
Mitchell et al. Malaria Journal           (2024) 23:53  
https://doi.org/10.1186/s12936-024-04862-w

METHODOLOGY
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Abstract 

Background The infection of the liver by Plasmodium parasites is an obligatory step leading to malaria disease. Fol-
lowing hepatocyte invasion, parasites differentiate into replicative liver stage schizonts and, in the case of Plasmodium 
species causing relapsing malaria, into hypnozoites that can lie dormant for extended periods of time before acti-
vating. The liver stages of Plasmodium remain elusive because of technical challenges, including low infection 
rate. This has been hindering experimentations with well-established technologies, such as electron microscopy. 
A deeper understanding of hypnozoite biology could prove essential in the development of radical cure therapeutics 
against malaria.

Results The liver stages of the rodent parasite Plasmodium berghei, causing non-relapsing malaria, and the sim-
ian parasite Plasmodium cynomolgi, causing relapsing malaria, were characterized in human Huh7 cells or primary 
non-human primate hepatocytes using Correlative Light-Electron Microscopy (CLEM). Specifically, CLEM approaches 
that rely on GFP-expressing parasites (GFP-CLEM) or on an immunofluorescence assay (IFA-CLEM) were used for imag-
ing liver stages. The results from P. berghei showed that host and parasite organelles can be identified and imaged 
at high resolution using both CLEM approaches. While IFA-CLEM was associated with more pronounced extraction 
of cellular content, samples’ features were generally well preserved. Using IFA-CLEM, a collection of micrographs 
was acquired for P. cynomolgi liver stage schizonts and hypnozoites, demonstrating the potential of this approach 
for characterizing the liver stages of Plasmodium species causing relapsing malaria.

Conclusions A CLEM approach that does not rely on parasites expressing genetically encoded tags was developed, 
therefore suitable for imaging the liver stages of Plasmodium species that lack established protocols to perform 
genetic engineering. This study also provides a dataset that characterizes the ultrastructural features of liver stage 
schizonts and hypnozoites from the simian parasite species P. cynomolgi.
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Background
Malaria is a highly impactful disease that globally affects 
hundreds of millions of people each year [1]. Complete 
eradication of malaria must encompass the elimination 
of Plasmodium vivax alongside Plasmodium falciparum 
and other less dominant species, as P. vivax’s ability to 
remain dormant in the liver causes clinical relapses and 
foster dissemination. However, the unique biology of P. 
vivax makes it challenging to study, impeding the devel-
opment of effective interventions [2].

Infection of the mammalian host by Plasmodium 
parasites is initiated by a mosquito bite, which releases 
sporozoites into the bloodstream, ultimately allowing 
them to enter the liver and invade hepatocytes. Once 
inside the host cell, sporozoites further differentiate and 
develop within a parasitophorous vacuole (PV), deline-
ated by a PV membrane (PVM) that constitutes the pri-
mary host–pathogen interface. Parasites then replicate 
their genome thousands of times through schizogony 
prior to the formation of merozoites that are released in 
the bloodstream to initiate the symptomatic phase of the 
infection [3]. For Plasmodium species causing relapsing 
malaria (e.g., P. vivax and Plasmodium cynomolgi), dor-
mant liver stages (i.e., hypnozoites) can also form before 
schizogony and activate days or months after the initial 
infection, leading to clinical relapses. Novel therapeutics 
against hypnozoites are needed for malaria eradication 
as hypnozoites are highly tolerant to most anti-malarials 

[4]. Currently, the only available drugs active against hyp-
nozoites have adverse effects on patients with glucose-
6-phosphate dehydrogenase (G6PD) deficiency [2].

Most of the knowledge on the liver stage of Plasmo-
dium parasites comes from rodent parasite species (e.g., 
Plasmodium berghei and Plasmodium yoelii). These spe-
cies offer a good genetic tractability and develop into 
liver stage schizonts, not only in primary hepatocytes 
but also in several immortalized cell lines [3]. Neverthe-
less, rodent Plasmodium parasites are unsuitable mod-
els for studying relapsing malaria as they do not form 
hypnozoites.

While some of the challenges posed by the unique biol-
ogy of P. vivax can be overcome by using the simian para-
site species P. cynomolgi, including the lack of continuous 
culturing methods [5, 6], studying hypnozoite biology 
remains difficult due to many technical hurdles. As of 
now, there have been no published reports on the genetic 
engineering of P. vivax and creating transgenic para-
sites in P. cynomolgi can be extremely labour-intensive 
and the methodology is still in its infancy [7–9]. More-
over, conducting research on the liver stages of P. vivax 
and P. cynomolgi requires access to scarce resources, 
including mosquitoes that have fed on infected human 
or non-human primate (NHP) blood as well as primary 
hepatocytes [2, 10]. This is in addition to the other out-
standing challenges in studying liver stage biology such 
as the low infection rate.
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Although the ultrastructure of liver stage schizonts of 
Plasmodium species causing non-relapsing malaria has 
been previously resolved using transmission electron 
microscopy (TEM) [11], there is only a limited number 
of studies utilizing more advanced electron microscopy 
(EM) techniques to characterize this stage [12, 13]. EM 
data on the liver stages of Plasmodium species causing 
relapsing malaria is sparse, with only brief reports on P. 
cynomolgi [14] and P. vivax [15] schizonts. No EM data 
characterizing hypnozoites has been reported in the 
literature.

The low infection rate during the liver phase of infec-
tion and the diminutive size of hypnozoites pose a sig-
nificant challenge to their localization and identification 
using conventional EM. These obstacles can be overcome 
using correlative light-electron microscopy (CLEM), a 
powerful approach that allows tracking of rare biologi-
cal events, initially using fluorescence microscopy, fol-
lowed by the characterization of their ultrastructure 
at high-resolution with EM [16]. Importantly, CLEM 
has already been utilized to characterize P. berghei liver 
stages [13], suggesting its applicability to study the liver 
stages of other Plasmodium species. Acquiring thorough 
ultrastructural datasets using CLEM will contribute to 
addressing the significant gaps in the fundamental under-
standing of the liver stages of Plasmodium species caus-
ing relapsing malaria.

This study aimed to optimize CLEM protocols for the 
liver stages of Plasmodium species causing non-relaps-
ing and relapsing malaria. Specifically, CLEM protocols 
relying on using parasites expressing GFP (GFP-CLEM) 
or on an immunofluorescence assay (IFA-CLEM) for 
detecting Plasmodium liver stages were first opti-
mized and compared using P. berghei. The IFA-CLEM 
approach was then used to conduct experiments with 
genetically-unmodified P. cynomolgi, resulting in a set 
of micrographs characterizing liver stage schizonts and 
hypnozoites. Overall, this study demonstrates that CLEM 
is an effective tool for gaining insights into the ultrastruc-
ture of the sparsely distributed Plasmodium liver stages.

Methods
See point-by-point protocols to perform GFP-CLEM and 
IFA-CLEM on Plasmodium liver stages (Additional file 1) 
and the list of samples analysed during this study (Addi-
tional file 2).

Cell lines and primary hepatocytes
The human hepatoma Huh7 cell line was grown in Dul-
becco’s modified Eagle’s medium (DMEM) with high glu-
cose (Gibco) supplemented with 10% fetal bovine serum 
(FBS; Corning), 100 U/mL of penicillin–streptomycin 
(Gibco) and 1%  GlutaMAX™ (Gibco) (hereafter referred 

to as Huh7 medium). Primary rhesus macaque or cyn-
omolgus hepatocytes (BioIVT; lots LZX, HTV or CWP) 
were maintained in INVITRO CP medium (BioIVT) sup-
plemented with 1% of a Penicillin–Streptomycin-Neomy-
cin (PSN) mixture (ThermoFisher, Catalog no.15640055) 
(hereafter referred to as Hep medium), unless otherwise 
specified.

Infection of Huh7 cells with P. berghei
Dishes containing gridded coverslips (MatTek, P35G-
1.5–14-CGRD) were incubated for 1 h at room tempera-
ture (RT) in 50  μg/mL of poly-D-lysine (PDL; Gibco), 
rinsed thrice in Dulbecco’s Phosphate Buffered Saline 
(D-PBS; Gibco) and dried, with lids off, in a biosafety 
cabinet for 2  h. Huh7 cells were seeded at a density of 
700,000 cells per PDL-coated dish one day prior to the 
infection. Anopheles stephensi mosquitoes infected with 
P. berghei strain ANKA GFP-LUCCON [17] were pro-
duced by the SporoCore (University of Georgia) and 
sporozoites were isolated by microdissection of salivary 
glands, as previously described with modifications [18, 
19]. Sporozoites were diluted in Roswell Park Memorial 
Institute (RPMI; Gibco) 1640 medium supplemented 
with 20% FBS and Huh7 were spin-infected with 500,000 
sporozoites per dish at 330 × g for 3 min, with low accel-
eration and break. Cells were then incubated for 2  h at 
37 °C and 5%  CO2, cell culture medium was changed for 
Huh7 medium and infected cells were further incubated 
for 2 days at 37 °C and 5%  CO2.

Infection of primary hepatocytes with P. cynomolgi
Dishes containing gridded coverslips (MatTek) were 
incubated for 2 h at RT in 0.02 N acetic acid containing 
50 μg/mL of rat tail collagen I (purchased from Corning 
or Enzo), rinsed thrice with D-PBS and air-dried, with 
lids off, in a biosafety cabinet for 2 h. Two days before the 
infection, 2 million hepatocytes were seeded in each col-
lagen-coated dish and cell monolayers were monitored at 
least every other day using light microscopy. Anopheles 
dirus mosquitoes infected with the B strain of P. cyn-
omolgi were produced by the Pathogen and Vector Inter-
action Section (PVIS) of the Department of Entomology 
at the Armed Forces Research Institute of Medical Sci-
ences (AFRIMS; Bangkok, Thailand) under the IACUC 
approved animal use protocol PN22-10. Anopheles dirus 
mosquitoes were reared and maintained in the insectary 
of the Department of Entomology (AFRIMS; Bangkok, 
Thailand) following a method previously described [20]. 
Sporozoites were isolated from salivary glands by micro-
dissection, as previously described with modifications 
[18, 19, 21]. Sporozoites were diluted in Hep medium and 
primary hepatocytes were spin-infected with 0.5–1 mil-
lion sporozoites per dish at 200 × g for 5 min. Cells were 
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then incubated for 2 h at 37 °C and 5%  CO2 and the cell 
culture medium was changed for fresh Hep medium. The 
next day and then every 2–3 days, the Hep medium was 
changed for INVITRO CP medium supplemented with 
5% of a PSN mixture (ThermoFisher) and cells were incu-
bated until 7 dpi.

Light and fluorescent imaging for GFP‑CLEM
Plasmodium berghei-infected Huh7 cells were incu-
bated at 37  °C and 5%  CO2 for 30  min in FluoroBrite 
DMEM medium (Invitrogen) supplemented with 10% 
fetal bovine serum (FBS; Corning), 100 U/mL of peni-
cillin–streptomycin (Corning), 1%  GlutaMAX™ (Gibco) 
(hereafter referred to as Imaging medium) and 10 μg/mL 
Hoechst (ThermoFisher). Cells were then washed once 
with Imaging medium and fiducial markers were gener-
ated by scraping off linear patterns of cells from the mon-
olayers. Fresh Imaging medium was then added to cell 
cultures and imaging was performed at RT and ambient 
air using a Nikon TI-E microscope. To collect light and 
fluorescent microscopy data facilitating the tracking of 
region of interests (ROI), images were taken at a range 
of magnifications, minimally using 4 × , 10 × , 20 × and 
40 × objectives. Only 2–3 ROIs per sample were charac-
terized to limit imaging time. Once imaged, samples were 
washed twice with D-PBS, incubated for 15  min at RT 
in D-PBS containing 2% paraformaldehyde (EMS) and 
2% glutaraldehyde (EMS) and kept at 4 °C in the fixative 
solution and protected from light, until processing for 
CLEM.

Immunostaining protocol and light and fluorescent 
imaging for IFA‑CLEM
Samples were incubated in D-PBS containing 4% para-
formaldehyde for 15 min at RT, washed twice in D-PBS, 
and kept at 4 °C in D-PBS until further processing. Sam-
ples were then incubated in 0.05% Triton X-100 (Sigma-
Aldrich) D-PBS for 15 min, washed twice in D-PBS and 
incubated for 30 min in 2% bovine serum albumin (BSA; 
Sigma-Aldrich) D-PBS at RT. Samples were then incu-
bated with primary antibodies (P. berghei, αUIS4Pb goat 
IgG (SICGEN; 1:250); P. cynomolgi, αUIS4Pc human IgG 
(1:2000)) for 3  h in 2% BSA D-PBS, washed 4 times in 
D-PBS and incubated with secondary antibodies (Alexa 
Fluor 568 donkey anti-goat IgG or Alexa Fluor 488 goat 
anti-human IgG (Invitrogen; 1:1000)) for 90  min in 2% 
BSA D-PBS containing 2  μg/mL Hoechst at RT. The 
αUIS4Pc human IgG was produced in-house and is a 
mouse-derived antibody inserted into the human anti-
body backbone [19]. Samples were then washed twice in 
D-PBS and kept at 4 °C in the dark until imaging. Fiducial 
markers were generated by scraping off linear patterns of 
cells from the monolayers, samples were washed twice in 

D-PBS and images were acquired for multiple ROIs using 
a range of different magnifications and Nikon TI-E or 
Zeiss LSM 980 microscopes. Once imaged, samples were 
incubated for 15 min at RT in D-PBS containing 2% para-
formaldehyde and 2% glutaraldehyde and kept at 4 °C, in 
the dark and in the fixative solution, until processing for 
CLEM.

Preparation of samples for CLEM and TEM imaging
Samples were rinsed (3 × ; 5 min, RT) in PBS, pH 7.4, and 
immersed in 1% osmium tetroxide with 1.6% potassium 
ferricyanide in PBS for 30 min. Samples were rinsed (3 × ; 
5  min, RT) in buffer and then briefly in distilled water 
(1 × ; 5  min, RT). Samples were then subjected to an 
ascending ethanol gradient (7 min; 35%, 50%, 70%, 80%, 
90%) followed by pure ethanol (3 × ; 5 min, RT). Samples 
were progressively infiltrated while rocking with Epon 
resin (EMS) and polymerized at 60 °C for 12–18 h. Care 
was taken to ensure only a thin amount of resin remained 
within the glass bottom dishes, which enable the best 
possible chance for separation of the glass coverslip. Fol-
lowing polymerization, the glass coverslips were removed 
using ultra-thin Personna razor blades (EMS) and liq-
uid nitrogen exposure, as needed. The ROIs, identified 
via the gridded alpha-numerical labelling, were carefully 
removed, and mounted with cyanoacrylate glue for sec-
tioning on a blank block. Serial thin sections (80–90 nm) 
were cut using a Leica UC6 ultramicrotome (Leica) from 
the surface of the block (corresponding to the bottom 
of the cell layer) until approximately 20  μm to ensure 
complete capture of the cell volumes. Section-ribbons 
were then collected sequentially onto formvar-coated 
slot grids. During the serial sectioning process, a few 
thicker sections (250–350 nm) were collected onto glass 
slides and stained with toluidine blue to track the cells 
and nuclei of the ROIs and serve as a bridge from the 
fluorescence data into the TEM imaging. The TEM grids 
were post-stained with 2% uranyl acetate followed by 
Reynold’s lead citrate, for 5 min each. The sections were 
imaged using a Tecnai 12 120  kV TEM (FEI) and data 
were recorded using a Gatan Rio 16 CMOS with Gatan 
Microscopy Suite software (Gatan).

Results
Imaging of P. berghei liver stages using GFP‑CLEM
An approach referred to as GFP-CLEM (Fig. 1) was first 
optimized using a transgenic line of P. berghei that con-
stitutively expresses cytosolic GFP [17], similarly to a 
method previously described [13]. More specifically, 
Huh7 cells were seeded on gridded coverslips of glass-
bottom dishes with an alphanumeric pattern and infected 
with sporozoites. Parasites were allowed to develop 
into intracellular liver stages for about 2  days prior to 
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imaging using light and fluorescence microscopy.  Sam-
ples were then further processed, which include trim-
ming resin blocks around ROIs and screening for ROIs 
in toluidine blue-stained sections using light micros-
copy (LM), and imaged using TEM. Correlating the host 

nuclei pattern observed with fluorescence microscopy 
and TEM allowed precise tracking and high-resolution 
imaging of liver stages. The process is outlined in Fig. 1A 
and 1B. Liver stages lack synchronization at 2 days post-
infection (dpi) and different developmental stages were 

Fig. 1 Imaging of P. berghei liver stages using GFP-CLEM. A Illustration outlining the protocol to perform CLEM of P. berghei liver stages expressing 
GFP. Huh7 cells were seeded on gridded coverslips presenting alphanumerical coordinates and infected with P. berghei sporozoites. Maps of cells 
infected with 2-day old liver stages were acquired using GFP (green) and Hoechst (a nucleic acid stain, blue) and light and fluorescence microscopy 
(LM). Samples were then processed for TEM imaging, which includes embedding samples in resin, trimming resin blocks around ROIs, preparing 
ultra-thin sections using the microtome and staining with contrasting reagents. Samples were then imaged using TEM and ROIs were located 
by correlating patterns of host nuclei and liver stages. An example shows a LM map (bottom left) and low-magnification TEM micrographs (bottom 
right) for 4  GFP+ liver stages (i, ii, iii and iv). Scale bars are 200 μm and 10 μm for the LM and TEM micrographs, respectively. Drawings were created 
with BioRender.com. B The overlay of micrographs exemplifies how data from LM and TEM are correlated and used to re-localize ROIs. Scale 
bar is 10 μm. C Higher-magnification TEM micrographs showing the hepatocyte-parasite interface, and a host cell mitochondrion  (MH), a P. berghei 
mitochondrion  (MPb), the parasitophorous vacuole membrane (PVM), the parasite plasma membrane (PPM), P. berghei vacuoles  (VPb) and a P. berghei 
nucleus  (NPb). Scale bar is 1 μm. The inset in (B) defined by a box with a white dotted border shows the area selected for the zoom-in micrograph 
presented in (C)
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observed, including mature schizonts (e.g., Fig.  1A, 
Micrograph ii) and schizonts undergoing segmentation 
(e.g., Fig. 1A, Micrograph iii). Importantly, known ultra-
structural features were identified in both the host (e.g., 
nuclei (Fig. 1B) and mitochondria (Fig. 1C)) and the para-
sites (e.g., nuclei, mitochondria, PVM, PPM and vacuoles 
(Fig.  1C)), confirming that GFP-CLEM can be used to 
image P. berghei liver stages.

Imaging of P. berghei liver stages using IFA‑CLEM
The low genetic tractability of Plasmodium species caus-
ing relapsing malaria hinders the characterization of their 
liver stages using CLEM approaches that rely on geneti-
cally encoded tags. To address this challenge, a CLEM 
protocol based on an immunofluorescent assay (referred 
to as IFA-CLEM) was developed using Huh7 host cells 
and P. berghei (Fig. 2). The IFA protocol involved a short 
permeabilization step with reduced detergent concen-
tration to minimize membrane damage and artifact 
occurrence during TEM processing [16]. The simplified 
protocol of IFA-CLEM is outlined on Fig.  2A. Interest-
ingly, the PVM protein UIS4 (Fig. 2A), but not the cyto-
solic parasite protein HSP70, could be detected using this 
IFA protocol, confirming a limited permeabilization of 
samples. The comparison of P. berghei liver stage images 
acquired with GFP-CLEM (Fig.  2B) and IFA-CLEM 
(Fig. 2C) validated the latter approach. While IFA-CLEM 
produced samples less opaque to electrons with more 
extraction of intracellular contents (Fig.  2C), P. berghei 
ultrastructural features and organelles were well defined 
and could be identified, including the PV, nuclei, the 
mitochondria network, the apicoplast, the endoplasmic 
reticulum (ER) and vacuoles (Fig. 2D, Additional file 3). 
The parasite’s nuclei and ER were easier to identify using 
IFA-CLEM than GFP-CLEM (Fig. 2D and Additional File 
3). The ER had the expected unusual architecture, as pre-
viously reported [12]. Unknown parasite protuberances 
associated with the apicoplast that extend into the host 
cell were observed using both CLEM approaches (Addi-
tional File 4). It remains to be determined if these protu-
berances are involved in host-parasite interactions or in 
the development of liver stage parasites (e.g., by contrib-
uting to the formation of the PV). Overall, these results 
demonstrate the utility of IFA-CLEM for studying the 
ultrastructure of the liver stages of Plasmodium parasites.

Imaging of P. cynomolgi liver stage schizonts using 
IFA‑CLEM
To investigate the applicability of IFA-CLEM in studying 
the liver stages of Plasmodium species causing relaps-
ing malaria, primary NHP hepatocytes infected with P. 
cynomolgi sporozoites were examined at 7 dpi (Fig.  3), 
a time point at which schizonts and hypnozoites can be 

differentiated based on size and number of DNA punc-
tae [21]. As observed for P. berghei staining (Fig. 2), the 
IFA-CLEM protocol effectively stained the PVM protein 
UIS4, allowing for the localization of P. cynomolgi schi-
zonts (Fig.  3A-B). Upon further examination at higher 
magnification, it was observed that the host mitochon-
drial network was frequently found near the PVM in P. 
cynomolgi schizonts (Fig.  3C and Additional File 5). At 
least for the time points imaged in this study, the PV 
space of P. cynomolgi schizonts appeared narrower in 
comparison to P. berghei (Figs. 2 and 3D). IFA-CLEM was 
effective in allowing the identification of various orga-
nelles in P. cynomolgi schizonts, including nuclei (Fig. 3E), 
the mitochondrial network (Fig. 3D, F, and G), the apico-
plast with its 4 membrane layers (Fig. 3G) [22], and the 
ER (Fig. 3H). Unlike the 2-day old P. berghei liver stages, 
P. cynomolgi schizonts were found to have both large 
electron-translucent and electron-opaque (or dense) 
vacuoles at 7 dpi (Fig. 3C and E). The presence of dense 
vacuoles in P. cynomolgi liver stage schizonts was pre-
viously reported [14]. It is also noteworthy that regions 
of nuclei were electron-translucent in P. cynomolgi liver 
stages (Fig. 3E), which may be an artifact caused by the 
IFA-CLEM protocol or have a biological explanation. The 
results of this section confirm that IFA-CLEM can be uti-
lized to characterize P. cynomolgi schizonts.

Imaging of P. cynomolgi hypnozoites using 
IFA‑CLEM
IFA-CLEM was next employed to characterize the ultra-
structure of liver stage hypnozoites (Figs. 4 and 5). Using 
the IFA protocol, UIS4 was successfully detected at the 
PVM of smaller liver stages, presumably hypnozoites 
(Fig.  4A). These hypnozoites exhibited 1–2 DNA-posi-
tive punctae (Fig. 4A) and could be located using CLEM 
(Fig.  4). Interestingly, hypnozoites were found to have a 
close association with host mitochondria (Figs. 4A-C, E, 
5A, B and Additional File 6). In the surrounding of hyp-
nozoites, host mitochondria often appeared damaged, 
swollen and/or showed abnormal internal membrane 
structures (Figs.  4A-C, E, 5A, B and Additional File 6). 
Large host vacuoles with heterogeneous content were 
also observed in association with hypnozoites (Fig. 5C). 
The apicoplast was in a defined area in all five hypnozo-
ites (Figs. 4, 5D and E), in line with previous fluorescence 
microscopy data for P. vivax hypnozoites at a similar 
time point [23]. Additionally, the mitochondrial network 
(Fig.  5D), vacuoles (Fig.  5E) and up to one nucleus per 
hypnozoite (Figs. 4B, E, and 5F) were observed. A dense 
vacuole was detected in one hypnozoite (Fig.  5F). The 
nucleus was not identified for all hypnozoites potentially 
due to the difference in depth between nuclei localization 
and imaged sections. Interestingly, membrane-bound 
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organized microtubule filaments were observed going 
through a part of one hypnozoite (Additional File 7). 
However, the significance and reproducibility of this 
observation need to be addressed with additional experi-
mentations in the future. Overall, the results indicate that 
IFA-CLEM is a valuable tool for gaining insights into the 
biology of hypnozoites.

Discussion
The approaches described in this paper utilize CLEM 
to characterize the ultrastructure of Plasmodium liver 
stages. The non-relapsing rodent parasite P. berghei was 
first used to optimize and compare CLEM protocols 
that rely on either genetically encoded GFP or an immu-
nostaining assay to identify liver stages (referred to as 

Fig. 2 Imaging of P. berghei liver stages using IFA-CLEM. A Diagram outlining the IFA protocol used to perform IFA-CLEM. A representative 
image of a 2-day old P. berghei liver stage in Huh7 cells stained for the PVM protein UIS4 (red) and Hoechst (blue) is shown. Scale bar is 20 μm. 
Low-magnification TEM micrographs for liver stages imaged with GFP-CLEM (B) and IFA-CLEM (C). Scale bars are 5 μm (B-i, B-ii, C-i and C-ii) or 10 μm 
(B-iii and C-iii). D Higher-magnification GFP-CLEM (top row) and IFA-CLEM (bottom row) micrographs showing the parasitophorous vacuole (PV) 
space, P. berghei (Pb) nuclei, the P. berghei mitochondrial network, apicoplasts, P. berghei vacuoles and the P. berghei endoplasmic reticulum (ER).  NH, 
host nucleus; PVM, parasitophorous vacuole membrane; PPM, parasite plasma membrane. Scale bars are 500 nm



Page 8 of 13Mitchell et al. Malaria Journal           (2024) 23:53 

Fig. 3 Imaging of P. cynomolgi liver stage schizonts using IFA-CLEM. A Micrographs showing a P. cynomolgi schizont at 7 dpi in a primary NHP 
hepatocyte stained for UIS4 (green) and nucleic acids (Hoechst, blue) and imaged with fluorescence and phase contrast microscopy. Scale 
bar is 20 μm. The same schizont is also represented on a TEM micrograph obtained using IFA-CLEM. Scale bar is 5 μm. B TEM micrographs of two 
other P. cynomolgi schizonts at 7 dpi (i and ii). Scale bars are 5 μm. C–H TEM micrographs showcasing the ultrastructural features of P. cynomolgi liver 
stage schizonts, including an apicoplast (Api), host glycogen granules (GG), host mitochondria  (MH), dense/electron-opaque P. cynomolgi vacuoles 
 (DVPc), large P. cynomolgi vacuoles  (LVPc), the P. cynomolgi endoplasmic reticulum  (ERPc), the P. cynomolgi mitochondrial network  (MPc), P. cynomolgi 
nuclei  (NPc) and the parasitophorous vacuole (PV) in hepatocytes infected with P. cynomolgi schizonts at 7 dpi. Note the host mitochondria 
positioned in proximity to the PVM in (C). PVM, parasitophorous vacuole membrane; PPM, parasite plasma membrane. Scale bars are 1 μm (C) 
or 500 nm D–H 
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Fig. 4 Imaging of P. cynomolgi hypnozoites using IFA-CLEM. A Micrographs showing a P. cynomolgi hypnozoite at 7 dpi in a primary NHP 
hepatocyte stained for UIS4 (green) and nucleic acids (Hoechst, blue) and imaged with fluorescence and phase contrast microscopy. Scale 
bar is 20 μm. The white arrows on the zoom-in micrograph (top right of overlay) show two DNA punctae in the hypnozoite. The same hypnozoite 
is also represented on a TEM micrograph obtained using IFA-CLEM. Scale bar is 1 μm. B–E Low-magnification TEM micrographs of additional 
hypnozoites at 7 dpi. Note the host mitochondria  (MH) positioned in proximity to the PVM of hypnozoites.  NPc, P. cynomolgi nuclei; Api, apicoplast. 
Scale bars are 1 μm
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Fig. 5 Ultrastructure of P. cynomolgi hypnozoites. A–F TEM micrographs showcasing the apicoplast (Api), host mitochondria  (MH), a host vacuole 
 (VH), a dense/electron-opaque P. cynomolgi vacuole  (DVPc), electron-translucent P. cynomolgi vacuoles  (VPc), the P. cynomolgi endomembrane 
network  (ENPc), the P. cynomolgi mitochondrial network  (MPc), P. cynomolgi nuclei  (NPc) and the parasitophorous vacuole (PV) in hepatocytes 
infected with P. cynomolgi hypnozoites at 7 dpi. Note the association between hypnozoites and host mitochondria (A, B) or a host vacuole (C). PVM, 
parasitophorous vacuole membrane; PPM, parasite plasma membrane. Scale bars are 500 nm
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GFP- and IFA-CLEM, respectively) (Figs.  1 and 2). The 
results revealed that, while most known parasite and host 
organelles were detectable using both protocols, certain 
organelles, such as the parasite ER, were more discern-
able using IFA-CLEM (Fig.  2 and Additional File 3). 
While IFA-CLEM caused more extraction and disruption 
of intracellular content compared to GFP-CLEM, ultras-
tructural features were generally well-preserved (Fig. 2). 
Based on these findings, it was concluded that IFA-
CLEM could be a valuable tool to study the liver stages 
of Plasmodium species causing relapsing malaria, espe-
cially since they have low genetic tractability [2, 10] and 
are thus not well-suited for the use of genetically encoded 
tags. Accordingly, IFA-CLEM allowed us to assemble an 
unprecedented collection of images for the liver stages 
of P. cynomolgi, providing the first TEM micrographs of 
hypnozoites.

This study showcases the potential of utilizing CLEM 
to gain insights into the biology of Plasmodium para-
sites and their interactions with the host during the liver 
phase of infection. On one hand, a comprehensive and 
unbiased characterization of the ultrastructure of Plas-
modium liver stages could lead to the discovery of new 
biological structures and processes. The observations of 
unknown P. berghei liver stage protuberances extending 
into the host cytosol (Additional file 4) and of the mem-
brane-bound organized microtubule filaments within 
one P. cynomolgi hypnozoite (Additional file 7) exemplify 
this potential. In addition, comprehensive CLEM stud-
ies comparing different  infection time-points have the 
potential to provide valuable insights into the intricate 
development of liver stage schizonts and hypnozoites. 
On the other hand, by adopting a more targeted imag-
ing approach, CLEM could enhance the understanding of 
known biological processes that occur during liver stage 
development. These include the formation of the tubove-
sicular network (TVN) [13, 24], the dynamic changes in 
the parasite’s organelle morphology and interaction [25] 
and the liver stage prominence, a thickening of the PVM 
of currently unknown nature and function [23]. Moreo-
ver, focusing CLEM studies on the surrounding of the 
PVM will facilitate a better understanding of the interac-
tions between parasites and host organelles, which play a 
role in liver stage development [26–28].

The findings of this study confirm that the host mito-
chondrial network frequently localized near the PVM of 
liver stages (Figs.  3–5), as previously reported [26]. The 
proximity observed between host mitochondria and liver 
stage schizonts may be attributed to the spatial hindrance 
caused by mature schizonts occupying most of the space 
in infected hepatocytes. However, hepatocytes infected 
with hypnozoites offer ample space, and the association 
between host mitochondria and hypnozoites suggests 

that active interactions might be taking place. Host mito-
chondria play crucial roles in numerous cellular processes 
and their interactions with parasites might influence liver 
stage development by impacting nutrient uptake [26], 
host programmed cell death pathways [29], and immune 
responses [30, 31]. Interestingly, host mitochondria with 
abnormal morphologies were observed in the surround-
ing of hypnozoites (Figs. 4–5, Additional file 6) and have 
been previously associated with stress and pathologi-
cal conditions [32–34]. This intriguing observation war-
rant further investigation using quantitative methods 
and suitable controls. However, as primaquine affects 
host mitochondria in addition to its anti-malarial activ-
ity [35, 36], it is tempting to speculate that primaquine’s 
effectiveness against hypnozoites is partially driven by its 
impact on the hepatocyte mitochondrial network.

An important limitation of this study is the lack of 
3-dimensional analysis of samples. The features of liver 
stages and infected cells likely vary significantly across 
samples and certain structures might be only pre-
sent at specific depths. To overcome this limitation, 
future research should focus on adapting volume EM 
approaches allowing to image samples at high resolution 
and in three dimensions [37, 38]. Especially, FIB-SEM 
shows promise for studying host–pathogen interfaces 
in three dimensions [39] and has already been used to 
characterize blood stages of P. falciparum [40]. Another 
limitation is the throughput of CLEM compared to other 
imaging methods, which makes it difficult to design 
studies with large numbers of conditions and to quan-
tify any phenotypes with accuracy. Expansion micros-
copy, a method overcoming the diffraction limit of light 
microscopy by physically expanding samples, has a bet-
ter throughput than CLEM and already provided insights 
into the biology of malaria [41, 42]. Even though expan-
sion microscopy does not achieve the same resolution as 
EM, it is amenable to quantification and should be used 
alongside CLEM to obtain a better understanding of 
Plasmodium liver stages in the future.

Conclusions
This study optimized CLEM to characterize the liver 
stages of Plasmodium parasites. Specifically, two 
approaches were evaluated: GFP-CLEM, which relies 
on parasites expressing GFP, and IFA-CLEM, which 
uses an immunofluorescence assay to accurately local-
ize specific areas of interest. While IFA-CLEM caused 
more extraction of intracellular contents than GFP-
CLEM, it generally preserved samples’ features and 
allowed for the identification of organelles. To further 
support that IFA-CLEM is a valuable tool to study 
Plasmodium species with low genetic tractability, 
experiments were performed with the liver stages of P. 
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cynomolgi and provided first TEM micrographs of hyp-
nozoites. The methods described in this paper could be 
used to better understand the liver stages of Plasmo-
dium species, including P. vivax.

Abbreviations
CLEM  Correlative light-electron microscopy
D-PBS  Dulbecco’s phosphate-buffered saline
DPI  Day post-infection
EM  Electron microscopy
EN  Endomembrane network
ER  Endoplasmic reticulum
FIB-SEM  Focused ion beam scanning electron microscopy
G6PD  Glucose-6-phosphate dehydrogenase
GFP  Green fluorescent protein
GFP-CLEM  Correlative light-electron microscopy relying on a GFP-express-

ing organism
HSP70  Heat shock protein 70
IFA  Immunofluorescence assay
IFA-CLEM  Correlative light-electron microscopy relying on IFA
LM  Light microscopy
NHP  Non-human primates
PPM  Parasite plasma membrane
PV  Parasitophorous vacuole
PVM  Parasitophorous vacuole membrane
ROI  Region of interest
RT  Room temperature
TEM  Transmission electron microscopy
TVN  Tubovesicular network
UIS4  Upregulated in infectious sporozoites 4

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12936- 024- 04862-w.

Additional file 1: Portable Document Format (.pdf ). Detailed protocols to 
perform GFP-CLEM and IFA-CLEM on Plasmodium liver stages. Supple-
mental protocols.

Additional file 2: Portable Document Format (.pdf ). Samples used in this 
study. Supplemental table.

Additional file 3: P. berghei endoplasmic reticulum (ER) in Huh7 cells. 
Micrographs of P. berghei ER in Huh7 cells at 2 dpi imaged using GFP-CLEM 
(A) and IFA-CLEM (B). The same two micrographs are shown in Fig. 2D but 
were cropped differently. Scale bars are 1 μm. Supplemental figure.

Additional file 4: Unknown P. berghei liver stage protuberances extending 
in the host cytosol. Micrographs are from Huh7 cells at 2 dpi and were 
obtained with GFP-CLEM (A–B) and IFA-CLEM (C–D). Scale bars are 1 μm. 
Supplemental figure.

Additional file 5: Host mitochondria that localized in proximity to the 
PVM of P. cynomolgi liver stage schizonts. (A–D) Micrographs are from 
primary NHP hepatocytes infected with P. cynomolgi schizonts at 7 dpi 
and highlight host mitochondria  (MH) in proximity to the parasitophorous 
vacuole membrane (PVM). PPM, parasite plasma membrane. Scale bars are 
1 μm (A–C) or 500 nm (D). Supplemental figure.

Additional file 6: Mitochondria with abnormal morphologies that 
localized in proximity to the PVM of P. cynomolgi hypnozoites. (A–B) Micro-
graphs are from primary NHP hepatocytes infected with P. cynomolgi hyp-
nozoites at 7 dpi. Host mitochondria that clearly showed abnormal mor-
phologies (e.g., swelling, signs of damage or abnormal internal membrane 
structures/vacuoles) are indicated with red asterisks. The micrograph in (A) 
is also shown in Fig. 4B but was cropped differently. PVM, parasitophorous 
vacuole membrane; PPM, parasite plasma membrane;  NPc, P. cynomolgi 
nucleus. Scale bars are 1 μm. Supplemental figure.

Additional file 7: A membrane-bound protrusion with organized micro-
tubule filaments within a P. cynomolgi hypnozoite. (A–D) Micrographs are 
from primary NHP hepatocytes infected with a P. cynomolgi hypnozoite at 
7 dpi. Micrographs (A–B) and (C–D) were taken at different depths. In (A), 
the object of interest is indicated with a red asterisk. PVM, parasitophorous 
vacuole membrane; PPM, parasite plasma membrane;  NPc, P. cynomolgi 
nucleus. Scale bars are 1 μm. Supplemental figure.

Acknowledgements
The authors thank Thomas Krucker and Thierry T. Diagana for providing their 
support and mentorship during the execution of this study. The authors thank 
Kate Ye (Electron Microscope Laboratory, University of California, Berkeley) for 
technical assistance. The authors also thank the SporoCore (University of Geor-
gia) for producing P. berghei sporozoites and the Department of Veterinary 
Medicine at the Armed Forces Research Institute of Medical Sciences (AFRIMS, 
Bangkok, Thailand) for infecting the monkey donor with the B strain of P. 
cynomolgi and for animal care services.

Author contributions
Conceptualization (GM, AH, SAM, DMJ), formal analysis (GM, AH, SAM, DMJ), 
investigation (GM, LT, MEF, ML, RZ, SR, CNB, AH, DMJ), methodology (VC, RZ, 
ELF, DMJ), supervision (GM, DMJ), visualization (GM, CNB, DMJ), writing–origi-
nal draft (GM), writing–review and editing (GM, LT, MEF, ML, VC, RZ, SR, CNB, 
ELF, AH, SAM, DMJ).

Funding
This work was supported by a grant from the Bill and Melinda Gates Founda-
tion (Thierry T. Diagana; Grant no. INV010720). The funding agency did not 
have any roles in the design of the study, in the collection, analysis and 
interpretation of data, and in writing the manuscript.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
GM, LT, MEF, ML, VC, ELF, AH and SAM were employed by and/or shareholders 
of Novartis Pharma AG during this study.

Author details
1 Open Innovation at Global Health Disease Area, Biomedical Research, 
Novartis, Emeryville, CA, USA. 2  Global Health Disease Area, Biomedical 
Research, Novartis, Emeryville, CA, USA. 3 Electron Microscope Laboratory, 
University of California, Berkeley, CA, USA. 

Received: 3 December 2023   Accepted: 25 January 2024

References
 1. WHO. World malaria report. Geneva: World Health Organization; 2023.
 2. Schafer C, Zanghi G, Vaughan AM, Kappe SHI. Plasmodium vivax latent 

liver stage infection and relapse: biological insights and new experimen-
tal tools. Annu Rev Microbiol. 2021;75:87–106.

 3. Vaughan AM, Kappe SHI. Malaria parasite liver infection and exoerythro-
cytic biology. Cold Spring Harb Perspect Med. 2017;7: a025486.

 4. White NJ. Anti-malarial drug effects on parasite dynamics in vivax malaria. 
Malar J. 2021;20:161.

 5. Christensen P, Racklyeft A, Ward KE, Matheson J, Suwanarusk R, Chua ACY, 
et al. Improving in vitro continuous cultivation of Plasmodium cynomolgi, 

https://doi.org/10.1186/s12936-024-04862-w
https://doi.org/10.1186/s12936-024-04862-w


Page 13 of 13Mitchell et al. Malaria Journal           (2024) 23:53  

a model for P. vivax. Parasitol Int. 2022. https:// doi. org/ 10. 1016/j. parint. 
2022. 102589.

 6. Chua ACY, Ong JJY, Malleret B, Suwanarusk R, Kosaisavee V, Zeeman AM, 
et al. Robust continuous in vitro culture of the Plasmodium cynomolgi 
erythrocytic stages. Nat Commun. 2019;10:3635.

 7. Voorberg-van der Wel A, Zeeman AM, van Amsterdam SM, van den 
Berg A, Klooster EJ, Iwanaga S, et al. Transgenic fluorescent Plasmodium 
cynomolgi liver stages enable live imaging and purification of malaria 
hypnozoite-forms. PLoS ONE. 2013. https:// doi. org/ 10. 1371/ journ al. pone. 
00548 88.

 8. Ward KE, Christensen P, Racklyeft A, Dhingra SK, Chua ACY, Remmert C, 
et al. Integrative genetic manipulation of Plasmodium cynomolgi reveals 
multidrug resistance-1 Y976F associated with increased in vitro suscepti-
bility to mefloquine. J Infect Dis. 2023;227:1121–6.

 9. Voorberg-van der Wel AM, Zeeman AM, Nieuwenhuis IG, van der Werff 
NM, Klooster EJ, Klop O, et al. Dual-luciferase-based fast and sensitive 
detection of malaria hypnozoites for the discovery of antirelapse com-
pounds. Anal Chem. 2020;92:6667–75.

 10. Voorberg-van der Wel A, Kocken CHM, Zeeman AM. Modeling relapsing 
malaria: emerging technologies to study parasite-host interactions in the 
liver. Front Cell Infect Microbiol. 2020. https:// doi. org/ 10. 3389/ fcimb. 2020. 
606033.

 11. Meis JF, Verhave JP. Exoerythrocytic development of malarial parasites. 
Adv Parasitol. 1988;27:1–61.

 12. Kaiser G, De Niz M, Zuber B, Burda PC, Kornmann B, Heussler VT, et al. 
High resolution microscopy reveals an unusual architecture of the Plas-
modium berghei endoplasmic reticulum. Mol Microbiol. 2016;102:775–91.

 13. Grutzke J, Rindte K, Goosmann C, Silvie O, Rauch C, Heuer D, et al. The 
spatiotemporal dynamics and membranous features of the Plasmodium 
liver stage tubovesicular network. Traffic. 2014;15:362–82.

 14. Sodeman T, Schnitzer B, Durkee T, Jcontacos P. Fine structure of the 
exoerythrocytic stage of Plasmodium cynomolgi. Science. 1970;170:340–1.

 15. Uni S, Aikawa M, Collins WE, Campbell CC, Hollingdale MR. Electron 
microscopy of Plasmodium vivax exoerythrocytic schizonts grown in vitro 
in a hepatoma cell line. Am J Trop Med Hyg. 1985;34:1017–21.

 16. de Boer P, Hoogenboom JP, Giepmans BN. Correlated light and electron 
microscopy: ultrastructure lights up! Nat Methods. 2015;12:503–13.

 17. Franke-Fayard B, Janse CJ, Cunha-Rodrigues M, Ramesar J, Buscher P, Que 
I, et al. Murine malaria parasite sequestration: CD36 is the major receptor, 
but cerebral pathology is unlinked to sequestration. Proc Natl Acad Sci 
USA. 2005;102:11468–73.

 18. Vanderberg JP, Gwadz RW. The Transmission by mosquitoes of plasmodia 
in the laboratory. In: Kreier JP, editor. Pathology. Vector Studies, and 
Culture: Academic Press; 1980. p. 153–234.

 19. Maher SP, Bakowski MA, Vantaux A, Flannery EL, Andolina C, Gupta M, 
et al. A drug repurposing approach reveals targetable epigenetic path-
ways in Plasmodium vivax hypnozoites. bioRxiv. 2023. https:// doi. org/ 10. 
1101/ 2023. 01. 31. 526483.

 20. Phasomkusolsil S, Tawong J, Monkanna N, Pantuwatana K, Damdangdee 
N, Khongtak W, et al. Maintenance of mosquito vectors: effects of blood 
source on feeding, survival, fecundity, and egg hatching rates. J Vector 
Ecol. 2013;38:38–45.

 21. Gupta DK, Diagana T. In vitro cultivation and visualization of malaria liver 
stages in primary simian hepatocytes. Bio Protoc. 2020;10: e3722.

 22. McFadden GI, Yeh E. The apicoplast: now you see it, now you don’t. Int J 
Parasitol. 2017;47:137–44.

 23. Mikolajczak SA, Vaughan AM, Kangwanrangsan N, Roobsoong W, 
Fishbaugher M, Yimamnuaychok N, et al. Plasmodium vivax liver stage 
development and hypnozoite persistence in human liver-chimeric mice. 
Cell Host Microbe. 2015;17:526–35.

 24. Sylvester K, Maher SP, Posfai D, Tran MK, Crawford MC, Vantaux A, et al. 
Characterization of the tubovesicular network in Plasmodium vivax liver 
stage hypnozoites and schizonts. Front Cell Infect Microbiol. 2021;11: 
687019.

 25. Stanway RR, Mueller N, Zobiak B, Graewe S, Froehlke U, Zessin PJ, et al. 
Organelle segregation into Plasmodium liver stage merozoites. Cell 
Microbiol. 2011;13:1768–82.

 26. Deschermeier C, Hecht LS, Bach F, Rutzel K, Stanway RR, Nagel A, et al. 
Mitochondrial lipoic acid scavenging is essential for Plasmodium berghei 
liver stage development. Cell Microbiol. 2012;14:416–30.

 27. Vijayan K, Arang N, Wei L, Morrison R, Geiger R, Parks KR, et al. A genome-
wide CRISPR-Cas9 screen identifies CENPJ as a host regulator of altered 
microtubule organization during Plasmodium liver infection. Cell Chem 
Biol. 2022;29(1419–33): e5.

 28. De Niz M, Caldelari R, Kaiser G, Zuber B, Heo WD, Heussler VT, et al. Hijack-
ing of the host cell golgi by Plasmodium berghei liver stage parasites. J 
Cell Sci. 2021. https:// doi. org/ 10. 1242/ jcs. 252213.

 29. Kaushansky A, Metzger PG, Douglass AN, Mikolajczak SA, Lakshmanan 
V, Kain HS, et al. Malaria parasite liver stages render host hepatocytes 
susceptible to mitochondria-initiated apoptosis. Cell Death Dis. 2013;4: 
e762.

 30. Liehl P, Zuzarte-Luis V, Chan J, Zillinger T, Baptista F, Carapau D, et al. Host-
cell sensors for Plasmodium activate innate immunity against liver-stage 
infection. Nat Med. 2014;20:47–53.

 31. Mills EL, Kelly B, O’Neill LAJ. Mitochondria are the powerhouses of immu-
nity. Nat Immunol. 2017;18:488–98.

 32. Grattagliano I, Russmann S, Diogo C, Bonfrate L, Oliveira PJ, Wang 
DQ, et al. Mitochondria in chronic liver disease. Curr Drug Targets. 
2011;12:879–93.

 33. Shang Y, Li Z, Cai P, Li W, Xu Y, Zhao Y, et al. Megamitochondria plastic-
ity: function transition from adaption to disease. Mitochondrion. 
2023;71:64–75.

 34. Arismendi-Morillo G. Electron microscopy morphology of the mitochon-
drial network in human cancer. Int J Biochem Cell Biol. 2009;41:2062–8.

 35. Rabiablok A, Hanboonkunupakarn B, Tuentam K, Fongsodsri K, Kanjanap-
ruthipong T, Ampawong S. High-dose primaquine induces proximal 
tubular degeneration and ventricular cardiomyopathy linked to host cells 
mitochondrial dysregulation. Toxics. 2023;11:146.

 36. Laleve A, Vallieres C, Golinelli-Cohen MP, Bouton C, Song Z, Pawlik G, et al. 
The antimalarial drug primaquine targets Fe-S cluster proteins and yeast 
respiratory growth. Redox Biol. 2016;7:21–9.

 37. Titze B, Genoud C. Volume scanning electron microscopy for imaging 
biological ultrastructure. Biol Cell. 2016;108:307–23.

 38. Varsano N, Wolf SG. Electron microscopy of cellular ultrastructure in three 
dimensions. Curr Opin Struct Biol. 2022;76: 102444.

 39. Weiner A, Enninga J. The Pathogen-host interface in three dimensions: 
correlative FIB/SEM applications. Trends Microbiol. 2019;27:426–39.

 40. Rudlaff RM, Kraemer S, Marshman J, Dvorin JD. Three-dimensional ultras-
tructure of Plasmodium falciparum throughout cytokinesis. PLoS Pathog. 
2020;16: e1008587.

 41. Liffner B, Absalon S. Expansion microscopy of apicomplexan parasites. 
Mol Microbiol. 2023. https:// doi. org/ 10. 1111/ mmi. 15135.

 42. Liffner B, Cepeda Diaz AK, Blauwkamp J, Anaguano D, Frolich S, Muralid-
haran V, et al. Atlas of Plasmodium falciparum intraerythrocytic develop-
ment using expansion microscopy. Elife. 2023. https:// doi. org/ 10. 7554/ 
eLife. 88088.3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.parint.2022.102589
https://doi.org/10.1016/j.parint.2022.102589
https://doi.org/10.1371/journal.pone.0054888
https://doi.org/10.1371/journal.pone.0054888
https://doi.org/10.3389/fcimb.2020.606033
https://doi.org/10.3389/fcimb.2020.606033
https://doi.org/10.1101/2023.01.31.526483
https://doi.org/10.1101/2023.01.31.526483
https://doi.org/10.1242/jcs.252213
https://doi.org/10.1111/mmi.15135
https://doi.org/10.7554/eLife.88088.3
https://doi.org/10.7554/eLife.88088.3

	Correlative light-electron microscopy methods to characterize the ultrastructural features of the replicative and dormant liver stages of Plasmodium parasites
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Cell lines and primary hepatocytes
	Infection of Huh7 cells with P. berghei
	Infection of primary hepatocytes with P. cynomolgi
	Light and fluorescent imaging for GFP-CLEM
	Immunostaining protocol and light and fluorescent imaging for IFA-CLEM
	Preparation of samples for CLEM and TEM imaging
	Results
	Imaging of P. berghei liver stages using GFP-CLEM

	Imaging of P. berghei liver stages using IFA-CLEM
	Imaging of P. cynomolgi liver stage schizonts using IFA-CLEM
	Imaging of P. cynomolgi hypnozoites using IFA-CLEM
	Discussion
	Conclusions
	Acknowledgements
	References


