion. On
one hand, Modrzynska et al. observed reduced growth and prema-
ture expression of liver- and sporozoite-stage genes (Modrzynska
et al., 2017). Conversely, Yuda et al. reported that pbap2-g2- para-
sites proliferate normally in blood (Yuda et al., 2015). Another dis-
crepancy regards the impact of the gene deletion on the sex ratio.
Sinha et al. reported a difference in the ratio of male to female ga-
metocytes in pbap2-32- lines (Sinha et al., 2014) while Yuda et al.
observed no such differences (Yuda et al., 2015).

We find that the P. falciparum orthologue of AP2-G2 also plays a
critical role in the maturation of gametocytes. Disruption of pfap2-g2

does not impact asexual development, parasite multiplication rate, or
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commitment to sexual development, but most parasites are unable to
develop normally beyond stage |1l gametocytes. Using transcriptomic
analysis and ChlP-seq we have identified a number of candidate genes
that are bound and regulated by PfAP2-G2. We also identify inter-
acting partners using protein immunoprecipitation followed by mass
spectrometry. Overall our work suggests that PFAP2-G2 is a transcrip-
tional repressor that likely recruits additional transcription factors and
chromatin remodeling machinery to the genome to control gene ex-
pression. PfAP2-G2 plays a critical role in the regulation of the devel-
opment of malaria parasites as they transition from asexual to sexual

parasites, allowing for proper gametocyte maturation.

2 | RESULTS

2.1 | PfAP2-G2is expressed during the trophozoite
and schizont stages of asexual development

The P. falciparum orthologue of AP2-G2, PF3D7_1408200, en-
codes a 18%9kDa protein that contains a single AP2 DNA-binding

domain (Figure 1a). pfap2-g2 is maximally transcribed at the
ring and early trophozoite stages (Bozdech et al., 2003; Painter
et al., 2018) and proteomics data indicate protein expression oc-
curs at the trophozoite and schizont stages (Oehring et al., 2012).
To precisely determine the timing of PfAP2-G2 expression and
its subcellular localization, we tagged the gene at the C-terminus
with GFP (Figure S1a). Using live-cell fluorescence microscopy, we
imaged a highly synchronized PfAP2-G2::GFP parasite population
for one complete asexual replication cycle, every 7 hr beginning
with the newly invaded ring stage (2-5 hpi) revealed that PfAP2-G2
was localized to the nucleus, as expected, and was expressed
from the early trophozoite to the late schizont stages (Figure 1b).
Further confirming the nuclear localization of PfAP2-G2, nuclear
fractionation of trophozoite stage parasites (~30 hpi) showed that
full length PfAP2-G2::GFP (~250 kDa) was only detected in the
nuclear fraction of the parasite lysates (Figure 1c). We also de-
tected other smaller sized peptides indicating that PfAP2-G2 may
be degraded during the preparation of parasite lysate or is pro-
teolytically cleaved. No bands were detected ina WT 3D7 control
(Figure S1b).

(a)
ap2-g2 gene

189kDa, 1702 aa

DIC

(b) AP2-G2::GFP Nucleus
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Merge
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AP2 domain
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FIGURE 1 PfAP2-G2is expressed from around 16-19 hpi in asexual stage parasites (a) Structure of the PfAP2-G2 protein which
contains a single AP2 DNA-binding domain. (b) Live fluorescence microscopy performed on a highly synchronized population of AP2-
G2::GFP parasites every 7 hr of the asexual life cycle showed that PfAP2-G2::GFP colocalizes with the nucleus in both the trophozoite and
schizont stages. DRAQ-5 was used as the nuclear stain. (c) Nuclear and cytoplasmic fractions from synchronized trophozoite stage parasites
expressing GFP-tagged PfAP2-G2 were subjected to western blot analysis using anti-GFP antibodies (1:1,000). Full-length (FL) GFP-tagged
PfAP2-G2 (~250 kDa) was detected only in the nuclear fraction of the parasite lysate whereas a cleavage product (CP, ~50kDa) was found

in both fractions. Anti-histone H3 (1:3,000) and anti-aldolase (1:1,000) were used as fractionation controls for the nuclear and cytoplasmic
fractions, respectively. WT parasites were used as a negative control (Figure S1b).
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2.2 | PfAP2-G2is not required for proliferation
during the asexual stages of the life cycle

To determine the role of pfap2-g2, we generated a genetic disrup-
tion (KO) line using selection linked integration (SLI) (Birnbaum
et al., 2017) to truncate the pfap2-32 coding sequence and isolated
several clones (Figure S2a). As expected, pfap2-g2 KO parasites were
readily obtained. Live-cell fluorescence imaging of the transgenic
parasites showed diffuse cytoplasmic staining, suggesting that the
remaining non AP2 domain-containing protein fragment is local-
ised largely outside the nucleus (Figure S2b). We next determined
if truncation of PfAP2-G2 impacted asexual stage parasite growth
or multiplication rate. Using a SYBR green growth assay (Vossen
et al., 2010), we find that pfap2-g2 KO parasites develop similarly
to WT (Figure 2a), and have similar multiplication rates (Figure 2b).
Therefore, although PfAP2-G2 is expressed in the asexual blood

stages, it is not required for normal asexual development.

2.3 | PfAP2-G2is expressed in the
gametocyte stages

Recent transcriptomic data have shown that the mRNA abundance
of pfap2-g2 in gametocytes is low relative to the asexual stages, with
a broad peak seen only in the early gametocyte stages followed
by low expression during the later stages (Figure S3) (Van Biljon
et al., 2019). To characterize protein expression of PfAP2-G2 dur-
ing gametocyte development we imaged PfAP2-G2::GFP parasites
(see methods). PFAP2-G2 was expressed in all stages of gametocyte
development, but it was not confined to the nucleus in later stages
(Figure 3a). Indeed, nuclear fractionation of stage Ill gametocytes
detected expression of full-length protein in both fractions, unlike in

asexual parasites (Figure 3b). It also seems that the nuclear protein

(@ . (b)_ ., — NS
= WT (E5) — S
5 AP2-G2 KO — S &
3 220, g
< = 4
Q [7}
o ©
S o
= c
rgps T T T T , Z
T WT (E5) ap2-g2 KO
Days

FIGURE 2 Absence of PfAP2-G2 has no effect on the

growth of asexual blood stage parasite (a) Growth profiles of

the WT and pfap2-g2 KO parasites measured using an SYBR
green assay every 24 hr over a period of 10 days starting with
highly synchronous ring-stage parasites. The graph represents
the plotted average + S.D. of biological triplicates. Fluorescence
units are plotted along the Y-axis and the number of days was
plotted along the X-axis (ANOVA p = .65). (b) Measurement of the
ring parasitemia (multiplication rate) of the WT and pfap2-g2 KO
parasites. The values are the average of three biological replicates,
and the error bars represent the standard deviation (p = .5, not
significant [N.S.])

may undergoe different proteolytic processing in gametocytes ver-
sus the asexual stages.

2.4 | PfAP2-G2 is essential for
gametocyte maturation

To determine if sexually committed pfap2-g2 KO gametocytes ma-
ture fully to stage V, we induced PfAP2-G2 WT and KO parasite lines
to undergo gametocytogenesis and followed their development for
14 days, monitoring their maturation via morphological analysis of
Giemsa-stained thin-blood smears. Whereas WT parasites matured
into stage V gametocytes by Day 9-11, most pfap2-g2 KO parasites
committed to sexual development did not progress beyond stage Il
(Figure 3c). We also noticed that a larger proportion of dead or mor-
phologically abnormal gametocytes were present in the pfap2-g2 KO
compared to the WT in later time points, and only 2% of the pfap2-
g2 KO resembled mature stage V gametocytes at Day 11, compared
to 30% in the parental line (Figure 3c). PfAP2-G2 is, thus, a critical
regulator of gametocyte maturation and development.

2.5 | PfAP2-G2 makes extensive genome-wide
interactions

Because PfAP2-G2 is predicted to be a DNA-binding protein
(Campbell et al., 2010; Yuda et al., 2015) we sought to determine
the genome-wide localization of PfAP2-G2 in both asexual and ga-
metocyte life cycle stages. To do this we first performed ChlIP-seq
at the trophozoite stage using the PfAP2-G2::GFP parasites. Peak
calling identified ~5,000 peaks in at least two of the three biologi-
cal replicates (FDR 0.05) (Figure S4a). All replicates showed a high
correlation with each other with respect to the overall peaks identi-
fied (Figure 4a). To our surprise only 401 of the predicted binding
sites, corresponding to 94 genes, were found in the upstream non-
coding regions of genes (Table S1), while 4,600 peaks, corresponding
to 2,932 genes, were located in exonic gene bodies (Table S2). This
differs from what has been previously observed for other character-
ized P. falciparum ApiAP2 proteins, such as SIP2 (Flueck et al., 2010),
AP2-1 (Santos et al., 2017) and AP2-G (Josling et al., 2020), which
were found to predominantly bind to non-coding 5’ upstream re-
gions. Although wide-scale binding to gene bodies was not previ-
ously reported for PbAP2-G2 (Yuda et al., 2015), a re-analysis of
the ChIP-seq data from that study using the same pipeline that we
used for our ChlP-seq data analysis, revealed that PbAP2-G2 is also
broadly distributed across gene bodies in the P. berghei genome with
4,345 binding sites (Table S3).

An analysis of all the regions (both upstream regions and ORFs)
bound by PfAP2-G2, using DREME (Bailey, 2011) identified two
significantly enriched DNA sequence motifs. The first is an AGAA
sequence motif related to a previously reported DNA motif found
to associate with one (of the three) AP2 domains of the ApiAP2 pro-
tein PF3D7_1139300 (Campbell et al., 2010). The second is an ACCA
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FIGURE 3 PfAP2-G2is expressed throughout the gametocyte stages and is essential for maturation of gametocytes (a) Images obtained
by live fluorescence microscopy performed on Stage | through Stage V gametocytes. The DIC image was merged with the DRAQS5 nuclear
stain imaging to confirm the nuclear localization of the signal. The results indicate that PfAP2-G2 was expressed at all stages of gametocyte
development and was localized to the nucleus. (b) Nuclear and cytoplasmic fractions from stage Il gametocytes were subjected to western
blot analysis using anti-GFP antibodies (1:1,000). The GFP-tagged AP2-G2 of expected size (~250 kDa) was detected in both the nuclear
and cytoplasmic fractions of the parasite lysate. Anti-histone H3 (1:3,000) and anti-aldolase (1:1,000) were used as the loading controls for
the nuclear and cytosolic fractions, respectively. (c) Giemsa-stained smears of gametocytes from the WT and PfAP2-G2 KO lines showed
that the morphology of the KO gametocytes appeared normal until Stage Ill. Most pfap2-g2 KO parasites committed to sexual development
did not progress beyond stage Ill. Morphological staging was quantified by counting > 100 parasites for each time point during gametocyte
development from Giemsa-stained smears. The reported number of counts are based on a single replicate.
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FIGURE 4 Genome-wide predictions of PfAP2-G2 targets and binding regions by ChIP-seq (a) Pearson correlation analysis of three
biological replicates of ChIP-seq including the Input (In) and AP2-G2 GFP (GFP) (b) DREME logos for the motifs enriched in the genomic
locations bound by PfAP2-G2 in the gene bodies and non-coding regions in the asexual stage. Shown is the enriched PF3D7_1139300
motif AGAA and PfAP2-G2 motif ACCA obtained by DREME along with the PBM motif. The P-values reported are generated by DREME.
(c) Example of PfAP2-G2 peaks in asexual stages for all three ChlIP-seq replicates. Peaks are represented as red tracks below with the
DNA motifs highlighted in blue. (d) Example of PfAP2-G2 peaks in gametocytes for both replicates. (e) Venn diagram showing genes with
PfAP2-G2 peaks in both trophozoite and gametocyte stages. (f) Representative peaks for PfAP2-G2 binding upstream of the msp2 gene in
both trophozoite and gametocyte stages. (g) DREME logo for the motifs enriched in the genomic locations bound by PfAP2-G2 in the gene
bodies and non-coding regions in gametocytes. The P-values reported are generated by DREME.
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core motif (Figure 4b), which closely resembles the previously identi-
fied PfAP2-G2 target motif obtained by protein binding microarrays
(PBM) (Campbell et al., 2010).

In order to characterize possible regulatory targets of PfAP2-G2,
we first focused on the 94 genes that contained PfAP2-G2 peaks
in their upstream regions. Nearly 87% of these 94 putative tar-
get genes are bound within 2.5 kb upstream of the start codon
(Figure S4b). 278 of the remaining intergenic peaks were localized to
the subtelomeric ends of each chromosome (Figure S4c). For further
analysis we only considered genes with upstream binding interac-
tions less than 2.5 kb from the start codon, leaving 82 candidate
genes (Table S1). Interestingly, PFAP2-G2 at the asexual trophozoite
stage binds to the promoters of genes known to be expressed later
in the gametocyte and mosquito life cycle stages. These include
6-cysteine protein (p36 PF3D7_0404400), cysteine repeat modu-
lar protein 2 (crmp2 PF3D7_0718300), sporozoite protein essential
for cell traversal (spect PF3D7_1342500), circumsporozoite protein
(csp PF3D7_0304600), cell traversal protein for ookinetes and spo-
rozoites (celtos PF3D7_1216600), secreted protein altered throm-
bospondin repeat protein (spatr PF3D7_0212600), stearoyl-CoA
desaturase (scd PF3D7_0511200), and cap380 oocyst capsule pro-
tein (PF3D7_0320400) among others (Table S1) (Chattopadhyay
et al., 2003; van Dijk et al., 2010; Espinosa et al., 2017; Gratraud
et al., 2009; Ishino et al., 2004; Itsara et al., 2018; Singh et al., 2007,
Thompson et al., 2007; Zhao et al., 2016). Representative PfAP2-G2
peaks upstream of two target genes are shown in (Figure 4c). We
also found that PfAP2-G2 associated with the upstream regions of
genes that are highly transcribed in the asexual ring stage (as ana-
lyzed in Lopez-Barragan et al., 2011) including the knob-associated
histidine rich protein (kahrp PF3D7_0202000), Plasmodium helical
interspersed subtelomeric proteins (phista PF3D7_0115100), several
variant family genes including vars and rifins and genes encoding
proteins involved in egress and invasion such as the Rh5 interact-
ing protein (ripr PF3D7_0323400) and serine repeat antigen 7 (sera7
PF3D7_0207400) (Miller et al., 2002; Pei et al., 2005; Sargeant
etal., 2006; Volz et al., 2016). Therefore, PFAP2-G2 binds to the pro-
moters and ORFs of genes that are expressed at a different develop-
mental stage than that in which pfap2-g2 is expressed. This suggests
that, as in the rodent malaria species, PfAP2-G2 is a transcriptional
repressor protein that prevents the premature expression of later
stage genes.

Since the developmental arrest we observed in pfap2-g2 KO
parasites occurred at state Ill gametocytes, we next examined the
genome-wide occupancy of PfAP2-G2 in stage Ill gametocytes by
ChlP-seq. We identified 947 peaks in common across two replicates,
corresponding to 674 genes at an FDR of 0.05 (Figure 4d) (Tables S4
and S5). PfAP2-G2 binding, once again, was found in both upstream
regions and within gene bodies. Although PfAP2-G2 bound many
fewer regions in gametocytes compared to trophozoites, which may
be associated with the difficulty in obtaining high amounts of chro-
matin in gametocytes, virtually all stage Il PfAP2-G2 target genes
were also targets during the trophozoite stages (Figure 4e). This sug-

gests that there are a large number of genes that are always bound

by PfAP2-G2 during both asexual and sexual parasite development
(Figure 4f). DNA motif analysis yet again identified the ACCA motif
as being bound by PfAP2-G2 in gametocytes (Figure 4g).

2.6 | Genetic disruption of PfAP2-G2 leads to
aberrant gene expression in both asexual and
sexual stages

Using synchronized parasites, we collected seven total RNA sam-
ples from WT or KO parasites throughout the 48 hr asexual life
cycle for transcriptome analysis (parasite counts are in (Figure S5).
In a separate experiment, total RNA samples were collected during
sexual differentiation every 12 hr for 7 continuous days starting at
2 days post-gametocyte induction (Figure Sé6a,b). Gene expression
analysis of the asexual blood stage time course using Significance
Analysis of Microarray (SAM) (Tusher et al., 2001) identified 327
differentially expressed transcripts (>1.5 log2FC, 0.30 local FDR) in
the pfap2-g2 KO line. Out of these, 237 showed enhanced transcript
abundance in the pfap2-g2 KO line and 90 showed decreased abun-
dance (Figure S7, Table Sé). This result is quite surprising given the
lack of any asexual growth phenotype between the pfap2-g2 KO and
the WT (Figure 2), implying that these changes in gene expression
do not impact asexual parasite fitness or gametocyte commitment. A
comparison of transcript abundance in the KO and WT sexual stages
identified increased abundance for 274 transcripts and reduced
abundance for 169 transcripts in the pfap2-g2 KO line (>1.5 log2FC,
0.30 local FDR) (Figure S7, Table S7). These differential transcription
patterns presumably lead to the stall in development at Stage Il ga-
metocytes in parasites lacking PfAP2-G2.

To determine at which stage the significantly differential nRNAs
(by SAM) are maximally transcribed in wild-type parasites, we used
a published RNA-seq dataset covering four different asexual blood
stages (rings, early trophozoite, late trophozoite, and schizonts), two
gametocyte stages (stage |l and stage V), and the ookinete stage using
the 3D7 P. falciparum strain (Lopez-Barragan et al., 2011). Using this
dataset, we identified the 3D7 parasite lifecycle stage at which each
gene has the highest fragments per kilobase of transcript, per million
mapped sequencing reads (FPKM). For the asexual transcriptome,
most of the differentially expressed genes we measured as differ-
entially regulated in the pfap2-g2 KO are normally transcribed maxi-
mally in stage V gametocyte (and not in asexual stages), followed by
the ookinete and ring stages (Figure 5a). This suggests that loss of
PfAP2-G2 impacts the expression of genes from late-stage gameto-
cytes, ookinetes, and asexual stages. However, the number of genes
showing enhanced transcript abundance is strikingly high for genes
that are normally expressed in stage V gametocytes (Figure 5a).
Therefore, PfAP2-G2 may prevent the premature expression of late-
stage gametocyte genes during asexual development.

In the gametocyte transcriptome, we observed the opposite
trend when comparing to the Lopez-Barragan data, where 70% of
the transcripts that showed increased abundance in the KO line were

maximally abundant in the asexual stages, especially at the ring stage
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(Figure 5a). Examples of protein products whose mRNA transcript
abundance was higher in gametocytes include the knob-associated
histidine-rich protein (KAHRP, PF3D7_0202000), 15 Plasmodium

helical interspersed subtelomeric proteins (PHISTs), 7 members

of the FIKK serine/threonine protein kinase family proteins, 12
Plasmodium exported hypothetical gene family proteins (HYPs), the
merozoite surface proteins MSP1, MSP2, MSP6, MSP7, MSP9, and
MSP11, the ApiAP2 transcription factor AP2-L (PF3D7_0730300),
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FIGURE 5 Transcriptional changes in parasites lacking PfAP2-G2 (a) Classification of significantly changing genes in asexual and
gametocyte stages based on their maximum transcription in either asexual, gametocyte or mosquito stages, using RNA-seq data (Lopez-
Barragan et al., 2011). (b) Overlap between the genes with decreased transcript abundance in gametocytes and established late gametocyte
markers (Figure 2, cluster 9 from Van Biljon et al., 2019). (c) Overlap between genes with decreased transcript abundance in gametocytes
and asexual stages. (d) Overlap of genes with PFAP2-G2 enrichment in the upstream regions and increased transcript abundance in the
pfap2-g2 KO (analyzed by SAM, >1.5 log2FC, 0.30 local FDR). (e) List of genes with PfAP2-G2 enrichment in the upstream regions and
increased transcript abundance in the pfap2-g2 KO (f) Expression fold change (log2 KO versus WT) for genes bound by PfAP2-G2 in the
upstream regions during the asexual blood stages. The genes are clustered based on Pearson's correlation. Boxed is the time point at which

ChIP-seq was performed

and serine repeat antigen 5 (SERA5, PF3D7_0207600) among others
(Table S7) (Beeson et al., 2016; Nunes et al., 2007; Pei et al., 2005;
Sargeant et al., 2006). These results indicate that PfAP2-G2 re-
presses a subset of genes throughout both asexual and sexual de-
velopment, and the absence of PfAP2-G2 leads to aberrant timing
of gene expression.

To identify enriched DNA sequence motifs associated with
gene expression changes, we analyzed the 5’ upstream region
(1,000 bp upstream of the start codon) of the genes showing sig-
nificant change in transcript abundance in the asexual and sexual
stages using the Finding Informative Regulatory Elements (FIRE)
algorithm (Elemento et al., 2007). The most significant enriched se-
quence motif was the known DNA-interacting motif for PfAP2-G2,
TGCAACCA (P-value 1.24 e-21) in genes with enhanced transcript
abundance in the asexual stage (Figure S7). Interestingly, we also
found an AGAACAA (P-value 3.36 e-15) DNA-binding motif that
is recognized by the ApiAP2 protein, PF3D7_1139300 (Figure S7).
Similar motifs were found for genes with increased transcript
abundance in gametocytes (Figure S7). Intriguingly both pfap2-g2
and pf3d7_1139300 (pf11_0404) are expressed at similar times
throughout asexual development based on transcriptomic data,
suggesting that the two proteins may be acting together in some
manner to regulate transcription (Figure S8). Based on earlier ev-
idence, genetic disruption of the pf3d7 1139300 orthologue in
P. berghei (pbanka_0909600) and P. yoelii (py17x_0911000) was re-
fractory, indicating its essentiality (Modrzynska et al., 2017; Zhang
et al., 2017). Single-cell RNA-seq has shown a sharp upregulation
of the gene encoding the ApiAP2 protein PF3D7_1139300 when
ap2-g expression peaks just before egress in committed schi-
zonts (Poran et al., 2017). Although we couldn't detect the ACCA
PfAP2-G2 binding motif associated with genes showing decreased
transcript abundance (Figure S9), we found enrichment of the
AGACA motif, which has been associated with gametocyte com-
mitment and development (Figure S9) (Bischoff & Vaquero, 2010;
Painter et al., 2017; Young et al., 2005), in genes showing de-
creased transcript abundance in gametocytes.

Genes with decreased mRNA abundance in the gametocyte tran-
scriptome from the pfap2-g2 KO line (170 genes) overlap significantly
with genes previously reported as late gametocyte markers (Van
Biljon et al., 2019) (Figure 5b). Some example genes are alpha tu-
bulin 2 (PF3D7_0422300), TRAP-like protein (tlp PF3D7_0616500),
secreted ookinete protein (psop13 PF3D7.0518800, psop20
PF3D7_0715400), dynein heavy chain (PF3D7_0729900), ookinete
surface protein P28 (PF3D7_1031000), and ookinete surface protein

P25 (PF3D7_1031000) (Duffy & Kaslow, 1997; Ecker et al., 2008;
Heiss et al., 2008; Rawlings et al.,, 1992; Villard et al., 2007).
Therefore, one reason that pfap2-g2 KO parasites may fail to prog-
ress beyond stage Ill may be due to the aberrant expression of
mRNAs required during this and subsequent stages of gameto-
cyte development. The inhibition of gametocyte maturation may
also be due to the decreased expression of a few critical genes
required for gametocyte development, such as male development
gene 1 (mdvl, PF3D7_1216500), gametocyte erythrocyte cytoso-
lic protein (geco, PF3D7_1253000), gametocyte exported protein
(gexp06 PF3D7_0114000), and gametocyte specific protein (pf11-1,
PF3D7_1038400) during the asexual stage. Interestingly, we also see
overlap between the genes with decreased transcript abundance in
both the asexual and gametocyte stages. These overlapping genes
are enriched mostly for members of the var, stevor, and rifin variant
gene families, Pfmc-2tm among others (Figure 5c). An early gameto-
cyte proteome revealed that exported and erythrocyte remodeling
proteins are the most overrepresented proteins in gametocytes
(Silvestrini et al., 2010). Although members of the PFEMP1, STEVOR
and RIFIN protein repertoire are expressed in gametocyte stages,
their role is not well established (Mwakalinga et al., 2012; Neveu &
Lavazec, 2019; Neveu et al., 2018; Petter et al., 2008; Sharp et al.,
2006; Tiburcio et al., 2012, 2013), and decreased abundance of

these genes may contribute to the observed phenotypic effect.

2.7 | PfAP2-G2 binding in the promoter and in gene
bodies is associated with differential regulation of
transcription

Out of 82 genes with upstream PfAP2-G2 peaks at the trophozoite
stage, only 23 displayed significantly elevated mRNA abundance in
the pfap2-g2 KO (as analyzed by SAM, >1.5 log2FC, 0.30 local FDR)
(Figure 5d,e). This suggests that the transcription of other genes may
beimpacted indirectly in the PfAP2-G2 knockout. On the other hand,
none of the genes with significantly reduced mRNA abundance were
bound by PfAP2-G2 in the upstream regions. However, considering
the stage at which ChIP was performed we see that the mRNA abun-
dance of many of the PfAP2-G2 ChlP-seq targets do not change in
the absence of PfAP2-G2, indicating that binding of PfAP2-G2 alone
might not be sufficient to affect transcription (Figure 5f). PfAP2-G2
binding to gene bodies results in both repression and activation of
gene expression in the pfap2-g2 KO. Open reading frames bound by
PfAP2-G2 in the gene body in gametocytes showed similar effects
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(Figure S10). Overall these results indicate that PfAP2-G2 binding to
the upstream promoter region is largely associated with repression,

but PfAP2-G2 alone is not sufficient to repress transcription.

2.8 | PfAP2-G2 shares occupancy with exonic
epigenetic marks during asexual development

To understand the role of the pervasive genome-wide PfAP2-G2
binding in exonic gene bodies detected by ChlIP-seq (Table S2), we
investigated whether PfAP2-G2 is associated with any known epige-
netic marks. We calculated a pairwise Pearson correlation coefficient
by comparing the read counts per 1,000 bp bins of the PfAP2-G2
ChlP-seq results against an array of histone marks for which ChIP
data are available: H3K9me3, H4ac, H4K20me3, H3K26ac, H3K%ac,
H3K4me3 (Karmodiya et al., 2015), H3K36me2, and H3K36me3

(Brancucci et al., 2014). Interestingly, we found that PfAP2-G2 oc-
cupancy has the strongest correlation with H3K36me3 (R = 0.933),
followed by H4K20me3 (R = 0.911), H3K27ac (R = 0.826), and H4ac
(R =0.765) (Figure 6a), which are all histone marks that show moder-
ate positive correlation with P. falciparum transcription and are asso-
ciated with transcriptionally poised genes (Karmodiya et al., 2015). In
total, 3,633 (80%) PfAP2-G2 binding sites co-occur with H3K36me3
marks (Figure 6b,c). The functional role of this association b