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The malaria parasite sporozoite sequentially invades mosquito salivary glands and mammalian hepato-
cytes; and is the Plasmodium lifecycle infective form mediating parasite transmission by the mosquito
vector. The identification of several sporozoite-specific secretory proteins involved in invasion has
revealed that sporozoite motility and specific recognition of target cells are crucial for transmission. It
has also been demonstrated that some components of the invasion machinery are conserved between
erythrocytic asexual and transmission stage parasites. The application of a sporozoite stage-specific gene
knockdown system in the rodent malaria parasite, Plasmodium berghei, enables us to investigate the roles
of such proteins previously intractable to study due to their essentiality for asexual intraerythrocytic
stage development, the stage at which transgenic parasites are derived. Here, we focused on the rhoptry
neck protein 11 (RON11) that contains multiple transmembrane domains and putative calcium-binding
EF-hand domains. PbRON11 is localised to rhoptry organelles in both merozoites and sporozoites. To
repress PbRON11 expression exclusively in sporozoites, we produced transgenic parasites using a
promoter-swapping strategy. PbRON11-repressed sporozoites showed significant reduction in attach-
ment and motility in vitro, and consequently failed to efficiently invade salivary glands. PbRON11 was
also determined to be essential for sporozoite infection of the liver, the first step during transmission
to the vertebrate host. RON11 is demonstrated to be crucial for sporozoite invasion of both target host
cells – mosquito salivary glands and mammalian hepatocytes – via involvement in sporozoite motility.
� 2019 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plasmodium, the causative agent of malaria, has a complex life-
cycle that requires switching between a vertebrate host and mos-
quito vector, and transmission from the latter is mediated by
sporozoites. Sporozoites develop within oocysts on the basal lam-
ina of mosquito midguts, and then invade salivary glands following
their release from oocysts into the haemocoel. During a blood
meal, sporozoites are injected into the mammalian host skin,
through which they actively migrate to enter blood vessels, and
eventually reach the liver to initiate infection of hepatocytes.
Therefore, invasion of salivary glands in mosquito vectors and
invasion of hepatocytes in mammalian hosts are key steps for Plas-
modium sporozoites to achieve effective transmission.

The application of reverse genetic approaches has identified
several sporozoite proteins as important molecules for parasite
transmission (reviewed in Aly et al., 2009). For example, targeted
gene disruption of sporozoite surface proteins showed that sporo-
zoite motility is essential not only for migration but also for inva-
sion capacity (Sultan et al., 1997; Menard, 2001; Vanderberg and
Frevert, 2004; Combe et al., 2009; Steinbuechel and
Matuschewski, 2009; Ejigiri et al., 2012). Sporozoites activated by
incubation in albumin-containing medium, mimicking the
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environment of mammalian skin, start circular locomotion on glass
slides, termed gliding motility. Thrombospondin-related adhesive
protein (TRAP) is a key molecule in Plasmodium sporozoite gliding
motility, and links extracellular substrate adhesion with an intra-
cellular actomyosin motor complex via a single transmembrane
domain (Sultan et al., 1997; Kappe et al., 1999; Matuschewski
et al., 2002). TRAP mediated recognition of salivary glands might
be in part via interaction with a salivary gland surface protein,
SAGLIN (Ghosh et al., 2009). Membrane-associated erythrocyte
binding-like protein (MAEBL) is another essential molecule for sali-
vary gland invasion, presumably by acting as an adhesin (Kariu
et al., 2002; Saenz et al., 2008; Yang et al., 2017). Most of the
known invasion related proteins in sporozoites are stored in apical
secretory organelles termed micronemes, which are conserved
among the invasive stages of apicomplexan parasites (Sibley
et al., 2010). Discharge of TRAP from micronemes during sporo-
zoite motility and invasion was demonstrated to be initiated by
increasing intracellular Ca2+, stimulated by activation mimicking
environmental triggers in mammalian skin, and enhanced by
sporozoite attachment to substrates (Carey et al., 2014).

Infective stages of apicomplexan parasites, such as Plasmodium
merozoites, sporozoites, and Toxoplasma tachyzoites, have another
distinct apical organelle, termed the rhoptry, which contains secre-
tory proteins required for target cell invasion (Bradley and Sibley,
2007). It has been demonstrated that some rhoptry proteins have
common roles during target cell invasion of infective stage para-
sites. For example, rhoptry neck protein 2 (RON2) was demon-
strated to be crucial for tight junction formation between
parasites and host cells by insertion into the target cellular mem-
brane prior to invasion, for both Plasmodium merozoites during
invasion of red blood cells, and Toxoplasma tachyzoites, which
can invade a variety of nucleated cells (Besteiro et al., 2009;
Proellocks et al., 2010). Recently we applied a sporozoite stage-
specific knockdown system to demonstrate that sporozoite RON2
in Plasmodium berghei (Pb) is crucial for invasion of mosquito sali-
vary glands and important for infection of mammalian hepatocytes
(Ishino et al., 2019). These results implicate that further investiga-
tions on sporozoite rhoptry proteins are needed to elucidate the
comprehensive mechanisms of sporozoite invasion of host cells.

Rhoptry neck protein 11 (RON11) was first described as loca-
lised to the rhoptry neck in Toxoplasma tachyzoites (Beck et al.,
2013). It has an architecture of seven transmembrane domains
plus two putative calcium binding EF-hand domains, and is highly
conserved in the Apicomplexa, suggesting an important role in
rhoptry-mediated functions. Attempts to disrupt PbRON11
(PBANKA_132710 in PlasmoDB) have failed (Lasonder et al.,
2008; van Ooij et al., 2008), supporting that RON11 has a crucial
role during blood stage parasite proliferation. Here, to investigate
a role of RON11 in sporozoites, we generated sporozoite stage-
specific pbron11 knockdown parasites in P. berghei by promoter
swapping (Ishino et al., 2019). PbRON11-repressed sporozoites
have decreased adhesion capacity to glass slides and motility
in vitro, and greatly reduced invasion efficiency in mosquito sali-
vary glands. In addition, pbron11 repression in sporozoites results
in a significant reduction in sporozoite infectivity to the mouse
liver in vivo. These findings clearly demonstrate that PbRON11 in
sporozoites is essential for salivary gland invasion and mammalian
liver infection due to its role in adhesion and gliding motility.
2. Materials and methods

2.1. Experimental animals

Female ICR and C57BL6 mice, and Wistar rats were purchased
from CLEA Japan (Tokyo, Japan) and maintained in our animal
facility. All mice were 6–8 weeks old at the time of blood stage par-
asite infection. Animal experimental protocols were approved by
the Institutional Animal Care and Use Committee, Ehime Univer-
sity, Japan. All experiments were conducted according to the Ethi-
cal Guidelines for Animal Experiments of Ehime University.

2.2. Parasites and mosquitoes

Anopheles stephensi mosquitoes (SDA 500 strain) were reared
using standard protocols (Sinden et al., 2002) and maintained on
a 5% sucrose solution during adult stages. All parasites were
derived from a P. berghei ANKA strain which expresses GFP under
the control of the elongation factor 1A (ef1a) promoter without
any drug-resistant cassette (PbWT-GFP; Franke-Fayard et al.,
2004), kindly provided by Dr. Janse, Leiden University, Nether-
lands. Cryopreserved P. berghei-infected erythrocytes were inocu-
lated into 4–6 weeks old female ICR mice (CLEA Japan) via i.p.
injection to obtain asexual stage parasites. Approximately 60,000
parasitised erythrocytes were transferred intravenously into a
naïve mouse 5 days before mosquito feeding. When the para-
sitemia reached 5–10% and the number of exflagellation centres
had reached 30 per 1 � 105 erythrocytes, the infected mice were
fed on by a group of female mosquitoes. Fully engorged mosqui-
toes were selected and maintained at 20 �C.

2.3. Production of recombinant proteins and preparation of anti-
PbRON11N antibodies and anti-TRAP ectodomain antibodies

To generate PbRON11 polyclonal antibodies, a partial recombi-
nant protein corresponding to amino acids 26–320 of PbRON11
(PbRON11N, indicated by a bar in Fig. 1A) was produced using
the wheat germ cell-free protein synthesis system (CellFree
Sciences, Matsuyama, Japan) as described (Tsuboi et al., 2008).
Briefly, DNA encoding PbRON11N was amplified by PCR from geno-
mic DNA of Pb wild type (WT)-GFP using specific primers tailed
with EcoRV and BamHI restriction enzyme recognition sites (shown
in Supplementary Table S1). The DNA fragment was inserted into
the pEU-E01-GST-TEV-MCS vector (CellFree Science) to produce
GST-tagged PbRON11N at its N-terminal. After transcription and
translation using the wheat germ cell-free protein expression sys-
tem, recombinant protein was purified using a glutathione-
Sepharose 4B column (GE Healthcare UK, Buckinghamshire, UK).
For production of polyclonal antibodies recognising the TRAP ecto-
domain, a partial recombinant protein corresponding to amino
acids 26–541 of PbTRAP (PBANKA_1349800) was produced as
described above.

A Japanese white rabbit was immunised subcutaneously with
250 lg of purified recombinant protein with Freund’s adjuvant
three times, and antisera was obtained 14 days after the final
immunisation (Kitayama Labes, Ina, Japan). The reactivity and
specificity of anti-PbRON11N antisera was determined by western
blotting. Specific antibodies against PbRON11N were affinity puri-
fied using recombinant PbRON11N protein covalently conjugated
to HiTrap NHS-Activated HP columns (GE Healthcare, Oda-
Yokouchi et al., 2019).

2.4. Schizont preparation

All procedures were performed as described in Janse et al.
(2006) with some modification. Infected blood with 3–5% para-
sitemia was collected from 5-week-old Wistar rats and cultured
in complete RPMI 1640 medium (Wako Pure Chemical, Osaka,
Japan) containing 20% foetal calf serum (FCS) with a gas mixture
of 5% CO2, 5% O2, and 90% N2, for 16 h at 36.5 �C with slow agita-
tion. Schizonts were purified using Nycoprep 1.077 solution
(Axis-shield, Dundee, UK) by centrifugation at 450g for 20 min.



Fig. 1. Expression and localisation of rhoptry neck protein 11 (RON11) in Plasmodium berghei merozoites and sporozoites. (A) Schematic of protein features of PbRON11.
Signal peptide, PEXEL motif, transmembrane domains, and an EF-hand domain pair are indicated. The predicted molecular weight of PbRON11 protein excluding a signal
peptide is 108 kDa. A black bar indicates the region used in the production of PbRON11N recombinant protein. (B) PbRON11 protein expression in sporozoites collected from
mosquito midguts (MG), haemolymph (HL), salivary glands (SG), and schizonts. Protein from parasite lysates corresponding to 10,000 schizonts and 100,000 sporozoites were
separated by electrophoresis and western blotting was performed using anti-PbRON11N antibodies. PbRON11 protein was detected specifically at approximately 100 kDa
both in schizonts and in sporozoites (closed arrowhead). The same membrane was stained with anti-rhoptry-associated membrane antigen (RAMA) antibodies as a loading
control (indicated by an open arrowhead). PbRAMA was processed and detected as a major band at approximately 37 kDa in sporozoites as well as in schizonts (Topolska
et al., 2004). The quantification of RON11 band intensities normalised by RAMA is shown in Supplementary Fig. S4A. (C) PbRON11 localisation at the apical end of infective
stage parasites. IFA was performed with Pb wild type (WT)-GFP schizonts and sporozoites isolated from mosquito midguts, haemolymph, or salivary glands using anti-
PbRON11N antibodies. PbRON11 signal (green (white)) and parasite nuclei (stained by DAPI, blue (grey)) are shown. Differential interference contrast images are shown. Scale
bars = 5 lm. (D, E) Localisation of PbRON11 in merozoites and sporozoites determined by immunoelectron microscope analysis. Ultrathin sections of (D) PbWT-GFP schizonts
or (E) salivary gland-derived PbRON11-c-Myc sporozoites were incubated with anti-PbRON11N or anti-c-Myc antibodies, respectively, followed by secondary antibodies
conjugated to gold particles. N, nucleus; Rh, rhoptry; Mn, microneme; DG, dense granule; a.a., amino acid. Scale bars = 500 nm.
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The schizont-rich layer was harvested and used for immunofluo-
rescence analysis (IFA) and DNA transfection. For western blotting,
schizont parasitised erythrocytes were treated with 0.08% saponin
for 10 min prior to resuspension in SDS buffer (Nacalai tesque,
Kyoto, Japan).

2.5. Sporozoite collection from infected mosquitoes

Oocyst-derived sporozoites were collected from infected mos-
quito midguts at days 23–24 post-feeding and then purified by
17% Accudenz density gradient centrifugation (Accurate Chemical,
Westbury, NY, USA, Kennedy et al., 2012). Sporozoites released into
the haemocoel were collected by perfusion with RPMI 1640 med-
ium at days 22–23 post-feeding. Salivary gland sporozoites were
collected by microdissection of salivary glands at days 23–24
post-feeding.

2.6. Western blotting

For PbRON11 protein expression analysis, 104 schizonts, 105

oocyst-derived sporozoites, haemolymph sporozoites, and salivary
gland sporozoites were resuspended in SDS buffer (Nacalai tesque)
with the addition of 10% 2-mercaptoethanol and incubated at 4 �C
overnight. PbRON11 protein could not be detected in the following
western blotting protocol if first denatured at 95 �C for 5 min, pre-
sumably due to aggregation. Proteins were separated on 12.5%
e-PAGEL (ATTO, Tokyo, Japan) and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore, Burlington, VT, USA) by
electroblotting. Membranes were blocked with Blocking One buffer
(Nacalai tesque) and incubated with anti-PbRON11N antibodies
(1.46 lg/ml) at 4 �C overnight or at 37 �C for 1 h followed by
incubation with anti-rabbit IgG antibodies conjugated with horse
radish peroxidase (HRP) (1:25,000) at 37 �C for 45 min. Anti-
rhoptry-associated membrane antigen (RAMA; PBANKA_0804500)
antibodies (2.75 lg/ml) were used in parallel as an internal control
(Ishino et al., 2019). Secondary antibody signals were developed
using the Immobilon Western Chemiluminescent HRP Substrate
(Millipore) and detected using the ImageQuant LAS4000 imaging
system (GE Healthcare).

2.7. Immunofluorescence analysis (IFA)

Schizont-rich parasites were smeared on glass slides, then fixed
with acetone for 2–5 min at 4 �C. Sporozoites isolated from mid-
guts, haemocoel, and salivary glands of infected mosquitoes were
spotted on glass slides and then fixed with acetone as described
above. Slides were blocked with Blocking One Histo (Nacalai tes-
que) and incubated with anti-PbRON11N antibodies (1.46 lg/ml).
After washing with PBS, slides were incubated with fluorescent-
conjugated secondary antibodies (Alexa Fluor 488 goat anti-
rabbit IgG, 1:500; Thermo Fisher Scientific, Waltham, MA, USA)
for 45 min at 37 �C. Stained slides were mounted with Prolong
Gold anti-fade reagent containing DAPI (Thermo Fisher Scientific).
Differential interference contrast (DIC) and fluorescence images
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were obtained using a fluorescence microscope (Axio observer z1,
Carl Zeiss, Oberkochen, Germany) and a charge-coupled device
camera (Axio cam MR. Carl Zeiss). Images were processed using
Image J software (Schneider et al., 2012).

2.8. Immunoelectron microscope (IEM)

Cultivated schizonts of PbWT-GFP and PbRON11-c-Myc
expressing parasites (see below for generation of PbRON11-c-
Myc expressing parasites) were fixed in 1% paraformaldehyde,
0.2% glutaraldehyde and embedded in LR-White resin (Polyscience,
Warrington, PA, USA). Salivary glands of mosquitoes infected with
PbWT-GFP and PbRON11-c-Myc expressing parasites were col-
lected by dissection at day 19 post-feeding and fixed as described
above. Ultrathin sections were blocked in PBS containing 5% non-
fat milk and 0.01% Tween 20 (PBS-MT), then incubated at 4 �C
overnight with anti-PbRON11N antibodies (72 lg/ml) or anti-c-
Myc polyclonal antibodies (10 lg/ml) (A-14, sc-789; Santa Cruz
Biotechnology, Dallas, TX, USA). The sections were washed with
PBS containing 10% Block Ace (Yukijirushi, Tokyo, Japan) and
0.01% Tween 20 (PBS-BT), and the grids were incubated for 1 h at
37 �C with goat anti-rabbit IgG conjugated with 15 nm gold parti-
cles (GE Healthcare) diluted 1:20 in PBS-MT, and rinsed with PBS-
BT. The sections were then stained with uranyl acetate and lead
citrate. Samples were examined using a transmission electron
microscope (JEM-1230; JEOL, Akishima, Japan).

2.9. Generation of transgenic parasites

To generate PbRON11-c-Myc expressing parasites, the pbron11
locus in PbWT-GFP parasites was replaced with an expression cas-
sette in which RON11 is fused with a c-Myc tag at the C-terminus
by single crossover homologous recombination (see Supplemen-
tary Fig. S1). To generate the transgenic vector, the pL0033 vector,
obtained from BEI Resource (USA), was modified as follows. The
partial coding region of PbRON11, 3217–4936 bp from the start
codon, was amplified using primers as shown in Supplementary
Table S1 and inserted into the pL0033 vector using SacII and NcoI
restriction enzymes. This transgenic vector was linearised by StyI
enzyme prior to transfection.

To produce sporozoite stage-specific pbron11 knockdown trans-
genic parasites (PbRON11-cKD), the 50 untranslated region (UTR) of
pbron11 was replaced by a promoter region of merozoite surface
protein 9 (pbmsp9; PBANKA_1443300) using double crossover
homologous recombination (see Fig. 2A; Ishino et al., 2019). Two
homologous recombination cassettes, pbron11 upstream (�1829
to �996 bp relative to the PbRON11 start codon) and PbRON11-N
(�24 to +893 bp), respectively, were sub-cloned into a vector con-
taining the human dihydrofolate reductase (hDHFR) expression
cassette, which was used for drug selection (Supplementary
Fig. S2). The promoter region of pbmsp9 (�1253 to �3 bp) was
inserted into the transgenic vector in front of the PbRON11N region
and then the transfection vector was linearised by XhoI.

Transfection of the transgenic vector to PbWT-GFP schizonts
was performed as described (Janse et al., 2006). Briefly, 10 lg of
linearised PbRON11-c-Myc or PbRON11-cKD vector were trans-
fected into schizont-enriched PbWT-GFP parasites by electropora-
tion using Nucleofector (LONZA, Basel, Switzerland). The
transgenic parasites were selected by adding 70 lg/ml of pyri-
methamine to the drinking water after parasite inoculation into
4-week-old ICR female mice. The control parasites, PbRON11-
cont, were generated using the same strategy except containing
the pbron11 promoter region instead of the pbmsp9 promoter
(see Fig. 2B and Supplementary Fig. S2). The sequences of all pri-
mers used in this study are listed in Supplementary Table S1. A
clone of PbRON11-c-Myc expressing parasite, two clones of Pb-
RON11-cKD, and a clone of PbRON11-cont were isolated by limit-
ing dilution.

2.10. Genomic Southern blot analysis

Genomic DNA was extracted from PbWT-GFP, PbRON11-cont, or
PbRON11-cKD parasite-infected erythrocytes using a Wizard
Genomic DNA purification kit (Promega, Madison, WI, USA). Ten
micrograms of genomic DNA were digested with BamHI and XmnI
restriction enzymes overnight, precipitated with 70% ethanol, and
then electrophoretically separated in a 0.8% agarose gel. The DNA
fragments were transferred to a Hybond-N+ membrane (GE-
Healthcare) using the alkaline transfer method. To detect the inte-
grated DNA locus, a probe corresponding to the hDHFR expression
cassette region was amplified using specific primers (Supplemen-
tary Table S1) and labelled by alkaline phosphatase (AlkPhos Direct
Labelling Module; GE Healthcare). After hybridisation at 55 �C
overnight, excess probe was washed with preheated primary
washing buffer (2 M urea, 0.1% SDS, 50 mM NaH2PO4 pH 7.0,
150 nM NaCl, 1 mM MgCl2 and 0.2% w/v Blocking reagent; GE
Healthcare) from the membrane. The signals were developed using
CDP-star (CDP-Star Detection Reagent; GE Healthcare) and visu-
alised using the ImageQuant LAS4000 imaging system (GE
Healthcare).

2.11. Real-time reverse transcription (RT)-PCR

To confirm the reduction of pbron11 transcription in PbRON11-
cKD sporozoites, real-time reverse transcription (RT)-PCR was car-
ried out using specific primers as shown in Supplementary
Table S1, as described in Ishino et al. (2019). Total RNA was
extracted from 10-15 infected midguts at days 16–17
post-feeding using the RNeasy Micro Kit (Qiagen GmbH, Hilden,
Germany). After DNase treatment, cDNA was synthesised using a
PrimeScript RT reagent Kit (Perfect Real Time, Takara Bio, Otsu,
Japan). Real time RT-PCR was performed using the TaKaRa PCR
Thermal Cycler Dice with a SYBR Premix Ex Taq (Takara Bio) and
pbron11-specific primers. A primer set for detection of heat shock
protein-70 (hsp70; PBANKA_0711900), was used for normalisation
(Acharya et al., 2007, Shonhai et al., 2007). Analysis of transcript
levels relative to the average level of the internal control gene
was calculated using the delta, delta-Ct method (Pfaffl, 2001).
The experiment was performed four times using independently
prepared samples from different infections, and the mean and
standard deviations were determined.

2.12. Comparison of the numbers of sporozoites collected from
mosquito bodies

Oocyst numbers of at least five mosquito midguts were counted
at day 12 post-feeding to select mosquito groups with >60% preva-
lence for further experiments. At day 23 post-feeding, oocyst, hae-
molymph, and salivary gland-associated sporozoites were
collected from 30 to 50 infected mosquitoes, and the sporozoite
numbers were compared per mosquito. Experiments were
repeated more than four times.

2.13. Analysis of sporozoite infectivity to mice

Twenty thousand haemolymph sporozoites collected on day 23
post-feeding were injected intravenously into 5-week old female
C57BL/6 mice. Quantitative RT-PCR was performed as described
by Ishino et al. (2019). Livers were perfused and collected at 24 h
post inoculation and homogenised in 5 ml TRizol reagent (Thermo
Fisher Scientific) using a Polytron PT1300D (Kinematica, Luzern,
Switzerland). Total RNA was extracted using 1/25 vol of total



Fig. 2. Construction of sporozoite stage-specific Plasmodium berghei rhoptry neck protein 11 (PbRON11) knockdown parasites. (A) Schematic of double-crossover homologous
recombination to replace the pbron11 promoter region with a pb merozoite surface protein 9 (msp9) promoter, to generate sporozoite stage-specific pbron11 knockdown
parasites (PbRON11-cKD). A human dihydrofolate reductase expressing cassette (hDHFR) was designed for drug selection of transgenic parasites. The expected transgenic
ron11 locus after recombination is illustrated below, with the location of diagnostic restriction enzyme recognition sites and location of the probe used for Southern blotting
(see Fig. 2C). (B) Schematic of the integrated locus for PbRON11 control parasites (PbRON11-cont). A similar DNA construct was used for integration into the pbron11 locus as
in (A), except containing a pbron11 promoter region instead of the pbmsp9 promoter. (C) Southern blot analysis to confirm correct DNA insertion into the pbron11 locus.
Genomic DNA of Pbwild type (WT)-GFP, PbRON11-cont, or PbRON11-cKD parasites was digested with BamHI and XmnI, separated by size via agarose gel electrophoresis, and
transferred to a membrane. The specific signals were obtained by hybridisation of the DNA probe within the hDHFR cassettes at expected sizes indicated by an open and
closed arrowhead for PbRON11-cont and PbRON11-cKD, respectively. (D) Bar graph representation of pbron11 relative mRNA expression level in oocyst-derived sporozoites.
Total RNA was extracted from mosquito midguts infected with PbWT-GFP, PbRON11-cont, PbRON11-cKD cl1, or PbRON11-cKD cl2 at day 17 post-feeding. The values were
normalised by the expression of pb heat shock protein 70 (hsp70) mRNA in each sample. Experiments were repeated four times with independently prepared set of samples
and the means with standard deviations were shown as bar graphs. Statistical differences were calculated by the one-way ANOVA with Tukey’s multiple comparisons test
(****P < 0.0001). (E) Western blot analysis of PbRON11 in schizonts and sporozoites. Protein homogenates of 10,000 schizonts and 100,000 or 10,000 oocyst-derived
sporozoites of PbWT-GFP, PbRON11-cont, PbRON11-cKD cl1, or PbRON11-cKD cl2 were separated by SDS–PAGE and PbRON11 was detected using anti-PbRON11N antibodies
(indicated by closed arrowheads). Protein loading was confirmed by detecting rhoptry-associated membrane antigen (RAMA), indicated by open arrowheads. The relative
RON11 band intensity, measured by ImageQuant TL, was shown as Supplementary Fig. S4. (F) IFA of PbRON11 in transgenic oocyst-derived sporozoites. PbRON11 localisation
to the apical end of sporozoites was examined by IFA using PbRON11N antibodies (green (white), indicated by a closed arrowhead) and DAPI (blue). Specific signal was
undetectable at the apical end (open arrowheads) of PbRON11-cKD sporozoites. Differential interference contrast images are shown on the right. Scale bars = 10 lm.
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homogenate, and cDNA was synthesised using a PrimeScript RT
reagent Kit (Perfect Real Time, Takara). Parasite levels in the liver
were examined using real-time RT-PCR to assay parasite 18S rRNA
mRNA, normalised to murine glyceraldehyde 3-phosphate dehydro-
genase (gapdh) mRNA. The experiment was performed with six
mice in total for each parasite line and the mean and standard
deviations were determined.

2.14. Sporozoite invasion assay in vitro

Ten thousand haemolymph sporozoites collected on day 21
post-feeding were inoculated onto human hepatocellular carci-
noma cells, HepG2, with RPMI 1640 containing 10% FCS in eight
well chamber slides (Thermo Fisher Scientific). After adding sporo-
zoites, slides were centrifuged at 500g for 5 min at room tempera-
ture and incubated for 1 h at 37 �C with 5% CO2. Sporozoites were
fixed with 5% formalin and blocked with 5% skim milk overnight at
4 �C prior to incubation with anti-circumsporozoite protein (CSP)
antibodies. The numbers of sporozoites invaded in or attached to
HepG2 cells were examined by an invasion assay using two kinds
of anti-CSP antibodies (Ishino et al., 2004). To distinguish between
extra- and intracellular sporozoites, extracellular sporozoites were
labelled with anti-rabbit CSP-repeat region antibodies, followed by
Alexa Fluor 488 conjugated goat anti-rabbit IgG antibodies (1:500;
Thermo Fisher Scientific). The HepG2 cells were then perme-
abilised with ice-cold methanol and re-labelling using anti-CSP
monoclonal antibodies (MRA-100; obtained through BEI
Resources, NIAID, NIH) followed by Alexa Fluor 546 conjugated
goat anti-mouse IgG antibodies (1:500; Thermo Fisher Scientific).
The numbers of sporozoites which had attached to or invaded cells
were examined by quantification of double- or single-stained
sporozoites under a fluorescence microscope (Carl Zeiss). This
experiment was performed in three wells and performed in
triplicate.
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2.15. Sporozoite gliding motility

Haemolymph sporozoites collected on day 21 post-feeding in
RPMI 1640 by perfusion were mixed with an equal volume of RPMI
1640 containing 20% FCS, and then inoculated into a glass bottom
dish (Ina-optica, Osaka, Japan) and incubated for 20 min at 37 �C.
Sporozoite moving patterns were observed using an AxioVert
inverted fluorescence microscope (Carl Zeiss) and recorded with
an AxioCam MRm Charge-Coupled Device camera (Carl Zeiss)
every 2 s for up to 45 frames. Sporozoite motility patterns were
categorised into: (1) drifting, (2) waving, and (3) gliding (Hegge
et al., 2009). At least 100 sporozoites were observed for each line.
The experiment was performed in triplicate.
2.16. TRAP discharge during sporozoites gliding

To investigate discharge of TRAP protein in sporozoites during
gliding, haemolymph sporozoites collected on day 21 post-
feeding were mixed with an equal volume of RPMI 1640 containing
20% FCS, transferred to eight well Permanox chamber slides, and
then incubated for 30 min at 37 �C. Slides were fixed in 5% formalin
for 20 min at room temperature and incubated with anti-TRAP
antisera (ectodomain; 1:1,000) and ascites containing anti-CSP
monoclonal antibodies (1:10,000) for 30 min at 37 �C. After wash-
ing with PBS, slides were incubated with two colours of
fluorescence-conjugated secondary antibodies, Alexa Fluor 488
goat anti-rabbit IgG (1:500) and Alexa Fluor 546 goat anti-mouse
IgG (1:500; Thermo Fisher Scientific), for 45 min at 37 �C. Sporo-
zoites were categorised into four groups depending on TRAP and
CSP staining patterns: (1) continuous gliding, in which TRAP was
discharged to the posterior end of sporozoites and sporozoites
completed more than three circles; (2) discontinuous gliding, in
which TRAP was discharged to the posterior end, but gliding
stopped after 1–2 circles; (3) apical pattern, in which TRAP was
discharged but remained at the apical end and sporozoites could
not progress through a circle; and (4) undetectable, in which TRAP
could not be detected nor did sporozoites glide. At least 100 sporo-
zoites were observed for each parasite line. The experiment was
performed in triplicate.
3. Results

3.1. PbRON11 is expressed in sporozoites and localises to rhoptries

PbRON11 (PBANKA_132710) has an architecture composed of
an N-terminal signal peptide, seven transmembrane domains,
and two predicted Ca2+ binding EF-hand domains at the C-
terminus (Fig. 1A). A previous accession number is listed in this
manuscript since the latest annotation (PBANKA_1327100) in Plas-
moDB release version 41 contains an incorrect prediction of the
pbron11 exon–intron structure. RON11 is highly conserved among
Plasmodium spp., as well as among other apicomplexan parasites
such as the coccidians Toxoplasma gondii (TGME49_230350,
Beck et al., 2013; Wang et al., 2016) and Eimeria falciformis
(EfaB_PLUS_38343.g2529); the piroplasmida Theileria equi
(BEWA_008660) and Babesia microti (BMR1_02g03645); and is less
conserved in Cryptosporidium parvum (cgd3_2010). RON11 ortho-
logues contain similar features of a signal peptide, multiple trans-
membrane domains, and two EF hand domains. The amino acid
sequence similarity in the EF-hand domains suggests that a Ca2+-
binding capacity is important for protein function (Supplementary
Fig. S3).

To characterise the expression and localisation of PbRON11,
antibodies against PbRON11 were prepared by immunisation of a
rabbit with recombinant protein corresponding to the N-terminal
region of mature PbRON11 (PbRON11N, indicated by a bar in
Fig. 1A). To evaluate the reactivity and specificity of PbRON11N
antibodies, western blot analysis was performed using a PbWT-
GFP schizont-enriched protein lysate. Anti-PbRON11N antibodies
specifically detected a protein as a single band at approximately
100 kDa, which is consistent with the predicted size of mature
PbRON11 protein (Fig. 1B, left lane). PbRON11 expression during
sporozoite maturation in mosquitoes was also examined using
sporozoites collected from midguts, haemolymph, and salivary
glands of infected Anopheles stephensi at day 23 post-feeding. Wes-
tern blot results revealed that PbRON11 was detected migrating at
approximately 100 kDa in all sporozoite samples (Fig. 1B and Sup-
plementary Fig. S4A), indicating that PbRON11 is synthesised early
in sporozoite formation and the protein is present until after sporo-
zoites invade salivary glands. This finding also suggests that
PbRON11 is not cleaved during sporozoite maturation in mosquito
bodies.

To examine PbRON11 localisation, IFA was performed on P. ber-
ghei schizonts and sporozoites. PbRON11 was detected as a punc-
tate pattern in mature schizonts. PbRON11 signal was distributed
somewhat widely in the anterior part of sporozoites collected from
midguts, and was concentrated in the apical region of sporozoites
collected from haemolymph or salivary glands (Fig. 1C). IEM was
performed to refine localisation of PbRON11. PbRON11 was
demonstrated to localise to the neck portion of rhoptry of mero-
zoites (Fig. 1D). However, the signal for PbRON11 in sporozoites
was not abundant by IEM using specific antibodies. Therefore, we
generated transgenic parasites expressing PbRON11 fused with a
c-Myc-tag at the C-terminus (PbRON11-c-Myc; Supplementary
Fig. S1). PbRON11 tagged with c-Myc was confirmed to localise
to the rhoptry neck region in merozoites (Supplementary
Fig. S5A). PbRON11 tagged with c-Myc in sporozoites collected
from salivary glands was localised to rhoptries, but not restricted
to the neck portion (Fig. 1E). This tendency was also observed in
PbWT-GFP sporozoites using anti-RON11N antibodies, although
less signal was detected (Supplementary Fig. S5B). The specificity
of anti-c-Myc antibodies was confirmed using PbWT-GFP sporo-
zoites as a negative control (Supplementary Fig. S5C).

3.2. PbRON11 is crucial for sporozoite invasion of mosquito salivary
glands

Previous attempts to disrupt the pbron11 locus were not suc-
cessful, suggesting that PbRON11 is essential for asexual blood-
stage parasite proliferation (Lasonder et al., 2008; van Ooij et al.,
2008), the stage in which gene disruptions are performed. There-
fore, to examine the function of PbRON11 in sporozoites, we
applied the promoter swapping strategy by which another rhoptry
protein, RON2, was successfully repressed only in sporozoites
(Ishino et al., 2019). The promoter region of pbron11 was replaced
by homologous recombination with a pbmsp9 promoter, which is
active in schizonts but silenced in sporozoites (Fig. 2A). Two inde-
pendent pbron11 conditional knockdown (PbRON11-cKD) parasite
clones were obtained and named PbRON11-cKD clone 1 (cl1) and
clone 2 (cl2). As a control, PbRON11 control parasites (PbRON11-
cont) were generated by integration of a transfection vector at
the pbron11 locus without changing the pbron11 promoter
sequence (Fig. 2B).

To confirm the correct integration of the transgenic vector into
the pbron11 locus, genomic Southern blot analysis was performed.
A DNA probe corresponding to the hDHFR expression cassette
reacted specifically to DNA fragments at approximately 5.7 kbp
or 5.8 kbp in the genomic DNA of PbRON11-cont or PbRON11-
cKD parasites, respectively, confirming that the pbron11 promoter
region was successfully replaced by the transgenic vector (Fig. 2C).
To examine whether pbron11 transcription was decreased in
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PbRON11-cKD sporozoites, quantitative RT-PCR was performed
using sporozoites collected from midgut oocysts of PbWT-GFP, Pb-
RON11-cont, and PbRON11-cKD. It was confirmed that transcrip-
tion of pbron11 in sporozoites of PbRON11-cKD cl1 and cl2 was
80 to 90 times less than that of PbWT-GFP or PbRON11-cont
(Fig. 2D). PbRON11 protein expression among parasite lines (Pb-
WT-GFP, PbRON11-cont, PbRON11-cKD cl1 and cl2) in schizonts
and sporozoites was compared by western blot analysis. The inten-
sity of the 100 kDa band corresponding to PbRON11 was equiva-
lent in schizonts among four parasite lines, indicating that
PbRON11 production is normal in schizonts of mutant lines
(Fig. 2E, left panels and Supplementary Fig. S4B). This result agrees
with the finding that PbRON11-cKD parasites proliferate equally to
PbWT-GFP in the intraerythrocytic stage (Supplementary Fig. S6).
In contrast, PbRON11 signal intensities in PbRON11-cKD cl1 and
cl2 sporozoites collected from midgut oocysts were less than
1/20 of that in PbRON11-cont (Fig. 2E right panels and Supplemen-
tary Fig. S4C). The reduction in PbRON11 protein expression in Pb-
RON11-cKD sporozoites was further confirmed by IFA. The
fluorescence signals corresponding to PbRON11 were undetectable
in PbRON11-cKD cl1 or cl2 sporozoites (Fig. 2F). These results indi-
cate that the expression of PbRON11 protein in PbRON11-cKD
sporozoites was reduced by at least 95% compared with that of
the control parasites. In addition, the amounts of other rhoptry
proteins, known to form complexes in merozoites (Cao et al,
2009), were examined in PbRON11-cKD sporozoites by western
blotting (Supplementary Fig. S7). RON2 and RON4 amounts in Pb-
RON11-cKD sporozoites were more than 70% of those in control
sporozoites, indicating that pbron11 knockdown had no non-
specific effect on sporozoite rhoptry protein levels. Taken together,
these results support the use of PbRON11-cKD parasites in the fol-
lowing experiments to elucidate PbRON11 function in sporozoites.

In phenotypic analyses we first investigated sporozoite forma-
tion in mosquito midgut oocysts and the migration ability of Pb-
RON11-cKD cl1 sporozoites. Sporozoites were collected and
counted from midguts, haemolymph, and salivary glands of
infected mosquitoes at day 23 post-feeding. The numbers of sporo-
zoites from midguts of PbRON11-cKD (cl1 and cl2) infected mos-
quitoes were similar to those of PbRON11-cont infected
Fig. 3. Plasmodium berghei rhoptry neck protein 11 (PbRON11) is important for sporozoi
midguts (A), haemolymph (B), and salivary glands (C) are shown. Mosquitoes infected
PbRON11-cKD cl2 (orange (grey with white dots)) parasites were dissected at day 23 p
parasite lines. At least 30 mosquitoes were dissected for each group and the mean n
independent experiments are shown as bar graphs. P-values were calculated using by
difference was observed in the number of sporozoites collected from midguts (A, P val
sporozoites collected from salivary glands was significantly different (C, P value: 0.0001
mosquitoes, indicating that sporozoite formation occurs normally
in PbRON11-cKD (Fig. 3A). The number of sporozoites collected
from haemolymph of PbRON11-cKD infected mosquitoes were also
similar to the control, indicating that PbRON11-cKD sporozoites
are released normally from oocysts into the haemocoel at a similar
efficiency to PbRON11-cont (Fig. 3B). In contrast, the numbers of
sporozoites collected from salivary glands of mosquitoes infected
with PbRON11-cKD cl1 and cl2 were significantly reduced, by
approximately 200-fold or 120-fold, respectively, compared with
that of PbRON11-cont infected mosquitoes (Fig. 3C). Therefore,
we concluded that the reduction in the number of sporozoites col-
lected from salivary glands was due to the repression of the
PbRON11 protein amount in sporozoites. This finding demon-
strates that PbRON11 plays a crucial role for sporozoite invasion
of mosquito salivary glands. Hereafter, PbRON11-cKD cl1 parasites
were used for further phenotypic investigation.

3.3. PbRON11 is required for the infection of sporozoites in
mammalian hosts

To investigate whether PbRON11 is also important for infection
of mammalian hosts, we characterised the infectivity of sporo-
zoites to the liver, the first target in mammalian hosts. Since it is
difficult to obtain large numbers of PbRON11-cKD sporozoites from
salivary glands, the following experiments were conducted using
haemolymph-derived sporozoites, which are infectious to mam-
malian hosts when injected intravenously (Sato et al., 2014). Pb-
RON11-cont or PbRON11-cKD cl1 sporozoites were intravenously
injected into C57BL/6 mice and the livers, perfused with PBS, were
harvested 24 h later. To compare the parasite burden in the liver,
the amount of Pb18S rRNA was measured, normalised to the
amount of murine gapdh mRNA. The amount of parasite 18S rRNA
in the livers infected with PbRON11-cKD sporozoites was reduced
by approximately 10,000-fold compared with that of livers
infected with PbRON11-cont (Fig. 4A). This result clearly demon-
strates that PbRON11 is important for sporozoite infectivity to
the mouse liver.

Explanations for impaired PbRON11-cKD sporozoite infectivity
to the mouse liver include: (i) sporozoites failed to pass through
te invasion of salivary glands. The numbers of sporozoites collected from mosquito
with PbRON11-cont (mauve (light grey)), PbRON11-cKD cl1 (red (dark grey)), or
ost-feeding, and the numbers of sporozoites per mosquito were compared among
umbers of sporozoites per mosquito with standard deviation from at least four
the Kruskal–Wallis test with the Dunn’s multiple comparisons test. No significant
ue: 0.2344) or from haemolymph (B, P value: 0.9914). In contrast, the number of
). The P value from post-hoc analysis is shown in the graph (**P < 0.001; *P < 0.05).



Fig. 4. Plasmodium berghei rhoptry neck protein 11 (PbRON11) is important for sporozoite infection of the mouse liver. (A) Quantification of parasite amounts in the mouse
liver at 24 h after sporozoite inoculation. Twenty thousand haemolymph sporozoites of PbRON11-cont or PbRON11-cKD cl1 were injected into mice intravenously (six mice
per parasite line). The amount of parasite 18S rRNA in the liver at 24 h after inoculation was measured by real-time reverse transcription (RT)-PCR and normalised by the
amount of murine glyceraldehyde 3-phosphate dehydrogenase (gapdh) mRNA. The average values of relative parasite 18S rRNA levels, normalised to the mouse gapdh mRNA
level, of six mice from two independent experiments are shown with standard deviations as error bars. The statistical difference in the relative expression of Pb18S rRNA
between PbRON11-cont and PbRON11-cKD was calculated by the Mann–Whitney U-test (**P < 0.01). (B) Quantification of intra- and extracellular sporozoites on HepG2 cells
using fluorescence microscopy. Ten thousand haemolymph sporozoites of either PbRON11-cont or PbRON11-cKD cl1 were added to HepG2 cells and incubated for 1 h at
37 �C. The numbers of sporozoites which invaded (green (dark grey)) or attached to (orange (light grey)) HepG2 cells were examined by invasion assay. The mean values for
three wells and standard deviations are shown in the graph. The experiments were performed in triplicate.
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the sinusoidal cell layer before reaching hepatocytes, (ii) sporo-
zoites failed to invade hepatocytes, or (iii) sporozoites could not
develop in hepatocytes. To investigate whether PbRON11 is essen-
tial for the invasion process into hepatocytes, an in vitro culture
system was applied using human hepatoma cells, HepG2. Sporo-
zoites isolated from haemolymph were forced to contact HepG2
cells by centrifugation after inoculation. Cells were washed and
fixed with paraformaldehyde 1 h after incubation, and then intra-
or extracellular sporozoites were distinguished by double staining
IFA. For the PbRON11-cont line, greater than 12% of the 10,000
sporozoites in the assay adhered to or invaded HepG2 cells.
Approximately 35% of these sporozoites invaded intracellularly.
In contrast, for the PbRON11-cKD line, approximately 3.5% of the
10,000 sporozoites in the assay adhered to the surface of HepG2
cells, and no sporozoites were observed intracellularly (Fig. 4B).
These findings indicate that PbRON11 is required for sporozoite
attachment to hepatocytes and is additionally crucial for invasion
of hepatocytes.

3.4. PbRON11 is important for adhesion and gliding movement of
sporozoites

Since it is known that motility is important for sporozoites to
invade salivary glands and hepatocytes (Sultan et al., 1997;
Combe et al., 2009; Ejigiri and Sinnis, 2009), we examined the glid-
ing ability of haemolymph-derived PbRON11-cKD sporozoites
in vitro. Based on the description of Hegge et al. (2009), the move-
ment patterns of sporozoites activated by FCS-containing medium
and observed by live imaging were classified into the following
three types: (1) drifting; (2) waving, with only one tip of the sporo-
zoite attached to glass slides; and (3) gliding, typically in a circular
movement on glass slides. In the PbRON11-cont line, 43% of
sporozoites attached to glass slides and two-thirds of them
demonstrated gliding motility. In contrast, only 7% of PbRON11-
cKD sporozoites could attach and no gliding sporozoites were
observed (Fig. 5A). These results suggest that PbRON11 is impor-
tant for adhesion and gliding motility of sporozoites. The impair-
ment of attachment and motility in PbRON11-cKD sporozoites
could explain the severe defect in PbRON11-cKD sporozoite inva-
sion of salivary glands and hepatocytes.

TRAP discharge to the sporozoite plasma membrane and
translocation toward the posterior end has been reported to be
essential for gliding motility. An increase in cytosolic Ca2+ levels,
caused by sporozoite activation and further enhanced by attach-
ment to the substrate, stimulates the discharge of TRAP stored in
micronemes (Carey et al., 2014). Therefore, we examined the pos-
sibility that PbRON11 is involved in PbTRAP discharge from the
microneme prior to gliding. PbRON11-cont and PbRON11-cKD
sporozoites were collected from haemolymph and incubated in
FCS-containing medium for 30 min to induce gliding motility
in vitro. Discharge of PbTRAP from micronemes to the surface of
sporozoites was detected by staining attached sporozoites with
anti-PbTRAP ectodomain antibodies without permeabilisation.
Gliding trails were confirmed by staining with anti-CSP antibodies.
In PbRON11-cont, normal gliding movement with TRAP discharge
was observed in 69% of attached sporozoites. PbTRAP discharge
was observed in 67% of PbRON11-cKD sporozoites, which is com-
parable to PbRON11-cont, indicating that PbTRAP discharge itself
was not affected by PbRON11 repression (Fig. 5B). However, among
TRAP discharged PbRON11-cKD sporozoites, 55% stopped move-
ment after progressing less than two circles and 22% did not show
any migration, in which TRAP was not transported towards the
posterior end (Fig. 5B). These results suggest that RON11 could
be involved in processes later than TRAP discharge. In contrast to
PbTRAP, no PbRON11 signal was detected on the surface or the
apical tip of activated control sporozoites, as visualised using



Fig. 5. Plasmodium berghei rhoptry neck protein 11 (PbRON11) is essential for sporozoite gliding motility. (A) Gliding motility was compared between PbRON11-cont and
PbRON11-cKD cl1 haemolymph sporozoites in vitro. Sporozoites were activated by incubation in 10% FCS-containing medium and their movement patterns were classified
into three categories: gliding, waving, and drifting. At least 100 sporozoites were observed for each parasite line and the mean proportions of each moving pattern with
standard deviations from three independent experiments are shown. The statistical differences in the percentages of sporozoites with each moving pattern between
PbRON11-cont and PbRON11-cKD were calculated by the Mann–Whitney U-test (*P < 0.05). (B) PbRON11 is dispensable for Pb thrombospondin-related adhesive protein
(TRAP) discharge from micronemes. Haemolymph sporozoites were incubated in activation medium for 30 min, fixed by formalin, and double stained by antibodies against
the PbTRAP ectodomain and Pb circumsporozoite protein (CSP). At least 100 sporozoites were observed and classified into four categories: continuous gliding, in which TRAP
was discharged to the posterior end and released as a trail during sporozoite gliding (TRAP + normal gliding, blue (dark grey)); discontinuous gliding, in which TRAP was
discharged and released as a trail, but gliding stopped after 1–2 circles (TRAP + short gliding, light blue (medium grey) with dotted pattern); apical pattern, in which TRAP was
discharged but remained at the apical end of sporozoites which could not progress through a circle (TRAP + apical, pale blue (light grey) with stripe pattern); and
undetectable, in which TRAP could not be detected nor did sporozoites glide (Undetectable, pink (light grey)). Each bar represents the mean values with standard deviations
from three independent experiments.
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anti-PbRON11N antibodies (Supplementary Fig. S8), indicating that
PbRON11 remains inside the rhoptries during gliding.
4. Discussion

RON11 is a molecule predicted to possess multiple transmem-
brane regions and two EF-hand domains that bind Ca2+. Structural
analysis of PbRON11 using the protein modelling module of Phyre2
(Kelley et al., 2015) revealed that the conformation of 786–944
amino acid of PbRON11 showed high homology with that of known
proteins having an EF-hand domain pair. Therefore, RON11 is likely
to have Ca2+ binding ability (Lewit-Bentley and Rety, 2000). Eight
amino acid residues implicated in Ca2+ binding are conserved
across Plasmodium, and seven amino acids are conserved between
Toxoplasma and Plasmodium (Supplementary Fig. S3). The multiple
transmembrane region of RON11 is also well conserved among api-
complexan orthologues, suggesting that it is similarly important
for the function of RON11. A possible RON11 orthologue
(Vbra_11269) is encoded in the genome of the alveolate Vitrella
brasillica, a free-living non-parasitic photosynthetic alga closely
related to apicomplexans. This suggests that RON11 originated
prior to the specialisation to obligate parasitism in the Apicom-
plexa, perhaps involved in secretion in alveolate rhoptry-like orga-
nelles. The N-terminal region of RON11 possesses a predicted
erythrocyte cytoplasm-targeting PEXEL motif, which is conserved
in all Plasmodium but not in Toxoplasma orthologues. The function
of this motif is unknown since RON11 is targeted to the rhoptries
of merozoites and sporozoites. The majority of PEXEL-containing
proteins are encoded by genes having a 2-exon structure, and thus
the numerous exons of ron11 depart from the canonical gene struc-
ture. We failed to detect exported RON11 in the cytoplasm of
infected erythrocytes using anti-RON11N antibodies. A role for
the PEXEL motif in rhoptry-targeted RON11, or an alternative traf-
ficking pathway directing RON11 to the erythrocyte cytoplasm,
awaits further inquiry.

In the Apicomplexa, the control of intracellular Ca2+ concen-
tration has been reported to be important in motility and inva-
sion (Billker et al., 2009; Kebaier and Vanderberg, 2010; Singh
et al., 2010). It is known that elevated calcium levels in the cyto-
plasm promotes secretion from micronemes, putting in motion
the machinery driving motility and invasion (Carruthers and
Sibley, 1999); and a subsequent drop in calcium concentration
is associated with rhoptry protein secretion (Singh et al., 2010).
Pharmacological analysis has predicted an inositol triphosphate
receptor (IP3R) to be involved in the release of Ca2+ stored in
the cytoplasm of malaria parasites (Beraldo et al., 2007; Alves
et al., 2011). However, no IP3R orthologous have been found in
the complete genomes of multiple Plasmodium spp. Phospho-
inositide phospholipase C (PI-PLC) is present in malaria parasites
(Raabe et al., 2011), and its specific inhibitor has been shown to
suppress the motility of sporozoites (Carey et al., 2014), but the
G-protein coupled receptor on the cytoplasmic membrane to
which PI-PLC binds remains unknown. In mammals, polycystin-
2 and ryanodine receptors possess EF-hand domains plus multi-
ple transmembrane domains, and it has been reported that they
exhibit Ca2+ channel activity in a Ca2+ concentration-dependent
manner (Lai and Meissner, 1989; Petri et al., 2010). It is of inter-
est to determine if RON11 exhibits channel activities, as well as
to characterise its protein binding partners.
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We believe this is the first report describing the localisation of
RON11 by electron microscopy in Plasmodium merozoites and
sporozoites. In merozoites, PbRON11 was confined to the rhoptry
neck region, whereas in sporozoites PbRON11 was found with a
broader localisation inside the rhoptries. The subcellular localisa-
tion of PbRON2 and PbRON12 similarly varies in merozoites and
sporozoites (Ishino et al., 2019; Oda-Yokouchi et al., 2019), and
thus may reflect a difference in the function or mode of action of
merozoite versus sporozoite expression of RON proteins. When
sporozoites were activated in vitro to induce gliding motility on
glass slides, PbRON11 was never observed released from rhoptries
to the apical tip or the surface of sporozoites (Supplementary
Fig. S8), in contrast to the surface translocation of TRAP (Menard,
2001). Therefore, RON11 may function inside rhoptries in a Ca2+-
dependent manner, such as controlling the secretion of other rhop-
try proteins involved in the invasion of both mosquito salivary
glands and mammalian hepatocytes.

In Plasmodium, RON11 is believed to be essential for parasite
proliferation in the intraerythrocytic asexual stage, due to an
inability to disrupt the ron11 gene (Lasonder et al., 2008; van
Ooij et al., 2008). In contrast, in Toxoplasma tachyzoites it was
demonstrated that RON11 is dispensable for invasion (Wang
et al., 2016). In this study, by applying a sporozoite stage-specific
knockdown system (Ishino et al., 2019), RON11 protein expression
in sporozoites was repressed to 1/20 or less of the control, which
enabled us to analyse the function(s) of RON11 in sporozoites.
First, PbRON11 was shown to be important for salivary gland inva-
sion, whereas it is dispensable for sporozoite formation and release
to the haemocoel. Next it was revealed, in vivo and in vitro, that
PbRON11 plays an important role in hepatocyte invasion. Using
the same knockdown system, we have revealed that PbRON2 is
also important for sporozoite invasion of salivary glands and mam-
malian hepatocytes; however, the RON2 involvement for invasion
of hepatocytes is smaller (Ishino et al., 2019). As PbRON11-cKD
sporozoites showed stronger phenotypes in motility and invasive
ability to hepatocytes, it would be interesting to investigate
whether RON2 and RON11 interact physically or functionally. We
demonstrated that pbron11 knockdown has a negligible impact
on the RON2 protein amount, but its localisation in sporozoites
needs to be investigated. These phenotypes of PbRON11-cKD
sporozoites are similar to those of PbTRAP-disrupted sporozoites
(Sultan et al., 1997; Ejigiri et al., 2012). Sporozoite invasion of sali-
vary glands has been demonstrated to require several proteins
released from micronemes such as TRAP, TRAP-related protein
(TREP)/S6/UOS3 (Combe et al., 2009; Mikolajczak et al., 2008;
Steinbuechel and Matuschewski, 2009), sporozoite invasion associ-
ation protein-1 (SIAP-1, Engelmann et al., 2009), LIMP (Santos
et al., 2017), and MAEBL (Kariu et al, 2002; Saenz et al., 2008).
Our findings that the rhoptry proteins RON2 and RON11 are
involved in sporozoite attachment and motility indicate that the
cooperative action of molecules secreted to the tip of sporozoite
from twomajor apical organelles, micronemes and rhoptries, could
be required for the sporozoite movement and subsequent invasion
mechanisms.

When sporozoites are activated by stimulation, TRAP is dis-
charged from micronemes, dependent on the increase in the Ca2+

concentration in the cytoplasm, which is an essential step for glid-
ing (Kebaier and Vanderberg, 2010). Our finding that the discharge
of TRAP to the tip of activated PbRON11-cKD sporozoites occurred
normally suggests that PbRON11 is dispensable for TRAP discharge
and for an initial increase in the Ca2+ level in the cytoplasm. In Pb-
RON11-cKD sporozoites, however, TRAP translocation from the
apical tip to the posterior end via the plasma membrane was sup-
pressed (Fig. 5B). This observation in PbRON11-cKD sporozoites is
similar to that of sporozoites that are artificially increased in intra-
cellular Ca2+ concentration by adding calcium ionophore (Carey
et al., 2014). Taking the pharmacological analysis results together
with phenotypic observations, there could be several possible
explanations for the phenomenon in PbRON11-cKD sporozoites.
Specifically, (i) there is no further increase in Ca2+ concentration,
as these sporozoites show low attachment ability, therefore a suf-
ficient intracellular Ca2+ concentration cannot be maintained; (ii)
there is no oscillation of Ca2+ accompanying gliding motility; (iii)
events other than TRAP discharge, such as activation of the acto-
myosin system, binding specific to TRAP, or activation of a protease
cleaving TRAP, has not occurred; and (iv) second messengers other
than Ca2+ (such as cAMP or cGMP) do not function properly
(Kebaier and Vanderberg, 2010). By detecting fluctuation of the
intracellular Ca2+ concentration in PbRON11-cKD sporozoites, bet-
ter understanding of signalling pathways in the sporozoites after
activation could be obtained.
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