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Abstract The chapter describes the exceptional symbiotic associations formed
between the ciliate Paramecium and Holospora, highly infectious bacteria residing
in the host nuclei. Holospora and Holospora-like bacteria (Alphaproteobacteria) are
characterized by their ability for vertical and horizontal transmission in host
populations, a complex biphasic life cycle, and pronounced preference for host
species and colonized cell compartment. These bacteria are obligate intracellular
parasites; thus, their metabolic repertoire is dramatically reduced. Nevertheless, they
perform complex interactions with the host ciliate. We review ongoing efforts to
unravel the molecular adaptations of these bacteria to their unusual lifestyle and the
host’s employment in the symbiosis. Furthermore, we summarize current knowledge
on the genetic and genomic background of Paramecium–Holospora symbiosis and
provide insights into the ecological and evolutionary consequences of this interac-
tion. The diversity and occurrence of symbioses between ciliates and Holospora-like
bacteria in nature is discussed in connection with transmission modes of symbionts,
host specificity and compatibility of the partners. We aim to summarize 50 years of
research devoted to these symbiotic systems and conclude trying to predict some
perspectives for further studies.
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4.1 Characteristics of Holospora and Holospora-Like
Bacteria

Symbioses and especially intracellular symbioses are drivers of evolution and
biological innovation. The interaction between unicellular eukaryotic host and
intracellular symbionts is naturally rather intimate as any interruption leading to
the decay of the symbiotic system may ultimately cause the death of the host cell
itself. In unicellular eukaryotes, we find a tremendous amount of organismal and
functional diversity regarding intracellular symbionts. Hence, we can use them as
fascinating models to study the mechanisms of bacterial transmission on individual
and the host population level, regulation of interactions between eukaryotic and
prokaryotic cells, and coevolution of host and symbiont. It is no surprise that
symbioses between different groups of protists and prokaryotes continuously attract
scientific attention (Gast et al. 2009; Nowack and Melkonian 2010; Dziallas et al.
2012; Edgcomb 2016; Samba-Louaka et al. 2019). Ciliates, one of the most numer-
ous taxa of protists, harbor a plethora of diverse prokaryotes. The first-discovered
endosymbionts of ciliates were Holospora, and now these and related Holospora-
like bacteria (HLB) are, probably, among the best-studied prokaryotic symbionts of
protists.

Holospora and HLB exhibit several fascinating features. The most conspicuous
are the occupation of the host’s nucleus (Fig. 4.1), their cellular dimorphism with the
eye-catching long infectious form, and their complex life cycle with an infectious
stage. Thanks to the prominent localization and the atypical cell shape, these bacteria
were reported already in very early microscopic studies devoted to Paramecium
(Bütschli 1887). 130 years ago, bacteria in Paramecium nuclei were observed and
described as Holospora (“whole spore”) by Wladimir Hafkine (Hafkine 1890), a
well-known bacteriologist from the laboratory of Louis Pasteur. His descriptions
were confirmed and formalized according to taxonomic rules a century later
(Gromov and Ossipov 1981).

Fig. 4.1 Different paramecia infected with various Holospora species. Holospora undulata (a) in
the Paramecium caudatum micronucleus and Holospora parva (b) and Holospora curviuscula (c)
in the macronuclei of their Paramecium hosts. The nuclei are heavily infected and appear swollen in
size. Note the algal symbionts additionally harbored by Paramecium chlorelligerum (b) and
Paramecium busaria (c). Living cells observed by differential interference contrast microscopy.
Scale bars: 25 μm (a), 10 μm (b, c)
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Holospora and HLB form a monophyletic group within the Holosporales (see
Sect. 4.2.1). All of them are obligate intranuclear bacteria as they live “inside the
control center” of their eukaryotic hosts (Schulz and Horn 2015). They are capable
of vertical and horizontal transmission; thus, they are distributed from mother to
daughter cells and can also infect new hosts after uptake from the environment (see
Sect. 4.1.2).

The only known hosts for Holospora and HLB are ciliates. Relevant features of
ciliates for the symbiotic interaction with HLB are their filter-feeding followed by
phagocytosis, which provides to bacteria a possibility to enter the cell, and their
nuclear dimorphism, as HLB reside in either somatic polyploid macronuclei or in the
germline micronuclei and are restricted to one type or the other.

In this review, we will discuss new insights into adaptation, evolution, and host
interactions of the following Holospora species: H. undulata (type species),
H. obtusa, H. elegans, H. acuminata, H. curviuscula, and “Candidatus1 H. parva.”
As there has been no update since the most recent reviews on the diversity of
Holospora (Fokin and Görtz 2009; Fujishima and Kodama 2012), we will skip
H. recta (Fokin 1991), H. curvata (Fokin and Sabaneyeva 1993), and H. bacillata
(Fokin 1989). The group here termed HLB includes the following bacteria: “Ca.
Preeria caryophila” (Potekhin et al. 2018, basonym: Holospora caryophila), “Ca.
Gortzia infectiva” (Boscaro et al. 2013), “Ca. G. shahrazadis” (Serra et al. 2016),
“Ca. G. yakutica” (Beliavskaia et al. 2020), and “Ca. Hafkinia simulans” (Fokin
et al. 2019).

“Ca. Paraholospora nucleivisitans” (Eschbach et al. 2009) is only distantly related
and lacks typical HLB characteristics (see Sect. 4.2.1). Thus, we will not consider it
here as HLB.

4.1.1 Symbioses between Paramecium and Holospora-like
bacteria

Holospora are obligate intracellular bacteria, i.e., cultivation attempts on artificial
media outside the host have not been successful so far (Fokin and Görtz 2009).
Inside Paramecium, they can elicit dramatic alterations of the host’s nuclear struc-
ture (Fig. 4.1) and impact host growth and fitness (see Sect. 4.3.2). There are no
indications that they are required by their host under any circumstance. Thus, they
can be considered parasites. Nevertheless, we use the more general term “symbiont”
in this review as Paramecium and Holospora may form an intimate, long-term

1Candidatus indicates that these bacteria cannot be cultivated outside their host and thus are not
deposited as a pure culture at two culture collections, preventing their full valid description
according to the International Code of Nomenclature of Prokaryotes. For brevity’s sake, we will
omit Candidatus further on in the text. Organisms originally described before 1980 were given valid
names even when cultivation could not be accomplished.
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interaction; hence, the definition of symbiosis according to de Bary, 1878 (de Bary
1879; Oulhen et al. 2016) applies.

All Holospora species are strictly associated with a Paramecium species. This
pattern of host specificity indicates that the intranuclear symbionts coevolved with
their paramecia hosts. Very rarely Holospora can enter the “wrong” host species and
even complete its infection cycle (Fokin et al. 2005), but yet under laboratory
conditions such associations are very unstable and quickly disappear.

In the following, we will review publications and ongoing efforts conducted to
unravel the molecular adaptations of these bacteria to their unusual lifestyle and the
host’s employment in the symbiosis. Furthermore, we aim to provide insights into
the ecological and evolutionary consequences of this interaction.

4.1.2 Infection, Life Cycle, and Cellular Dimorphism

Holospora and all HLB (see Sect. 4.2.3) display a complex life cycle connected to
the infection process and are characterized by two different cell morphologies that
serve distinct functions (Figs. 4.2 and 4.3). The reproductive forms (RF) are typical
bacterial rod-shaped cells (0.4–1.0 � 2.0–4.0 μm). They can be found multiplying
inside the host nucleus. At some point, they differentiate into infectious forms (IF).
These cells are much longer than RF and can reach up to 20.0 μm. IF shapes can be
straight, spindle-shaped, curved, or sigmoidal (Fig. 4.2; reviewed by Fokin and
Görtz 2009; Potekhin et al. 2018). For several decades, these differences served as
one major diagnostic character for discrimination of Holospora and HLB species
(Gromov and Ossipov 1981; Fokin et al. 1996; Görtz and Schmidt 2005; Fokin and
Görtz 2009; Schweikert et al. 2013).

On the ultrastructural level (Fig. 4.3), IF are subdivided into recognition tip (also
termed infection tip), an enlarged periplasmic lumen, and the remaining condensed
cytoplasm (Ossipov 1981; Görtz and Wiemann 1989). The recognition tip plays an
important role during the escape of IF from the phagosome (Fig. 4.3a) and in
penetration of the nuclear membrane.

IF are the agents of horizontal transmission (Fig. 4.4a). They are released from the
nucleus either during cell division (Fig. 4.4b) or at cell death and can persist for a
certain time outside a host cell (Fujishima et al. 1991). A new infection cycle starts
after phagocytosis of IF by a Paramecium cell. Usually, bacteria inside the
phagosome are digested, but IF can avoid this fate by escaping the digestive vacuole
with the recognition tip spearheading the exit (Fig. 4.4a). This process is triggered by
the acidification of the phagosome. Inhibitors of vacuolar-type ATPases, which
block acidification, prevent IF from leaving the vacuole (Fujishima et al. 1997).
The importance of acidification for the maturation of IF was also shown by exper-
iments where IF of H. obtusa were microinjected into the macronucleus of Para-
mecium caudatum bypassing all intermediate stages of the infection cycle. These IF
did not form constrictions and failed to differentiate into RF (Skovorodkin et al.
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2001). Acidification of isolated IF of H. obtusa induces the production of an
IF-specific antigen (Kawai and Fujishima 2000).

It is debated and remains unclear if the phagosome membrane is collapsed in the
process of IF escape and the bacteria are naked in the Paramecium cytoplasm
(Fujishima 2009) or if the symbionts remain surrounded by remnants of the vacuole
membrane (Ossipov 1981; Görtz and Wiemann 1989). Similar to intracellular
pathogens like Listeria monocytogenes, Shigella flexneri, and Rickettsia conorii
(Stevens et al. 2006; de Souza and Orth 2015), Holospora repurposes the host’s
actin cytoskeleton in order to move intracellularly and to reach the target nucleus.
The actin tail polymerizes at the side of the IF, occasionally nearly perpendicular to

Fig. 4.2 Nuclear infections by Holospora and Holospora-like bacteria. Holospora undulata (a)
and Holospora acuminata (b) in the micronucleus (Mic) of their hosts. Infected macronuclei (Mac)
harboringHolospora obtusa (c, d), Preeria caryophila (e), and a double infection (f) withH. obtusa
(arrow head) and Preeria caryophila (white arrow). The majority of H. obtusa are present as
reproductive forms in C, while in D the number of infectious forms has increased. Scale bars: 10 μm
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the longitudinal cell axis, and serves as driving force for propulsion through the
Paramecium cytoplasm (Sabaneyeva et al. 2009).

Isolated IF can reach the nucleus of a new host within less than 60 min under
laboratory conditions. The quick invasion of host nuclei by Holospora is accompa-
nied by extensive ruffling and perturbations of the nuclear envelope (Ossipov 1981;
Görtz and Fokin 2009). It implies highly specific recognition mechanisms and
bacterial effectors. Indeed, some specific proteins crucial for the escape from the
digestive vacuole and invasion of the target nucleus have been biochemically
identified (Dohra et al. 1994; Iwatani et al. 2005; Abamo et al. 2008).

Once the nucleus is reached, the IF penetrates the nuclear envelope recognition
tip oriented forward. Inside the organelle, IF constrict and differentiate into RF,
which will undergo regular bacterial cell divisions until the next differentiation into
IF (Fig. 4.4a).

Species-specific targeting to only one type of the host nuclei is another major
feature used for Holospora diagnosis (Fokin and Görtz 2009). Rarely, the nucleus
recognition is not precise and symbionts may end up in the nontarget compartment,
especially in course of massive infections (Borchsenius et al. 1990; Ossipov et al.
1993). Still, with exception of H. curviuscula, which was able to colonize simulta-
neously both nuclei and to stay in the nonspecific micronucleus for 3–5 months
(Borchsenius et al. 1990), Holospora species stop their proliferation and are very
quickly lost from the nontarget nucleus (Ossipov et al. 1993; Lebedeva, Skoblo,
Ossipov, pers. comm.).

Fig. 4.3 Tripartite compartmentalization of infectious forms. The typical cell structure of infec-
tious forms (IF) comprises a recognition tip (arrow), the periplasmic lumen (P), and the cytoplasm
(C). Transmission electron micrographs (a-c) show IF of Holospora obtusa exiting from a food
vacuole (a), inside the host cytoplasm (b) and the macronucleus (c). A three-dimensional atomic
force microscopy image (d) depicts two IF of Gortzia infectiva. Note a slight depression of the
surface of both bacteria at the polar recognition tip (arrow). Scale bars: 2 μm. Images were kindly
provided by Dr. Elena Sabaneyeva, St. Petersburg State University (d), and Prof. Sergei Fokin,
St. Petersburg State University & University of Pisa (a-c)
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4.1.3 Molecular Adaptations to an Intranuclear Lifestyle

The uncommon capability to live and replicate inside a host nucleus is characteristic
to Holospora and HLB. Obviously, successful infection of nuclei and stable symbi-
osis (over numerous cell divisions of the host) requires specific adaptations.

Four Holospora genomes have been sequenced so far (Table 4.1), i.e., the
micronucleus-specific species H. undulata (Dohra et al. 2013, 2014) and
H. elegans (Dohra et al. 2014) and the macronucleus-specific H. obtusa (Dohra
et al. 2014) and H. curviuscula (Garushyants et al. 2018). The latter is a symbiont of
Paramecium bursaria, while the other three infect Paramecium caudatum. Further-
more, genome assembly and annotation are in progress for Preeria caryophila
(Potekhin, pers. comm). Even though none of the genomes is closed, they are
relatively large for obligate intracellular bacteria with draft genome sizes ranging
from 1.27 to 1.72 Mb forHolospora (Table 4.1), while Preeria has a smaller genome
of ca. 1 Mb (Potekhin, pers. comm). Comparative analysis (Garushyants et al. 2018)
of four Holospora draft genomes revealed that all contain a considerable fraction of
repetitive DNA (up to 15%), transposases, and phage-related genes.

Holospora rely on their host for energy production and provision of amino acids.
The single major metabolic pathway that is almost intact in all Holospora is the fatty
acids synthesis (Garushyants et al. 2018). All four sequenced Holospora are unable
to synthesize any amino acid and lack the majority of genes involved in energy
production, e.g., basically all enzymes for glycolysis, the Entner-Doudoroff path-
way, the pentose phosphate pathway, the citric acid cycle, and the components of the
F1F0-ATPase (Garushyants et al. 2018). All of them possess the pyruvate dehydro-
genase and can generate ATP by converting pyruvate to acetyl-CoA and further to
acetoacetyl-CoA and acetoacetate (Garushyants et al. 2018). Noteworthy, all
Holospora have a set of ribonucleotide reductases. Hence, given the intranuclear
lifestyle, it is conclusive that Holospora might use host-derived nucleotides and/or
ribonucleotides as energy source (Garushyants et al. 2018). Not only do they encode
ribose transport and nucleotide transport proteins for their uptake (Linka et al. 2003;
Garushyants et al. 2018), they are capable to interconvert them. As the intracellular
abundance of ribonucleotides is estimated to be significantly higher than that of
nucleotides, those have been suggested as preferred energy source for Holospora
(Garushyants et al. 2018). At the same time, RNA synthesis in the transcriptionally
inert micronucleus is several orders of magnitudes lower than in the somatic

Fig. 4.4 (continued) gradually matures into the activated form. Once in the cytoplasm, the IF
recruits the host cytoskeleton for intracellular motility. A perpendicular situated actin comet tail
moves the IF to the target nucleus (here the macronucleus) where it penetrates the nuclear
membrane again utilizing the recognition tip. Inside the nucleoplasm, the IF constricts and differ-
entiates into reproductive forms (RF). These multiply and can undergo further differentiation from
RF into IF. (b) Cell division of Paramecium and division of Holospora-infected nucleus. IF
accumulate in the connecting piece, a structure bridging the dividing nuclei, while RF remain
attached to the chromatin in the nuclei of daughter cells
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Table 4.1 Comparison of genome sizes and GC content of Holospora and related bacteria

Organism
Chromosome
size (Mb)

GC
content Life style

Holospora

Holospora undulataHU1
(NZ_ARPM00000000.3)

1.40 36.1 Intranuclear, micronucleus of Parame-
cium caudatum

Holospora elegans E1
(NZ_BAUP00000000.1)

1.27 36.0 Intranuclear, micronucleus of Parame-
cium caudatum

Holospora obutsa F1
(NZ_AWTR00000000.2)

1.33 35.2 Intranuclear, macronucleus of Parame-
cium caudatum

Holospora curviuscula
NRB217
(NZ_PHHC00000000.1)

1.72 36.1 Intranuclear, macronucleus of Parame-
cium bursaria

Members of
Holosporaceae

Cytomitobacter primus
1604LC
(NZ_CP043316.1)

0.62 30.0 Intracellular, host: Diplonema japonicum

Cytomitobacter
indipagum 1605
(NZ_CP043315.1)

0.63 29.7 Intracellular, host: Diplonema
aggregatum

Nesciobacter abundans
1604HC
(NZ_CP043314.1)

0.62 29.8 Intracellular, host: Diplonema japonicum

Members of
Holosporales

Caedimonas varicaedens
(NZ_BBVC00000000.1)

1.69 42.1 Intracellular, host: Paramecium spp.
(macronucleus of P. caudatum)

Paracaedibacter
acanthamoebae
PRA3 (NZ_CP008941.1)

2.47 41.0 Intracellular, host: Acanthamoeba
sp. UWC9

Members of Rickettsiales

Anaplasma marginale
Florida
(NC_012026.1)

1.2 49.8 Intracellular, life cycle alternates between
ticks and mammals

Wolbachia pipientis
wMel_N25
(NZ_CP042446.1)

1.27 35.2 Intracellular, host: Drosophila
melanogaster

Deianiraea vastatrix
CyL4–1
(NZ_CP029077.1)

1.21 32.9 Extracellular, attached to host: Parame-
cium primaurelia

Midichloria mitochondrii
IricVA
(NC_015722.1)

1.18 36.6 Intramitochondrial, host: Ticks

Rickettsia prowazekii
Madrid E
(NC_000963.1)

1.11 29.0 Intracellular, life cycle alternates between
arthropods and mammals

(continued)
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macronucleus (Freiburg 1988). This could represent the crucial difference between
the two types of nuclei in terms of nucleus preference by Holospora species. Their
ability to propagate exclusively in one type is, probably, connected with metabolic
peculiarities of the respective species.

Regarding infection-related adaptations, there have been substantial efforts to
characterize engaged components both on ultrastructural level and biochemically
(for a summary see Fujishima 2009). Probably the best-characterized protein
involved in the infection of Holospora is the secreted 89-kDa protein of the
recognition tip (Iwatani et al. 2005). It interacts with the phagosome membrane
during IF escape and forms a fine fibrous structure between bacterial and vacuolar
membranes. Comparative genomics revealed that the corresponding gene is con-
served in all fourHolospora genomes (Garushyants et al. 2018). Another interesting,
interspecies-conserved gene encodes the 5.4-kDa periplasm-specific peptide, which
has been described as a major protein of the IF periplasmic region likely playing a
crucial role in the differentiation from RF to IF (Dohra et al. 1997). Genome mining
(Garushyants et al. 2018) in Holospora genomes revealed about fifty proteins either
containing transmembrane helixes or predicted to be secreted. Among them is the
outer membrane protein A (OmpA), which is encoded in multiple copies in all
analyzedHolospora species. OmpA interacts with host glycoproteins and is required
for efficient entry into the host cell in some Rickettsiales (Ojogun et al. 2012), well-
studied obligate intracellular pathogens, which are related to Holospora (Fig. 4.5).

Table 4.1 (continued)

Organism
Chromosome
size (Mb)

GC
content Life style

Rickettsia typhi Wil-
mington
(NC_006142.1)

1.11 28.9 Intracellular, life cycle alternates between
arthropods and mammals

Members of
Rhodospirillales

Rhodospirillum rubrum
ATCC
11,170 (NC_007643.1)

4.35 65.4 Free-living, autotroph

Other
Alphaproteobacteria

Bartonella henselae
Houston-1
(NC_005956.1)

1.93 38.2 Intracellular, life cycle alternates between
fleas and mammals

Other bacteria

Buchnera aphidicola
APS
(NC_002528.1)

0.64 26.3 Intracellular, host: Aphids

Escherichia coli K-12
MG1655
(NC_000913.3)

4.64 50.8 Free-living, heterotroph
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Fig. 4.5 Phylogenetic reconstruction of the order Holosporales demonstrating that Holospora and
Holospora-like bacteria (HLB) share a common ancestor. Maximum likelihood tree was calculated
with IQ-TREE based on an alignment of 94 16S rRNA gene sequences obtained from GenBank
comprising1377 characters. The applied best fit evolutionary model is TVMe+R5. Numbers near
nodes indicated Ultrafast Bootstrap support values of IQ-TREE. Numbers in brackets indicate
sequences in collapsed groups. Symbols depict occupied intracellular localization (black circle –

micronucleus; black ellipse – macronucleus; white ellipse – occasionally macronucleus; white
ellipse with bars – close to macronucleus; no symbol – cytoplasm). Scale bar corresponds to 0.07
sequence divergence. Ca. stands for Candidatus
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However, almost none of the predicted secreted or extracellular proteins have
orthologs with known function in other bacteria. Interestingly, Holospora seem to
lack protein secretion systems besides the complete Sec system (Garushyants et al.
2018). In particular, no type IV VirB secretion system was found, which plays an
important role in host interaction in many Rickettsiales (Gillespie et al. 2015).
Glycosylation of surface structures is likely employed by Holospora, as a loss of
IF infectivity was observed after exposure to alpha-mannosidase (Fujishima et al.
1991). As many glycoproteins are associated with virulence factors of medically
significant pathogens (Schmidt et al. 2003), glycosylation of outer membrane com-
ponents of Holospora might serve specific functions in infection and horizontal
transmission.

As mentioned before, nonmotile Holospora use the host’s cytoskeleton for
intracellular movement (Sabaneyeva et al. 2009) by employing actin polymerization
as a driving force for propulsion through Paramecium cytoplasm. The actin tail,
which in case of Holospora is not localized at the cell pole as, e.g., in Listeria
(Lambrechts et al. 2008) but on its side, is composed of closely packed parallel
microfilaments. Treatment with nocodazole, which interferes with the polymeriza-
tion of microtubules, blocks the transport of IF to the nucleus and indicates that
Paramecium microtubules are required as well in bacterial invasion of the nucleus
(Sabaneyeva et al. 2005).

An intriguing and still open question is the ability of Holospora to discriminate
between the host micro- and macronucleus. The difference between the nuclear
envelope markers of Paramecium nuclei is still elusive, although the pore complexes
have been proposed as nucleus-specific (Iwamoto et al. 2017). Various physical and
chemical treatments (e.g., pH, temperature, detergents, etc.) revealed no effect on IF
recognition and infection abilities. Thus, it was speculated that bacterial surface
proteins might not play a crucial role in organelle targeting (Fujishima et al. 1991).

Once Holospora are inside their target nucleus and differentiated into RF, they
exhibit a strong affinity to host chromatin that IF lack (Görtz and Wiemann 1989;
Fokin et al. 1996). This difference between RF and IF is important for their vertical
transmission (see Sect. 4.1.5). It is intriguing to speculate about additional interac-
tions of Holosporawith components of the host nucleus and their potential outcome,
e.g., alteration of host gene expression (see Sect. 4.1.4, 4.3.2) or symbiont distribu-
tion at host division. Potential factors involved in intranuclear symbiont-host
crosstalk might be IF surface proteins 25 kDa and 50 kDa of size that were identified
to specifically bind to Paramecium nuclear proteins (Ehrsam and Görtz 1999).

4.1.4 Host-Symbiont Compatibility and Dissection
of the Infection Process

The complex series of events leading to the successful establishment of a symbiotic
association can be interrupted at different stages. It is well known that the outcome of
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an infection depends on the combination of both partners’ genotypes (Lambrechts
et al. 2006), which applies also to symbioses between ciliates and Holospora. Some
Paramecium strains can be considered as universal recipients for all strains of a
certain symbiont species, while others are resistant to infection (Barhey and Gibson
1984; Fujishima and Fujita 1985; Rautian et al. 1990, 1993; Skoblo et al. 1996,
2001; Bella et al. 2016). The molecular mechanisms of crosstalk between Parame-
cium and Holospora are unknown, though it was shown that H. obtusa alters the
expression of multiple host genes after establishing endosymbiosis (Nakamura et al.
2004).

The infection cycle of Holospora species has been studied in great detail
(Borchsenius et al. 1992; Rautian et al. 1993; Skoblo and Lebedeva 1993; Skoblo
et al. 1996, 2001; Kawai and Fujishima 2000). It comprises following distinct
stages (Fig. 4.4): (1) entrance by phagocytosis, (2) escape from the food vacuole,
(3) transport to the nuclei and nucleus penetration, (4) differentiation of IF into RF,
(5) propagation of RF in the nucleus, and (6) maturation of RF into next generation
of IF. Each of these stages can be blocked in certain combinations of partners. The
most controversial is selective feeding of paramecia and thereby avoiding the
ingestion of Holospora that has not been firmly proven. On the other hand, carbo-
hydrate residues on the IF surface are important for engulfment by Paramecium
(Sabaneyeva, pers. comm.) and some strains indeed do not engulf Holospora
(Skoblo et al. 1996).

An interesting outcome in some incompatible host–symbiont combinations is the
so-called symbiogenic lysis, in which Holospora simultaneously disintegrate in the
host nuclei (Ossipov et al. 1993; Skoblo et al. 2001). Symbiont cells swell, their
outer and cytoplasmic membranes visibly separate, and ribosomes disappear. Then
bacterial outer membranes are disrupted and the protoplasts finally lyse (Ossipov
et al. 1993). This phenomenon might be related to an unknown Paramecium defense
mechanism or it could be operated by the bacteria themselves. Virus-induced lysis
cannot be ruled out but seems unlikely insofar as no viruses have been observed in
Holospora by transmission electron microscopy. However, in the genome of
H. undulata, a possibly functional prophage is encoded (Garushyants et al. 2018).

Symbiosis establishment between Holospora and Paramecium is a discrete
process that can be interrupted at different stages, confirming that these are inde-
pendently controlled. The regular arresting in a particular combination of partners is
a strong evidence of its genetic determination. Thus, the blockages may be consid-
ered as phenotypic markers of genes involved in symbiosis control. Genetic analysis
of Paramecium bursaria susceptible and resistant to H. curviuscula confirmed that
some infection stages are controlled by several host genes (Makarov, Skoblo and
Ossipov, unpublished). Transplantation of macronuclear karyoplasm from suscepti-
ble Paramecium strains to resistant ones conferred the latter the ability to be infected
by Holospora and allowed to deduce at least three Paramecium genes involved in
susceptibility to infection (Rautian et al. 1996).
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4.1.5 Holospora-Induced Changes of Host Cellular
Machineries

Infections withHolospora (and HLB) comprise numerous consequences for affected
Paramecium cells. First we will discuss morphological and ultrastructural alter-
ations, while ecological and evolutionary consequences will be discussed later (see
Sect. 4.3).

During various steps of their infection cycle, Holospora interfere with host
membranes, the cytoskeleton, and even host chromatin. Most prominent alterations
induced by Holospora are changes in size and shape of infected nuclei (Fig. 4.1).
Besides, Holospora infection often leads to a complete loss of micronucleus,
micronucleus aberrations, or appearance of additional micronuclei in the host
(Ossipov 1981).

The nuclei can be completely filled with bacterial cells and enormously swollen in
size and volume. In micronuclear infections by H. undulata, the infected organelle
can increase its volume up to 80 times (Fig. 4.1a; Ossipov 1981). Astonishingly,
paramecia do not necessarily always suffer from such an occupation of their nuclei,
but the effects can differ dramatically. Hyperinfections, when the macronucleus
occupies the major volume of the cell and is densely packed with IF, almost always
end lethally for the host cell in case of H. obtusa or H. curviuscula (Ossipov 1981;
Borchsenius et al. 1983). It was also one cause of failure in the formation of a stable
symbiotic system between Paramecium strains and Preeria caryophila, while in
some other cases paramecia could not survive exposure to P. caryophila at early
stages of infection development for unknown reasons (Potekhin et al. 2018).

The universal consequence of Holospora presence in the nuclei is a decrease of
DNA content, dispersion of chromatin and nuclear aberrations, even when the
infection was cured or disappeared (Ossipov 1981; Rautian et al. 1993). It is
unknown how the intranuclear bacteria interact with the genetic material of the
ciliate, but they do not cause significant damage to the integrity of the macronuclear
genome (Potekhin et al. 1999).

Holospora can impact the regular course of sexual processes in their hosts. These
are autogamy, a process of self-fertilization, and conjugation (Mulisch 2003).
During conjugation, two ciliate cells adhere to each other and build a temporary
cytoplasmic bridge. The micronuclei of each conjugant cell undergo meiosis and
then mitosis, and haploid gametic pronuclei are exchanged between the paired cells.
In each cell, they fuse to form zygotic nucleus, which divides mitotically. Anlagen of
new micronuclei and macronuclei start to develop, while the old macronucleus
degrades gradually. Similarly, autogamy involves meiosis and further mitosis of
the micronuclei and fusion of haploid pronuclei but in the same cell, followed by
development of the new macronucleus and disintegration of the old one. Thus, the
intracellular habitat of Holospora species is destroyed at each sexual event, which
can occur more or less frequently, depending on the biology of the host species. For
example, species of the Paramecium aurelia complex pass autogamy every 25–30
vegetative divisions (Potekhin et al. 2018), while for Paramecium caudatum or
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Paramecium bursaria autogamy has never been observed and conjugation can be
rare. The intranuclear bacteria have evolved different strategies to cope with sexual
processes of their host (see Sect. 4.3.2). For example, H. undulata inhibits conjuga-
tion as ultimate consequence (Görtz and Fujishima 1983; Fokin and Görtz 2009).
Preeria caryophila, instead, does not prevent sexual processes in its host (Potekhin
et al. 2018), but reinfects the new macronuclear anlagen (see Sect. 4.2.2). Elimina-
tion of the infection with H. undulata resulted in retrieval of host’s ability for sexual
processes (Ossipov 1981). Interestingly, H. elegans occasionally produce irrevers-
ible changes in the micronucleus that when ciliates were cured of the infection, they
could not proceed with regular conjugation (Fujishima and Görtz 1983).

Transmission ofHolospora also involves the modification of typical Paramecium
cell structures and processes. During its vegetative cell cycle, Paramecium repro-
duces by binary fission and its two types of nuclei undergo mitosis (micronuclei) or
amitotic division (macronuclei). Once the cell divides, the bacterial symbionts are
transmitted along with their host organelle. Over the course of host nucleus division,
Holospora induce formation of the so-called connecting piece, resulting of IF
concentration in a particular median body of the dividing nucleus (Fig. 4.4b). This
process has been intensively studied in Holospora and HLB (Fokin et al. 1996;
Fokin and Görtz 2009). Holospora IF remain in the connecting piece linking the
parts of dividing nucleus. While RF are accumulated in the new nuclei due to their
high chromatin affinity and are distributed to the clonal offspring, the IF are collected
in the connecting piece in order to maximize their exit from the host and further
transmission success (Fig. 4.4b). Indeed, after the karyokinesis, the connecting piece
gets in cyclosis and is eventually expelled from the cytoproct, so that IF can start a
new infection cycle (Wiemann and Görtz 1989; Fokin et al. 1996). The formation of
the connecting piece has been used to differentiate between “classic” Holospora
species and other bacteria, here termed HLB (Fokin et al. 1996). None of the latter
are able to provoke connection piece formation in their hosts (see Sect. 4.2.2).
However, since H. parva, the most recently described Holospora species found in
the extremely rare Paramecium chlorelligerum, also does not induce connecting
piece formation (Lanzoni et al. 2016), it cannot be considered as an apomorphic
feature for all Holospora species.

4.2 Differences and Similarities between Classic Holospora
and Holospora-Like Bacteria

Our understanding of the diversity, occurrence, and phylogeny of symbionts, not
only those of ciliates and other protists, is constantly increasing. For Holosporaceae
(Fig. 4.5), ten new reports were published recently (Boscaro et al. 2013, 2019;
Lanzoni et al. 2016; Serra et al. 2016; Tashyreva et al. 2018; Potekhin et al. 2018;
Fokin et al. 2019; Konecka and Olszanowski 2019; Takeshita et al. 2019;
Beliavskaia et al. 2020). Characteristic features of HLB are the cellular dimorphism
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connected to the diphasic infectious life cycle, the special ultrastructural organiza-
tion of IF shared with Holospora species, and occupancy of the host nucleus as a
major niche in the host cell. The question if all these new symbionts should be
considered as HLB or if they are simply a group of related bacteria with different
characteristics is discussed (see Sect. 4.2.1).

4.2.1 Evolutionary History and Systematics ofHolosporaceae

At the time of its description, the family Holosporaceae (Görtz and Schmidt 2005)
was included in the order Rickettsiales within Alphaproteobacteria. Recently, the
order Holosporales (Szokoli et al. 2016) was establised as a sister group to
Rickettsiales and has been confirmed according to several phylogenetic reconstruc-
tions (Boscaro et al. 2019; Castelli et al. 2019; Fokin et al. 2019). This interpretation
was then called into question (Muñoz-Gómez et al. 2019). Whether phylogenomics
based on increasing data sets affiliates Holosporales with Rickettsiales or
Rhodospirillales is awaiting future studies.

Still, Rickettsiales and Holosporales have many features in common. Both
contain exclusively intracellular bacteria (with the prominent exception of the
epibiotic parasite Deianiraea; Castelli et al. 2019) colonizing hosts from various
groups of protists. Holosporales currently includes four families (Fig. 4.5) and all
HLB are members of the family Holosporaceae. However, we recommend to avoid
using the term HLB synonymously with Holosporaceae. The latter additionally
comprises several recently detected symbionts, e.g. Mystax (Korotaev et al.
2020), Nesciobacter (George et al. 2019), Cytomitobacter (Tashyreva et al. 2018),
Hydrogenosomobacter (Takeshita et al. 2019), and Fujishimia (Boscaro et al. 2019),
which live and replicate within their host’s cytoplasm and apparently are not
characterized by two morphological stages and do not clearly exhibit a life cycle
with horizontal transmission.

On the other hand, two Holosporaceae members besides HLB show a certain
degree of affinity for the host nucleus (Fig. 4.5): Bealeia paramacronuclearis
(Szokoli et al. 2016) that generally accumulates in close proximity to the host
macronucleus, and, more prominent, Paraholospora nucleivisitans (Eschbach
et al. 2009). This symbiont of Paramecium sexaurelia alternates between the
cytoplasm and the nucleus but never occupies both subcellular compartments simul-
taneously. Thus, this symbiont shares certain features associated to HLB but lacks
the HLB-typical infectivity and cellular dimorphism. Furthermore, Paraholospora
nucleivisitans branches separately in phylogenetic reconstructions (Fig. 4.5). Thus, it
should not be considered as HLB.
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4.2.2 Occurence of Holospora-Like Bacteria: Host Range
and Cellular Compartments

Potential hosts for Holospora are members of the genus Paramecium, while HLB
may also be harbored by other ciliates (reviewed by Fokin and Görtz 2009;
Fujishima 2009). Next to IF morphology and occupied host compartment, the host
species was used as a pivotal feature for the discrimination between Holospora
species. As with the type of host nuclei, each Holospora species can infect only a
single Paramecium species (Fokin and Görtz 2009; Fujishima and Kodama 2012).
HLB, as in case of Preeria caryophila and potentially Gortzia infectiva, are not
restricted to a single host species (Boscaro et al. 2013; Potekhin et al. 2018).
Hafkinia simulans can infect hosts other than Paramecium (Fokin et al. 2019).

Interestingly, species infecting the huge polyploid macronucleus are more numer-
ous than those colonizing the much smaller micronucleus (Fig. 4.5) with just
H. elegans, H. undulata, and H. acuminata as micronuclear symbionts. It should
be mentioned that there is increasing doubt if H. elegans and H. undulata truly
represent two distinct species (Garushyants et al. 2018), especially as H. undulata is
known for a high degree of morphological plasticity (Skoblo et al. 1996; Lebedeva,
pers. comm). All described HLB infect exclusively macronuclei (Figs. 4.2 and 4.5).

The HLB phylogenetically closest to the genus Holospora is Hafkinia simulans.
It does not infect Paramecium but has been found in the brackish water ciliate
Frontonia salmastra (Fokin et al. 2019). Both Paramecium and Frontonia belong to
the order Peniculida. Hafkinia differentiates into RF and IF, the latter showing
compartmentalization typical for Holospora. Still, Hafkinia IF differ from
Holospora IF as they exhibit ultrastructural variability and present occasionally
two recognition tips (Fokin et al. 2019). Furthermore, the IF of Hafkinia are the
largest described so far (up to 30 μm). They have a very peculiar spindle form, which
strongly resembles in shape and dimensions the diatom Phaeodactylum tricornutum,
a prey organism of Frontonia salmastra. This morphology might have evolved to
increase the likelihood of phagocytosis and, thus, horizontal transmission success
(Fokin et al. 2019).

The only HLB genus yet with more than a single described species is Gortzia. It
comprises G. infectiva from Paramecium jenningsi (Boscaro et al. 2013),
G. shahrazadis from Paramecium multimicronucleatum (Serra et al. 2016), and
G. yakutica from Paramecium putrinum (Beliavskaia et al. 2020). G. infectiva was
isolated from a habitat in which its host organism, Paramecium jenningsi,
co-occurred with Paramecium quadecaurelia cells. The latter carried G. infectiva
in the macronucleus, but when monoclonal strains were established the infection was
lost from Paramecium quadecaurelia. Reinfection experiments revealed that the
bacteria could enter the nucleus but failed to complete their life cycle (Boscaro et al.
2013). All three Gortzia species infect the macronuclei of their hosts and present two
distinct morphologies. Their IF have typical appearance of Holospora IF, as
observed by light (Beliavskaia et al. 2020), transmission electron microscopy
(Boscaro et al. 2013; Serra et al. 2016), and atomic force microscopy (Fig. 4.3d).

4 Epidemiology of Nucleus-Dwelling Holospora: Infection, Transmission,. . . 121



A special case is the cytoplasmic extrusion in the periplasmic space observed in IF of
G. shahrazadis (Serra et al. 2016).

Preeria caryophila [basonyms: Holospora caryophila; alpha particles] infecting
the macronucleus of Paramecium aurelia is known since the 1960s (Preer 1969) and
has been recently redescribed as type species of the new genus (Potekhin et al. 2018).
Preeria caryophila also alternates tiny RF and short IF (max. 6 μm, Fig. 4.2e) in its
life cycle. It exhibits the broadest host range described for HLB comprising at least
eleven Paramecium species (Potekhin et al. 2018).

Interestingly, HLB show a higher degree of flexibility not only in regards of
ciliate host species but also in the confinement to the nuclear compartment. All HLB
have been observed occasionally in the cytoplasm of their hosts (e.g., Preeria
caryophila in Fig. 4.6). IF in the cytoplasm might occur as a result of inversion of
the infection process, which allows the release of IF from the infected nucleus (Fokin
et al. 2019). The latter may facilitate the exit from the ciliate cell for intranuclear
symbionts unable to induce the connecting piece formation (Fig. 4.3b). Another,
nonexclusive explanation is that occasional, potentially temporary, visits to the
cytoplasm are a part of the life cycle of these HLB. Evidence therefore has been
obtained in G. shahrazadis and P. caryophila. For G. shahrazadis, numerous IF and
even multiplying RF were observed in Paramecium cytoplasm in long-persisting
associations (Serra et al. 2016). In case of P. caryophila, singular IF often roam
outside the macronucleus as observed during conjugation (Fig. 4.6a) or autogamy
(Fig. 4.6b; Potekhin et al. 2018). This ability is likely responsible for the fact that
some macronuclear HLB (but not Holospora) can infect Paramecium species that
regularly undergo autogamy. Those are for example members of the Paramecium

Fig. 4.6 Behavior of Preeria caryophila during sexual processes of their host. (a) Conjugating
couple of Paramecium novaurelia, Preeria caryophila cells are present in both macronuclei (Mac)
and some infectious forms (IF) are visible in cytoplasm (white arrows). (b) Postautogamous
Paramecium biaurelia cell stained with lacto-aceto-orcein, IF are visible in old macronuclear
fragments and in the cytoplasm (black arrows). Bright yellow structures are crystals, typical for
paramecia Living (a) and fixed (b; with glutaraldehyde) cells observed by differential interference
contrast microscopy. Scale bars: 30 μm (a) and 50 μm (b)
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aurelia species complex and Paramecium jenningsi, which can harbor Preeria
caryophila and Gortzia infectiva. Some Preeria IF are not enclosed in fragments
of the old macronucleus but appear in the cytoplasm. These can immediately reinfect
the new macronucleus once it is formed (Potekhin et al. 2018). Thus, with such an
apparently effective strategy at hand, it is not surprising that Preeria does not prevent
autogamy or conjugation (Fig. 4.6) of infected Paramecium strains (Potekhin et al.
2018).

4.3 Ecological and Evolutionary Consequences
of Symbiosis with Holospora and Holospora-Like
Bacteria for Paramecium

4.3.1 Low Frequency of Paramecium–Holospora Symbioses
in Nature

The low frequency of associations between Paramecium and their infectious bacte-
rial symbionts in nature is paradoxical. Indeed, Paramecium caudatum, many
species of the Paramecium aurelia complex, Paramecium bursaria, and Parame-
cium multimicronucleatum, the natural hosts ofHolospora, Preeria, andGortzia, are
rather common ciliates, and potentially many strains are capable of harboring
symbionts. Extensive infection studies (Potekhin et al. 2018) demonstrated that at
least 20–30% of Paramecium aurelia strains can host P. caryophila. In parallel, all
Holospora and HLB are highly infectious bacteria able to colonize their hosts
quickly and efficiently. However, there are only dozens of Paramecium-Holospora
and HLB associations known to ever have been isolated from the environment and
maintained in laboratory collections. Why are infected ciliates not more prevalent?

One explanation is that symbionts may easily get lost under changing environ-
mental conditions. Indeed, ciliates may face periods of nutrient surplus when they
can divide much faster than their symbionts, thus critically diluting the number of
intracellular bacteria per host. On the contrary, they may sometimes face starvation.
Ciliates carrying parasitic bacteria as a burden would be outcompeted or, possibly,
would not be able to supply the symbionts sufficiently with necessary metabolites.
At the same time, under constant laboratory conditions H. obtusa can persist in
Paramecium caudatum strains for at least 30 months, which corresponds to more
than 1000 ciliate vegetative divisions (Ossipov 1981). Moreover, the associations
between Paramecium and P. caryophila may last for years in the laboratory, for
example Paramecium biaurelia strain 562 maintains P. caryophila already for more
than 50 years (Preer 1969; Potekhin et al. 2018).

This discrepancy might be explained by the variation in environmental factors
influencing the populations of paramecia carrying Holospora as symbionts. Para-
mecium caudatum populations became unstable and declined when exposed to
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variable temperature conditions. Furthermore, the impact of infection byH. undulata
was additive and enhanced the overall negative effect of the variable environment on
Paramecium (Duncan et al. 2011). Environmental fluctuations also caused a
decrease in H. undulata prevalence in the host population (Duncan et al. 2011).
Moreover, patterns of temporal and spatial environmental fluctuations can impact
parasite spread and host population abundance in nature and should be considered in
prediction of parasite transmission and epidemics (Duncan et al. 2013). Clearly, such
fluctuations are avoided in laboratory culture maintenance.

Another possible cause of a low prevalence of symbiont-bearing ciliates in nature
is that infected cells might face a higher risk of extinction. Misbalanced symbiosis
leading to hyperinfection is one cause of death of a ciliate (see Sect. 4.1.5). It was
shown that H. undulata infection of Paramecium caudatum frequently leads to
karyopyknosis (irreversible condensation of chromatin) and further loss of the
micronucleus during the first day of infection, which is not always lethal for a ciliate
but decreases its fitness (Ossipov et al. 1983). Similarly, up to 54–90% of Parame-
cium bursaria cells were losing micronuclei after experimental infection by
H. acuminata (Skoblo and Lebedeva 1993). The most likely explanation for this
phenomenon is the damage of micronuclear membranes due to multiple events of
bacterial penetration in experimental infection conditions. It is important to empha-
size that multiple penetrations by Holospora under environmental conditions are
rather unlikely according to the assumed low frequency of IF. Thus, any infected
ciliate isolated from nature presumably contains a monoclonal strain of symbionts,
as infection probably mostly starts with single IF entering the host (Ossipov 1981;
Skoblo and Lebedeva 1993).

Finally, infected paramecia may get outcompeted in nature by symbiont-free
ciliates, which do not have to share resources with bacterial residents. On the other
hand, benefits provided by HLB under certain conditions might balance the cost of
infection, e.g., the observed increased exponential growth rate in Paramecium when
infected by P. caryophila (Bella et al. 2016) or increased stress tolerance (see Sect.
4.3.2).

Of course, it is also possible that infections with Holospora and HLB are not as
rare in nature as perceived. The standard approach to search for bacterial infections is
sampling and further isolation and cultivation of ciliates. Infected specimens might
get quickly lost or simply overlooked during initial picking cells from environmental
samples and introducing them into laboratory maintenance. In this regard, it is worth
noting that in water samples collected in the last 7 years from ponds, streams, and
ditches of Peterhof, a small suburb of Saint Petersburg, eight Paramecium species
and all seven matching Holospora species and P. caryophila were retrieved
(Lebedeva, pers. comm.). Continued efforts in the assessment of the diversity and
occurrence of symbionts of protists will provide a better insight in this puzzling
aspect of HLB epidemiology.
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4.3.2 Interference of Intranuclear Symbionts with the Host
Nuclei and Host Stress Response

Symbionts influence individual hosts as well as their populations. One of the most
important criteria defining a population is interbreeding of its members. In ciliates,
sexual processes result in the complete renovation of the nuclear apparatus in a very
short time period, and there is no continuous line of either micronuclei or
macronuclei in sexual generations. The micronucleus passes through a series of
meiotic and mitotic divisions, while the old macronucleus gets completely
demolished at each sexual process and is formed de novo from micronucleus
derivatives. Thus, Holospora species either have to prevent conjugation of their
host or get lost (Fokin 1998). Still, conjugation in presence of H. elegans was
reported (Fujishima and Görtz 1983). Some bacteria managed to remain in the
pronuclei, but survival of infected exconjugants was severely reduced compared to
aposymbiotic cells as they were not able to form new macronuclei and regenerated
the old ones (Fujishima and Görtz 1983).

While micronuclear symbionts may mechanically interfere with meiosis, there is
no plausible explanation of inhibition of host conjugation by H. obtusa residing in
the macronucleus than its influence on host gene expression. As discussed, Preeria
caryophila does not prevent sexual processes in its host and, instead, temporarily
escapes from the transforming nuclei into cytoplasm; there are no data concerning
conjugation of ciliates infected by Gortzia or Hafkinia.

Holospora are parasites. A heavy infection of the Paramecium macronucleus by
different Holospora results in a decreased fission rate of the ciliates (Ossipov 1981;
Borchsenius et al. 1983). Only in case of the symbiosis between Paramecium
chlorelligerum and H. parva the slow growth of infected cells was consistent with
that of uninfected ones (Lanzoni et al. 2016). At the same time, no retarding effects
on host divisions rates were reported for other symbionts (Ossipov 1981; Kaltz and
Koella 2003; Castelli et al. 2016). Interestingly, if the host culture experiences
unfavorable cultivation conditions and thus reduces cell division rate, H. undulata
apparently becomes more virulent (Magalon et al. 2010; Dusi et al. 2015). Elevated
host division rates, on the other hand, increased the levels of parasite vertical
transmission and resulted in a near-complete loss of infectivity (Dusi et al. 2015).
Insufficient time for the bacteria to mature into IF could explain at least partially
these observations, but, obviously, the balance between host division rate as well as
prevalence and infectivity of symbionts is rather delicate.

Paramecium have been shown to acquire heat-shock resistance (Hori and
Fujishima 2003) and osmotic shock tolerance (Smurov and Fokin 1998) when
infected by Holospora. This was considered as an advantageous effect of the
symbiosis (Hori et al. 2008). An increase of Hsp70 expression is also known from
other symbiotic systems (Kodama et al. 2014; Grosser et al. 2018). It might be either
specifically induced by the symbionts or represent part of the Paramecium stress
response to a large-scale infection. Nevertheless, elevated levels of Hsp70 allowed
paramecia infected by H. obtusa to survive at nonpermissive temperatures (Hori and
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Fujishima 2003). Infected cells were able to maintain the ciliary movement and
continued active swimming at temperatures above and below the physiological
range of Paramecium (Fujishima et al. 2005). Heat resistance was not acquired by
Paramecium caudatum infected by H. undulata, but this symbiont conferred
osmotic shock tolerance to some strains (Duncan et al. 2010).

4.3.3 Epidemiology of Paramecium-Holospora Symbioses
and Impact of Environmental Factors

Many epidemiological parameters of Paramecium-Holospora associations are still
unknown. Success of infection is higher if more bacteria simultaneously enter the
target nucleus, as each IF generates several multiplying RF. Even such small initial
differences can strongly influence the subsequent intensity of infection (Fels et al.
2008). Interestingly, direct transmission from infected cell to recipient as occurring
in nature is at any rate not less efficient than experimental infections utilizing
homogenates of heavily infected paramecia. The presence of a single infected
donor cell was sufficient to infect a population of naïve paramecia with the same
rate and prevalence (Potekhin et al. 2018). Optimal parasite strategies may depend
on the balance between local transmission and the capacity to reach new habitats
through dispersal (Lion and Boots 2010). Surprisingly, Holospora-bearing ciliates
tended to disperse less in interconnected microcosms (Fellous et al. 2011).

In the Paramecium–Holospora interaction, a negative correlation between the
growth rate of the host and the parasite’s investment in horizontal transmission has
been observed. The results suggest a tradeoff between efficient vertical and hori-
zontal transmission. If conditions for Paramecium replication decline, the symbionts
switch to horizontal transmission (Kaltz and Koella 2003). Addressing the effects of
early and late stages of infection, parasite load, and food abundance, it was shown
that a reduced availability of food and thus a lower division rate of the host correlates
with a higher Holospora virulence (Restif and Kaltz 2006).

Paramecium offers sufficient resources to host multiple bacterial infections.
Paramecia with double infections by Caedimonas varicaedens (Preer 1969;
Schrallhammer et al. 2018) or Megaira polyxenophila (Schrallhammer et al. 2013)
with P. caryophila, Megaira polyxenophila, and H. undulata (Lanzoni et al. 2019),
and even H. obtusa and P. caryophila (Fig. 4.2f) are rarely but repeatedly detected in
environmental samples. Simultaneous infection of both nuclei of Paramecium
bursaria with H. curviuscula and H. acuminata was achieved many times
(Borchsenius et al. 1983). Similarly, the presence of Caedimonas varicaedens in
the macronucleus did not prevent an infection with micronuclear-specific Holospora
(Skoblo et al. 1996). Even experimental double infections of naïve paramecia were
obtained (Duncan et al. 2018), albeit at rather low frequencies. The most exceptional
case was likely that of H. undulata (normally restricted to micronuclei) infecting a
macronucleus already inhabited by H. obtusa (Lebedeva et al. 1992). Holospora can
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even serve as shuttle transporting free-living bacteria to the macronucleus (Fokin
et al. 2004).

However, antagonistic interactions between different bacterial symbionts have
also been observed. Resident symbionts might prevent the efficient colonization of
the same host by other bacteria, even if both occupy different compartments (Fokin
et al. 1987; Görtz 1987). Mixed infection experiments showed that competitive
exclusion is more common than coexistence (Duncan et al. 2018). It is tempting to
speculate that certain symbionts may provide their host colonization resistance
against invasion by other, potentially harmful microorganisms (Plotnikov et al.
2019). Bacterial competition for the host cell, interactions of two different symbiont
species in one host, and tradeoffs of multiple bacterial symbioses remain to be
further studied.

4.4 Outlook and Perspectives

In this chapter, we aimed to summarize currently available data on the formation and
maintenance of very peculiar symbiotic systems, where Holospora and HLB reside
directly in the nucleus of their host. This field has experienced tremendous progress
in the last decade. The expansion of state-of-the-art technologies, first of all Next-
Generation Sequencing together with current microscopy and molecular biology
techniques, now opens extremely interesting directions for further studies of Para-
mecium-Holospora and HLB symbioses.

The genomes of several Paramecium species have been sequenced and are
available at ParameciumDB (Arnaiz et al. 2019), and the genomes of several
Holospora species are either sequenced (Dohra et al. 2013, 2014; Garushyants
et al. 2018) or in progress. These are the prerequisites for in-depth interaction
analyses by transcriptomics. Comparative transcriptomics together with genetic
dissection of the symbiotic systems will allow to detect the genes of host and
symbiont differentially expressed at each stage of symbiosis development and
maintenance. Further studies of such genes’ functions will approach the molecular
interaction mechanisms of both partners and potentially may lead to the identifica-
tion of new bacterial effectors.

Even in mutually beneficial symbiotic associations, excessive number of symbi-
onts may become a heavy burden for the host decreasing its fitness and leading to
defeat in local competition (Cunning and Baker 2014; Parkinson et al. 2017). In case
of Holospora and HLB, which are not mutualistic, this problem of symbiont
population control becomes crucial. A possible pathway for the regulation of
symbionts could be production of antimicrobial peptides (AMP) by ciliates. AMP
are an ancient defensive weapon of the eukaryotic cell (Wollman 2016) and have
been reported from Paramecium caudatum (Cui et al. 2016). Examples of AMP
targeting bacterial symbionts, not eliminating the microbial population but rather
keeping it in check, are known from different host organisms (Mergaert 2018).
Quorum sensing (QS) may be part of self-regulation mechanisms of the symbiont’s
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population in the host. Possibly, some of the numerous short (<100 amino acids)
peptides with unknown function encoded in Holospora genomes (Garushyants et al.
2018) might be involved as QS signal.

The intimate localization of HLB in the nuclei of their hosts might offer possi-
bilities for crosskingdom horizontal gene transfer (HGT). As the symbionts live and
die in the nucleus, their DNA may occasionally be integrated into the host genome.
While symbiont DNA would not be fixed in the somatic macronuclear genome, it
can become a part of the generative micronucleus genome, which is a “safe haven”
for noncoding DNA (Bétermier and Duharcourt 2014). If then bacterial genes are
somehow retained in the developing macronuclear genome, they may get a chance to
be expressed. Holospora are deficient for nearly all major pathways due to genome
reduction. In addition, up to 15% of their genomes is represented by noncoding
sequences (Garushyants et al. 2018). At the same time, Holospora switch between
several stages and environments in their life cycle and perform complex interactions
with the host during the infection process. Hence, Holospora belong to the same
category of obligatory bacterial symbionts whose genomes are irreversibly shrinking
(Wernegreen 2017; Husnik and Keeling 2019). Severely limited metabolic capaci-
ties put Holospora and HLB in absolute dependence of the host making the search
for HGT promising. As Holosporales are considered as close relatives of free-living
ancestors of mitochondria (Wang and Wu 2015), insights into Paramecium-
Holospora and HLB symbioses might provide clues for initial stages in the transition
from symbiont to organelle.
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