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Abstract

This review explores the origins of intracellular parasitism, an intriguing
facet of symbiosis, where one organism harms its host, potentially becoming
deadly. We focus on three distantly related groups of single-celled eukary-
otes, namely Kinetoplastea, Holomycota, and Apicomplexa, which contain
multiple species-rich lineages of intracellular parasites. Using comparative
analysis of morphological, physiological, and molecular features of kineto-
plastids, microsporidians, and sporozoans, as well as their closest free-living
relatives,we reveal the evolutionary trajectories and adaptations that enabled
the transition to intracellular parasitism. Intracellular parasites have evolved
various efficient mechanisms for host acquisition and exploitation, allowing
them to thrive in a variety of hosts. Each group has developed unique fea-
tures related to the parasitic lifestyle, involving dedicated protein families
associated with host cell invasion, survival, and exit. Indeed, parallel evolu-
tion has led to distinct lineages of intracellular parasites employing diverse
traits and approaches to achieve similar outcomes.
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1. INTRODUCTION

Symbiosis is a fundamental aspect of life, generally defined as any sustained interaction between
two or more different organisms on a continuum from pathogenic to beneficial (60). A particularly
fascinating facet of symbiosis is parasitism, arguably the most species-rich form of interaction
between organisms on Earth (15). Parasitic strategies stand for those that are harmful to the host.
In fact, all symbioses can be understood as parasitic relationships between differently adapted
hosts and symbionts at a given evolutionary stage. If we accept this view, mutualism represents
a type of parasitic relationship in which the host gained dominance or even full control over the
ancestrally parasitic partner.However,when in themutualistic embrace, one partner gets the upper
hand; it evolves into a parasite that exploits the other partner, with the latter becoming a host, for
whom the relationship can even become deadly.Nevertheless, it seems that symbiotic relationships
always begin as pathogenic or parasitic, reflecting a low level of the mutual adaptation of host and
symbiont (60).

The emergence of intracellular parasitism represents a significant milestone in the history of
life on Earth, showcasing the adaptability and resourcefulness of parasites in a never-ending arms
race with their hosts. Intracellular parasites have evolved highly efficient strategies for invading,
proliferating within, and egressing from the host cells (53). Understanding the roots of intracel-
lular parasitism and the intimate host–parasite relationships has had, and surely will continue to
have, impact on general molecular and cell biology.Moreover, it is critical for the development of
a new generation of drugs and vaccines.

Intracellular parasitism evolved gradually over millions of years, many times independently in
various organismal lineages (78, 133), resulting in the extant diversity of intracellular parasites.
While the exact mechanisms and pathways of their evolution remain only partially understood,
various scenarios, for example, from endosymbiotic theory, evolutionary arms race, horizontal
gene transfer (HGT), host–parasite coevolution, and transition from commensalism, have been
extensively discussed as driving forces behind the emergence of intracellular parasitism (14, 61, 67,
93, 105). Analyses of numerous parasite genomes have pinpointed the expansions of certain gene
families, alongside the reductions or complete losses of other families, resulting in the (extreme)
streamlining of some parasite genomes (22, 136). A parallel can be drawn between the parasites
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and the domesticated microbial prokaryotes and eukaryotes used for food production, such as
Escherichia coli, Saccharomyces cerevisiae, and other bacteria and fungi. Compared with their wild
counterparts, these domesticated strains have restructured their metabolism to exploit a specific
and abundant set of selected nutrients in the medium, losing certain genes and becoming unable
to thrive in the wild (20, 121). Hence, parasitism appears to employ mechanisms reminiscent of
those observed during the domestication of food-making microbes. Indeed, living inside another
organism or in a rich medium is more convenient because the availability of nutrients allows for
streamlining of the metabolism and the dynamic expansion, acquisition, and loss of certain gene
sets.Naturally, unlike a microbe in a medium, a parasite must additionally resist the host’s immune
system and invent its own adaptations to be one step ahead of its host, as nicely encapsulated by
the Red Queen hypothesis (120).

In this review we closely examine the origins of intracellular parasitism, drawing insights from a
comparison of morphological, physiological, and genomic features found in three distantly related
groups of single-celled (protistan) intracellular parasites. By comparative analyses of these traits,
contrasted against their closest free-living relatives, we spotlight a set of unique adaptations of
these parasites that facilitated or perhaps triggered the shift to intracellular parasitism. We focus
on (a) Kinetoplastea, with particular attention paid to parasitic trypanosomatid flagellates, using
free-living bodonids for comparative purposes; (b) Holomycota, with an emphasis on parasitic
microsporidians and early-branching free-living nucleariids; and (c) Apicomplexa, represented by
a mixture of heterotrophic symbionts, parasites, and mutualists placed within the apicomonads
and sporozoans. Due to a substantial amount of available information, these three groups are
particularly suitable for such a comparative analysis.

In the last section, we synthesize features shared among these three disparate groups, high-
lighting instances where their members successfully transitioned to intracellular parasitism. Our
review aids in identifying knowledge gaps in this area and provides insights into the intricate evo-
lutionary trajectories and adaptations of intracellular parasites, shedding light on their remarkable
diversity and ecological versatility.

2. KINETOPLASTEA

2.1. Exploring Transitions to Intracellular Symbiosis:
Kinetoplastea as a Model Group

Kinetoplastea represent a highly diverse and well-studied clade within the phylum Euglenozoa
(62). They possess a plethora of features initially considered unique among eukaryotes, such as
the paraflagellar rod, polycistronic transcription, ubiquitous trans-splicing and extremely rare cis-
splicing, extensive circular mitochondrial DNA, and mitochondrial RNA editing, to name just the
most prominent ones (77).However, these features were subsequently discovered in other lineages,
including the multicellular eukaryotes (70). Divided into five orders (Eubodonida, Neobodonida,
Parabodonida, Prokinetoplastida, and Trypanosomatida) (87), kinetoplastids thrive in diverse
habitats, from marine and freshwater environments to deep-sea sediments and soil (37, 88, 112).
They exhibit remarkable evolutionary plasticity and readily form symbiotic relationships with in-
tracellular bacteria (51). Moreover, kinetoplastids have engaged in symbiotic relationships with
eukaryotic hosts on multiple occasions, including neobodonids Allobodo (seaweed parasites) and
Azumiobodo (ascidian parasites), parabodonids Cryptobia (invertebrate parasites) and Trypanoplasma
(fish endoparasites), prokinetoplastids Ichthyobodo (fish ectoparasites) and Perkinsela (obligate
amoeba endosymbionts), and trypanosomatids (intra- and extracellular parasites of vertebrates,
invertebrates, plants, and protists) (46, 62). The sole kinetoplastid group exclusively containing
free-living representatives is the monogeneric order Eubodonida (87). Here we focus primarily
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on intracellular kinetoplastids and their closest relatives. For a thorough overview of other lifestyle
transitions within this group, readers are referred to several comprehensive reviews (62, 69, 139).

The phylogeny and lifestyles of Kinetoplastea indicate that a common ancestor of this group
was a bodonid-like organismwith the ability to attach to various surfaces, such as water plant leaves
(12, 68) (Figure 1a). It possessed a compact nuclear genome with almost no cis-spliced introns (12,
54, 125).This protist was a biflagellated bacterivore with glidingmotility,which used a cytostome–
cytopharynx complex for food intake, traits shared by many extant free-living kinetoplastids (12,
36). The ability for intracellular invasion evolved at least once within the order Prokinetoplastida
(Perkinsela) and multiple times within the order Trypanosomatida (34, 62), including representa-
tives of the subfamily Leishmaniinae, and the genera Trypanosoma and Herpetomonas (3, 9, 38, 62,
65). Here, we focus primarily on Trypanosoma cruzi (subgenus Schizotrypanum), Leishmania, and
Perkinsela, which have been extensively studied at the molecular level.

Symbiotic relationships between two nonphotosynthetic unicellular eukaryotes are very rare.
Only a few cases were reported, with some of them found in Kinetoplastea (34, 38). One example
is Perkinsela living inside an amoeban host (34). The common ancestor of Perkinsela and its clos-
est relative, Ichthyobodo, was likely an ectoparasite of a marine animal coinfected with an amoeba.
Proximity of both interacting organisms then facilitated transition to intracellular symbiosis (139)
(Figure 1a). This relationship represents the earliest known case of intracellular symbiosis in
Kinetoplastea, with Perkinsela diverging from other euglenozoans ∼500–950 Mya (12). The con-
gruence of 18S rRNA-based phylogenies of Perkinsela and its hosts suggests a single ancestral
switch to the intracellular lifestyle, persisting through vertical inheritance of the endosymbiont
(117). In another intracellular symbiosis between two nonphotosynthetic protists, a trypanoso-
matid from the genus Herpetomonas resides inside a macronucleus of the ciliate Euplotes encysticus,
which might have become parasitized through the consumption of an infected aquatic arthropod.
This relationship severely affects the ciliate’s growth, suggesting its parasitic nature (38).

Some trypanosomatids have complex life cycles (9) and are responsible for serious human and
cattle diseases, such as Chagas disease (T. cruzi) and leishmaniases (Leishmania) (32). The common
ancestor of Trypanosomatidae, likely an extracellular parasite of arthropods (69), is estimated to
have existed ∼450Mya. It acquired the ability to establish transient and then obligatory symbiotic
relationships with invertebrates (12) (Figure 1a).Of the 20 recognized trypanosomatid genera (2),
most accommodate monoxenous parasites limited to a single host, typically an insect (66). Their
radiation was accompanied by an extensive expansion of the host range, including blood-sucking
invertebrates, which likely facilitated transmission to vertebrates (68). These dixenous (= two-
host) Trypanosomatidae (66) started circulating between the arthropod and vertebrate hosts. This
is likely the case ofT. cruzi, which circulated primarily among the reduviid bugs, being occasionally
transmitted to vertebrates during a blood meal. Over time, T. cruzi developed a complex life cycle
with multiple stages within these bugs, with only the metacyclic trypomastigotes transmitted to
the vertebrate host, where they invade various types of nucleated cells (76). Leishmania and its
closest relatives, Porcisia and Endotrypanum, followed a similar path. They have been transmitted
by blood-sucking sand flies to mammals, where they reside inside erythrocytes (Endotrypanum);
macrophages (Leishmania); and various tissues, such as epidermis, liver, and spleen (Porcisia) (62).

2.2. Evolution of Traits Associated with Intracellular Symbiosis in Kinetoplastea

Identifying specific morphological and molecular traits associated with the intracellular lifestyle
is challenging. Parasites, including intracellular ones, undergo compaction of their often AT-rich
nuclear and organellar genomes, metabolic streamlining, expansion of existing gene families or
acquisition of new genes related to host cell invasion, survival within and exit from the host cell
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Figure 1 (Figure appears on preceding page)

Evolution of intracellular parasitism in Kinetoplastea. (a) A bodonid-like ancestor of Kinetoplastea initially
attached to various surfaces, such as water plant leaves. Through evolutionary changes, it developed transient
and then obligatory symbiotic relationships with invertebrates, leading to a common ancestor of
Trypanosomatidae, likely an extracellular parasite of arthropods. Monoxenous Trypanosomatidae diversified,
expanding their host range to blood-sucking invertebrates, enabling transmission to vertebrate hosts. The
common ancestor of Schizotrypanum (Trypanosoma cruzi), as well as the ancestor of Leishmania, Porcisia, and
Endotrypanum, acquired the ability to enter the vertebrate host cells while residing in an insect vector’s
extracellular milieu. Perkinsela sp. living inside its Paramoeba host is another example of intracellular
parasitism having emerged in Kinetoplastea. (b) A cladogram of Kinetoplastea, based on data from
References 2 and 62, depicting multiple independent switches to intracellular parasitism and the distribution
of associated morphological, physiological, and molecular features. The transition to the intracellular
lifestyle occurred in Prokinetoplastina (Perkinsela sp.); T. cruzi; and the common ancestor of Endotrypanum,
Leishmania, and Porcisia. While most described Herpetomonas species are known as extracellular insect
parasites, one species was found parasitizing the ciliate’s macronucleus. Trait states were determined through
literature research or gene analysis by standalone BLAST and hidden Markov model–based searches using
HMMER version 3.4. Abbreviations: HTE, T. cruzi heme transport enhancer; LHR1, Leishmania heme
response 1; LIT1, Leishmania iron transporter 1; MASP, mucin-associated surface protein. A single asterisk
indicates the flagellum is not observed but might exist under certain conditions. Double asterisks indicate
whether two or more of eight enzymes were not identified; the pathway was categorized as absent. The final
three pathway enzymes are encoded in Leishmaniinae genomes, while Phytomonas species
(Herpetomonadinae) possess only ferrochelatase. Perkinsela lacks uroporphyrinogen synthase, which is
instead encoded in the host amoeba’s genome.

(16, 45, 105).They develop specific sensory and attachment structures or alter their feedingmodes
by shifting toward osmotrophy, frequently encyst, and lose their flagellum sometimes even with
its associated genes (16, 45, 105). Parasitic Kinetoplastea lost 1,3-β-glucan biosynthesis but ex-
panded their repertoire of amastins, gp63 metalloproteases, subtilisins and peptidases, cell surface
permeases, and transporters (Figure 1b). Metabolic streamlining likely was a multistep process
not directly linked to the origin of parasitism (12).

The level of integration between Perkinsela and host amoebae is remarkably high and exem-
plified by an initial consideration of the parasite to be a host organelle (34). Perkinsela is typically
binuclear, resides directly within the host cell cytoplasm in the absence of the parasitophorous
membrane, is vertically inherited, and cannot be cultivated without its host (34). Though it shares
several features with other kinetoplastids, such as polycistronic transcription, spliced leader trans-
splicing, kinetoplast DNA, and glycosome-like organelle, Perkinsela has lost the flagellum and
flagellum-related genes (124).This highly derived lineage lacksmost ancestral kinetoplastid genes,
and the role of HGT to the host amoeba genome seems minimal. Perkinsela indeed possesses the
smallest and most gene-poor genome among the studied kinetoplastids. Metabolic pathways of
the symbiotic partners are intertwined, suggesting an exchange of metabolites through protein
secretion by Perkinsela into the host cytoplasm, as well as its endocytosis (124). Although the kine-
toplast genome of Perkinsela has been extensively reduced, it still retains all components of the
complex uridine insertion/deletion RNA editing (30), and its organelle contains more DNA than
that of any other known eukaryote (71). Approximately 14% of its nuclear genes encode proteins
targeted to its single giant mitochondrion (124), possibly providing energy to both the kineto-
plastids and its host. However, experimental evidence for this is currently lacking, and the nature
of this symbiotic relationship, whether it is mutualistic, commensal, or parasitic, remains to be
elucidated.

In contrast to the obligate intracellular Perkinsela, most dixenous trypanosomatids exhibit
complex life cycles involving the intracellular stages that also vary in host cell invasion mecha-
nisms (77). For instance, Leishmania primarily targets phagocytic cells, especially macrophages,
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while T. cruzi invades virtually any nucleated cell type, mostly muscle and endothelial cells (6,
9). These trypanosomatids also employ different mechanisms of cell invasion. Leishmania en-
ters cells through host cell–mediated phagocytosis, while T. cruzi uses lysosome-dependent or
lysosome-independent pathways (6, 118). Leishmania amastigotes exhibit resistance to the hy-
drolytic environment within the phagolysosome,where they can replicate and differentiate, raising
the possibility that amastigotes represent cyst-like forms that are resilient to harsh environmental
conditions (118). In contrast,T. cruzi temporarily resides in the host-derived parasitophorous vac-
uole before being released into the cytoplasm for replication (9). Both Leishmania and Trypanosoma
release exosomes and microvesicles into the host cells to manipulate their immune response (21).
It is unclear whether there are significant differences in secretion between the intracellular and
exclusively extracellular kinetoplastids. Some intracellular species, such as T. cruzi, retain ances-
tral feeding apparatus for phagocytotic nutrient uptake via the cytostome–cytopharynx complex.
On the other hand, Leishmania has lost this structure and feeds by osmotrophy, with endocytosis
occurring within the flagellar pocket (51) (Figure 1b).

Intracellular trypanosomatids lack specialized morphological structures for host cell pene-
tration, instead dedicating an array of molecular tools for this purpose. These tools include
trans-sialidases and trans-sialidase-like proteins, mucins, and mucin-associated proteins in T. cruzi
and iron transporter 1, heme transporter 1, and surface protein A2 in Leishmania, all of which are
linked to intracellular parasitism (6, 31) (Figure 1b). Trans-sialidases, which facilitate the transfer
of sialic acid from host donor proteins to parasite mucins and contribute to host cell exit, were
subject to expansion in species with the intracellular stages compared with the exclusively extra-
cellular flagellates, such as Trypanosoma brucei (6, 66). Putative homologs of these proteins were
identified in Porcisia and Endotrypanum; their role has yet to be determined (Figure 1b). Mucins,
another protein family that was subject to expansion in T. cruzi, act as primary sialic acid acceptors
that promote internalization (31).

Additionally, mannose-metabolism-related proteins have been linked to the intracellular
lifestyle in trypanosomatids (6). However, our analyses demonstrate the presence of genes encod-
ing mannosyltransferase-like protein and phosphomannomutase also in kinetoplastids with the
extracellular lifestyle. Nevertheless, it is not just the presence or absence of specific genes in the
genome that matters, as the diversity of the gene repertoire is also highly relevant and is associated
with the type of symbiosis (12). For example, amastins, a family of cell surface proteins crucial for
the propagation of Leishmania amastigotes inside vertebrate macrophages, are present in all an-
alyzed parasitic and free-living kinetoplastids except Perkinsela. Yet genes encoding amastins are
significantly expanded in the genus Leishmania (12) (Figure 1b). Intracellular Endotrypanum and
Porcisia, which do not infect macrophages (3), exhibit a reduction in the amastin family, particularly
δ-amastins. An expanded set of highly expressed repeat-rich proteins are associated with the in-
tracellular lifestyle across various protist lineages (81). Intracellular flagellates, such as Leishmania
with A2 proteins and T. cruzi with mucins, feature examples of these repetitive proteins.

3. HOLOMYCOTA

3.1. Exploring Transitions to Intracellular Parasitism:
Microsporidia as a Model Group

Microsporidia, fungi, and several other lineages form a diverse clade within the Opisthokonta
known as Holomycota (41). This group encompasses organisms with distinct lifestyles, includ-
ing free-living, mutualistic, parasitoid, and true parasitic forms (8, 42). The earliest holomycotan
lineage to emerge is the nucleariids (Nucleariida, Cristidiscoidea), represented by Fonticula and
Nuclearia. These nonflagellated amoebae are primarily free-living, feeding on bacteria and green
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algae through phagotrophy, similar to the ancestral holomycotan (41, 42). While some nucle-
ariids have been found in animals, it remains unclear whether they can act as opportunistic
pathogens and affect their health (35, 40, 43). As an early-diverging lineage, typically with the free-
living lifestyle, nucleariids are essential for understanding the origin of intracellular parasitism in
holomycotans.

The common ancestors of subsequent holomycotan lineages retained their phagotrophic
feeding mode but underwent further specialization. The group Phytophagea (fungi and their
sister lineage Aphelida) became endobiotic predators of cellulose-containing algae, while
Opisthophagea (Microsporidia and their sister lineage Rozellida) shifted to parasitism,primarily in
chitin-containing hosts. Although extant rozellids and aphelids remain phagotrophs, fungi andmi-
crosporidians switched to osmotrophy (42, 82, 127),with the former typically acting as saprotrophs
or external parasites (72, 91, 138). In fungi, intracellular parasitism has been reported occasionally
for sanchytrids of algae (41); chytrid parasites of plants (129); and thermally dimorphic fungi like
Blastomyces,Cryptococcus, andHistoplasma that infect humans and other warm-blooded animals (10,
80, 89, 114).While the aphelids (e.g.,Aphelidium and Paraphelidium) are usually intracellular algal
parasitoids (42, 57, 82, 115, 127), rozellids (Cryptomycota or Rozellomycota) occupy mainly the
cytoplasm or nucleus of other opisthokonts, such as oomycetes, fungi (Rozella, which also infects
algae), crustaceans (Mitosporidium), and amoebae (Nucleophaga, Morellospora, Paramicrosporidium)
(24, 25, 48, 106). The evolutionary line from rozellids to microsporidians is marked by several
independent early-diverging microsporidian lineages, including intracellular chytridiopsids and
metchnikovellids (44). Chytridiopsids (e.g., Acarispora and Chytridiopsis) parasitize mainly the gut
epithelium of terrestrial arthropods like insects, myriapods, mites, and earthworms and rarely
aquatic invertebrates (26, 64, 107). Metchnikovellids (e.g., Amphiamblys and Metchnikovella) are
specialized hyperparasites (parasites that parasitize other parasites) of gregarines found in ma-
rine invertebrates (44, 64, 83). The remainder of holomycotans constitutes a diverse group of
core (typical) Microsporidia (Figure 2a). They are extremely species-rich, obligate intracyto-
plasmic, and rarely intranuclear parasites that infect a variety of hosts, primarily insects but also
vertebrates, including humans and agriculturally important animals (130).With their unique mor-
phological and molecular features and extensive genomic data available, microsporidians qualify
as prime candidates for the study of evolution of intracellular parasitism.

3.2. Evolution of Traits Associated with Intracellular Parasitism in Holomycota

As mentioned above, intracellular parasitism often leads to genome reduction and gene content
changes (105). This phenomenon is firmly fingerprinted in Holomycota and spans from relatively
large unreduced genomes of nucleariids (98) and aphelid parasitoids (82) to some of themost com-
pacted eukaryotic genomes of microsporidians (83, 106, 132). The impact of parasitism-driven
reductive genome evolution is also evident in fungi, with algal parasites, the sanchytrids, having
much smaller, AT-rich genomes than their saprotrophic relatives (41). However, not all parasitic
fungi follow this pattern, as some dimorphic fungal pathogens have highly expanded genomes (89).
Similarly, genome size also varies withinMicrosporidia, with the largest gene-sparse genomes sur-
passing in their size the smallest gene-dense genomes by at least one order of magnitude (59, 132).
This variability has been attributed to the differences in gene density and the presence of overlap-
ping genes in the extremely streamlined microsporidian genomes (29). Notably, microsporidians
have lost many spliceosomal introns, although some functional long introns have been retained
in their reduced genomes (134, 141). It has been proposed that such genomic diversification is
linked to variations in transmission modes of Microsporidia (49). Overall, genome evolution in
holomycotans is mosaic and influenced by numerous factors, such as HGT, gene losses and gains,
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Figure 2

Evolution of intracellular parasitism in Holomycota. (a) The holomycotan ancestor was a free-living phagotroph, preying on bacteria
and green algae. Subsequent lineages either maintained their original phagotrophic feeding mode or adopted roles as saprotrophs or
parasites, targeting primarily hosts with chitinous cell walls. Aphelida and Sanchytridiomycota specialized as intracellular algal parasites,
while the ancestor of Rozellomycota and Microsporidia experienced extensive diversification, expanding the host range to include
amoebae (Nucleophaga, Paramicrosporidium, Morellospora) and opisthokont cells, initially of fungal and invertebrate hosts (Rozella,
Mitosporidium, chytridiopsids, metchnikovellids, and some core Microsporidia), and later extending to vertebrate hosts (majority of core
Microsporidia). (b) A cladogram of Holomycota based on data from References 24, 41, and 126 depicting multiple independent
switches to intracellular parasitism and the distribution of associated morphological, physiological, and molecular features. The
transition to the intracellular lifestyle occurred in Aphelida, Sanchytridiomycota, and the common ancestor of Microsporidia and
Rozellomycota. Though most Dikarya and Chytridiomycota species function as saprotrophs or external pathogens, certain genera such
as Blastomyces, Cryptococcus,Histoplasma, and Synchytrium have developed into intracellular parasites of plants and animals. The trait
states were determined through literature research or by mining the genes from publicly available holomycotan genomes using BLAST
implemented in the Geneious Prime software version 2019.0.4 (58); hits were verified by hmmscan in HMMER web server version
3.3.2 (104) and by reciprocal BLAST on the NCBI server. Abbreviations: AOX, alternative oxidase; GPDH, glycerol-3-phosphate
dehydrogenase; NTT ADP/ATP transp., nucleotide ADP/ATP transporters; OXPHOS (C1 compl.), C1 complex of the oxidative
phosphorylation machinery; RB_A, retinoblastoma A domain; RB_B, retinoblastoma B domain.

likely associated with adaptations to different parasitic strategies and pathogenesis or multiple
independent transitions to parasitism (8, 89, 106).

Unlike free-living nucleariids,microsporidians essentially rely on host resources and use highly
resistant chitinous-walled spores to persist in the external environment (48, 82). They employ
specialized morphological structures and sophisticated strategies for host cell invasion (53, 123).
To survive and thrive in the host, microsporidians have acquired new genes or even gene fam-
ilies to compensate for the loss of metabolic enzymes and regulatory pathways present in their
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free-living ancestors or nonparasitic relatives (123, 132) (Figure 2b). For host infection and further
dissemination, core microsporidians developed in their spores a highly efficient injection appara-
tus represented by a typically long polar tube that rapidly discharges and actively pierces the host
cell, depositing infectious sporoplasm (23, 50). Primitive microsporidia, such as metchnikovellids
and chytridiopsids, have simpler injection apparatuses consisting of only a basic polar filament, the
manubrium, and a short, coiled polar filament, respectively. Dissemination to new hosts requires
sac-bound spores, which are ingested with food and are thus delivered close to the host cells (64).
The likely ancestral strategy of rozellids is similar to that found in aphelids. In both groups, a flag-
ellated zoospore swims toward a walled algal or watermold host onwhich it encysts and penetrates.
Alternatively, the intranuclear (Nucleophaga, Paramicrosporidium) and intracytoplasmic (Mitosporid-
ium,Morellospora) rozellids form an immobile walled spore that resides in the environment until
it is engulfed by a phagocytic host (23). Similar to microsporidians, the rozellid spores contain a
preformed polar filament and associated structures. However, their polar tube is not directly in-
volved in host invasion, as it becomes activated only once the spore enters the phagocytic vacuole,
upon which the polar tube facilitates the invasion of host cell compartments (23). Pathogenic fungi
enter host cells by various mechanisms, such as complement receptor–mediated phagocytosis of
macrophages (84), induced endocytosis, or active penetration of the epithelial cells (116).

To ensure efficient intracellular growth within the host, microsporidians undergo accelerated
life cycles, remarkably similar to those of cancer cells (13). Already the basal metchnikovellids
have lost both the A and B domains of the tumor-suppressor gene retinoblastoma (RB), a protein
that in other eukaryotes participates in the conserved RB–E2F pathway, which regulates the cell
cycle and cell proliferation (13).While nucleariids (except Fonticula alba), aphelids, and some fungi
(mostly chytrids) possess the RB_A and RB_B domains (29, 48),most fungal groups lack the entire
pathway and rely on alternative cell cycle regulation involving SBF/MBF transcription factors
acquired through virus-mediated HGT (29, 75). Rozellids exhibit a stepwise loss of RB, with the
early-branching Rozella allomycis still possessing both RB domains.However,more derived species,
such as Mitosporidium daphniae and Paramicrosporidium saccamoebae, retain only the RB_B domain
(Figure 2b). It is plausible that in rozellids andmicrosporidians the loss of an RB domain(s) enables
uncontrolled fast replication and shortening of the generation time (130).

Due to the extreme functional reduction, particularly during their intracellular development,
microsporidians rely on stealing energy from their hosts (67, 128). Spores of most species, ex-
cept some Enterocytozoonidae and Hepatosporidae, generate ATP through glycolysis involving
the alternative oxidase and glycerol-3-phosphate shuttle (126) (Figure 2b). They import host-
synthesized purine nucleotides and NAD using surface-located nucleotide transporters (NTTs),
which belong to the major facilitator superfamily (MFS), acquired through HGT from bacteria
(67, 83, 132, 135).Moreover,microsporidians also acquired additional NTTs for the exchange and
symport of host purine nucleotides such as GTP and GDP, nucleosides, and nicotinamides (29,
33, 52, 83, 103).

Energy parasitism in Holomycota varies on the basis of transporter types and mitochondrial
genome complexity (Figure 2b). Reconstructions of ancestral sequences indicate that acquisitions
of ATP/ADP NTTs by the ancestor of rozellids and microsporidians (33) were followed by in-
dependent gene losses in metchnikovellids and some rozellids (M. daphniae, P. saccamoebae) (74)
(Figure 2b). Alternatively, an independent gain of these transporters may have occurred exclu-
sively in R. allomycis and microsporidians (48, 82, 126). This transporter family is typically found
in holomycotans with mitochondria lacking complex 1 of the oxidative phosphorylation path-
way (R. allomycis) or (putatively) lacking the entire organellar genome (Microsporidia) (33, 55).
However, exceptions exist as demonstrated by metchnikovellids andM. daphniae, which lack both
complex 1 and ATP/ADP NTTs (106) (Figure 2b).
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Holomycotans lacking NTTs utilize an alternative set of MFS transporters dedicated to the
import of ATP and GTP. While these transporters are not unique to holomycotans, as they are
widespread in other eukaryotes as well as prokaryotes, they were already extremely diversified
in the ancestor of Microsporidia and Rozellomycota (74). Additionally, similar to other parasitic
eukaryotes, both groups have acquired numerous genes via HGT, such as amino acid permeases
or folate-related genes, mainly involved in nucleic acid and amino acid synthesis and salvage (4,
67, 103, 106). To meet their high metabolic demands associated with massive proliferation in
the host, microsporidians utilize hexokinase, which has acquired a secretion signal sequence for
targeting to the host cell, enhancing the production of amino acids, lipids, and nucleotides (29).
Microsporidians and their relatives have various lineage- and genus-specific adaptations that aid in
host invasion and adjustment to the intracellular lifestyle (53, 123, 132) (Figure 2b), but detailing
them is beyond the scope of this review.

4. APICOMPLEXA

4.1. Exploring Transitions to Intracellular Symbiosis:
Apicomplexa as a Model Group

Apicomplexa (as defined in 19) are a highly diverse group of protists equipped with an apical
complex at the anterior apex that allows penetration of the host cell or prey. A homologous struc-
ture also occurs in Dinozoa (100), and an analogous feeding apparatus in the phylogenetically
distant katablepharids has been recognized (99). Within apicomplexans, the host–parasite rela-
tionship is either evolutionarily conserved, such as the obligate parasitism in Sporozoa, or greatly
varies within certain clades, as in Apicomonada (chrompodellids), that are either photosynthetic
(chromerids), predatory (colpodellids), or parasitic (Piridium sociabile).

Sporozoa are a species-rich group predominantly encompassing obligate parasites of animals,
formerly classified as Apicomplexa sensu stricto (131). They are responsible for many diseases,
includingmalaria, toxoplasmosis, cryptosporidiosis, babesiosis, theileriosis, and eimerioses. Sporo-
zoans are traditionally classified into Coccidia, Cryptosporidida, Gregarinida, Haemosporidia,
and Piroplasmida (131), showcasing a gradual transition from extracellular (archigregarines), via
epicellular (Cryptosporidium), to intracellular (Coccidia, Haemosporidia, and Piroplasmida) rela-
tionships with the host (Figure 3a). In the much less speciose Apicomonada, parasitism evolved
in parallel, as exemplified by P. sociabile (78), Platyproteum (56), and the photoparasite Chromera
velia (94). While the apicomplexan ancestor originally relied on phototrophy, this process is re-
tained only in chromerids (Figure 3a,b). However, most Apicomplexa use their photosynthetic
(chromerids) or nonphotosynthetic (Sporozoa and most Apicomonada) plastids to support their
metabolism (56, 78, 93, 111). In most sporozoans, a plastid that lost its photosynthetic functions,
termed an apicoplast, is essential for the parasite’s survival and represents a prospective drug tar-
get. Hence, apicomplexans are an excellent model to study the evolutionary transition(s) from
phototrophs to mixotrophs, predators,mutualists, and parasites (94).Here, we give outsized atten-
tion to Apicomonada, as they are highly relevant for understanding the evolution of intracellular
parasitism.

4.2. Evolution of Traits Associated with Intracellular Parasitism in Apicomplexa

Chromerids, algae with a complex rhodophyte-derived plastid, represent the photosynthetic
apicomplexans. The group is polyphyletic and its two described species, C. velia and Vitrella
brassicaformis, differ considerably in morphology, life cycles, and genomes, challenging the de-
termination of chromerid general characteristics (94, 96, 137).Whereas C. velia displays an apical
complex with a reduced preconoid (97), indicating a possible symbiotic interaction with the host,
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Figure 3 (Figure appears on preceding page)

Evolution of intracellular parasitism in Apicomplexa. (a) The ancestor of Apicomplexa was a free-living
phototroph. The need for nitrogen forced the alga to either hunt microbial prey, exist as an ectosymbiotic
photoparasite, or invade a host (like Chromera velia). In theory, the intracellular photoparasite could shift
between mutualist and parasitic states, as seen in dinoflagellate symbionts of corals. The photoparasite could
lose photosynthesis due to infection of opaque host or gain organic carbon–scavenging abilities. Similarly,
the mixotrophic predator could lose photosynthesis and become a typical predator, like colpodellids.
Extracellular parasitism and its intracellular form may have eventually evolved from the predatory ancestor.
This entire symbiotic system is dynamic, with parasitic and mutualistic forms changing in response to the
level of host adaptation. (b) Cladograms (based on data from Reference 90), depicting two scenarios for the
evolution of intracellular parasitism in Apicomplexa and the distribution of associated morphological,
physiological, and molecular features. (Left) Intracellular parasitism arose twice in Apicomonada and twice in
Sporozoa, suggesting a single origin of the intracellular lifestyle in Coccidia, Haemosporidia, and
Piroplasmida and its consequent loss in Nephromyces. (Right) Alternatively, intracellular parasitism occurred
three times in Sporozoa, and Nephromyces, an ectosymbiotic mutualist of marine polychaetes, represents an
ancestral state. The trait states were determined through literature research or by mining the genes from
publicly available genomes using standalone BLAST. Abbreviations: AMA1, apical membrane antigen 1;
AOX, alternative oxidase; CPH1, conoid protein hub 1; DPOR, light-independent protochlorophyllide
reductase; FAS, fatty acid synthase; IFT122, intraflagellar transport protein 122; IspH, isoprenoid precursor
H; MIC2, microneme protein 2; ND9, nondischarged protein 9; RON2, rhoptry neck protein 2; TRAP,
thrombospondin-related anonymous protein; UOX, urate oxidase.

V. brassicaformis lacks any ultrastructural evidence of this complex. Importantly, V. brassicaformis
has a complex life cycle that, unlike that of C. velia, includes a sexual stage (39). Due to their
isolation from corals (86), chromerids were initially considered to be mutualistic symbionts, like
dinoflagellates of the genus Symbiodinium (101). However, C. velia, found intracellularly in the
coral larvae (28), engages in mixotrophic photoparasitism, combining phototrophy and parasitism,
a phenomenon also observed in some dinoflagellates (e.g., Blastodinium, Piscinoodinium) and par-
asitic plants (e.g., Cuscuta) (85, 94). This photoparasitic behavior was suggested to be driven by
the need for nitrogen and might represent an intermediate stage in the evolution of parasitism in
Apicomplexa (94).

Apicomonads have lost photosynthesis at least three times in the course of evolution (56, 78,
94). Two independent losses led to the emergence of the predatory colpodellids (18, 95), which
adapted their apical complex to huntmicrobes.However, themain difference between colpodellids
and early-branching sporozoans is the size of their prey and hosts. Colpodellids target unicellular
prey, whereas early sporozoans such as gregarines and Cryptosporidium invade the gut cells of their
multicellular hosts (94). Consequently, some colpodellids exhibit a parasitic lifestyle in humans
(140). The third loss of photosynthesis led to the emergence of an intracellular parasite,P. sociabile.
However, while intracellular parasitic sporozoans have gradually evolved from their extracellu-
lar predecessors (94) (Figure 3a,b), intracellular parasitic apicomonads such as C. velia (86) and
P. sociabile (78) have no known extracellular symbiotic relatives.

Gregarines, subdivided into archigregarines, eugregarines, and neogregarines, typically live
in symbiosis with their invertebrate hosts, including annelids, echinoderms, mollusks, hemichor-
dates, insects, and sipunculids (1, 108, 131). Some gregarines and relatedCryptosporidium constitute
the very rare cases of secondary aplastidic organisms. Archigregarines still contain a genome-
carrying plastid, whereas the organelle was entirely lost in neogregarines (79). Some eugregarines
represent an intermediate state, as they have lost the plastid genome yet retained the organelle,
which contains a fully imported proteome (Figure 3b).

The life cycle of gregarines typically begins with the attachment of trophozoites to the host’s
epithelial intestinal lumen tissue. Most archigregarines do not invade the host cell, engaging in
extracellular symbiosis, which most likely represents the ancestral state of Sporozoa. However,
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the presence of intracellular stages in the life cycles of the archigregarine Selenidium pygospinosis
(102) and the eugregarine Cephaloidophora ampelisca (92) leaves their possible gradual loss from
other gregarine lineages as an alternative scenario. A type of host–symbiont interaction reminis-
cent of gregarines is observed in the derived cryptosporidians, although the principal difference
rests in the fact that they are epicellular, penetrating the host cell without invading its cyto-
plasm, occupying a so-called extracytoplasmic location (7, 47, 108). The remaining Sporozoa
(Coccidia, Haemosporidia, and Piroplasmida) exhibit both the extracellular and the intracellu-
lar stages in their life cycles. These parasites either directly interact with the host cytoplasm or are
enclosed within the parasitophorous vacuole (122).Coccidians parasitizing warm-blooded animals
and haemosporidians typically reside intracytoplasmically, whereas coccidians parasitizing cold-
blooded vertebrates live extracytoplasmically, at the periphery of epithelial cells in direct contact
with their cytoplasm (7, 11, 119).

The nature of the symbiotic relationship can undergo changes during the life cycle, partic-
ularly in the heteroxenous Sporozoa, where it may vary between different hosts. It appears that
some sporozoans are pathogenic for their relatively recently acquired hosts, whereas they are tol-
erated by evolutionarily older, well-adapted hosts. Long-term coexistence and adaptation of host
and symbiont thus lead to a mutualistic relationship or at least a tolerance, whereas more recent
changes in host specificity tend to evolve into parasitism (109, 113). Malaria parasites are an ex-
ample of this gradual adaptation: Plasmodium is often highly pathogenic to its mammalian hosts
but is well tolerated by its definitive host, the insect vectors (17). In fact, the evolutionarily derived
Plasmodium can kill immunonaive mammalian hosts within a few weeks. This principle seems to
apply also to gregarines, which behave like mutualists in their evolutionarily older hosts (5).

Despite its phylogenetic position among the intracellular obligate parasitic Sporozoa (90),
Nephromyces is an extracellular mutualist (110) (Figure 3b) likely due to its long-term adaptation
to its evolutionarily ancient hosts, the polychaetes. Its phylogenetic position between two groups
of intracellular parasites,Haemosporidia and Coccidia (90), can be interpreted as a formerly intra-
cellular symbiosis that is frozen at the extracellular stage, just before entering the host cell (see the
left side of the tree in Figure 3b). Alternatively, the intracellular symbiosis has evolved indepen-
dently in Coccidia and Haemosporidia, with Nephromyces representing an ancestral state (see the
right side of the tree in Figure 3b). In another case, C. velia forms a short-term relationship with
its host, behaving more like a pathogen than a parasite, causing high mortality in coral larvae (28).
This suggests that the Acropora digitifera larvae used in experiments (28, 85) likely have become
hosts either accidentally or recently and that C. velia has another regular host with a more stable
symbiotic relationship.

The transition from phototrophic ancestors to obligate parasites required remodeling of the
existing metabolic and genetic equipment to a new purpose. This evolutionary shift involved
a loss of more than 3,800 genes, while only approximately 80 novel genes have been acquired
(137). Losses included numerous genes related to the formation of a flagellum (e.g., δ-tubulin, in-
traflagellar transport protein) (122) in certain gregarines and cryptosporidians, as well as the loss
of photosynthesis and related genes (e.g., photosystems, ribulose-1,5-bisphosphate carboxylase/
oxygenase, chlorophyl synthesis) in all heterotrophic apicomplexans (Figure 3b). In contrast, some
components of the apical complex, such as apical membrane antigen 1 and rhoptry neck protein
2, were gained in Coccidia, Haemosporidia, and Piroplasmida (Figure 3b). Despite the group’s
name, not all Apicomplexa possess apical complex and corresponding genes. The absence of this
complex in V. brassicaformis indicates either its loss in early-branching photosynthetic apicomon-
ads or its independent evolution in Apicomonada and Sporozoa.With the exception of mutualistic
Nephromyces, all examined apicomplexans, including rhoptry-lacking chromerids, contain nondis-
charged protein 9, which is essential for rhoptry secretion (73) (Figure 3b). Moreover, the conoid
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protein hub1 was found in Sporozoa, including Piroplasmida that lack the conoid, but not in
colpodellids, which possess the preconoid. Notably, all extracellular and epicellular apicomplex-
ans, cryptosporidians, gregarines, and Nephromyces lack the apical membrane antigen 1 (27). This
finding suggests that its absence may represent an ancestral state, while a less likely alternative sce-
nario implies multiple independent losses. However, it is also possible that this protein has been
ancestrally absent in gregarines and cryptosporidians and was lost only secondarily inNephromyces.
Indeed, the presence of some genes is hard to explain given the available information. Such is the
case of light-independent protochlorophyllide reductases in the nonphotosynthetic corallicolids.
Since in phototrophs these genes are typically responsible for chlorophyll synthesis in the dark
(63), their function in the heterotrophic coral symbiont remains unknown.

5. CONCLUDING REMARKS

The three analyzed groups of protists developed unique adaptations that allowed them success-
ful expansions as intracellular parasites. The emerging pattern is compatible with an independent
origin of these colorful adaptations that occurred multiple times throughout evolution. As a re-
sult, distinct lineages of intracellular parasites employ different morphological, physiological, and
molecular features to achieve similar outcomes. Such trait divergence, genome size, and content
variation are not surprising, given the considerable phylogenetic distance among these organisms
and differences in both the age of their parasitism and the hosts’ biology. Certain features, such as
the loss of a flagellum, the shift to osmotrophy, the formation of resistant cyst-like stages, and the
presence of diverse transporters, appear characteristic for, if not common denominators of, intra-
cellular parasites, regardless of their evolutionary origin. However, specific traits linked one way
or another to the emergence of intracellular parasitism vary significantly not only across the three
compared groups but also within them. These distinctive traits frequently involve gene expan-
sion or horizontal acquisitions of proteins associated with nucleic acid and amino acid synthesis
and salvage, coupled with genetic rearrangements facilitating rapid proliferation and extensive di-
versification. The highly effective mechanisms for host acquisition and exploitation have enabled
intracellular parasites to thrive in numerous habitats, reflecting their remarkable adaptability.
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