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Abstract
Background: Coexistence of bacteria and yeast in a myriad of microbial communities is indicative of their intimate relationship,
which could be the intracellular existence of bacteria inside yeast. In this study, the intracellular existence of bacteria inside yeast
and bacterial release from amphotericin B-treated yeasts was examined using polymerase chain reaction (PCR) and microscopy.
Methods: Released bacteria, B1 from Y1 (a gastric yeast) and B2 from Y2 (an oral yeast) were identified as Staphylococcus
hominis and Staphylococcus haemolyticus by biochemical tests as well as amplification of Staph-specific tuf and 16S rRNA
genes. PCR products were sequenced and matched with Staphylococcus published sequences in GenBank. PCR was also used
for amplification of Staph-tuf and Helicobacter pylori-16S rRNA genes from DNAs of 50 yeasts (20 oral, 20 gastric and 10 fecal).
Microscopy was used for observing bacterium-like bodies (BLBs) inside the yeasts vacuole.
Results: Thirty-two yeasts (64%) carried Staph-tuf gene, 20 yeasts (40%) carried H. pylori 16S rRNA gene, 14 yeasts (28%) carried
both genes, 12 yeasts (24%) carried neither, 6 yeasts (12%) carried only H. pylori 16S rRNA gene, and 18 yeasts (36%) carried only
tuf gene. Amplified products of tuf (370 bp) and 16S rRNA (756 bp) genes from B1 and Y1, and B2 and Y2 showed high similarity
to S. hominis and S. hemolyticus, respectively. Microscopic observations showed BLBs inside the yeasts vacuoles, which could be
related to the released bacteria. These BLBs were alive and could be observed in successive generations of yeasts.
Conclusion: Amplification of Staphylococcus- and H. pylori- specific genes from yeasts showed that the intracellular BLBs
could belong to Staphylococcus species and H. pylori. Release of culturable staphylococci from 2/50 (4%) yeasts showed that
not all yeasts release bacteria, and bacterial release takes place under unknown conditions. However, it could be triggered by
amphotericin B or hydrolytic enzymes. Coexistence of staphylococci and H. pylori genes could represent a mixed endosymbiotic
bacterial population in Fungi such as yeast. By selecting certain bacterial associates, the diversity of microbial communities could
be determined. These selected bacteria could have an intracellular origin, being released under certain conditions.
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Introduction
Bacteria and fungi, during more than 1 billion years
of coexistence in different niches, have learned to
exchange unknown diverse signals to share antagonistic
or synergistic interactions with each other.1–3 Being
equipped with fungal lytic enzymes, is a hallmark of
bacteria that control fungal communities.4,5 However,
fungi with different antibacterial activities are powerful
predators of bacteria.5 It seems that it is the long-term
intimate and synergistic relationship between bacteria
and fungi that has enabled them to persistently conquer
the world and occupy a wide range of habitats, including
those impossible for other microorganisms to live in.6–8
This success could not have been achieved by either fungi
or bacteria alone. The intimate extracellular association
between bacteria and yeast in a myriad of distinct niches
could be indicative of the likelihood of intracellular
existence of bacteria inside fungi. It has been proposed
that the N-glycosylation of the protein components of

the rigid cell walls of ancestral eukaryotic cells led to
the development of flexible extracellular matrices and
the emergence of a phagotrophic lifestyle, with cells
engulfing other cells. Accordingly, free-living unicellular
eukaryotes acted as predators of bacteria for food and
essential nutrients.9 This phenomenon was the basis for
the establishment of an endosymbiotic relationship as a
milestone in the evolution of eukaryotes.10,11 Accordingly,
it is reasonable to assume that engulfed bacteria inside
the phagosome of eukaryotic cells evolved in a way to
change their destiny from being destroyed or serving
as slaves, providing nutrients for their host, to become
endosymbiont partners, being mutually beneficial.11
Several reports describe the endosymbiotic relationship
between bacteria and eukaryotes including animals,12
insects,13 sponges14 and plants.15,16 It is believed that
intracellular bacteria have evolved to reside inside the
membrane-bound vacuoles of eukaryotic cells,17 where
they adapted to survive,18 maintain their cell structure,19
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establish themselves as endosymbiotic partners for
entire life span of the host, and be inherited by the
next generations.20 One of the best studied examples
of the intracellular association between bacteria and
eukaryotes is related to arbuscular mycorrhizal fungi,21–24
first discovered by electron microscopic observations in
1970.25 In recent studies on different fungi, fluorescent
staining kits for bacterial detection and viability studies and
also amplification of the bacterial 16S rRNA gene have
been used to demonstrate the existence of non-culturable
endosymbiotic bacteria in the fungal vacuole.26–29
In our previous studies, light microscopic observations
of wet mounts of Candida yeasts that were co-isolated
with Helicobacter pylori from gastric biopsies, showed the
existence of fast-moving bacterium-like bodies (BLBs)
inside the vacuoles of yeasts. Attempts to culture BLBs
for recovering H. pylori or other bacteria from disrupted
yeasts were unsuccessful. However, H. pylori-specific
genes were detected in Candida yeast isolates from
stomach,30 oral cavity,31,32 food33 and vagina.34 Moreover,
immunodetection of H. pylori-specific proteins in the
protein pool of Candida yeasts demonstrated that H. pylori
is well equipped with protective proteins to survive and
establish itself in the vacuole of the yeast cell.35 It was
concluded that Candida yeast could serve as a sophisticated
niche for H. pylori, while providing essential nutrients for
its growth and multiplication, it protects the bacterium
against environmental stresses and facilitates its spread
within human hosts.36
This study was designed to examine the likelihood of
bacterial release from yeast cells upon treatment with
antifungal amphotericin B (amph B), which is known
to disrupt fungal plasma and vacuole membranes. We
proceeded our previous study in which 50 Candida
yeasts isolates from oral cavity, stomach and feces,
were recruited to compare antifungal activity of 3 nonantifungal drugs with that of 2 antifungals: ketoconazole
and amph B.37 Macrodilution method was used, according
to the Clinical and Laboratory Standards Institute (CLSI)
standard (M27-P), for determination of minimum
fungicidal concentration (MFC) of the above mentioned
drugs. Bacterial cells were released into the medium from
two Candida albicans out of 50 amph B-treated Candida
yeasts, at sub-lethal concentrations of the antifungals
(gastric yeast, Y1, at 0.25 and 0.5 µg/mL and oral yeast,
Y2, at 0.5 µg/mL). It is noteworthy that to eliminate any
exogenous bacterial contamination before starting the
assay, yeasts were sub-cultured on yeast extract glucose
chloramphenicol (YGC) agar (Merck, Darmstadt,
Germany) for more than 10 times. Furthermore, serial
dilutions of amph B for all yeasts were prepared from
the same stock, and growth medium showed no bacterial
growth before use. For each yeast isolate, growth medium
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tubes containing different concentrations of amph
B were inoculated from the same fungal suspension.
Microscopic examination of wet mounts and gramstained smears from the 2 broths showed the existence of
gram-positive cocci. Culturing the contaminated broths
on brain heart infusion (BHI) agar (Merck, Darmstadt,
Germany) yielded pure cultures of gram-positive cocci.
The present study was performed to answer the following
questions: Where did the gram-positive cocci come from
and did amph B play a key role in the release of bacteria
from yeast cells? The released bacteria, B1 from Y1 and
B2 from Y2, were identified by biochemical tests, and
the likelihood of their intracellular existence inside the
yeast vacuole was examined using polymerase chain
reaction (PCR) and microscopic methods. To assess the
coexistence of H. pylori with B1 and B2 inside the yeast
vacuole, PCR was used for detection of H. pylori-specific
16S rRNA gene.
Materials and Methods
Identification of Released Bacteria (B1 and B2) by Biochemical
Tests
The purpose of this part of the study was to identify
the released bacteria, B1 from Y1 (a gastric yeast) and
B2 from Y2 (an oral yeast), according to macroscopic,
microscopic and biochemical characteristics. The B1
isolate produced 0.5–2 mm pale yellow, smooth, opaque,
raised and butyrous colonies. The B2 isolate produced 2–5
mm white-cream, smooth, opaque, raised and butyrous
colonies. Microscopic observations on gram-stained
smears showed that both isolates were gram-positive cocci
arranged in pairs and tetrads. The results of biochemical
tests showed that both isolates were catalase positive,
oxidase negative, produced acid from glucose aerobically,
lipase negative, ornithine decarboxylase negative, reduced
nitrate to nitrite, produced acetoin, novobiocin sensitive,
and showed good growth on mannitol salt agar, nutrient
agar containing 10% and 15% NaCl and also aesculin
agar containing 40% bile salt. B1 was urease positive,
but hemolysin and arginine dihydrolase negative. B2 was
urease negative, but showed weak hemolysis and positive
arginine dihydrolase activity. Comparison of the results
with information in Bergey’s Manual of Systematic
Bacteriology38 showed that the biochemical characteristics
of the B1 isolate corresponded to Staphylococcus hominis,
and those of B2 corresponded to Staphylococcus haemolyticus.
Confirmation of B1 and B2 Identities by Detection of
Staphylococcus-Specific tuf and 16S rRNA genes
For confirming the identity of the bacterial isolates,
B1 and B2, PCR was performed with primers designed
for detection of Staphylococcus-specific tuf 39 and 16S
rRNA genes.40,41 A clinical isolate of S. aureus, whose
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identity was confirmed by biochemical tests, was used
as the positive control. DNA was extracted from the
bacterial cells according to the method of Sambrook
and Russell.42 PCR was carried out in a total volume of
25 µL, containing 10× PCR buffer (Sinacolon, Tehran,
Iran), 3mM MgCl2 (Sinacolon, Iran), 0.2 mM dNTPs mix,
10 pmole of each primer, 1 U of Taq DNA polymerase
(Cinagen, Tehran, Iran) and 100 ng of bacterial DNA.
The amplification steps of the tuf gene from bacteria
included: initial denaturation at 94°C for 3 minutes;
followed by 40 amplification cycles of 1 second at 95°C,
30 seconds at 55°C and 30 seconds at 72°C; with a final
step of extension at 72°C for 3 minutes. Amplification
steps of the 16S rRNA gene from bacteria included:
initial denaturation at 94°C for 10 minutes; followed by
30 amplification cycles of 45 seconds at 94°C, 45 seconds
at 55°C and 75 seconds at 72°C; with a final step of
extension at 72°C for 10 minutes. PCR products were
electrophoresed using 1.5% agarose gel and their size was
determined using a molecular ladder. Furthermore, PCR
products were sequenced and matched with Staphylococcus
published sequences in GenBank by the BLAST program
(https://www.ncbi.nlm.nih.gov).
Detection of Staphylococcus-Specific tuf and 16S rRNA
Genes in Yeasts
The purpose of this study was to examine the likelihood
of intracellular existence of B1 and B2 inside the yeasts
Y1 and Y2, as well as in the remaining 48 yeasts. Total
DNA was extracted from 50 yeasts (20 oral, 20 gastric
and 10 fecal) according to the method of Sambrook and
Russell.42 The specifically designed primers and the control
S. aureus described in the previous section were also used
for detection of the Staphylococcus tuf gene in total DNA
extracted from 50 yeasts. For confirming the molecular
similarity between bacteria in yeasts Y1 and Y2 and the
released ones, detection of the Staphylococcus 16S rRNA
gene was also performed. The amplification steps of each
gene from yeast were as described in the previous section,
except for the amount of template DNA (300–500 ng)
and the annealing temperature, which was optimized to
53.7–54°C for the Staphylococcus tuf gene and 54–55°C for
the Staphylococcus 16S rRNA gene. PCR products were
electrophoresed and their size was determined according
to a molecular ladder. Furthermore, PCR products
amplified from Y1 and Y2 were sequenced and matched
with Staphylococcus published sequences in GenBank by the
BLAST program (https://www.ncbi.nlm.nih.gov).
Detection of the Helicobacter pylori 16S rRNA Gene in
Yeasts
The DNA of 50 yeasts was examined for the presence of
the H. pylori 16S rRNA gene, using specifically designed

primers.43 A clinical isolate of H. pylori, whose identity
was previously confirmed by PCR, was used as a positive
control. The total volume of the reaction mixture and
the amount of template DNA were as described in the
previous section. The amplification steps for the H. pylori
16S rRNA gene from yeasts and control H. pylori included:
initial denaturation at 94°C for 3 minutes; followed by 33
amplification cycles of 45 seconds at 94°C, 60 seconds
at 56°C and 60 seconds at 72°C; with a final step of
extension at 72°C for 5 minutes. PCR products were
electrophoresed and their size was determined, using a
molecular ladder.
Microscopic Observation of BLBs Inside the Yeast
Vacuole
Yeast cells were examined by phase-contrast and
fluorescent microscopes for observation of BLBs
inside their vacuoles. Before the microscopic studies,
all 50 yeasts were sub-cultured on YGC agar more than
10 times to eliminate the chance of contamination by
extracellular bacteria. Then, wet mounts were prepared
from the 48 hours cultures of 50 yeasts on YGC agar and
were examined by light microscope for observation of
BLBs inside the vacuoles of the yeast cells. Photographs
were taken of the fast-moving BLBs inside the vacuoles
of Y1 and Y2, at 4 time intervals (0, 2, 4 and 6 seconds).
Furthermore, Y1 and Y2 yeast cells were stained by a Live/
Dead BacLight Bacterial Viability Kit (Invitrogen, USA),
which specifically interacts with bacterial DNA, revealing
the bacterial nature of BLBs and their viability. Yeast cells
from the 48 hours cultures on YGC agar were suspended
in distilled water and their turbidity was adjusted to a 0.5
McFarland’s standard. A 0.5 mL volume of each yeast
suspension was mixed with 1.5 µL of fluorescent stain
containing equal volumes of SYTO 9 and propidium
iodide. After a quick vortex and incubation in the dark
for 15 minutes, a 10 µL volume of each yeast suspension
was placed on a glass slide and examined by the 100×
lens of a fluorescent microscope. Movies of the live and
fast-moving BLBs inside the vacuoles of the yeasts were
recorded. Photographs were prepared and showed the
movements of BLBs at 4 time intervals (0, 2, 4 and 6
seconds).
Co-culture of B1 and B2 With Their Respective Yeasts,
Y1 and Y2
Co-culture was performed to examine the probability
of cell wall lytic enzymes production by B1 and B2.
Suspensions of B1 (S. hominis), B2 (S. haemolyticus), Y1
and Y2 in BHI broth (Merck, Darmstadt, Germany) with
the turbidity of 0.5 McFarland units were prepared. Equal
volumes of each bacterial suspension and their respective
yeasts were used to prepare co-cultures. After incubation
Arch Iran Med, Volume 21, Issue 5, May 2018
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at 37°C, wet mounts and gram-stained preparations were
examined for yeast cell lysis every 24 hours
Results
Identification of Released Bacteria (B1 and B2) by
Biochemical Tests
The results of biochemical tests showed the identity
of bacterial isolates B1 and B2 as S. hominis and S.
haemolyticus, respectively. Both bacterial isolates were
facultative anaerobes, produced acid from glucose, and
showed positive results for catalase, nitrate reduction and
acetoin production. The most prominent feature of B1
was urease activity and of B2 was hemolysin activity.
Confirmation of B1 and B2 Identities by Detection of
Staphylococcus-Specific tuf and 16S rRNA Genes
Electrophoresis of the amplified products of Staphylococcusspecific genes from bacterial isolates B1 and B2 showed
bands with the size of 370 bp for Staphylococcus tuf gene
and 756 bp for Staphylococcus 16S rRNA gene, which
were similar to those of the control S. aureus (Figure 1).
Analysis of the sequenced product of the Staphylococcus
tuf gene detected in B1 showed 99% similarity to several
strains of S. hominis such as DSM20328, ShmMCP1038
and ShmNN414 with accession numbers of HM352924,
HM071884 and GU968751, respectively. Similar analysis
of the tuf gene detected in B2 revealed 100% similarity
to several strains of S. haemolyticus such as ShlMCP953,
ShlMCP764-2 and ShlMCV28 with accession numbers
of HM071886, HM071868 and HM032771, respectively.
The PCR product of the Staphylococcus 16S rRNA gene
amplified from B1 showed 99% similarity to Staphylococcus
sp. strain ABYHD3-3 with accession number of
KX645700, several strains of S. hominis such as 169 and
CAU5267 with accession numbers of MF399394 and
MF429571, respectively. Similar analysis of the 16S rRNA

gene detected in B2 showed 100% similarity to several
strains of S. haemolyticus such as CAU7880 and CAU2265
with accession numbers of MF429096 and MF428974,
respectively as well as to several strains of Staphylococcus sp.
such as CAU1314 with accession number of MF428945.
Detection of Staphylococcus-Specific tuf and 16S rRNA
Genes in Yeasts
Electrophoresis of the amplified products of the
Staphylococcus tuf gene from Y1, Y2 and the remaining 48
yeasts showed bands with the size of 370 bp, which were
similar to the size of amplified products from control,
B1 and B2. Out of 50 yeasts, 32 (64%) contained the
Staphylococcus tuf gene. The size of the amplified products
of the Staphylococcus 16S rRNA gene from Y1 and Y2
was 756 bp, similar to those amplified from control, B1
and B2 (Figure 1). Analysis of the sequenced products
of the Staphylococcus tuf gene amplified from Y1 showed
99% similarity with S. hominis, with accession number
of AF298802, and several strains of S. hominis such as
ShmMCV1 and ShmMCV22 with accession numbers of
HM032754 and HM032769, respectively. However, the
Staphylococcus tuf gene amplified from Y2, with the best
alignment, showed 98% sequence similarity to several
strains of S. haemolyticus such as ShlMCV14, ShlNN878
and ShlNN708 with accession number of HM032764,
GU997237 and GU997229, respectively. Sequence
analysis of the amplified product of the Staphylococcus
16S rRNA gene from Y1 showed 100% similarity to
Staphylococcus sp. strain ABYHD3-3, Staphylococcus sp.
strain ABYHD2-4 and several strains of S. hominis such
as 169 with accession numbers of KX645700, KX645697
and MF399394, respectively. Analysis of the sequenced
product of the Staphylococcus 16S rRNA gene amplified
from Y2 revealed 100% similarity to uncultured bacterium
clone ncd1507b08c1, several strains of S. haemolyticus such
as CAU7870 and CAU2265 with accession numbers of
JF127752, MF429096 and MF428947, respectively.
Detection of the Helicobacter pylori 16S rRNA Gene in
Yeasts
The H. pylori 16S rRNA gene was detected in 20/50
(40%) yeasts, including Y1 and Y2, with the size of 521
bp. The size of the PCR products was the same as control
H. pylori.

Figure 1. Electrophoresis of Amplified Products of the a) Staphylococcusspecific tuf Gene and b) Staphylococcus-Specific 16S rRNA Gene, From
Yeast Y1 (Lane 1), Bacterium B1 (Lane 2), Yeast Y2 (Lane 3), Bacterium
B2 (Lane 4) And Control S. aureus (Lane 6). Lane 5 is a 50 bp ladder and
lane 7 is a control without the template (negative control).
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Frequency of Staphylococcus tuf and Helicobacter pylori 16S
rRNA Genes in 50 Yeasts
Among 50 yeasts, 32 (64%) carried the Staphylococcus tuf
gene and 20 (40%) contained the H. pylori 16S rRNA
gene. A total of 14 yeasts (28%) carried both genes, 12
(24%) contained none of the genes, 6 (12%) carried only
the H. pylori 16S rRNA gene and 18 (36%) carried only
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the Staphylococcus tuf gene.
Microscopic Observation of BLBs Inside the Yeast
Vacuole
Light microscopic observations on all 50 yeasts showed
the presence of fast-moving BLBs inside the yeasts
vacuoles. Phase-contrast microscopy photographs of Y1
showed fast-moving BLBs inside the vacuoles, which
appeared like a cavity (Figure 2). Fluorescent microscopy
of the stained Y1 showed green, live and fast-moving
BLBs inside the yeasts vacuoles (Figure 3). Both light
and fluorescent microscopic observations on wet mount
preparations of yeasts showed the presence of BLBs
inside the yeasts vacuoles even after more than 10 times
sub-culture on YGC. This indicates the persistence of
BLBs in successive generations of yeasts.
Co-culture of B1 and B2 With Their Respective Yeasts,
Y1 and Y2
Microscopic observations on wet mounts and gramstained preparations of co-cultures did not show lysis
of yeast cells up to 2 weeks. Yeast cells appeared intact
with their oval morphology under the light microscope.
Culture of co-cultures was negative for yeasts, but positive
for gram-positive cocci.
Discussion
In this study, out of 50 amph B-treated Candida yeasts,
2 C. albicans, Y1 and Y2, released culturable grampositive cocci: S. hominis and S. haemolyticus, respectively.
Microscopic observations of BLBs inside yeasts vacuoles
after several sub-cultures showed that BLBs were
alive and transmitted to the next generations of yeasts.

Figure 2. Phase-Contrast Microscopy of Y1 Yeast. Photographs
taken at 0, 2, 4 and 6 s (a, b, c and d, respectively) show fastmoving BLBs inside vacuoles (V) (× 1250).

Amplification of Staphylococcus-specific genes tuf and 16S
rRNA from B1 and B2, as well as Y1 and Y2, showed that
live and fast-moving BLBs could belong to Staphylococcus
species. Furthermore, amplification of the H. pylori 16S
rRNA gene from 2 yeasts showed that non-culturable H.
pylori could be found among BLBs observed inside yeasts
vacuoles. Yeasts that showed the existence of BLBs, but
were negative for the Staphylococcus tuf or H. pylori 16S
rRNA gene, might contain other bacterial endosymbionts
whose identification needs further study. Some reports
indicate that endosymbiotic bacteria exist in low numbers
in host cells and are often difficult to detect. Moreover,
in most cases, they are non-culturable due to being highly
adapted to their own host. However, others have shown
that endobacteria possess multicopies of small genomes
containing genes needed for survival inside the host, as
well as those for providing essential metabolites for the
host.46,47 Considering that several studies have reported
that endobacteria are non-culturable,21,24 the positive
culture of B1 and B2 indicates that the culturability
of some endobacteria can happen only under certain
unknown conditions. The question raised in this study
was: Did amph B play a role in bacterial release from
Candida yeast?
Yeast cell wall is mainly composed of complex polymers
of β-1,3- and β-1,6-glucans, mannoproteins, and chitin.48,49
For cell wall lysis, a synergistic action of β-1,3-glucanases,
β-1,6-glucanases, proteases, mannanases and chitinases is
necessary.4 Bacteria50 and fungi51 comprise 2 major groups
of glucanase-producing microorganisms. A considerable
number of studies describe bacteria from natural habitats,
such as members of the genus Bacillus52 that are equipped

Figure 3. Fluorescent Microscopy of Y1 Yeast. Live and green BLBs
are demonstrated inside yeast vacuole. Photographs taken at 0, 2, 4
and 6 seconds (a, b, c and d, respectively) show two fast-moving BLBs
inside the yeast vacuole (V). Red yeast cells had started dying due to
UV radiation, while BLBs inside vacuole were still alive and green
(×1000).
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with cell-wall degrading enzymes able to lyse viable fungal
cells to reach nutrients for growth.5,53 However, yeasts
are well-known for having multiple glucanases54 that are
mainly implicated in cell growth and budding.55 It is not
clear how biosynthesis and activity of β-glucanases are
regulated through the life cycle of yeast.54,55 It seems
that environmental factors such as culture medium
composition, pH, temperature, aeration and growth
phase may affect their biosynthesis and activity.56 In the
present study, co-culture of S. hominis and S. haemolyticus
with their respective yeasts did not lead to lysis of yeast
cells, although yeasts did not form colonies. This suggests
that glucanases and other hydrolytic enzymes involved in
disruption of the yeast vacuole and cell envelope could
originate from the contents of the yeast vacuole or other
endobacteria present in the vacuole. Moreover, release of
culturable gram-positive bacteria from disrupted yeasts
might have happened under specific conditions, triggered
by amph B which disrupts vacuolar and cell membranes,
and causes cation leakage and cell death.57,58
Bacteria and fungi are close and indivisible partners
in degrading biological waste materials and nutrient
cycling in nature,59,60 producing fermented beverages,61
pharmaceuticals62 and fuel ethanol,19 and formation
of persistent polymicrobial biofilms on human body
surfaces.63 Although the details and importance of
complex interactions between these 2 major groups
of microorganisms are poorly understood,5,7,64 their
concurrence in a diverse range of niches is not accidental.
Thus, it should follow the principles of evolution of
symbiosis within living organisms.
Released bacteria from Candida yeasts Y1 and Y2 were
identified as S. hominis and S. haemolyticus, respectively.
Recent reports have shown frequent isolation of
multidrug-resistant S. hominis65 and S. haemolyticus66
from patients with severe infections such as bacteremia
or meningitis. Furthermore, a considerable number
of reports have described the frequent coexistence of
Candida yeast and staphylococci in chronic biofilms and
systemic infections that exhibited antibiotic resistance,
which were major causes of morbidity and mortality.67
In an interesting study that compared the coexistence of
staphylococci and fungi in cheese68 with the coexistence
of the same microorganisms in the human respiratory
tract69 and skin,70 it was concluded that similar to
eukaryotic hosts that have evolved to be selectively
colonized with specific microbial communities,71,72 fungi
have also evolved to coexist with certain bacteria in
free-living microbiomes. Accordingly, fungal selection
of certain bacteria might be important in determining
the diversity of microbial communities in different
niches. In this regard, fungal selection of bacteria in the
microbiome of human body surfaces or food materials
196
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such as cheese, could be considered important in the
development of infectious diseases such as Staphylococcusrelated urinary tract infections.68 Extracellular coexistence
of Candida yeast with H. pylori in the human stomach also
shows an intimate and selective relationship between 2
microorganisms that could be related to the development
of gastric diseases.73
In this study, microscopic observations of live
BLBs inside the yeast vacuole, along with detection of
Staphylococcus tuf and 16S rRNA as well as H. pylori 16S
rRNA genes in the total DNA of Y1 and Y2 yeasts,
showed the intracellular existence of S. hominis and
S. haemolyticus along with H. pylori in C. albicans yeasts.
Establishment inside the vacuole of yeast, like in the
vacuoles of other eukaryotic cells, is a genuine way for
endobacterium to escape destructions occurring in the
host-cell cytoplasm74 and extracellular milieu,75 while
reaching nutrients for survival and multiplication. In
this regard, free-living and ubiquitous yeast could act
as a vehicle for the spread of its intracellular bacteria in
the environment and within hosts, including humans.36
Accordingly, yeast might be considered as a mysterious
and magic pot that contains a mixed population of
endosymbiotic bacteria that are released under certain
unknown conditions. This phenomenon could be the
missing link in the chain of events that maintain bacteria
and yeasts as the principal coordinators of microbial
interactions that profoundly affect the balance of power
in the microbial world. Yeasts which are more resistant
to environmental stresses than bacteria76 could remain as
permanent reservoirs of endosymbiotic bacteria that, by
releasing them, restore the bacterial microbiome in soil
after a famine crisis, in industrial fermentation facilities
after an effective cleaning and in the human body after
antibiotic therapy.
Authors’ Contribution
AT, FE and FS designed the experiment. AT did the research work
and prepared figures. FE did the literature review. FS wrote the
paper.
Conflict of Interest Disclosures
The authors have no conflicts of interest.
Ethical Statement
Not applicable.
References
1. Hogan DA, Kolter R. Pseudomonas-Candida interactions:
an ecological role for virulence factors. Science.
2002;296(5576):2229-32. doi: 10.1126/science.1070784.
2. Hogan DA. Talking to themselves: autoregulation and quorum
sensing in fungi. Eukaryot Cell. 2006;5(4):613-9. doi: 10.1128/
ec.5.4.613-619.2006.
3. Costerton JW, Montanaro L, Arciola CR. Biofilm in implant
infections: its production and regulation. Int J Artif Organs.
2005;28(11):1062-8.
4. Salazar O, Asenjo JA. Enzymatic lysis of microbial cells.
Biotechnol Lett. 2007;29(7):985-94. doi: 10.1007/s10529-007-

Bacterial Release from Candida albicans

5.

6.

7.

8.

9.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

9345-2.
Mille-Lindblom C, Tranvik LJ. Antagonism between bacteria
and fungi on decomposing aquatic plant litter. Microb Ecol.
2003;45(2):173-82. doi: 10.1007/s00248-002-2030-z.
Tarkka MT, Sarniguet A, Frey-Klett P. Inter-kingdom encounters:
recent advances in molecular bacterium-fungus interactions.
Curr Genet. 2009;55(3):233-43. doi: 10.1007/s00294-0090241-2.
Scherlach K, Graupner K, Hertweck C. Molecular bacteriafungi interactions: effects on environment, food, and medicine.
Annu Rev Microbiol. 2013;67:375-97. doi: 10.1146/annurevmicro-092412-155702.
Bianciotto V, Lumini E, Lanfranco L, Minerdi D, Bonfante
P, Perotto S. Detection and identification of bacterial
endosymbionts in arbuscular mycorrhizal fungi belonging
to the family Gigasporaceae. Appl Environ Microbiol.
2000;66(10):4503-9.
Dyall SD, Johnson PJ. Origins of hydrogenosomes and
mitochondria: evolution and organelle biogenesis. Curr Opin
Microbiol.
2000;3(4):404-11.
Cavalier-Smith T. Predation and eukaryote cell origins:
a coevolutionary perspective. Int J Biochem Cell Biol.
2009;41(2):307-22.
doi:
10.1016/j.biocel.2008.10.002.
Cavalier-Smith T. The phagotrophic origin of eukaryotes and
phylogenetic classification of Protozoa. Int J Syst Evol Microbiol.
2002;52(Pt 2):297-354. doi: 10.1099/00207713-52-2-297.
Wernegreen JJ. Endosymbiosis. Curr Biol. 2012;22(14):R55561. doi: 10.1016/j.cub.2012.06.010.
Ferrari J, Vavre F. Bacterial symbionts in insects or the story
of communities affecting communities. Philos Trans R Soc
Lond B Biol Sci. 2011;366(1569):1389-400. doi: 10.1098/
rstb.2010.0226.
Piel J, Hofer I, Hui D. Evidence for a symbiosis island involved
in horizontal acquisition of pederin biosynthetic capabilities by
the bacterial symbiont of Paederus fuscipes beetles. J Bacteriol.
2004;186(5):1280-6.
Boer W, Folman LB, Summerbell RC, Boddy L. Living in a fungal
world: impact of fungi on soil bacterial niche development.
FEMS Microbiol Rev. 2005;29(4):795-811. doi: 10.1016/j.
femsre.2004.11.005.
Artursson V, Finlay RD, Jansson JK. Interactions between
arbuscular mycorrhizal fungi and bacteria and their potential
for stimulating plant growth. Environ Microbiol. 2006;8(1):110. doi: 10.1111/j.1462-2920.2005.00942.x.
Garcia-del Portillo F, Finlay BB. The varied lifestyles
of intracellular pathogens within eukaryotic vacuolar
compartments.
Trends
Microbiol.
1995;3(10):373-80.
Greub G, La Scola B, Raoult D. Parachlamydia acanthamoeba
is endosymbiotic or lytic for Acanthamoeba polyphaga
depending on the incubation temperature. Ann N Y Acad Sci.
2003;990:628-34.
Corsaro MM, Grant WD, Grant S, Marciano CE, Parrilli M.
Structure determination of an exopolysaccharide from an
alkaliphilic bacterium closely related to Bacillus spp. Eur J
Biochem.
1999;264(2):554-61.
Bianciotto V, Genre A, Jargeat P, Lumini E, Becard G, Bonfante
P. Vertical transmission of endobacteria in the arbuscular
mycorrhizal fungus Gigaspora margarita through generation of
vegetative spores. Appl Environ Microbiol. 2004;70(6):3600-8.
doi: 10.1128/aem.70.6.3600-3608.2004.
Naumann M, Schussler A, Bonfante P. The obligate endobacteria
of arbuscular mycorrhizal fungi are ancient heritable
components related to the Mollicutes. ISME J. 2010;4(7):86271. doi: 10.1038/ismej.2010.21.
Lackner G, Partida-Martinez LP, Hertweck C. Endofungal
bacteria as producers of mycotoxins. Trends Microbiol.
2009;17(12):570-6.
doi:
10.1016/j.tim.2009.09.003.
Kai K, Furuyabu K, Tani A, Hayashi H. Production of the quorumsensing molecules N-acylhomoserine lactones by endobacteria
associated with Mortierella alpina A-178. Chembiochem.

2012;13(12):1776-84. doi: 10.1002/cbic.201200263.
24. Bianciotto V, Lumini E, Bonfante P, Vandamme P. ‘Candidatus
glomeribacter gigasporarum’ gen. nov., sp. nov., an
endosymbiont of arbuscular mycorrhizal fungi. Int J Syst Evol
Microbiol. 2003;53(Pt 1):121-4. doi: 10.1099/ijs.0.02382-0.
25. Mosse B. Honey-coloured, sessile Endogone spores: II. Changes
in fine structure during spore development. Arch Mikrobiol.
1970;74(2):129-45. doi: 10.1007/bf00446901.
26. Schubler A, Kluge M. Geosiphon pyriforme, an
Endocytosymbiosis Between Fungus and Cyanobacteria, and
its Meaning as a Model System for Arbuscular Mycorrhizal
Research. In: Hock B. Fungal Associations. Berlin, Heidelberg:
Springer; 2001:151-61.
27. Bianciotto V, Bandi C, Minerdi D, Sironi M, Tichy HV, Bonfante
P. An obligately endosymbiotic mycorrhizal fungus itself harbors
obligately intracellular bacteria. Appl Environ Microbiol.
1996;62(8):3005-10.
28. Bertaux J, Schmid M, Prevost-Boure NC, Churin JL, Hartmann
A, Garbaye J, et al. In situ identification of intracellular
bacteria related to Paenibacillus spp. in the mycelium of the
ectomycorrhizal fungus Laccaria bicolor S238N. Appl Environ
Microbiol. 2003;69(7):4243-8.
29. Barbieri E, Potenza L, Rossi I, Sisti D, Giomaro G, Rossetti S,
et al. Phylogenetic characterization and in situ detection of a
Cytophaga-Flexibacter-Bacteroides phylogroup bacterium in
Tuber borchii vittad. Ectomycorrhizal mycelium. Appl Environ
Microbiol. 2000;66(11):5035-42.
30. Siavoshi F, Nourali Ahari F, Zeinali S, Hashemi Dogaheh MH,
Malekzadeh R, Massarrat S. Yeast protects Helicobacter Pylori
against the environmental stress. Arch Iran Med. 1998;1(1):2-8.
31. Siavoshi F, Salmanian AH, Akbari F, Malekzadeh R, Massarrat
S. Detection of Helicobacter pylori-specific genes in the oral
yeast. Helicobacter. 2005;10(4):318-22. doi: 10.1111/j.15235378.2005.00319.x.
32. Salmanian AH, Siavoshi F, Akbari F, Afshari A, Malekzadeh R.
Yeast of the oral cavity is the reservoir of Heliobacter pylori.
J Oral Pathol Med. 2008;37(6):324-8. doi: 10.1111/j.16000714.2007.00632.x.
33. Salmanian AH, Siavoshi F, Beyrami Z, Latifi-Navid S,
Tavakolian A, Sadjadi A. Foodborne yeasts serve as reservoirs
of Helicobacter Pylori. J Food Saf. 2012;32(2):152-60. doi:
10.1111/j.1745-4565.2011.00362.x.
34. Siavoshi F, Taghikhani A, Malekzadeh R, Sarrafnejad A,
Kashanian M, Jamal AS, et al. The role of mother’s oral and
vaginal yeasts in transmission of Helicobacter pylori to neonates.
Arch Iran Med. 2013;16(5):288-94. doi: 013165/aim.009.
35. Saniee P, Siavoshi F, Nikbakht Broujeni G, Khormali M,
Sarrafnejad A, Malekzadeh R. Immunodetection of Helicobacter
pylori-specific proteins in oral and gastric Candida yeasts. Arch
Iran Med. 2013;16(11):624-30. doi: 0131611/aim.003.
36. Siavoshi F, Saniee P. Vacuoles of Candida yeast as a specialized
niche for Helicobacter pylori. World J Gastroenterol.
2014;20(18):5263-73. doi: 10.3748/wjg.v20.i18.5263.
37. Siavoshi F, Tavakolian A, Foroumadi A, Hosseini NM, Massarrat
S, Pedramnia S, et al. Comparison of the effect of nonantifungal and antifungal agents on Candida isolates from the
gastrointestinal tract. Arch Iran Med. 2012;15(1):27-31. doi:
012151/aim.009.
38. Bergey DH. Bergey’s Manual of Systematic Bacteriology volum
3: The Firmicutes. Springer – Verlag; 2009.
39. Martineau F, Picard FJ, Ke D, Paradis S, Roy PH, Ouellette
M, et al. Development of a PCR assay for identification of
staphylococci at genus and species levels. J Clin Microbiol.
2001;39(7):2541-7. doi: 10.1128/jcm.39.7.2541-2547.2001.
40. Zhang K, Sparling J, Chow BL, Elsayed S, Hussain Z, Church
DL, et al. New quadriplex PCR assay for detection of methicillin
and mupirocin resistance and simultaneous discrimination of
Staphylococcus aureus from coagulase-negative staphylococci.
J Clin Microbiol. 2004;42(11):4947-55. doi: 10.1128/
jcm.42.11.4947-4955.2004.

Arch Iran Med, Volume 21, Issue 5, May 2018

197

Tavakolian et al
41. Jaffe RI, Lane JD, Albury SV, Niemeyer DM. Rapid extraction
from and direct identification in clinical samples of methicillinresistant staphylococci using the PCR. J Clin Microbiol.
2000;38(9):3407-12.
42. Sambrook JF, Russell DW. Molecular Cloning: A Laboratory
Manual. New York: Cold Spring Harbor Laboratory Press; 2001.
43. Lu Y, Redlinger TE, Avitia R, Galindo A, Goodman K. Isolation
and genotyping of Helicobacter pylori from untreated municipal
wastewater. Appl Environ Microbiol. 2002;68(3):1436-9.
44. Saniee P, Siavoshi F. Endocytotic uptake of FITC-labeled anti-H.
pylori egg yolk immunoglobulin Y in Candida yeast for detection
of intracellular H. pylori. Front Microbiol. 2015;6:113. doi:
10.3389/fmicb.2015.00113.
45. Gortz HD, Brigge T. Intracellular bacteria in protozoa.
Naturwissenschaften.
1998;85(8):359-68.
46. Soldo AT. Parauronema acutum and its xenosomes: a model
system. J Protozool. 1987;34(4):447-51.
47. Heckmann K, Gortz HD. Prokaryotic Symbionts of Ciliates.
In: Balows A, Truper HG, Dworkin M, Harder W, Schleifer
KH. The Prokaryotes: A Handbook on the Biology of Bacteria:
Ecophysiology, Isolation, Identification, Applications. New
York: Springer; 1992:3865-90.
48. Klis FM. Review: cell wall assembly in yeast. Yeast.
1994;10(7):851-69.
doi:
10.1002/yea.320100702.
49. Fleet GH. Cell walls. In: Rose AH, Harrison JS. The Yeast.
London: Academic Press; 1991:199-277.
50. Chesters CG, Bull AT. The enzymic degradation of laminarin.
1. The distribution of laminarinase among micro-organisms.
Biochem J. 1963;86:28-31.
51. Reese ET, Parrish FW, Mandels M. Beta-d-1, 6-Glucanases in
fungi. Can J Microbiol. 1962;8:327-34.
52. Martin DF, Priest FG, Todd C, Goodfellow M. Distribution
of beta-glucanases within the genus Bacillus. Appl Environ
Microbiol. 1980;40(6):1136-8.
53. De Boer W, Klein Gunnewiek PJA, Lafeber P, Janse JH, Spit BE,
Woldendorp JW. Anti-fungal properties of chitinolytic dune soil
bacteria. Soil Biol Biochem. 1998;30(2):193-203. doi: 10.1016/
S0038-0717(97)00100-4.
54. Notario V. beta-Glucanases from Candida albicans: purification,
characterization and the nature of their attachment to cell
wall components. J Gen Microbiol. 1982;128(4):747-59. doi:
10.1099/00221287-128-4-747.
55. Hien NH, Fleet GH. Variation of (1 leads to 3)-beta-glucanases
in Saccharomyces cerevisiae during vegetative growth,
conjugation, and sporulation. J Bacteriol. 1983;156(3):1214-21.
56. Bielecki S, Galas E. Microbial beta-glucanases different from
cellulases. Crit Rev Biotechnol. 1991;10(4):275-304. doi:
10.3109/07388559109038212.
57. Obara K, Kuriyama H, Fukuda H. Direct evidence of active
and rapid nuclear degradation triggered by vacuole rupture
during programmed cell death in Zinnia. Plant Physiol.
2001;125(2):615-26.
58. Kerridge D. Mode of action of clinically important antifungal
drugs. Adv Microb Physiol. 1986;27:1-72.
59. Jenkins SN, Waite IS, Blackburn A, Husband R, Rushton SP,
Manning DC, et al. Actinobacterial community dynamics in
long term managed grasslands. Antonie Van Leeuwenhoek.
2009;95(4):319-34. doi: 10.1007/s10482-009-9317-8.

60. Bengtsson G. Interactions between fungi, bacteria and beech
leaves in a stream microcosm. Oecologia. 1992;89(4):542-9.
doi: 10.1007/bf00317161.
61. Hough JS, Briggs DE, Stevens R, Young TW. Brewery
fermentations. In: Malting and brewing science. Springer;
1982:644-86.
62. Suvarna K, Lolas A, Hughes P, Friedman RL. Case Studies of
Microbial Contamination in Biologic Product Manufacturing.
Microbiology. 2011.
63. Harriott MM, Noverr MC. Importance of Candida-bacterial
polymicrobial biofilms in disease. Trends Microbiol.
2011;19(11):557-63.
doi:
10.1016/j.tim.2011.07.004.
64. Shirtliff ME, Peters BM, Jabra-Rizk MA. Cross-kingdom
interactions: Candida albicans and bacteria. FEMS Microbiol
Lett. 2009;299(1):1-8. doi: 10.1111/j.1574-6968.2009.01668.x.
65. Chavez-Bueno S, Bozdogan B, Katz K, Bowlware KL, Cushion
N, Cavuoti D, et al. Inducible clindamycin resistance and
molecular epidemiologic trends of pediatric communityacquired methicillin-resistant Staphylococcus aureus in Dallas,
Texas. Antimicrob Agents Chemother. 2005;49(6):2283-8. doi:
10.1128/aac.49.6.2283-2288.2005.
66. Falcone M, Campanile F, Giannella M, Borbone S, Stefani S,
Venditti M. Staphylococcus haemolyticus endocarditis: clinical
and microbiologic analysis of 4 cases. Diagn Microbiol Infect Dis.
2007;57(3):325-31. doi: 10.1016/j.diagmicrobio.2006.08.019.
67. Perlroth J, Choi B, Spellberg B. Nosocomial fungal infections:
epidemiology, diagnosis, and treatment. Med Mycol.
2007;45(4):321-46.
doi:
10.1080/13693780701218689.
68. Kastman EK, Kamelamela N, Norville JW, Cosetta CM,
Dutton RJ, Wolfe BE. Biotic Interactions Shape the Ecological
Distributions of Staphylococcus Species. MBio. 2016;7(5). doi:
10.1128/mBio.01157-16.
69. Nguyen LD, Viscogliosi E, Delhaes L. The lung mycobiome:
an emerging field of the human respiratory microbiome. Front
Microbiol. 2015;6:89. doi: 10.3389/fmicb.2015.00089.
70. Oh J, Byrd AL, Deming C, Conlan S, Kong HH, Segre JA.
Biogeography and individuality shape function in the human
skin metagenome. Nature. 2014;514(7520):59-64. doi:
10.1038/nature13786.
71. Nyholm SV, McFall-Ngai MJ. The winnowing: establishing the
squid-vibrio symbiosis. Nat Rev Microbiol. 2004;2(8):632-42.
doi: 10.1038/nrmicro957.
72. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI.
Host-bacterial mutualism in the human intestine. Science.
2005;307(5717):1915-20. doi: 10.1126/science.1104816.
73. Wang ZK, Yang YS, Stefka AT, Sun G, Peng LH. Review article:
fungal microbiota and digestive diseases. Aliment Pharmacol
Ther. 2014;39(8):751-66. doi: 10.1111/apt.12665.
74. Kumar Y, Valdivia RH. Leading a sheltered life: intracellular
pathogens and maintenance of vacuolar compartments.
Cell Host Microbe. 2009;5(6):593-601. doi: 10.1016/j.
chom.2009.05.014.
75. Berk SG, Ting RS, Turner GW, Ashburn RJ. Production of
respirable vesicles containing live Legionella pneumophila
cells by two Acanthamoeba spp. Appl Environ Microbiol.
1998;64(1):279-86.
76. Fleet GH. Yeasts in dairy products. J Appl Bacteriol.
1990;68(3):199-211.

© 2018 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

198

Arch Iran Med, Volume 21, Issue 5, May 2018

