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Halobacteriovorax isolated from the Adriatic Sea to challenge Salmonella
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Abstract

In the present study, we searched Halobacteriovorax strain preying upon Salmonella from the seawater of the
Adriatic Sea. The Halobacteriovorax strain, named M7, was identified using 16S rRNA analysis. The M7 strain
predation efficiency was tested against different Salmonella and non-Salmonella strains, all isolated from food
matrices obtained from the Adriatic Sea. Finally, the M7 strain was exposed to Salmonella enterica subsp. enterica
serovar Napoli in challenge tests to evaluate the killing of this specific prey over time. Double -layer agar plating
technique was used to enumerate Halobacteriovorax and to evaluate its host specificity and predation efficiency.
In the 10° predator/10°® prey challenge test, M7 caused a decrease of Salmonella by about 2 log at 24 h compared
to the control. In the 107 predator/10* prey challenge test, M7 caused a decrease of Salmonella by about 5 log at
24 h compared to the control, and good levels of decrease were obtained even at shorter times. Halobacteriovorax
strains active against Salmonella are rarely present in the Adriatic Sea, Italy seawater. However, the isolate M7
showed high predatory efficiency towards a wide range of Salmonella strains. The presence of Salmonella in
bivalves affects food safety since current decontamination processes are not always effective. M7 may represent a
potential candidate for reducing and controlling Salmonella contamination in bivalves from harvesting to trade.
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Introduction

Salmonella is the EU’s second most common cause of
human gastroenteritis (EFSA & ECDC, 2016). Although
Salmonella is generally not found in aquatic environ-
ments, several Salmonella serovars are widely distrib-
uted in seawater. In more detail, a high prevalence in
bivalves, shrimp, clams, and various fish species was
reported (Novoslavskij et al., 2016; Rubini et al., 2018;
Zahli et al., 2021). Moreover, clinically relevant sero-
vars of Salmonella can survive in seawater and within

bivalves for significant periods after just one exposure
event (Morrison et al., 2011). However, foodborne ill-
nesses from molluscs’ consumption are primarily due
to viruses and Vibrio spp. strains (Andino and Hanning,
2015; Butt et al., 2004; Iwamoto et al., 2010; Potasman et
al., 2002; Rippey, 1994), Salmonella infections have been
increasingly reported in the last two decades (Amagliani
et al., 2012; EFSA & ECDC, 2016). In Italy, mussel farm-
ing (Mytilus galloprovincialis) has always played the most
important role in marine aquaculture because of its high
productivity, areal exploitation, and number of farms
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(FAO FISHSTAT, 2005). Concerning food safety cri-
teria laid down in EC Regulation 2073/2005 concern-
ing bivalves to be placed on the market, the absence of
Salmonella in 25 g of flesh and an upper limit of 230
MPN (MPN=Most Probable Number) E. coli/100 g sam-
ple material are mandatory. Depuration is a controlled
process that relies on the ability of bivalves to purge
their gastrointestinal contents by filtering clean seawa-
ter. Depuration is considered a very effective procedure
for eliminating E. coli (Baker, 2016) but is far less effi-
cient against Salmonella (Barile et al., 2009; Morrison
et al, 2011). On the other, innovative post-harvest
treatments are expensive, kill bivalves and do not sat-
isfy those consumers who prefer live bivalves (Baker
et al., 2016). Biological control may be integrated into
conventional systems to increase the efficacy of con-
ventional depuration towards Salmonella. Bdellovibrio
and like organisms (BALOs) are aerobic Gram-negative
bacteria in freshwater, seawater, and soil. They belong to
the Deltaproteobacteria class, and they are divided into
four genera: Bdellovibrio, Bacteriolyticum, Peredibacter,
and Bacteriovorax, the latter, recently renamed
Halobacteriovorax (Koval et al., 2015). BALOs prey
upon other Gram-negative bacteria, entering the peri-
plasmic space of the host and utilizing its cytoplasmic
nutrients for replication (Bratanis et al., 2020). Recent
studies reported that Halobacteriovorax is capable
of containing V. parahaemolyticus levels in seawater
and oysters at a laboratory scale (Chen et al., 2011; Li
et al., 2011; Richards et al., 2012; Williams et al., 2016;
Richards et al., 2016; Ottaviani et al., 2018). Moreover,
Halobacteriovorax has been reported to control
V. parahaemolyticus load in bivalves during depuration
(Li et al., 2011; Richards et al., 2012; Ottaviani et al.,
2020b). In the Adriatic Sea of Italy, a Halobacteriovorax
strain preying specifically upon V. parahaemolyticus
in subsurface seawater at levels never higher than 10°
PFU per mL was found (Ottaviani et al., 2018, 2020b).

Table 1. Preys assayed in this study with Halobacteriovorax M7.

Previous studies reported BALOs’ predation upon
Salmonella strains in marine environments in China
and the USA (Lu and Cai, 2010; Richards et al., 2016).
Nevertheless, there are currently no studies on the pres-
ence in the Adriatic Sea of Halobacteriovorax preying
specifically on Salmonella. The present study evaluated
seawater from Central Adriatic, Italy’s mussel farming
area, for Halobacteriovorax preying upon Salmonella.
Moreover, host specificity and predation efficiency of the
isolate Halobacteriovorax named M7 towards Salmonella
and non-Salmonella strains, all isolated from bivalves of
the Adriatic Sea, were screened. Finally, M7 was tested in
challenge predator/prey experiments to monitor preda-
tor/prey reduction at selected time points.

Materials and Methods
Prey strains collection

The National Reference Laboratory provided stains used
as prey and shown in Table 1 for bacterial contamina-
tion of bivalves (IZS Umbria Marche, Ancona, Italy). All
strains were isolated from bivalves collected from a mus-
sel growing area site of the Central Adriatic of Italy.

The six repeated experiments on each prey strain gave
consistent results.

Isolation of Halobacteriovorax from seawater

Water sampling

The analysis was performed monthly from June to
December 2018 on seawater collected from a mus-
sel-growing site in Central Adriatic, Italy. At the time of
collection, the temperature and salinity of the water sam-
ples were monitored. Salinity remained steady between

Prey strains Origin Susceptibility to M7
E. coli Mussels, Adriatic Sea, Italy +*
E. coli Mussels, Adriatic Sea, Italy +

Salmonella enterica subsp enterica ser. Napoli

Salmonella enterica subsp enterica ser. Derby

Salmonella enterica subsp enterica ser. Typhimurium

Salmonella enterica ser. Typhimurium monophasic variant 1, 4 [5], 12:/
V. parahaemolyticus

V. parahaemolyticus

Non 01/0139 V. cholerae

Non 01/0139 V. cholerae

Mussels, Adriatic Sea, Italy
Mussels, Adriatic Sea, Italy
Mussels, Adriatic Sea, Italy
Mussels, Adriatic Sea, Italy
Mussels, Adriatic Sea, Italy =S
Mussels, Adriatic Sea, Italy -
Mussels, Adriatic Sea, Italy -
Mussels, Adriatic Sea, Italy -

*Positive.
§Negative.
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38 and 39 ppt. Seawater was immediately transported to
the laboratory in an insulated cooler at ambient tempera-
ture. After delivery to the laboratory, the seawater sample
was analyzed within 4 h.

Halobacteriovorax isolation

A strain of Salmonella enterica subsp. enterica ser.
Napoli was used as the primary host for isolating
Halobacteriovorax from seawater. Isolation of presump-
tive Halobacterivorax in 7.5 mL aliquots of 0.45 um fil-
tered seawater was performed on a layer of Salmonella
host cells grown in Pp20 agar (polypeptide peptone sup-
plemented with Bacto agar) by double-layer agar plating
technique (Richards et al. 2012; 2016). The plates were
incubated at 26°C, and plaques developed between 3 and
10 days and progressively increased in size were taken to
be confirmed as Halobacteriovorax by 16S rRNA analysis.

Halobacteriovorax identification

Genomic DNA of potential Halobacteriovorax strains
isolated from seawater was extracted for molecular iden-
tification by a standardized protocol (Ottaviani et al.,
2018, 2020a, 2020b). For this purpose, five individual
plaques appearing on the plates of each presumptive
positive sample at the highest dilution were removed
and resuspended in 100 pL of sterile double-distilled
water and vortexed at high speed. The liquid phase was
transferred to a new tube and boiled for 3 min. The
16S rRNA was amplified using specific primers for the
Bacteriovorax 16S rRNA gene (Bac676F primer: 5-ATT
TCG CAT GTA GGG GTA-3’; Bac1442R primer: 5'-GCC
ACG GTT CAG GTA AG-3) (Davidov et al., 2006;
Richards et al., 2013). The reaction mix, in a final volume
of 50 ul, consisted of 5X PCR Buffer (GoTaq® Flexi DNA
Polymerase, Promega, Madison, USA), 25 mM of MgCl
(GoTaq® Flexi DNA Polymerase, Promega, Madison,
USA), 2.5 mM of dNTPs, 25 uM of Primer BAC676-F, 25
UM of Primer BAC1442-R, 5U/pul of Taq (GoTaq® Flexi
DNA Polymerase, Promega, Madison, USA) and 4 pl of
sample. The PCR conditions were as follows: 1 cycle at
94°C for 1 min for initial denaturation, 45 cycles at 94°C
for 1 min, 56°C for 1 min, and 72°C for 1 min for denatur-
ation, annealing and extension. The PCR products were
electrophoresed on 1% agarose gel and were detected
using a UV transilluminator. Samples showing a band of
700 bp were considered Halobacteriovorax. PCR prod-
ucts from a single band were purified for each positive
sample using the High Pure PCR Product Purification
kit Roche Diagnostics (GmbH, Mannheim, Germany).
Sequencing analysis was performed using the reverse
primer BAC1442R and ABI Prism® BigDye® Terminator
vl.1 Cycle Sequencing kit (Applied Biosystems™, Life
Technologies, USA), according to the manufacturer’s
instructions. Sequenced products were analyzed in an
automated capillary sequencer ABI Prism® 310 Genetic
Analyzer (Applied Biosystems™, USA). Nucleotide

sequences were manually edited, aligned, and ana-
lyzed using CLC genomics workbench V.12 (Qiagen
Bioinformatics).

Host specificity and predatory efficiency of M7

Two- to three-day enrichments were filtered through
a 0.45- m-pore-size Millex HV syringe filter (Millipore
Corp., Billerica, MA) to remove primary prey, allowing
the passage of the smaller predator. Host specificity and
predator efficiency were determined by monitoring its
ability to form clear lytic haloes with double layer agar
plating technique on a layer of prey at 26°C (Ottaviani
et al., 2018; Richards et al., 2012; 2016).

Preliminary study to evaluate the optimal predator/prey
ratio for M7/Salmonella challenge experiments

To choose the most effective predator/prey ratio, test
flasks with 50 ml ASW (ASW=Artificial Seawater) were
inoculated with the following predator/prey concentra-
tions: 10° PFU/ 10® CFU per mL, (PFU=plaque-forming
unit; CFU=colony-forming unit) 10* PFU/ 10* CFU per
mL, 10° PFU/ 10* CFU per mL, 10° PFU/ 10* CFU per
mL, 10’ PFU/ 10* CFU per mL, 10 PFU/ 10° CFU per
mL, 107 PFU/ 10° CFU per mL. The same prey concentra-
tions were inoculated into ASW, without M7, as a control
for each test microcosm. Cultures were incubated at 26°C
on a shaker for 6 h. At 0 and 6 h, the prey counts in test
and control microcosms were performed. Each exper-
iment was replicated twice. The difference in the prey
counts of duplicate experiments was consistently within
0.5 log, the repeatability limit we had defined based on
previous studies (Ottaviani et al., 2018). The average of
the counts was calculated, and the log was transformed.
Finally, the log difference of the test and control counts
for each predator-prey ratio was calculated.

Challenging M7/Salmonella enterica subsp.
enterica ser. Napoli

Two challenge experiments were performed using those
predator/prey ratios that in the preliminary study had
allowed the maximum prey reductions to be obtained.

First, the test flask contained 50 mL sterilized ASW with
predator (average concentration 1x10° PFU per mlL)
and prey (average concentration 1x10° CFU per mL).
The second test flask contained 50 ml sterilized ASW
with predator (average concentration 1x10” PFU per ml)
and prey (average concentration 1x10* CFU per ml). The
same prey concentrations were inoculated into ASW,
without predator, as control. Cultures were incubated at
26°C on a shaker for 48 h. The prey in test and control
microcosms was monitored by bacterial plate counts at
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0, 3, 6, 24, and 48 h. The double-layer agar plating tech-
nique enumerated the Predator at 0, 3, 6, 24, and 48 h
(Richards et al., 2012).

Statistical analysis

Each experiment was repeated in three separate trials,
each in duplicate (n=6).

Results of microbiological analyses were reported as
mean values (log-transformed) + standard deviation. The
significant differences in predator and prey counts were
determined by the student’s t-test (t) with error probabil-
ity (p) <0.05.

Results
Isolation of Halobacteriovorax

Plaques were observed in double-layered agar assays
from two of the examined seawater samples, one col-
lected in July and the other in August 2018. However,
only five plaques that emerged in the July 2018 seawater
sample were confirmed by PCR as Halobacteriovorax.
The 16S rRNA sequences obtained from the five plaques
were identical, and they were considered a new isolate.
The new strain, M7, was submitted to GenBank with the
accession number MT159667.1.

Host specificity and predatory efficiency of M7

M7 was also tested to verify its host specificity and pred-
atory efficiency against Salmonella and non-Salmonella
strains isolated from bivalves farmed in the Adriatic Sea,
Italy (Table 1). The six repeated experiments on each
prey strain gave consistent results. M7 could attack all
Salmonella and E. coli-tested strains. The lysis plaques
became visible for all Salmonella and E. coli strains after
72 h. Then they expanded, reaching a maximum after 5
days of incubation at 26°C with a diameter between 7
and 9 mm in diameter, similar to that obtained with pri-
mary prey. M7 did not show lytic activity towards the
Vibrio strains used for the test, as the plaques were never
detected, even by extending the incubation to 10 days.

Preliminary study to evaluate the optimal predator/prey
ratio for the M7/Salmonella challenge experiments

The difference in prey counts of duplicate experiments
was consistently within 0.5 log. The highest prey reduc-
tions were obtained with 107 PFU/10* CFU and 10°
PFU/10° CFU per mL predator/prey ratio (Table 2).

Table 2. Effectiveness of Halobacteriovorax M7 at reducing the
level of Salmonella enterica subsp. enterica ser. Napoli ratio after
6 hat26 °C.

PFU predator / Differences in the test and control
CFU prey per ml prey count (Log transformed) at 6 h
10%10° 1.50
10%/10° 1.00
10%/10* 1.28
106/10* 1.24
107/10* 4.21
107/10° 1.23
107/108 0.11

Challenging M7/Salmonella enterica subsp.
enterica ser. Napoli

Results of challenge experiment 1 with 10° PFU/10°* CFU
per mL predator/prey ratio are shown in Figure 1. In the
test, predator concentration remained at the same exper-
imentally added level from 0 to 6 h. It increased by about
1 log, from 10° to 10* PFU per mL, between 24 and 48 h.
In the test, prey concentration decreased by about 1 log,
from 10° to 10> CFU per mL, between 0 and 6 h, and then
increased until it reached the maximum level of 10° CFU
per mL at 48 h. In control, prey concentration increased
between 0 and 48 h, reaching the maximum level of 10°
CFU per mL. Lower Salmonella level was observed in the
test than in the control from 3 at 24 h, with a significant
difference of about 1.5 log at 6 h (¢=26.0309; p<0.0001 )
until reaching the greatest significant difference by about
1.7 log at 24 h (¢=7.3545; p<0.0001).

The results of challenge experiment 2 with 107 PFU/10*
CFU per mL predator/prey ratio are shown in Figure 2.
In the test, predator concentration remained at the same
experimentally added level from O to 6 h. It increased by
about 1 log, from 107 to 10® PFU per mL, between 24 and
48 h. In the test, prey concentration decreased by 4 logs,
from 10* to < 10 CFU per mL, between 0 and 6 h, and
then increased to about 104 CFU per mL to 24 h until it
reached the maximum level of about 108 CFU per mL at
48 h. In control, prey concentration increased between 0
and 48 h reaching the maximum level of about 10® CFU
per mL. Lower Salmonella level was observed in the test
than in control from 3 at 24 h with a significant differ-
ence of about 2.5 log already at 3 h (¢=5.1285; p=0.0004),
which increases again to 6 h (about 4 log) (£=12.7742;
<0.0001) until reaching the greatest significant difference
by about 5 log at 24 h (£=26.9984; p<0.0001).

Using a predator/prey ratio of 10’ PFU/10* CFU per mL,
Halobacteriovorax M7 was able to contain prey level
growth more efficiently than using the predator/prey ratio
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of 103 PFU/103 CFU per mL, with a significant reduction
with respect to the control already in the first hours.

Discussion

Indigenous BALOs against pathogenic vibrios are pres-
ent in seawater from mussel farming areas of Central
Adriatic, Italy. Probably, BALOs play a physiologi-
cal role as natural modulators (Ottaviani et al., 2018;
2020a). The seasonal trend of BALOs in the Adriatic
Sea is coherent with previous studies in the Atlantic
and Pacific Oceans. However, our BALOs against vib-
rios natural levels are higher than those (Richards et al.,
2013). Only one previous work has reported the isola-
tion of Halobacteriovorax using Salmonella as primary
prey from a low-salinity (5-ppt) water sample collected
from a tidal river in the United States (Richards et al.,
2016). To date, there are no studies about the presence
in the marine environment of Halobacteriovorax spe-
cific against Salmonella. In this study, seawater from
the mussel growing area of Central Adriatic, Italy, was
analyzed for the presence of Halobacteriovorax, able
to prey on Salmonella. A strain of Salmonella enterica
subsp. enterica ser. Napoli was chosen as a primary prey
because this serovar has recently caused waterborne and
foodborne outbreaks in Italy (Sabbatucci et al., 2018).

1 S. napoli w/halobacteriovorax - test

10

Log CFU/PFU per ml
(@]

W S. napoli w/halobacteriovorax - control

Our results demonstrate that, unlike what was found for
vibrios, Halobacteriovorax preying upon Salmonella is
rarely found in the Adriatic Sea, at least in the limited
period covered by our investigation. This is plausible
because, while vibrios are native bacteria of the aquatic
environment, the presence of Salmonella is sporadic and
mainly linked to fecal contamination of marine waters
(Novoslavskij et al., 2016; Rubini et al., 2018). The same
trend of the prey is presumed to have Halobacteriovorax
active toward Vibrio or Salmonella. However, we intend
to extend the period and the marine area of study to
have more information on the possibility that other
strains of Halobacteriovorax versus Salmonella may
be present in the Adriatic Sea. M7 showed host spec-
ificity for members of the Enterobacteriaceae, being
active against Salmonella and E. coli. However, it could
not prey on V. cholerae and V. parahaemolyticus, i.e.,
bacteria belonging to Vibrionaceae. This result dis-
agrees with what was previously reported, i.e., that
Halobacteriovorax strains isolated against E. coli and
S. Typhimurium in marine seawater from Delaware
Bay had a broader host range than the strains originally
isolated against V. parahaemolyticus (Richards et al.,
2016). M7 showed excellent predatory efficiency, attack-
ing other different Salmonella strains than Salmonella
enterica subsp. enterica ser. Napoli, i.e., Salmonella
enterica subsp. enterica ser. Derby, Salmonella enterica

[0 Halobacteriovorax in test

6 24 ' 48

Time incubation (hours)

Figure 1.

Challenge experiment 1. Trend of Salmonella enterica ser. Napoli w/ (with) and w/o (without) Halobacteriovorax M7

and growth of Halobacteriovorax M7 in the test from 0 to 48 h, using a 10° PFU/10° CFU per mL predator/prey ratio.
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1 S. napoli w/halobacteriovorax - test
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Figure 2.

Challenge experiment 2. Trend of Salmonella enterica ser. Napoli w/ (with) and w/o (without) Halobacteriovorax M7

and growth of Halobacteriovorax M7 in the test from 0 to 48 h, using a 10’ PFU/10* CFU per mL predator/prey ratio.

subsp. enterica ser. Typhimurium, Salmonella enterica
subsp. enterica ser. Typhimurium, monophasic vari-
ants 1, 4 [5], and 12:I were isolated from bivalves. In
the present study, preys were chosen in the context of
a far-reaching project, with the ultimate goal of further
applications in seafood hygiene, particularly in bivalve
purification. The growth dynamics of M7 in the plaque
assay using as primary prey Salmonella are compara-
ble to those we reported for another Halobacteriovorax
strain called HBXCOI1, also isolated in the Adriatic
Sea (Ottaviani et al., 2018). In that case, however, the
plaque assays were carried out using primary prey
V. parahaemolyticus (Ottaviani et al., 2018). This is prob-
ably because both the M7 and HBXCOL1 strains belong
to the same genus despite preferring taxonomically dif-
ferent prey. In a previous study, we demonstrated that
Halobacteriovorax against V.parahaemolyticus showed
maximum predatory efficiency at a predator/prey ratio
of 103PFU / 10* CFU per mL (Ottaviani ef al., 2020a). In
the Challenge experiment 1 of this study at a predator/
prey ratio of 103 PFU / 103 CFU per ml M7, despite the
low level of prey used, was able to reduce Salmonella by
1,5 log after 6 h with the maximum reduction at 24 h
by about 2 logs compared to the control. As expected,
in Challenge Experiment 2, at a predator/prey ratio
of 107 PFU / 104 CFU per ml, M7 contained more
Salmonella growth than in Experiment 1, reducing it by
4 logs already after 6 h and by 5 logs at 24 h. Since it
has been widely demonstrated that Halobacteriovorax
cannot grow on eukaryotic cells, they do not represent

a specific risk to human health (Bratanis et al., 2020;
Shatzkes et al., 2017). Moreover, its high host specific-
ity and capability to parasitize the bacteria organized
on biofilms or in VBNC forms (Bratanis et al., 2020)
make Halobacteriovorax not susceptible to those com-
mon mechanisms of competition or defense that the
pathogens can activate on mollusks. Halobacteriovorax
survives in the bivalve intestine for a sufficient time to
exercise their lytic activity against target bacteria in the
short (24 h) and medium term (7 days) (Li et al., 2011).
In light of all this evidence, Halobacteriorax could find
application in the post-harvest decontamination of
bivalves from Salmonella, substituting or integrating
conventional approaches.

Conclusion

This is the first work reporting the isolation and charac-
terization of a Halobacteriovorax strain using Salmonella
as primary prey in seawater. The predatory efficacy of
M7 against Salmonella strains isolated from mussels
makes it a suitable candidate for developing Salmonella
containment strategies in bivalves and, more generally,
in seafood with a short shelf life. Our next goal will be
to test M7 at a laboratory scale in a shellfish purification
plant on different types of bivalves experimentally con-
taminated with Salmonella, with the ultimate purpose of
designing a Halobacteriovorax-based post-harvest pro-
cess capable of containing Salmonella in bivalves.
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