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One sentence summary: We determined candidate Legionella pneumophila genes that are likely to be involved in the establishment of endosymbiosis in
Paramecium caudatum by comparing the genomes of Legionella spp. and Holospora spp.
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ABSTRACT

The relationship between Legionella and protist hosts has a huge impact when considering the infectious risk in humans
because it facilitates the long-term replication and survival of Legionella in the environment. The ciliate Paramecium is
considered to be a protist host for Legionella in natural environments, but the details of their endosymbiosis are largely
unknown. In this study, we determined candidate Legionella pneumophila genes that are likely to be involved in the
establishment of endosymbiosis in Paramecium caudatum by comparing the genomes of Legionella spp. and Holospora spp.
that are obligate endosymbiotic bacteria in Paramecium spp. Among the candidate genes, each single deletion mutant for
five genes (lpg0492, lpg0522, lpg0523, lpg2141 and lpg2398) failed to establish endosymbiosis in P. caudatum despite showing
intracellular growth in human macrophages. The mutants exhibited no characteristic changes in terms of their
morphology, multiplication rate or capacity for modulating the phagosomes in which they were contained, but their
resistance to lysozyme decreased significantly. This study provides insights into novel factors required by L. pneumophila for
endosymbiosis in P. caudatum, and suggests that endosymbiotic organisms within conspecific hosts may have shared genes
related to effective endosymbiosis establishment.
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INTRODUCTION

Symbiosis is one of the most ubiquitous types of relationships
between different biological species in nature. Many species
employ symbiosis as a survival strategy in higher and lower
forms of organisms, thereby expanding their distribution range,
gaining protection from enemies and enjoying a suitable envi-
ronment for their propagation (Barbaree et al. 1986; Borella
et al. 2005; Denoncourt, Paquet and Charette 2014). In particu-
lar, bacterial adaptation to eukaryotic organisms is well known.
If pathogenic bacteria acquire the ability to establish symbiosis
with their natural hosts, it would be a key event that allows them
to enhance their pathogenicity. In some cases of endosymbiosis
between bacteria and tick or protist hosts, the enhancement of
high risk pathogens has been reported (Fields et al. 1986; Fenner
et al. 2006; Goy et al. 2007; Steinberg and Levin 2007; Taylor et al.
2012). Thus, it is extremely important to understand the sym-
biotic relationships between environmental bacteria and hosts,
and to elucidate the mechanisms involved from a public health
viewpoint.

Previously, we reported that Legionella pneumophila, the
causative agent of Legionnaires’ disease, could establish
endosymbiosis in the general ciliate Paramecium cauda-
tum(Watanabe et al. 2016). Legionella pneumophila normally
exists in fresh water or soil as free-living forms in the envi-
ronment, as well as in biofilms, and in protist hosts as an
intracellular symbiont (Berk and Garduno 2013). It has been
reported that amebae are general protist hosts of L. pneumophila
in the environment (Rowbotham 1980). Tetrahymena is also
considered to be a host of L. pneumophila based on experimental
evidence (Fields et al. 1984). Our previous study suggested that
we need to treat P. caudatum with caution because although it
is thought to be harmless to humans, it may be a novel source
of L. pneumophila infection (Watanabe et al. 2016). Furthermore,
we suggested that other unidentified protist species may be
candidate hosts for pathogenic environmental bacteria such as
L. pneumophila (Watanabe et al. 2016).

Using our Paramecium endosymbiosis model, we have inves-
tigated the mechanisms and factors responsible for the estab-
lishment of endosymbiosis by L. pneumophila in P. caudatum.
Although we have revealed that L. pneumophila has complicated
mechanisms to control endosymbiosis in Paramecium, in which
the lefA or tolC gene is involved (Watanabe et al. 2016; Nishida
et al. 2018), other factors and the detailed mechanisms still
remain unclear.

It is well known that Paramecium spp. maintains Holospora
spp., which are Gram-negative α-proteobacteria (Amann et al.
1991; Fokin et al. 1996; Görtz and Fokin 2009; Fujishima and
Kodama 2012), within their nuclei as an obligate symbiont.
Nine Holospora species have been reported (Fokin et al. 1996)
and all exhibit nucleus-specific infection. They cannot replicate
outside the host cells (Fujishima 2009; Fujishima and Kodama
2012) and are likely to have no virulence in humans. It has
also been reported that P. caudatum can develop tolerance of
salinity (Smurov and Fokin 1998) and heat shock (Hori and
Fujishima 2003; Fujishima, Kawai and Yamamoto 2005; Hori,
Fujii and Fujishima 2008) when maintaining Holospora spp. in
their nucleus. Conversely, a study has reported the negative
effects such as reduction in division and survival for P. cauda-
tum hosts by Holospora (Restif and Kaltz 2006). Some studies
have investigated the infection process and the mechanisms

required to establish the endosymbiosis between Holospora and
Paramecium in the nucleus (Iwatani et al. 2005; Abamo, Dohra and
Fujishima 2008), but their biology and relationships with other
environmental bacteria are not fully understood.

In protist Trichonympha agilis, the lateral gene transfer has
apparently been occurring between the two symbionts, and they
share a part of metabolism pathway to establish their sym-
biosis in the host cells (Sato et al. 2014). In the present study,
we hypothesized that two symbionts of Paramecium, Legionella
and Holospora also share genes related to endosymbiosis and
employ common mechanisms to establish their endosymbiosis
in natural host cells. Based on genome data for Legionella and
Holospora, we attempted to identify the several factors related
to endosymbiosis of Legionella in Paramecium. Among the candi-
date genes, each single deletion mutant for five genes (lpg0492,
lpg0522, lpg0523, lpg2141 and lpg2398) showed the depression
of endosymbiosis in Paramecium. Our study provides an effi-
cient and convenient approach for identifying genes related to
endosymbiosis.

MATERIALS AND METHODS

Bacterial strains

Legionella pneumophila Lp02 and all the mutant strains were
maintained as frozen glycerol stocks and cultured at 37◦C on
either N-(2-acetamido)-2-aminoethanesulphonic acid buffered
charcoal yeast extract agar (BCYE) or in the same medium with-
out agar and charcoal (AYE). Thymidine was supplemented to a
final concentration of 100 μg/mL since Lp02 was derived from
strain Lp01 as a thymidine auxotroph (Berger and Isberg 1993).
Escherichia coli DH5α λpir strains were cultured in either LB
broth or on LB containing 1.5% agar. If necessary, ampicillin
(100 μg/mL), chloramphenicol (10 μg/mL) and kanamycin (30
μg/mL) were included in the media. Green fluorescent protein
expression in Legionella was induced by adding isopropyl-β-D-
thiogalactopyranoside (1 mM) to AYE. The bacterial strains used
in this study are listed in Table S1, Supporting Information.

Paramecium caudatum strains

Paramecium caudatum RB-1 (PC042001A) and MG-2-HU2
(PC000074A) were provided by the Symbiosis Laboratory,
Yamaguchi University, which is partially supported by the
National BioResource Project. Strain MG-2-HU2 was collected
in Münster, Germany, in 2013 by M. Fujishima, Yamaguchi
University, and Hans-Dieter Görtz, Stuttgart University, and
bears Holospora undulata strain HU2 in the micronucleus. Parame-
cium were cultured and maintained as described previously
(Fujishima, Sawabe and Iwatsuki 1990). In brief, the culture
medium used for Paramecium was 2.5% (w/v) fresh lettuce juice
in Dryl’s solution (Dryl 1959), which was inoculated with a
non-pathogenic strain of Klebsiella pneumoniae one day before
use. Paramecium spp. were cultured at 25◦C.

Phylogenetic analysis

To retrieve sets of homologous sequences for the phylogenetic
analyzes, we used UniProt Knowledgebase (UniProtKB) Release
2015 02 (4 February 2015). We performed similarity searches for
the 1117 protein sequences from Holospora obtusa (Dohra et al.
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2014) against the UniRef90 sequence databases (consisting of
30 147 837 entries) using BLASTP with an E-value cutoff of 1e-
5 and assigned the most similar protein sequence information.
The BLASTP searches detected 31 H. obtusa proteins that had top
matches with sequences from Legionella species in the UniRef90
database (Table S2, Supporting Information). The correspond-
ing protein sequences from L. pneumophila were compared by
BLASTP with the UniRef100 sequence databases (consisting of
53 753 642 entries) to retrieve sets of homologous sequences
for the phylogenetic analyzes. Phylogenetic analyzes were con-
ducted with 40 best BLASTP hits of L. pneumophila. This retained
14 genes that were present in both Holospora and Legionella.
We performed BLASTP searches (E-value <1e-5) against the
UniRef database to retrieve sets of homologous sequences for
the phylogenetic analyzes. Homologous proteins were aligned
using MUSCLE (Edgar 2004a,b) and poorly aligned regions were
removed using GBLOCKS (Castresana 2000; Talavera and Castre-
sana 2007). A phylogenetic tree was inferred for each gene (gene
tree) using the Whelan and Goldman model of amino acid evolu-
tion in FastTree (http://www.microbesonline.org/fasttree/). The
phylogenetic tree was drawn using the R package APE (Paradis,
Claude and Strimmer 2004).

Construction of deletion mutants and complemented
strains

Fourteen deletion mutants were constructed by cloning two PCR
fragments into SalI/SacI or NotI cleaved pSR47s (Watarai, Makino
and Shirahata 2002). Fragment 1 comprised a 1500-bp fragment
spanning a site located 1500 nucleotides upstream of the 5′

end of each target gene and it was amplified by PCR. Fragment
2 comprised a 1500-bp fragment spanning a site located 1500
nucleotides downstream of the 3′ end of each target gene and
it was amplified by PCR. Each plasmid was introduced into E.
coli DH5α (λpir) and subsequently transferred into L. pneumophila
Lp02 by electroporation with a Gene Pulser electroporator (Bio-
Rad Laboratories, CA, USA) in 10% glycerol solution at 2.5 kV/25
μF. The isolation of in-frame deletion mutants by positive selec-
tion for sucrose resistance was performed as described pre-
viously (Watarai, Makino and Shirahata 2002). Complemented
strains were constructed by cloning a PCR fragment into SalI/PstI
cleaved pMS8. The SalI-PstI PCR fragment spanned a site located
200 nucleotides upstream of the 5′ end of each gene to the 3′ end
that was amplified. The construction of these strains were con-
firmed by sequencing the PCR products. The primers used in this
study are listed in Table S3, Supporting Information.

Determination of the bacterial load in P. caudatum

Paramecium caudatum was infected with each strain of Legionella
at an multiplicity of infection (MOI) of 1000. Thymidine was also
added when appropriate. After incubating at 25◦C, samples were
treated for 30 min at 50◦C to purge the K. pneumoniae fed to the P.
caudatum. Colony-forming units (CFU) counts were determined
by serial dilution on BCYE containing streptomycin (50 μg/mL).
In the co-infection assay, P. caudatum was infected with a mix-
ture of equivalent amounts of Lp02 and each deletion mutant,
which carried pAM239GFP (Watarai et al. 2001) at an MOI of 1000.
CFU counts were determined by serial dilution on BCYE contain-
ing streptomycin (50 μg/mL) with or without chloramphenicol
(10 μg/mL). CFU count for each deletion mutant was discrimi-
nated from that for Lp02 by counting the number of colonies on
plates containing chloramphenicol.

THP-1 (Tohoku Hospital Paediatrics-1) cell culture and
infection assay

The ability of L. pneumophila to grow in mammalian cells was
monitored. Cells from the human monocytic cell line THP-1
(RIKEN BRC, RCB1189) were grown in RPMI 1640 medium (Sigma-
Aldrich, MO, USA) supplemented with 10% heat-inactivated FBS
and 100 μg/mL thymidine at 37◦C under an atmosphere contain-
ing 5% CO2. THP-1 cells were differentiated with 100 nM phor-
bol 12-myristate 13-acetate (Sigma-Aldrich) at 48 h prior to use.
Thymidine was added when appropriate. Bacteria were added
to a monolayer of THP-1 cells in 48-well tissue culture dishes at
an MOI of 1. These plates were centrifuged for 10 min at 900 × g
and incubated for 1 h at 37◦C. Extracellular bacteria were killed
by treatment with gentamicin (30 μg/mL) for 30 min. To quantify
intracellular growth, the cells were incubated in fresh medium
at 37◦C for a designated amount of time, washed three times
with phosphate-buffered saline (PBS) and then lysed with cold
distilled water. CFU counts were determined by serial dilution
on BCYE.

Dictyostelium discoideum culture and infection assay

To evaluate the intracellular growth of L. pneumophila in non-
mammalian cells, D. discoideum was used as a typical host. Dic-
tyostelium discoideum Ax-2 was cultured as previously described
(Solomon et al. 2000). Bacteria were added to D. discoideum Ax-
2 in 48-well tissue culture dishes at an MOI of 5. These plates
were centrifuged for 10 min at 200 × g and incubated for 1 h at
25◦C. Extracellular bacteria were killed by treatment with gen-
tamicin (50 μg/mL) for 30 min. To quantify intracellular growth,
the cells were incubated in fresh medium at 25◦C for a desig-
nated amount of time, washed three times with PBS and then
lysed with 0.02% saponin. CFU counts were determined by serial
dilution on BCYE.

Fluorescence microscopy

The intracellular distribution of bacteria and the matura-
tion of Paramecium phagosomes were observed by fluorescence
microscopy. Green fluorescent protein expressing bacteria were
added to P. caudatum and then incubated at 25◦C for 30 min
to 48 h. Samples were fixed with 4% paraformaldehyde in PBS
for 10 min at room temperature. Subsequently, samples were
washed twice with PBS. Fluorescent images were obtained using
a FluoView FV100 confocal laser scanning microscope (Olympus,
Tokyo, Japan). LysoTracker (Life Technologies, CA, USA) was used
after fixation for 30 min at a concentration of 50 nM.

Treatment with lysozyme

To determine the resistance to digestive enzyme, Lp02 and
deletion mutants were treated at 25◦C with lysozyme (QIA-
GEN, Venlo, Netherlands) at specific concentrations for 1 h. CFU
counts were determined by serial dilution on BCYE containing
streptomycin (50 μg/mL).

Statistical analyzes

Statistical analyzes were performed using the Mann–Whitney U
test or one-way ANOVA with the post hoc Tukey–Kramer test.
Data comprised the averages based on triplicate samples from
three identical experiments and the errors were represented as
standard deviations.

http://www.microbesonline.org/fasttree/
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Table 1. Candidate genes in L. pneumophila highly similar to homologs
in Holospora spp.

No. lpg Definition

1 0492 glutamine ABC transporter permease
2 0520 UbiE/COQ5 family methlytransferase
3 0522 acetyltransferase
4 0523 acetyltransferase
5 0610 major facilitator family transporter
6 1210 acetyltransferase
7 1492 spectinomycin phosphotransferase
8 1612 transcriptional regulator SkgA
9 1613 acetyltransferase
10 2141 glucose-1-dehydrogenase
11 2163 AraC family transcriptional regulator
12 2398 aminoglycoside 6′-N-acetyltransferase
13 2494 hypothetical protein
14 2547 chaperonin CsaA

RESULTS

Identification of candidate genes

We performed similarity searches for the protein sequences
from H. obtusa (Dohra et al. 2014) to retrieve candidate sequences
from Legionella spp. As a result, we found several well-conserved
candidate sequences in Legionella and Holospora. Furthermore,
these candidate Legionella sequences were compared by BLAST
to retrieve sets of homologous sequences for the phylogenetic
analyzes to eliminate typically constitutive genes among other
bacteria (Fig. S1, Supporting Information). Finally, we selected
14 candidate genes from L. pneumophila subsp. pneumophila
str. Philadelphia 1 with possible involvement in the establish-
ment of endosymbiosis within Paramecium (Table 1). The func-
tions of each target gene were estimated according to the
genome database. Among 14 genes, 5 genes were estimated
to encode acetyltransferases (lpg0522, lpg0523, lpg1210, lpg1613
and lpg2398). lpg1612 and lpg2163 were related to transcriptional
regulators, and lpg2547 was assumed to be a chaperon. Other
putative functions were transport or metabolism. The putative
function of lpg2494 remains uncharacterized.

Construction of deletion mutants and intracellular
survival in Paramecium

To test our hypothesis, deletion mutants were constructed for
each gene by homologous recombination in L. pneumophila Lp02.
Deletion mutants were successfully constructed for 13 genes,
and only 1 gene deletion mutant (lpg1492) was not constructed.
It has been reported that changes in bacterial morphology affect
the efficiency of infection (Robertson, Abdelhady and Garduno
2014), but the bacterial shapes and colony color were not dif-
ferent for each mutant compared with the parental Lp02 (data
not shown). Next, to confirm whether the target genes are
involved in the establishment of an endosymbiosis relation-
ship in Paramecium, the 13 deletion mutants were tested in
Paramecium infection assays. The parental Lp02 could establish
endosymbiosis in P. caudatum RB-1 after infection for 24 h, as
shown in our previous study (Watanabe et al. 2016), but 5 dele-
tion mutants (0492, 0522, 0523, 2141 and 2398) had significantly
reduced intracellular bacterial numbers (Fig. 1A). We have con-
firmed that initial uptake rate between Lp02 and the deletion
mutants by P. caudatum was at the same level (data not shown).

The estimated functions of these candidate genes are glutamine
ABC transporter permease (lpg0492), acetyltransferase (lpg0522,
0523 and 2398) and glucose-1-dehydrogenase (lpg2141). They
are largely well-conserved in other L. pneumophila strains (Table
S4, Supporting Information). Next, we evaluated the intracel-
lular bacterial number at 2 h, 6 h, 12 h and 24 h after infec-
tion. The counts for the five deletion mutants started to reduce
within P. caudatum RB-1 at 2 h after infection, which suggests
that these five mutants were removed or digested in the early
phase of infection, and thus they failed to grow within their
protist host cells (Fig. 1B). We also determined the intracellular
bacterial numbers for the complemented strains (0492C, 0522C,
0522C2, 0523C, 0523C2, 2141C and 2398C) in the same manner.
The number of intracellular bacteria resurged was partial for
both 0522C and 0523C, but the other complemented strains,
including 0522C2 and 0523C2 that are 0522 and 0523 carrying
both lpg0522 and lpg0523 genes, increased within P. caudatum
RB-1 to the same level as Lp02 (Fig. 1C).

Growth of five deletion mutants in liquid media

It is possible that the five genes deletion directly affected bacte-
rial survival and/or replication. To test this possibility, we com-
pared the growth of the five mutants or complemented strains
with that of Lp02 in AYE medium or Paramecium culture medium.
Significant depressions in growth were not observed when cul-
tured in AYE medium at 37◦C (Fig. 2A). Although 0522 tended to
show low growth in AYE medium at 25◦C (Fig. 2B) or in Parame-
cium culture medium at 25◦C (Fig. 2C), which was the condi-
tion used in the Paramecium infection assay shown in Fig. 1, five
mutants retained capacity for growth in liquid media. All com-
plemented strains showed similar growth curves as Lp02 (Fig.
2D, E and F). In addition, we confirmed the expression levels of
these five genes at 37◦C and at 25◦C, but there were no signifi-
cant differences in the gene expression levels (Fig. S2, Support-
ing Information). These results indicate that the single deletion
of each target gene had no effects on bacterial growth.

Intracellular growth of the five deletion mutants in a
human macrophage cell line and D. discoideum

Legionella can replicate within human macrophages after infec-
tion and this is thought to be correlated with its virulence (Marra
et al. 1992; Berger and Isberg 1993; Sadosky, Wiater and Shu-
man 1993). It has also been reported that some Legionella vir-
ulence factors identified during infection within macrophages
are also required for intracellular growth within their protist
hosts (Escoll et al. 2013). Therefore, we examined intracellular
growth by the five deletion mutants and Lp02 in both a human
macrophage cell line, THP-1 cell, and amoeba, D. discoideum. At
2 h, 24 h and 48 h after infection, all the deletion mutants exhib-
ited growth similar to Lp02 in THP-1 cells and D. discoideum (Fig.
3A and B). In addition, the other deletion mutants listed in Table
1 also replicated within THP-1 cells in a similar manner (Fig. S3,
Supporting Information).

Evaluation of the effects of coexistence with Holospora

We evaluated the effect of preceding infection by H. undulata
in P. caudatum on the intracellular survival of L. pneumophila.
Lp02 and the five deletion mutants were used to infect P. cau-
datum MG-2-HU2, which maintains H. undulate strain HU2 in
the micronucleus, using the same methods described previously
and the numbers of intracellular bacteria were measured. Initial
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Figure 1. Intracellular survival of each deletion mutant in P. caudatum RB-1. Relative load of intracellular Lp02 and each deletion mutant (A) or complemented strain (C)
at 24 h after infection. Percentages are indicated where Lp02 is defined as 100%. (B) Number of bacteria per P. caudatum RB-1 cell at 2 h, 6 h, 12 h and 24 h after infection.

Data are averages based on triplicate samples from three identical experiments and error bars represent standard deviations. Significant differences compared with
Lp02 are indicated by asterisks (∗P < 0.05 and ∗∗P < 0.01).
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Figure 2. Growth ability of each deletion mutant in liquid medium. In vitro growth ability of five deletion mutants (A, B and C) and complemented strains (D, E and F)
determined in AYE medium at 37◦C (A and D) and at 25◦C (B and E), and in Paramecium culture medium at 25◦C (C and F). Data are averages based on triplicate samples
from three identical experiments and error bars represent standard deviations. Significant differences compared with Lp02 are indicated by asterisks (∗P < 0.01).

uptake via phagocytosis by P. caudatum MG-2-HU2 did not differ
between 0492 infection and Lp02 infection (Fig. 4A). The same
results were also obtained with the other four mutants (data
not shown). However, the number of intracellular mutant bac-
teria was not recovered at 24 h after infection compared with
infection in P. caudatum RB-1 without Holospora, as shown in Fig.
1A (Fig. 4B). No damage was observed in P. caudatum MG-2-HU2
when infected with both Legionella and Holospora (Fig. 4C).

Analyzes of the phagosomes containing each deletion
mutant

To understand how the target genes are involved with the estab-
lishment of endosymbiosis between L. pneumophila and P. cauda-
tum RB-1, we evaluated the properties of Legionella-containing

vacuoles (LCV) holding each deletion mutant using LysoTracker.
In our previous study, we showed that the LCVs in P. caudatum
were acidified during maturation and that L. pneumophila sur-
vived within the LCVs (Watanabe et al. 2016). In the present
study, LCVs holding Lp02 exhibited acidification as stained posi-
tive for LysoTracker and there was no difference in the frequency
of acidification between LCVs holding Lp02 and those holding
0492 (Fig. 5A). Moreover, LCVs holding other deletion mutants
also exhibited acidification in a similar manner (Fig. 5B).

Function of each deleted gene

Finally, we attempted to clarify the function of each deleted
gene. We first focused on lpg0492 and examined the effect
of adding glutamine to 0492 during infection in P. caudatum.
We have previously confirmed that Legionella is taken up by
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Figure 3. Intracellular growth in human monocytic THP-1 cells and D. discoideum.
THP-1 cells (A) and D. discoideum (B) infected with Lp02 and five deletion mutants
were cultured for 2 h, 24 h and 48 h. Data are the averages based on triplicate

samples from three identical experiments and error bars represent standard
deviations.

P. caudatum via phagocytosis together with the surrounding
medium, and the contents of a phagosome including bacteria
and medium are maintained for a long term (Watanabe et al.
2016). According to these results, adding glutamine in P. cauda-
tum culture medium is likely to cause increased concentration
of glutamine inside of phagosomes and may affect the intracel-
lular survival of 0492. As a result, the recovery of endosymbio-
sis was not observed (Fig. S4, Supporting Information). Thus, the
function of lpg0492 as a glutamine transporter permease may be
complemented by other homologous genes. lpg0492 is unlikely
to participate in the establishment of endosymbiosis via its role
in the amino acid transport system.

Then, we examined the rescue of intracellular replication
for each deletion mutant by co-infection with Lp02 in P. cau-
datum RB-1. We expected that the modulation of LCVs hold-
ing Lp02 would help the intracellular survival or growth by

Figure 4. Effect of coexistence with Holospora on intracellular growth by Legionella

deletion mutants. (A) Intracellular bacteria within P. caudatum maintaining
Holospora in their nucleus at 2 h after infection. Black arrows indicate LCVs. The

areas inside the circle indicate nuclei infected with Holospora. Scale bar repre-
sents 100 μm. (B) Relative load of intracellular Lp02 and each deletion mutant
within P. caudatum maintaining Holospora at 24 h after infection. (C) Relative P.

caudatum MG-2-HU2 survival rates at 48 h after infection are indicated where

Lp02 is defined as 100%. Data are averages based on triplicate samples from three
identical experiments and error bars represent standard deviations. Significant
differences compared with Lp02 are indicated by asterisks (∗P < 0.01).
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Figure 5. Maturation of LCVs. (A) Maturation of LCVs holding Lp02 and 0492 was
evaluated with LysoTracker at 30 min and 120 min after infection. Green fluo-
rescent protein expressing bacteria were added to P. caudatum RB-1 at an MOI of
10 000. Scale bar represents 50 μm. (B) Relative LysoTracker-positive LCVs per-

centages are shown where the total of all LCVs is 100%. Data are the averages
based on triplicate samples from three identical experiments and error bars rep-
resent standard deviations.

each mutant, but there were no significant changes in four
mutants (0492, 0522, 0523 and 2141) (Fig. 6A). The number of
intracellular bacteria increased significantly for only one dele-
tion mutant, 2398. Hence, we investigated the differences in
their resistance to digestive enzymes. Lp02 and five deletion
mutants were treated for 1 h with lysozyme, which is a typical
cell-wall-digesting enzyme in lysosomes. As a result, the bac-
terial number decreased in 0492 depending on the concentra-
tion of lysozyme (Fig. 6B). After treatment with lysozyme, the
shape of 0492 was degenerated and it tended to agglutinate com-
pared with Lp02 (Fig. 6C and 6D). The other deletion mutants also
exhibited similar changes (data not shown). However, Lp02 and
2398 did not exhibit decreased numbers in terms of CFU counts
(Fig. 6E). We also checked that each complemented strain exhib-
ited resistance to lysozyme in a similar manner to Lp02 (Fig. 6A
and 6E). These results indicate that the mechanisms responsi-
ble for the inability to establish endosymbiosis differed between
2398 and the other four mutants.

Figure 6. Function of each deleted gene in endosymbiosis with P. caudatum. (A)
Paramecium caudatum RB-1 were infected with each five deletion mutant with or
without Lp02 at an MOI of 1000. The number of bacteria per P. caudatum RB-
1 cell was determined at 24 h after infection. (B) Lp02, 0492 and 0492C were

treated with lysozyme at the concentration indicated and incubated at 25◦C for
1 h. Relative bacteria numbers are indicated where each control (no treatment
with lysozyme) is defined as 100%. Microscopic images of Lp02 (C) and 0492 (D)
treated with lysozyme at a concentration of 1000 μg/mL and incubated at 25◦C

for 1 h are shown. Scale bar represents 2 μm. (E) Lp02, deletion mutants and
complemented strains were treated with lysozyme at a concentration of 1000
μg/mL and incubated at 25◦C for 1 h. Relative bacteria numbers are indicated
where Lp02 is defined as 100%. �: deletion mutant strain; C: complemented

strain of each gene (complemented strains of 0522 and 0523 are 0522C2 and
0523C2, respectively). Data are averages based on triplicate samples from
three identical experiments and error bars represent standard deviations.

Significant differences compared with Lp02 are indicated by asterisks (∗P <

0.01).
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DISCUSSION

Many studies have described protists as natural endosymbiotic
hosts for bacteria (Amann et al. 1997; Ishida et al. 2014; Schulz
et al. 2016). The intracellular niche of protist hosts is impor-
tant for a large variety of bacteria that reside in natural envi-
ronments and they have great effects on intracellular bacte-
rial replication and evolution (Wernegreen 2015; Hoang, Mor-
ran and Gerardo 2016). Since L. pneumophila can also survive
in the environment in close association with free-living pro-
tists, these protists are regarded as an important factor to con-
trol Legionnaires’ disease. In this study, we approached to find
out the symbiosis mechanisms of L. pneumophila by comparative
analysis with other symbiont, Holospora. Legionella pneumophila
and Holospora spp. are both capable of establishing endosym-
biosis in Paramecium cells, although Holospora is localized in
the nucleus and Legionella in phagosomes as a final endosym-
biosis region. In the process of their endosymbiosis, they are
taken up by P. caudatum via phagocytosis initially, and able to
resist digestion and remain within the phagosomes. After this
common step, although Legionella remains and replicates within
the phagosomes, Holospora escapes from the phagosomes into
the cytosol, and then invades final endosymbiosis region, the
nucleus (Fujishima 2009; Watanabe et al. 2016). In view of these
facts, it is considered that they may employ a similar pathway
and mechanisms to escape from host digestion and to prevent
the turnover of phagosomes during the early phase of establish-
ment of endosymbiosis. Thus, we explored the factors related
to endosymbiosis by Legionella based on genome comparisons
with Holospora. We successfully identified five novel Legionella
genes that are required for their endosymbiosis in Paramecium.
Our method is more efficient and convenient for identifying tar-
get genes than typical comprehensive analyzes such as microar-
ray or random mutation methods. However, we mainly used one
strain of P. caudatum, RB-1, in this study. Thus, we should con-
sider whether our results observed in RB-1 are applicable to the
relationship between L. pneumophila and other strains of Parame-
cium in further research. Furthermore, if new symbionts other
than Holospora spp. are found and their genome data would
be available in the future, the additional comparative analysis
using our approach would reinforce current results.

First, we identified 14 candidate genes according to genome
database analyzes (Table 1) and we attempted to construct the
deletion mutants for each gene, where only the lpg1492 dele-
tion mutant could not be constructed. Thus, the lpg1492 gene
may be essential for the viability of Legionella. Among the other
13 candidate genes, 5 deletion mutants were unable to estab-
lish endosymbiosis in Paramecium. Several studies have indi-
cated that Legionella genes that are related to virulence in mam-
malian cells, such as the Dot/Icm type IVB secretion system,
have important roles in successful intracellular growth within
protist hosts such as amebae (Segal and Shuman 1997; Vogel
et al. 1998). Similarly, lefA which was identified in our previ-
ous study as a symbiosis modulating factor of Legionella was
also involved in intracellular growth in THP-1 cells (Watanabe
et al. 2016). Thus, we determined the roles of these five genes in
intracellular growth in macrophages and D. discoideum. In con-
trast to our expectations, their capacities for intracellular growth
were not suppressed in THP-1 cells and D. discoideum (Fig. 3).
These results suggest that the behavior or functions of the five
Legionella genes investigated in this study may depend on the
conditions in the infected host, and that these genes may work
with a completely different mechanism from those of lefA or
dot/icm. Furthermore, unidentified factors related to the host

cells may determine how these Legionella genes function during
the establishment of endosymbiosis or in intracellular growth
in both protist hosts, such as Paramecium, and mammalian cell
hosts, such as macrophages. Further experiments using geneti-
cally modified Holospora, deletion mutants of target genes listed
in this study, may support our results, but the development of
genetic manipulation methods for Holospora is necessary before
further research.

The deletion mutants exhibited changes in the stability of
their membranes against lysozyme compared with Lp02. When
infecting macrophages, L. pneumophila can replicate within
unique vacuoles that are modified by their effectors to protect
them from lysis (Xu and Luo 2013). However, it has been demon-
strated that the usual maturation of P. caudatum LCVs is not
inhibited (Fig. 5 and Watanabe et al. 2016). This implies that
acquiring resistance to acidification or lytic enzymes in LCVs
is critical for intracellular survival in P. caudatum. It has been
reported that the production of acetyltransferase by pathogenic
bacteria such as Staphylococcus spp. and Helicobacter pylori is cor-
related with lysozyme resistance and pathogenicity (Bera et al.
2006; Wang et al. 2012). Legionella pneumophila may employ the
same mechanisms for lysozyme resistance within protist host
cells or in the environment. The predicted functions of lpg0522
and lpg0523 were acetyltransferases, and thus they are likely
to be involved with lysozyme resistance. We introduced both
lpg0522 and lpg0523 in order to complement each of the dele-
tion mutants because the simple complemented strains (0522C
and 0523C) did not show the complete recovery of intracellular
survival (Fig. 1C). To find out the reason, we checked the expres-
sion levels of lpg0522 and lpg0523 in Lp02, 0522 and 0523 using
quantitative real-time PCR. As a result, 0522 showed no expres-
sion of lpg0522, as expected, and reduction of lpg0523 expres-
sion compared to that of Lp02. In addition, 0523 also showed
no expression of lpg0523 and significant reduction of lpg0522
expression (data not shown). Although it is still theoretically
possible that lpg0522 expression is regulated by lpg0523 since
lpg0522 is downstream gene of lpg0523, the regulation mecha-
nisms of lpg0523 expression by lpg0522 deletion is unclear in
this study. These results suggest that both lpg0522 and lpg0523
are important for Legionella symbiosis and may interact closely
with each other. 0492 and 2141 produced analogous results to
0522 and 0523 in all the assays, so we suggest that their gene
products may function in a similar manner. These four dele-
tion mutants were also not rescued by co-infection with Lp02.
Other candidate genes such as lpg1210 and lpg1613 are assumed
to be acetyltransferases, but their deletion mutants established
endosymbiosis in P. caudatum. In the present study, we were not
able to reveal the reason why they did not participate in estab-
lishment of endosymbiosis in P. caudatum. Further examinations
which compare the expressions of these genes under symbiotic
conditions or detailed functions of the proteins may explain the
remaining problems.

Furthermore, as a control for evaluating the validity of our
bioinformatics searches, we additionally constructed the dele-
tion mutant for lpg1509, which have been excluded from the
candidate gene list in our phylogenetic analysis, and determined
its endosymbiosis in P. caudatum. lpg1509 encodes a D-alanyl-
D-alanine carboxypeptidase, which is reported to be responsi-
ble for cell wall synthesis and resistance to various types of
stresses in Gram-negative bacteria (Kikuchi et al. 2006; Hung,
Jane and Wong 2013). As a result, 1509 showed establishment of
the endosymbiosis in P. caudatum on an equality with parental
Lp02 as expected (S5 Fig. Supporting Information).
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On the other hand, 2398 exhibited lysozyme resistance in
the same manner as the parental Lp02 despite its inability to
establish endosymbiosis. These results indicate that lpg2398
may be involved with different mechanisms that are required for
endosymbiosis compared with the other four genes. Only 2398
was rescued partially by co-infection with Lp02, which suggests
that the modification of hosts by Lp02 allowed 2398 to survive
within LCVs in P. caudatum. The details of these mechanisms
should be explored in future research.

During the evolution in natural environments, particularly
within the host cells, Legionella may have developed mecha-
nisms for establishing endosymbiosis. Although the detail is
unknown, other endosymbionts such as Holospora spp. may also
have been involved in this process. It is presumed that numer-
ous species of unknown bacteria exist within the protist hosts.
Our current results are elicited by the investigation focused on
the one-to-one relationship between Legionella and Holospora. If
we identify novel symbionts and subject them to our assay, we
can expect many novel insights on host-symbiont interactions.
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