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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 III 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.

K E Y W O R D S

ApiAP2, gametocyte, malaria, PfAP2-G2, Plasmodium falciparum

www.wileyonlinelibrary.com/journal/mmi
https://orcid.org/0000-0002-8271-7771
https://orcid.org/0000-0002-5411-4439
https://orcid.org/0000-0003-1295-3733
https://orcid.org/0000-0002-1710-0441
https://orcid.org/0000-0003-0264-4689
mailto:﻿
https://orcid.org/0000-0002-6173-5882
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmmi.14676&domain=pdf&date_stamp=2021-02-15


2  |     SINGH et al.

1  | INTRODUC TION

Malaria is 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 I to V) morphologically dis-
tinct stages (Sinden, 1982). The earliest phase of gametocyte devel-
opment, stage Ia, 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 I ga-
metocytes such as Pfs16, Pfg27, and PfGEXP-5 (Alano et al., 1991; 
Bruce et al., 1994; Josling et al., 2020; Llorà-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-g2 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-g2 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-g2 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-g2- 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 III gametocytes. Using transcriptomic 
analysis and ChIP-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-G2 is expressed during the trophozoite 
and schizont stages of asexual development

The P. falciparum orthologue of AP2-G2, PF3D7_1408200, en-
codes a 189kDa 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 in a WT 3D7 control 
(Figure S1b).

F I G U R E  1   PfAP2-G2 is 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).

(a)

(b) (c)
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2.2 | PfAP2-G2 is 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-g2 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-G2 is 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 III gametocytes 
detected expression of full-length protein in both fractions, unlike in 
asexual parasites (Figure 3b). It also seems that the nuclear protein 

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 III 
(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 ChIP-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-I (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 ChIP-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 

F I G U R E  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.])

(a) (b)
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F I G U R E  3   PfAP2-G2 is expressed throughout the gametocyte stages and is essential for maturation of gametocytes (a) Images obtained 
by live fluorescence microscopy performed on Stage I through Stage V gametocytes. The DIC image was merged with the DRAQ5 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 III 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 III. Most pfap2-g2 KO parasites committed to sexual development 
did not progress beyond stage III. 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.

(a)

(c)

(b)
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F I G U R E  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 ChIP-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.

(a)

(c)

(d)

(f)

(e)

(g)

(b)
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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 López-Barragán 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 
et al., 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 III gametocytes, we next examined the 
genome-wide occupancy of PfAP2-G2 in stage III gametocytes by 
ChIP-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 III 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 S6a,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 S6). 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 III ga-
metocytes in parasites lacking PfAP2-G2.

To determine at which stage the significantly differential mRNAs 
(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 II and stage V), and the ookinete stage using 
the 3D7 P. falciparum strain (López-Barragán 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 López-Barragán 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), 

(a)

(b)

(e) (f)

(c) (d)
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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 III 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 (mdv1, 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; Tibúrcio 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 
be impacted 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 ChIP-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 

F I G U R E  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 (López-
Barragán 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
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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 ChIP-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 
ChIP-seq results against an array of histone marks for which ChIP 
data are available: H3K9me3, H4ac, H4K20me3, H3K26ac, H3K9ac, 
H3K4me3 (Karmodiya et al., 2015), H3K36me2, and H3K36me3 
(Jiang et al., 2013), as well as heterochromatin protein 1 (PfHP1) 

(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 between 
PfAP2-G2 and H3K36me3 and what the potential role of PfAP2-G2 
in H3K36me3 recruitment remain to be determined.

2.9 | PfAP2-G2 interacts with the chromatin 
remodeling machinery

To identify proteins potentially interacting in a complex with 
PfAP2-G2, we performed immunoprecipitations (IP) from 

F I G U R E  6   PfAP2-G2 shows high correlation with repressive histone modifications (a) Heatmap showing correlation between occupancy 
of PfAP2-G2 and nine histone modifications in the gene body of all P. falciparum genes (n = 5,735). PfAP2-G2 strongly correlates with 
H3K36me3 and H4K20me3 (b) Overlap of the peaks obtained by ChIP-seq on H3K36me3 marks (orange) (Jiang et al., 2013) and PfAP2-G2-
GFP (green) shows 80% co-occupancy between PfAP2-G2 and H3K36me3 modified histones. (c) IGV screenshot showing co-occupancy 
of PfAP2-G2 with H3K36me3 and H4K20me3. First gray track represents the input for PfAP2-G2 and the second green track shows the 
regions bound by PfAP2-G2. The third gray track represents input for H3K36me3 and H4K20me3 and the last two orange tracks represent 
the regions bound by H3K36me3 and H4K20me3 as indicated in the figure. Blue track shows genes in this region

(c)

(a) (b)
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PfAP2-G2::GFP parasites at the trophozoite stage without crosslink-
ing using an anti-GFP antibody. Western blot analysis confirmed that 
the full length PfAP2-G2 protein was purified and eluted (Figure 7a), 
although smaller GFP-positive band(s) were prevalent. The resulting 
IP was separated by SDS PAGE and two regions of the gel (upper and 
lower band, Figure 7a) were subjected to protein analysis by mass 
spectrometry. The purpose of analyzing these bands separately was 
to ensure that we could detect all of the proteins including the low 
abundance protein which otherwise would be masked when analyz-
ing all of the bands together (Figure 7b).

The proteomic IP data were analyzed using SAINT (Choi 
et al., 2011) with a pSAINT score of 0.9 or higher and 1% FDR across 
all three replicates (Table S8). Although several high abundance 

cytoplasmic proteins (HSP70, RPS15) were detected, the major-
ity are known to be localized to the nucleus. Reassuringly, both 
the upper and lower bands contained the PfAP2-G2 DNA–binding 
domain fused to GFP (Figure 7b). In the lower band we also iden-
tified histone protein 1 (HP1), the FACT complex proteins (FACT-S 
and FACT-L), and several histones (Figure 7c). The upper band con-
tained larger chromatin remodeling proteins such as ISWI, SNF2L, 
GCN5, FACT-L, SPT5, and a MORC family protein (Figure 7d). We 
also found an association with two other ApiAP2 family proteins, 
including PF3D7_1139300 (PF11_0404) whose motif was found to 
be enriched in both the transcription and ChIP-seq data, suggesting 
that this interaction may be required for the regulation of a subset 
of target genes. Overall, these results demonstrate that PfAP2-G2 

(b)(a)

(c)

F I G U R E  7   (Continued)
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does not function alone, but rather interacts with a number of chro-
matin remodeling proteins as well as established transcription asso-
ciated factors, although the presence of different complexes is likely.

3  | DISCUSSION

Gametocytogenesis in P. falciparum parasites is a long, 10–12 day 
developmental progression resulting in the formation of fertile male 
and female gametes that will form a zygote only upon transmission 
to the mosquito host. Recent studies have shed light on the com-
mitment and differentiation of asexual parasites into sexual para-
sites, (reviewed in Rea et al., 2018 and Josling et al., 2018) which is 
driven by the AP2-G master regulator (Josling et al., 2020; Kafsack 
et al., 2014; Sinha et al., 2014). However, how asexual cells are 

reprogrammed for gametocyte commitment, and the downstream 
post-commitment regulation of sexual development is not well char-
acterized. There are known examples of gametocyte stage genes 
such as pfsegxp, mdv1, gexp02 and pfs16 that are expressed very early 
on in the asexual stages, suggesting that programming for gameto-
cytogenesis may begin early in asexual development, and disruption 
of this program could result in profound effects post-commitment 
during sexual development (Furuya et al., 2005; Joice et al., 2014; 
Nixon et al., 2018; Painter et al., 2017; Portugaliza et al., 2020).

In this study, we show that the ApiAP2 protein PfAP2-G2 is es-
sential for the development and maturation of P. falciparum gameto-
cytes. PfAP2-G2 is expressed from the very early trophozoite stage 
through to stage V gametocytes. This is in contrast to P. berghei, 
where the protein is expressed from 16hpi, during the schizont stage 
of development (Yuda et al., 2015). Live fluorescence microscopy 

F I G U R E  7   Identification of potential interacting partners of PfAP2-G2 (a) Western blot showing immunoprecipitation (without 
crosslinking) of the PfAP2-G2 GFP parasite line using antibodies against GFP. Full-length PfAP2-G2 and the lower molecular weight cleaved 
product were analyzed separately by mass spectrometry to identify interacting partners of PfAP2-G2. (b) Schematic showing the number 
and location of PfAP2-G2 peptides recovered from the upper and lower bands. (c) List of PfAP2-G2-associated proteins in the lower band 
with high probability of interaction measured by SAINT (pSAINT 0.9 and 1%FDR). (d) List of PfAP2-G2-associated proteins in the upper band 
with high probability of interaction measured by SAINT (pSAINT 0.9 and 1%FDR)

(d)
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and nuclear fractionation show that PfAP2-G2 is localized to the 
nucleus of the trophozoite, schizont, and early gametocyte stages 
(Figure 1b). In later stage gametocytes PfAP2-G2 protein levels are 
reduced and expressed throughout the cytoplasm (Figure 3a). This is 
consistent with the mRNA abundance profile, demonstrating peak 
pfap2-g2 expression in the early asexual stages, whereas in gameto-
cytes its expression is broad and weak (Van Biljon et al., 2019). The 
nuclear localization and strength of protein expression indicate that 
PfAP2-G2 is functionally important during the asexual stages and in 
early gametocytes.

By performing genome-wide ChIP-seq analysis at the asexual 
trophozoite stage and stage III gametocytes, we show that PfAP2-G2 
binds extensively to both intergenic and genic regions. We note that 
the ChIP-seq results likely arise from full-length PfAP2-G2::GFP as 
well as smaller protein fragments (Figures 1c, 3b and 7b) that also 
contain the C-terminal AP2-domain fused to GFP. Genes bound by 
PfAP2-G2 in the upstream regions are largely expressed later in the 
gametocyte and mosquito stages. However, PfAP2-G2 also binds 
the promoters of genes expressed in the asexual ring stage and 
genes that are transcribed in schizont stages like msps encoding the 
merozoite surface proteins, which are regulated by PfAP2-I (Santos 
et al., 2017). Of course MSPs are unlikely to be required in commit-
ted gametocytes, as they no longer egress from the red blood cell 
for subsequent re-invasion. Interestingly, genes bound by PfAP2-G2 
in stage III gametocytes are essentially the same as those bound in 
trophozoites. An analysis of the DNA motifs enriched in the regions 
bound by PfAP2-G2 identified two motifs: an AGAA motif and an 
ACCA motif (Figure 4b,g). The latter resembles the PBM-based pre-
dicted motif for PfAP2-G2, but it is different from that identified 
in P. berghei (GTTGT), even though the AP2 DNA-binding domain 
is highly conserved (97% identical). We also found enrichment for 
a second motif in the PfAP2-G2-bound regions, which resembles 
the in vitro DNA sequence motif bound by the ApiAP2 protein 
PF3D7_1139300 (PF11_0404) (Campbell et al., 2010). Supporting 
the hypothesis that these ApiAP2 proteins may function together 
in a complex, our immunoprecipitation experiments against PfAP2-
G2::GFP detected AP2 PF3D7_1139300 (PF11_0404) as an interac-
tion partner (Figure 7d, Table S8).

Parasites expressing a truncated PfAP2-G2 (pfap2-g2 KO) pro-
liferate normally in the asexual blood stages. These results are sur-
prising given the many global transcriptional (327 transcripts, >1.5 
log2FC, 0.30 local FDR) changes occurring in the asexual stages, and 
suggests that the parasite is tolerant to large fluctuations in gene 
expression. Compared with wild-type parasites, the expression 
levels of 90 genes (>1.5 log2FC, 0.30 local FDR) were significantly 
decreased during asexual development in pfap2-g2 KO parasites, in-
cluding genes that have been reported to have functional roles in 
gametocytes, perhaps leading to the developmental stall observed 
in stage III gametocytes (Van Biljon et al., 2019; Painter et al., 2017). 
This suggests that the program for sexual progression is established 
very early, in the asexual stage. KO of PbAP2-G2 also resulted in 
the downregulation of gametocyte genes (Yuda et al., 2015). Genes 

upregulated in the pfap2-g2 KO were mostly those normally ex-
pressed at other later developmental stages including the gameto-
cyte and ookinete stages (Figure 5a). In the upstream promoter 
regions of genes showing increased transcript abundance in the 
pfap2-g2 KO, we found an enrichment of the PfAP2-G2 ACCA motif. 
PfAP2-G2, therefore, is involved in the repression of a number of 
genes that are not required for asexual development.

A previous study that examined the genome-wide binding of AP2-
G2 from P. berghei gametocytes using ChIP-seq reported PbAP2-G2 
binding at over 1,500 genes that were mostly associated with roles 
in asexual-stage proliferation (Yuda et al., 2015). Transcriptome anal-
ysis in gametocytes revealed the upregulation of 927 genes by more 
than twofold in pbap2-g2 KO lines, suggesting that PbAP2-G2 acts 
as a repressor for asexual-stage genes during sexual development. 
However, only 397 (26.5%) of the PbAP2-G2 bound genes were 
upregulated in the pbap2-g2 KO, leading Yuda et al. to hypothesize 
that relieving repression was not sufficient for the upregulation of 
the rest of the genes. Similarly, in our pfap2-g2 KO transcriptomic 
data, not all genes that are bound by PfAP2-G2 show enhanced 
transcript abundance; only 23/82 genes with upstream PfAP2-G2 
peaks (28%) displayed significantly elevated mRNA abundance. In 
fact, the PfAP2-G2 motif is only present in the promoter of genes 
upregulated in both developmental stages indicating that, as in  
P. berghei, PfAP2-G2 occupancy is not always predictive of changes 
in gene expression, perhaps because it requires interaction with 
other proteins. None of the genes bound by PfAP2-G2 in the up-
stream region are downregulated in the pfap2-g2 KO, again highlight-
ing the repressive action of PfAP2-G2.

The effect of PfAP2-G2 truncation upon transcript abundance 
is more pronounced in gametocytes. Unfortunately, due to the mas-
sive dysregulation of mRNA transcripts, it is difficult to ascertain the 
specific genes that cause the stall in development observed at stage 
III gametocytes. The significantly upregulated genes in gametocytes 
are mostly thought to be important for asexual blood stage devel-
opment, similar to what was shown in P. berghei (Yuda et al., 2015). 
Interestingly, the ApiAP2 protein AP2-L, which plays a critical role 
in liver-stage development, is upregulated in the gametocyte stage 
in both the P. falciparum and P. berghei ap2-g2 knockouts, and par-
asites lacking PbAP2-G2 are unable to cause liver infection (Yuda 
et al., 2015).

We observed a moderate to strong correlation between 
PfAP2-G2 occupancy and that of H3K9me3 (R = 0.933), followed 
by H4K20me3 (R = 0.911), H3K27ac (R = 0.826), H4ac (R = 0.765) 
and PfHP1 (R = 0.6) (Figure 6a). H3K36 methylation is a well-stud-
ied histone modification in model organisms, and carries out sev-
eral roles. Studies in metazoans have shown that H3K36me3 is 
enriched at gene exons and plays a role in the regulation of alterna-
tive splicing (Kolasinska-Zwierz et al., 2009). Although H3K36me3 
correlates with active transcription, another study found an as-
sociation of this modification with facultative heterochromatin 
(Chantalat et al., 2011). Thus, H3K36me3 is involved with both 
actively transcribed as well as silenced regions and may contribute 
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to the formation of heterochromatin in combination with other his-
tone modifications. At a subset of heterochromatic genes, binding 
to HP1a is required for enzyme-mediated H3K36me3 demethyla-
tion, suggesting that there are different ways in which H3K36me3 
regulates chromatin (Lin et al., 2012). In P. falciparum, H3K36me3 
is present along the entire gene body of silent var genes including 
the transcription start site (TSS), and it is deposited by the P. falci-
parum variant-silencing methyltransferase containing a SET domain 
(PfSETvs) (Jiang et al., 2013). However, enrichment of H3K36me3 
was also found at the 3’ end of other ring-stage active genes besides 
the variable antigen var, rifin, and stevor genes in PfSET KO parasites. 
This result indicates there is an alternative methyltransferase associ-
ated with H3K36 methylation.

We also found that PfHP1 localized with PfAP2-G2 toward the 
end of the chromosomes and is associated with both sub-telomeric 
and chromosome-internal var genes and Plasmodium-exported 
proteins (Figure S11a,b). A direct interaction between PfHP1 and 
PfAP2-G2 was supported by IP-MS (Figure 7c). PfAP2-G2 also 
shows perinuclear localization as previously described for PfHP1 
and repressed var genes (Figure S12) (Flueck et al., 2009; Guizetti 
et al., 2013). However, future experiments are needed to deter-
mine a direct functional link between PfAP2-G2 and HP1. We also 
found a significant association between PfAP2-G2 and the MORC 
protein PF3D7_1468100 (Figure 7d). MORC proteins have been 
identified to play important roles in chromatin compaction in plants 
and animals and was recently established as the upstream transcrip-
tional repressor of sexual commitment in Toxoplasma gondii (Farhat 
et al., 2020). This study found that MORC forms a complex with  
T. gondii ApiAP2 transcription factors at sexual stage genes. Two 
of the T. gondii ApiAP2 proteins found to associate with MORC by 
IP-MS are TgAP2IV-2 and TgAP2IX-9, whose AP2 DNA-binding 
domains are most identical to the PfAP2-G2 AP2 domain (Farhat 
et al., 2020). PfAP2-G2 also interacts with the P. falciparum ISWI 
chromatin-remodeling protein (Figure 7d), which was recently iden-
tified in a complex with the MORC protein at var gene promoters 
(Bryant et al., 2020). We speculate that PfAP2-G2 plays a role in reg-
ulating regions of the genome which need to be silenced to prevent 
spurious transcription.

Previous studies have shown that expression of the master 
gametocyte regulator pfap2-g peaks at two distinct points during 
asexual blood stage development (Poran et al., 2017). The initial 
pfap2-g expression peak in trophozoites is associated with the ac-
tivation of genes encoding ISWI, SNF2L, and the ApiAP2 protein 
P3D7_1222400. The second expression peak occurs just before 
merozoite egress from committed schizonts and leads to the ex-
pression of genes encoding LSD2, HDA1 and the AP2-G2 associated 
ApiAP2 protein PF3D7_1139300 (Poran et al., 2017). Therefore, we 
propose that PF3D7_1139300 may act in a complex with PfAP2-G2 
to compress chromatin structure. In summary, we have demon-
strated that PfAP2-G2 plays an important role in gene repression in 
concert with other chromatin-related proteins during the maturation 
of the P. falciparum parasite sexual stages.

4  | MATERIAL S AND METHODS

4.1 | Construction of plasmids for tagging the 3’end 
of pfap2-g2 for pfap2-g2 gene disruption

The pDC2-cam-CRT-GFP (Fidock et al., 2000) plasmid was used 
to tag the 3’ end of the gene pfap2-g2 with gfp. A 948 bp homolo-
gous fragment from the 3’ end of the gene was amplified from 3D7 
genomic DNA using the oligonucleotide pairs (Forward Primer P7 
and Reverse Primer P8, see primer list), which also encoded restric-
tion sites BglII and XhoI for cloning. This fragment was ligated into 
the BglII-and XhoI-digested pDC2-cam-CRT-GFP resulting in the 
final vector pDC2-cam-AP2-G2-GFP.

To create the pfap2-g2 disrupted line, the ap2-g2 gene locus was 
targeted using the selection linked integration (SLI) method (Birnbaum 
et al., 2017). To do this a 500 bp fragment of the 5’ end of pfap2-g2 was 
amplified using a forward primer with a NotI restriction site as well as 
a single point mutation in the homologous sequence to introduce a 
stop codon (Forward Primer P9) and a reverse primer with an MluI site 
(Reverse Primer P10) to be ligated into the final vector. This fragment 
was cloned (in frame) into pSLI-TGD using NotI and MluI restriction 
sites resulting in the final vector, pSLI-TGD-AP2-G2. A list of all oligo-
nucleotide primers used is available in Table S9.

4.2 | Culturing, synchronization, transfection, and 
cloning of P. falciparum parasites

Plasmodium falciparum parasites were cultured as previously de-
scribed (Trager & Jensen, 2005) and maintained in 6% O2 and 5% 
CO2 and grown in sterile filtered RPMI 1640 media (Gibco) sup-
plemented with 2 M HEPES, NaHCO3 (2 g/L), 0.1 M hypoxanthine, 
0.25%(w/v) Albumax II (Gibco), and gentamycin (50 ug/ml). The 
parasites were maintained at a hematocrit of 3% and were kept 
between 2% and 5% parasitemia or greater based on the needs 
of the individual experiments. Parasite synchronization was per-
formed using 5% sorbitol (Lambros & Vandenberg, 1979).

To generate transgenic AP2-G2::GFP and AP2-G2 KO lines, trans-
fections were carried out according to a standard protocol (Deitsch 
et al., 2001). The plasmid pDC2-cam-AP2-G2-GFP was transfected 
into the 3D7 strain of P. falciparum whereas pSLI-TGD-AP2-G2 was 
transfected into the 3D7 clone, E5 (Rovira-Graells et al., 2012). In 
brief, 100 µg of plasmid DNA (maxi prepped using Qiagen kit) was 
preloaded into O + RBCs at 50% hematocrit in cytomix prior to cul-
turing with parasite-infected RBCs. After reinvasion, media contain-
ing 2.5 nM WR99210 was added to select for transgenic parasites. 
Stable integrants were maintained under constant drug pressure and 
were PCR-verified using specific primers (P1, P2, P4, P5, P6) outside 
the homology region after the isolation of gDNA (DNeasy Blood 
and Tissue kit, Qiagen). The resulting PfAP2G2::GFP and pfap2-g2 
KO parasites were cloned by limiting dilution (Rosario, 2008) and 
verified by diagnostic PCR (Figures S1 and 2a) and whole genome 
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sequencing. Sequencing analysis was done by creating a reference 
genome with GFP and rest of the plasmid at the expected location 
and reads were aligned to it.

4.3 | Plasmodium falciparum gametocyte production

Gametocytes were generated using the nutrient deprivation induc-
tion method as described (Miao et al., 2013). Briefly, synchronized 
trophozoites were cultured at ~2% parasitemia using 50% fresh RBC 
at 4% hematocrit. When the parasitemia reached 7%–10%, gameto-
cyte production was induced by nutrient deprivation. The following 
day, stressed schizonts were split 50% into two flasks by adding fresh 
blood and fresh media. The following day, ring-stage committed ga-
metocytes were counted as Day 1 of gametocytogenesis. To prevent 
the reinvasion and propagation of asexual parasites, parasites were 
treated with media with heparin (20 U/ml) from Day 1 post induction 
through Day 4. The media was changed daily to ensure the proper 
development and growth of the gametocytes.

4.4 | Nuclear and cytoplasmic protein extraction 
from parasites for western blotting

Nuclear and cytoplasmic extracts from parasites were prepared as 
previously described (Voss et al., 2002) using 5%–7% of the syn-
chronized parasites. The proteins from the nuclear and cytoplasmic 
fractions were run on a gel (mini PROTEAN precast TGX gels) and 
then transferred to a nitrocellulose membrane. The membrane was 
then blocked using 5% w/v non-fat milk powder in 1X PBS-0.05% 
v/v Tween for 45 min at room temperature. The membrane was 
then incubated overnight at 4°C with an anti-GFP (ROCHE Anti-
GFP, from mouse IgG1K, Millipore Sigma) (1:1,000), anti-histone 
(Anti-Histone H3 antibody, AbCam) (1:3,000), or anti-aldolase (Anti-
Plasmodium aldolase antibody (HRP), AbCam) (1:1,000) primary an-
tibody in the blocking buffer. After incubation, the membrane was 
washed three times with 1X PBS-0.05% v/v Tween and was incu-
bated with the appropriate secondary antibodies, then washed. The 
secondary antibodies used were as follows: peroxidase-conjugated 
goat anti-rat HRP conjugate (Millipore) / goat anti-rabbit HRP conju-
gate (Millipore) / goat anti-mouse HRP conjugate (Pierce) was used 
(1:3,000). Bound antibodies were then visualized on a film after en-
hancing the signal with ECL (Pierce) as the substrate.

4.5 | Parasite growth assays and multiplication rate

To compare the growth rates of WT and pfap2-g2 KO parasites we 
used a SYBR green growth assay (Vossen et al., 2010). Parasites were 
sampled every 24 hr for 10 days, starting at 0.1% parasitemia at the 
trophozoite stage. Both the WT and pfap2-g2 KO strains were syn-
chronized using 5% w/v sorbitol (described above) 3x before the start 
of the time course. Parasites were seeded in a 25 cm2 culture flask at 

0.1% parasitemia and 3% hematocrit. To evaluate growth differences 
every 24 hr for 10 days, 100 μl of parasite culture was collected in trip-
licate, transferred to a 96-well plate, and stored at −80°C. Following 
the completion of the time course, the parasites were thawed at 
room temperature, 100 μl of SYBR green I (Molecular Probes, Eugene 
Oregon) was diluted into parasite lysis buffer (20mM Tris–HCl pH 7.5, 
5mM EDTA, 0.08% Triton X-100, 0.008% saponin in PBS) (0.2 μl of 
SYBR Green I/ml of lysis buffer) and added to each well and mixed. 
The plates were incubated at 37°C for 2 hr. Cell growth was measured 
as quantitation of DNA by SYBR green I using a Tecan GENios mi-
croplate detection device at the excitation wavelength and emission 
wavelength of 485 nm and 535 nm, respectively. All values were plot-
ted as an average of three biological replicates (±S.D.) using GraphPad 
Prism (version 7). Linear model construction and ANOVA statistical 
analysis were performed in R (https://www.r-proje ct.org). To calcu-
late the multiplication rate, three independent biological experiments 
were performed in which synchronized WT and pfap2-g2 KO parasites 
were seeded at 1% parasitemia and monitored for subsequent rein-
vasion of red blood cells. After reinvasion the number of ring stage 
parasites were counted from Giemsa-stained smears by microscopy.

4.6 | RNA purification and cDNA synthesis for DNA 
microarrays

Total RNA was extracted from tighSecttly synchronized PfAP2-
G2::KO and WT parasites every 6 hr, starting at 3 hpi, throughout 
the 48 hr asexual life cycle. A separate time course was designed 
to collect RNA from gametocytes starting at Day 1 and every 
12 hr for the following 7 days. RNA was extracted from parasite-
infected RBCs collected at each time point using TRIzol (Thermo 
Fisher Scientific), following the manufacturer's protocol. cDNA syn-
thesis and DNA microarray analysis was carried out as previously 
described (Painter et al., 2013). Two-channel Agilent DNA microar-
rays (AMADID 037,237) were hybridized, washed, and scanned on 
an Agilent G2600D Microarray SureScan Scanner. Signal intensities 
for each gene were extracted from the scanned image using Agilent 
Feature Extraction Software version 11.5.1.1. Detailed microarray 
protocols can be found at http://llina slab.psu.edu/proto cols/. The 
datasets were analyzed by Significance Analysis of Microarrays 
(SAM) (Tusher et al., 2001) for the significantly (>1.5 log2FC, 0.30 
local FDR) changing genes between the WT and ap2-g2 KO lines 
using two-class paired t test throughout each of the two time-
courses. No data were available for the gametocyte TP6 due to tech-
nical reasons. All heat maps were clustered using Cluster 4.0 and was 
visualized using Java Tree View.

4.7 | Chromatin immunoprecipitation and Library 
preparation for sequencing (ChIP-Seq)

ChIP was performed as described (Josling et al., 2020) using synchro-
nized trophozoite and gametocyte stage PfA2-G2-GFP parasites 

https://www.r-project.org
http://llinaslab.psu.edu/protocols/
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(around 7% parasitemia). Extracted chromatin was sheared in SDS 
lysis buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA pH 8.0, 
0.1 mM EGTA pH 8.0, 1 mM DTT and protease inhibitors) (200 µl 
1x 109 trophozoites and 5x108 gametocytes) to obtain a fragment 
size of 100-150bp using an M220 focused-ultrasonicator (Covaris 
Inc.) using the following settings: peak power 75W, 2% duty factor, 
200 cycles per burst and total treatment time of 600 s. Sonication 
time was optimized for PfAP2-G2 using the crosslinked DNA and 
shearing it for 0, 4, 8, 10, 12, and 15 min and then running it on 
agarose gel for the size estimate. For immunoprecipitations, sheared 
chromatin was pre-cleared using 20 μl/ml of magnetic beads A/G 
(Millipore 16–663) for 2 hr at 4°C with gentle agitation. The superna-
tant was collected and 50μl of the aliquot was removed as input. The 
rest of the chromatin was incubated overnight at 4°C with 1 μg of 
polyclonal anti-GFP antibody (Abcam ChIP grade, Abcam 290) or, as 
control, the same amount of IgG. The immunoprecipitated antibody/
chromatin complex was collected using Protein A/G magnetic beads 
(Millipore 16–663). The input and ChIP samples were reverse cross-
linked overnight at 45°C using 0.2M final concentration of NaCl. The 
samples were then treated with RNAase (30min at 37°C) and pro-
teinase K (3 µl of 20 mg/ml with 2 hr incubation at 45°C) and purified 
using the QIAGEN MinElute PCR purification kit. Library was pre-
pared as described earlier (Santos et al., 2017). The final library was 
quantified using a Qubit fluorometer HD DNA kit and analyzed using 
an Agilent DNA 1,000 Bioanalyzer to assess the quality, size distri-
bution, and detection of any artifacts. Sequencing was performed 
using an Illumina Hiseq 2,500 to obtain 150 bp single-end reads.

4.8 | ChIP-seq data analysis

ChIP-seq data analysis was done using tools in Galaxy (usega laxy.
org). Before starting the analysis, the quality of the sequenc-
ing reads were assessed using FastQC and were trimmed to re-
move adapter and low quality bases using Trimmomatic (Bolger 
et al., 2014). The resulting reads were mapped to the P. falcipa-
rum genome (Pf 3D7 v28, obtained from PlasmoDB) using BWA-
MEM (Li & Durbin, 2009) and duplicates reads were removed 
using SAMtools (Li et al., 2009). Mapped sequences were con-
verted into bigwig files using bamCoverage (Ramírez et al., 2016) 
and were viewed in using the Integrative Genomics Viewer (IGV) 
(Thorvaldsdóttir et al., 2013) for each input and treatment. MACS2 
(Feng et al., 2012) was used to call peaks with q-value cutoff of 
0.05. The common overlapping intervals between replicates were 
established using Multiple Intersect function of BEDtools, and 
the overlapping intervals were combined into a single file using 
MergeBED (Quinlan & Hall, 2010). The genes closest to the peak 
summits were identified using closestBED. Peaks that were far-
ther than 2.5 Kb were removed from the analysis. When the peak 
was present between two genes then only the gene closest to the 
peak was considered for the analysis.

Peak sequences were extracted using extract genomic DNA tool 
using genomic coordinates, and motifs associated with called peaks 

were identified using DREME (Bailey, 2011) and compared to identi-
fied ApiAP2 motifs using TOMTOM (Gupta et al., 2007). The correla-
tion heatmap of the replicates performed on GFP tagged PfAP2-G2 
ChIP-seq was made using multiBigwigSummary and plotCorrelation 
in the deepTools suite (Ramírez et al., 2016).

4.9 | Correlation analysis of PfAP2-G2 with other 
histone marks

Correlations were calculated between the occupancy of PfAP2-G2 
and that of various histone marks previously reported in the litera-
ture, including H3K9me3, H4ac, H4K20me3, H3K26ac, H3K9ac, 
H3K4me3 (Karmodiya et al., 2015), H3K36me2 and H3K36me3 
(Jiang et al., 2013) and heterochromatin protein 1 (Brancucci 
et al., 2014) First, read counts were obtained from PfAP2-G2 
and nine histone marks in the gene body of all P. falciparum genes 
(n = 5,735; PlasmoDB annotations, release 28.0). NCIS (Liang & 
Keleş, 2012) was used to scale a control input experiment to each 
analyzed signal ChIP-seq experiment. Pairwise Pearson correla-
tion coefficient of normalized read counts across 5,735 regions for 
PfAP2-G2 and nine histone marks. Then, proteins were ordered 
using complete-linkage hierarchical clustering with Euclidean 
distance.

4.10 | PfAP2-G2-GFP Immunoprecipitation and 
Mass Spectrometry

Nuclear extraction was performed from the PfAP2-G2::GFP para-
sites using lysis buffer (20 mM HEPES pH 7.8, 10 mM KCl, 1 mM 
EDTA, 1 mM DTT, 1x protease inhibitors) and a high salt extraction 
buffer (20 mM HEPES pH 7.8, 800 mM KCl, 1 mM EDTA, 1 mM DTT, 
1x protease inhibitors) as previously described (Voss et al., 2002). 
A day before the immunoprecipitation, ~1mg of M-270 Epoxy 
Dynabeads (Invitrogen) per 100 ml of culture were conjugated with 
polyclonal anti-GFP antibodies at concentration of 5ug/mg (Abcam 
ab290) or with IgG (Abcam ab46540) overnight at 30°C as previ-
ously described (Joshi et al., 2013). Immunoprecipitation was carried 
out after washing the conjugated beads three times with dilution 
buffer (20 mM HEPES pH 7.8, 1 mM EDTA, 1 mM DTT, 1x protease 
inhibitors) and incubating with diluted nuclear extracts for 90 min 
at 4°C. The beads were again washed five times with dilution buffer 
and three times with cold 1X PBS. Protein was eluted using 20 μl 
loading buffer by shaking for 10 min at 70°C at 1,000 rpm and pro-
tein was stored at −20°C. Samples were quality controlled by west-
ern blotting and subjected to in-gel tryptic digest.

For tryptic digest the samples in polyacrylamide gel slices were 
destained with 50mM AmBic/50% ACN (Acetonitrile) and dehy-
drated using 100% ACN. Disulfide bonds in protein were reduced 
with 10mM DTT and reduced cysteine residues were then alkylated 
with 50mM iodoacetamide. Finally, the processed samples were di-
gested with trypsin (Trypsin gold Promega, 6ng/μl) overnight at 37°C 

http://usegalaxy.org
http://usegalaxy.org
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on a thermomixer, and peptides were extracted from the gels. The 
dried peptide pellets were analyzed LC-MS/MS using a Q Exactive 
mass spectrometer (Indiana University Core Proteomics).

The data were processed using Trans-Proteomic Pipeline 
(TPP) as previously described with a few modifications (Deutsch 
et al., 2010). Spectra were searched against the P. falciparum pro-
teome and contaminant repository database (CRAPome) using tan-
dem and comet searches (Mellacheruvu et al., 2013). This search 
was combined in InterProphet and the proteins were searched with 
ProteinProphet. Only proteins with error rate less than 0.01 were 
reported. The immunopurification assay was performed time times 
and the data were combined to identify the significantly enriched 
proteins between the IP and control using SAINT (Choi et al., 2011). 
Proteins with probability score of 0.99 or greater were considered 
for analysis.
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