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A single valine to leucine switch disrupts
Plasmodium falciparum AP2-G DNA binding
and reveals GDV1’s role in ap2-g activation

Surendra K. Prajapati 1,2 , Jeffrey X. Dong1,2, Belinda J. Morahan3,
Thoai Dotrang1,2, Michelle C. Barbeau1,2, April E. Williams4,9, Daniel Hupalo5,
Matthew D. Wilkerson5, Clifton L. Dalgard 5, Bjorn F. C. Kafsack 6,
Manuel Llinás 7,8 & Kim C. Williamson 1

Sexual commitment in Plasmodium parasites is essential for malaria trans-
mission, yet the signaling events initiating sexual conversion in only a sub-
population of parasites remain unclear. We discovered a single valine(V2163) to
leucine(L2163) mutation in a transcription factor required for P. falciparum
gametocytogenesis (AP2-G) that abrogates sexual differentiation. AP2-G.L2163
does not bind the ap2-g consensus motif, GnGTAC, or stimulate gene tran-
scription, including autoregulation. The GDV1-dependent expression of AP2-
G.L2163 demonstrates GDV1’s critical role in the initial activation of the silent
ap2-g locus in the absence of functional AP2-G. While AP2-G.V2163 is required
for MSRP1 expression, providing a marker that discriminates early from late
sexually committed schizonts. Together this work demonstrates that V2163 in
AP2-G plays a critical role in DNA binding, highlighting the functional impor-
tance of this specific region for malaria transmission as well as the key role of
GDV1 in the initial activation of ap2-g expression and induction of sexual
differentiation.

Malaria transmission is a global public health concern which accoun-
ted for 263million clinical cases andmore than half amillion of deaths
in 20231. A critical step in human-to-human transmission via mosquito
is the production of sexual stage Plasmodium parasites, called game-
tocytes. Sexual differentiation begins in a subpopulation of blood
stage parasites during the asexual replication cycle, but the percent of
parasites that commit to sexual development varies in vitro and
in vivo2,3. In contrast to relatively low in vitro gametocyte-commitment
rates (GCR) (<30%)2 in P. falciparum laboratory adapted strains and
clinical isolates, in vivo symptomatic or asymptomatic malaria studies

show dramatic variability in GCRs (0-78%)3,4. The factors underlying
this quantitative variability in gametocyte production remain unde-
fined and make it difficult to target and eliminate the infectious
reservoir. This GCR variation coupled, with the high prevalence of
asymptomatic malaria infections, which can be as high as 60-80% in
some regions5–7, and the inability of commonly used antimalarials to
kill mature gametocytes8 are major challenges to malaria control
programs. Defining the molecular mechanisms underlying the reg-
ulation of sexual commitment should facilitate the design of new
transmission blocking strategies.
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Two genes have been found to be required to initiate sexual
commitment in P. falciparum, gametocyte development protein 1 (gdv1:
PF3D7_0935400)9 and aplant-likeapetala 2 transcription factor (ap2-g:
PF3D7_1222600)10. GDV1 and AP2-G are required for ap2-g
expression3,11, while AP2-G also activates downstream genes needed
for the progression of sexually committed rings to continue gameto-
cyte development10,12. In asexually committed blood stage parasites,
the ap2-g locus is epigenetically silenced by histone 3 lysine 9 tri-
methylation (H3K9Me3)13 and this histonemodification is stabilized by
heterochromatin protein 1 (HP1: PF3D7_1220900)11,14. As the blood
stage parasite matures, the start of DNA replication marks entry into
the schizont stage of the life cycle. During schizogony, it has been
proposed that in the subpopulation of schizonts that express GDV1,
the ap2-g locus is de-repressed11, but the induction and regulation of
this decision has not been established. There is evidence that once
GDV1 is expressed, it interacts with HP-1 and this interaction has been
proposed to contribute to ap2-g de-repression by removing HP111, but
the detailed mechanism that confers specificity to the release of HP-1
only at the ap2-g locus and only in some parasites remains to be elu-
cidated. Once expressed, AP2-G induces its own expression, termed
autoregulation, by binding to the core AP2-G DNA recognition motif
GnGTAC that is present in the 5’ flanking region of ap2-g10,12. This motif
is alsopresent upstreamof a number of other genes, someofwhich are
upregulated in the presence of AP2-G in schizonts and/or the next
generation of blood stage parasites, called rings, initiating gametocyte
differentiation. The reasons different AP2-G-dependent genes are
expressed at different times after AP2-G expression remains unclear as
does the regulation of initial expression of GDV1 and AP2-G.

In higher eukaryotes, de-repression of epigenetically silent genes
has been described through post-translation modifications15. Phos-
phorylation of histone 3 (H3) serine 10 has been demonstrated to play
a critical role in release of HP1 from lysine 9 trimethylated H316–18. This
change allows RNA polymerase access to transcribe the previously
silenced genes. In P. falciparum, several studies have consistently
shown phosphorylation of H3 serine 29 and 3319–21 in trophozoite and
schizont stages, which is when sexual commitment is also thought to
be initiated. It is possible that phosphorylation of H3 serine 29 and/or
33 or both could play critical roles in releasing HP1 from ap2-g locus
bound H3K9Me3.

We sought to evaluate whether serine/threonine kinase (STK2:
PF3D7_0214600), which has a nuclear localization signal, could be one
of the kinases playing a role in the phosphorylation of H320,22. We used
reverse genetics to define the role of STK2 in gametocytogenesis but,
unexpectedly, whole genome sequencing of the stk2 knockout para-
sites revealed a single valine2163 to leucine2163 mutation in ap2-g. We
show that the replacement of valine with leucine in the presence and
absence of stk2 abrogates AP2-G binding to the upstream core
GnGTAC motif, autoregulation, downstream gene expression and
gametocyte production. Here we have identified a highly robust sys-
tem that can be utilized to study the transcriptional activation of ap2-g
by an upstream regulator, GDV1, and monitor the activation of ap2-g
specific targets.

Results
Determining the genetic locus underlying a complete loss of
gametocytogenesis
In the course of evaluating kinases for a role in gametocytogenesis, we
generated a serine/threonine kinase (STK2: PF3D7_0214600) knockout
line (3D7.stk2Δ) in a gametocyte-competent P. falciparum 3D7 strain
(Supplementary Fig. 1a–c). Asexual growth was normal consistent with
the previous piggyBac transposon insertion mutagenesis prediction
that stk2 is dispensable during asexual growth23. In marked contrast,
3D7.stk2Δ clones did not produce immature or mature gametocytes
(Fig. 1a, b, Supplementary Fig. 1d). To determine whether the block was
at sexual commitment or maturation of sexually committed rings, we

quantified gametocyte-committed ring stage parasites using the vali-
dated early gametocyte biomarker ap2-g4. Ap2-g expression levels were
significantly reduced in 3D7.stk2Δ ring stage parasites (Fig. 1c), sug-
gesting a block in sexual commitment similar to that observed in a
previously reported gametocyte deficient line, F12 which has a pre-
mature stop codon in ap2-g at bp 392310, and a gametocyte inducible
line NF54.gdv1.3xha.fkbp in the absence of Shield1 (Shld1-). In the
gametocyte inducible line gdv1 is tagged with an in-frame ligand-
dependent degradation domain (FKBP). In the absence of Shield 1
(Shld1) ligand the GDV1-FKBP chimeric protein is targeted for protea-
somal degradation24 and therefore not available to activate ap2-g
expression and sexual commitment. The presence of Shld1 blocks
degradation of GDV1-FKBP and sexual commitment proceeds normally.
To confirm the phenotype and define the cellular localization of STK2,
we used the original double crossover plasmid to generate an inducible
STK2 reporter line (NF54.stk2.gfp.fkbp) as well as a standard knock out
(NF54.stk2Δ) in a gametocyte competent Pf strain NF54. Surprisingly,
the NF54.stk2Δ and NF54.stk2.gfp.fkbp lines with and without Shld1 all
produced gametocytes and had GCRs similar to the parental line NF54
(Fig. 1d, e). These results strongly suggest that the loss of gametocy-
togenesis in 3D7.stk2Δ clones was independent of stk2.

The gdv1 and ap2-g loci previously associated with gametocyte
production9,10, remained intact in the 3D7.stk2Δ line andwere free from
the known ap2-g nonsense (F12) or frameshift (GNP-4) mutations10, or
nonsense mutations (K561*, Q578*) in gdv125,26 (Supplementary Fig. 2).
To extend our search, we sequenced the whole genome of the
3D7.stk2Δ line. Whole genome analysis confirmed the lack of deletions
or mutations conferring premature termination of gdv1 or ap2-g.
However, ap2-g had a missense mutation (g.6487G > T) (Fig. 1f) that
resulted in a switch from valine (V) to leucine (L) in the AP2 domain
(V2163L). This V2163L mutation was the only missense SNP identified in
3D7.stk2Δ not present in wild type NF54 (Supplementary Table 1). The
AP2-G AP2 domain is 50 aa long (AP2-G2162-2210)

22,27 and highly con-
served across the Plasmodium species infecting human, rodent and
monkeys with all these species having a valine at the position corre-
sponding to V2163 (Fig. 1g). Additionally, in the global P. falciparum
isolate repositories analyzed to date, nomutations have been reported
in the AP2-G AP2 domain (PlasmoDB22, MalariaGEN28) (Fig. 1h). These
results suggest that the AP2-G AP2 domain is under strong selective
pressure in the field as expected for a gene required for transmission.
The 3D7.stk2Δ line was therefore designated as 3D7.stk2Δ//ap2-g.L and
wild type (wt) or mutant ap2-g designated ap2-g.V or ap2-g.L,
respectively.

The AP2-G V2163L substitution is sufficient for a loss of
gametocytogenesis
To confirm thatap2-g.V2163Lprevents gametocytogenesis, we swapped
the V allele with an L allele in a gametocyte competent P. falciparum
strain, NF54, using a forward mutation editing approach (Fig. 2a),
generating transgenic mutant lines (NF54.ap2-g.L and NF54.ap2-
g.L.gfp.fkbp). While both lines have a V to L replacement, theNF54.ap2-
g.L.gfp.fkbp line also has GFP.FKBP inserted in frame to regulate AP2-
G.L. The whole genomes of both lines were sequenced and compared
to the parental line, NF54, to rule out the presence of any unintended
mutations. None of the lines expressing AP2-G.L produced immature
or mature gametocytes (Fig. 2b, c), which is the same phenotype
shown by original 3D7.stk2Δ//ap2-g.L clones (Fig. 1a, b). To strengthen
our hypothesis, we also tested whether reversing the L2163 mutation
back toV can restoregametocytogenesis in the 3D7.stk2Δ//ap2-g.L line,
as well as the NF54.ap2-g.L.gfp.fkbp line (Fig. 2d). Correcting the
mutation to V restored the rate of gametocytogenesis to that observed
in the original parental lines (NF54 or 3D7) (Fig. 2e, f). This forward and
reverse mutation editing approach firmly supports the valine to leu-
cinemutation, not the stk2 knockout or anothermutation, as the cause
of the loss of gametocytogenesis in the 3D7.stk2Δ//ap2-g.L line.
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V2163L switch disrupts DNA binding
AP2 domain of AP2-G was described earlier22,27, and V2163 is located at
the N-terminus of the domain (Fig. 1h). MOTIF search (https://www.
genome.jp/tools/motif/) analysis also predicted the same amino acids
as anAP2 domain (aa 2162 to 2210, i-Evalue = 0.00053) in whichV2163 is
the second aa (Fig. 3a). Changing V2163 to L to mimic the observed
mutation shifted the start of the predictedAP2domain downstreamby
11 aa decreasing its length (Fig. 3a) and increasing the independent
ExpectationValue (i-Evalue = 0.0023) indicating reduced confidence in
the motif prediction. Eleven aa shorter AP2 domains were also pre-
dicted when V2163 was substituted by any of the other aa (Fig. 3a,

Supplementary Fig. 3), except isoleucine whichwas predicted to cause
only a six aa shift (Fig. 3a). Consistent with theMOTIF search predicted
AP2 domain, AlphaFold 3D structure modeling29,30 also predicted the
structure of the same amino acids (aa 2162-2210) with a high con-
fidence (Fig. 3b–d). MutationExplorer was then used to evaluate
changes to the AP2-G structure following the leucine 2163 mutation.
The analysis predicted a minimal overall structural destabilization
(Total energy difference with parent = −25.5) with localized changes in
stability within (Fig. 3e, f) and in close proximity to the AP2 domain
(Supplementary Table 2), suggesting the possibility of a structural
alteration in the mutated AP2 domain that could alter DNA binding.
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Fig. 1 | Role of Serine/Threonine protein kinase (Pfstk2) in gametocytogenesis.
a Gametocyte conversion rate (GCR) of 3D7.stk2Δ clones (B4, F6) and the parental
line (3D7). bDay 6 thin smear of n-acetylglucosamine treated cultures showing the
presenceor absenceof gametocytes (arrows) in theparent 3D7and 3D7.stk2Δ clone
(B4), respectively. c Ap2-g expression fold changes in ring stage parasites from
NF54, 3D7, 3D7.stk2Δ clones (B4, F6), ap2-g truncated line F12, and
NF54.gdv1.3xha.fkbp in the absence (GDV1-) or presence (GDV1 + ) of Shld1. d GCR
phenotype of the parent NF54 and STK2 inducible NF54.stk2.gfp.fkbp clones (A, B &
C) in the presence (+) or absence (-) of Shld1. e GCR phenotype of the parent NF54
and NF54.stk2Δ clones (D, E & F). f Ap2-g mutation (g.6487G > T) resulting in
p.V2163L amino acid substitution was present in all the sequence reads from the
3D7.stk2Δ line (gray bars). The 3D7 reference sequence is shown at the bottom just
above the corresponding amino acid sequence in all 3 reading frames. The arrow
indicates the third reading frame encodes AP2-G. g Protein sequence alignment of
the AP2-G AP2 domain derived from five diverse malaria parasite species, P. vivax

(Pv), P. knowlesi (Pk), P. falciparum (Pf), P. berghei (Pb) and P. yoellii (Py), indicates
conservation of the mutated valine (black box). h Schematic of AP2-G (aa 1 - 2432)
with the AP2 DNA binding domain indicated by a green box and SNPs previously
identified in the ap2-g locus in lab-adapted lines (red arrow), the present study (red
dotted arrow) or field isolates (diamonds22). For graphs (a, c–e) independent data
points are indicated by circles and the bar and error bar represent the mean and
standard error of the mean, respectively. a, d, e experiments were performed in
biological triplicates and repeated independently thricewhereas in (c) experiments
were repeated independently 7 times for the parental 3D7, 8 times for clone B4, 7
times for clone F6, 4 times for F12 and 3 times for NF54 and GDV1 (+/-). A Mann-
Whitney test (a, c) or Kruskal-Wallis test followed by Dunn’s multiple comparison
(d, e) was used for statistical analysis between groups/conditions. The groups
compared were parental wt vs stk2Δ clones (a), wt vs mutant ap2-g (c, d), intact (+)
or knocked down stk2 (-) (d), or parental wt vs knockedout stk2 (e). Source data are
provided as a Source Data file.
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These computational predictions are consistent with V2163 being cri-
tical for DNA binding and functional activity31. To confirm the in-silico
prediction, we generated recombinant proteins encoding the AP2
domain (AP2-G2150-2220, 60 aa) containing mutated (AP2-G.L) or wild
type amino acid (AP2-G.V) as well as P. berghei wild type PbAP2-G. The
recombinant proteins were purified from the soluble fraction of E. coli
extracts and tested in an electrophoretic mobility shift assay (EMSA)
for binding to a biotinylated oligonucleotide (GTGTACAC) that
includes the core PfAP2-G DNA recognition motif GnGTAC10,12. In
contrast to the wild type recombinant PfAP2-G domain (AP2-G.V) and
PbAP2-G domain, themutant recombinant protein (PfAP2-G.L) did not
bind the GTGTACAC oligo (Fig. 3g). Both the in vitro and in silico
results suggest that mutated AP2-G.L2163 would not bind to the core
GnGTAC motif in genomic DNA and therefore no longer act as a
functional transcription factor to activate gene expression. An altera-
tion in DNA binding is also consistent with the inability of AP2-G.L to
support ap2-g transcription and gametocyte production in the
3D7.stk2Δ//ap2-g.L line (Fig. 1a–c).

GDV1 activates ap2-g in the absence of AP2-G or its
autoregulation
Parasite lines expressing AP2-G.L provide tools to investigate the
initiation of ap2-g expression in the absence of AP2-G autoregulation
and interrogate the separate roles of GDV1 and AP2-G in this initiation
process. Ap2-g expression is highly dynamic during schizogony,

therefore first we did an RNA time-course using a gametocyte induci-
ble line (NF54.gdv1.3xha.fkbp//ap2-g.V) expressing wild type AP2-G to
identify the best time to compare expression between lines. As
described previously, in the gametocyte inducible line GDV1-FKBP is
stabilized by Shld1 ligand, and without Shld1 GDV1-FKBP gets degra-
ded, as a result ap2-g is not expressed and there is no sexual com-
mitment. Prior to the experiments, parasites were maintained in the
absence of Shld1 to eliminate contamination with gametocyte-
committed parasites produced during earlier asexual cycles that also
expressap2-g and could interfere in the accurate determinationofap2-
g expression initiation. After Shld1 addition to half the parasite cul-
tures, ap2-g transcription was monitored every other hour starting
from 28 hours post invasion (hpi) through 42 hpi in both Shld1 (+) and
(-) conditions (Fig. 4a). This time course covers the trophozoite to
schizont developmental transition. The ap2-g RNA time-course
revealed that in the presence of Shld1-stabilized GDV1, ap2-g tran-
scripts first increased over baseline (~two-fold) at 32 hpi and this
increase was maintained until 36 hpi. After 36 hpi, ap2-g transcripts
rose dramatically, until plateauing at 40 hpi. Six days later stage III-IV
gametocytes were detected in the culture (Fig. 4b). In contrast, in the
absenceof Shld1 therewas no increase in ap2-g transcript (Fig. 4a), and
gametocytes were not produced (Fig. 4b).

From the time course, 40-44 hpi was selected to compare ap2-g
expression in lines with wt gdv1 and wt or mutant ap2-g tagged with
fkbp (ap2-g.V.fkbp//wt gdv1, ap2-g.L.fkbp//wt gdv1), allowing Shld1-
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Fig. 2 | Forward and reverse editing confirms AP2-G.L causes loss of sexual
conversion. a Schematic of the allele swapping strategy showing the exchange of
wild type (wt) ap2-g allele V with the mutant allele L in strain NF54. b Day 6 (D6)
gametocyte conversion rate (GCR) analysis of wt and mutated NF54 parasites,
NF54.ap2-g.L clones 32 L& 35 L were generated using CRISPR-Cas9 and NF54.ap2-
g.L.gfp.fkbp: clones 17 L & 25 L were generated using homologous recombination
without CRISPR-Cas9 and grown in the presence of Shld1. c D6 Giemsa-stained
smear of wt NF54 or mutated NF54.ap2-g.L clone 32 L. d Schematic of allele swap-
ping strategy for the reversion of mutant allele L into wild type V. e) Day 6 GCR
analysis of 3D7 or NF54 derived lines with wt (V) or mutated (L) ap2-g, 3D7.stk2Δ//
ap2-g.L clone B4L, 3D7.stk2Δ//ap2-g.V clones 9 V & 10 V and NF54.ap2-g.L.gfp.fkbp

clone 17 L and NF54.ap2-g.V clone 11 V. fD6Giemsa stained smear of 3D7, L mutated
line (3D7.stk2Δ//ap2-g.L clone B4L), andmutation corrected line (3D7.stk2Δ//ap2-g.V
clone 9 V). Gametocytes are indicated by an arrow. Blue, red, or black circles indi-
cate mutated (Ap2-g.L), mutation corrected (Ap2-g.V), or parental with wt ap2-g
lines, respectively. Each circle indicates an independent data point, and the bar and
error bar represent the mean and standard error of the mean, respectively.
Experiments were performed in three biological replicates and repeated 3 times
independently. A Mann-Whitney test was used for statistical analysis between AP2-
G mutant (L) or wt (V) allele parasite lines. Source data are provided as a Source
Data file.
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mediated regulation of AP2-G. In addition, fkbp-tagged gdv1 lines
expressing non-tagged wt or mutant ap2-g (gdv1.3xha.fkbp//ap2-g.V or
gdv1.3xha.fkbp//ap2-g.L) were included to compare the effect of the
presence or absence of GDV1 on wt or mutant AP2-G expression and
activity. Ap2-g transcription at schizont stage was completely dis-
rupted by GDV1 knockdown in the absence of Shld1, regardless of
whether the line expressedwt ormutatedap2-g (Fig. 4c). In contrast, in
the fkbp-tagged ap2-gwt ormutant lines expressingwtGDV1, aswell as
a gametocyte-deficient line, F12, which expresses wt GDV1 but has a
truncated AP2-G lacking the AP2 domain10, ap2-g was still expressed
(~16 fold ormore) in the presence or absence of Shld1. However, ap2-g
expression was higher in ap2-g.V.fkbp line (Shld1 + ) than the ap2-
g.L.fkbp line (Shld1 + ) or either line in the absence of Shld1. These
results are consistent with wt GDV1 initiating ap2-g expression in all
these lines, while only Shld1-stabilized wt AP2-G.V stimulated AP2-G
mediated autoregulation. Ap2-g transcript levels were also higher in

thepresence of Shld1 in the gdv1.fkbp//ap2.g.V line than the gdv1.fkbp//
ap2-g.L line (Fig. 4c) again indicating that during schizogony wt AP2-G
enhances its own transcription.

In the next generation, only parasites expressing both AP2-G.V
andGDV1 [3D7.stk2Δ//ap2-g.V,NF54-gdv1.3xha.fkbp//Ap2-g.V (Shld1 + )]
expressed all of the AP2-G dependent early gametocyte genes4 tested
(Fig. 4d, e, Supplementary Fig. 4a–g) that contain at least one copy of
the upstream AP2-G DNA recognition motif, GnGTAC. In contrast,
none of these early gametocyte genes were expressed by parasite lines
expressing AP2-G.L (3D7.stk2Δ//ap2-g.L, NF54.ap2-g.L), truncated AP2-
G (F12) or those lacking GDV1 [NF54.gdv1.3xha.fkbp//ap2-g.V (Shld1-)].
These results clearly demonstrate that after GDV1 initiates ap2-g
expression AP2-G.V, not AP2-G.L, stimulates ap2-g autoregulation dur-
ing schizogony and downstream gene expression in the progeny
consistent with the need for DNA binding to mediate these
effects (Fig. 4f).
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PIHSGWKDTTRGHCSWRCRWWENGRRLSKNFNVKRFGNDGALRMAITMKLKKSNPKEQMQ 2173 - 2210 0.0023

c

rAP2-G.L

L
I2154

R2201

Scored residue

AP2-G.L

d

Al
ig

ne
d

re
si

du
e

e f
Expected position error (Ångströms)

rAP2-G.V

AP2-G.V
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used to evaluate confidence (b) and color code the structure, very high (dark blue
>90%), high (cyan: 70-90%), low (yellow: 50-70%), very low (orange: 50%) (d, f). The
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electrophoretic mobility shift assay (EMSA) (f). e MutationExplorer58 analysis pre-
dicted local energy changes in full length AP2-G.L compared towt AP2-G.V. The red

bubble indicates the mutation sphere and residues that are stabilized or destabi-
lized, respectively. f The AlphaFold prediction for recombinantmutant AP2-G.L (aa
2150-2220) used in the EMSA color coded based on pLDDTmodel confidence. The
pink square indicates the mutant L2163 and the circles correspond to residues, I2154
and R2201 that are predicted to be destabilized using MutationExplorer. g EMSA
analysis using a light shift EMSA assay kit with biotinylated probe GTGTACAC and
recombinant proteins with either a wild type ormutated AP2 domain, P. falciparum
recombinant AP2-G AP2 domain, aa 2150-2220 (Pf-WT or Pf-V2163L) or P. berghei
wild type AP2-G AP2 domain (Pb-WT)63. Shifted and unshifted bands are indicated
by respective arrow. The EMSA experiment was performed once at 2 different
recombinant protein concentrations. The uncropped gel is included in the Source
Data file.
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Quantification of ap2-g.V & ap2-g.L and gdv1 translation
A nanoluciferase (nLuc) reporter was used to quantify and compare
the time course of ap2-g.V, ap2-g.L, and gdv1 translation using a series
of transgenic lines (3D7.stk2Δ//ap2-g.V.fkbp.p2a.nLuc, 3D7.stk2Δ//ap2-
g.L.fkbp.p2a.nLuc and NF54.gdv1.p2a.nLuc). The P2A peptide that cau-
ses ribosomal skipping32,33 was included upstream of nLuc to allow the
production of two separate proteins from a single RNA. We first con-
firmed a linear increase in nLuc signal with increasing parasite number
(Supplementary Fig. 5). The assay was then used to monitor nLuc
activity from 20 to 44 hpi and again 9 and 22 h later (53 hpi & 66 hpi) in
the next generation rings. The time course data shows that signal from
gdv1-linked nLuc was first detected at 26 hpi, which is prior to ap2-g-
linked nLuc activity, as expected for an upstream regulator. Gdv1-
linked nLuc activity increased rapidly until 34/35 hpi, then started to
plateau (Fig. 5a). This early GDV1 activity is also supported through live
imaging of a GDV1-tdTomato reporter line (683.gdv1.3xha.tdTom.fkbp)
in which the GDV1-tdTomato fluorescent signal was first detected at
28-30 hpi which corresponds to the late trophozoite to early schizont
transition prior to the first nuclear division (Fig. 5b). As schizogony

progressed, GDV1 expression continued and a punctate pattern
around each nucleus was observed (Supplementary Fig. 6). In contrast
to gdv1-linked nLuc, ap2-g.V-linked nLuc activity was first detected at
31 hpi and continued to increase until 41 hpi after which activity pla-
teaued, consistentwith its transcription time-course (Fig. 4a). The time
course of Ap2-g.L-linked nLuc signal was similar to ap2-g.V-linked nLuc
activity during schizogony but levels were 2-3 fold lower inmagnitude
than ap2-g.V-linkednLuc activity, even throughout theplateau at 39-44
hpi (Fig. 5a). In the next generation ring stage parasites (53 & 66 hpi)
ap2-g.V-linked nLuc activity remained high, which is in marked con-
trast with the ap2-g.L-linked nLuc line that had ~12 fold less nLuc
activity and no gametocyte conversion (Fig. 5a, Supplementary Fig. 7).
The increased ap2-g.V-linked nLuc activity in comparison to ap2-g.L-
linked nLuc activity in schizonts (38-40 hpi) and next generation rings
stage parasites (10-15 hpi) was confirmed using additional ap2-g.L
(NF54.ap2-g.L.p2a.nLuc, 3D7.stk2Δ//ap2-g.L.fkbp.p2a.nLuc) and ap2-g.V
(NF54.ap2-g.V.p2a.nLuc, 3D7.stk2Δ//ap2-g.V.fkbp.p2a.nLuc) parasite
lines with NF54 or 3D7 backgrounds. Consistently there was a sig-
nificant increase in nLuc activity in schizonts (3-4 fold: Fig. 5c) and
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transcript analysis every 2 hours from 28 to 42h post invasion (hpi) and their day 6
gametocyte conversion rate (GCR) (b). Dashed and continuous lines indicate Shld1
(-) or (+), respectively. c Schizont stage ap2-g expression analysis from Shld1-
regulated gdv1 lines with wt (ap2-g.V//gdv1.fkbp) or mutant (ap2-g.L//gdv1.fkbp)
ap2-g and also wt (ap2-g.V.fkbp// wt gdv1) and mutant (ap2-g.L.fkbp//wt gdv1) ap2-g
Shld1-regulated lines with wt gdv1. (+) or (-) indicate presence or absence of Shld1.
d, e Ap2-g and msrp1 gene expression analysis in sorbitol synchronized ring stage
parasites (6-10 hpi) in wt ap2-g parasite line (NF54.gdv1.3xha.fkbp) in the presence
(GDV1(+)) or absence (GDV1(-)) of Shld1, ap2-g mutation corrected parasite line,
3D7.stk2Δ//ap2-g.V (AP2-G.V), ap2-gmutated parasite lines, NF54.ap2-g.L (AP2-G.L),
3D7.stk2Δ//ap2-g.L (B4L) and F12 with a premature stop codon in ap2-g.
f Schematics showing ap2-g initial expression, autoregulation and AP2-G depen-
dent downstream genes in the different engineered lines in the presence or
absence of Shld1. Dotted circles indicate unknown potential co-factors, GTAC
indicates the AP2-G binding DNAmotif (GnGTAC), 1) depicts initial transcription, 2)

depicts autoregulation that requires a functional AP2-G, and 3) depicts AP2-G
dependent gene expression. Yellow circles indicate the FKBP domain that targets
the attached protein for degradation in the absence of Shld1 ligand. Red or blue
pentagons indicate AP2-G.V or AP2-G.L, respectively. a, b The time course experi-
ment was performed once. a Error bars are derived from technical replicates.
c–e Each circle indicates an independent data point; experiments were performed
independently 2 to 6 times without replicates. c: Experiments were independently
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B4. The bar and error bar represent mean and standard error of the mean,
respectively. An ANOVA test followed by Bonferroni’s multiple group comparison
(c) was used to compare wt and mutant ap2-g expression in GDV1(+/-) conditions.
Mann-Whitney test (d, e) was used for statistical analysis between wt and mutant
ap2-g parasite lines as well as GDV1(-). Source data are provided as a Source
Data file.
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rings (4-10 fold: Fig. 5d) stages in ap2-g.V over ap2-g.L parasite lines
with the same parent as well as a significant increase in gametocyte
conversion rate in the ap2-G.V lines (Fig. 5e). This pattern is consistent
with an increase in AP2-G.V, not AP2-G.L, protein expression due to
AP2-G.V-dependent autoregulation. The nLuc activity observed in ap2-
g.L lines in schizont stage strongly supports wt GDV1 driving the initial
ap2-g.V or ap2-g.L transcription, that is then augmented in the ap2-g.V

lines due to autoregulation. The markedly lower levels of ap2-g.L-
linked nLuc activity in the next generation rings are consistentwith the
decrease in GDV1-linked nLuc activity in rings (Fig. 5a) as well as the
lack of functional AP2-G.V to maintain expression in the absence of
GDV1. The findings also highlight the importance of AP2-G.V expres-
sion in gametocyte maturation.
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To directly assess the timing of the requirement for GDV1 in ap2-g
transcription initiation, we generated NF54.gdv1.3xha.fkbp//ap2-
g.V.p2a.nLuc transgenic reporter that allows monitoring of ap2-g
activity by regulating GDV1 with Shld1. As expected in the absence of
Shld1 there was no ap2-g.V-linked nLuc activity (Fig. 5f) and following
the addition of Shld1 at ring stages (16hpi) ap2-g.V-linked nLuc activity
began at ~33 hpi and started to plateau at 40 hpi (Supplementary
Fig. 8a). To determine when GDV1 was no longer needed for ap2-g.V
expression, Shld1 was added to tightly synchronized cultures in a 24
well plate at 16 hpi and then removed from replicate wells at defined
time points from 30 hpi to 44 hpi (Supplementary Fig. 8b). Ap2-g.V-
linked nLuc activity was assessed in all wells at 44 hpi (schizonts) and
56 hpi (rings). The GCR of each culture was also measured (Supple-
mentary Fig. 8b). Early GDV1 removal (<40 hpi) resulted in lower ap2-
g.V-linked nLuc levels in both schizonts (44 hpi: Fig. 5g) and the next
generation rings (56 hpi: Supplementary Fig. 8c), as well as lower
gametocyte production. Levels of ap2-g.V-linked nLuc activity gradu-
ally increased after 32-34 hpi reaching a plateau at ~40 hpi, after which
time removing GDV1 had little effect (Fig. 5g). This controlled GDV1
exposure indicates it is required until ~40 hpi, for maximal ap2-g.V
expression during the trophozoite-schizont transition.

Dynamics of AP2-G autoregulation and downstream gene
induction
Ap2-g.mScarlet (mSc) reporter lines (3D7.stk2Δ//ap2-g.L.mSc or
3D7.stk2Δ//ap2-g.V.mSc) were generated to compare AP2-G.V and AP2-
G.L protein expression patterns and identify sexually committed
schizonts. Live imaging and flow cytometry show a subpopulation of
schizonts (9-11%) positive for AP2-G.V.mScwhich is similar to the 8-10%
day 4 GCR (Fig. 6a, Supplementary Fig. 9a-b), suggesting the positive
schizonts progressed to gametocytes. In contrast, none of the ap2-
g.L.mSc lines were positive and there was no GCR (Fig. 6a, Supple-
mentary Fig. 9a-b). It is possible that the fluorescence assays are not
sensitive enough to detect the amount of AP2-G.L generated from the
low transcript levels induced by GDV1 in the absence of AP2-G auto-
regulation or, alternatively, that the DNA binding activity of AP2-G.V is
required for protein expression.

To extend the expression profile of sexually committed schizonts
beyond ap2-g, the RNA time course of msrp1 (ID# PF3D7_1335000)
another gene expressed in sexually committed schizonts was tested.
Msrp1 transcription increases over baseline only in theAP2-G.V line and
the time course was slightly later than ap2-g RNA (Supplementary
Fig. 10a), consistent with earlier reports that it is AP2-G regulated3,4,12.
Protein expression was tracked by tagging MSRP1 with mNeon Green
(mNG) in 3D7 and NF54 parental lines (3D7.stk2Δ//ap2-g.L.mSc//
msrp1.mNG, 3D7.stk2Δ//ap2-g.V.mSc//msrp1.mNG, NF54.msrp1.mNG//
ap2-g.V.mSc and NF54.msrp1.mNG//ap2-g.L.mSc). AP2-G.V.mSc and
MSRP1.mNG were co-expressed in a subpopulation of schizonts, while

no signal from either protein was detected in the AP2-G.L lines using
fluorescence microscopy (Fig. 6a, b, Supplementary Fig. 10d (lower
panels)). AP2-G.V.mSc expression was punctate and perinuclear (cor-
relation coefficient with DNA=0.56± 0.08). MSRP1 was present
throughout cytoplasm and tended to be localized to the merozoite
periphery in mature schizonts (46-48 hpi) (Fig. 6b (top panel), Sup-
plementary Fig. 10b). Using flow cytometry AP2-G+MSRP1+ double
positive schizonts were also only found in the AP2-G.V lines and they
were in the same proportion as the D4 GCR (Fig. 6c, Supplementary
Fig. 10e) and a similar correlation was found between MSRP1+ schi-
zonts and D4 GCR in the NF54.msrp1.mNG line (Supplementary
Fig. 10c) suggesting MSRP1 can be used as another marker of sexual
commitment. In some experiments, low background fluorescence
(<3×103

fluorescence intensity) was detected in the AP2-G.L lines using
flow cytometry, but this variation is likely due to differences in the
background fluorescence of different RBC preparations.

Analysis of MACS-purified schizonts from a dual reporter line
(NF54.ap2-g.V.mSc//msrp1.mNG) indicated schizonts single positive for
AP2-G.mSc, not MSRP1.mNG, had less DNA, suggesting they were
younger than schizonts double positive for AP2-G.mSc and
MSRP1.mNG (Fig. 6d). In these dual reporter lines there was also no
MSRP1.mNG single positive schizonts, only double positive AP2-G.mSc
/ MSRP1.mNG schizonts, consistent with MSRP1 expression being
dependent on AP2-G. The time course of AP2-G.V.mSc and
MSRP1.mNG (NF54.ap2-g.V.mSc//msrp1.mNG) expression was further
evaluated every hour from 28-46 hpi to understand the dynamics of
sexual commitment (Fig. 6e, Supplementary Fig. 11). AP2-G.mSc single
positive schizonts were first observed from 39-40 hpi, typically in 4-5
nuclear schizonts, and none of the schizontswith less than three nuclei
were positive. Approximately 2 hrs later (41-42 hpi), these AP2-G
positive schizonts turned positive for MSRP1.mNG. Again, no single
positive MSRP1.mNG schizonts were detected (Supplementary Fig. 11).
AP2-G andMSRP1 expression wasmuch later than GDV1.tdTom, which
was detected prior to nuclear division at 28-29hpi (Fig. 5b, Supple-
mentary Fig. 6). These distinct MSRP1.mNG expression patterns allow
differentiation of early and late sexually committed schizonts and
demonstrate the distinct dynamics of AP2-G.V and downstream gene
induction.

Discussion
A single valine to leucine mutation at the beginning of the AP2 DNA
binding domain in AP2-G disrupted DNA binding and gametocyte
production demonstrating the critical role of this AP2-G transcription
factor for sexual differentiation. In contrast, we found the initiation of
ap2-g expression during early schizogony requires GDV1, not func-
tional AP2-G. Whereas, later in mature schizonts and the next gen-
eration ring stages AP2-G.V-dependent regulation of itself or another
factor plays a major role in maintaining ap2-g expression and driving

Fig. 5 |Gdv1 and ap2-g reporter lines demonstrate that GDV1 is required for the
initiation of ap2-g expression. a Time course analysis of ap2-g and gdv1-linked
NanoLuc luciferase (nLuc) activity from early trophozoites (20 hpi) to the next
generation of rings (53, 66 hpi). nLuc activity wasmonitored in ap2-g.V (3D7.stk2Δ//
ap2-g.V.fkbp.p2a.nLuc), ap2-g.L (3D7.stk2Δ//ap2-g.L.fkbp.p2a.nLuc) and gdv1
(NF54.gdv1.p2a.nLuc) nLuc lines. b Live imaging of GDV1.tdTomato expression
using the 683.gdv1.tdTomato.fkbp (Shld1 + ) line stainedwithHoechst to localize the
nucleus, which is representative of the 100 parasite positive red blood cells ana-
lyzed. Fold change in nLuc activity in 40-44 hpi schizonts (c) and in the next
generation 5-10 hpi rings (d) and the corresponding gametocyte conversion rate
(GCR) at day 4 (e) in ap2-g.L [NF5.ap2-g.L.p2a.nLuc (L1) and 3D7.stk2Δ//ap2-
g.L.fkbp.p2a.nLuc (L2)] and in ap2-g.V [NF54.ap2-g.V.p2a.nLuc (V1) and 3D7.stk2Δ//
ap2-g.V.fkbp.p2a.nLuc (V2, V3)] parasite lines. f Ap2-g linked nLuc signal from
NF54.gdv1.3xha.fkbp//ap2-g.V.p2a.nLuc without Shld1 (GDV1-), NF54.ap2-g.L.p2a.n-
Luc (AP2-G.L), and NF54.ap2-g.V.p2a.nLuc (AP2-G.V) reporter lines. g GDV1 regu-
lated ap2-g-linked nLuc activity and GCR quantification using the

NF54.gdv1.3xha.fkbp//ap2-g.V.p2a.nLuc line. The X-axis indicates the time points
when Shld1 was removed from the culture well and the dashed box indicates
the developmental phase that requires GDV1 for gametocyte production. Assay
details are provided inSupplementary Fig. 9b. c–fRed andblue circles indicateap2-
g.V and ap2-g.L, respectively. Each circle indicates an independent data point, and
the bar and error bar representmean and standard error of themean, respectively.
a, g Experiments were performed once with two biological replicates,
c–f Experiments were repeated independently 4 to 8 times without replicates.
c Experiments were repeated seven times for L1, L2, V2, and V3, and five times for
V1,d experimentswere repeated five times for L1 andV1, and seven times for L2, V2,
andV3, e experimentswere repeatedfive times for L1 andV1, eight times for L2, and
seven times for V2 and V3, f experiments were repeated four times for each con-
dition. Mann-Whitney test (c–e) or ANOVA followed by Turkey’s multiple com-
parison (f) was used for statistical analysis between groups with AP2-G.L or.V (c–e)
or between GDV1(-), AP2-G.V or AP2.G.L parasite lines (f). Source data are provided
as a Source Data file.

Article https://doi.org/10.1038/s41467-026-68416-1

Nature Communications |         (2026) 17:1719 8

www.nature.com/naturecommunications


36 37 38 39 40 41 42 43 44 45 46

0

3

6

9

Hour Post Invasion  (hpi)

Po
si

tiv
e 

sc
hi

zo
nt

s 
(%

)

AP2-G-mSc MSRP1-mNG Overlay

Hoechst

Bright light

m
N

eo
nG

re
en

mScarlet

AP2-G-mSc OverlayBright lighta

d

c

b

Mature

Young

H
oe

ch
st

m
Sc

ar
le

t(
m

Sc
)

mNeonGreen (mNG)

mSc+

mSc+
mNG+

e
AP2-G.mSc(+)/MSRP1-mNG(-)
AP2-G.mSc(+)/MSRP1.mNG(+)

Hoechst

3D7.stk2Δ//ap2-g.L.mSc

3D7.stk2Δ//ap2-g.V.mSc

3D7.stk2Δ//ap2-g.V.mSc//msrp1.mNG

3D7.stk2Δ//ap2-g.L.mSc//msrp1.mNG

H
oe

ch
st

Mature

Young

2 μm2 μm2 μm2 μm 2 μm

-103      0 103 104 105

106

105

104

103

0

-103
0 103 104 105

Fig. 6 | Live imaging demonstrates the timing of AP2-G.V dependent auto-
regulation and MSRP1 gene expression. a Live imaging showing expression of
AP2-G.mScarlet (mSc) in a schizont stage parasite from mutated (3D7.stk2Δ//ap2-
g.L.mSc: bottom panel) or mutation corrected (3D7.stk2Δ//ap2-g.V.mSc: top panel)
lines that were stained with Hoechst to detect DNA. b Live imaging of double
reporter lines showing AP2-G andMSRP1 expression in themutation corrected line
(3D7.stk2Δ//ap2-g.V.mSc//msrp1. mNeonGreen (mNG): top panel), not the mutated
line (3D7.stk2Δ//ap2-g.L.mSc//msrp1.mNG: bottom panel). Both parasite lines were
stained with Hoechst to detect DNA. The images are representative of the 100
parasite positive red blood cells analyzed. c Quantification of AP2-G.mSc and

MSRP1.mNG positive schizonts in the mutated (left panel) and mutation corrected
(right panel) lines shown in (b). d Retro analysis of flow cytometer data shows
AP2.G.mSc positive schizonts (top panel) have less Hoechst staining, consistent
with younger schizonts with less DNA, whereas schizonts positive for both
AP2.G.mSc and MSRP1.mNG (bottom panel) have higher Hoechst staining sug-
gesting they are older. e Flow cytometric quantification of single positive (AP2-
G.mSc+ /MSRP1mNG-: dotted line) or double positive (AP2-G.mSc + /
MSRP1.mNG+ : continuous line) schizonts from 37 to 46 hpi using 3D7.stk2Δ//ap2-
g.V.mSc//msrp1.mNG parasites. Details of flow cytometric quantification are pro-
vided as Supplementary Fig. 11. Source data are provided as a Source Data file.
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downstream gene expression. These regulatory differences allowed
the development of stage specific reporters that differentiate the
initial induction of ap2-g, early AP2-G autoregulation followed in
2 hours by the expression of the downstream gene, msrp1. The lines
provide tools to further assess the underlying molecular mechanisms
and screen for factors regulating malaria transmission.

Our detailed assessment of the time-course of sexual commit-
ment demonstrates that gdv1 translation is first detected at 26 hpi and
increases rapidly until 34/35 hpi when it begins to plateau as wt and
mutant (L)ap2-g transcriptionand translation are initiated at 30-31 hpi.
The early expression of GDV1 is consistent with its proposed role in de-
repressing the ap2-g locus that has been epigenetically silenced by
H3K9Me3 and HP1 binding upstream of the ap2-g promoter11,14. The
role of GDV1 prior to AP2-G autoregulation is also supported by the
almost complete block in ap2-g (V and L) transcripts when GDV1 is
knocked down in the absence of Shld1. In contrast, ap2-g transcripts
are still generated inGDV1 expressing lines in the absence of functional
AP2-G, either due to knock down or changing AP2-G V to L. Defining
this early period of ap2-g activation prior to the requirement for AP2-
G.V expression can be used to focus further investigation of the
mechanisms involved in de-repression, such as HP1 and histone 3
lysine 9 trimethylation removal and the participation of additional
players to fully understand the initiation of sexual commitment in a
subpopulation of parasites. AP2-I12,34, AP2-G535 and a recently identified
AP2-P36 have been reported to bind upstream of ap2-g and could also
contribute to its regulation.

After 38 hpi, the fluorescent detection of AP2-G.V coupled with
the higher expression level of ap2-g in AP2-G.V expressing lines in
comparison to lines lacking AP2-G, or those expressing AP2-G.L or
truncated AP2-G suggests the expression increase requires functional
AP2-G and is likely due to autoregulation. Additionally, during this
phase (>38 hrs), knocking down GDV1 had little effect on ap2-g.V-
linked nLuc expression or sexual conversion consistent with the
requirement for wt AP2-G to activate sexual differentiation. AP2-G.V is
also required for MSRP1.mNG expression in sexually committed schi-
zonts and allows separation of AP2-G.V.mSc single positive parasites
prior to MSRP1.mNG expression to evaluate early changes associated
with AP2-G.V autoregulation. The effect of AP2-G.V autoregulation in
maintaining ap2-g transcription is even more pronounced in the next
cycle rings and early stage I gametocytes and suggests AP2-G.V is likely
to be the primary activator of continued sexual differentiation and
downstream gene transcription. In P. berghei, AP2-G is primarily
detected in a subpopulation ring, not schizont, stages that progressed
to gametocyte production, not asexual replication, consistent with the
importance of AP2-G in early gametocyte formation37,38. In addition to
demonstrating the importance of V2163 to AP2-G function and dis-
secting the roles of GDV1 and AP2-G.V in P. falciparum sexual com-
mitment, these lines provide sensitive tools to directly quantify sexual
commitment in schizont stages and allow small molecule library
screens39,40 for compounds that block sexual differentiation. Addi-
tionally, the inability of AP2-G.L to stimulate AP2-G dependent gene
expression allows themutated lines to be used to focus the analysis on
the regulation of the ap2-g locus without interference from AP2-G
autoregulation or downstream gene expression. Both fluorescent and
nLuc reporter lines can also be used to screen plasma/serum samples
to identify human factors that regulate sexual conversion which vary
dramatically in malaria patients3,4,26.

In contrast to the essential role of gdv1 and ap2-g in sexual dif-
ferentiation, pfstk2 appears to be dispensable for asexual or sexual
growth. This finding is consistent with previous piggyBac transposon-
based insertion mutagenesis23 in P. falciparum monitoring asexual
growth and the analysis of sexual development following knockout
in P. berghei41. Interestingly,pbstk2which is expressed inmosquito and
liver stages, has been shown to play a critical role in the maturation of
liver stage schizonts41. The pfstk2-KO or inducible transgenic lines

expressing AP2-G.V generated in the course of our work could be used
to investigate the role of pfstk2 in P. falciparum liver stage
development.

The functional importance of a single valine located at the
beginning of the predicted AP2 DNA recognition domain of AP2-G is
clearly demonstratedby thiswork. Simply changing valine to leucine, a
similar hydrophobic amino acid, blocked gametocyte production, the
auto-upregulation of ap2-g transcription, translation and protein pro-
duction aswell as the up-regulation of downstreamgenes expressed in
sexually committed schizonts or the next generation of ring stage
parasites. The critical nature of this site in AP2-G is further supported
by in silico analysis predicting analteration in the AP2DNA recognition
site when V2163 is replaced by any other amino acid and more directly
by the inability of recombinantly expressed AP2 domain of AP2-G.
V2163L (aa 2150-2220) to bind an oligonucleotide containing the AP2-G
binding motif, GnGTAC. We also found that the same V2163L mutation
was present in some previously reported P. falciparum gametocyte
non-producer piggyBacmutants, including clone IGM2E442. Together,
the data strongly suggests changing valine to leucine at position 2163
disrupts DNA binding, thereby blocking the ability of AP2-G.L to acti-
vate transcription of itself or downstream genes and abrogating
gametocytogenesis. Further structural analysis of the mutant AP2-G
protein would provide additional insights into the molecular basis of
the loss of DNA-protein binding.

The lack of missense mutations among the thousands of clinical
isolates sequenced to date (PlasmoDB22, MalariaGEN28) also supports
the importance of V2163 in sexual differentiation, which is required for
person-to-person transmission through the community. Conversely,
in vitro culture depends only on asexual growth for propagation.
Therefore, in vitro, a mutation that inhibits ~10% of schizonts from
committing to gametocytes would increase asexual growth by ~10%,
providing selective pressure for themutant parasite in in vitro culture.
This in vitro growth advantage of sterile parasite lines always needs to
be considered when screening transgenic lines and highlights the
importance of complementation andwhole genome sequencing when
analyzing phenotypes. There aremultiple exampleswhich suggest that
gametocytogenesis phenotypes are selected for in vitro cultures,
including deletion of parts of chromosome 9 containing gdv19 or
mutations causing premature termination of GDV125,26 or AP2-G10.
Interestingly, as opposed to all other known mutation/deletions con-
ferring gametocyte deficiency through gdv1 or ap2-g, V2163L is the first
mutation that alters AP2-G function without causing premature ter-
mination consistent with the key role played by V2163 in protein func-
tion. Outside the AP2 domain of ap2-g there are a large number of
mutations in ap2-g in worldwide geographical isolates (PlasmoDB22,
MalariaGEN28) that have not been functionally evaluated.

In Plasmodium, a conservative valine to leucine substitutionwith a
strong phenotype, such as drug resistance, is rare but not unprece-
dented. A V to L mutation has been reported for P. falciparum cyto-
chrome b where V259L is selected with atovaquone drug pressure in
multiple studies43–46 and in P. vivax dhfr V64L is associated with anti-
folate resistance in clinical isolates47. A loss of gene function due to a
single valine to leucine mutation has been also demonstrated in var-
ious organisms such as a V875L in cifb reduces cytoplasmic incom-
patibility in Wolbachia bacteria48, a V865L substitution in a human
androgen receptor reduces sensitivity to androgen hormone49, and a
V321L substitution in neuregulin1 in the hippocampus disrupts its
nuclear localization, resulting in a complete loss of the function50,51.

In summary, the data strongly support the vital role of valine2163 in
the AP2 domain of AP2-G for DNA binding, sexual commitment and
early gametocytogenesis. In contrast, GDV1 is required for the initial
activation of ap2-g transcription from 30-39 hpi and functional AP2-G
during this phase is not essential. The definition of the time course and
the development of lines with inducible GDV1 expression in the pre-
sence and absence of functional AP2-G allows the direct evaluation of
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the signaling pathways involved in ap2-g activation. AP2-G and MSRP1
reporter lines also clearly differentiate between early and late stages of
sexual commitment during schizogony providing new tools to assess
the effect of factors to modulate gametocyte conversion and trans-
mission through the community.

Methods
Parasite culture
Plasmodium falciparum parasite strains (NF54, 3D7) or transgenic or
mutant lines, were cultured in complete RPMI medium containing
RPMI 1640, 25mM HEPES, 100μg/ml of hypoxanthine, and 0.3mg/ml
of glutamine (KD Biomedical, Columbia, MD) supplemented with
25mMNaHCO3 (pH7.3), 5μg/ml of gentamicin, and 10%human serum
(Interstate Blood Bank, Memphis, TN) or 0.5% Albumax II (Gibco, USA)
in an atmosphere of N2:O2:CO2 90:5:5. Sorbitol treatment (5%,
10–30min at 37 °C) or MACS® LS columns (Miltenyi Biotec, Auburn,
CA) were used to synchronize parasites in ring or schizont stages,
respectively. Parasitemia [(parasite-infected RBCs/total RBCs) *100]
was evaluated throughmicroscopy of culture smears stained with 10%
Giemsa for 15m (Sigma-Aldrich, St Louis, MO). Light microscope
images were captured using QC Capture 2.9.13 software.

P. falciparum gametocyte phenotyping
The gametocyte conversion rate (GCR) of a single cycle was deter-
mined by quantifying parasitemia of a synchronized ring stage cul-
ture (Day 0) then adding N-acetylglucosamine (50mM) (NAG) to
block further asexual growth. The plate/flask was then cultured for
five or seven days (D4 or D6) with daily media changes without RBC
supplementation and the D4 or D6 gametocytemia (stage II-III or III-
IV) determined (Supplementary Fig. 1d). Parasites were quantified
using Giemsa stained culture smears or flow cytometry, which is
described in the next section. The GCR of each sample was calcu-
lated using the formula (D4 or D6 gametocytemia / D0 ring
parasitemia) x 100.

Flow cytometry and data analysis
Parasite cultures and uninfected RBCs (negative control) were resus-
pended at 0.02% hematocrit (~2,000 cell/µl) in 1x SA buffer (154mM
NaCl, 9.27mM glucose, 10mM Tris-HCl, pH 7.4) with 500nM MitoP-
robe DiIC1(5) (Cat: M34151) and incubated at 37 °C in the dark for
30min prior to analysis on an Accuri C6 flow cytometer (BD Bios-
ciences, Franklin Lakes, NJ) or Attune Nxt flow cytometer (Invitrogen,
USA). The forward and side scatter signalswere used to select the total
RBC population and then the DiIC1(5) (Ex 640nm/Em 675 ± 25 nm)
was used to identify Pf infected RBC.

A Cytek Aurora Spectral Analyzer flow cytometer (USUHS, Bio-
medical Instrumentation Center facility) was used to identify parasite
infected RBC positive for mScarlet (mSc) or mNeonGreen (mNG) or
both fluorescent protein signals. Hoechst 33342 DNA stain (Invitrogen,
USA, Cat: H3570), 1:500 dilution, 10minutes staining) was used to
quantitate and identify the stage of infected RBCs (iRBCs). The pro-
portion of mSc and or mNG positive iRBCs observed in total or stage-
specific iRBCs was determined using FlowJo v10.10.0. A retro gating
strategy was used to visualize and quantify only AP2-G.mSc positive
iRBCs or MSRP1.mNG positive iRBCs from MACS-column purified
parasites having a range of younger to mature schizonts based on the
Hoechst 33342 signal. BD Accuri C6 Software, Attune software v5.3.0,
and SpectralFlo v3.03 were used to analyze Accuri, Attune Nxt flow,
and Cytek Aurora flow cytometers, respectively.

Plasmid engineering (CRISPR&non-CRISPR) and transgenic line
generation
The stk2 knockout lines (3D7.stk2Δ.wr or NF54stk2Δ.wr) were gener-
ated using a double crossover plasmid (pCC1) in the absence of Cas9.
To generate this plasmid, twohomologous fragmentswere introduced

in the plasmid using SacII + SpeI and NcoI+AvrII restriction enzymes.
T4-DNA ligase was used to ligate the restriction enzyme-digested PCR
products into the plasmid. The inducible stk2 line was generated using
a single crossover plasmid (p1605.stk2.gfp.fkbp.wr) (Supplementary
Fig. 12a) to tag the C-terminus of stk2 with green fluorescent protein
(GFP) followedby the FKBP-destabilization domain (FKBP)3. This single
crossover plasmid was also used to generate an ap2-g mutated line
(NF54.ap2-g.L.gfp.fkbp.wr). To generate the single crossover plasmid
construct, a single homologous region (600–1500 bp) of the target
gene was PCR amplified, digested with XhoI + AvrII restriction enzyme
and ligated into XhoI + AvrII digested plasmid using T4-DNA ligase.
Primer DNA sequences for stk2 and ap2-g genes are given in Supple-
mentary Table 3.

E. coli electrocompetent cells (DH10B) were transformed with the
ligation reaction and grown overnight on ampicillin (100 µg/ml) con-
taining LB plates. Ampicillin-resistant insert positive colonies were
assessed using restriction enzyme digestion or by PCR and then fur-
ther verified by DNA sequencing using Geneious prime®
2025.2.2 software. DNA sequence-confirmed colonies were expanded,
and plasmid was purified using the NucleoBond Xtra Plasmid Maxi
prep kit (Macherey Nagel, USA). Purified plasmid reconstituted in 1x
cytomix buffer containing KCl (120mM), CaCl2 (0.15mM), K2HPO4/
KH2PO4 (10mM, pH 7.6), HEPES (25mM, pH 7.6), EGTA (2mM, pH
7.6), and MgCl2 (5mM) was stored at -20 °C. 100–150 µg plasmid DNA
per transformation was used to transform parasites using established
transformation protocols3. Approximately 5% rings were transformed
(Day0) and onD2 appropriate drugwas added for selection:WR99210
(2.5 nM) (Jacobus Pharmaceuticals, Plainsboro, NJ) or Blasticidin
(2.5 nM) (Gibco, USA). Resistant parasites from three independent
transformations were selected and grown for 3 weeks without drug
before reapplying the appropriate drug. The resistant parasites
obtainedwere screened for the presence of single or double-crossover
chromosomal integration (Supplementary Fig. 1b and 12b) using PCR
with primers listed in Supplementary Table 3 and selected for cloning
by limiting dilution. Transformed lines were maintained in the appro-
priate drug/s.

CRISPR/Cas9 gene editing was used to generate the majority of
the gdv1, ap2-g and msrp1 transgenic lines. Single plasmid (pDC-cam-
cas9-gfp.wr)52 or two-plasmid based CRISPR/Cas9 gene editing was
employed to transform gametocyte competent laboratory strains
(3D7, NF54) or gametocyte deficient precursor transgenic lines
(3D7.stk2Δ-WR, NF54.ap2-g-L-gfp-fkbp-WR). pDC-cam-cas9.gfp.wr has a
repair template (flanked by EcoRI+AatII), a guide RNA sequence and
Cas9 expression cassettes52 and this plasmid is also called a single-
guide plasmid (SGP). We used this SGP plasmid to replace ap2-g.V2163

with ap2-g.L2163 (pDC-cam.ap2-g.L2163.wr) or vice versa ap2-g.L2163 with
ap2-g.V2163 (pDC-cam.ap2-g.V2163.bsd), and also to tag theC-terminus of
gdv1 with 3xha.fkbp (pDC-cam.cas9.gdv1.3xha.fkbp-WR) or p2a.Nano-
Luc (pDC-cam.cas9.gdv1.p2a.NanoLuc-BSD) or tdTomato.fkbp (pDC-
cam.cas9.gdv1.tdTomato.fkbp-BSD), and the msrp1 with mNeonGreen
(pDC-cam.cas9.msrp1.mNeonGreen-DSM) (Supplementary Fig. 12c-d).
To tag the c-terminus of ap2-gwith a number of different reporters, we
modified the SGP and generated a two-guide plasmid (TGP) by repla-
cing Cas9 with a 2nd gSeq cassette using infusion cloning (Supple-
mentary Fig. 12d-e). Using this TGP, we tagged the c-terminus of ap2-g
with fkbp (pDC-cam.ap2-g(L or V).fkbp), mScarlet (pDC-cam.ap2-g(L or
V).mSc), fkbp.p2a.NanoLuc (pDC-cam.ap2-g (L or V).fkbp.p2a.NanoLuc)
or p2a.NanoLuc (pDC-cam.ap2-g(L or V).p2a.NanoLuc). The WR drug
resistancemarkerwas replacedwith either BSDor DSM1depending on
the requirement. When TGP was used for the transformation, if the
parasite line used for transformation lacked Cas9 expression a second
plasmid pUF-DSM53 was used as the Cas9 source.

Guide RNA sequence (20 nt) with NGG PAM was designed using
e-CRISP web-based tools54 that provide only a few but very efficient
guide sequences per gene. The gRNA seq was digested with BbsI, a
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type IIS restriction enzyme, ligated into the plasmid using T4-DNA
ligase and Stellar competent cells were used for the transfection. All
other modifications (single or multiple donor fragments, drug
resistance markers or the second gRNA cassette) were done using
infusion cloning. To use this system, PCR fragments generated with
infusion cloning compatible primers and then infused with the
appropriate restriction enzymes digested plasmid. Insert positive
colonies were identified and the NucleoBond Xtra Plasmid Maxi kit
was used to purify plasmid for transformation as described above in
the non-CRISPR plasmid section. The DNA sequences of the InFusion
PCR primers and gRNAs used are listed in Supplementary Table 3.
Fresh, uninfected RBCs were transformed using 100–150 ug of each
plasmid, washed with RPMI, mixed with 0.2–1% MACS purified schi-
zont stage parasites and incubated in triplicates in a 12 well culture
plate. On D3 (ring stage) appropriate drug/s were applied for three
generations/cycles (~ 6 days) to select transformed parasites and
then removed. Parasites recovered after drug/s selection were tested
for editing using PCR (Supplementary Fig. 12c) and confirmed by
DNA sequencing. Transformed parasites were cloned after genotype
verification using a limiting dilution method and clones were further
tested by DNA sequencing.

Quantitative reverse transcriptase-polymerase chain reaction
(RT-qPCR)
RNA was extracted from parasites preserved in 1x RNA Shld1 (Zymo
Research, USA) using RNA Micro kit (Zymo Research, USA), as per the
manufacturer’s instructions. RNA was eluted in 36 µl RNAse-free water
and purified RNA (4.0 µl or 8.0 µl) was additionally treated with ezD-
NAse™ before cDNA synthesis using SuperScript™ IV VILO™ Master
Mix (Invitrogen, USA). A 1:20 dilution of cDNA wasmade and 2 µl from
this dilution was used for each RT-qPCR well. RT-qPCR (QuantStudio7
Pro) was performed using gene-specific primers designed using the
web-based tool Primer3Plus v3.3.055 (Supplementary Table 3) and Fast
SYBR Green PCR Master Mix (Applied Biosystems, USA) as described
earlier3. Primer efficiencywas tested by serial dilution and ranged from
85 to 105%. All samples were run in duplicate and tested for both the
gene of interest and the control constitutive gene, arginyl tRNA
(schizont stage) or skeleton binding protein 1 (sbp1) (ring stage) on the
same plate. Data was analyzed using QuantStudio™ Design & Analysis
Software v2.6.0, and the ΔCt values were determined by subtracting
the mean cycle threshold (Ct) value for arginyl tRNA or sbp1 from the
mean Ct of each test gene. The relative quantity (2-ΔΔCt) was calculated
for each gene using RNA from NF54-gdv1-3xha-fkbp parasites grown in
the absence of Shld1 or gametocyte deficient lines (3D7.stk2Δ or NF54-
ap2-g-L).

Whole genome sequencing
Whole Genome Sequencing was conducted using a short-read
workflow. Genomic DNA was used as input for library preparation
after mechanical shearing and subsequent end-repair, a-tailing and
ligation with unique dual index adapters. Sequencing libraries were
assessed for size distribution and absence of adapter dimers before
sequencing on an Illumina NovaSeq 6000 using a 151 + 8 + 8 + 151 bp
read parameter for run conditions. An average 26,329,252 sequences
per samples were generated and subsequently mapped using the
Burrows-Wheeler Alignment56 against P. falciparum 3D7 reference
genome (PlasmoDB)22. The average percentage of mapped reads per
isolate was 78% and an average 74x coverage was achieved across the
genome. The Genome Analysis Toolkit57 was then used to identify
single nucleotide polymorphism (SNP) variants per isolate (Supple-
mentary Table 1). Whole genome DNA Sequencing data generated in
this study have been deposited in the BioProject/SRA under the
accession codes PRJNA1260958: SRR33482688, SRR33482687,
SRR33482686, SRR33482685, SRR33482684, SRR33482683,
SRR33482682.

In-silicopredictionofAP2domain and structural visualizationof
AP2-G-DNA interaction
MOTIF search (https://www.genome.jp/tools/motif/), aweb-based tool
was used to predict the AP2 domain in-silico. This web tool has defi-
nitions of known protein domains, including AP2 domains derived
from plants to higher eukaryotes. The independent Expectation Value
(i-Evalue) represents the number of motifs with a similar statistical
score that would be expected to occur by chance in a random dataset
of the same size. Lower i-Evalue indicates that the motif is highly
unlikely to have occurred randomly, suggesting it is a biologically
significant pattern. This tool predicts a domain based on amino acid
sequence similarity. We provided wild type or mutated amino acid
sequences of AP2-G as an input and for each sequence an AP2 domain
was predicted with a significance score. To visualize the 3D structure,
an AlphaFold29,30 predicted AP2-G structure was used (AF-Q8I5I9-F1-
model_v4.pdb), whichwas generated using full length AP2-G. Domains
were identified using the predicted local distance difference test
(pLDDT)model confidence score (pLDDT=70 or higher). Formodeling
the impact of AP2-G.L2163 mutation on the 3D structure, the
MutationExplorer58 webtool was used. To do this, the predicted 3D
structure (AF-Q8I5I9-F1-model_v4.pdb) was loaded to MutationEx-
plorer and L2163 mutation was introduced. This tool compares the
global and individual residue specific energy changes from wild type
AP2-G. The structure stabilizing (positive) and de-stabilizing (negative)
energies were recorded with a threshold of >0.5.

Electrophoretic mobility shift assay
Plasmodium falciparum (Pf-AP2-G-L2163, PfAP2-G.V2163wt) and P. berghei
(PbAP2-Gwt) recombinant proteins were prepared as described
earlier59. These recombinant proteins were expressed as glutathione
S-transferase (GST: pGEX-4T1, GE Life Sciences) fusion proteins and
purified from the soluble fraction of sonicated bacterial material.
Electrophoreticmobility shift assay (EMSA) was performed using Light
Shift EMSA kits (Thermo Scientific)10 using 2μg of protein and 20 fmol
of biotinylated probe59. Briefly, probes and recombinant DNA-binding
domainswere incubated atRT for 20minbefore loading on a0.5xTBE-
buffered 6% polyacrylamide gel. Complexes were separated at 100V
until the dye front hadmigrated 3/4 of the gel length. Probeswere then
transferred overnight onto Nylon membranes, immobilized by UV
(302 nm) cross-linking for 15min, and visualized using strepdavidin-
HRP conjugate and luminol detection solution (BioRad).

Parasite live imaging
MACS-column purified schizont stage parasites were used for visua-
lizing mScarlet or mNeonGreen or tdTomato fluorescent protein. Live
parasites re-suspended in 1xSA were stained with Hoechst 33342 DNA
stain (1:500 dilution, 10m) and washed once in 1xSA before imaging.
Live imaging was performed using Zeiss inverted fluorescence micro-
scope (Axio Observer 7) under 630xmagnification and ZEN v3.0 (blue
edition) in-built analysis software. For co-localization, Z-Stack images
were deconvolved using ZEN v3.0 in built software and the weighted
correlation coefficient was used for the DAPI (DNA) and mSc (AP2-G)
signals as well as the mSc (AP2-G) and mNG (MSRP1) signals. A total of
five schizont’s Z-Stack images were analyzed, and ~15 layers of images
through the center of each schizont were included in correlation
coefficient analysis. The mean and standard error of the correlation
coefficients for each schizont was used to determine colocalization.

Protein quantification using nLuc system
Nanoluciferase (nLuc) bioluminescence signal was measured using a
Nano-Glo® Luciferase Assay System (Cat# N1110, Promega, USA) and
the Cytation 5 Biotek imaging system as per manufacturer’s instruc-
tion. Gen 5 v3.08 software was used to quantitate bioluminescence
signals. Tightly synchronized parasite cultures (Sorbitol-MACS-sorbi-
tol) were used to measure nLuc signals at defined time points or
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developmental stages (schizonts or rings). Nano-substrate was used in
1:50 dilution in the assay buffer (30 µl) with an equal volume of culture
(30 µl) making final dilution of 1:100. The number of parasites in each
comparison group was quantified using flow cytometry or hemocyt-
ometer and used to normalize the bioluminescence signal. In the time-
course experiment, a background signal subtraction was applied.
Mean nLuc signal obtained from 16-22 hpi was subtracted from each
data-point measured later from 24 to -44 hpi. In generation 2, the ring
stage nLuc signalwas compared between samples containing the same
number of parasites without a background subtraction. For the fold
change analysis (Fig. 5c, d), nLuc signal was presented relative to nLuc
signal observed in ap2-g.L2163 line.

Data analysis
GraphPad Prism 10.6.1 statistical package was used to evaluate differ-
ences between parasite lines. All comparisons between wt and stk2Δ
clones, Shld1 (+) and Shld1 1 (-) or ap2-g-L2163 and ap2-g-V2163 groups
were analyzed using a Kruskal-Wallis test followed by Dunn’s multiple
comparison. ANOVA test followedby Bonferroni’s or Turkey’smultiple
comparison was performed after evaluating the normal distribution of
data using a Quantile-Quantile plot. Two groups were compared using
Mann-Whitney test. All statistical tests were two-sided and the p value
of each comparison is indicated. Correlations between groups or
conditions were assessed usingMicrosoft excel (Microsoft Excel 2013)
to determine the Pearson correlation coefficient.

Plasmids and parasite lines source, and authentication
P. falciparum wt (Nf54, 3D7) and mutant F12 strains were obtained
from B.E.I Resources (USA) and Prof Manuel Llinas’s lab (Pennsylvania
State University, USA), respectively. Plasmid with tdTomato (pGEMT-
PT2A-iRFP670-Tdtomato-GFP: Addgene plasmid # 111817)33 or mScar-
let (pmScarlet_C1: Addgene plasmid # 85042)60 or mNeonGreen (ER-
mNeonGreen: Addgeneplasmid# 137804)61 orNanoLuciferease (pUAS-
NanoLuc: Addgene plasmid # 87696)62 were obtained from Addgene
Inc (USA).

Genomic DNA from the parasite lines was analyzed for the pre-
sence or absence of the appropriate chromosomal insertions/mod-
ifications/alleles using targeted and whole genome sequencing. The
parasite lines were reassessed periodically throughout the study for
the genotype stability using targeted sequencing of PCR amplicons
spanning themodified regionof the genome.Wild type lines (NF54 and
3D7) were also tested to confirm that they continued to produce
gametocytes. Giemsa-stained culture smears of P. falciparum infected
and uninfected red blood cells were assessed for normal morphology
by light microscopy. The following lines were analyzed by whole
genome sequencing - Wild type parasite (NF54), gametocyte deficient
line 3D7.stk2Δ, ap2-g mutation introduced (NF54.ap2-g.L2163 and NF54-
Ap2g-L2163-gfp.fkbp) or mutation corrected (3D7.stk2Δ.ap2-g.v2163 and
NF54.ap2-g.V2163) transgenic lines.

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

Data availability
All data generated during this study are included in this published
article or the supplementary informationfile, source datafile, or public
repositories for whole genome sequences. Source data are provided
with this paper.Whole genomeDNASequencing data generated in this
study have been deposited in the NCBI BioProject/SRA (https://www.
ncbi.nlm.nih.gov/bioproject/?term=PRJNA1260958) under the acces-
sion codes PRJNA1260958: SRR33482688, SRR33482687,
SRR33482686, SRR33482685, SRR33482684, SRR33482683,
SRR33482682. Source data are provided with this paper.
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