New Microbiologica, 41, 2, 145-152, 2018, ISN 1121-7138
FULL PAPER

Behaviour of Bdellovibrio bacteriovorus in the presence
of Gram-positive Staphylococcus aureus
Fabrizio Pantanella1*, Valerio Iebba2*, Francesco Mura3, Luciana Dini4, Valentina Totino1,
Bruna Neroni1, Giulia Bonfiglio1, Maria Trancassini1, Claudio Passariello1*, Serena Schippa1*
1
Department of Public Health and Infectious Diseases, ‘Sapienza’ University of Rome, Italy; 2Institute Pasteur Cenci Bolognetti
Foundation, Department of Public Health and Infectious Diseases, ‘Sapienza’ University of Rome, Italy; 3Department of Astronautical,
Electrical and Energy Engineering, Sapienza Nanoscience & Nanotechnology Laboratories (SNN-Lab), ‘Sapienza’ University of Rome,
Italy; 4Department of Biological and Environmental Sciences and Technologies - University of Salento, Lecce, Italy

*Authors equally contributed to the study.

SUMMARY
The present study aimed to characterize the behavior of Bdellovibrio bacteriovorus in the presence of
Staphylococcus aureus.
B. bacteriovorus was co-cultured with S. aureus or Pseudomonas aeruginosa or Streptococcus mutans, in
planktonic and sessile conditions. Co-cultures were studied by Field-Emission Scanning Electron Microscopy (FESEM), Scanning Transmission Electron Microscopy (STEM), turbidimetry, quantitative PCR
(qPCR), and sequencing of gene Bd0108 of B. bacteriovorus.
Results indicated that B. bacteriovorus comparably inhibited planktonic growth of P. aeruginosa and S.
aureus, but not of S. mutans. FESEM and STEM showed that B. bacteriovorus interacts with S. aureus
affecting its cell wall and membrane. Sequencing of gene Bd0108 did not reveal any of the mutations that
can arise from the host-interaction (hit) locus.
Although some Gram-negative species are reported to be B. bacteriovorus prey, it seems that in case of
nutrient deficiency this predatory bacterium can also take advantage of some Gram-positive species. B.
bacteriovorus behaviour in the presence of S. aureus is relevant for its possible therapeutic use in several
pathologies, like cystic fibrosis in which S. aureus and P. aeruginosa frequently coexist as infectious agents.
Received November 7, 2017

INTRODUCTION
The survival and growth of bacteria in their natural environments is subjected to many contrasting factors, including antimicrobials and predation by bacteriophages
and predatory prokaryotes (Wommack and Colwell, 2000;
Martin, 2002; Jones, 2016).
Bdellovibrio bacteriovorus is a small and highly motile
Gram-negative obligate predatory bacterium, widely distributed in different environments (Sockett 2009). B. bacteriovorus belongs to the group of Bdellovibrio-and-like
organisms (BALO) (Jurkevitch 2012). The life cycle of B.
bacteriovorus is biphasic, including a hunting-phase and
a predatory-phase during which it invades its Gram-negative prey, grows and replicates within its periplasmic space
until the prey is lysed (Sockett 2009).
Predatory strains of B. bacteriovorus give rise to spontaneous mutants, indicated as host independent (HI) or prey
independent (PI), able to grow on nutrient agar plates in
the absence of bacterial prey or their lysates (Roschanski et
al. 2011). In the large majority of these mutants a genomic
Key words:
Bdellovibrio bacteriovorus, Staphylococcus aureus, STEM, FESEM, qPCR.

Corresponding author:
Serena Schippa
serena.schippa@uniroma1.it

Accepted January 16, 2018

region, called the host-interaction (hit) locus, is mutated
(Cotter et al., 1992; Schwudke et al., 2005; Roschanski et
al., 2011). Among the Gram-negatives, Escherichia coli
and Pseudomonas aeruginosa are known to be the favorite
prey of B. bacteriovorus (Kadouri and O’Toole, 2005; Rogosky et al., 2006). B. bacteriovorus is not pathogenic to
humans and animals (Verklova, 1973; Westergaard and
Kramer, 1977; Shanks et al., 2013) and is an inhabitant of
the healthy human intestine (Iebba et al., 2013).
It has been suggested that predatory bacteria, including
B. bacteriovorus, could have useful applications in many
fields, from medicine to the environment (Song et al.,
2005; Sockett, 2009; Dashiff et al., 2011; Dwidar et al.,
2012; Kongrueng et al., 2017). Several predatory bacteria
have been shown to adopt a distinct predation strategy,
called epibiotic predation (Guerrero et al., 1986; Pasternak
et al., 2014). Within Bdellovibrio genus, the species Bdellovibrio exovorus epibiotically predates the Gram-negative
Caulobacter crescentus (Koval et al., 2013). Other predatory bacteria, like Micavibrio spp. (Lambina et al., 1983),
and Cupriavidus necator (Makkar and Casida, 1987), also
exhibit epibiotic predation on Gram-positive species.
An HI strain of B. bacteriovorus was shown to affect the
biofilm of Staphylococcus aureus and mitigate its virulence by released hydrolytic enzymes (Monnappa et al.,
2014). In a recent report (Iebba et al., 2014) we provided
preliminary evidence suggesting that B. bacteriovorus HD
100 actively interacts with S. aureus, and significantly affects its planktonic and sessile growth. We also showed
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that B. bacteriovorus HD100 possesses electrophoretically
distinct bacteriolytic activities against cells of S. aureus
and P. aeruginosa. These observations led us to hypothesize that B. bacteriovorus could engage some Gram-positive bacteria as an alternative source of energy when
its natural prey are not available. The present study was
consequently aimed to make visible the interaction of B.
bacteriovorus with the Gram-positive S. aureus, and Streptococcus mutans.

MATERIALS AND METHODS
Bacterial strains and cultivation

B. bacteriovorus strain HD100 was obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen
(DSMZ, Braunschweig, Germany, strain DSM 50701) in
a double-layer agar plate containing cells of P. aeruginosa DSM 50906 as the prey, and B. bacteriovorus. Fresh
pure cultures of S. aureus strain DSM-20231, S. mutans
ATCC25175, and P. aeruginosa DSM 50906 were prepared
for experiments from deep frozen stocks.
B. bacteriovorus was grown as described previously
(Kadouri and O’Toole. 2005; Kadouri et al., 2013; Iebba
et al., 2014) in DNB minimal medium (containing 0.8 g/L
Bacto Nutrient Broth (NB), 0.1 g/L yeast extract, and complemented with filter-sterilized solution containing 0.3 g/L
Casamino acids, 0.5 g/L CaCl2 × 2H2O and 0.6 g/L MgCl2
× 6H2O) or in a modified DNB medium containing 1.6 g/L
of NB (DNB 2X).

B. bacteriovorus suspension

Two small fragments of the double-layer agar plate containing prey cells of P. aeruginosa DSM 50906 and B. bacteriovorus HD100 were transferred to 60 mL of DNB 2X and
incubated at 30°C under agitation (180 rpm). Growth of B.
bacteriovorus was evaluated microscopically by the hanging drop technique, and by measuring reduction in turbidity at 600 nm (OD600). After 48 h of incubation, 30 mL of
the culture were filtered three times through 0.45 μm filters to remove cells of the prey. Carryover of the prey was
excluded by plating 0.1 mL of the filtrate on Trypticase Soy
Agar (TSA) plates. The B. bacteriovorus containing filtrate
was finally centrifuged at 10.000 g for 30 minutes and the
bacterial pellet was suspended in 1/3 of the original volume of Trypticase Soy Broth (TSB).

Biofilm inhibition assays

Overnight cultures of S. aureus DSM-20231, S. mutans
ATCC25175, and P. aeruginosa DSM 50906 in 20 mL of
TSB were used to inoculate in parallel two series of fresh
cultures in TSB (inoculum size about 106 CFU/mL), each
containing one sterilized silicon slide (10x10 mm). Cultures were incubated for 24 hours at 37°C with shaking
(180 rpm). The culture medium was then removed and
replaced in one of the two series with the B. bacteriovorus
suspension and in the other one with fresh sterile TSB.
Cultures were further incubated for 24 hours at 30°C with
shaking (180 rpm) before further processing and analysis.

Field Emission Scanning Electron Microscopy
(FESEM)

Silicon slides from biofilm inhibition assays (see above)
were rinsed with sterile phosphate buffered saline (PBS),
fixed with glutaraldehyde in PBS (2% v/v) at 25°C for 1

hour in the dark, washed three times with PBS, and postfixed in 1% osmium tetroxide aqueous solution for 24
hours at 4°C in the dark. Samples were then dehydrated
through ascending ethanol/water concentrations, allowed
to dry and observed by FESEM using the Zeiss Auriga 405
apparatus (Carl Zeiss AG, Germany). Bacterial presence
was also visualized on 20 random visual fields/slide at a
magnification of 15000 X (field area 300 µm2). Graphs
and statistical tests were performed with Prism5 software
(GraphPad, La Jolla, California, USA).

Planktonic co-cultures

Suspensions of S. aureus DSM 20231 and P. aeruginosa DSM 50906 (0.1 mL at OD600=1) prepared from fresh
overnight cultures in the same medium were used to inoculate 60 mL of pre-warmed TSB and incubated at 30°C
with shaking (200 rpm) till an OD600=1 was reached. Twenty mL of each culture were then transferred into sterile
100mL-conical flasks, and 2 mL of the B. bacteriovorus
suspension were added. Flasks were then incubated at
30°C with shaking (200 rpm) and, at definite time points,
2 mL aliquots of the co-culture were taken aseptically and
used as follows:
1) to measure OD600;
2) to perform optical microscopy evaluations by the
hanging drop technique;
3) to extract total bacterial DNA for qPCR assays and sequencing of gene Bd0108 of B. bacteriovorus;
4) to prepare samples for Scanning Transmission Electron Microscopy.

Quantitative PCR (qPCR)

B. bacteriovorus, S. aureus and P. aeruginosa were quantified in samples from co-cultures by specific qPCR methods. Total DNA was extracted from 0.5 mL samples by
the UltraClean® Microbial DNA Isolation Kit (MO BIO,
Carlsbad, CA, USA). Purity and quality of the eluted DNA
were assessed by calculating the OD260/280 nm ratio and
following separation by agarose gel electrophoresis. Identical volumes (2 µl) of each eluted DNA were used as templates in qPCR reactions.
The species specific primers were:
1) for B. bacteriovorus Bd347F 5’-GGAGGCAGCAGTAGGGAATA-3’ and Bd549R 5’-GCTAGGATCCCTCGTCTTACC-3’ targeting the 16S rRNA gene (Van Essche et
al., 2009);
2) for S. aureus SA300fw 5’-GCGATTGATGGTGATACGGTT-3’
and SA300rw 5’-AGCCAAGCCTTGACGAACTAAAGC-3’
targeting the nuc gene (Zhang et al., 2004);
3) for P. aeruginosa ECF5 5’-AAGCGTTCGTCCTGCACAA-3’ and ECF2 5’-TCATCCTTCGCCTCCCTG-3’ targeting the ecfX gene (Colinon et al., 2013).
The qPCR reactions were made up in a final volume of 20
µl with the qPCR ProbesMaster (Jena Bioscience GmbH,
Germany), 900 nM of both primers, and the DNA template. Thermal cycling conditions were: 2 min at 95°C, and
50 repeats of 15 s at 95°C and 1 min at 60°C. Reactions
were performed in triplicate for each sample. No template
controls or positive controls were included in each run.
Standard curves were constructed for each target sequence
using pUC57 plasmids containing one copy of the target
gene (Biofab Research, Rome, Italy) quantified by spectroscopy at 260 nm; tenfold serial dilutions in the range of 109100 copies were used (Vandecasteele et al., 2002). Results of
qPCR assays were normalized for the number of 16S rRNA
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operons within B. bacteriovorus genome (Van Essche et al.,
2009), and expressed as number of genome copies/mL of
sample, following the MIQE guidelines (Bustin et al., 2009).
Experiments were performed in triplicate. Interpolation of
raw data points was performed with 4th-grade polynomial
fitting using the Prism5 software (GraphPad, La Jolla, CA,
USA). We chose the qPCR method instead of the cultural
one because it is more accurate and rapid and able to detect
the improvement of genomic copies. An increase in DNA
is closely correlated with the abundance of the bacterial
population. Even if the value we obtained include genomic
copies of death cells, the number of genome copies cannot
increase if bacterial growth does not occur.

Statistics

Sequencing of gene Bd0108

FESEM was employed for visual evaluations of bacterial biofilms in the presence or absence of the predator B.
bacteriovorus. Working at a magnification of 15000 x (field
area 300 µm2), 20 random fields for each sample were
used to count visible cells of both the biofilm-forming
strain and of B. bacteriovorus (Figure 1). In the adopted
experimental conditions, P. aeruginosa DSM50906 and S.
aureus DSM 20231 formed biofilms of comparable numeric consistency, while S. mutans ATCC 25175 resulted a
worse biofilm former in our experimental condition. Incubation of biofilms in the presence of B. bacteriovorus HD
100 yielded a significant reduction of both P. aeruginosa
DSM50906 and S. aureus DSM 20231 adherent cells (Figure 1-panel A), but not of adherent S. mutans ATCC 25175
cells (Figure 1-panel A). The number of B. bacteriovorus
cells in direct contact with bacterial cells within biofilms
at the end of incubation was comparable for P. aeruginosa and S. aureus, whereas it was significantly lower for S.
mutans (Figure 1-panel B). The visual cell count in multiple fields of observation should not be considered a method of counting bacteria in biofilms, but only as a limited
visualization of the prey/predator ratio.
Qualitative analysis of samples revealed the typical phases of B. bacteriovorus predation of P. aeruginosa (data not
shown), and B. bacteriovorus HD100 in different phases
of interaction with cells of S. aureus (Figure 2 panels A-G)
and S. mutans (Figure 2 panels H-K) within biofilms. In
the case of S. aureus biofilms, it was not rare to observe
several B. bacteriovorus cells contacting a single cell of S.
aureus (Figure 2 panels F-G).
Due to the absence of significant differences in the amount
of cells counted in biofilms of S. mutans incubated in the

Total DNA samples extracted from B. bacteriovorus-S. aureus/P. aeruginosa co-cultures were used as templates to
amplify a 283 bp fragment of gene Bd0108 of B. bacteriovorus using primers Bd0108-42RTF and Bd0108-42RTR
(Capeness et al., 2013). Amplification products were purified by the QIAquick PCR purification kit (Qiagen Srl, Milan, Italy), evaluated for purity by electrophoresis on 2%
agarose gels, and sequenced. Sequences were then analyzed for mutations using Geneious 4.8.3 software.

Scanning Transmission Electron Microscopy (STEM)

Aliquots of 0.5 mL of S. aureus-B. bacteriovorus co-cultures were taken at different incubation times, mixed with
0.5 mL of melted 2% agarose, allowed to solidify at 4°C,
then fixed with 2% glutaraldehyde in 0.05 M buffered
Na/K pH 7.2, and post-fixed in 1% OsO4 in the same buffer
at 4°C for 2 h. Samples were extensively washed once with
0.05 M phosphate buffer pH 7.2 and twice with dd-H2O
at room temperature, then stained overnight at 4°C with
0.5% uranyl acetate in dd-H2O, dehydrated through ascending ethanol/water solutions and embedded in Spurr’s
resin (TAAB Laboratories Equipment Ltd., UK) polymerized at 70°C for 24 hours. Sections (80 nm in thickness)
were obtained with a PT-PC Power Tome ultramicrotome
(RMC, Tucson, AZ, USA), collected on 100 mesh copper
grids, and stained with 4% aqueous lead citrate. STEM
images were obtained using a Zeiss STEM annular detector installed on a Zeiss Auriga FESEM, endowed with
a 0.6 nm resolution, allowing simultaneous operation in
SEM and STEM modes. An accelerating voltage of 14 keV
and a working distance of 4 mm were used.

The Student’s t-test for paired samples and the one-way
analysis of variance (ANOVA) for dependent samples, included in Prism5 software (GraphPad, La Jolla, CA, USA)
were used. The level of significance of a test can be chosen
as desired by the experimenter, and a probability level of
0.05 (5%) or 0.01 (1%) is usually chosen. In the present
study we considered the most stringent conditions, i.e.:
significant differences with a p-value ≤0.01.

RESULTS
Field Emission Scanning Electron Microscopy
(FESEM)

Figure 1 - Number of cells of P.
aeruginosa DSM 50906, S. aureus DSM 20231 and S. mutans
ATCC25175 (panel A) and of B.
bacteriovorus HD100 (panel B) detected by FESEM following biofilm
inhibition assays. Bacterial counts
are reported as means (±SD) of the
number of bacterial cells/microscopic field obtained by counting 20 random visual fields at a magnification
of 15000 X (field area 300 µm2).
Panel A (cell reduction): Number of cells of
P. aeruginosa, S. aureus or S. mutans in the
presence/absence of B. bacteriovorus;
Panel B (cell contacts): Number of B. bacteriovorus cells in the presence of P. aeruginosa, S. aureus or S. mutans.
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Figure 2 - FESEM images obtained following incubation
of 24-h biofilms formed by
S. aureus DSM-20231 (panel A - control biofilm) and
S. mutans ATCC25175 (panel
H - control biofilm) with B.
bacteriovorus HD 100. Panels
B to G show B. bacteriovorus
cells interacting with S. aureus. Panels J and K show B.
bacteriovorus cells interacting with S. mutans. Original
magnifications are reported
for each image.

presence or absence of B. bacteriovorus HD100, S. mutans
ATCC 25175 was not included in further experiments.

Turbidimetric and optical microscopy observations

When S. aureus DSM 20231 was co-cultured with B. bacteriovorus HD100 in TSB, its growth curve was similar to
the S. aureus previously described for the cystic fibrosis
patient clinical isolate (Iebba et al., 2014). In this case the
growth curve stabilized at an OD600=0.41 after 9 hours
(data not shown).

Bacterial counts by qPCR

qPCR assays results of co-cultured S. aureus-B. bacteriovorus (Fiure 3-panel A), and P. aeruginosa-B. bacteriovorus (Figure 3-panel B) are reported as normalized number
of genomic copies/mL of culture. In both co-cultures a
first-phase was observed, during which time, genomic copies of B. bacteriovorus did not increase, whereas
those of the co-cultured bacteria increased rapidly. This
first-phase was longer for the S. aureus-B. bacteriovorus
co-culture (10 hours), than for the P. aeruginosa-B. bac-

Figure 3 - Results of qPCR assays performed on bacterial DNA extracted at different times from co-cultures of B. bacteriovorus HD100 with S. aureus DSM-20231 (panel A) or P. aeruginosa DSM 50906 (panel B). Data are reported as number of
genome copies/mL of sample. Results were normalized for the number of 16S rRNA operons within B. bacteriovorus genome.
(Circle = B. bacteriovorus; triangles = S. aureus; squares = P. aeuriginosa.)

B. bacteriovorus and S. aureus

Table 1 - Growth rates of B. bacteriovorus HD 100 measured in the linear phase of growth in different culture conditions.
Growth rates of B. bacteriovorus in different conditions
Growth condition

Rate of growth
genomic copies/mL x hour

B. bacteriovorus in TSA

7.1x106

B. bacteriovorus in DNB2X

4.5x106

B. bacteriovorus /S. aureus
co-colture in TSA

3.9x107

B. bacteriovorus /P. aeruginosa
co-colture in TSA

7.4x107
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thin cross section with oval appearance, suggesting a polar contact.

Gene Bd0108 amplification and sequencing

Sequence analysis of 283 bp specific amplification products of gene Bd0108 of B. bacteriovorus from samples
obtained at different times points from both B. bacteriovorus-S. aureus and B. bacteriovorus-P. aeruginosa co-cultures did not disclose mutations that can arise from the
hit locus, known to be associated with the HI phenotype of
B. bacteriovorus (data non shown). In any case, the possibility of a host-independent strain due to other mutations
remains open.

DISCUSSION
teriovorus co-culture (5 hours), and in both cases it was
followed by a second-phase. Worthy of note is that during
the second-phase the genomic copies of B. bacteriovorus
increased significantly, whereas those of the co-cultured
bacteria decreased.
Within the time gap 10h to 22 h of co-culture with S. aureus, B. bacteriovorus genomic copies/mL changed from
6.1x107 to 1.5x108 with an increase of about 146%. Within
the time gap 5h to 10h of co-culture with P. aeruginosa, B.
bacteriovorus genomic copies/mL changed from 8.4x107
to 1.5x108 with an increase of about 79%. B. bacteriovorus HD 100 showed significantly higher rates of growth
when co-cultured with either P. aeruginosa or S. aureus
as compared to cultures in TSA or DNB 2X (Table 1).
Scanning Transmission Electron Microscopy (STEM)
STEM evidenced that when B. bacteriovorus engages an
S. aureus cell, the cell wall and cytoplasmic membrane of
S. aureus in the region of contact undergoes significant
ultrastructural modifications that are suggestive of damage induced as a consequence of the contact initiated by
B. bacteriovorus (Figure 4). Figure 5 shows an interesting

The intra-periplasmic predatory lifestyle of B. bacteriovorus on Gram-negative bacteria is well known and characterized (Kadouri and O’Toole, 2005; Rogosky et al., 2006;
Sockett 2009; Karunker et al., 2013) and has been the
object of applicative studies in different fields including
medicine and the environment (Song et al., 2005; Sockett,
2009; Dashiff et al., 2011; Dwidar et al., 2012). Intra-periplasmic predation is not the only predatory strategy described, and Gram-negative bacteria are not the only
targets of predatory bacteria. An epibiotic predation activity has been described in different bacteria (Guerrero
et al., 1986; Pasternak et al., 2014), including the recently
described B. exovorus (Koval et al., 2013). Bacteria of the
genera Micavibrio (Lambina et al., 1983), and Cupriavidus
(Makkar and Casida, 1987) exhibit active epibiotic predation on Gram-positive species.
Although B. bacteriovorus has always been known as a
predator of Gram-negative bacteria, predator variants
that grow axenically within complex media can be isolated (Monnappa et al., 2014; Spain et al., 2016; Seidler et
al., 1969; Cotter and Thomashow, 1992). Consequently,
we could expect that a predator variant could also arise
Figure 4 - STEM images
obtained from ultrathin sections of samples of S. aureus
DSM-20231 - B. bacteriovorus HD100 co-cultures. Individual dimension bars are
included.
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Figure 5 - STEM image obtained from ultrathin sections of samples of S. aureus
DSM-20231 - B. bacteriovorus HD100 co-cultures showing a thin cross section with
oval appearances. Individual
dimension bars are included.

in our growth condition, i.e. in the complete absence of
its natural prey. As recently reported, Bdellovibrio bacteriovorus inhibits Staphylococcus aureus biofilm formation
and invasion into human epithelial cells. Monnappa et al.
showed that supernatants of cultures of HI mutants of B.
bacteriovorus HD 100 are able to inhibit/disperse biofilms
of S. aureus, and to reduce its ability to adhere/invade epithelial cells (Monnappa et al., 2014). Our group (Iebba et
al., 2014) reported that B. bacteriovorus cells produce lytic
enzymes active on cells of S. aureus that have a different
electrophoretic motilityfrom those active on cells of P.
aeruginosa.
Data collected suggest that the behavior of B. bacteriovorus in the presence of S. aureus could be a survival strategy,
comparable to the epibiotic predation strategy adopted by
bacteria like Cupriavidus (Casida, 1988), Lysobacter (Bonner et al., 1988), Myxococcus (Shimkets, 1990) and B. exovorus (Koval et al., 2013).
This work can be considered an extension of our previous observations, using methods of investigation different
from the previous techniques, and was consequently aimed
to investigate in depth the intriguing behavior of Bdellovibrio bacteriovorus in the presence of the Gram-positive S.
aureus.
Data presented in this paper show that:
1) when B. bacteriovorus HD 100 is co-cultured in planktonic conditions with S. aureus it undergoes a significant numeric increase paralleled by a significant reduction in the number of S. aureus cells;
2) quantitative variations of B. bacteriovorus-S. aureus are
comparable to those observed in a B. bacteriovorus-P.
aeruginosa co-culture in the same medium (medium
not suitable for B. bacteriovorus growth without pray);
3) B. bacteriovorus HD 100 is able to contact cells of both
S. aureus and S. mutans (in our experimental conditions, contacts are much more frequent for S. aureus);
4) within the area of contact with B. bacteriovorus the

cell wall and cytoplasmic membrane of S. aureus are
disorganized (as commonly happens during epibiotic
predation), and following contact S. aureus cells frequently assume a “deflated” appearance;
5) growth of B. bacteriovorus in co-culture with S. aureus
is not associated with the onset of mutations of the
Bd0108 gene known to be associated with the HI phenotype (Capeness et al., 2013).
Overall, the data presented in this paper suggest that B.
bacteriovorus HD 100 strain is able to grow at the detriment of S. aureus, with a behaviour resembling epibiotic
predation (Casida, 1988; Bonner et al., 1988; Shimkets,
1990; Lerner et al., 2012; Koval et al., 2013).
The study by Im et al. indicates results in contrast with our
findings (Im et al., 2017). Nevertheless, they based their
results on a single fluorescence observation, and after only
1h of contact, a time not sufficient to see any kind of interaction in our experimental conditions.
Our previous study (Iebba et al., 2014) quantified S. aureus biofilm reduction in the presence of B. bacteriovorus, by crystal violet stain and Bioflux methods. In the
present study our intent was to go further to investigate
the interactions between S. aureus and B. bacteriovorus in depth using multiscale microscopy. Our results
showed that B. bacteriovorus can obtain intimate contact with S. aureus cells (FESEM photos) and that cell
modifications/damage (STEM photos) would seem to be
induced, suggesting a killing activity, in agreement with
a study reported by Guerrero et al. (Guerrero et al., 1986;
Koval et al., 2013). We could hypothesize that after the
observed cell-to-cell contacts, the expression of protease
gene able to brake S. aureus cells could be induced. The
specific lytic enzymes secreted by B. bacteriovorus, active
on S. aureus cells (Iebba et al., 2014) could help to access intracellular nutrients, as shown for other predatory
interactions (Lerner et al., 2012). Albeit with a different
growth rate, high levels of B. bacteriovorus replication
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were obtained when co-cultured with either S. aureus or
P. aeruginosa, (20 h versus 10 h respectively). We could
assume that the more time required represents the time
needed to synthesize the necessary enzymes and then the
time necessary to B. bacteriovorus to adapt itself to the
unusual environment (co-culturing with S. aureus), comparable to a latency phase of the bacterial growth curve.
We cannot categorically confirm the absence of the HI
phenotype, given that host-independent strains can arise
from mutations other than those in hit locus (Barel et al.,
2001), but the probability of an HI phenotype seems to be
reduced to mutations in different sites. Our microscopy
images showed that B. bacteriovorus remains attached to
the S. aureus cell wall, but do not seems to replicate inside the prey cell, probably consuming the prey cell from
the outside, similar to a extracellular predation/or epibiotic strategy (Pasternak et al., 2014). By FESEM we observed polar attachment approaches (Figure 2), by STEM
(Figure 5) we showed a thin cross section with oval appearance, suggesting a polar contact. However, we did
not observe microscopically any evidence of filamentous
growth, but our qPCR results indicate that the genome
copies/ml of B. bacteriovorus, when co-cultured with S.
aureus, reached similar values to that obtained when co
cultured with P. aeruginosa.
There is still much to discover on B. bacteriovorus behaviour towards Gram-positive bacteria, and on the potential
practical applications that may result considering the increasingly frequent problem of antibiotic resistance. Further investigations to clarify the kind of interactions in the
presence of S. aureus, and to corroborate our results must
be carried out. This should include the use of the B. bacteriovorus predation deficient mutant as control, and also
SPY agar for HI mutants, to prove that no host independent predator growth had occurred.
The present study shares with the scientific community
our observations on B. bacteriovorus when co-cultured
with S. aureus, in order to open new investigations on
its predatory behaviour. Although we are aware that further studies are necessary to characterize this interaction
in more detail, and the role possibly played by proteases
(Monnappa et al., 2014), and lytic enzymes (Rogosky et
al., 2006; Lerner et al., 2012; Iebba et al., 2014; Loozen et
al., 2015), we believe that this study represents a major
step towards understanding the complex feeding abilities
of B. bacteriovorus, and could prove a source of information to amplify the potential applications of this predator
bacterium.
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