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Abstract

Malaria continues to pose a serious global health threat, with rising drug resistance making treatment more difficult. Con-
sequently, Plasmodium yoelii, a rodent malaria parasite, has become an invaluable model for studying the malaria parasite’s
complex biology, particularly host-parasite interactions and drug resistance mechanisms. Originating from African rodents,
P. yoelii presents unique genetic diversity, mirroring critical aspects of human malaria and allowing for detailed research
on the parasite’s pre-erythrocytic and erythrocytic stages. This review introduces a novel perspective by comprehensively
examining P. yoelii from multiple angles, including its origin, genetic composition, and contributions to vaccine development
and drug efficacy studies. It highlights the significance of P. yoelii, revealing new insights into immune evasion, pathogenesis,
and disease severity, which are critical for developing future malaria interventions. Furthermore, this review addresses the
challenges associated with P. yoelii as a model, such as differences in host immune responses between rodents and humans.
Despite these hurdles, the research using P. yoelii offers promising directions for combating malaria. This novel synthesis
of P. yoelii studies underscores its essential role in advancing malaria research, particularly in understanding drug resistance
and uncovering potential therapeutic and vaccine targets.
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Introduction

Malaria is a global health problem that causes a high rate
of morbidity and death, especially in pregnant women and
young children [1]. It is known that Plasmodium genus
protozoan parasites cause this disease, and the female
mosquitoes (Plasmodium falciparum) are the primary
transmission vector [2], especially in sub-Saharan Africa,
where it is responsible for most severe cases and deaths
[3]. Unfortunately, drug-resistant Plasmodium strains and
shifting ecological factors continue to make control efforts
more difficult despite continuous international efforts to
combat malaria, which include the use of antimalarial
medications and vector control techniques [4]. This under-
scores the need for novel approaches to malaria research.

Consequently, P. yoelii is a parasite that causes malaria
in rodents, and it has become crucial to this knowledge
because it has become a model organism for research-
ing the intricate life cycle, immunological reactions, and
pathophysiology of malaria [5]. P. yoelii was first isolated
from wild rodents in Africa and is now a valuable model
for investigating malaria parasite growth in liver cells and
vectors [6]. This is mainly because of its unique features,
including its shorter life cycle, well-characterised genetic
background, and the capacity to conduct studies impracti-
cal in human-infecting species[5, 6]. Thus, understanding
malaria biology, host-parasite interactions, and the pro-
cesses causing medication resistance has been improved
due to research employing P. yoelii as a research model.

This review explores the multifaceted role of P. yoe-
lii in malaria research, covering its origins, genetic com-
position, host-parasite interactions, and contributions
to vaccine and drug development. It also emphasises P.
yoelii’s vital function as a model for furthering malaria
research and creating cutting-edge preventative and treat-
ment methods by combining these elements. By examin-
ing the challenges and advancements in understanding this
model organism, we aim to effectively enhance strategies
for combating malaria.

The origins of Plasmodium yoelii reveals its
foundational role in malaria research

Plasmodium yoelii’s history dates to 1948 when Dr David
Walliker and Dr Richard Carter of the University of Edin-
burgh identified P. yoelii, the first rodent malaria parasite,
from an African thicket rat (Grammomys surdaster) in the
Democratic Republic of the Congo’s Kisanga province.
This research established the rodent-to-mosquito life-
cycle of P. yoelii when its sporozoites were effectively
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transferred to white mice by Anopheles mosquitoes [7].
However, over the next two decades, additional rodent
malaria parasites were discovered across Africa. Plas-
modium species and subspecies were found in various
nations, according to [7], which depicts the geographic
distribution and variety of rodent malaria parasites across
Africa. P. yoelii nigeriensis and P. vinckei brucechwatti
have been found in Nigeria, whilst P. yoelii cameronensis,
P. vinckei baforti, and P. chabaudi esakensis are found in
Cameroon. The species P. chabaudi adami, P. vinckei len-
tum, and P. yoelii killicki are found in Brazzaville, Repub-
lic of Congo. Similarly, P. chabaudi chabaudi, P. vinckei
petteri, and P. yoelii yoelii were found in the Central Afri-
can Republic. Finally, P. vinckei vinckei and P. berghei spp
were found in the Democratic Republic of Congo.

Thus, the identification of P. vinckei in 1952, and 1966,
P. yoelii yoelii was isolated from Thamnomys rutilans in
West and Central Africa and was later renamed P. yoelii
in honour of Professor Meir Yoeli, who developed the P.
yoelii’s cyclical transmission techniques [8]. This species
was further classified into three subspecies: P. yoelii yoelii,
P. yoelii killicki, and P. yoelii nigeriensis, based on distinct
geographical distributions and enzyme profiles [9]. How-
ever, the known vector for P. vivax, the female Anopheles
mosquito, is thought to be a possible carrier for P. yoelii
transmission, even though the natural vectors of the parasite
are yet unknown [5].

Interestingly, the 1970s saw a turning point in categoris-
ing P. yoelii based on the research on isoenzyme variation,
revealing the genetic differences among rodent malaria spe-
cies [7]. Furthermore, the pathophysiology of malaria has
been greatly aided by rodent malaria parasites, particularly
in the study of sporozoite movement and the formation of
the pre-erythrocytic stage in hepatocytes. Effective separa-
tion of liver stage-infected hepatocytes from the mouse host
was made possible by the availability of P. yoelii expressing
GFP, which offers information on the transcriptome and pro-
teomic profiles of the liver stage development [10].

Lastly, using electrophoresis, researchers evaluated the
genetic diversity of P. yoelii and its subspecies. Changes
in enzyme activity established the taxonomic framework
that allowed for the efficient study of P. yoelii and revealed
information about the evolutionary connections between the
isolates [2]. This basis allowed scientists to use P. yoelii as
a model organism to study drug resistance mechanisms and
host-parasite interactions, among other aspects of malaria
biology. P. yoelii was a vital tool for investigating the intrica-
cies of malaria pathophysiology and its resilience to labora-
tory settings, making it a reliable research model.
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Table 1 Taxonomy of Plasmodium yoelii. Source: [11]

Classification Level Taxonomic Rank

Domain Eukarya

Kingdom Plantae

Phylum Apicomplexa

Class Aconoidasida

Order Haemosporida
Family Plasmodiidae

Genus Plasmodium
Subgenus Vinckeia

Species Plasmodium yoelii
Subspecies Plasmodium yoelii 17

Plasmodium yoelii 17X
Plasmodium yoelii killicki
Plasmodium yoelii nigeriensis
Plasmodium yoelii YM
Plasmodium yoelii yoelii

There are six known subspecies of P. yoelii in the NCBI database that
exist [11]. Moreover, each has distinctive characteristics that add vari-
ety and importance to malaria research, as shown in Table 2

Exploring the diversity: classification
and subspecies of Plasmodium yoelii

Precise classification is essential in malaria research to iden-
tify different species and their subspecies, which might differ
significantly in pathogenicity, host interactions, and ecologi-
cal adaptations. Six known subspecies of P. yoelii, each with
distinct traits and contributions to malaria research, make up
the taxonomy of this very noteworthy parasite. Table 1 gives
an outline of P. yoelii’s taxonomy.

Genetic composition of Plasmodium yoelii
unravels its infection dynamics

Plasmodium yoelii, like its closely related species P. berghei
and P. chabaudi, displays many behaviours and genotypes
that make it a model organism in malaria research [18]. Dis-
tinct physical and developmental characteristics enable the
P. yoelii group of parasites to be easily distinguished from
the P. berghei group. For instance, the 14 chromosomes
around the 21.9 Mb haploid genome of P. yoelii are similar
to other malaria parasites infecting humans and rodents [48].
In comparison, the genome of P. yoelii nigeriensis N67 is
somewhat smaller at about 21.3 Mb, with 5383 predicted
genes and 121 contigs with around one SNP every 50 bp
sequence, strains like P. yoelii YM/17X and P. yoelii. nige-
riensis N67 vary significantly in their genomes. Only eight
genes separate the genomes of the P. yoelii —yoelii YM and
17X strains, which are otherwise almost similar [19]. Vari-
able gene families, such as the yir and fam gene families,

Table 2 Distinctive characteristics and research importance of Plasmodium yoelii subspecies

References

Importance in Malaria Research

Distinctive Characteristics

Subspecies

[12]

It is a reference strain in many experimental studies and is often used for

The original research strain has mild virulence

Plasmodium yoelii 17

baseline comparisons

[13]

Utilised to study immune responses and host—pathogen interactions,

Clonal line derived from P. yoeliil 7, non-lethal strain

Plasmodium yoelii 17X

especially in cases of non-lethal infections. Provides insight into the

dynamics of chronic and mild malaria infections

[14]

It is essential to study genetic diversity within P. yoelii subspecies and

Found in rodent hosts in Central Africa, it exhibits moderate genetic

Plasmodium yoelii killicki

their adaptation to different rodent hosts

variation compared to other strains

[15]

It is crucial for understanding genetic factors that drive virulence and the

Plasmodium yoelii nigeriensis Displays significant genetic variation from other P. yoelii strains, highly

development of drug resistance. Its genomic diversity makes it a key

target for comparative genomic studies

virulent

[16]

Key for studying mechanisms of severe malaria, including immune eva-

A lethal strain, fast-replicating with high virulence, is often used in

Plasmodium yoelii YM

sion, parasite growth, and host mortality. Frequently used in vaccine

development and drug efficacy studies due to its lethal nature

experimental studies involving severe malaria

[17]

It provides a model for genetic studies and gene editing, allowing

Includes both lethal and non-lethal strains; known for genetic stability

Plasmodium yoelii yoelii

researchers to study both mild and severe malaria phenotypes

and reproducibility in research

This table highlights the diversity within Plasmodium yoelii subspecies, each playing a crucial role in malaria research, particularly in understanding parasite genetics, virulence, and treatment

responses

@ Springer
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are responsible for this genome variety and help explain
the parasite’s virulence and growth flexibility [48]. Thus,
genome sequencing and annotation of P. yoelii strains have
made it possible to understand genetic variation and enhance
functional studies, particularly those examining malaria
pathogenesis and host-parasite interactions.

Moreover, P. yoelii selectively invades both mature and
immature erythrocytes and is known to cause synchronous
blood-stage infections. It usually generates an average of
6-8 merozoites per schizont. P. yoelii expressing GFP made
it possible to isolate liver stage-infected hepatocytes from
the rodent host with efficiency, which offers information on
the transcriptome and proteomic profiles of the liver stage
development [10].

Although several P. yoelii subspecies have similar physi-
cal traits, and isolates might differ significantly in terms
of virulence and infection history [20]. Variations in par-
asitemia levels and host responses reported in laboratory
investigations demonstrate the genetic heterogeneity within
the P. yoelii population; this could be due to variations
depending on the environment, especially temperature,
which influences the mosquito vector’s pace of growth [21].

Furthermore, significant isoenzyme differences across
isolates were found in early investigations of the P. yoelii
genetic variety, suggesting a degree of genetic variability
that molecular methods have now validated [22]. The genetic
diversity of the P. yoelii genome has been highlighted by
the discovery of thousands of single nucleotide polymor-
phisms (SNPs) in recent genomic investigations [23]. With
distinct genetic markers that might affect host interactions
and treatment responses, P. yoelii exhibits significant diver-
gence from its closest relatives. The evolutionary dynam-
ics of P. yoelii are influenced by structural differences and
synteny modifications found in its genome [24]. P. yoelii is
now a crucial model for researching malaria biology since
its whole genome sequencing studies have identified specific
gene families linked to virulence and immune evasion tactics
[19]. These discoveries open up new study possibilities for
comprehending the intricacies of malaria pathophysiology
and resistance mechanisms and clarifying the genetic land-
scape of P. yoelii.

Life stages of Plasmodium yoelii:
pre-erythrocytic and erythrocytic research

Plasmodium yoelii serves as an essential model for studying
both the pre-erythrocytic and erythrocytic stages of malaria
infection, providing valuable insights into the parasite’s
complex life cycle (Fig. 1) [25, 26]. Understanding these
stages is crucial for developing targeted interventions to
interrupt the parasite’s development and improve treatment
strategies [27].
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Figure 1 shows the Plasmodium yoelii life cycle with
important stages in the rodent and mosquito host. It shows
the liver stage (infection of the hepatocyte), blood stage (rep-
lication of the merozoite), and mosquito stage (sporogony),
marking parasite development and transmission between the
hosts. The life cycle of P. yoelii stages is quite different from
other Plasmodium parasites, such as P. berghei, P. falcipa-
rum, and P. vivax and will affect their applications in model
studies. The mosquito stage of P. yoelii requires about 10-14
days to mature into sporozoites, as it also does in P. berghei,
but less than that of P. falciparum (14-16 days). The P. yoelii
liver cycle takes 40—48 h to complete, as does P. berghei, but
significantly more quickly than P. vivax (6-8 days). The P.
yoelii erythrocyte cycle is recycled every 24 h, compared to
P. falciparum (48 h) and P. malariae (72 h). Each of these
variations affects disease severity, host immune response,
and drug sensitivity among species.

In the pre-erythrocytic stage, P. yoelii sporozoites are
injected into the host during a mosquito’s blood meal.
Once in the liver, these sporozoites invade hepatocytes and
undergo asexual replication, eventually forming schizonts
that release merozoites into the bloodstream [28]. Research
has demonstrated that studying this phase using P. yoelii
can reveal mechanisms of liver-stage infection and host
immune responses. For instance, it has been shown that
vaccination with irradiated sporozoites can confer protec-
tion by prompting robust immune responses that target
liver-stage antigens, which could lead to new strategies
for preventing malaria before it spreads to the bloodstream
[29]. Additionally, according to a study on the comparative
transcriptional analysis of pre-erythrocytic stages, including
radiation-attenuated sporozoites (RAS), wild-type sporozo-
ites (wtSPZ), and liver-stage parasites (24-h and 48-h stages
post-infection). The study revealed over 1100 Plasmodium
genes with differential expression compared to the mixed
blood stages. As the parasite progressed from the sporozoite
to the liver stage, its transcriptional profile became increas-
ingly similar to the blood-stage parasites. Notably, the gene
expression patterns between RAS and wtSPZ were nearly
identical, with the most significant differences occurring
between sporozoites and liver-stage parasites. These find-
ings may lead to the discovery of novel drug and vaccine
targets by further characterising the biological mechanisms
of the pre-erythrocytic stages [25].

Whereas, in the erythrocytic stage, the released merozoites
invade red blood cells, leading to the clinical manifestations
of malaria. This stage is critical for understanding disease
pathology and the immune response to malaria [30]. Using P.
yoelii, researchers have investigated how the immune system
responds to blood-stage infections, identifying key antigens
and understanding parasitemia dynamics. Howells et al. [31],
compared the sensitivities of pre-erythrocytic and erythrocytic
stages of drug-sensitive and drug-resistant strains of P yoelii to
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Fig. 1 The life cycle of P. yoelii
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cycloguanil and pyrimethamine. In both strains, the pre-eryth-
rocytic stages showed higher sensitivity to these drugs than
the erythrocytic stages. In the drug-resistant strain, resistance
in erythrocytic stages was mirrored by a decreased sensitivity
in the pre-erythrocytic stages. These studies have shown that
targeting the erythrocytic stage can lead to effective treatments
that disrupt parasite growth and reduce the severity of disease
symptoms.

Overall, the ability to study both the pre-erythrocytic and
erythrocytic stages of malaria infection in P. yoelii enhances
our understanding of the parasite’s life cycle and informs the
development of interventions that can effectively target differ-
ent stages. This research is vital for devising comprehensive
strategies for optimal drug timing for malaria treatment. This
understanding will help customise treatment plans, improving
therapeutic outcomes and reducing resistance risks by target-
ing parasites during their most susceptible stages.

\ Midgut

Ookinete

Understanding host-parasite interaction
studies with Plasmodium yoelii

Plasmodium yoelii has become a cornerstone for studying
host-parasite interactions in malaria research, shedding
light on the complex dynamics between the malaria para-
site and its rodent hosts [17, 19]. This model is beneficial
for understanding how the parasite invades red blood cells
and how it evades the host’s immune system during vari-
ous stages of infection [12, 14].

One of the critical research areas involves the mecha-
nisms by which P. yoelii merozoites invade erythrocytes
[12]. Studies have shown that the interaction between the
parasite’s surface proteins and receptors on red blood
cells is crucial for successful invasion [32]. For instance,
a study by Griiber et al. [33] highlighted that specific
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adhesins, like the reticulocyte-binding protein homolog,
play a significant role in this process. They confirmed that
the invasion of host red blood cells by P yoelii is a criti-
cal step for the parasite’s survival, and it presents a prime
target for antimalarial interventions. Their study identi-
fied the erythrocyte binding domain (EBD) of a reticu-
locyte binding protein, Py235, which directly binds to
red blood cells. Using small-angle X-ray scattering, they
were able to map the low-resolution structure of Py235’s
EBD. Structural conservation was noted compared to other
Plasmodium receptor binding domains, offering valuable
insights for developing strategies to block these essential
receptor-ligand interactions. This research demonstrated
that inhibiting these proteins could reduce the parasite’s
ability to attach to and invade erythrocytes, offering poten-
tial avenues for therapeutic interventions [33].

Additionally, P. yoelii provides insights into how the
parasite interacts with the host’s immune system through-
out the infection [34]. According to Peng et al., [26], a
novel role of P. yoelii erythrocyte-binding-like (EBL)
proteins in modulating host immune responses and influ-
encing disease severity was discovered. A specific amino
acid substitution (C741Y) in the PyEBL protein impacted
parasite growth, host survival, and the surface structure of
infected red blood cells (iIRBCs). This alteration increased
phosphatidylserine exposure, enhancing the phagocytosis
of iRBCs via the PS-CD36 pathway and triggering type I
interferon signalling and T-cell differentiation in the host.
While the mutation did not affect red blood cell invasion,
it provided valuable insights into host-parasite interactions
and potential disease control strategies.

Research has also shown that the immune response
can be protective and pathogenic, as influenced by the
parasite’s ability to modulate immune pathways [35]. For
instance, Azcérate et al. [21] studied a P yoelii mouse
model that mimics the heterogeneous nature of malaria
infection, offering insights into different immunological
outcomes. Three distinct disease stages were observed
in a non-congenic ICR strain: early fatal, late fatal, and
self-resolving infections. Mice with high parasitemia and
early death exhibited increased monocytes, dendritic cells,
immature B cells, and an early expansion of CD4 4+ CD25
high T cells expressing Foxp3. In contrast, survivors
demonstrated limited cytokine release and a stable innate
immune response. Long-term immunity in survivors was
marked by an expansion of activated T cells and class-
switched B cells, highlighting potential immune markers
for prognosis. Also, Orengo et al. [36] found that P. yoelii
can induce a robust inflammatory response by activating
dendritic cells and macrophages, which can contribute to
disease pathology. Understanding these immune responses
is crucial for developing effective vaccines and therapies.
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Lastly, the research involving P. yoelii helps clarify how
genetic variations in parasites and hosts affect susceptibility
to malaria [37]. Research on P. yoelii infections in inbred
and H-2 congenic mouse strains reveals that resistance
and susceptibility to malaria vary depending on the host’s
genetic background and the parasite strain. DBA/2 and B10.
D2 mice, resistant to non-lethal isolates, were highly suscep-
tible to lethal strains, while B6 and B10 mice showed the
opposite pattern. H-2 genes partly influence this resistance
reversal, but genes outside this complex also play a role.
Interestingly, a robust immune response in B6 mice was
linked to increased susceptibility, suggesting that immune
responses can drive vulnerability during early infection
stages rather than protection [37]. Thus, by studying differ-
ent strains of P. yoelii in various mouse models, scientists
can investigate the genetic factors that influence the out-
come of infection and host resistance mechanisms. Based on
this hypothesis, a comparative study revealed that specific
genetic backgrounds in mice could lead to different immune
responses to P. yoelii infection, influencing the severity of
the disease [38]. Therefore, P. yoelii is invaluable for investi-
gating host-parasite interactions, enhancing our understand-
ing of the invasion process and the host immune response.
This knowledge is crucial for developing new therapeutic
and preventive measures against malaria, ultimately con-
tributing to the global fight against this devastating disease.

Studying pathogenesis and disease severity
using Plasmodium yoelii

This variability of virulence of the different strains of P.
yoelii allows researchers to explore the intricate mechanisms
leading to severe malaria and understand the factors contrib-
uting to disease severity [39]. This is because they exhibit
distinct pathogenic profiles, which mimic the variability
seen in human malaria infections [40]. For instance, the P.
yoelii yoelii strain is known to cause more severe disease
than the less virulent P. yoelii nigeriensis [26]. This differ-
ential virulence provides an excellent model for investigating
how specific genetic and biological factors influence disease
outcomes.

Research by Omer et al. [41] found that the impact of
malaria infections depends significantly on where TGF-p is
produced and when. Mice infected with the nonlethal P. yoelii
strain (Py17X) start producing TGF-f five days after infec-
tion, which aligns with a drop in parasitemia and a decrease
in TNF-« levels, ultimately leading to recovery. In contrast,
the lethal strain (Py17XL) causes a spike in TGF-p within
24 h, impairing immune responses and resulting in 100%
mortality. Blocking early TGF-f production during Py17XL
infection triggers a rise in IL-10 while simultaneously block-
ing both TGF-f and IL-10R signalling increases TNF-a and
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IFN-y levels, allowing prolonged survival and infection reso-
lution in 40% of these mice. Notably, TGF-f can be triggered
from the splenocytes of infected mice in an antigen-specific
way. After stimulation with Py17X, TGF-f mainly comes
from CD25+ and CD8+cells, whereas Py17XL significantly
prompts TGF-f production from adherent cells. Mice vacci-
nated against Pyl17XL show reduced early TGF-f responses
and higher IFN-y and TNF-a levels, leading to quick resolution
of subsequent infections. This showed that the more virulent
strains induce higher levels of pro-inflammatory cytokines,
leading to severe immunopathology in infected hosts.

Furthermore, using P. yoelii in experimental models allows
scientists to dissect the molecular and cellular mechanisms
driving the disease [42]. Researchers can identify critical fac-
tors exacerbating malaria pathology by examining how differ-
ent strains interact with host immune responses. For example,
a study by Couper et al. [43] proposed that severe infections
from the lethal strain of P. yoelii (17XL) might result from an
insufficient inflammatory response. Their study compared the
adaptive CD4+ T-cell and innate immune responses between
the lethal strain (17XL) and the nonlethal strain (17X(NL)).
They found that during the initial 7 to 9 days, CD4+ T-cell
responses were similar for both strains. Interestingly,
RAG—/— mice controlled nonlethal infections as effectively
as wild-type mice, suggesting minimal involvement of T and
B cells. Depleting monocytes/macrophages also exacerbated
parasite growth, revealing an alternative pathway for effector
macrophage activation independent of IFN-y and NK cells.
This demonstrated that certain P. yoelii strains trigger a more
robust inflammatory response, contributing to increased para-
site burden and higher mortality rates [43]. These findings
underscore the importance of understanding host-parasite
interactions in the context of virulence.

Moreover, P. yoelii strains can be used to evaluate the
effects of genetic factors on disease severity. By performing
genetic crosses and creating hybrid strains, researchers can
pinpoint specific genes responsible for virulence [26]. This
approach was highlighted in a study by Su et al. [44]; the
authors identified several candidate genes linked to severe dis-
ease outcomes in mice infected with virulent P. yoelii strains.
Therefore, studying P yoelii provides crucial insights into
malaria’s pathogenesis and disease severity. By utilising strains
with varying virulence, researchers can unravel the complexi-
ties of malaria pathology, paving the way for targeted interven-
tions that may improve treatment and prevention strategies for
severe malaria in humans.

Testing drug efficacy and drug resistance
in Plasmodium yoelii

Due to the ability of P. yoelii to replicate the critical
aspects of malaria infections in humans, researchers have
found it invaluable in preclinical testing, i.e. evaluating
the efficacy of antimalarial drugs and screening new drug
candidates before advancing to human clinical trials. test-
ing [19, 28]. One key advantage of using P. yoelii is its
rapid assessment of drug efficacy; studies often employ
this model to screen new compounds against the parasite
swiftly. This efficient process is a testament to the mod-
el’s effectiveness in drug research. [45]. Several studies
often employ this model to rapidly screen new compounds
against the parasite. Research led by Srivastava et al. [46]
tested many compounds against P. yoelii and showed
promising results in inhibiting parasite growth, poten-
tially translating to effectiveness against human malaria.
This research demonstrated a link between in vitro and
in vivo antimalarial activity using MIC, IC50, and IC90
values against both chloroquine-sensitive (3D7) and chlo-
roquine-resistant (K1) strains of P. falciparum, as well as
P. yoeliiin vivo activity. Discriminant function analysis
revealed a strong correlation between in vitro IC90 values
and in vivo curative efficacy (p <0.001). Compounds that
cured mice had IC50 and IC90 values ranging from 3-14
nM and 14-186 nM for the 3D7 strain, respectively. The
findings suggest that IC90 values are crucial for predicting
the curative activity of new antimalarial molecules [46].
In addition, P. yoelii has been used to investigate the
mechanisms of action of existing antimalarial drugs. For
example, Witkowski et al. [47] explored the effects of
artemisinin-based combination therapies (ACTs) on P.
yoelii. Their study revealed that ACTs effectively reduced
parasite burden in infected mice and identified specific
stages of the parasite’s lifecycle most susceptible to treat-
ment. Similarly, Ginkgo biloba extract (GBE) was com-
bined with artemisinin to create artemisinin-GBE com-
bination therapy (AGCT) for treating P. yoelii infections.
AGCT exhibited significant antimalarial effects by reduc-
ing infection rates, enhancing blood microcirculation, and
modulating the immune response. AGCT suppressed the
expression of invasion-related genes, including AMAI,
MSP1, and Py01365, thereby hindering merozoite inva-
sion [15]. Thus, combining antimalarial drugs with agents
that improve blood circulation could enhance overall treat-
ment efficacy and facilitate recovery [49].
Unfortunately, drug resistance is a significant chal-
lenge in malaria treatment. Using P. yoelii, researchers
can develop and study resistant parasite lines to assess the
impact of drug resistance on treatment outcomes. A nota-
ble study by Ferrer-Rodriguez et al., [50], demonstrated
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that resistant strains of P. yoelii could be used to evalu-
ate the effectiveness of new compounds in overcoming
resistance mechanisms. They examined drug resistance
in P. yoelii using lines with varying resistance profiles
and identified the mdr1 gene (pymdrl). Notably, the arte-
misinin-resistant P. yoelii ART line exhibited a two- to
three-fold increase in pymdrl copy number compared to
the non-resistant parental line, with gene expression con-
firmed at both RNA and protein levels through reverse
transcriptase—polymerase chain reaction and Western blot
analyses [50].

Investigating drug resistance in malaria is imperative
to develop efficient treatment techniques and comprehend
the underlying genetic pathways. Due to its relative ease of
manipulation in laboratory conditions, P. yoelii has been
a beneficial model organism for drug resistance research.
Researchers can create resistant cells in much less time with
P. yoelii, usually requiring fewer passes and more straight-
forward procedures, than with P. falciparum, where pro-
ducing stable drug-resistant lines can take months or even
years. Although some studies have shown that different P.
yoelii strains can become permanently resistant to antima-
larial medications, such as artemisinin and chloroquine [1,
49, 50]. For example, many drug-resistant strains of P. yoe-
lii have been isolated due to the straightforward process of
selecting rodent malaria parasites resistant to antimalarial
medications in mice [51]. It should be noted that while some

P. yoelii parasites are inherently resistant to low-level chloro-
quine (CQ) [52], other Plasmodium Species are susceptible
to most antimalarial medications, including pyrimethamine
and artemisinin (Table 3) [53]. Table 3 highlights the drug
resistance mechanisms across different Plasmodium species,
comparing their identified resistance genes and mechanisms.

Many cloned lines of the rat malaria parasites that
show diversity in virulence have been developed thanks to
advancements in cloning techniques and the discovery of
numerous genetic and biochemical markers. These lines are
ideal models for researching disease pathophysiology [20].

Additionally, P. yoelii model has been helpful in the
investigation of recrudescence occurrences after antima-
larial therapy [60, 61]. Research reveals that a developing
primary immune response involving B and CD4+T cells is
crucial for eliminating P yoelii YM parasites in ART-treated
mice. However, it is not necessary for initial clearance. The
study by Claser et al. [60] highlights the complex interaction
between ART and hosts adaptive immunity in eliminating
malaria parasites, emphasising the immune system’s role in
treatment efficacy [60]. A return of parasitemia may result
from the persistence of latent stages of P. yoelii following
medication delivery, according to research by [62].

This behaviour emphasises how crucial it is to com-
prehend P. yoelii’s life cycle and how it affects methods
for treating and controlling malaria. Using P. yoelii in
drug resistance research helps identify targets for novel

Table 3 Comparative analysis of drug resistance mechanisms in P. yoelii and other Plasmodium species

Plasmodium species Identified resistance genes Mechanisms of resistance References
Plasmodium falciparum pfert, pfmdrl, pfdhfr Altered drug targets, reduced drug accumulation [54-56]
Plasmodium vivax pvmdrl, pvdhfr Transporter mutations, altered metabolism [57]
Plasmodium knowlesi pkmdrl Efflux pumps, reduced susceptibility [57]
Plasmodium yoelii RhopH1, RhopH3, ApiAP2, Transport mutations, immune evasion strategies [58, 59]
Table 4 Experimental advantages and therapeutic implications of the P. yoelii model

Aspect Description References
Genetic manipulation P. yoelii allows researchers to manipulate specific genes related to immune evasion or pathogenic- [63, 64]

ity, facilitating the dissection of complex interactions and identifying critical virulence determi-

nants

In vivo studies

Using rodent models enables real-time observation of host-parasite interactions, allowing research- [65]

ers to study immune responses and evaluate therapeutic interventions in a natural context

Comparative research

Comparative studies between P. yoelii and human-infecting Plasmodium species, such as P. falci-

[66, 67]

parum, enable the translation of findings to human malaria research, enhancing understanding of
standard and unique parasite mechanisms

Targeting developmental stages Understanding the timing of P. yoelii life cycle stages can inform the development of targeted

[5, 68]

interventions, potentially enhancing the effectiveness of current antimalarial therapies

Optimising treatment protocols

Research into parasite chronobiology can guide the development of treatment protocols that align

[69, 70]

with the natural rhythms of both the parasite and the host, improving treatment outcomes

This table highlights the advantages of P. yoelii in experimental research and its implications for improving antimalarial treatments
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therapeutic approaches and advances our knowledge of the
genetic basis of resistance. It allows researchers to screen
new drug candidates and evaluate the effectiveness of exist-
ing treatments. Through these studies, scientists can maxim-
ise the experimental and therapeutic advantages of studying
P.yoelii (Table 4) into drug action and resistance mecha-
nisms, ultimately aiding the fight against malaria.

Progress in vaccine development using
Plasmodium yoelii

The rodent malaria parasite P. yoelii is particularly valuable
because it mimics certain aspects of human malaria, allow-
ing researchers to explore vaccine candidates in a controlled
environment, making it a key player in understanding how
the immune system responds to malaria infections [71]. One
exciting area of research is the development of liver-stage
vaccines [72]. When sporozoites of P. yoelii are introduced
into laboratory mice, they can stimulate strong immune
responses. Notably, according to Labaied et al. [73], P. yoe-
lii parasites lacking both P52 and P36 genes exhibit normal
blood-stage and mosquito-stage development but fail to pro-
gress in the liver stage. These genetically modified parasites
can invade hepatocytes but cannot form the parasitophorous
vacuole (PV), leading to developmental arrest in the liver
and an inability to cause blood-stage infections [73]. Thus,
mice immunised with these parasites were fully protected
against future infections, offering a promising avenue for
malaria vaccine development. This research highlights the
potential of two-locus gene deletion-attenuated parasites as
a foundation for creating effective P. falciparum live attenu-
ated vaccines.

Similarly, studies have shown that vaccination with irra-
diated sporozoites can protect against later infections with
live sporozoites [74—76]. According to the study conducted
by Voza et al. [77], where they explored intradermal (ID)
immunisation potential with attenuated P. yoelii sporozoites
to offer comparable immunity. Mice receiving ID immu-
nisations with additional techniques, like tape-stripping
to enhance immune response, achieved protection rates of

Table 5 Potential vaccine candidates derived from P. yoelii studies

94%, similar to IV immunisation. The results suggest that ID
immunisation can be highly effective, offering a promising
alternative to IV delivery. Further research is needed to iden-
tify adjuvants that reduce the number of sporozoites required
for robust protective immunity, particularly for human vac-
cines. This finding underscores the potential of liver-stage
vaccines to interrupt the malaria life cycle before the parasite
reaches the bloodstream [30].

In addition to liver-stage approaches, P. yoelii is instru-
mental in exploring blood-stage vaccines [78]. Research-
ers have identified various antigens that trigger immune
responses during this stage of infection [79-81]. For exam-
ple, immunisation with the merozoite surface protein 1
(PyMSP1) has shown promise, as it led to significant reduc-
tions in parasitemia when mice were later exposed to P. yoe-
lii[81]. Also, researchers purified apical merozoite antigen
1 (AMA-1) from P. yoelii yoelii-infected red blood cells,
which induced a strong protective immune response in mice.
Monoclonal antibodies specific to P. yoeliiAMA-1 were
developed, and one showed high effectiveness in combating
the parasite through passive immunisation. A second protein
associated with AMA-1, possibly in the rhoptry organelles,
was also identified. This highlights the antigen’s potential
as a vaccine candidate [80]. Moreover, P. yoelii helps us
understand the role of CD8+T cells in malaria control. Vac-
cination strategies that boost the activation of these T cells
have shown improved protection against P. yoelii infection,
providing valuable insights for developing effective T-cell-
based vaccines [82].

Research on P. yoelii has been pivotal in advancing vac-
cine development, unveiling the parasite’s crucial protective
antigens and immune evasion strategies. Identifying potent
immune response-inducing antigens, such as AMA-1, pre-
sents promising avenues for creating more effective malaria
vaccines. Furthermore, studying P. yoelii’s immune evasion
tactics provides insights into developing strategies to tar-
get critical stages of the parasite’s life cycle or enhance the
host’s immunity. These findings are instrumental in formu-
lating vaccines with enhanced protection against malaria.
Table 5 provides an overview of potential vaccine candidates
discovered from P. yoelii research.

Vaccine candidate Type of immune response Stage of life cycle targeted References
Circumsporozoite Protein (CSP) Humoral immunity Sporozoite stage [83]
Merozoite Surface Protein 1 (MSP1) Cellular and humoral immunity Merozoite stage [81]
Apical Membrane Antigen 1 (AMA1) Cellular immunity Merozoite stage [80]
Blood-Stage Antigen 5 (BSAS) Humoral immunity Blood stage [79]
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Genetic studies leverages advanced genetic
tools to identify critical malaria-driving
factors

Genetic studies of P. yoelii have opened exciting avenues
for understanding malaria at a molecular level [84, 85].
With advancements in genetic manipulation techniques,
particularly CRISPR/Cas9, researchers can delve into the
intricate details of gene function, pathogenesis, and the
mechanisms behind drug resistance [59, 86]. Zhang et al.
[59] explored the functional roles of the P. yoeliiApiAP2
(PyApiAP2) gene family, which is crucial for malaria
parasite development. Of 26 PyApiAP2 genes, 24 were
selected for disruption, and 12 were successfully knocked
out using CRISPR-Cas9. Ten genes are essential for devel-
oping male and female gametocytes, oocysts, and sporo-
zoites. Additionally, protein expression analyses for seven
PyApiAP2 gene products provided valuable insights into
their functions. This systematic characterisation enhances
our understanding of gene expression regulation in malaria
parasites, offering potential targets for disease control and
prevention strategies.

One of the standout features of P. yoelii is its suscep-
tibility to genetic manipulation, which allows scientists
to create targeted gene knockouts or modifications [16].
This capability enables the exploration of specific genes’
roles in the parasite’s lifecycle and how they influence the
host’s immune response. For example, research by Ishi-
zaki et al. [87] successfully characterised the pseudokinase
PypPK1 in P. yoelii, which is highly expressed in schi-
zonts and male gametocytes. Transgenic parasites lack-
ing PypPK1 (ApPK1), generated using the CRISPR/Cas9
method, exhibited significant growth defects and reduced
virulence in mice with impaired erythrocyte invasion effi-
ciency. While gametocyte development and egress were
unaffected, ApPK1 parasites showed significantly reduced
ex-flagellation centres and oocyst formation, highlighting
the crucial role of PypPK1 in both erythrocyte invasion
and sexual stage development. The results demonstrated
a significant reduction in invasion efficiency, shedding
light on potential targets for future therapeutic interven-
tions [87].

Moreover, manipulating genes in P. yoelii aids in stud-
ying drug resistance mechanisms [20]. A study by Fer-
rer- Rodriguez et al. [50] focused on genes linked to arte-
misinin resistance in the P. yoelii model. They investigated
the mechanisms of drug resistance in P. yoelii by examin-
ing various parasite lines with distinct resistance profiles.
The pymdrl gene, analogous to pfmdrl in P. falciparum,
was identified and characterised, revealing a two- to three-
fold increase in gene copy number in artemisinin-resistant
P. yoelii lines compared to the parental line. By modifying
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these genes, the researchers could observe changes in
drug susceptibility, providing insights into how resist-
ance develops and persists, which is crucial for developing
strategies to overcome drug resistance in human malaria.

The genetic studies conducted on P. yoelii also pave
the way for investigating the pathways involved in para-
site pathogenesis [35]. For instance, Witkowski et al. [47]
reported that long-term in vivo selection has resulted in a
murine malaria model resistant to artemisinins, revealing
that resistance is linked to alterations in heme metabolism
and reduced hemozoin formation due to down-expression of
the Heme Detoxification Protein (HDP). Additionally, these
resistant strains can detoxify free heme via a glutathione-
mediated pathway, and artemisinins also inhibit hemozoin
production similarly to quinolines, elucidating the mecha-
nisms of resistance and action of these compounds. By
elucidating the functions of various genes, researchers can
identify potential biomarkers for disease severity or tar-
gets for vaccine development. Hence, manipulating genes
involved in the parasite’s life cycle stages could inform new
approaches to vaccine design, ultimately enhancing vac-
cine efficacy [88]. Therefore, genetic studies using P yoelii
through techniques like CRISPR/Cas9 are invaluable for
advancing our understanding of malaria. By investigating
gene function and the underlying mechanisms of pathogen-
esis and drug resistance, researchers are better equipped to
develop innovative strategies for combating this devastating
disease.

Challenges in studying Plasmodium yoelii

Studying Plasmodium yoelii as a malaria model has sev-
eral challenges that limit its applicability and complicate
research outcomes. One major challenge is the incomplete
understanding of the parasite’s virulence mechanisms.
Research shows that immune responses differ between the
lethal (17XL) and non-lethal (17XNL) strains of P. yoelii,
but the exact molecular pathways driving these differences
are not fully elucidated [35]. Additionally, while P. yoelii is
used to model drug resistance, pinpointing how resistance
evolves remains difficult. For example, a two- to three-fold
increase in pymdrl gene copy number in artemisinin-resist-
ant P. yoelii parallels similar findings in P. falciparum, but
more genetic studies are required to characterise this resist-
ance mechanism fully [89].

Host—pathogen interactions add complexity, mainly when
immune responses are irregular, as seen in cases of P. yoelii-
induced TGF-f production, which can either help clear or
exacerbate infections depending on timing [90]. Further-
more, P. yoelii infections in mice do not always translate to
human malaria models, limiting the relevance of findings to
human disease [5]. Environmental factors, genetic diversity
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in mouse models, and co-infections also contribute to vari-
ability in research outcomes [91]. These challenges under-
score the need for better models and resources to advance the
understanding of malaria pathogenesis and drug resistance.

Conclusion

Plasmodium yoelii has proven to be a valuable model for
advancing our understanding of malaria, particularly in drug
resistance, immune responses, and parasite development.
However, significant challenges remain. The complexity of
host-parasite interactions, variability in immune responses,
and difficulties in fully translating findings to human malaria
hinder the broader applicability of this model. Despite these
limitations, P. yoelii continues to offer essential insights into
malaria biology, particularly in areas where parallels can be
drawn with human infections, such as gene expression regu-
lation and the mechanisms of antimalarial drug resistance.
Addressing this model’s limitations, refining experimental
approaches, and integrating findings with human studies
will be crucial to unlocking new therapeutic strategies and
improving our overall understanding of malaria pathogen-
esis. Through this continued research, we can hope to make
significant strides in the fight against malaria.
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