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A B S T R A C T

Vacuole of eukaryotic cells, beyond intracellular digestion plays additional roles such as storage of nutrients that
provide favorable conditions for bacterial survival. In this study, occurrence of H. pylori inside the vacuole of
Candida yeast was studied and the role of vacuolating cytotoxin A (VacA) in constructing the vacuole was
discussed. One gastric Candida yeast was used for Live/Dead stain and fluorescence in situ hybridization (FISH)
with universal bacterial probe. Yeast total DNA was used for amplification of full-length bacterial 16S rDNA as
well as H. pylori-specific 16S rDNA and vacA alleles. Vacuoles were isolated from yeast cells and stained with
fluorescent yeast vacuole membrane marker MDY-64. DNA extracted from vacuoles was used for amplification
of H. pylori-specific 16S rDNA. Fluorescent microscopy showed occurrence of viable bacteria inside the vacuole
of intact Candida yeast cells. FISH showed intracellular bacteria as fluorescent spots inside the vacuole of mother
and daughter yeast cells, suggesting bacterial transmission to next generations of yeast. Sequencing of amplified
products of bacterial 16S rDNA and amplification of H. pylori 16S rDNA and vacA confirmed the identity of
intracellular bacteria as H. pylori. Isolated vacuoles were stained with membrane-specific marker and H. pylori
16S rDNA was amplified from their DNA content. Results of this study suggest yeast vacuole as a specialized
niche for H. pylori. It appears that sequestration inside the vacuole may enhance bacterial survival.

1. Introduction

Development of intracellular membrane-bound organelles with
specialized functions was a critical event in the evolution of eukaryotic
cells. One important consequence of organelle development was tran-
sition from extracellular digestion of food that occurred in prokaryotes
to intracellular digestion in primitive eukaryotic cells (Cavalier-Smith,
2002). Among intracellular organelles, lysosome the digestive vacuole
became specialized for breaking down the self-cellular contents at times
of starvation, autophagy, and digestion of the internalized micro-
organisms, xenophagy. Accordingly, vacuole biogenesis in primitive
eukaryotic cells happened to ensure the achievement of two vital goals;
survival against nutritional stress and protection against the invading
microorganisms. These properties conferred to eukaryotes the ability to
establish in a variety of newly explored niches and the advantages of
adaptation and diversity (Levine, 2005).

Although several reports indicate that unicellular eukaryotes were
first using prokaryotes for nutrients (Dyall and Johnson, 2000; Levine,
2005), other reports describe that intracellular bacteria learned to in-
duce their own internalization and sequestration in a membrane-bound
vacuole to escape from environmental stress (Mauel, 1983) and anti-
microbial defense strategies of the host cytoplasm (Kumar and Valdivia,
2009). Furthermore, internalized bacteria became equipped with me-
chanisms that allowed their survival in the host as parasites or mutu-
alists (Dyall and Johnson, 2000). In the other words, by establishing in
the membrane-bound vacuoles within eukaryotic cells, intracellular
bacteria created an appropriate niche for survival and proliferation
(Garcıá-del Portillo, 1999). Consistent with this is a large body of evi-
dence that shows many bacteria with intracellular life, becoming per-
manent or transient endosymbionts of eukaryotic cells (McFall-Ngai,
2008; Ruiz-Lozano and Bonfante, 1999). Details of the biological sig-
nificance of bacterial invasion into the eukaryotic host and its
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establishment in the vacuole, await to be elucidated. However, it is
suggested that intracellular replication of bacteria happens with low
rate and limited gene expression not destroying the host cell (Corsaro
et al., 1999). The overall benefit of endosymbiotic establishment inside
the vacuole of eukaryotic cell would be maintenance of the vacuole and
survival of both partners (Bianciotto et al., 1996).

Studies on the vacuole of different yeasts have revealed that this
organelle in addition to digestion of molecules has other important
functions (Armstrong, 2010; Klionsky et al., 1990) such as sorting,
transporting and redistribution of nutrients. It is also the site for storage
of Ca2+, phosphate and a high concentration of amino acids (Sato et al.,
1984). Moreover, pH and osmotic regulation, ion homeostasis and cy-
toplasmic detoxification take place in the vacuole (Weisman, 2003).
Since vacuoles occupy a significant proportion (10–20%) of yeast cell's
volume, by changing their number, size and position yeast cell can
respond to environmental stresses (Armstrong, 2010). It has been de-
monstrated that compared with autophagosomes, bacteria-containing
vacuoles are significantly larger and mainly contain bacteria rather
than cytoplasmic materials (Nakagawa et al., 2004). Accordingly, yeast
vacuole with all these favorable properties might serve as a sophisti-
cated shelter for the internalized bacteria, enhancing their survival and
growth instead of degradation (Kirkegaard et al., 2004; Shintani and
Klionsky, 2004).

According to reports, intracellular bacteria typically show low
abundance in the host cell and are difficult to detect by culture, prob-
ably due to high dependence to their host (Görtz and Brigge, 1998) or
lack of knowledge about their optimum culturing conditions in micro-
biology lab. Nevertheless, non-culturability of intracellular bacteria has
hampered the elucidation of details of their relationship with eu-
karyotic host (McFall-Ngai, 2008; Ruiz-Lozano and Bonfante, 1999).
However, culture-independent methods including light, fluorescent and
electron microscopy as well as polymerase chain reaction (PCR) and
fluorescence in situ hybridization (FISH) have been recruited to reveal
the identity and subcellular localization of intracellular bacteria
(Amann et al., 1991; Bianciotto et al., 1996; Bianciotto et al., 2000;
Fritsche et al., 1999).

It has been revealed that H. pylori is a facultative intracellular
bacterium. Microscopic examination of gastric biopsies showed occur-
rence of H. pylori cells in gastric and duodenal epithelial cells (Shousha
et al., 1984), parietal cells (Chen et al., 1986) and immunocytes (Bode
et al., 1988). Furthermore, examination of H. pylori-infected cultured
cells with immunohistochemistry, FISH (Semino-Mora et al., 2003) and
ultrastructural methods (Necchi et al., 2007) revealed the identity of H.
pylori and its intracellular localization. The intracellular H. pylori ex-
pressed mRNA and antigens and showed intact cell morphology (Necchi
et al., 2007; Semino-Mora et al., 2003). These results suggest that in-
tracellular niche of H. pylori in human stomach could provide nutrients
for the slow growing bacterium and protect it from being destroyed by
acidic pH, immune system and antibiotics (Chu et al., 2010; Dubois and
Borén, 2007). In our previous studies, microscopic observations as well
as detection of H. pylori-specific genes and immunodetection of H. pylori
proteins in Candida yeasts showed the intracellular occurrence of H.
pylori inside the yeast. These results suggested that Candida yeast could
serve as a reservoir for H. pylori outside human stomach (Salmanian
et al., 2008; Salmanian et al., 2012; Saniee et al., 2013a, 2013b;
Siavoshi et al., 1998; Siavoshi et al., 2005). It is not known when and
how H. pylori established inside the yeast cells, it probably followed
similar evolutionary principles that other bacteria did. In this study, one
yeast isolate from a gastric biopsy was sub-cultured on antibacterial-
containing medium,> 10 times and studied for the occurrence of in-
tracellular H. pylori. The aim was to demonstrate the occurrence of
intracellular H. pylori inside the intact and isolated vacuole of C. albi-
cans, proposing that yeast vacuole is the specialized intracellular niche
of H. pylori that promotes bacterial survival. Light microscopic ob-
servation on a wet mount of one gastric yeast showed the occurrence of
bacterium-like bodies (BLBs) inside the yeast's vacuole. To reveal the

viability of BLBs, yeast cells were stained with the LIVE/DEAD bacterial
viability kit and examined by the fluorescent microscope. Furthermore,
FISH was performed with 16S rRNA-specific oligonucleotide probe to
confirm the bacterial nature of BLBs and their intracellular localization.
Specific primers were used for amplification of full-length bacterial 16S
rDNA, H. pylori-16S rDNA and vacuolating cytotoxin A (VacA) from the
whole DNA of yeast. To demonstrate that yeast vacuole can serve as an
intracellular niche for bacteria, yeast's vacuoles were isolated and
stained with fluorescent vacuole membrane marker MDY-64. Moreover,
DNA extracted from the isolated vacuoles was used for amplification of
H. pylori-16S rDNA.

2. Materials and methods

2.1. Yeast

One gastric yeast was recruited in this study. The yeast was isolated
from a gastric biopsy which was cultured on brucella blood agar for
isolation of H. pylori. The yeast produced green colonies on
CHROMagar (CHROMagar, France) and identified as Candida albicans.
Single colonies of yeast were sub-cultured on in house yeast extract
glucose chloramphenicol (YGC) agar> 10 times to eliminate any ex-
tracellular bacterial contamination.

2.2. Staining the intracellular bacteria with LIVE/DEAD BacLight Bacterial
Viability kit

A wet mount was prepared from fresh and pure culture of C. albicans
on in house yeast extract glucose agar and examined for the presence of
intracellular bacteria, by light microscopy (data not shown). A wet
mount was also prepared from fresh culture of yeast and stained with
LIVE/DEAD BacLight Bacterial Viability Kit to confirm viability of in-
tracellular bacteria (Molecular Probes, Eugene, OR, USA). Fluorescent
microscope (Olympus, Tokyo, Japan) was used for observing live in-
tracellular bacteria inside yeast's vacuole and record their movement.

2.3. Detection of intracellular bacteria using fluorescence in situ
hybridization (FISH)

FISH was performed using bacterial 16S rRNA-specific probe
(EUB338) (5′-GCTGCCTCCCGTAGGAGT-3′) (Amann et al., 1990), to
confirm the bacterial nature of bacteria-like bodies inside yeast's va-
cuole. We performed fixation-free FISH experiment according to Yilmaz
et al. (Yilmaz et al., 2010). Briefly, yeast cells were grown in YG broth
at 37 °C in shaking incubator (200 rpm). After 24 h, yeast culture was
washed twice in 0.01M phosphate-buffered saline (PBS) and re-
suspended in 100 μL of FISH hybridization buffer (5M NaCl, 1M Tris/
HCl, 10% Formamide in distilled water) (Pernthaler et al., 2001) con-
taining 50 ng tetramethylrhodamine isothiocyanate (TRITC)-labeled
EUB338 probe (Bioneer Co., korea) and 0.01% evans blue (46160;
Fluka) solution (for colour contrast). The mixture was incubated at
37 °C for 1.5 h while shaking at 120 rpm. After hybridization, cells were
washed with PBS three times, 5 min each time. A 10-μL volume of the
yeast culture was smeared on a glass slide and air-dried. Samples were
covered with mounting medium (Invitrogen, USA) and observed with
the fluorescent microscope (Olympus, Tokyo, Japan). Similarly, FISH
was conducted with FAM-labeled non-EUB338 probe, the reverse
complement of EUB338, to detect any nonspecific binding.

2.4. Detection of full-length bacterial 16S rDNA, H. pylori- specific 16S
rDNA and vacA alleles in yeasts using polymerase chain reaction (PCR)

A fresh culture of C. albicans was used for extraction of DNA, using
glass beads (0.5 mm, Glasperlen, Germany) and phenol–chloroform
method (Sambrook, 2001). DNA extracted from yeast was first used for
amplification of the full-length bacterial 16S rDNA with universal
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primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTT
ACCTTGTTACGACTT-3′) (Lane, 1991). The PCR conditions were one
cycle at 95 °C for 5min, 35 cycles at 94 °C for 30 s, 50 °C for 45 s and
72 °C for 2min and a final extension step at 72 °C for 10min. 16S rDNA
amplicon with the size of 1500 bp was purified, sequenced and matched
with published sequences in GenBank by the Basic Local Alignment
Search Tool (BLAST). Bacterial identification to species level was de-
fined as> 99% sequence similarity with the sequence of the type strain
of only one species and having the higher score of similarity. Results of
data analysis showed 99% homology with H. pylori. Next step was de-
tection of H. pylori-specific genes in the yeast total DNA; 16S rRNA and
vacA (s and m regions). Amplification of all the genes was initiated with
94 °C for 3min and 33 cycles of 94 °C for 45 s and 72 °C for 1min, fol-
lowed by 72 °C for 5min. The primer pair of H. pylori-16S rDNA was
HP1: 5′-GCAATCAGCGTCAGTAATGTTC-3′ and HP2: 5′-GCTAAGAGA
TCAGCCTATGTCC-3′ (Lu et al., 2002) with the annealing temperature
of 55 °C. The primer pair of H. pylori-vacA s1/s2 was VA1-F: 5′- ATGG
AAATACAACAAACACAC -3′ and VA1-R: 5′- CTGCTTGAATGCGCCA
AAC -3′ (Atherton et al., 1995) with the annealing temperature of 54 °C.
The primer pair of H. pylori-vacA m1/m2 was VAG–F: 5′-CAATCTGTC
CAATCAAGCGAG-3′ and VAG-R: 3′-GCGTCAAAATAATTCCAAGG-3′
(Yamaoka et al., 1998) with annealing temperature of 52 °C. Two
clinical H. pylori isolates which were previously identified by amplifi-
cation and sequencing of H. pylori-specific 16S rDNA were used as po-
sitive controls. These two controls were genotyped for vacA alleles as
s1/m1 and s2/m2. PCR reaction mixture without template was used as
a negative control.

2.5. Isolation of yeast's vacuoles

Yeast vacuoles were isolated using the protocol described by
Cabrera et al. (Cabrera and Ungermann, 2008). Briefly, a single colony
of yeast was inoculated into 100mL of YPD broth (1% yeast extract, 1%
peptone and 2% glucose) and incubated in shaker incubator (220 rpm)
at 33 °C, until turbidity of yeast culture reached 1.1 at 600 nm. Yeast
cells were separated from the liquid culture by centrifugation at
4000 rpm for 10min. The pellet was resuspended in wash buffer (10mL
of 1M Tris-HCl pH 9.4, 1 mL of β-mercaptoethanol and 89mL of dis-
tilled H2O) and incubated in 40 °C water bath for 30min, with occa-
sional mixing. Yeast cells were harvested and resuspended in 2mL of
spheroplasting buffer (80mL of 0.2% YPD, 15mL of 4M sorbitol and
5mL of 1M potassium phosphate, pH 7.5) containing 0.5mg/mL lyti-
case (Sigma L4025) and incubated at 30 °C for 30min. The spheroplasts
were pelleted and resuspended in 2mL of 15% ficoll in PS buffer (10mM
PIPES/KOH, pH 6.8, 200mM sorbitol). Lysis of spheroplasts was in-
duced by the addition of DEAE (diethylaminoethyl)-dextran (10mg/mL
of 15% ficoll). The vacuolar fraction was then recovered by ficoll

density gradient at 30,000 rpm for 90min at 4 °C in a Beckman SW40 Ti
rotor.

2.6. Staining of yeast vacuoles and detection of intravacuolar H. pylori

Intact yeast cells and isolated vacuoles were stained with vacuole
marker fluorescent probes (Yeast Vacuole Marker Sampler Kit,
Molecular Probes Y-7531). MDY-64 and CellTracker Blue CMAC were
used for vacuole membrane and lumen staining, respectively. Dual
staining of intact yeast cell vacuoles with MDY-64 and blue CMAC was
carried out. Briefly, yeasts were first washed 3 times with PBS, then
incubated in 10mM HEPES buffer containing both 100 μM CMAC and
10 μM MDY-64 for 15min. After being washed with fresh buffer,
stained preparation was examined with the fluorescent microscope. The
membrane of purified vacuoles was stained with 10mM HEPES buffer
pH 7.4, containing 5% glucose and MDY-64 with final concentration of
10 μM, for 5min. Furthermore, DNA extracted from isolated vacuoles,
was used for detection of H. pylori 16S rDNA.

3. Results

3.1. Observation of green and live bacteria inside the yeasts' vacuole with
fluorescent microscopy

Examination of wet mount of yeast cells with the light microscope
showed the presence of actively moving BLBs (data not shown).
Fluorescent microscopic observation of the wet mount of yeast cells
stained with LIVE/DEAD BacLight bacterial-viability kit, showed green
and live bacteria inside the yeasts' vacuole. Photographs taken at 0, 5
and 10 s time intervals showed the movement of bacteria inside the
yeast vacuole, confirming the viability of intracellular bacteria (Fig.1).
A video record also showed live and actively moving bacteria inside the
dark vacuoles of yeasts (Supplementary Video 1).

3.2. Detection of intracellular bacteria using FISH

To further validate bacterial nature of BLBs, we performed FISH
experiment using universal bacterial probe that target bacterial-specific
16S rRNA. Observation of yellow fluorescent spots inside the vacuoles
of yeast cells showed hybridization of labeled oligonucleotide probe
with bacterial 16S rRNA (Fig.2). These results confirmed the occurrence
of intracellular bacteria inside the yeast vacuole. Presence of fluor-
escent spots in mother and daughter yeast cells indicated bacterial
transmission to next generation. Absence of non-specific fluorescent
signals, showed lack of non-specific interaction of antisense probe
(Fig.2).

Fig. 1. Fluorescent microscopy of C. albicans stained with live/dead viability kit. Live and green bacteria (B) are demonstrated in the vacuole (V) of a yeast cell.
Arrow points to one of the three bacteria. Photographs taken at 3 time intervals, 0, 5 and 10 s show the movement of bacteria. Nucleus (N), mitochondria (M). Scale
bars: 5 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Amplification of full-length bacterial 16S rDNA and H. pylori-specific
genes (16S rDNA and vacA alleles) from the yeast total DNA using PCR

Sequencing of amplified product of full-length bacterial 16S rDNA
with the size of 1500 bp, showed 99% homology with H. pylori.
Amplified products of H. pylori-specific 16S rDNA with the size of the
521-bp, vacA s1 with the size of the 259-bp and vacAm1 with the size of
570 bp showed similarity to the size of amplified products from control
H. pylori (Fig.3). Comparison of vacA amplified products from yeast
with those of two control H. pylori showed similarity between vacA
alleles of intracellular H. pylori detected in yeast and vacA s1/m1 of

control H. pylori.

3.4. Staining of yeast vacuoles and detection of intravacuolar H. pylori

Yeast vacuolar membrane was labeled with MDY-64, appearing
green. Intracellular bacteria were also stained green due to interaction
of MDY-64 with their membrane (Fig.4). Yeast vacuole lumen was also
labeled with CellTracker Blue CMAC appearing blue. MDY-64 and
CMAC dual staining confirmed the bacterial localization in the lumen of
large vacuoles. Staining of isolated vacuoles membrane with MDY-64
showed green vacuoles with stained intracellular bacteria. PCR product

Fig. 2. Fluorescence in situ hybridization of yeast with bacterial 16S rRNA-targeted oligonucleotide probe. All 5 photographs (a, b, c, d and e) show intracellular
bacteria (B) as fluorescent spots (arrow). Presence of fluorescent spots in mother and daughter yeast cells indicates bacterial transmission to next generation. Absence
of non-specific fluorescent signal using non-EUB338 probe, showed lack of non-specific interaction (f). The inset in the panel a, shows magnification of bacterial cells
inside the yeast cell. Scale bars in photographs represent: 5 μm, and in inset: 4 μm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Amplification of full-length bacterial 16S
rDNA and H. pylori-specific genes (16S rDNA and
vacA alleles) from the yeast total DNA. Size of pro-
ducts (bp) from left to right: lane 1 and 2 (1500), 3
(Marker), 4 and 5 (521), 6 (286), 7 and 8 (259), 9
(645), 10 and 11 (570) and 12 (no template). The
vacA s1/m1 amplified products of intracellular H.
pylori detected in yeast (lanes 8 and 11) showed sil-
milarity to those of control H. pylori (lanes 7 and 10).
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of H. pylori-specific 16S rDNA with the size of 521 bp was amplified
from DNA of isolated vacuoles (data not shown). Sequencing of am-
plified product showed 99% similarity with H. pylori. These results in-
dicate the subcellular localization of H. pylori in the vacuoles.

4. Discussion

In this study, microscopic observation of BLBs that were stained
with bacterial viability kit showed the occurrence of viable bacteria
inside the vacuole of C. albicans. The positive interaction of fluorescent
universal bacterial probe, with the intracellular bacterial RNA resulted
in the appearance of fluorescent spots observable only in the vacuole of
yeast cells. These fluorescent spots were observed in the mother as well
as daughter yeast cells, suggesting the bacterial transmission to the next
generations of C. albicans. According to reports, only bacteria con-
taining enough ribosomes produce detectable fluorescence in FISH
method. In the other words, dead bacteria lacking RNA and starved or
dormant bacteria, usually with very low rRNA levels cannot be detected
by FISH (Amann et al., 1995; Christensen et al., 1999). FISH has been
used as a successful method for detection of H. pylori inside the epi-
thelial cells in gastric biopsies (Rüssmann et al., 2001) and in H. pylori-
infected cultured cells (Semino-Mora et al., 2003). FISH has also been
used for detection and localization of intracellular bacteria, Paeniba-
cillus spp., inside the mycelium of a mycorrhizal fungus, Laccaria bi-
color, showing that intracellular bacteria were clearly localized inside
the fungal hyphae. Furthermore, detection of these intracellular bac-
teria in next generations of the fungus showed that they were physio-
logically active and able to multiply (Bertaux et al., 2003). FISH was
used for demonstrating the coexistence of multiple bacterial en-
dosymbionts in arbuscular mycorrhizal fungus (Desiro et al., 2014).
Amplification and sequencing of universal 16S rDNA and H. pylori-
specific 16S rDNA and vacA from the yeast total DNA demonstrated the
occurrence of H. pylori inside the yeast vacuole. In the present study,
fluorescent microscopic observations showed that isolated yeast va-
cuoles that were stained with vacuole-specific membrane stain con-
tained bacteria. Furthermore, amplification of H. pylori-specific 16S
rDNA from the DNA extracted from isolated vacuoles, confirmed that
yeast vacuole serves as a specific niche for the intracellular bacteria.

In our previous study, light microscopy observation of BLBs inside

the yeast vacuole and amplification of genes related to H. pylori 16S
rDNA, cagA (cytotoxin-associated gene A), urease (ureAB) and vacuo-
lating cytotoxin (vacA) and peroxyredoxin (aphC) from total DNA ex-
tracted from yeasts, showed the occurrence of intracellular H. pylori in
oral and gastric yeasts (Salmanian et al., 2008; Saniee et al., 2013b;
Siavoshi et al., 2005). Furthermore, using H. pylori-specific im-
munoglobulins raised in hens (IgY-Hp) and in mice (IgG1-Hp) and
western blotting, H. pylori proteins; VacA large and small subunits,
urease-A subunit, thiol peroxidase and peroxyredoxin were detected in
the protein pool of oral and gastric Candida yeasts (Saniee et al.,
2013b). These results indicated that inside the yeast vacuole, H. pylori is
viable and expresses proteins for its survival, peroxiredoxin and thiol
peroxidase to detoxify oxygen metabolites formed during respiratory
burst in eukaryotic cells (Mauel, 1983) and urease and vacA to disrupt
phagolysosome fusion in macrophages (Schwartz and Allen, 2006).
Accordingly, it was suggested that H. pylori is well-equipped with
powerful tools to establish and survive in the vacuole of eukaryotic
cells. These results were confirmed by microscopic observation of H.
pylori cells and detection of bacterial genes in the consecutive genera-
tions of yeasts (Saniee et al., 2013a, 2013b). Reports indicate that many
intracellular bacteria have evolved to recruit certain proteins for pro-
tecting their membrane-bound vacuole and promoting intracellular
partnership (Mauel, 1983; McFall-Ngai, 2008; Ruiz-Lozano and
Bonfante, 1999).

Interestingly, reports suggest that the most prominent function of H.
pylori VacA is induction of vacuolation in mammalian cells (Cover and
Blanke, 2005; Figura, 1996). Upon insertion into mammalian cell
membrane, VacA produces ion channels, internalizes and induces for-
mation of large vacuoles that occupy a considerable portion of the cell
(Torres et al., 2005). As reports indicated, H. pylori-containing autop-
hagosome was non-acidic or non-degradative and did not show fusion
with the lysosome (Raju et al., 2012). It has been proposed that VacA
traffics to late endosomal-lysosomal compartments where it induces
vacuolation through a mechanism dependent on the small GTPase Rab
7 (Johansson et al., 2005). VacA also disrupts the degradative capacity
of lysosomes by affecting lysosomal hydrolases such as cathepsin (Cover
and Blanke, 2005) It appears that H. pylori recruits VacA to induce
autophagy (Cover and Blanke, 2005; Molinari et al., 1997; Satin et al.,
1997; Terebiznik et al., 2009) and similar to a diverse range of

Fig. 4. Fluorescence microscopy of yeast cells and
isolated vacuoles stained with fluorescent lumen and
membrane markers. Top left: Intact yeast vacuole
membrane (VM) stained with MDY-64, showing in-
tracellular bacteria (B). Top right: Intact yeast va-
cuole lumen (VL) stained with blue CMAC. Scale
bars: 2 μm. Four bottom: Isolated vacuoles with
membranes and intracellular bacteria appearing
green after staining with MDY-64. Scale bar: 2.5 μm.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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intracellular bacteria subverts autophagic pathway, inhibits their ma-
turation and provides a shelter for bacterial survival and replication
(Dorn et al., 2002; Kirkegaard et al., 2004; Niu et al., 2012; Steele et al.,
2013). This could be the fundamental step in development of symbiotic
relationship between intracellular bacteria and its eukaryotic host
(Downs et al., 2009). Accordingly, VacA-induced large vacuoles have
been regarded as an intracellular replicative niche for H. pylori (Cover
and Blanke, 2005; Molinari et al., 1997; Satin et al., 1997; Terebiznik
et al., 2009).

Investigators believe that the intracellular survival and replication
of bacteria in eukaryotic host cells dates back to>150 million of years
ago, long before the emergence of mammalian hosts about 60 million
years ago (Moran and Baumann, 2000; Sauer et al., 2000). One example
of intracellular relationship of prokaryotes with eukaryotic hosts is
between bacteria and fungi which are old and evolutionary partners
since 3–5 billion years ago, before that time bacteria were the only
inhabitants of earth. Eukaryotic cells such as fungi appeared later and
acted as predators of bacteria as sources of energy and essential nu-
trients. However, among ingested bacteria, some persisted digestion in
eukaryotic phagosome and turned into permanent endosymbiotic
partners (Cavalier-Smith, 1975, 2002). An important consequence of
this relationship was the evolution of modern cellular organelles, mi-
tochondria and chloroplast in the majority of eukaryotic cells existing
today (Dyall and Johnson, 2000).

It is concluded that vacuole a principal organelle for yeast's viabi-
lity, with major roles in degradation of intracellular molecules, storage
of nutrients and stress tolerance (Klionsky et al., 1990) could have been
selected through evolution to serve as a sophisticated niche for in-
tracellular bacteria. It appears that intracellular bacteria induced for-
mation of their own vacuolar niche in which they were protected, and
could reach nutrients and replicate. Moreover, they served their eu-
karyotic host by digesting food and producing essential nutrients such
as amino acids and vitamins. It seems plausible to suggest that mutual
relationship between intracellular bacteria and eukaryotic host pro-
vides conditions that facilitate replication of endobacteria in a balanced
way that both partners survive the entire life span of the eukaryotic host
(Goebel and Gross, 2001). This mutual beneficiary relationship does not
end here, occurrence of endosymbiotic bacteria in new generations of
eukaryotic cells indicates that the endosymbiotic bacteria are trans-
mitted to next generation (Bianciotto et al., 2004). This indicates that
eukaryotic host cells, such as yeast, could serve as important and
endless reservoirs of intracellular bacteria (Corsaro et al., 1999). Ac-
cordingly, the endosymbiotic relationship of bacteria with eukaryotic
host is a conserved evolutionary phenomenon with a great impact on
eukaryotes' evolution (McFall-Ngai et al., 2013). Results of this study
suggest that sequestration inside the yeast vacuole as a specialized in-
tracellular niche may enhance H. pylori survival against stressful con-
dition.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.01.029.
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