
454  |  	 wileyonlinelibrary.com/journal/mmi� Molecular Microbiology. 2020;114:454–467.© 2020 John Wiley & Sons Ltd

 

Received: 22 November 2019  |  Revised: 4 May 2020  |  Accepted: 5 May 2020

DOI: 10.1111/mmi.14526  

R E S E A R C H  A R T I C L E

A Plasmodium homolog of ER tubule-forming proteins is 
required for parasite virulence

Xiaoyu Shi1 |   Lei Hai1 |   Kavitha Govindasamy2 |   Jian Gao1 |   Isabelle Coppens3 |   
Junjie Hu4 |   Qian Wang1,4 |   Purnima Bhanot 2

1Department of Immunology, School of Basic Medical Sciences, Tianjin Key Laboratory of Cellular and Molecular Immunology, Key Laboratory of Immune 
Microenvironment and Diseases of Educational Ministry of China, Tianjin Medical University, Tianjin, China
2Department of Microbiology, Biochemistry and Molecular Genetics, Rutgers New Jersey Medical School, Newark, NJ, USA
3Department of Molecular Microbiology and Immunology, The Johns Hopkins University Bloomberg School of Public Health, Baltimore, MD, USA
4National Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China

Xiaoyu Shi, Lei Hai, and Kavitha Govindasamy contributed equally to the work.  

Correspondence
Qian Wang, Department of Immunology, 
School of Basic Medical Sciences, Tianjin 
Medical University, Tianjin Key Laboratory 
of Cellular and Molecular Immunology, Key 
Laboratory of Immune Microenvironment and 
Diseases of Educational Ministry of China, 
Tianjin 300070, China; National Laboratory of 
Biomacromolecules, Institute of Biophysics, 
Chinese Academy of Sciences, Beijing 
100101, China.
Email: wangq@tmu.edu.cn

Purnima Bhanot, Rutgers New Jersey 
Medical School, Department of 
Microbiology, Biochemistry and Molecular 
Genetics, Newark, NJ 07103, USA.
Email: bhanotpu@njms.rutgers.edu

Funding information
Tianjin Medical University, Grant/Award 
Number: 115004/000012 and 11601502/
DW0114; The Science & Technology 
Development Fund of Tianjin Education 
Commission for Higher Education, 
Grant/Award Number: 2018KJ085 and 
2016KJ0138; National Institutes of Health, 
Grant/Award Number: 5R01AI133633 and 
and R21AI128052; National Key Research 
and Development Program, Grant/Award 
Number: 2016YFA0500201; Open proiect 
supported by the National Laboratory of 
Biomacromolecules: 2018kf05; National 
Natural Science Foundation of China, Grant/
Award Number: 31630020 and 91854202

Abstract
Reticulon and REEP family of proteins stabilize the high curvature of endoplasmic 
reticulum (ER) tubules. Plasmodium berghei Yop1 (PbYop1) is a REEP5 homolog in 
Plasmodium. Here, we characterize its function using a gene-knockout (Pbyop1∆). 
Pbyop1∆ asexual stage parasites display abnormal ER architecture and an enlarged 
digestive vacuole. The erythrocytic cycle of Pbyop1∆ parasites is severely attenu-
ated and the incidence of experimental cerebral malaria is significantly decreased in 
Pbyop1∆-infected mice. Pbyop1∆ sporozoites have reduced speed, are slower to in-
vade host cells but give rise to equal numbers of infected HepG2 cells, as WT sporo-
zoites. We propose that PbYOP1’s disruption may lead to defects in trafficking and 
secretion of a subset of proteins required for parasite development and invasion of 
erythrocytes. Furthermore, the maintenance of ER morphology in different parasite 
stages is likely to depend on different proteins.

K E Y W O R D S

DP1, endoplasmic reticulum, REEP, reticulon, YOP1

1  | INTRODUC TION

In eukaryotic cells, the endoplasmic reticulum (ER) is a continuous mem-
brane system that is involved in protein translation, secretion, calcium 

homeostasis, and lipid biosynthesis (Baumann and Walz, 2001). It makes 
membrane contacts with the plasma membrane, endosomes, and mito-
chondria, which enable it to play a pivotal role in inter-organellar com-
munication (reviewed in Wu et al., 2018). Its morphology, consisting 

mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-5116-6973
mailto:wangq@tmu.edu.cn
mailto:bhanotpu@njms.rutgers.edu


     |  455SHI et al.

of subdomains of sheet structures and an interconnected network of  
tubules, is tightly associated with its physiological functions  
(Shibata et al., 2006; Wang et al., 2017). The relative ratio of these struc-
tural domains in the ER is modified in different cell types to fulfill specific 
functional requirements. For example, the ER of professional secretory 
cells, such as pancreatic cells, consist almost entirely of sheets while the 
ER of nonsecretory cells, such as neurons, have abundant tubular net-
works (Hu et al., 2009; Westrate et al., 2015). Just a handful of studies 
have examined ER morphology in protozoa (van Dooren et al., 2005; 
Teixeira and Huston, 2008; Nishi et al., 2008; Kaiser et al., 2016) and 
none have studied its specification at a molecular level.

The malaria-causing protozoan, Plasmodium undergoes a com-
plex life cycle in the mammalian host and the mosquito vector. It 
sequentially infects mammalian hepatocytes and erythrocytes, and 
undergoes a multistep developmental program within them. The re-
sulting increase in parasite numbers causes pathology in the host and 
ensures transmission to the vector. During Plasmodium's intraeryth-
rocytic and intrahepatic development, its ER transforms from a 
primarily perinuclear structure without a distinctive morphological 
character in early stages, into a dense, interconnected network of 
tubules with aggregations throughout the cytoplasm as the para-
site enlarges (van Dooren et al., 2005; Kaiser et al., 2016). In hepatic 
and erythrocytic merozoites, the ER is perinuclear with peripheral 
protrusions into the cytoplasm (Kaiser et al., 2016). In sporozoites, 
parasite stages that are transmitted to humans via mosquito bite, 
Plasmodium's ER is also perinuclear and extends into the cytoplasm 
but does not form a dense network (Kaiser et al., 2016). How this dy-
namic ER morphology is specified and maintained through different 
developmental stages of the parasite is not understood.

Higher eukaryotes are known to use specific classes of integral 
membrane proteins to shape the ER. Tubules are generated and main-
tained through the action of Yop1p (nomenclature in yeast, termed 
DP1 or REEP5 in mammalian cells) and reticulon (RTN) family of pro-
teins that induce high curvature in the membrane (Voeltz et al., 2006; 
Anderson and Hetzer, 2008). The reticulon-homology domain of mem-
brane-curving proteins consists of two hydrophobic regions that form 
transmembrane hairpins that occupy more space in the outer leaflet 
than the inner leaflet of the lipid bilayer, thus deforming membranes 
as a wedge insertion. A conserved amphipathic helix downstream of 
the second transmembrane domain can provide additional wedging 
(Brady et al., 2015). To form a network, ER tubules are fused together 
in a GTP-dependent manner through the action of Sey1p proteins 
(nomenclature in yeast, termed atlastin/ATL GTPases in mammalian 
cells; Hu et al., 2009; Orso et al., 2009). Additional proteins, such as 
Lunapark (Lnp) also play a role in maintaining a balance of tubules and 
sheets (Chen et al., 2012; Shemesh et al., 2014; Chen et al., 2015; 
Wang et al., 2016; Wang et al., 2018; Zhou et al., 2019).

The physiological importance of maintaining ER morphology is 
underscored by serious defects observed in organisms, as varied as 
humans and plants, when ER-shaping proteins are disrupted. In hu-
mans, mutations in ER-shaping proteins RTN2, REEP1, and ATL1 are 
associated with a constellation of genetically-encoded neurological 

defects, collectively termed Hereditary spastic paraplegias (HSPs; re-
viewed in Blackstone et al., 2011, because they compromise axonal 
maintenance and function (Allison et al., 2017; Yalcin et al., 2017;). Lnp 
mutations cause a recessive neurodevelopmental syndrome (Breuss 
et al., 2018). Forms of retinitis pigmentosa, a progressive form of 
blindness, are attributed to defects in secretion caused by mutations 
in REEP6, a human Yop1p homolog (Agrawal et al., 2017; Veleri et al., 
2017). REEP5 is required for cardiac function (Yao et al., 2018; Lee 
et al., 2020). In plants, disruptions of ER-shaping proteins inhibit vesic-
ular trafficking and cause developmental defects in the formation of 
root hairs (Galway et al., 1997; Wang et al., 1997; Hu et al., 2003; Chen 
et al., 2011; Lai et al., 2014).

The study of ER-shaping proteins in Plasmodium is of interest 
because the parasite's cell biology has several unique aspects 
linked to its parasitic life cycle and evolutionary position as an 
early-branching eukaryote. Plasmodium's intracellular niche re-
quires miniaturization of subcellular structures that could require 
specific membrane-curvature proteins. Plasmodium contains spe-
cialized organelles (micronemes, rhoptries, and dense granules) 
adapted to its host-cell invasion process, a plastid-like organelle 
(apicoplast) and forms a tubulovesicular network within the host 
cell (Bannister et al., 2000; Hanssen et al., 2008). Its erythro-
cytic stages also contain a hemoglobin-digesting digestive vacu-
ole. Proteins trafficked from the ER to these organelles, parasite 
plasma membrane, parasitophorous vacuole, and exported to the 
host-cell are essential for infection, immune evasion and transmis-
sion to the vector (reviewed in Ingmundson et al., 2014; Spielmann 
and Gilberger, 2015). Consequently, maintenance of ER morphol-
ogy is likely to be important for Plasmodium virulence. Therefore, 
we have investigated potential determinants of ER morphology in 
Plasmodium. Rodent-infective and human-infective Plasmodium 
species encodes three homologs of proteins that induce mem-
brane curvature and form ER tubules in higher eukaryotes, YOP1, 
YOP1-like (YOP1L), and RTN1 (Sun et al., 2016). The parasite en-
codes one homolog of the ATL GTPase family of proteins, SEY1 
(Sun et al., 2016). No close homologs of Lnp have been found in 
the Plasmodium genome.

The three putative Plasmodium tubule-forming proteins have 
distinct transcriptomic expression profiles during Plasmodium fal-
ciparum's asexual cycle (plasmoDB.org), which suggests that their 
functions could be nonredundant. The primary structures of YOP1, 
YOP1L, and RTN1 are highly conserved among rodent and human 
Plasmodium species (71%–73% identity in amino acid sequence) im-
plying a fundamental role for the proteins regardless of their spe-
cific mammalian host. In previous work, we showed that Plasmodium 
berghei YOP1 (PbYOP1) when reconstituted into liposomes induces 
high membrane curvature consistent with tubule formation (Sun 
et al., 2016) and its heterologous expression in Saccharomyces cer-
evisiae lacking the yeast homolog of YOP1 rescues ER shape (Sun 
et al., 2016). Here, we use a genetic knockout of PbYop1 (Pbyop1∆) 
to functionally characterize the protein's role through the parasite's 
mammalian cycle.
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2  | MATERIAL S AND METHODS

2.1 | Ethics statement

All animal work in this project was approved by either the 
Institutional Animal Care and Use Committee (IACUC) of Tianjin 
Medical University (TMU), and was performed in accordance with 
ethical standards in Laboratory animal––Guideline for Ethical 
Review of Animal Welfare (The National Standard of the People's 
Republic of China GB/T 35892-2018) or by the IACUC of Rutgers 
New Jersey Medical School.

2.2 | Experimental animals and parasites

Male Wistar rats weighing 50–70  g and female BALB/c mice aged 
4–6 or 6–8 weeks were purchased from Laboratory Animal Center of 

Academy of Military Medical Sciences. Female C57BL/6 mice aged 
6–8 week were purchased from SPF (Beijing) Biotechnology Co., Ltd. 
These animals were bred and housed at animal facility of TMU. Swiss-
Webster mice (female, 6–8  weeks) were purchased from Taconic 
Biosciences. P. berghei ANKA lines were used in all experiments. 
Blood-stage P. berghei ANKA parasites were stored in liquid nitrogen. 
Parasitemia of infected mice was detected by Giemsa-stained thin 
smears from tail blood. At least 170–190 RBCs/field×20 fields were 
examined, for each sample, on an Olympus CX22 microscope with a 
100×/1.25 oil immersion objective.

2.3 | Generation of Pbyop1∆ parasites

Plasmid PbGEM-272858 designed to disrupt PbYOP1 
(PBANKA_0414500) in P. berghei genome was obtained from the 
Plasmodium Genetic Modification Project (Wellcome Trust Sanger 

F I G U R E  1   Expression of PbYOP1 
and generation of knockout parasites. 
(a) PbYOP1 was localized to the ER in 
asexual stages using co-staining with 
specific antibodies against YOP1 and 
an ER luminal protein, BiP1. (b) PbYOP1 
expression in sporozoites in perinuclear. 
CS is a marker for the sporozoite plasma 
membrane. (c) PbYOP1 was not detected 
in liver stages formed in HepG2 cells 48 hr 
p.i. infected with sporozoites. (d) Pbyop1 
was replaced with an expression cassette 
for DHFR-ycfu using double homologous 
recombination. (e) Southern hybridization 
to confirm the modification of the Pbyop1 
locus in two independent Pbyop1∆ clones. 
(f) Western blotting to detect PbYOP1 
protein in asexual stages of WT parasites 
and two independent Pbyop1∆ clones, 
using anti-PbYOP1 polyclonal sera. The 
arrow indicates full length PbYOP1 protein 
and the star indicates cross-reacting 
bands. (g) Indirect immunofluorescence 
assays confirm the loss of PbYOP1 protein 
in asexual stages and sporozoites of 
Pbyop1∆ clone 1. 
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Institute - PlasmoGEM team, Cambridgeshire, UK). PbGEM-272858 
contains a 3×HA-dhfr-yFCU cassette flanked by 6607 and 1869 bp 
sequences from 5′ and 3′ end of the yop1 coding sequence. NotI 
linearized PbGEM-272858 was used to transfect P. berghei ANKA 
schizonts according to standard methodology (Janse et al., 2006). 
The transfected parasites (PbYOP1∆) were selected using pyrimeth-
amine and cloned by limiting dilution. Genotype of the screened 
parasites were identified by Southern blotting and Western blotting.

2.4 | Southern blotting

Genomic DNA (gDNA) were extracted from the parasite pellets by 
QIAamp DNA Mini Kit (QIAGEN). Four microgram gDNA was di-
gested with NdeI & KpnI (PbYOP1∆ parasite) or SwaI (WT + yop1 
parasites and PbYOP1∆ + yop1 parasites) overnight at 37ºC. The di-
gested gDNA was separated on 0.8% of agarose gel and transferred 
to a positively charged nylon membrane (Roche). The nylon mem-
brane was hybridized overnight at 55ºC with ~1  kb probe labeled 
with DIG-dUTP by DIG High Prime DNA Labeling and Detection 
Starter Kit II (Roche). Detailed strategies of Southern blotting are 
displayed in Figure 1d and Figure S1a, and primers used for probe 
amplification are listed in Table S3.

2.5 | Preparation of anti-PbYOP1 antibody

Rabbits were immunized with a combination of three PbYOP1 
peptides (NEKPSNEPPIKQDS-C, C-GNIAEKLVQEGVRRRNV, and 
C-DLSGKLEQVDEYLKK). The polyclonal anti-PbYOP1 sera was pre-
pared by GL Biochem (Shanghai) Ltd.

2.6 | Western blotting

Western analysis of PbYOP1 expression of Pb ANKA, PbYOP1∆, 
and PbYOP1∆ + yop1 parasites at asexual blood-stage were per-
formed according standard methods. In brief, P. berghei-infected 
rat with a ~5% parasitemia was bled by cardiac puncture under 
terminal anesthesia. Blood was washed twice by RPMI 1,640 and 
1×PBS (phosphate-buffered saline). Parasite pellets were obtained 
by erythrocytes lysis with NH4Cl. After washed twice with PBS, the 
parasites were resuspended in lysis buffer (50 mmol/L Tris pH 7.5, 
150 mmol/L NaCl, 1% Triton X-100, and protease inhibitor cocktail 
[Roche]) for ultrasound pyrolysis. The quantities of parasites total 
protein were adjusted by equal infected red blood cell (iRBC) num-
bers or equal amount of protein quantified by BCA Protein Assay 
Kit (Thermo Fisher Scientific). Approximately 4×108 iRBCs protein 
extract or 5 μg protein of each sample were heated at 65ºC in 6×pro-
tein sample loading buffer, electrophoresed on a 15% of SDS-PAGE 
gel, and transferred to a 0.45  μm PVDF membrane (Roche, Basel, 
Switzerland). Ponceau S staining of PVDF membrane was performed 
as a loading control. After staining, membranes were washed with 

water, and then, blocked for 2 hr in 1×PBST (1×PBS containing 0.1% 
Tween 20) containing 5% of milk, and incubated with rabbit anti-
PbYOP1 antibody at a 1:1,000 dilution in 5% of milk overnight at 4ºC. 
Bound antibodies were detected with a HRP-conjugated goat anti-
rabbit IgG antibody (Invitrogen) diluted at 1:5,000 and ECL Western 
detection reagents (Merck).

2.7 | Transmission electron microscopy

TEM samples were processed one of two ways. Infected RBCs were 
fixed in 2% of paraformaldehyde/2.5% of glutaraldehyde (Polysciences 
Inc.) in 1×PBS, pH 7.2 for 1 hr at RT. Samples were washed in sodium 
cacodylate buffer at room temperature and postfixed in 1% of os-
mium tetroxide (Polysciences Inc.) for 1 hr. Samples were then rinsed 
extensively in water prior to en bloc staining with 1% of aqueous ura-
nyl acetate (Ted Pella Inc.) for 1 hr. Following several rinses in water, 
samples were dehydrated in a graded series of ethanol and embedded 
in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a 
Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc.), stained 
with uranyl acetate and lead citrate, and viewed on a JEOL 1,200 EX 
transmission electron microscope (JEOL USA Inc.,) equipped with 
an AMT 8 megapixel digital camera and AMT Image Capture Engine 
V602 software (Advanced Microscopy Techniques).

Infected RBC were washed thrice with cold PBS and fixed in 
2.5% of glutaraldehyde in 0.1  M of sodium cacodylate buffer (pH 
7.4) for 1  hr at RT, and resuspended in 0.1  M of sodium cacodyl-
ate buffer overnight. Cells were then postfixed for 1 hr in 1% of os-
mium tetroxide (Electron Microscopy Sciences) in the same buffer 
at room temperature, washed in water and stained for 1 hr at room 
temperature in 2% of uranyl acetate (Electron Microscopy Sciences), 
and then, washed again in water and dehydrated in a graded series 
of ethanol. The samples were then embedded in Embed-812 epoxy 
resin (Electron Microscopy Sciences). Ultrathin (50–60-nm) sections 
were cut using an Ultracut ultramicrotome (Reichart-Jung) and col-
lected on formvar- and carbon-coated nickel grids, stained with 2% 
of uranyl acetate and lead citrate before examination with a Philips/
FEI BioTwin CM120 electron microscope under 80 kV.

2.8 | Mosquito infections

Anopheles stephensi mosquitoes were fed on infected Swiss-Webster 
mice. Mosquitoes were maintained on 20% of sucrose at 25°C at a 
relative humidity of 75%–80%. Sporozoites were obtained by crush-
ing salivary glands dissected on days 18–25 postfeeding.

2.9 | Immunofluorescence assays for protein 
detection in sporozoites and asexual stages

Primary antibodies used were: anti-YOP1 (1:1,000), anti-P. berghei 
BiP1 ([Kaiser et al., 2016] 1:500, a kind gift of Dr. Rebecca Stanway), 
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anti-P. falciparum BiP1 (1:500, a kind gift of Dr. Kasturi Haldar), and 
anti-CS (3D11, 1 μg/ml,). Secondary antibodies (anti-rabbit Alexa488 
and anti-mouse, Molecular Probes) were used at a dilution of 1:3,000.

Infected RBCs were washed twice in PBS for 5 min with gentle 
mixing. They were fixed in 4% of paraformaldehyde for 30 min at RT 
and permeabilized with cold methanol for 15 min at RT. Methanol 
was removed by washing with PBS. Cells were blocked in 3% of BSA/
PBS for 1 hr at RT before addition of the primary antibody diluted 
in blocking buffer. Cells were incubated, with gentle rotation, either 
overnight at 4°C or at RT for 2 hr. After three washes with PBS, 5 min 
each, secondary antibody was added for 1 hr at RT. Cells were thrice 
washed in PBS before being spread on a glass slide.

Sporozoites (0.5–1×106) were purified as previously described 
(Kennedy et al., 2012), air-dried at room temperature on poly L-lysine 
coated glass slides. They were fixed in 4% of PFA for 20 min at RT, per-
meabilized with 0.5% of Triton X-100 for 15 min at RT before blocking 
with 3% of BSA in PBS for 1 hr. Primary antibodies diluted in blocking 
solution were added at the appropriate dilutions and incubated either 
for 1 hr at RT or overnight for 4°C. Secondary antibodies diluted in 
blocking solution were incubated for 1 hr at RT. Washes with PBS were 
performed after incubation with each antibody.

2.10 | Determination of sporozoite motility, 
invasion and liver stage development

For measuring motility at day 18 post blood-meal, sporozoites dis-
sected in plain DMEM (1×104) were transferred to a 96-well plate 
with an optical bottom, together with an equal volume of 6% BSA. 
They were centrifuged for 3 min at 4°C and filmed on a Nikon A1R 
laserscanning confocal microscope using a 20×/NA0.75 objective at 
37°C. Movies were recorded over 90 frames at 1 Hz. Image acquisi-
tion and analysis was performed using NIS Elements software from 
Nikon. Movement patterns and the number of circles executed by 
gliding sporozoites were determined through visual inspection of in-
dividual sporozoites.

For measuring invasion, sporozoites dissected in DMEM supple-
mented with 10% of FCS medium (4×104/well, 150 μl/well) were added 
to confluent HepG2 cells plated in 8-chamber LabTek slides. Invasion 
assays were performed as previously described (Sinnis et al., 2013). 
Briefly, cells were fixed with 4% of PFA at 90, 120 and 180 min after 
sporozoite addition. They were blocked with 3% of BSA in PBS and in-
cubated with 3D11 (1 μg/ml) for 1h at RT. After washes with PBS, cells 
were incubated with anti-mouse Alexa594 (1:3,000) for 1 hr at RT. Cells 
were permeabilized with cold methanol for 15 min, blocked and incu-
bated with 3D11. After washes, cells were incubated with anti-mouse 
Alexa488 (1:3,000) for 1 hr at RT. The number of sporozoites that be-
came intracellular were determined by calculating the difference in 
numbers of sporozoites that stain with Alexa488 and Alexa594. The 
percentage of sporozoites that invaded was calculated by determining 
the percentage of total sporozoites that were intracellular.

For measuring intrahepatic development, sporozoites (2–4×104/
well) dissected in DMEM supplemented with 10% of FCS, were added 

to HepG2 cells plated in 8-chamber LabTek slides. To determine its ef-
fect on liver stage development, IAA or vehicle was added to infected 
HepG2 cells 3 hr p.i. Medium was replaced at 14 hr p.i. and cells fixed 
for immunofluorescence analysis using anti-HSP70 as described above.

2.11 | Determination of multiplication rate and 
parasite growth in the erythrocytic cycle

The in vivo multiplication rate of asexual blood-stage was deter-
mined as described before (Spaccapelo et al., 2010). The parasitemia 
of BALB/c mice (4–6 weeks) infected with a single infected eryth-
rocyte was determined by counting Giemsa-stained blood smears 
when parasitemia reached 0.5%–2%. The mean asexual multiplica-
tion rate per 24 hr was calculated assuming a total of 1.2×1010 eryth-
rocytes/mouse (2 ml of blood).

To determine the effect of Pbyop1 disruption on asexual para-
site growth in vivo, WT– or Pbyop1∆-infected erythrocytes (20 and 
200) were injected intravenously into Wistar rats (male, 50–70  g, 
4–5 rats/group). Parasitemia was monitored daily for 12 days, using 
Giemsa staining. To determine the effect of Pbyop1 disruption on 
the sexual cycle, Swiss-Webster mice (female, 6–8 weeks) were in-
travenously injected with WT- or Pbyop1∆-infected erythrocytes 
(200  µL, 1% parasitemia) at d  =  0. Gametocytes were counted at 
d = 3, using Giemsa-stained blood smears.

2.12 | Hemozoin quantification

Quantification of hemozoin in WT and Pbyop1∆ parasites were 
performed as previously described (Pisciotta et al., 2017). Blood 
from a donor BALB/c mouse at ~1% parasitemia was transferred 
to four mice. These mice were sacrificed at ~1% parasitemia (n = 4 
mice/group). The blood volumes of each mouse in two groups were 
normalized by iRBC count. About 500 μl of blood of each mouse 
was hypotonically lysed in 4.5 ml of H2O, centrifuged at 14,000 g 
for 15 min. Pellets were resuspended in 1 ml of 2% SDS, 100 mM 
NaHCO3 (pH 9.0), spun at 14,000 g for 15 min, washed in 2% of 
SDS and centrifuged again as above. Washed pellets were incu-
bated in 1 mg/ml of proteinase K buffer overnight at 60ºC. After 
protease treatment, samples were washed in H2O, and centrifuged 
as above to purify hemozoin. Finally, the purified hemozoin pel-
lets were solubilized in 1 ml of 2% SDS with 20 mM of NaOH at 
room temperature for 1  hr. Optical density (OD) was measured 
at 405  nm using a Multiskan Spectrum (Thermo Scientific). A 
standard curve was generated with 2-fold dilutions of 1 mM heme 
(H9039; Sigma-Aldrich) in DMSO.

2.13 | Yeast strains and plasmid

The following S. cerevisiae strains were used: BY4741 (MATa his3Δ1 
leu2Δ met15Δ ura3Δ), NDY257 (BY4741 rtn1Δ::kanMX4 rtn2Δ::kanMX4 
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yop1Δ::kanMX), JHY1 (BY4742 yop1Δ∷HIS3MX6), JHY2 (BY4742 
rtn1Δ∷HIS3MX6), and JHY0 (BY4741 sey1Δ∷kanMX4). To visualize 
yeast vacuole, the vacuolar membrane marker Vph1 (V-type proton 
ATPase subunit a) was used. The full coding region of Vph1p plus 
a C-terminal GFP tag was amplified and inserted into the BamHI/
HindIII site of pRS316 (a URA3/CEN plasmid). 310 bp upstream and 
319 bp downstream sequences of Vph1p was amplified and inserted 
into the NotI/XbaI and HindIII/XhoI sites of the above resulting plas-
mid. Primers used for construction of pRS316-VPH1-GFP are listed 
in Table S3. Yeast transformation (introducing pRS316-VPH1-GFP 
into the yeast strains mentioned above) was accomplished according 
to standard procedures.

2.14 | Fluorescence microscopy of yeast

Yeast cells were imaged live at room temperature using a Leica TCS 
SP5 confocal microscope with a 63×/1.40 N.A. Plan Apochromat oil 
immersion objective lens using LAS AF (version 1.3.1 build 525) soft-
ware. Yeast cells were classified into three classes according to the 
morphology and numbers of the vacuoles labeled with Vph1-GFP 
(Frohlich et al., 2015). Cells with 1–3 vacuoles were designated as 
Class I, cells with multiple round vacuoles were designated as Class 
II and cells with no round vacuolar structures were designated as 
Class III.

2.15 | Experimental cerebral malaria 
model and assessment

C57BL/6 mice (female, 6–8 weeks) were infected i.v. with 1×104 WT, 
1×104 or 1×106 Pbyop1∆ parasites. They were monitored daily for 
signs of disease, classified into five clinical stages as previously de-
scribed (Villegas-Mendez et al., 2012): 1 = no signs; 2 = ruffled fur/
abnormal posture; 3 = lethargy; 4 = reduced responsiveness to stim-
ulation/ataxia/respiratory distress/hyperventilation; 5  =  prostra-
tion/paralysis/convulsions. Mice were classified as exhibiting ECM 
at stage 4/5.

2.16 | Blood–brain barrier permeability

To assess the integrity of the BBB, C57BL/6 mice at stage 4/5 were in-
jected intravenously with 200 μl of 2% Evans Blue solution (in 1×PBS, 
pH 7.2. One hour after injection, mice were euthanized and perfused 
transcardially with 40  ml 1×PBS. The brain of each mouse was dis-
sected out and weighed, and then, incubated in 1  ml of formamide 
(Solarbio, Beijing, China) for 48 hr at 37ºC. The optical density (OD) 
value of extracted Evans Blue dye in the solution were measured using 
a spectrophotometer at 630 nm. Evans Blue extravasation of the brain 
was calculated as Evans Blue dye (mg)/brain tissue (g) based on a 
standard curve.

2.17 | Tissue processing

For histopathology studies, C57BL/6 mice were transcardially per-
fused with 40  ml 1×PBS after final anesthesia. The brain of each 
mouse was dissected out and cut along the mid-sagittal line, and fixed 
in 4% of PFA for 24 hr at room temperature. Then, the PFA fixed brain 
tissues were dehydrated through an ethanol gradient, incubated with 
molten paraffin wax, then embedded and allowed to cool. Finally, the 
PFA fixed, paraffin embedded (PFPE) tissues were serially sectioned 
at a thickness of 4 μM along the sagittal plane (interaural), so the entire 
brain structure could be visualized. The brain sections were analyzed 
via hematoxylin and eosin (H&E) staining or immunohistochemistry.

2.18 | Determination of cerebral histology

To assess the degree of hemorrhage and microvascular obstruction 
in brain tissue, the PFPE brain sections were analyzed by H&E stain-
ing. The image was visualized at 10× or 40× objectives and captured 
on a Nikon ECLIPSE 90i microscope using NIS-Elements BR (version 
3.1) software. The entire sagittal section of the brain was visualized 
and its area calculated. The number and area of hemorrhages and 
the number of microvascular obstructions were averaged over the 
entire sagittal section.

2.19 | Statistical analyses

For comparing between two groups, statistical significance was ana-
lyzed using Mann–Whitney U test or unpaired two-tailed t test. One-
way ANOVA with Tukey's test or Kruskal–Wallis ANOVA test was used 
to compare multiple groups. Two-way ANOVA followed by Tukey's 
multiple comparisons was performed to compare multiple groups 
with two independent variables. Cumulative survival rates of the mice 
among different groups were assessed using Kaplan–Meier method 
and compared using log-rank test. All data were analyzed by GraphPad 
Prism software (version 6.0c). p < .05 was considered statistically sig-
nificant. *P < .05, **P < .01, ***P < .001, ****P < .0001, ns, not significant.

3  | RESULTS

3.1 | PbYOP1 function is crucial for parasite 
virulence in the erythrocytic cycle

To examine the expression of PbYOP1, we raised specific polyclonal 
sera and used it to examine the spatial expression of PbYOP1 in 
erythrocytic stages and sporozoites using indirect immunofluores-
cence assays. In asexual stages, PbYOP1 is present in subcellular 
structures consistent with the peripheral ER. As observed with yeast 
and mammalian homologs (Voeltz et al., 2006), PbYOP1 partially co-
localizes with a pan-ER marker BiP1, a protein resident in the ER 
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lumen (Figure  1a). In sporozoites, PbYOP1’s localization is primar-
ily perinuclear, consistent with ER localization (Figure 1b). PbYOP1 
was not detectable in liver stages 48 hr postinfection (Figure 1c). To 
functionally characterize PbYOP1, we generated a gene knockout 
(Pbyop1∆) using double homologous recombination (Figure  1d,e). 
Protein loss in Pbyop1∆ parasites was confirmed through Western 
blotting and immunofluorescence assays (Figure 1f,g). As a control, 
we generated complemented parasites in which the PbYop1 gene 
and protein expression was restored (Figure S1a-f).

Two independent Pbyop1∆ clones were examined for growth 
during the erythrocytic cycle and were found to be highly attenu-
ated in the erythrocytic cycle. WT-infected mice developed micro-
scopically-detectable parasitemia 1–2 days (depending on the dose) 
prior to Pbyop1∆-infected mice (Figure 2a). Pbyop1∆ parasites have 
a multiplication rate of ~7-fold over 24  hr (Table S1) compared to 
10-fold for WT parasites (Janse et al., 2003; Spaccapelo et al., 2010). 
Our results confirm those obtained in a genome-wide gene-knock-
out study that found Pbyop1∆ parasites to be slow growing (Bushell 

F I G U R E  2   Loss of PbYOP1 leads to aberrant ER morphology and digestive vacuole, and attenuated growth. (a) Growth curves of WT and 
two independent clones of Pbyop1∆ parasites in rats (n = 4–5) reveal that PbYOP1’s deletion reduces parasite fitness in the asexual cycle. 
Data shown are from one experiment representative of three independent experiments. Data are mean ± SD and were analyzed by two-way 
ANOVA followed by Tukey's multiple comparisons. WT versus Pbyop1∆ clone 1/clone 2, p < .0001. (b) Ultrastructure of infected RBC with 
the parental or KO strain. Parasite ER is pseudocolorized in yellow. ER was identified based on the presence of ribosomes (arrows) on the 
limiting membranes (enlarged area indicated by black box). The mean diameters of ER elements are shown. n, nucleus; m, mitochondrion. 
Bars, 500 nm. (c) Representative images of TEM sections showing digestive vacuoles (v) in WT and Pbyop1∆ parasites and quantification 
of vacuole size. Data are mean ± SD and were analyzed by unpaired t test with Welch's correction. *p = .05. (d) Hemozoin was quantified in 
WT and Pbyop1∆ parasites. Data shown are representative of three independent experiments. Data are mean ± SD and were analyzed by 
unpaired two-tailed t test. ns, not significant
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et al., 2017). The delay in growth of Pbyop1∆ could be rescued 
completely through complementation with Pbyop1 (Figure S1g, left 
panel). We also noted that a significantly higher proportion ring/early 
trophozoite-stage parasites in Pbyop1∆-infected mice (Figure  S1g, 
right panel), suggesting that PbYOP1 may be required for the transi-
tion from ring to trophozoite. We conclude that that PbYOP1 plays a 
critical role during the asexual cycle.

3.2 | YOP1 proteins may play an evolutionarily 
conserved role in maintaining ER and 
vacuole morphology

We examined the ultrastructure of Pbyop1∆ parasites using trans-
mission electron microscopy (TEM; Figure  2b). TEM revealed that 

ER tubules are significantly enlarged in Pbyop1∆ compared to WT 
parasites (Figure 2b). Representative electron micrographs, from WT 
(n = 28) and Pbyop1∆ (n = 39) parasites were selected for quantita-
tive morphometric analysis of ER diameters and analyzed as previ-
ously described using the standard formula for randomly oriented 
cell and structures (Opperdoes et al., 1984). All images were at the 
same magnification to ensure that the entire parasite fit into the field 
of view. The mean diameter of the ER was 65 ± 7 nm for WT para-
sites (n = 15) and 94 ± 21 nm for mutant parasites (n = 29). These 
results confirmed that deletion of PbYOP1 alters ER morphology. 
EM results also demonstrated that Pbyop1∆ parasites were typi-
cally at the “ring” stage, with the cytostome attached to the eryth-
rocyte cytoplasm (Figure  S2a). A large proportion of parasites in 
the Pbyop1∆ sample had a vacuolated appearance, consistent with 
them dying (Figure  S2b). We postulate that the erythrocytic cycle 

F I G U R E  3   Vacuole morphology in Saccharomyces cerevisiae mutants of Pbyop1 homologs (ScRtn1p, ScRtn2p, ScYop1p) was determined 
using a vacuole marker. (a) Immunofluorescence images of vacuoles in S. cerevisiae lacking ER-shaping proteins. Vacuoles were visualized 
using anti-VPH1. Individual yeast cells were categorized according to the number of vacuoles they contained. (b) Yeast cells with class I, 
class II, and class Ⅲ vacuoles are shown as a percentage of the total number. Cells with 1–3 vacuoles were designated as Class I, cells with 
multiple round vacuoles were designated as Class II and cells with no round vacuolar structures were designated as Class III. At least 50 
cells were counted in each yeast strain. Data shown are mean ± SD and representative of three independent experiments. Two-way ANOVA 
with Tukey's multiple comparison test was performed to compare the percentage of each class in mutant and WT strain. ***p < .001, 
****p < .0001, ns, not significant
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of Pbyop1∆ parasites is attenuated due to both reduced fitness and 
delayed ring-to-trophozoite transition, marked by the formation of 
the hemoglobin-degrading digestive vacuole. The digestive vacuole 
in Pbyop1∆ parasites (50.9  ±  12.4 nm2) was significantly enlarged 
compared to WT parasites (16. 4 ± 8.8 nm2; Figure 2c) while there 
was no significant difference in parasite size (475.1 ± 45.1 nm2 for 
WT and 486.4 ± 48.0 nm2 for Pbyop1∆). We reasoned that the larger 
size of the digestive vacuole in mutant parasites could result from 
slower hemoglobin degradation. Therefore, we quantified the amount 
of hemozoin in Pbyop1∆ parasites. Total hemozoin amount was found 
to be similar in Pbyop1∆ and WT parasites (Figure 2d). Since heme 
release is thought to occur soon after hemoglobin is unraveled by 
the action of the aspartyl protease, plasmepsin 4 (Goldberg, 1993), 
normal levels of hemozoin in Pbyop1∆ parasites suggest that loss of 
Pbyop1 does not abrogate early steps hemoglobin degradation. It is 
likely that later steps of hemoglobin degradation are affected leading 
to the increased size of the digestive vacuole.

Since loss of Pbyop1 correlates with defects in digestive vacu-
ole formation, we tested if its orthologs in higher eukaryotes also 
play a role in vacuole formation. S. cerevisiae contains a single large 
vacuole and encodes three PbYop1 homologs, ScRTN1, ScRTN2, and 
ScYop1 (Hu et al., 2011). ScRTN1 and ScYop1 are relatively abundant, 
whereas ScRTN2 expresses at a low level. We monitored vacuole 
morphology in S. cerevisiae mutants lacking either ScYop1 or ScRTN1, 
and a mutant lacking all three, using GFP-tagged V-type proton pump 
VPH1 as a vacuole membrane marker. When ScYop1p or ScRtn1p 
were deleted, a significant number of cells exhibited more than three 
vacuoles with a grape-like assembly (Figure 3). The vacuolar defect 
was further augmented in a triple mutant for ScYop1p, ScRtn1p, and 
ScRtn2p. The defect in vacuole morphology is specific to PbYop1 ho-
mologs because there was no change in the number of vacuoles per 
cell when ScSey1p, a mediator of ER membrane fusion was deleted. 
These results suggest a possibly evolutionarily conserved role of 
YOP1-like proteins in regulating vacuole morphology.

F I G U R E  4   Characterization of Pbyop1∆ in preerythrocytic stages. (a) Gametocytemia (mean ± SEM) in mice infected with Pbyop1∆ 
parasites is significantly lower than in WT-infected mice. The experiment was performed twice (n = 13–14). (b) Invasion of HepG2 cells by 
Pbyop1∆ sporozoites is slower compared to WT. The percentage of sporozoites (±SD) that are intracellular was determined at 90, 120, and 
180 min after addition to cells. The experiment was performed four times at 90 min and once at other time points, each with four technical 
replicates. (c) Deletion of Pbyop1 does not affect sporozoite gliding in vitro. The percentage of sporozoites that displayed continuous circular 
motion (±SD) was determined using live imaging (n ≥ 600). The experiment was performed once with two technical replicates. (d) Deletion 
of Pbyop1 decreases the speed of sporozoite motility. Speed was quantified as the number of circles completed per minute by gliding 
sporozoites. (e) Deletion of Pbyop1 does not affect the development of liver stages. The number of liver stages (±SEM) present in infected 
HepG2 cultures at 48 hr p.i. was determined. The experiment was performed thrice, each with four technical replicates. The number of liver 
stages formed by mutant sporozoites was normalized against WT (992 ± 2). Data in Figure 4 were analyzed by unpaired t test. **P < .01, 
***p < .001, ns, not significant
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3.3 | PbYOP1 plays a major role in parasite 
transmission from host to vector

Next, we examined the ability of Pbyop1∆ parasites to transmit from 
the mammalian host to mosquitoes by quantifying the number of 
male and female gametes in infected mice and the average number 
of oocysts in midguts of infected mosquitoes that fed on these mice. 
The average gametocytemia for Pbyop1∆ (0.55 ± 0.06%, n = 13 mice) 
was significantly lower than WT (1.51 ± 0.11%, n = 14 mice; Figure 4a) 
and at least partially accounts for the dramatic decrease in the num-
ber of midgut oocysts (WT: 11 ± 2, n = 10; Pbyop1∆: 1 ± 1, n = 10) 
and salivary glands sporozoites recovered from Pbyop1∆-infected 
mosquitoes (WT: 17,929  ±  964 sporozoites/mosquito, n  =  280; 
Pbyop1∆: 2,230 ± 174 sporozoites/mosquito, n = 700). These results 
demonstrate that PbYOP1 is required for natural transmission of the 
parasite from the mammalian host to the mosquito vector.

To test if PbYOP1 functions in sporozoites, as might be implied 
by its expression, we examined the ability of Pbyop1∆ sporozoites 
to invade the hepatoma cell line, HepG2. Sporozoite invasion was 
measured, at 90, 120 and 180 min, by quantifying the percentage 
of sporozoites that become intracellular in the test period. Pbyop1∆ 
sporozoites displayed a brief delay in invasion––at 90 min their in-
vasion rate was ~50% of WT. By 120 min, there was no significant 
difference in the invasion rate of Pbyop1∆ and WT sporozoites 
(Figure  4b). Next, we determined if the delay in invasion resulted 
from aberrant sporozoite motility. For this, we observed the move-
ment patterns of live sporozoites on glass coverslips to determine 
the fraction of sporozoites that demonstrated continuous circular 
motion (gliding motility; Hegge et al., 2009). As a proxy for speed of 
movement, we quantified the average number of circles completed 
by gliding sporozoites in the observation period (Hegge et al., 2010). 
The percentage of Pbyop1∆ sporozoites that displayed continuous 
circular motion was same as WT but the average number of cir-
cles per minute was significantly reduced to 5.6 ± 0.6 (n = 59) from 
7.9 ± 0.5 for WT (n = 59; Figure 4c-d).

After entering the hepatocyte, sporozoites undergo a differ-
entiation program that eventually leads, through schizogony, to 
the generation of tens of thousands of liver stage forms. The con-
version of a single sporozoite to liver stages requires membrane 
biogenesis, a process that depends on phospholipid biosynthe-
sis in the ER. As liver stage development proceeds, the parasite 
ER and plasma membrane interact closely at several membrane 
contact sites (Burda et al., 2017). To determine if the parasite's 
differentiation from sporozoite to liver stages requires PbYOP1 
function, Pbyop1∆ sporozoites were allowed to infect HepG2 
cells, as a proxy for their ability to infect the mammalian liver. 
There was no significant difference in the number of liver stages 
formed by Pbyop1∆ or WT parasites (Figure 4e) at 48 hr p.i. We 
were unable to interrogate the subsequent step of maturation of 
liver stages into hepatic merozoites because of the low numbers 
of Pbyop1∆ sporozoites available.

To determine the effect of PbYOP1 function on infectivity in 
vivo, mice were infected through intravenous injection of 5×103 

WT or Pbyop1∆ sporozoites. They were monitored daily for the ap-
pearance of microscopically detectable blood-stage parasites. The 
average prepatent period of WT sporozoites was 3.4  ±  0.3  days. 
Pbyop1∆-infected mice were monitored for 3  weeks but none of 
them became positive. When mice were infected with Pbyop1∆ 
parasites through mosquito bite, they developed blood-stage para-
sitemia (data not shown). Since bite infections are not quantitative, 
we could not establish if Pbyop1∆ sporozoites are compromised 
during natural transmission as they are during intravenous injection. 
Nevertheless, these data established that PbYOP1 plays an import-
ant function during the preerythrocytic cycle. The diminished infec-
tivity of Pbyop1∆ sporozoites in vivo, revealed through intravenous 
infection, may be attributed partly or wholly to delayed invasion 
caused by their slower motility observed in vitro.

3.4 | Deletion of PbYOP1 inhibits experimental 
cerebral malaria pathogenesis

Cerebral malaria is a severe neurological complication that is re-
sponsible for the majority of malaria-related deaths (World Health 
Organization, 2019). It is associated with sequestration of P. falci-
parum-infected erythrocytes in the brain (Storm and Craig, 2014) 
mediated by parasite proteins exported to the erythrocyte surface. 
The vacuole defects suggested that PbYOP1’s loss could impact 
trafficking and ER export of parasite proteins during the asexual 
cycle. Therefore, we investigated what effect its loss has on parasite 
virulence.

We assessed the ability of Pbyop1∆ parasites to induce exper-
imental cerebral malaria (ECM) in C57BL/6 mice intravenously in-
oculated with WT- or Pbyop1∆-infected erythrocytes (1×104 iRBC/
mouse). All WT-infected mice displayed signs of ECM (stage 4/5; 
Villegas-Mendez et al., 2012) and died within 7–9 days p.i. with pe-
ripheral parasitemia ranging from 5% to 8% at day 7 p.i. (Figure 5a,b, 
Table S2). In contrast, at day 7 p.i., 97% of Pbyop1∆-infected mice 
were alive and did not display signs of ECM (Figure 5a,b, Table S2). 
In order to eliminate parasitemia-linked differences in ECM, arising 
from the mutant's slower growth rate, we tested a higher infectious 
dose of Pbyop1∆ (1×106 iRBC/mouse). In this case, 9% of mice in-
fected with 1×106 Pbyop1∆ iRBCs died of ECM within day 6–11 p.i 
(Figure 5a,b, Table S2). These mice had peripheral parasitemia similar 
to WT (Figure 5b) but 91% of them were alive at day 7 p.i., with no 
obvious signs of ECM (Figure 5a, Table S2). Restoration of PbYOP1 
expression in Pbyop1∆ parasites reverted mortality to 100%, simi-
lar to WT infection (Figure S1h). Pbyop1∆-infected (1×104 or 1×106) 
mice eventually died from hyperparasitemia and severe anemia after 
day 20 p.i.

ECM demonstrates many features of cerebral malaria such as 
increased permeability of the blood–brain barrier (BBB), intra-
cerebral hemorrhages and microvascular obstruction. In order 
to assess ECM-linked pathophysiological changes in WT- and 
Pbyop1∆-infected mice, we recovered brain-tissue from WT-
infected mice on day 7 p.i., when WT-infected mice displayed signs 
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F I G U R E  5   Loss of PbYOP1 attenuates pathological manifestations of ECM. (a) Survival was significantly higher in Pbyop1∆-infected 
mice than in WT-infected mice. Data shown are average of five independent infection experiments. (b) At day 7 postinfection, Pbyop1∆-
infected mice demonstrated peripheral parasitemia similar to mice infected with 100-fold fewer WT parasites. (c) Representative images of 
brains from of mice infected with by WT or Pbyop1∆ parasites, injected with Evans Blue to detect BBB leakage. (d) Quantification of Evans 
Blue in brains of mice demonstrating ECM. (e-f) Representative images of brain histopathology at day 7 p.i. from mice infected with WT or 
Pbyop1∆. Hemorrhages in (e; arrowhead) and microvascular obstructions in (f; arrowhead) were observed in mice infected with either WT or 
106 Pbyop1∆ parasites. (g) Quantification of the numbers and areas of hemorrhages in (e). (h) Quantification of the numbers of microvascular 
obstructions in (f). Data are shown as mean ± SD (a, b, d, g, h) and were analyzed by Kruskal–Wallis ANOVA test (d, g, h). *p < .05, **p < .01, 
***p < .001, ns, not significant
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corresponding to stage 4/5 (classified as ECM). In contrast, on 
day 7 p.i., Pbyop1∆-infected mice typically displayed signs corre-
sponding to stage 1–3 (classified as non-cerebral malaria [NCM]). 
The number of Pbyop1∆-infected mice that displayed ECM on day 
7 p.i. was too low, and therefore, these mice were excluded from 
further analysis. Integrity of the BBB was examined using Evans 
Blue staining of brain tissue at day 7 p.i. Brains of WT-infected 
mice demonstrated greater permeability (Figure  5c,d) than of 
Pbyop1∆-infected mice, consistent with their higher rates of ECM. 
WT-infected mice also demonstrated intracerebral hemorrhages 
and microvascular obstructions, predominantly in olfactory bulbs, 
brainstem, and cerebellum (Figure  5e,f). Mice infected with 104 
Pbyop1∆ had minor pathological changes in the brain, consistent 
with NCM (Figure 5e,f). Greater number of hemorrhages and mi-
crovascular obstructions were observed on day 7 p.i. in mice in-
fected with 106 Pbyop1∆ parasites but these were alleviated by 
day 11 p.i. (Figure S3). The resolution of pathology by day 11 p.i. 
in mice infected with 106 Pbyop1∆ parasites is consistent with the 
marked decrease in ECM-related deaths in this group compared 
to WT-infected mice (Figure  5g,h). No intracerebral hemorrhage 
and microvascular obstruction were observed in uninfected mice. 
These results demonstrate that loss of Pbyop1 severely attenuates 
parasite virulence by decreasing its ability to induce ECM.

4  | DISCUSSION

PbYOP1’s effect on virulence of asexual stages could result from 
interrupted development of the digestive vacuole and/or slower 
hemoglobin degradation within it. A proximal function in determin-
ing digestive vacuole morphology is supported by the phenotype 
of homologous S. cerevisiae mutants that we observed. Yeast cells 
lacking reticulons contain vacuoles with multiple lobes consistent 
with a block in fusion. Digestive vacuole biogenesis also requires 
fusion of endocytosed vesicles. Digestive vacuole biogenesis be-
gins in early rings with endocytosis at a cytoskeletal ring structure 
on the parasite surface termed cytostome (Aikawa et al., 1966; 
Dluzewski et al., 2008; Lazarus et al., 2008). Two models have been 
proposed to explain the next steps. One model postulates that 
several small cytostomal-derived vesicles containing hemoglobin 
eventually fuse together to form a single digestive vacuole that 
continues to receive vesicles containing endocytosed hemoglobin 
(Abu Bakar et al., 2010). The other model suggests that a single 
cytostome invagination elongates into a tubule that pinches of 
from the plasma membrane and fuses immediately with the diges-
tive vacuole. Both models involve vesicle biogenesis and trafficking 
that could be affected by structural changes in the ER. Hemoglobin 
within the digestive vacuole is digested by proteolytic enzymes 
trafficked from the parasite's secretory pathway (Klemba et al., 
2004). One explanation for the enlarged digestive vacuoles and 
normal hemozoin levels in Pbyop1∆ parasites is that dysmorphic ER 
in these parasites interferes with vesicle formation and trafficking 
of proteolytic enzymes to the developing digestive vacuole, slow-
ing down hemoglobin degradation downstream of heme release.

This model is supported by phenotypes observed in mammalian 
cells missing homologs of PbYOP1. Neurons missing a PbYOP1 ho-
molog, REEP1, have abnormally large lysosomes (Allison et al., 2017). 
Relevantly, the Plasmodium digestive vacuole is an endosome-lyso-
some-like compartment (Francis et al., 1997). Additionally, consistent 
with a defect in protein trafficking in Pbyop1∆ parasites, mammalian 
cells with mutations in ER-shaping proteins experience a severe de-
fect in COPII-coated vesicle trafficking from the ER to Golgi (Niu et al., 
2019). This likely explains the mislocalization of specific proteins in 
retinal photoreceptors of mutants lacking another PbYOP1 homolog, 
REEP6, (Agrawal et al., 2017; Veleri et al., 2017).

A defect in secretion could also explain aberrant motility in 
Pbyop1∆ sporozoites. A recent model suggests that motility of 
Toxoplasma gondii tachyzoites requires a secretory-endocytic path-
way of membrane fusion (Gras et al., 2019). Vesicles fuse at the api-
cal end and membrane is endocytosed at the posterior end giving 
rise to membrane-flow. If membrane-flow plays a major role in spo-
rozoite motility, defective ER architecture in Pbyop1∆ sporozoites 
could impact the efficiency of vesicle formation and/or transport. 
In turn, this would slow down sporozoite movement. A defect in ER 
structure may also affect the biogenesis of micronemes that contain 
adhesins secreted onto the parasite surface during sporozoite move-
ment and affect turnover of adhesion sites.

The relatively modest effect of PbYOP1’s loss on sporozoite in-
fectivity and development into liver stages may suggest that the ER 
in asexual stages and sporozoites is shaped by different tubule-form-
ing protein(s), acting either alone or in concert with other homologs. 
There are differences in the predicted structures of P. berghei's three 
putative ER tubule-forming proteins. The N-terminus of PbYOP1 is 
much longer than those of PbYOP1L and PbRTN1. The first trans-
membrane helix of PbYOP1L and the second transmembrane helix of 
PbRTN1 are shorter than the other transmembrane helix, suggesting 
they traverse the lipid bilayer only partially. The loop between the 
two transmembrane helices in P. berghei RTN1 (PbRTN1) is much 
longer than that of PbYOP1 and PbYOP1L (Sun et al., 2016). These 
differences suggest that individual reticulons could have distinct ef-
fects on membrane curvature in vivo and provide a strong rationale 
for investigation of their individual functions.

It is remarkable that the absence of a single intracellular protein, 
PbYOP1 has a profound effect on the pathogenesis of ECM. ECM 
pathogenesis is complex and there are likely to be several mech-
anism(s) that underlie attenuation of ECM in Pbyop1∆-infected 
mice. One possibility is that loss of ER architecture in these para-
sites impedes export of parasite proteins required for CD8+ T cell 
recruitment to the brain and their activation essential for ECM de-
velopment (Baptista et al., 2010; McQuillan et al., 2011; Strangward 
et al., 2017). Future work will investigate protein export to the RBC 
surface in Pbyop1∆ parasites.
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