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Between 2018 and 2020, the global population experienced a 55% increase in

deaths attributed to themost prominent malaria-causing pathogen, Plasmodium

falciparum. Transmission of P. falciparum from a human host to the mosquito

vector is completely reliant on the formation of sexual stage gametocytes, which

arise from asexually replicating parasites during the intraerythrocytic stage of

infection. Defining specific factors that promote the formation of transmissible

sexual stages from the disease-causing asexual stages is important for

developing new malaria control methods. Malaria infection rates are known to

be affected by genetic variation of the hemoglobin (Hb) protein, and

epidemiological studies have shown that Hb variants may positively influence

the production of sexual stage parasites. However, the mechanisms involved are

poorly defined. Here, we show P. falciparum sexual conversion rates (SCR) are

significantly higher in erythrocytes expressing Hb S compared to those that

express Hb A. We then found parasitic enzyme-mediated digestion of Hb S to

occur more rapidly than Hb A, suggesting an increased release of heme groups

carried by each Hb subunit. Upon manipulating both intracellular and

extracellular heme concentrations, we found significant increases in SCR,

ultimately indicating heme acts as an inducer of sexual conversion (SC). As

levels of both intracellular and extracellular heme are increased in individuals

with Hb variants, we propose heme to be a contributing factor for increased

sexual stage conversion observed in these populations. These findings support

further investigation into how heme concentrations may be directly manipulated

to prevent commitment to sexual-stage formation and ultimately

disease transmission.
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1 Introduction

Malaria inflicts a significant burden on at-risk populations at

the clinical, social, and economic level. As over 40% of the global

population is considered at-risk, malaria is amongst the leading

concerns of global health today. Though there are five species of

Plasmodium that cause malaria in humans, infection with P.

falciparum is the most severe and is the primary cause of disease

and mortality. Over the past two years, deaths attributed to P.

falciparum have increased alarmingly, largely due to obstacles

following the COVID-19 pandemic (Hogan et al., 2020; Weiss

et al., 2021). To circumvent this surge and regain control in the

effort to reduce cases and deaths, new methods to control parasite

transmission are urgently needed.

Symptoms of falciparummalaria result from the intraerythrocytic

phase of infection. During this phase, multiple rounds of asexual

replication take place, each of which result in hemolysis and the

release of daughter merozoites capable of invading new erythrocytes

within circulation. In order for host to vector transmission to occur,

sexually competent gametocytes must be produced. Gametocytes

arise from intraerythrocytic asexually replicating parasites in a

process termed sexual conversion (SC) and are the only stage of

Plasmodium spp. that are viable for transmission to the

mosquito vector.

The rate of parasites becoming sexually committed versus those

that continue to replicate asexually has been shown to fluctuate,

exhibiting seasonality, varying between parasite strains, and in

response to certain environmental stimuli (Trager and Gill, 1992;

Trager et al., 1999; Van Der Kolk et al., 2003; Peatey et al., 2009;

Chaubey et al., 2014; Srivastava et al., 2015; Brancucci et al., 2017;

Josling et al., 2018; Oduma et al., 2021). This ability to control

reproductive investment is an important survival adaptation among

Plasmodium spp., ultimately ensuring a balance between intra-host

survival and inter-host transmission. Specific strategies of

reproductive investment can be applied to Plasmodium spp. to

provide a framework to explain these alterations in sexual

conversion rate (SCR) (Pollitt et al., 2011; Schneider et al., 2018).

For example, during conditions of extreme stress, P. falciparum has

been shown to invest more highly in SC as opposed to asexual

replication (Carter et al., 2013; Chaubey et al., 2014; Josling and

Llinas, 2015; Usui and Williamson, 2021). This aligns with the

terminal investment hypothesis, wherein organisms sacrifice intra-

host survival for inter-host transmission (Carter and Miller, 1979;

Pollitt et al., 2011; Carter et al., 2013; Schneider et al., 2018). During

environments of manageable stress, P. falciparum have been shown

to exhibit reproductive restraint, wherein diverting all resources

into salvaging intra-host survival “pays-off” by increasing the

likelihood of greater inter-host transmission in the future (Pollitt

et al., 2011; Carter et al., 2013; Josling et al., 2018; Schneider

et al., 2018).

Targeting gametocytes may be an effective strategy for

developing host-directed methods to reduce parasite transmission.

As such, the identification of factors that influence SC in P.

falciparum has been an area of increased study. One observation

that has arisen from this line of investigation is increased

gametocyte carriage among individuals expressing variants of Hb
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compared to those with Hb A (Gouagna et al., 2010; Bougouma

et al., 2012; Goncalves et al., 2017). The Hb protein contained

within erythrocytes is an essential component during

intraerythrocytic infection, as throughout the cycle most will be

digested to sustain life within the cell (Thom et al., 2013). Genetic

variants of the Hb protein are the most common monogenic

disorders, affecting approximately 7% of the global human

population (Weatherall, 2008). Though over 1000 different

variants have currently been identified, the most common in P.

falciparum endemic areas is the sickle Hb (Hb S). While Hb S trait

(Hb AS) is known to provide a survival advantage against malaria,

intraerythrocytic infection and transmission among these

individuals still occurs (Allison, 1954). This selective advantage

has led to the high prevalence of Hb S in many malaria-endemic

regions. In fact, individuals heterozygous for Hb S account for an

estimated 10-30% of the population in certain malaria-endemic

regions and exceed 300 million globally (Heller et al., 1979; Piel et

al., 2010; Grosse et al., 2011). While the Hb AS genotype has a

balanced frequency due to the protective effects against malaria, the

homozygous sickle cell disease has a lower frequency due to the

associated health consequences of SCD, affecting an estimated 3% of

births (Grosse et al., 2011).

The presence of Hb S in different populations has profound

implications for malaria transmission dynamics. Considering the

importance of Hb to the intraerythrocytic cycle, and the potential

impact on malaria transmission, we sought to experimentally

determine whether variants of the Hb protein influence the rate

of SC in P. falciparum (Goldberg et al., 1990; Thom et al., 2013).

Through the side-by-side culture of P. falciparum parasites in Hb

A- expressing (Hb A-Ery), Hb S-expressing (Hb S-Ery), and Hb AS-

expressing (Hb AS-Ery) erythrocytes, we compared the

development of asexual and sexual stage parasites, to find Hb S-

Ery cultures produce proportionally more sexual stages than Hb A-

Ery cultures. To characterize factors which may be influencing this

change in reproductive investment, we first focused on the direct

impact of the Hb protein. After finding parasite-mediated digestion

of Hb S is more efficient than Hb A, we implicate free heme, a

powerful oxidant released during Hb digestion, as a potential factor

for SC. We further reveal direct hemin exposure to promote SC. As

heme is toxic to parasites, an increased or imbalanced concentration

of the toxin may cause a strain on intraerythrocytic survival.

Therefore, shifting reproductive effort towards the production of

more transmissible sexual stages aligns with current theories of

reproductive investment.
2 Materials and methods

2.1 Parasite culture

P. falciparum strain NF54 were obtained from MR4 and

cultured in O+ erythrocytes. Cultures were maintained in

modified RPMI containing 25 mm HEPES, L-glutamine, and 50

mg/L hypoxanthine (KD Medical), and supplemented with

gentamicin, sodium bicarbonate, and 10% fresh human serum

(complete parasite media (CPM)) and a gas mix containing 5%
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CO2, 5% O2, and 90% N2. Human blood for cultures was purchased

from authorized collection facilities (Zen-Bio and Innovative

Research) or collected from steady state SCD patients in

accordance with the guidelines set by the Institutional Review

Board at the University of Pittsburgh and the Declaration of

Helsinki. All blood was washed in CPM upon receival, and Hb

type was determined by Hb electrophoresis. All synchronization

was performed by sorbitol lysis, wherein cultures were resuspended

in 5% sorbitol, incubated for 10 min at 37°C, and washed with CPM.

Synchronizations were performed 18-20 hrs apart to achieve 6-4 hr

development windows respectively.

For all experiments involving hemin exposure, a hemin stock

solution was prepared fresh on the day of treatment and as

described (Vinchi et al., 2008; Larsen et al., 2010; Ghosh et al.,

2013). Hemin was first dissolved in NaOH and the pH was then

adjusted to 7.52 using HCl. The solution was then filtered to ensure

no precipitate.
2.2 Sexual conversion assays

For comparison of SC between Hb A-Ery and Hb S-Ery,

cultures were synchronized to a 6 hr development window prior

to magnetic separation of mature schizonts using MACS LS

columns (Miltenyi). Schizonts were eluted with CPM and re-

applied to a fresh column. Schizont isolation was confirmed with

a blood smear prior to inoculating Hb A-, Hb AS-, and Hb S-Ery

cultures at a 4% HCT, and to a final parasitemia of 0.3% in t75

flasks. Media was changed daily. Cultures were periodically sampled

for flow cytometry and blood smear analysis. On days four and

seven of culture, blood smears were analyzed for the presence of

stage II and III gametocytes respectively. SCR was determined by

dividing total stage II/III gametocytemia on day four/seven by total

parasitemia on day one.

For SC assays involving CQ and hemin exposure, cultures were

synchronized to a 4 hr development window. Early rings (0-4 hr

post-invasion) were plated at 1% parasitemia and 2% HCT in 12-

well culture plates prior to vehicle, chloroquine diphosphate (CQ)

(Sigma), or hemin (Frontier) treatment. SC was determined on day

seven, after the addition of NAG at 48 hrs, and the removal of all

treatment conditions.
2.3 Flow cytometry

All parasitemia and gametocytemia measurements for

experiments involving CQ and hemin exposure were conducted

through flow cytometry on a BD LSR Fortessa. Parasitemia and

gametocytemia measurements by flow cytometry were used to

determine infected cells. No stage distinction was made using this

method (Supplementary Figure 1). For each sample, 10 ml of whole
culture was resuspended in 20 mM Hoechst (Thermo Scientific).

Samples were incubated for 30 min at 37°C and immediately

analyzed. For each sample, 100,000 events were collected and

gated for FSC and SSC, followed by doublets exclusion.

Parasitemia was determined by Hoechst-positivity. Excitation of
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cells for Hoechst was performed with a UV laser (355 nm) and band

pass filter 450/50 nm. A sample of uninfected erythrocytes was used

as a negative control.
2.4 qRT-PCR

For RNA analysis, cultures were pelleted and resuspended in

Qiazol (Qiagen), before frozen at -80°C. Upon thaw, chloroform

was added, followed by centrifugation at 9,800 rpm for 15 min. The

aqueous portion of the samples was then mixed with 70% ethanol.

RNA was isolated with Qiagen RNeasy Mini columns with on-

column DNase digestion (Qiagen). Samples were reverse

transcribed (Applied Biosystems), diluted and analyzed for gene

expression on Applied Biosystems StepOnePlus Real-Time PCR

System using FAST Sybr Green Master Mix (Applied Biosystems).

Primers for analysis are listed in Supplementary Table 1. All data is

calculated using the relative quantity method (2-DDCt) method and

presented in fold-change relative to the reference gene seryl-

tRNA synthetase.
2.5 Production of recombinant falcipain-2

Recombinant Falcipain-2 (PF3D7_1115700), was produced as

described (Shenai et al., 2000; Sijwali and Rosenthal, 2004; Chugh

et al., 2013). E. coli containing the plasmid construct for falcipain-2

(FP2) was obtained by the generous donation of Philip Rosenthal.

Prior to producing the protein on a large scale, the construct was

confirmed. After the construct was confirmed, bacteria were grown

to mid-log phase and induced with IPTG for 3 hrs at 37°C. Cells

were then harvested and washed in cold Tris-NaCl (20 mM, 150

mM). Samples were sonicated and centrifuged for 30 min at 17,000

rpm. Remaining pellets were solubilized in urea solution (8 M urea,

10 mM Tris, 200 mM Imidazole, pH 8.0). The insoluble material

was then separated by centrifugation at 17,000 rpm for 30 min.

Protein was purified from the supernatant using nickel-

nitrilotriacetic acid (Ni-NTA+) resin (Qiagen). Bound protein

was eluted (8 M urea, 10 mM Tris, 500 mM Imidazole) and

quantified by nanodrop.

Protein refolding was performed overnight in folding buffer

(100 mMTris-HCI, 30% glycerol, 250 mM arginine, 1 mM EDTA, 1

mM GSH, 1 mM GSSG, pH 9.2) at 4°C. Refolded protein was then

concentrated using 10 K centrifuge units (Thermo Scientific).

Activity was confirmed with a fluorometric assay wherein the

release of 7-amino-4-methyl coumarin (AMC) was monitored

(excitation, 355 nm; emission, 460 nm) over the course of 30 min

at 37°C in assay buffer (1 M DTT, 100 mM NaOAc, pH 5.5). After

confirming activity, recombinant protein was filtered, stabilized,

and stored at -80°C until future use.
2.6 Hemoglobin isolation

Hemoglobin was isolated from Townes mice (The Jackson

Laboratory), which express exclusively human Hb. Procedures
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were reviewed and approved by the University of Pittsburgh

IACUC. For Hb A, Hb S, and Hb AS samples, blood was

collected from adult mice by cardiac puncture. The sample

containing Hb A, Hb S, and Hb F was obtained from a pooled

blood sample collected from two-day old pups. Townes pups still

express high levels of Hb F, as well as Hb A and Hb S. All blood was

thoroughly washed with PBS, followed by lysis in water. Lysed

blood was then centrifuged at 10,000 rpm for 30 min prior to

filtering and concentrating (Millipore). Hemoglobin concentration

was measured with QuantiChrom Hemoglobin Assay Kit

(BioAssay Systems).
2.7 Hemoglobin hydrolysis assay

To assess Hb degradation, 50 mM of FP2 and 0.12, 0.24, 0.36,

and 0.5 mg/ml Hb, buffered in 100 mMNaOAc, and 5 mM GSH, pH

5.5 in a 250 ml volume, was placed in a 96-well plate and incubated

for 24 hrs at 37°C. Spectrophotometric measurements were taken at

410 nM at 0 and 24 hrs of incubation, intending to determine total

Hb independent of heme binding status. Samples were compared

between Hb types, as well as to a no-enzyme control, wells which

contained the Hb variant in assay buffer without the presence of

FP2. At 24 hrs, 50 ml of each sample was removed and used for total

Hb quantification by QuantiChrom Hemoglobin Assay Kit

(BioAssay Systems).
2.8 Hemozoin quantification

For each treatment group, 2 mL of culture was collected, lysed,

and washed in a 1% final concentration of Triton X-100. Pellets

were centrifuged at 13,000 rpm for 45 min at 4°C and then washed

three times in water. Each hemozoin pellet was then solubilized in a

solution of NaOH, pyridine, and water (1:2:8 v/v). A 75 ml aliquot of
each sample was then plated in duplicate. For determination of

oxidized and reduced heme, 10 ml 2.5 mM potassium ferricyanide

and sodium hydrosulfite were added respectively. Absorbance was

measured at 560 nm with hemozoin calculated according to a

hemin standard curve.
2.9 Chromatin immunoprecipitation
with qPCR

ChIP-qPCR of H3K9me3 and H3K9Ac marks was performed as

described (Hoeijmakers and Bartfai, 2018). Cultures were crosslinked

with formaldehyde, prior to being washed, pelleted, and lysed in

saponin (Sigma). Parasite isolates were then gently homogenized in

cell lysis buffer (10mMTris-HCI pH 8.0, 3 mMMgCl2, 0.2%Nonidet

P-40, protease inhibitor cocktail (Sigma)), and separated by a 0.25 M

sucrose gradient. Nuclei were digested (50 mM Tris–HCl pH 7.4, 4

mM MgCl2, 1 mM CaCl2, 0.075% Nonidet P- 40, 1 mM DTT,

protease inhibitor cocktail) by micrococcal nuclease and exonuclease

(NEB) for 10 min and quenched (2% Triton X-100, 0.6% SDS, 300

mMNaCl, 6 mM EDTA), prior to a brief sonication (25 mMTris pH
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7.4, 1% Triton X-100, 0.3% SDS, 150 mMNaCl, 3 mM EDTA, 2 mM

MgCl2, 0.5 mM CaCl2, protease inhibitor cocktail). After ensuring

digestion efficiency by gel electrophoresis, 500 ng DNAwas incubated

with 2.5 mg Rabbit IgG (12-370, Milipore-Sigma), 2.5 mg anti-H3

(ab1791, Abcam), 5 mg anti-H3K9me3 (07-442, Milipore-Sigma), and

5 mg anti-H3K9Ac (06-942, Sigma-Aldrich). Antibodies were

incubated with each sample for a minimum of 12 hrs at 4°C while

under constant rotation. Protein A and Protein G Dynabeads

(ThermoFisher) were added to each reaction and incubated for an

additional 2 hrs. Samples were then washed as follows: two washes

with 20 mM Tris–HCl pH 8.0, 2 mM EDTA, 1% Triton X-100, 0.1%

SDS, 150 mM NaCl, two washes with 20 mM Tris pH 8.0, 2 mM

EDTA, 1% Triton X-100, 0.1% SDS, 500 mM NaCl, and two

washes with 10 mM Tris-HCl pH 8.0, 1 mM EDTA, prior to

elution (1% SDS, 0.1 M NaHCO3). Samples were reverse

crosslinked overnight at 45°C, followed by DNA isolation with

Qiaquick PCR purification kit (Qiagen). Primers for qPCR analysis

are listed in Supplementary Table 1. The amount of target DNA

recovered after immunoprecipitation was directly compared to

dilution of input DNA and defined as percentage of DNA present

in the input sample.
2.10 Image analysis

Blood smears were prepared using 5 ml whole culture and

stained for 10 min in 10% Giemsa (Sigma). All images were taken

on an Olympus Provis microscope at 40x-100x magnification. All

images were analyzed using ImageJ Fiji software and white balance

was adjusted as needed.
2.11 Statistical analysis

GraphPad Prism 9 software was used for all statistical analysis.

For comparison of significance between three or more means, a

one-way ANOVA was used. For experiments with repeated

measures (i.e., measurements across time), in which certain values

were missing for random reasons, a mixed-effects analysis was

completed. For comparison of multiple group means between two

factors in which measures were not repeated, data were analyzed by

an ordinary two-way ANOVA. For comparison of multiple group

means between two factors in which measures were repeated, data

were analyzed by repeated measured two-way ANOVA. For all data,

statistical significance was based on a p- value of less than 0.05.

Correlation was determined by Pearson correlation analysis.
3 Results

3.1 Hb S erythrocytes (Hb S-Ery) promote
sexual conversion in P. falciparum

To investigate SC among Hb A-, Hb AS-, and Hb S- Ery

cultures, we compared asexual and sexual stage parasite

formation over the course of seven days (Figure 1A). Each culture
frontiersin.org
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was inoculated with magnetically isolated schizonts that had been

synchronized to a six-hour development window. Total parasitemia

was measured by microscopy and validated with flow cytometry

(Figures 1B–D). Though parasitemia within Hb AS- and Hb S-Ery

cultures was overall lower than the Hb A-Ery culture over the first

replication cycle, notably, the cultures did sustain, and consistently
Frontiers in Malaria 05
maintained between a 0.5-2% parasitemia over the seven-day period

for each donor sample analyzed (Figures 1B-D). Additionally, blood

smears show normal development in all cultures through day two of

culture (Figure 1E). Stage II and stage III gametocytemia was

determined on day four and seven, respectively, and though total

parasitemia was significantly different on both days, a non-
D

A

B E

F G

C

FIGURE 1

P. falciparum sexual conversion rate is positively influenced by Hb S-Ery. (A) Schematic of culture initiation and gametocyte development. Cultures were
begun on day 0 with magnetically isolated schizonts that were synchronized to a six-hour development window by subsequent sorbitol synchronizations.
Media was changed daily thereafter. Created with BioRender.com (B) Day one parasitemia measured by flow cytometry (left) and microscopy (right) 24 hours
after inoculation (n=6) (C) Day four parasitemia (left), and stage II gametocytemia (middle) measured by microscopy. Resulting SCR (right), calculated from
microscopy measurements of parasitemia at day one and stage II gametocytemia on day four (n=6) (D) Day seven parasitemia (left), and stage III
gametocytemia (middle) measured by microscopy. Resulting SCR (right), calculated from microscopy measurements of parasitemia at day one and stage III
gametocytemia on day seven (E) Representative images of cultures on day one, two, and seven of assay. Images captured using Olympus Provis microscope
(100x) and obtained from blood smears stained with Giemsa. (F) Day one parasitemia measured by microscopy 24 hours after inoculation. Low, Medium,
and High cultures started with 0.1%, 0.5%, and 1% schizonts respectively (n=3) (G) Day seven parasitemia (left), and stage III gametocytemia (middle)
measured by microscopy. SCR (right) calculated from microscopy measurements of parasitemia at day one and stage III gametocytemia measurement at
day seven (n=3). ns, non-significant, *p<0.05, **p<0.01, ****p<0.0001, one-way ANOVA.
frontiersin.org

https://doi.org/10.3389/fmala.2023.1161750
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Flage et al. 10.3389/fmala.2023.1161750
significant difference in gametocytemia was observed between all

groups (Figures 1C, D). From the stage II gametocytemia

measurement on day four, we found a significantly increased SCR

among Hb S- Ery cultures compared to Hb A-Ery (Figure 1C). This

difference was sustained through day seven (Figure 1D).

To verify these results were not an artifact of an overall low

parasitemia among the Hb S- and Hb AS-Ery cultures, we set up an

additional experiment exclusively in Hb A-Ery. These cultures were

inoculated with dilutions of the isolated schizont pellets, which

generated varying levels of parasitemia on day one (represented as

“Low”, “Medium”, and “High”) and mimicked the different

parasitemia levels observed among the Hb S- and Hb AS-Ery

cultures (Figure 1F). Among these experiments, we observed the

opposite trend in gametocyte conversion, as the Low parasitemia

group resulted in a lower rate of SC. No gametocytes were detected by

microscopy in the low parasitemia group, and no change in SCR was

observed among the Med and High parasitemia group (Figure 1G).

Notably in this group of experiments, we observed a slightly lower

SCR among the Med experimental group than the Hb A group in

Figure 1F. Though the Med group had the most comparable

parasitemia on day one, their day seven rates vary more

significantly, potentially accounting for the difference in overall

SCR. These results ultimately indicate the higher rate of sexual

conversion observed among the Hb AS- and Hb S-Ery cultures was

not due to the low parasitemia achieved by both cultures.

These results show that cells containing Hb S induce a greater

rate of SC compared to cells containing Hb A. Interestingly, though

the change in SCR between the Hb A and Hb AS cultures was not

significant, rates were higher among the Hb AS group, and landed

in between that of Hb S and Hb A. This gives the appearance of a

dosing effect of Hb S on SC. We did observe a significant difference

in parasite proliferation between Hb A and both the Hb AS and Hb

S cultures, but intraerythrocytic development did not appear

significantly impaired through the first replication cycle in which

SCR was determined. Ultimately, these results indicate that Hb S is a

driver of sexual stage conversion, and a modifier of P. falciparum’s

reproductive investment strategy.
3.2 Parasitic enzyme-mediated digestion of
Hb S is more efficient than Hb A

The change in reproductive investment witnessed among the

Hb S-Ery cultures exemplifies a shift in investment from intra-host

survival to inter-host transmission. This change in reproductive

strategy is indicative of a factor restraining the success of intra-host

survival, which we observed in the change in parasite proliferation

over the culture period (Figures 1C, D). As Hb S appeared to have a

dosing effect on SC, we next questioned the protein’s direct effect on

the intraerythrocytic cycle. The digestion of Hb is a vital part of the

intraerythrocytic cycle, providing the parasite with amino acids

needed for protein synthesis and preventing the premature lysis of

infected cells (Rudzinska et al., 1965; Shenai et al., 2000; Krugliak

et al., 2002; Lew et al., 2003; Sijwali and Rosenthal, 2004; Chugh

et al., 2013). Interestingly, it has been previously hypothesized that

Hb S may be resistant to digestion by parasite hemoglobinases,
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ultimately limiting the parasite’s ability to sustain life within these

cell environments (Pauling et al., 1949; Archer et al., 2018). Because

of the importance of the Hb protein to intraerythrocytic survival, we

next looked at the process of Hb digestion as a potential stressor

that may prompt the observed change in reproductive investment.

To investigate Hb digestion between Hb A, Hb AS, and Hb S,

we analyzed Hb hydrolysis with an in vitro assay (Shenai et al., 2000;

Chugh et al., 2013). By combining a high pH, physiologically

relevant reducing agent, and recombinant P. falciparum enzyme,

falcipain-2 (FP2), this assay provides a clean examination of Hb

digestion, while mimicking the essential components of the

digestive vacuole environment. Using this assay, significant

disparities in hydrolysis efficiency were observed between the Hb

variants tested (Figure 2). Overall, we found Hb S to experience the

highest rate of hydrolysis and a sample containing Hb A, Hb S, and

Hb F (Hb ASF) to experience the most resistance to hydrolysis

(Figure 2). Hb F (fetal hemoglobin) was included in analysis because

it has previously been reported to be resistant to P. falciparum

hemoglobinase activity, and therefore served as a control to

demonstrate resistance (Shear et al., 1998). Hb F is an isoform of

Hb that is produced during fetal development. Interestingly, though

Hb F levels in individuals without hemoglobinopathies decrease to

<1% by adulthood, individuals with SCD retain higher levels of Hb

F, ranging from 4-10%, and therapeutic induction of Hb F with

hydroxyurea has been suggested to provide protection against

malaria disease (Archer et al., 2019; Tshilolo et al., 2019;

Steinberg, 2020). Though notably a recent investigation has

shown Hb F does not inhibit P. falciparum growth (Archer et al.,

2019). The Hb ASF sample was obtained from transgenic SCD mice

which naturally produce high levels of Hb F.

All results were consistent over the four concentrations tested

and were confirmed by total Hb quantification at 24 hours

(Figure 2). Negative controls, wells containing Hb in assay buffer

without the presence of FP2, for all samples were used to verify the

hydrolysis displayed was due to the action of FP2. As Hb S is known

to be unstable at low concentrations, these data confirm FP2 had the

most hydrolytic activity on Hb S (Perutz and Lehmann, 1968;

Carrell and Lehmann, 1969; Rieder, 1970; Seakins et al., 1973).

These results demonstrate that the efficiency of Hb S

degradation by FP2 is more rapid than Hb A. As Hb digestion in

the parasite’s digestive vacuole results in the release of free heme, an

increased rate of Hb hydrolysis would lead to a faster rate of heme

release. Interestingly, Hb S cells are known to contain higher

concentrations of heme at baseline (Bensinger and Gillette, 1974;

Hebbel et al., 1988; Liu et al., 1988; Uzunova et al., 2010). As heme is

a powerful oxidant, known to be toxic to both the human host and

parasite, we questioned whether this alteration of Hb digestion and

heme concentration may be a relevant factor to the previously

observed change in SC.
3.3 Therapeutically disrupting Hb digestion
promotes sexual conversion

To better understand the relationship between heme release and

SC, we therapeutically altered Hb digestion using the antimalarial
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chloroquine diphosphate (CQ). Chloroquine functions by

preventing P. falciparum from detoxifying heme released during

Hb digestion (Yayon et al., 1984; Krogstad et al., 1985; Krogstad and

Schlesinger, 1987; Slater and Cerami, 1992). Suboptimal doses can

measurably limit heme detoxification without eliminating parasite

viability. Interestingly, CQ has also been shown to increase rates of

SC, which we confirm here by SC and gene expression analysis

(Figure 3) (Peatey et al., 2009; Combrinck et al., 2013; Abshire et al.,

2017). For these experiments, cultures were treated with CQ for 48

hours, followed by the addition of N-acetylglucosamine (NAG) to

prevent further asexual growth (Figure 3A). The rate of SC was then

calculated using the total gametocytemia captured on day seven

from the point of NAG addition (Figure 3B).

No differences in total parasitemia were observed between all

treatment groups through 40 hours of treatment (Supplementary

Figure 2). Though the 30 nM treatment group appeared

morphologically normal through 40 hours, total parasitemia was

significantly lower at the point of NAG addition (Figure 3B,

Supplementary Figure 2). The calculated rates of SC reveal a

significant increase among the 30- and 50 nM treatment groups

compared to the vehicle (Figure 3D). Furthermore, quantification of

hemozoin content after CQ treatment revealed an overall negative

correlation between hemozoin production and SCR (Figures 3E, F).

Gene expression analysis of early gametocyte genes support this

increase in SC, while analysis of genes involved with Hb digestion

support a disruption of the Hb degradation process (Figures 3G-I).

Interestingly, though appearing morphologically normal, the 30 nM

treatment group displayed the largest decrease in total hemozoin

content and the highest rate of SC.

These results are in line with other reports that have found an

increase in SC with sub-optimal doses of CQ (Peatey et al., 2009). It is

known intracellular heme levels are increased during CQ treatment,
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which in these experiments is supported in the 30 nM treatment group

by the change in hemozoin content in the absence of a change in total

parasitemia and parasitemorphology (Supplementary Figure 2) (Abshire

et al., 2017). Therefore, the increase in SC observed here supports a

relationship between heme concentration and SC. Considering this, we

next investigated whether direct hemin exposure on Hb A-Ery P.

falciparum cultures would similarly impact SCR.

3.4 Hemin treatment increases sexual
conversion in P. falciparum

To determine whether hemin influences SC, Hb A-Ery cultures were

treated with hemin for 48 hours. SCR was determined as performed in

the previous experiment, with NAG addition at 48 hours and final

gametocytemia determined on day seven (Figures 4A-D). Representative

images fromday ten of culture are additionally presented to showmature

gametocyte development in all cultures (Figure 4E). Interestingly, we

found SC to increase significantly with doses of hemin starting at 10 mM
(Figure 4B). This was further supported during quantification of day ten

images, which followed the trend of increasing total gametocytemia with

increasing doses of hemin (Figure 4F).

These results show exposure to increased levels of extracellular

hemin increases the rate of SC in Hb A-Ery cultures. Notably, the

rate of increase in the culture exposed to 50 mM was similar to that

observed in the Hb S-Ery cultures.

3.5 Changes in ap2-g expression in
response to hemin treatment are not
reflected in the epigenetic landscape

Aiming to further confirm this change in SCR during hemin

exposure, we investigated relevant gene expression and epigenetic
D

A B

C

FIGURE 2

Hb S is more efficiently hydrolyzed by falcipain-2 compared to Hb A, Hb AS, and Hb ASF. Hemoglobin hydrolysis (left) and percent decrease in total
Hb concentration (right) by 50 mM FP2 for (A) 0.12, (B) 0.24, (C) 0.36, and (D) 0.5 mg/ml Hb (AA, AS and SS, n=14) (ASF, n=11), *p<0.05, **p<0.01,
****p<0.0001, two-way and one-way ANOVA, respectively.
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marks associated with the process of SC. Total gene expression of

ap2-g was increased among treatment groups between 48-64-, and

72-80-hours post exposure, overall supporting the observed

increased rates of SC (Figure 5A). Going further, we attempted to

identify changes in the epigenetic landscape of ap2-g. The ap2-g

gene locus remains epigenetically repressed by H3K9me3 during
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asexual replication. De-repression of ap2-g is therefore marked by

H3K9Ac. ChIP-qPCR of H3K9me3 and H3K9Ac revealed no

differences in the epigenetic landscape during hemin treatment

(Figures 5B, C). However, due to the overall rate of asexual

replication remaining >80%, a modest difference, if any at all,

was anticipated.
D
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FIGURE 3

Sexual conversion rate is increased after treatment with chloroquine diphosphate. (A) Schematic of experimental design. Hb A-Ery cultures were
synchronized to a four-hour window and plated during the early ring stage (0-4 hrs post infection). Media was changed daily, with NAG addition at
48 hours. Created with BioRender.com (B) Day two parasitemia and (C) day seven gametocytemia measured by flow cytometry. (D) SCR calculated
from flow cytometry measurements of parasitemia at day two and gametocytemia measurement at day seven (n=6), **p<0.01, ***p<0.001,
****p<0.0001, one-way ANOVA. (E) Quantification of hemozoin content after CQ treatment in Hb A-Ery cultures (n=3), ***p<0.001, ****p<0.0001,
two-way ANOVA. (F) Correlation between hemozoin content and SCR. Pearson r= -0.7244, **p<0.01. (G–I) Early gametocyte genes, ap2-g, gdv1,
msrp1, gexp5, surfin 1.2, and surfin 13.1 (left), and genes relevant for the process of Hb digestion, falcipain-2 (FP2) and heme detoxification protein
(hdp) (right) (G) 24 hours, (H) 30 hours, and (I) 40 hours post CQ treatment in Hb A-Ery cultures *p<0.05, **p<0.01, ****p<0.0001, two-way ANOVA.
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4 Discussion

Sexual conversion dynamics of P. falciparum are known to be

influenced by different sources of environmental pressure, and the

ability of Plasmodium spp. to alter its reproductive investment is an

instrumental survival strategy in line with many evolutionary

biology theories (Pollitt et al., 2011; Carter et al., 2013; Schneider

et al., 2018). As specific sources of sexual stage initiation remain

elusive, a growing understanding of how Plasmodium spp. are able

to balance intra-host survival with inter-host transmission is critical

to understanding trends and fluctuations in pathogen virulence

(Josling and Llinas, 2015; Usui and Williamson, 2021).

In this study, we demonstrate that SC is positively influenced by

the Hb S variant. As Hb hydrolysis efficiencies have previously been

shown to vary between Hb types, and Hb degradation is integral to the

intraerythrocytic cycle, we focus on this process as a potential factor for

the observed change in reproductive effort. After revealing FP2-induced
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hydrolysis of Hb S is significantly more efficient than Hb A, and

demonstrating the effect CQ has in increasing both SC and intracellular

heme levels, we implicate heme, as a product of Hb hydrolysis, to be a

potentially relevant component for SC. We go on to expose Hb A-Ery

cultures to increasing levels of hemin and discover increased rates of SC

with increasing exposure concentrations. This establishes heme as a

potential factor which promotes SC.

To our knowledge, this is the only study directly comparing the

generation of gametocytes in vitro between these two Hb types.

Though it is known SCRs vary in vivo, the average commitment rate

per asexual cycle has been estimated to be <1% (Cao et al., 2019).

Therefore, a naturally occurring condition which we found to result

in a SCR of 20% is striking. While we anticipated lower proliferation

in the Hb S- and Hb AS-Ery cultures, we did not observe a significant

difference in the total parasitemia on day one of the assay. Moreover,

the lack of morphological differences on day two indicate the SCR

determination from this first cycle was a point of valid comparison.
D
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FIGURE 4

Treatment with hemin increases rate of sexual conversion. (A) Schematic of experimental design. Hb A-Ery cultures were synchronized to a 4 hour window
and plated during the early ring stage (0-4 hrs post infection). Media was changed daily, with NAG addition at 48 hours. Created with BioRender.com (B) Day
two parasitemia and (C) and day seven gametocytemia measured by flow cytometry. (D) SCR calculated from flow cytometry measurements of
gametocytemia at day seven divided by the peak parasitemia at day two (n=12), ns, non-significant, *p<0.05, ***p<0.001, ****p<0.0001, one-way ANOVA. (E)
Representative images of hemin-treated and vehicle Hb A-Ery cultures on day 10 of assay. Images captured using Olympus Provis microscope (40x) and
obtained from blood smears stained with Giemsa. (F) Quantification of gametocytemia from representative images (n=3).
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We acknowledge SCR determination through microscopy presents

sources of variability, however, we present parasitemia obtained from

flow cytometry to show little variation between the two methods.

Additionally, our reported SCRs, and the SCR trends observed

among the CQ-treated experimental groups, are similar and

consistent with what has been published in other studies

(Brancucci et al., 2015; Brancucci et al., 2017; Usui and

Williamson, 2021). Future experiments would benefit from the use

of gametocyte-specific reporter strains for faster and

simpler quantification.

As total parasitemia on day seven significantly differed between

experimental groups, we further validated our calculated SCR by

repeating the experiment in Hb A-Ery cultures with varying levels of

parasitemia. While the low parasitemia group had a comparable total

parasitemia to the Hb S- and Hb AS-Ery cultures, we were unable to

identify any gametocytes. This establishes the calculated SCRs were

not biased by differences in total parasitemia. Furthermore, these

results together with the previous set of experiments demonstrate two

defined strategies of reproductive investment by P. falciparum:

terminal investment and reproductive restraint. The lack of

proliferation coupled with the increased rate of SC in the Hb S-

and Hb AS- Ery cultures indicate terminal investment, while the lack

of SC during the same level of total parasitemia in the Hb A-Ery

culture indicates reproductive restraint.

In considering possible explanations for this observed

adjustment in reproductive investment, we first explored Hb. We

were initially drawn to investigating Hb digestion because of the Hb

AS results, which interestingly landed in between that of Hb A and

Hb S. This gave the appearance of a direct effect due to the Hb S

protein. Our analysis of Hb digestibility by P. falciparum FP2

revealed Hb S to be more readily hydrolyzed compared to Hb A.

Though FP2 is one of several P. falciparum proteases known to be

active in the Hb degradation process, it has been shown to be active

during the early phases of Hb digestion and is an essential protease

in the process, with disruption resulting in the accumulation of

undigested Hb within the digestive vacuole (Sijwali and Rosenthal,
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2004). We acknowledge this assay is a simplified version of Hb

digestion, but it is worth noting knock-out studies of other

hemoglobinases suggest more of a cooperative function to the

overall process (Sijwali and Rosenthal, 2004; Liu et al., 2006).

The finding of increased hydrolysis of Hb S, which consequently

indicates more heme release, presented the question of whether

heme may be associated with SC. Using CQ to alter intracellular

heme concentrations, we determined a negative correlation between

SC and hemozoin content. This was particularly significant among

the 30 nM treatment group which exhibited the largest increase in

SC. Interestingly this group overall showed the least amount of total

hemozoin production but little change in parasite morphology at

the time of hemozoin sampling. This shows Hb digestion was still

taking place and is an important designation, as a lack of hemozoin

formation may also indicate a lack of parasite development. If Hb

digestion is still taking place but hemozoin is not being produced,

this indicates an increase in heme. In fact, previous studies have

shown CQ concentrations of 40 nM to increase labile heme 2-fold

(Abshire et al., 2017). This observation is additionally relevant to

the first replication cycle of the Hb S-Ery cultures, as though we

know asexual proliferation is impacted, within the first asexual

cycle, we show little change in parasite morphology. This likewise

indicates Hb digestion was taking place, though we were ultimately

unable to measure corresponding heme levels or hemozoin content.

The doses of CQ used in this study were based on a previous study

which determined the IC10, IC50, and IC90 inhibitory concentrations

(Peatey et al., 2009).

Upon directly manipulating levels of extracellular hemin, we

found SC to increase. Interestingly, the observed increase was

comparable to what was seen in the Hb S-Ery experiments.

Though significant, on a whole-culture level more investment

into asexual proliferation was still being made for all treatment

groups, which explains the absence of a distinguishable difference in

the epigenetic landscape related to SC. Overall, these results show

hemin to promote SC, which could potentially be exploited for the

development of transmission-blocking therapeutics. Importantly,
A B C

FIGURE 5

Investigation of epigenetic landscape after hemin treatment. (A) Gene expression of ap2-g at 24-32 hour, 48-64 hour, and 72-80 hour after hemin
treatment in Hb A-Ery cultures (n=3), *p<0.05, **p<0.01, two-way ANOVA. (B, C) ChIP-qPCR represented as recovery of % input (n=6). (B) H3K9Me3
and (C) H3K9Ac occupancy at selected loci in vehicle and hemin treated Hb A-Ery cultures at 48-64 hours of hemin treatment. Tested loci include
actin-1, used as a euchromatic control, and var used as a heterochromatic control. Anti-Rabbit IgG was used as a negative control. Results are
obtained from biological replicates.
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extracellular heme concentrations have been shown to reach

maximal levels of 100 mM during mild and severe malaria disease,

making the concentrations used here relevant to disease states

(Dalko et al., 2015; Elphinstone et al., 2015; Elphinstone et al.,

2016). However, we acknowledge the limitation of quantifying the

precise hemin concentrations due to serum protein binding.

The finding of increased SCR among Hb S-Ery cultures and

during CQ exposure satisfies an evolutionary purpose, as impaired

intra-host survival occurs during these conditions (Reece et al., 2009;

Carter et al., 2013; Schneider et al., 2018). Intriguingly, though direct

exposure to hemin did not appear to significantly alter intra-host

survival during the first replication cycle, we still observed an increase

in SCR. Over the course of chronic malaria infection, multiple rounds

of asexual replication result in hemolysis and subsequent increase in

free extracellular heme. Interestingly, chronic malaria infection is also

associated with higher SC (Barry et al., 2021). Therefore, based on our

findings, it is possible heme is a contributing factor for increasing

rates of SC observed during chronic infection.

Our results provide experimental support for previous

epidemiologic studies which have observed differences in

gametocyte carriage among individuals with Hb variants

(Ringelhann et al., 1976; Robert et al., 1996; Gouagna et al., 2010;

Bougouma et al., 2012; Goncalves et al., 2017). Considering Hb S-

Ery are known to have higher concentrations of intracellular heme,

and Hb S-carrying individuals are known to contain higher

concentrations of extracellular heme, we propose increased heme

concentration as a potential explanation for this observation

(Bensinger and Gillette, 1974; Hebbel et al., 1988; Uzunova et al.,

2010). Exact mechanisms of how heme contributes to the initiation

of SC is an area for future investigation. As methods of controlling

asexual replication are increasingly becoming limited, deciphering

new ways to control transmission, such as through the prevention

of gametocyte transfer from human host to mosquito vector,

provide new opportunities for the goal of ending malaria (Conrad

and Rosenthal, 2019; Usui and Williamson, 2021).
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