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ABSTRACT Ben Liffner studies the cell biology of apicomplexan parasites. In this
mSphere of Influence article, he reflects on two key papers: “Three-dimensional
ultrastructure of Plasmodium falciparum throughout cytokinesis” by R. M. Rudlaff,
S. Kraemer, J. Marshman, J. D. Dvorin, et al. (PLoS Pathog 16:21008587, 2020,
https://doi.org/10.1371/journal.ppat.1008587) and “Expansion microscopy provides new
insights into the cytoskeleton of malaria parasites including the conservation of a
conoid” by E. Bertiaux, A. C. Balestra, L. Bournonville, V. Louvel, et al. (PLoS Biol
19:23001020, 2021, https://doi.org/10.1371/journal.pbio.3001020). These two studies
provided Ben with the conceptual framework to understand how parasites are organized
in three dimensions, and the technique of ultrastructure expansion microscopy that he
has since used to investigate this intriguing area of biology.

KEYWORDS expansion microscopy, Plasmodium, apicomplexan parasites, electron
microscopy

S ingle-celled apicomplexan parasites have to grow, replicate, and divide all of the
organelles of a eukaryotic cell all while being a tiny fraction of the size of most
other eukaryotes. For example, a merozoite, the red blood cell invasive stage of
the malaria parasite Plasmodium falciparum, contains a nucleus, Golgi, endoplasmic
reticulum, mitochondrion, and a range of other organelles, but packages it all into a
cell with a diameter only slightly longer than a single Escherichia coli bacterium. With all
the complexity of eukaryotic cell packaged into a tiny volume, it has historically been
very challenging to interrogate the cell biology of malaria parasites using conventional
light microscopy. This article discusses two studies: “Three-dimensional ultrastructure
of Plasmodium falciparum throughout cytokinesis” by Rudlaff et al. (1) and “Expansion
microscopy provides new insight into the cytoskeleton of malaria parasites, including the
preservation of a conoid” by Bertiaux and Balestra et al. (2), which utilized innovative
microscopy approaches to enable new understanding of malaria parasite cell biology.
These studies have had a profound influence on my science, both conceptually and
technically, fundamentally changing the questions we can both ask and answer about
parasite cell biology.

Both studies conceptually take a similar approach, recognizing the difficulty of
imaging malaria parasites by conventional light microscopy. Instead, they ask: what
can be learned about malaria parasite biology by applying advanced imaging modali-
ties? Rudlaff et al. employ focused ion beam scanning electron microscopy (FIB-SEM)
that involves serially milling and imaging of a sample to generate a high-resolution
(~10 nm, xyz) three-dimensional reconstruction (1, 3). Utilizing FIB-SEM, Rudlaff et al.
imaged asexual blood-stage malaria parasites as they underwent cell division (termed
segmentation) (1). In doing so, the authors uncovered key insights into the processes
of nuclear fission (karyokinesis), organelle biogenesis (rhoptries), and organelle fission
(mitochondria and apicoplast) among others (1). More importantly, though in my
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opinion, the authors captured high-resolution holistic snapshots of parasites that reveal
an unbiased view of a whole range of parasite organelles and structures in a near-native
context. Bertiaux and Balestra et al. applied a technique called ultrastructure-expansion
microscopy (U-ExM) to malaria parasites for the first time (2). U-ExM results in the
physical expansion of the parasites ~4.5-fold while preserving parasite ultrastructure
(4), effectively providing the equivalent of a 4.5-fold increase in image resolution. After
developing U-ExM for malaria parasites, Bertiaux and Balestra et al. utilized the techni-
que to study the parasite cytoskeleton in a number of different lifecycle stages. Most
notably, the authors identified an “apical tubulin ring” in ookinetes, a motile lifecycle
stage inside the mosquito midgut. The authors went on to show that this structure
represented a conoid, a structure present in other apicomplexan parasites but previously
thought to be absent in malaria parasites. During their characterization of the ookinete
conoid, the authors made use of N-hydroxysuccinimide ester (NHS ester) fluorescent
dyes, which promiscuously bind proteins and enable the visualization of a range of
parasite structures without the need for protein-specific antibodies. Subsequently, NHS
ester has been adopted widely to visualize a range of structures within malaria parasites
for which antibodies do not exist or are not commercially available (5-7).

Both studies were published in mid-2020 (as a preprint [2]) in the final few months
of my PhD, a time when | was contemplating what was next for me. As much of my
research was based on microscopy, | had spent a lot of time thinking about how malaria
parasites looked, but until reading the study by Rudlaff et al. (1), it was as if my vision
had been blurred. All of a sudden, | had a clear mental picture of how malaria parasites
were organized in three dimensions, and alongside that, a swathe of new biological
questions | wanted to answer. But FIB-SEM is technically challenging, low throughput,
and a technique | had no experience with. Expansion microscopy has been around in
various forms since 2015 (8), but it was a technique | was unaware of until ultrastructure-
expansion microscopy was first applied to Toxoplasma gondii (9). From this, | realized
that U-ExM might be a useful technique for me but due to my lack of familiarity with
Toxoplasma at the time, | failed to recognize the power of the technique. From the first
figure in the Bertiaux and Balestra et al. study (2), however, it was clear to me that
U-ExM was a game changer. Previously non-descript fluorescent dots reveal themselves
as highly intricate biological structures. By combining the conceptual insights provided
by Rudlaff et al. with the U-ExM applied by Bertiaux and Balestra et al. (2), | now had the
biological questions | wanted to tackle and the technique to make it happen.

While FIB-SEM has been an extraordinarily useful tool in understanding malaria
parasite cell biology, only a small number of studies have utilized this technique since
the publication of Rudlaff et al. (1) in 2020. These studies have investigated lipid droplets
and organelle fission in asexual blood-stage parasites (10, 11), nuclear and cell division
in oocysts (12), and developed a comprehensive ultrastructural map of gametocytes (13).
By contrast, U-ExM has found widespread use among the malaria community being used
in at least 40 studies since the publication of the Bertiaux et al. paper. These studies have
used U-ExM on P. falciparum, Plasmodium berghei (14), and Plasmodium yoelii (15) and
covered nearly every lifecycle stage, including imaging oocysts and sporozoites in their
mosquito host in situ (16). This application of U-ExM to malaria parasites has been used
to investigate biological processes as broad as host cell invasion (6), organelle fission (7),
endocytosis (17), mitosis (18), organelle biogenesis (7), and cell division (19), highlighting
the utility of this technique for interrogating all aspects of parasite cell biology. With the
application of FIB-SEM to different parasite lifecycle stages and ongoing development of
expansion microscopy protocols, it is clear that these techniques are here to stay and will
continue to shape our understanding of the unique and intricate cell biology of malaria
parasites.

AUTHOR AFFILIATIONS

'School of Biological Sciences, Faculty of Science, Engineering, & Technology, University
of Adelaide, Adelaide, South Australia, Australia

March 2025 Volume 10  Issue 3

mSphere

10.1128/msphere.00043-25 2


https://doi.org/10.1128/msphere.00043-25

Commentary

mSphere

?Institute for Photonics and Advanced Sensing (IPAS), University of Adelaide, Adelaide,
South Australia, Australia

AUTHOR ORCIDs

Benjamin Liffner (& http://orcid.org/0000-0002-1573-6139

AUTHOR CONTRIBUTIONS

Benjamin Liffner, Conceptualization, Writing - original draft, Writing — review and editing

REFERENCES

1.

March 2025 Volume 10

Rudlaff RM, Kraemer S, Marshman J, Dvorin JD. 2020. Three-dimensional
ultrastructure of Plasmodium falciparum throughout cytokinesis. PLoS
Pathog 16:21008587. https://doi.org/10.1371/journal.ppat.1008587
Bertiaux E, Balestra AC, Bournonville L, Louvel V, Maco B, Soldati-Favre D,
Brochet M, Guichard P, Hamel V. 2021. Expansion microscopy provides
new insights into the cytoskeleton of malaria parasites including the
conservation of a conoid. PLoS Biol 19:e3001020. https://doi.org/10.1371
/journal.pbio.3001020

Kizilyaprak C, Bittermann AG, Daraspe J, Humbel BM. 2014. FIB-SEM
tomography in biology. Methods Mol Biol 1117:541-558. https://doi.org/
10.1007/978-1-62703-776-1_24

Gambarotto D, Zwettler FU, Le Guennec M, Schmidt-Cernohorska M,
Fortun D, Borgers S, Heine J, Schloetel JG, Reuss M, Unser M, Boyden ES,
Sauer M, Hamel V, Guichard P. 2019. Imaging cellular ultrastructures
using expansion microscopy (U-ExM). Nat Methods 16:71-74. https://doi
.0org/10.1038/541592-018-0238-1

Li J, Shami GJ, Liffner B, Cho E, Braet F, Duraisingh MT, Absalon S, Dixon
MWA, Tilley L. 2024. Disruption of Plasmodium falciparum kinetochore
proteins destabilises the nexus between the centrosome equivalent and
the mitotic apparatus. Nat Commun 15:5794. https://doi.org/10.1038/s4
1467-024-50167-6

Anaguano D, Adewale-Fasoro O, Vick GW, Yanik S, Blauwkamp J, Fierro
MA, Absalon S, Srinivasan P, Muralidharan V. 2024. Plasmodium RON11
triggers biogenesis of the merozoite rhoptry pair and is essential for
erythrocyte invasion. PLoS Biol 22:23002801. https://doi.org/10.1371/jou
rnal.pbio.3002801

Liffner B, Cepeda Diaz AK, Blauwkamp J, Anaguano D, Frélich S,
Muralidharan V, Wilson DW, Dvorin J, Absalon S. 2023. Atlas of
Plasmodium falciparum intraerythrocytic development using expansion
microscopy. eLife:12:RP88088. https://doi.org/10.7554/eLife.88088.3
Chen F, Tillberg PW, Boyden ES. 2015. Expansion microscopy. Science
347:543-548. https://doi.org/10.1126/science.1260088

Tosetti N, Dos Santos Pacheco N, Bertiaux E, Maco B, Bournonville L,
Hamel V, Guichard P, Soldati-Favre D. 2020. Essential function of the
alveolin network in the subpellicular microtubules and conoid assembly
in Toxoplasma gondii eLife 9:e56635. https://doi.org/10.7554/eLife.56635
Lee J, Matuschewski K, van Dooren G, Maier AG, Rug M. 2024. Lipid
droplet dynamics are essential for the development of the malaria
parasite Plasmodium falciparum. J Cell Sci 137:jcs262162. https://doi.org/
10.1242/jcs.262162

Issue 3

1.

12.

13.

14.

15.

16.

17.

18.

19.

Verhoef JMJ, Boshoven C, Evers F, Akkerman LJ, Gijsbrechts BCA, van de
Vegte-Bolmer M, van Gemert G-J, Vaidya AB, Kooij TWA. 2024. Detailing
organelle division and segregation in Plasmodium falciparum. J Cell Biol
223:202406064. https://doi.org/10.1083/jcb.202406064

Araki T, Kawai S, Kakuta S, Kobayashi H, Umeki Y, Saito-Nakano Y, Sasaki
T, Nagamune K, Yasutomi Y, Nozaki T, Franke-Fayard B, Khan SM, Hisaeda
H, Annoura T. 2020. Three-dimensional electron microscopy analysis
reveals endopolygeny-like nuclear architecture segregation in
Plasmodium oocyst development. Parasitol Int 76:102034. https://doi.org
/10.1016/j.parint.2019.102034

Evers F, Roverts R, Boshoven C, Kea-Te Lindert M, Verhoef JMJ,
Sommerdijk N, Sinden RE, Akiva A, Kooij TWA. 2025. Comparative 3D
ultrastructure of Plasmodium falciparum gametocytes. Nat Commun
16:69. https://doi.org/10.1038/541467-024-55413-5

Blauwkamp JA, Ambekar SV, Hussain T, Mair GR, Beck JR, Absalon S.
2024. Nuclear pore complexes undergo Nup221 exchange during blood-
stage asexual replication of Plasmodium parasites. mSphere
9:e00750-24. https://doi.org/10.1128/msphere.00750-24

Liu B, Liu C, Li Z, Liu W, Cui H, Yuan J. 2024. A subpellicular microtubule
dynein transport machinery regulates ookinete morphogenesis for
mosquito transmission of Plasmodium yoelii. Nat Commun 15:8590. http
s://doi.org/10.1038/541467-024-52970-7

Liffner B, Silva TLA e, Vega-Rodriguez J, Absalon S. 2024. Mosquito tissue
ultrastructure-expansion microscopy (MoTissU-ExM) enables ultrastruc-
tural and anatomical analysis of malaria parasites and their mosquito.
BMC Methods 1:13. https://doi.org/10.1186/544330-024-00013-4

Ullah |, Farringer MA, Burkhard AY, Hathaway E, Khushu M, Willett BC,
Shin SH, Sharma Al, Martin MC, Shao KL, Dvorin JD, Hartl DL, Volkman
SK, Bopp S, Absalon S, Wirth DF. 2024. Artemisinin resistance mutations
in Pfcoronin impede hemoglobin uptake. bioRxiv:2023.12.22.572193. htt
ps://doi.org/10.1101/2023.12.22.572193

Simon CS, Funaya C, Bauer J, VoB Y, Machado M, Penning A, Klaschka D,
Cyrklaff M, Kim J, Ganter M, Guizetti J. 2021. An extended DNA-free
intranuclear compartment organizes centrosome microtubules in
malaria parasites. Life Sci Alliance 4:€202101199. https://doi.org/10.2650
8/1sa.202101199

Cepeda Diaz AK, Rudlaff RM, Farringer M, Dvorin JD. 2023. Essential
function of alveolin PAMC1g in the Plasmodium falciparum asexual
blood stage. mBio 14:e01507-23. https://doi.org/10.1128/mbio.01507-23

10.1128/msphere.00043-25 3


https://doi.org/10.1371/journal.ppat.1008587
https://doi.org/10.1371/journal.pbio.3001020
https://doi.org/10.1007/978-1-62703-776-1_24
https://doi.org/10.1038/s41592-018-0238-1
https://doi.org/10.1038/s41467-024-50167-6
https://doi.org/10.1371/journal.pbio.3002801
https://doi.org/10.7554/eLife.88088.3
https://doi.org/10.1126/science.1260088
https://doi.org/10.7554/eLife.56635
https://doi.org/10.1242/jcs.262162
https://doi.org/10.1083/jcb.202406064
https://doi.org/10.1016/j.parint.2019.102034
https://doi.org/10.1038/s41467-024-55413-5
https://doi.org/10.1128/msphere.00750-24
https://doi.org/10.1038/s41467-024-52970-7
https://doi.org/10.1186/s44330-024-00013-4
https://doi.org/10.1101/2023.12.22.572193
https://doi.org/10.26508/lsa.202101199
https://doi.org/10.1128/mbio.01507-23
https://doi.org/10.1128/msphere.00043-25

Commentary

AUTHOR BIO

Benjamin Liffner is a senior research
associate at the University of Adelaide,
where he is establishing an independent
research group studying the fascinating
cell biology of apicomplexan parasites
Plasmodium and Cryptosporidium. Ben’s
research has spanned multiple aspects
of parasite biology, including host cell
invasion, organelle biogenesis, mitosis,
and organelle fission, which are all tethered together under
the broader umbrella of cellular organization. Underpinning his
research into parasite cell biology has been the application and
development of cutting-edge light microscopy tools. Recently,
Ben’s research has been propelled using ultrastructure-expansion
microscopy, a microscopy technique that is revolutionizing our
understanding of parasite cell biology.

March 2025 Volume 10  Issue 3

mSphere

10.1128/msphere.00043-25 4


https://doi.org/10.1128/msphere.00043-25

	mSphere of Influence: The ever-expanding universe of parasite cell biology

