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Successful transmission of Plasmodium falciparum from one person to another relies on the complete
intraerythrocytic development of non-pathogenic sexual gametocytes infectious for anopheline
mosquitoes. Understanding the genetic factors that regulate gametocyte development is vital for
identifying transmission-blocking targets in the malaria parasite life cycle. Toward this end, we
conducted a forward genetic study to characterize the development of gametocytes from sexual
commitment to mature stage V. We described a new analysis pipeline for the piggyBac transposon-
based mutagenesis phenotypic screen to identify genes that influence both early and late gametocyte
stages. We classified individual mutants that increased or decreased parasite abundance as the
hypoproducer and hyperproducer phenotypes, respectively, revealing distinctive temporal genetic
factors early and late in the sexual development cycle. The study identifies that disruption in

factors involved in transcription, protein trafficking and DNA repair are associated with decreasing
gametocyte production, while modifications in phosphatase activity are linked to hyperproduction of
gametocytes. Our study provides an optimized approach on genotype—phenotype evaluation, offering
a new resource for understanding potential targets for therapeutic intervention strategies to disrupt
transmission.

Malaria kills more than 600,000 people each year and there are more than 200 million cases of clinical disease each
year!. One of the crucial threats to future advancements in malaria control is the emergence and dissemination
of drug resistance in the highly virulent P. falciparum parasite’. Drug resistance propagation involves the asexual
replicative phases of the life cycle occurring in the bloodstream. However, resistance can only disseminate in
endemic populations through transmission of Plasmodiumsexual stages by anopheline mosquitoes®.

Malaria parasites are transmitted exclusively through nonpathogenic sexual stages known as gametocytes,
and in P, falciparum,these stages complete development within ~ 14 days®. In previous studies, we identified a
human serum lipid, lysophosphatidylcholine (LysoPC), as a suppressor of parasite commitment or conversion to
the sexual stage in P. falciparum cells®*. Under permissive conditions, conversion to the gametocyte development
pathway initiates with the activation of a specific transcription factor, AP2-G, which serves as a pivotal switch
driving development into the sexual pathway through metabolic processes distinct from the asexual blood-stage
cycle®’. While AP2-G isa critical switch in activating sexual development, the multitude of parasite genetic factors
enabling the complex developmental processes that lead to viable gametocytes capable of mosquito transmission
are poorly understood. In a human host and in in vitro cultures, P. falciparum gametocyte development can be
classified into five well-defined morphological stages, enumerated as I to V81%. The characteristic elongated
shape of these gametocytes emerges around day 2 of maturation as a crescent-shaped stage II gametocyte and
continues to elongate as it matures (by day 14). In vivo, P. falciparumin its early stages is mostly confined to
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the extravascular niche of the bone marrow!!, and only mature stage V gametocytes present in the peripheral
circulation can infect mosquitoes'>. Unraveling the genetic factors governing sexual commitment and
differentiation is crucial for prioritizing potential high-value targets for preventing transmission.

Understanding gene function in gametocytogenesis and development has relied mainly on targeted reverse
genetics methods and transcriptional profiling®!3-15. Recently, we fine-tuned phenotype screening of P
falciparum piggyBac single-insertion mutants to identify late-stage gametocyte phenotypes for hypoproducer
and hyperproducer mutants'®. Building on this approach, we expanded the study to a large-scale piggyBac
library of ~500 pB-mutants'” and introduced an early timepoint during gametocyte development to broaden
the spectrum of genetic regulatory factors functionally annotated by this experimental approach. In this study,
we identified phenotypes associated with decreased or increased gametocytogenesis as hypoproducer and
hyperproducer phenotype mutants, respectively, in the early and late stages. By screening the expanded library of
mutants, a wider range of genes and pathways implicated in the regulation of gametocyte development could be
identified. Our findings demonstrate that disruptions in elements responsible for transcription, protein transport,
and DNA repair correlate with reduced gametocyte production. Conversely, alterations in phosphatase activity
are associated with increased gametocyte production.

Results
Development of a large-scale gametocyte screen
A library of ~ 500 piggyBac isogenic mutants, referred to herein as the “Half-K library”'’randomly generated in
a previous study'® was used for a large-scale gametocyte screen. This collection of mutants represents ~11% of
the parasite genome, and each mutant carries a single insertion in the intergenic, exonic or untranslated (UTR)
regions of genes (Supplementary Tables S1, S2). Gametocyte production was induced in in vitro cultures, and
genomic DNA was harvested on day 3 (early gametocyte timepoint) and day 14 (late gametocyte timepoint) to
identify genes functionally important in early and late gametocyte development, respectively (Fig. 1).
Quantitative insertion-site sequencing (QIseq) analysis (Supplementary Tables S1, $2)'!*was used to identify
the sexual development phenotypes based on quantifying fold-change differences in the relative abundance of
each mutant at early (day 3) and late (day 14) timepoints versus the start of gametocyte culture (day 0, induction
day). We used the DEseq2 package for normalization, fold-change calculation and significance assessment (see
Method) as recommended in previous genetic screen studies?®?!. Mutant parasites with significantly decreased
relative abundance were classified as hypoproducer mutants (“hypo”) (Log,fold-change <—0.75 and adjusted
p value [padj] <0.05), while those with significantly increased abundance were classified as hyperproducer
mutants (“hyper”) (Log,fold-change>0.75 and padj<0.05). The mutants that did not fall into either category
were defined as neutral (Fig. 1, Supplementary Table S3).

»17.

Early-stage gametocytes

Atthe early gametocyte endpoint (day 3 post-induction), we identified 29 and 21 genes linked to the hypoproducer
and hyperproducer mutants, respectively (Supplementary Table S3, Fig. 2A). Notably, these genes show peak
expression in Stage V gametocytes (and not during early stage development) (Fig. 2B?2,Supplementary Table
S4). Genes linked to hyperproducer mutants are also significantly upregulated in sexual gametocyte stages II
compared to schizont and late trophozoite asexual stages, while genes linked to the hypoproducer mutants have
no significant difference in transcript abundance between any sexual and asexual stages.

GO enrichment analysis (Fig. 2C, Supplementary Table S5) revealed that genes of early gametocyte
hypoproducer mutants are enriched for processes involved with gene regulation, such as GO:0003700 ‘DNA-
binding transcription factor activity’ and GO:0006355 ‘regulation of transcription, DNA-templated’. This
included three AP2 genes: PF3D7_1115500 (ApiAP2), PF3D7_1139300 (AP2-G5) and PF3D7_1456000 (AP2-
HC). PF3D7_1139300 (AP2-G5) was documented to inhibit the transcriptional activity of the pfap2-g gene by
binding to both its upstream region and exonic gene regions, thereby maintaining the local heterochromatin
structure and preventing sexual commitment??.

Late-stage gametocytes

At the late gametocyte endpoint (day 14 post-induction), we identified 18 and 15 genes linked to mutants of
the hypoproducer and hyperproducer phenotype, respectively (Supplementary Table S3, Fig. 3A). Genotype-
phenotype associations using a piggyBac-based screen with a late-stage gametocyte endpoint have previously
been piloted using a smaller library of different composition than the one used here!®. Importantly, this pilot
screen identified piggyBac mutants of similar genotype-phenotype associations, but with insertions in different
locations of the same gene (Supplementary Table S7). Examples for late-stage gametocyte hyperproducer
phenotypes, that were previously identified as hyperproducers'® included PF3D7_1231800 (asparagine-
rich protein) and PF3D7_0615900 (protein phosphatase) (Fig. 3A). The genes of hypoproducer mutants (e.g.
PF3D7_1213800 [proline-tRNA ligase PRS] and PF3D7_0419500) and hyperproducer mutants (e.g., kinesin-15,
PF3D7_1245600) encode for proteins that are enriched in stage V gametocytes according to a proteomic study?
(Supplementary Table S9; Fig. 3A).

Genes linked to hypoproducer and hyperproducer mutants in late stages show peak expression in late
stage gametocytes (Fig. 3B)*% Late-stage genes linked to hypoproducer mutants were enriched for cellular
components GO:0005764 ‘lysosome’ and GO:0016021 ‘integral component of membrane’ suggesting a link to
the characteristic morphological changes essential to gametocyte development. In contrast, late-stage genes
linked to hyperproducer mutants are enriched for ‘cellular lipid metabolism’ GO:0044255 (Fig. 3C).
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Fig. 1. Approach for the large-scale gametocyte phenotype screen, using piggyBac Half-K library.
Methodology for enrichment of gametocyte populations. Early gametocytes were isolated with FACS selection
by antibody staining for Pfs16. Gametocytes cultures at day 3 were first enriched by Percoll® (see methods)
and incubated with anti-Pfs16 primary antibody and fluorescent secondary antibody followed by incubation
with Hoechst. DNA from day 3 gametocytes (upper right quadrant) positive for both Hoechst and Pfs16 was
harvested and sequenced. Stage V gametocytes (>90% mature gametocytes) were isolated using Percoll®
purification (see Methods). Parasite genomic DNA was harvested from day 0, day 3 and day 14. QlIseq
quantified each piggyBac mutant in the library by sequencing from the 5" ends of a piggyBac insertion-site.
Ranked piggyBac mutants based on gametocyte phenotypes in the library. QIseq results rely on counts of
insertion sites for each mutant, which are normalized to calculate the relative abundances at day 3 and day 0
(Gametocytes Early stages), and day 14 and day 0 (Gametocytes Early stages). Gametocyte fold changes (day3
/ day 0 and day 14 / day 0) were calculated for each mutant as a measure of their ability to commit into early
gametocytes stages and to differentiate into mature gametocytes.

Early and late-stage gametocyte phenotypes overlap

Most of the genetic factors controlling early and late gametocyte development appeared to be distinct, reflecting
the different metabolic processes required at each stage'>*. Nonetheless, we identified mutants that consistently
displayed significant mutant phenotypes throughout both early and late gametocyte stages (Table 1). In the
population of the half K piggyBac mutant library, 7 disrupted genes were linked to the hypoproducer mutant
phenotypes in early and late gametocytes. These include PF3D7_1250800 (rhp16), a DNA repair protein gene,
and genes linked to trafficking proteins (PF3D7_0202200, EMP1-trafficking protein [PTP2], PF3D7_0207600,
serine repeat antigen 5 [SERA 5] and PF3D7_1011200 [BET1-like protein]). Meanwhile, the 9 genes shared
among mutants for early and late stage hyperproducer mutant phenotypes included genes producing host cell
surface binding proteins, such as PHISTS, phosphatase activity genes (PF3D7_0615900 and PF3D7_1249300
[PPM4]), and a gene coding for a protein linked to fatty acid metabolism ACS11 (PF3D7_1238800) (Table 1).

Validation of gametocyte piggyBac phenotypes

To validate the hypoproducer and hyperproducer mutant phenotypes and evaluate the efficacy of our screens,
we selected mutants linked to different phenotypes; these were two hypoproducers, two hyperproducers and
one neutral phenotype (Fig. 4A). Additionally, we included the wild-type NF54 line in the phenotype validation
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Fig. 2. Genetic factors associated with early-stage gametocytes identified in the piggyBac phenotypic screen.
(A) Relative differentiation of each piggyBac mutant in the library was determined by ranking mutants from
low to high. The genes in the bottom indicated in red are significant and inferred as linked to gametocyte
hypoproducers (Log,fold-change < —0.75 and adjusted p < 0.05). The top ranked genes indicated in blue are
significant and inferred as kinked to gametocyte hyperproducers (Log,fold-change < —0.75 and adjusted

p <0.05). Hits highlighted include genes that have been previously associated with sexual development. The
entire piggyBac screen dataset is provided in Table S3. B) The mean number of transcripts per kilobase per
million per kilobase per million (TPM) of all the genes linked to hypoproducer and hyperproducer mutant
phenotypes were determined from published transcriptome sequencing RNAseq data from Lopez-Barragan
et al. (Table S4) (mean and maximum and minimum; *p <0.01 **p <0.001, ***p <0.0001 ANOVA follow by
Turkey’s test). (B) Functional enrichment of significant gene ontology (GO) terms for early gametocyte hypo
and hyperproducer piggyBac mutant’s vs all other mutants in the library. The entire GO-dataset is provided in
Table S5.

experiments as a comparator to the parental strain’s baseline phenotype. Note that this parental line is does
not carry an integrated transposon and therefore is absent from the piggyBac pool libraries'’~12°, The analysis
used a different gametocyte induction protocol known for its higher efficiency in sexual commitment, which
is also referred to as the minimum fatty acids (mFA) induction protocol'*>?%2>27. As previously suggested'®,
hypoproducer mutants might exhibit reduced sexual commitment and/or defects during gametocyte
development before reaching stage V. Early timepoints from our current screen allowed us to infer genes involved
in sexual commitment (Fig. 3). The lack of intermediate time points in our library screens (Fig. 1) was addressed
with this additional experimental approach (Fig. 4), also. Besides evaluating and validating the piggyBac
mutant capacity to convert to sexual stages (at Day 5), we tracked gametocyte development by measuring the
relative gametocyte abundance at days 8, 10, and 14 (see Methods). The mutants included in this approach were
successfully cloned out and identified from the Half-k piggyBac mutant library (Fig. 4A): PF3D7_0522900 (zinc
finger), PF3D7_1351800 (conserved Plasmodium protein, unknown function), PF3D7_1250800 (DNA repair
protein rhp16), and PF3D7_0830600 (Plasmodium exported protein, PHISTc). We also included a clone from
Chawla et al.'® that showed similar phenotypes but had insertions in different locations of the same gene, the
hyperproducer PF3D7_0615900 (phosphatase protein) (Supplementary Table S7).

First, to validate the screens, we compared the piggyBac clones among themselves, given that the library
screen phenotypes rely on the ranked relative abundance of each mutant (see method). We observed a consistent
tendency of phenotypes across the library screens (Fig. 4A) and all five clones (Fig. 4B). Specifically, the two
hypoproducer mutants have significantly lower gametocyte conversion rates (GCR%) compared to at least one of
the two hyperproducer mutants. This difference persists from day 5 to day 14. Second, we compared the piggyBac
clones with wild-type NF54. The two hypoproducers showed lower GCR% compared to the wild-type line;
particularly, the hypoproducer PF3D7_1250800 (DNA repair protein rhp16) showed significant lower GCR%
compared to NF54, from day 5 to day 14 post-induction (Fig. 4B). All clones, including the wild-type NF54,
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Fig. 3. Genetic factors associated with late-stage gametocytes identified in the piggyBac phenotypic screen.
(A) Relative differentiation of each piggyBac mutant in the library was determined by ranking mutants from
low to high. The genes in the bottom indicated in red are significant and inferred as gametocyte hypoproducers
(Log,fold-change < —0.75 and adjusted p < 0.05). The top ranked genes indicated in blue are significant

and inferred as linked to gametocyte hyperproducers (Log,fold-change > 0.75 and adjusted p <0.05). Hits
highlighted include genes that have been previously associated with sexual development. The entire piggyBac
screen dataset is provided in Table S3. (B) The mean number of transcripts per kilobase per million (TPM) of
all the genes linked to hypoproducer and hyperproducer phenotype mutants were determined from published
transcriptome sequencing RNAseq data from Lopez-Barragan et al.2? (Table $4) (mean and maximum

and minimum; *p <0.01 **p <0.001, ***p <0.0001, ****p <0.00001, ANOVA follow by Turkey’s test). (C)
Functional enrichment of significant gene ontology (GO) terms for early gametocyte hypoproducer and
hyperproducer piggyBac mutant’s vs all other mutants in the library. The entire GO-dataset is provided in Table

S6.

genelD

insertion-site

Product description

PF3D7_0202200

chr2:112097

EMP1-trafficking protein—PTP2

PF3D7_0207600 | chr2:307896 serine repeat antigen 5—SERA 5
PF3D7_1011200 | chr10:437715 | BET1-like protein, putative
Hypoproducer in Early and Late Stages | PF3D7_1022600 | chr10:947928 | kelch protein K10
PF3D7_1250800 | chr12:2081187 | DNA repair protein rhp16, putative—rhp6
PF3D7_1351200 | chr13:2042606 | conserved Plasmodium protein, unknown function
PF3D7_1410300 | chr14:413547 | WD repeat-containing protein, putative
PF3D7_0530600 | chr5:1250257 | XAP-5 DNA binding protein, putative
PF3D7_0615900 | chr6:664011 protein phosphatase, putative
PF3D7_0830600 | chr8:1305128 | Plasmodium exported protein (PHISTc)
Hyperproducer in Early and Late Stages PF3D7_0921200 | chr9:870606 conserved Plasmodium membrane protein
PF3D7_1000700 | chr10:54859 Plasmodium exported protein (PHISTa), unknown function, pseudogene
PF3D7_1238800 | chr12:1613083 | acyl-CoA synthetase—ACS11
PF3D7_1249300 | chr12:2015676 | protein phosphatase PPM4, putative
PF3D7_1458500 | chr14:2404280 | spindle assembly abnormal protein 4, putative—SAS 4

Table 1. Genes linked to overlapping early and late-stage gametocyte mutant phenotypes.
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Fig. 4. Gametocyte Development of Individual piggyBac Mutant Clones. (A) Five piggyBac mutant clones
highlighted in the ranked plots from the early and late-stage gametocyte screens from the Half-k library

(red for hypoproducer phenotype, blue for hyperproducer phenotype, and gray for neutral phenotype) were
selected for phenotype validation. (B) Gametocyte development of these piggyBac mutants highlighted in (A)
and NF54 were monitored over a period of 14 days. Gametocyte abundance was estimated by Giemsa-stained
thin blood smears on Days 5, 8, 10 and 14 post-induction (Supplementary Table S9). To allow comparison
among different lines, Gametocytemia (G %) for Days 5, 8, 10, and 14 were normalized by the parasitemia

(P %) of Day 2 post-induction. At day 5, G% is commonly named gametocytes conversion rate (GCR%). The
assay was performed with 3-5 biological replicates per parasite line (means with SD [error bars] are shown).
Comparisons among parasite lines were analyzed using one-way ANOVA followed by Tukey’s test (*p <0.01,
*p <0.001, **p < 0.0001, ***p < 0.00001).
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hypoproducer and hyperproducer mutants (but not the neutral clone PF3D7_1351800) exhibited a decreasing
GCR % from day 5 to day 14 post-induction (Supplementary Figure S1).

Discussion

We optimized and employed a large-scale phenotypic screen of P. falciparum piggyBac mutants to characterize
the genetic factors that affect the gametocyte development. We previously used random piggyBac-transposon
insertional mutagenesis to uncover genes related to P. falciparum asexual blood stage growth, as well as their
survival under heat-shock?®and upon exposure to antimalarial drugs!’. The improved piggyBac gametocyte
screen demonstrates a scalability to complex mixed mutant populations from our first phenotypic screen'®, to
reveal specific genetic factors that impact both early and late gametocyte development. These results identified
gene disruptions linked to gametocyte phenotypes evident either by suppressing or enhancing gametocyte
development, defined herein as hypoproducer and hyperproducer mutant phenotypes, respectively. The
genotype—phenotype screen approach included early and late time-points for in vitro gametocytogenesis
thereby enabling us to differentiate phenotypes for some piggyBac mutants from gametocyte conversion/early
development vs maturation/late development mutant while other mutations exhibited overlapping phenotypes
for both. The study approach provides a more robust and accurate phenotypic analysis than the previously
published gametocyte screens!® and it can be readily taken to genome scale to infer the functional roles of genes
that regulate and/or contribute to gametocyte development.

Fifteen piggyBac mutants exhibited consistent phenotypes across both early and late stages of gametocyte
development (Table 1). However, mutants showing significant phenotypes only at one stage, appear to reflect
the specific processes (e.g., transcriptional regulation, metabolism, host cell remodeling) during individual
steps of gametocyte maturation!'**%2>?’, For instance, a mutation in the ap2-g5 gene, previously associated with
sexual commitment??, showed a hyperproducer phenotype in early but not late gametocyte (Supplementary
Table S3 and S7)'S. It is important to highlight that more significant phenotypes were identified in the early
stages compared to the late stages. This observation is reflection of the relative abundance of gametocytes
that defines the phenotypes in the piggyBac pool library screens. Two factors may affect this observation: 1)
gametocyte conversion rates are more likely to be detected in early stages, as the rates of hypoproducer and
hyperproducer phenotypes generally decrease over the course of development (Fig. 4B); and 2) defects may
occur during gametocyte development before reaching stage V due to gene disruptions in the piggyBac mutants.
For instance, as illustrated by Chawla et al. (2023), a piggyBac mutant with a disruption in the gene encoding
the ER membrane protein complex subunit 3 (EMC3, PF3D7_1360200) exhibited atypical/pyknotic forms of
gametocytes, arresting development at stage III'°. It is important to emphasize that phenotype identification
in this study and in the previously published!®!7? is based on the relative abundance (DNA abundance) of
piggyBac mutants remaining in the population after the screen. This is measured by the fold change readouts
(normalized QISeq read counts, see Methods) at Day 3 (early stage) or Day 14 (late stage) relative to Day 0.
If one or more mutants exhibit a weak phenotype in the early stages and their abundance decreases during
intermediate stages, this will affect the relative abundance of the remaining mutants in the later stages. Notably,
we found a strong correlation between the normalized read counts at early and late stages (Supplementary Figure
S2), suggesting that mutants with lower read counts (abundance) in early stages also tend to have lower read
counts in late stages and vice versa.

Further analysis of individual gene functions, using additional intermediate time points, will be necessary
to elucidate more precise temporal patterns of gene essentiality during gametocytogenesis. So far, gametocyte
rates at intermediate time points have been addressed through individual gametocyte development studies
(Figs. 4and)'®. Despite using different induction protocols, the characterized phenotypes were consistent with the
library screens (Fig. 4). Notably, DNA repair gene (PF3D7_1250800, rhp6) exhibited a consistent hypoproducer
phenotype across early, late, and intermediate time points, both against hyperproducer mutants and wild-type
NF54.

Our current study underscores the potential of forward genetic screens to identify genes involved in
gametocyte production and development. It also provides an excellent starting point for future investigations of
candidate genes towards the development of innovative transmission-blocking agents for P, falciparum.

Methods

Plasmodium falciparum culture and maintenance

The parasites were cultured at 5% hematocrit (O + erythrocytes from the Interstate Blood Bank, Memphis, TN)
in complete medium containing 10% human AB serum (heat inactivated) and 2.5% sodium bicarbonate (using
7.5% stock solution) in RPMI 1640 medium (KD Medical) supplemented with 50 pg/mL hypoxanthine and
25 mM HEPES. The culture flasks were grown in an incubator at 37 °C and manually gassed with mixed gas
(90% N,, 5% CO, and 5% O,).

Large-scale gametocyte screen

The “Half K” piggyBacmutant library was generated from our whole-genome random mutagenesis saturation
project!'®. The gametocyte screens were performed with 2 biological replicates on early stage and late-stage
gametocytes screens. Briefly, 1 ml of the mixed pool population was thawed in non-vented T25 flasks (5 ml, 5%
hematocrit, manual gassing, 37 °C), and after reaching 1-2% parasitemia, the parasites were scaled up to 20-
mL cultures in T75 flasks. Gametocytogenesis was induced by increasing the parasitemia and addition of spent
media?®. Genomic DNA was harvested from the induced flasks using a Qiagen DNA Extraction Kit (QIAamp,
cat no. 51104) and sequenced by QIseq'® as day 0. Gametocyte flasks were set with a starting parasitaemia of
0.5%—0.8% and maintained with daily medium change.
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Early gametocyte enrichment on day 3 was accomplished by FACS using Pfs16, an early sexual-stage marker,
expressing in the periphery of the immature gametocytes®*~*2 In brief, 200 ml of each gametocyte culture was
first enriched using Percoll” gradient centrifugation®?. A 100 pl aliquot of live, gametocyte-enriched parasite-
infected RBCs was incubated with polyclonal anti-P. falciparum Pfs16 (diluted 1:200) for 30 min on ice.
Next, Alexa Fluor 488-conjugated goat anti-rabbit IgG (diluted 1:25) was added and allowed to incubate for
30 min on ice. To stain the nuclei, Hoechst dye was added to the samples, which were incubated for 20 min at
37 °C. Afterwards, the samples were washed 3 times with FACS buffer made from phosphate-buffered saline
supplemented with 1% bovine serum albumin (BSA). Flow cytometry was carried out in a high-speed BD
FACSAria IIu sorter, where compensation to exclude background fluorescence on the vertical and horizontal
axes was applied to samples single labeled with AF488, Hoechst and uninfected erythrocytes. Approximately 1
million cells (+ Pfs16- AF488, + Hoechst 3342) were sorted from each replicate (900,000 cells for T1_GamEarly_
DP_1_1, T1_GamEarly_DP_2_1). Polyclonal anti-P. falciparum Pfs16 (antiserum, rabbit) was obtained from
MR4 BEI resources (MRA-1276). The genomic DNA harvested from this population was sequenced by QIseq"®
as day 3.

Late gametocyte enrichment was achieved by treating cultures with 50 mM N-acetylglucosamine (NAG)
from days 4-9 to eliminate any asexual parasites®*. When the majority of the parasite population was stage V
gametocytes on day 14, the mature stages were isolated by Percoll” gradient centrifugation and washed thrice
with incomplete medium?3. Subsequently, genomic DNA was harvested from this population and sequenced by
QIseq!® as day 14.

Phenotype identification

Previously described QIseq methodology was used to quantify insertion sites for each piggyBac mutant in
the library screened!”(Supplementary Table S1). The R package DESeq2%, which has been recommended for
analysis of small size libraries?*?!, was used to normalize the original read counts (Supplementary Table S2) per
insertion site, calculate fold changes for the early (day 3/day 0) and late (day 14/day 0) timepoints and assess
the significance. DESeq2 uses Wald test with a significance cut-off of p < 0.05 from the subset of genes that pass
an independent filtering step and p adjusted for multiple testing using the Benjamini and Hochberg?. Mutants
that performed poorly, as determined by decreased relative abundance, were classified as hypoproducers
(Log2FC < —0.75 and padj <0.05), while those mutants that had an increased abundance (Log2FC>0.75 and
padj <0.05), were classified as hyperproducers. Unclassified mutants were categorized as neutral (Supplementary
Table S3).

Gene ontology (GO) enrichment

All GO-enrichment analyses were performed by testing GO-terms mapped to the gametocyte phenotypic
categories of interest against a background of GO-terms mapped to all other genes using our R package pfGO*
(v 1.1). Early gametocyte phenotypic categories of interest were hypoproducer, hyperproducer, and neutral
(Fig. 2); late gametocyte phenotypic categories of interest were hypoproducer, hyperproducer, and neutral
(Fig. 3). The GO-term database was created from the latest curated P. falciparumontology available at the time
of analysis from PlasmoDB* and enrichment was assessed via a weighted Fisher/elim-hybrid p< =0.05 (v.
57). The fraction of genes represents the number of significant genes annotated to a given GO-term in each of
the categories divided by the total number of genes annotated to that GO-term included in the analysis for all
categories (background-set). (Supplementary Tables S5, S6).

Validation of piggyBac gametocyte phenotypes

Isolation of piggyBac mutants from Half K library

Clones of piggyBac mutants were isolated from the half k library using limiting dilution cloning in 96-well plates
and modification on the PCR screening to detect positive mutants®’. For the qPCR, the Phusion Blood Direct
PCR Kit (Thermo Scientific) was used, following the manufacturer’s instructions, SYBR Green I nucleic acid
stain (10,000 X) (Invitrogen) diluted 3X in water and then further diluted to 1X in the PCR master mix, and the
microsatellite primers PE14D added with the sequences 5-TGTAATGAATGATTCTAATACCAC-3’ and 5-T
TGGACCATGCTTCACAG-3’ Potential positives were confirmed by Giemsa-stained thin blood smears were
prepared by standard methods. Positive wells were subsequently expanded by transferring to 5, 10 and then
20 ml cultures for further DNA extraction and the creation of cryopreserved stocks. The insertion sites were
confirmed using QISeq".

Individual piggyBac mutant gametocyte induction and development assay

The sexual conversion assay was adapted from Brancucci et al.#3, Parasites were cultured in Albumax + choline
medium, consisting of 0.5% Albumax II in RPMI 1640 medium (Invitrogen) supplemented with 50 mg/mL
hypoxanthine (Sigma), 25 mM HEPES (Invitrogen), and 2 mM choline. The cultures were maintained in an
incubator with a continuous flow of mixed gas (90% nitrogen, 5% CO2, and 5% O2). Parasite cultures were
tightly synchronized using 5% sorbitol synchronization, MACS magnetic purification, and a second round of
sorbitol synchronization. After synchronization, parasites 26-28 h old (late rings to early trophozoites) were
induced to gametocytes by replacing the Albumax + choline medium for mFA (minimum fatty acid) medium
(0.39% Bovine Serum Albumin fatty acid-free [Sigma-Aldrich], RPMI 1640 medium [Invitrogen], 50 mg/mL
hypoxanthine [Sigma], 25 mM HEPES [Invitrogen], 30 uM palmitic acid [Sigma-Aldrich], and 30 uM oleic acid
[Sigma-Aldrich]). After reinvasion at 24 h (Day 1), the medium was switched back to Albumax+ choline. To
prevent asexual reinvasion, 230 pg/mL heparin (Sigma) was added to the medium from Day 2 to Day 6 post-
induction. The medium was replaced daily until Day 8, and then every other day until Day 14 post-induction.
Gametocyte abundance (gametocytemia) was estimated by Giemsa-stained thin blood smears on Days 5, 8,
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and 14 post-induction (Supplementary Table S9). To allow comparison among different lines, gametocytemia
of Days 5, commonly named gametocytes conversion rate (GCR%), day 8, day 10, and day 14 post-induction
were normalized by the parasitemia (sexual +asexual) of Day 2 post-induction. This experimental approach was
performed with 3 technical replicates and 3—5 biological replicates. Comparisons among wild-type and mutant
parasite clones were analyzed using one-way ANOVA followed by Tukey’s test in GraphPad Prism version 10.2.3.

Whole genome sequence (WGS)

The WGS was performed to the hypoproducer clone PF3D7_1250800 to confirm that there is no genetic changes
in theloci of the gametocyte-related genes gdvl (PF3D7_0935400, gametocyte development protein 1) and ap2-g
(PF3D7_1222600, AP2 domain transcription factor AP2-G). Genomic DNA was extracted using the QIAGEN
DNA extraction kit and purified according to the manufacturer’s instructions. Library construction was carried
out using the NEBNext Ultra II DNA Library Prep Kit (NEB #7645S/L). Sequencing was performed on the
Ilumina NextSeq 2000 system using the P1-300 cycles reagent kit at the USF Genomics Sequencing Core.
Raw reads were aligned to the Plamodium falciparum 3D7 reference genome 47 downloaded from PlasmoDB
(https://plasmoDB.org)*, using BWA MEM version 0.7.17%. The resulting same files were sorted and coverted
to bam files using samtools 1.15 “°. The bam file was indexed using samtools. Read coverage was visualized using
IGV 2.17.4 4.,

Data availability

The raw QIseq data sets generated for this study were deposited in the European Nucleotide Archive. Access
numbers and original QIseq read mapping data are provided in Supplementary Table S1. Whole genome se-
quence data generated for this study have been deposited to the NCBI Sequence Read Archive (SRA) data-
base bioproject PRINA893007 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA893007), accession number
SRR31046078 (https://www.ncbi.nlm.nih.gov/sra/?term = SRR31046078).
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