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The objectives of this study were to isolate, purify and determine host range of lytic bacteriophages
infecting foodborne the pathogen Salmonella Typhimurium and S. Enteritidis. River/stream water, sew-
age, raw foods, wastewater from food processing plants, slaughterhouse and fish farms and water from
troughs were used for the screening of bacteriophages. The richest sources in terms of phages infecting
S. Typhimurium and Enteritidis were found to be sewage, wastewaters of slaughterhouse, food processing
and fisheries and streams. A total of 33 S. Typhimurium and 56 S. Enteritidis phages were isolated and
purified from the samples. It was demostrated that host ranges of the isolated phages were quite wide. The
numbers of bacteria types inhibited by S. Typhimurium or Enteritidis phages were changed among 1-15
and 1-19, respectively. It was found that 75.8% (25 out of 33) and 83.93% (47 out of 56) of isolated
S. Typhimurium or Enteritidis phages formed clear plaques and were capable of lysing at least six or two
Salmonella serovars. Beside Salmonella serovars, some S. Typhimurium (15 out of 33, 45.5%) and
S. Enteritidis phages (5 out of 56, 8.93%) were also infective against E. coli strains. The host ranges of
S. Typhimurium phages were wider than those of S. Enteritidis.
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INTRODUCTION

Salmonella enterica belong to the family Enterobacteriaceae and is an important
zoonotic pathogen and is the primary cause of reported food poisoning worldwide.
Non-typhoidal Salmonella enterica causes foodborne disease known as salmonellosis
which is gastroenteritis foodborne illness in humans. Therefore, it is a major public
health concern in many countries. Over 2500 serotypes of Salmonella are known, and
the most common serovars in worldwide are S. Typhimurium and S. Enteritidis, caus-
ing salmonellosis [7, 12].

Bacteriophages or phages are natural killers of bacteria and they are abundant in
the environment, with an estimated ratio of 10:1 with their bacterial hosts. Phages are
self-replicating and self-limiting and their replication occurs naturally as long as their
host cells are present and they infect only their specific host. Considerably, usage of
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phages as biopreservative and therapy agents has been known to be safe and non-
toxic. It is considered that phages offer a great advantage over antibiotics since they
target only the pathogens of interest [9, 10, 12].

Recently, the development of antibiotic-resistant ‘super-bugs’ have highlighted the
need for alternative strategies to combat infectious diseases. Pathogenic bacteria with
wide-spectrum antibiotic resistance have become a considerable public health hazard.
The emerging number of multi-drug and other antimicrobial biocides resistance of
S. Typhimurium and S. Enteritidis are causing major concern among medical and
veterinary health professionals and food industry [24, 28]. An old strategy of using
bacteriophages to challenge infections and prevent foodborne contamination and
diseases is regaining popularity [27]. Therefore, many phage researches in the past
two decades focused on phages infecting foodborne pathogenic bacteria such as
Salmonella enterica, E. coli O157:H7, Campylobacter jejuni and Listeria monocy-
togenes [17, 20, 21]. Actually, a number of phage products which are used as bio-
preservative agents on ready-to-eat foods have been granted the “generally recog-
nized as safe” (GRAS) status in the United States [19].

Phages have also been isolated capable of infecting S. Typhimurium and S. Ente-
ritidis associated with foodborne illnesses. Most of S. Typhimurium and S. Enteritidis
phages have narrow host ranges, which limits their use as biocontrol agents in food
industry [7]. The aim of this work was to isolate S. Typhimurium and S. Enteritidis
phages with broad infective spectrum to fight against these foodborne pathogenic
bacteria in food industry and to have a collection of lytic bacteriophages against
S. Typhimurium and S. Enteritidis.

MATERIALS AND METHODS
Bacterial strains and culture conditions

S. Typhimurium and S. Enteritidis strains used in this study were listed in Table 1. The
serovars were obtained from our culture collection, culture collection of Biology
Department of Ankara University, Veterinary Faculty of Kirikkale University and
Food Engineering Department of Middle East University. The serovars were kept at
—80 °C in brain heart infusion broth (5 g/L beef heart (infusion from 250 g), 12.5 g/L
calf brains (infusion from 200 g), 2.5 g/L disodium hydrogen phosphate, 2 g/L. D(+)-
glucose, 10 g/L peptone, 5 g/L sodium chloride, pH 7.4+0.2) (BHI, Merck,
Darmstadt, Germany) with 20% glycerol.

Collection and preparation of samples for bacteriophage screening
The samples used in bacteriophage screening were randomly taken from river/stream

water, sewage water, raw foods (milk, fruit, vegetable and meat), wastewater from
food processing plants, fish farms and slaughterhouse, and water from troughs found
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Table 1

Bacteriophages infecting Salmonella Enteritidis and Salmonella Typhimurium

Host Serovar

Host Serovar

Number of Number of
Sample Name of phage Salmonella Name of phage Salmonella
Enteritidis phage (PFU/m) Typhimurium phage (PFU/ml)
SE-Phage-1 DMC22 152x108 ST-Phage-1 Wl‘zdo%pe 65108
SE-Phage-2 DMCS8 24x106 ST-Phage-2 AIBU 42104
SE-Phage-3 DMC22 50%107 ST-Phage-3 AIBU 98x107
Rivers/ SE-Phage-4 DMC94 46104 ST-Phage-4 | LT2SRII 170106
streams SE-Phage-5 | MET-S1-411 | 32.5x106 ST-Phage-5 | ATTC 14028 58x106
SE-Phage-6 | MET-S1-742 30%107
SE-Phage-7 | MET-S1-411 142x10°
SE-Phage-8 | ATCC 13075 |  110x107
SE-Phage-9 DMC94 63x106
SE-Phage-10 | DMC31 35%105 ST-Phage-6 | LT2SRII 50%106
SE-Phage-11 M411 28x106 ST-Phage-7 AIBU 27x106
SE-Phage-12 M742 82x106 ST-Phage-8 Wllzdo%pe 35x106
SE-Phage-13 | ATCC 13075 43x106 ST-Phage-9 | LT2SRII 102108
SE-Phage-14 DMCS8 63.5x105 | ST-Phage-10 | LT2SRII 37.5%107
Sewage SE-Phage-15 | DMC22 56x106 ST-Phage-11 | LT2SRII 90x107
SE-Phage-16 DMC3 42x10° ST-Phage-12 AIBU 42x105
SE-Phage-17 DMCS8 30,3x107 | ST-Phage-13 | ATTC 14028 | 137x10%
SE-Phage-18 DMCS8 66x104 ST-Phage-14 Wllzdo%pe 25.5x108
SE-Phage-19 | ATCC 13075 | 135x10° | ST-Phage-15 M625 64x105
SE-Phage-20 | ATCC 13075 46107
SE-Phage-21 | DMC94 54x106 ST-Phage-16 Tr90 145x104
Raw food SE-Phage-22 | DMC94 124x104 | ST-Phage-17 Tr87 12x105
SE-Phage-23 | DMC31 33x104
SE-Phage-24 | DMC22 64x107 ST-Phage-18 Wllzdo%pe 44x106
SE-Phage-25 | KUVF29 49x106 ST-Phage-19 AIBU 38x10°
o SE-Phage-26 | DMC22 47.5x107 | ST-Phage-20 | ATTC 14028 27x106
Fisheries
wastewater SE-Phage-27 DMC31 34x106
SE-Phage-28 | ATCC 13075 | 43.5x103
SE-Phage-29 | MET-S1-411 98x10°
SE-Phage-30 | DMC 3 30%108
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Table 1 (cont.)

Host Serovar

Host Serovar

Number of Number of
Sample Name of phage Salmonella Name of phage Salmonella
Enteritidis phage (PFU/ml) Typhimurium phage (PFU/ml)

SE-Phage-31 | DMC 94 38x10 ST-Phage-21 Wllado%pe 24x107

SE-Phage-32 | DMC31 38x105 ST-Phage-22 W;Ldo%pe 55%106

SE-Phage-33 | DMC94 73x106 ST-Phage-23 Wllzdo%pe 21x105
Food SE-Phage-34 | DMC 94 75%106 ST-Phage-24 | ATTC 14028 64x104
processing SE-Phage-35 DMC8 82x106 ST-Phage-25 | ATTC 14028 75%105
wastewaters

SE-Phage-36 | MET-S1-742 41x10°

SE-Phage-37 DMC3 64x106

SE-Phage-38 | DMC22 98x107

SE-Phage-39 DMC3 35x105

SE-Phage-40 | DMC22 45x107

SE-Phage-41 | DMC22 31%106 ST-Phage-26 Tr87 36x104

SE-Phage-42 | DMC22 182x105 | ST-Phage-27 Wllzdotzygpe 42x10

SE-Phage-43 | MET-S1-742 128x106 ST-Phage-28 AIBU 63%106

SE-Phage-44 DMC3 50%105 ST-Phage-29 | LT2SRII 28x106

SE-Phage-45 | DMC31 102x102 | ST-Phage-30 | ATTC 14028 32x108
Slaughter- . Wild type
house SE-Phage-46 | KUVF 29 20106 ST-Phage-31 14008 45.3x105
wastewaters | g phage-47 | MET-S1-411 |  123x106

SE-Phage-48 | DMC31 118x105

SE-Phage-49 | DMC22 15%109

SE-Phage-50 | MET-S1-742 21104

SE-Phage-51 | ATCC 13075 59x105

SE-Phage-52 | MET-S1-742 46105

SE-Phage-53 DMCS8 65%108 ST-Phage-32 Wllzdo%pe 30.5%10°
Troughs SE-Phage-54 DMC8 32x104 ST-Phage-33 AIBU 104105

SE-Phage-55 | KUVF 29 12x10

SE-Phage-56 | DMC31 37.5%107
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in Nigde, Aksaray, Ankara and Kayseri provinces (Turkey). Liquid samples, except
milk, were centrifuged at 6000 % g for 15 min to remove solid particles and then the
supernatants were passed through 0.45 and 0.22 pum pore size sterile cellulose nitrate
membrane filter (Sartorius, Germany). Milk samples were centrifuged at 6000 x g for
15 min after addition of 10% lactic acid to precipitate casein and then the superna-
tants were filtered sterilized (0.45 um pore size, cellulose nitrate). Semi-hard and
solid samples were subjected to the following procedures: 25 g of the semi-solid and
solid food samples were weighed in sterile conditions and placed in sterile stomacher
bags and then 100 ml of SM buffer (50 mM Tris-Cl, pH 7.5, 99 mM NacCl, 8§ mM
MgS0,, 0.01% gelatin (w/v)) were added. After homogenization in a stomacher for
2 min, the samples were centrifuged and the filtrate was taken through a 0.45 um
sterile cellulose nitrate membrane filter. All filtrate samples obtained from water and
food samples were used for bacteriophages isolation. A total of 92 samples were ana-
lyzed.

Isolation of bacteriophages

Two methods were used for isolation of Salmonella bacteriophages: direct isolation
and enrichment method. In the direct isolation protocol, filtered sample supernatants
were directly used for bacteriophage screening against the test bacteria by the double
agar layer plate method [1]. In the enrichment protocol, to increase the number of
lytic phages, 20 ml of the filtered samples were separately inoculated with 2 ml of
actively grown culture of 12 different S. Typhimurium strains (S. Typhimurium LT2
SRII, MA1LT2/pNK972, MAS53 T-POP, Tr90, Tr87, LT2 TH3923, SL 134, Wild type
14028, MET-S1-625, ATCC 14028, AIBU and AU) and 10 S. Enteritidis strains
(S. Enteritidis DMC3, DMC8, DMC22, DMC31, DMC94, ATCC 13075, KUVF29,
MET-S1-411, MET-S1-512, MET-S1-742) in BHI broth at 36+1 °C shaker and
mixed with 3 ml of double strength BHI broth. After incubation at 36+1 °C for 24
hours, chloroform (50 uL/mL) was added and vigorously mixed to ensure lysis of
bacterial cells. The cultures were then centrifuged at 5000 % g for 15 min to remove
cellular debris and supernatants were maintained at 5 °C. Enriched samples were
tested by double agar layer plaque assay against individual S. Typhimurium or
S. Enteritidis strains [18].

Double agar layer plaque assay

Spot testing was used to determine the presence of anti-Salmonella bacteriophage.
The host bacterial lawn was made by using soft BHI top agar (0.7% agar) containing
host bacterial suspensions that were overlaid on top of BHI agar (1.5% agar) plates.
When the agar overlays were solidified, the samples were spotted onto the lawns and
plates were incubated at 37 °C for 24 h. After incubation, all plates were examined
for clear zone formation, resulted from the lysis of host bacterial cells.
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Phage enumerations were performed using the double-layer plaque titration meth-
od, using BHI as culture medium [1]. A 100 pL of a dilution of the enriched or unen-
riched filtered phage samples and 300 pL of the actively growing host bacterial cul-
tures were added into BHI soft agar (0.7% agar) at 45-50 °C and after mixing well,
soft BHI agar was poured onto (1.5%) Petri dishes containing BHI agar (1.5%). After
solidification, plates were incubated at 37 °C for 24 h and phage numbers were given
as plaque forming units per milliliter (PFU/mL).

Purification of bacteriophages

For purification of the bacteriophages, a single plaque was picked using the large end
of a sterile glass Pasteur pipette and the plaque was transferred to a sterile tube. The
phages were diluted in SM buffer. After chloroform (50 pl/ml) extraction and cen-
trifugation (9,000 x g, 20 min, 4 °C), the supernatant was transferred to a new sterile
tube. Serial dilutions made to obtain single phage plaques were inoculated into an
early-log phase host culture, and the lysate was replated as described above.
Bacteriophage purification process was repeated at least three times through plaque
assay to make sure the removal of any contaminant phages. For determination of
phage concentrations, tenfold serial dilutions of phage suspensions were prepared in
SM buffer and then phage number were determine by using the double-layer method
[26].

Preparation of phages stocks

The high titer phage stocks were prepared by inoculating 1 ml of overnight host bac-
terial cultures with 100 pl of purified phage stock into 100 ml BHI broth and incu-
bated overnight at 36+1 °C to allow amplification of the phage. After addition of
chloroform (50 pl/ml) for complete lysis of the bacterial cells, the amplified phages
were centrifuged at 8,000 x g for 15 min and the phage-rich supernatants were filtered
through a disposable 0.45 or 0.22 um pore size syringe filter (cellulose acetate)
(Sartorius, Germany) to eliminate bacterial contaminants. The filtrate was stored at
either 4 °C until used or at —80 °C for long-term storage [15]. The titer of the phage
stock was determined by the double-layer plaque titration method [1].

Determination of host range of bacteriophages

Besides S. Typhimurium and S. Enteritidis strains, S. Virchow DMCS, S. Infantis
DMC7, S. Thompson DMC47, S. Anatum DMC90, S. Telaviv DMC62, S. Montavide
DMCS]1, S. Kentucky DMC35, S. Carvalis DMC86, E. coli O157:H7 NCTC 12900,
E. coli O157:H7 ATCC 43888, E. coli O157:H7 ATCC 35150, E. coli CFAl, E. coli
ATCC 25922, Listeria monocytogenes ATCC 19115, Staphylococcus aureus ATCC
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25923, Bacillus cereus ATCC 10875, Yersinia enterocolitica O:9 AU, Citrobacter
freundii AU, Enterobacter aerogenes AU and Enterococcus faecalis ATCC 29212
were used to investigate the inhibitory spectrum of Salmonella bacteriophages. Three
hundred micro litter of exponential phase (ODgy, = 0.3) suspensions of the strain in
BHI broth incubated at 361 °C in shaker (100 rpm) were mixed in each BHI soft
agar and then they poured onto the plates. After solidification of soft agar, 10 ul of
the 102, 104, 10-¢ phage dilutions were spotted on the overlay and the plates were
incubated at 36+1 °C for 24 h. At the end of incubation, the plates were examined
for plaques.

RESULTS
Bacteriophage isolation

In this study, a total of 92 samples were used for the screening of bacteriophages.
Twelve out of 92 the samples were taken from river/stream water, 13 from sewage
water, 10 from pool water of fish farms, 18 from raw foods (milk, fruit, vegetable and
meat), 11 from wastewater of food processing plants, 13 from wastewater of slaugh-
terhouse, and 8 from water of troughs. The data obtained as a result of phage screen-
ing were given in Table 1. As seen in Table 1, S. Typhimurium or S. Enteritidis bac-
teriophages found the most commonly in sewage, wastewaters of slaughterhouse,
food processing and fisheries and streams. In the samples examined, the number of
isolated bacteriophages infecting S. Typhimurium or S. Enteritidis was 33 and 56,
respectively. Some of the isolated phages were given in Fig. 1.

Direct and enrichment method were used for isolation of bacteriophages. It was
observed that the number of phages in the samples examined by the enrichment pro-
cess increased considerably compared to the direct method. This increase was par-
ticularly pronounced in cases where the number of bacteriophages was low (e.g. food
and river/stream waters).

Phage purification and preparation of phage stocks

Isolated phages were purified by using a single plaque method [1]. In purification
process, a single plaque was taken from Petri dish containing maximum of 4-5 phage
plaques and this process was repeated at least 3 times. All isolated phages were capa-
ble of lysing their host strains during the purification procedure. The purified bacte-
riophages were stored at —80 °C in SM buffer containing 20% glycerol. It was deter-
mined that S. Typhimurium or S. Enteritidis bacteriophage numbers of the sample
stocks were between 3.6x105-3.8x1010 and 1.02 % 104-1.35x 10! pfu/ml, respec-
tively. The environment in which 89 purified phages were isolated and their naming
were summarized in Table 1.
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Fig. 1. Some isolated phages infecting Salmonella Enteritidis or Salmonella Typhimurium. (a)

SE-Phage-17 from sewage, (b) SE-phage-19 from sewage, (c) SE-Phage-47 from slaughterhouse waste-

waters, (d) SE-Phage-38 from food processing wastewater, (¢) SE-Phage-48 from slaughterhouse waste-

waters, (f) ST-Phage-3 from rivers, (g) ST-Phage-9 from sewage, (h) ST-Phage-24 from food processing
wastewater, (i) ST-Phage-11 from sewage

Host ranges of bacteriophages

S. Typhimurium phages were able to lyse 3 to 18 of 36 strains tested and have highly
changeable host ranges (Tables 2, 3). As seen in Tables 2 and 3, host ranges of most
phages were wide except ST-Phage-16, 17 and 27 which were only infective against
S. Typhimurium 2 to 4 serovars. Phages infective against S. Enteritidis also have wide
host ranges, being to lyse 2 to 15 of 36 strains tested (Tables 3, 4). When ST-phages
or SE-phages were screened by spot testing against a total of twenty-eight strains of
Salmonella serovars including Typhimurium, Enteritidis, Virchow, Infantis,
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Table 2
Infective effect of Salmonella Typhimurium phages on Sa/monella Typhimurium and
Salmonella Enteritidis

Salmonella Typhimurium

Phages SRII MALI MAS3 Tr90 Tr87 TH3923 SL134 \g;l:
ST-Phage-1 - +H+ - - _ e 4 o+
ST-Phage-2 ++— +4+— - — _ I + o+
ST-Phage-3 +++ +++ ++— - - +++ +++ e+
ST-Phage-4 +++ +— +— - +— o ++— +—
ST-Phage-5 +— 4 4+ - - +++ +++ o
ST-Phage-6 +++ o+ ++— - +— +++ - +—
ST-Phage-7 - - - - — +— e 4
ST-Phage-8 +++ ++— - - - 4 ++— 4
ST-Phage-9 +++ +— +++ - +— +++ +++ ++—
ST-Phage-10 -+ +++ +H++ - +H— ++— +++ ++—
ST-Phage-11 +++ - - _ _ et + _
ST-Phage-12 - - - - — — 4 _
ST-Phage-13 +— - +— - - — T+ _
ST-Phage-14 - -+ - - — o+ 4+ et
ST-Phage-15 -+ — +— - — +— _ o+
ST-Phage-16 — — - A+ _ . 4 _
ST-Phage-17 - - - e NN — _ _
ST-Phage-18 ++— - +H— - - - e i+
ST-Phage-19 - +H+ - - _ -+ 4 o+
ST-Phage-20 - - - _ _ 4t e _
ST-Phage-21 +— +++ - - — — 44 o+
ST-Phage-22 - ++— - - _ o+ e+ T+
ST-Phage-23 — — — _ _ _ 4 +
ST-Phage-24 - - - - _ +— T o+
ST-Phage-25 - - +— _ 4t _ T _
ST-Phage-26 +++ +— ++— - - +— ++— -
ST-Phage-27 - - — - +4— _ + _
ST-Phage-28 +++ +H— ++— - - +H+ -+ +H—
ST-Phage-29 - - - - - ot o ot
ST-Phage-30 - +++ - - +— +++ - -+
ST-Phage-31 - +++ — - _ ++ _ S+
ST-Phage-32 - - - - - +Ht+ +H+ A
ST-Phage-33 - +— — - - — e ot

+++, 102, 10 and 10-¢ diluted phage samples were inhibitor positive; ++—, 102, 10~ diluted phage samples
were inhibitor positive but 10-¢ dilution sample was inhibitor negative; +—, 10-2 dilution sample was inhibitor
positive, 104 and 10-¢ dilution sample was inhibitor negative; —, 10-2, 10-4 and 10-¢ diluted phage samples were
inhibitor negative
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Table 2 (cont.)

Salmonella Typhimurium Salmonella Enteritidis
625 AIUB 1\;311(];%/ M‘;SPT_ DMC8 | DMC22 | 13075 411 512 742
- - - - - -+ +— +— - +++
+— +++ - - - +— +— - - +—
+++ +++ - - +++ +++ +++ +++ - +++
+— +— - - +— +— +++ +++ - +++
+++ ++— - - - +++ - - - +++
++— +— - - +++ ++— +++ +— - +—
+++ ++— - - - +— - - - -
+++ ++— - - +++ +++ +++ +++ - +++
+— +— - - - - +++ +— - -
+++ +— - - ++— +++ +++ +++ - +++
- +— - - - +— - - - +—
+— - - - - +— - - - +—
+— +— - - - - - 4+ - -
- - — - +— +++ - +— - +++
+H+ ++— - - - - - +++ - et
_ 4 _ _ _ _ _ _ _ _
- - - - - 4 - + - -
- -+ - - - -+ - - - EEEE
++— - - - - ++— - - - -
+— - - - - +++ +— +— - +++
- et - - - +H— - - - +—
- At - - - et - et - -
+ _ _ _ _ _ _ _ _ _
+— - - — +— - - - - -
+— +++ - - - - - - - -
b ++— - - - o+ - - - +++
- +— - - - +++ - +++ - -
- ++— - - - +++ - ++ - -
+— +4— - - - +++ - ++ — -
- +++ - - - +— - - - +—
+— +++ - - - +++ - +++ - -
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Table 3
Salmonella Typhimurium or Salmonella Enteriditis specific phages infecting other Sal/monella serovar
and Escherichia coli strains

Other Salmonella enterica serovars

Phages S. Virchow S. Thom S. A i
. . . pson . Anatum S. Telaviv
DMC3 §. Infantis DMC7 DMC47 DMC90 DMC62

ST-Phages
ST-Phage-1 — - _ _ _
ST-Phage-3 - - _ o+ _
ST-Phage-4 - - _ T+ _
ST-Phage-5 - - _ _ _
ST-Phage-6 ++— — - +++ -
ST-Phage-8 - - +H+ o -
ST-Phage-9 - - — _ _
ST-Phage-10 - - — Tt _
ST-Phage-12 - - - - _
ST-Phage-13 - - - — _
ST-Phage-15 - - - +++ -
ST-Phage-19 - - _ . _
ST-Phage-20 - — _ _ _
ST-Phage-22 - - — Tt _
ST-Phage-23 - - _ T _
ST-Phage-24 - - - - _
ST-Phage-25 - - +++ +H— —
ST-Phage-27 - - — - _
ST-Phage-28 - - _ _ _
ST-Phage-30 - - - — _
ST-Phage-32 - - _ 4t _
ST-Phage-33 - - - — _

SE-Phage-2 - - - - -
SE-Phage-3 - - - - -
SE-Phage-14 - - - - -
SE-Phage-16 - - - - -
SE-Phage-17 - - - - -
SE-Phage-24 +— - - - -
SE-Phage-26 — — — - -
SE-Phage-30 - - - - -
SE-Phage-37 - - - - -
SE-Phage-39 - - - - -

+++, 10-2, 104 and 10-¢ diluted phage samples were inhibitor positive; ++—, 10-2, 10 diluted phage samples
were inhibitor positive but 10-¢ dilution sample was inhibitor negative; +—, 10-2 dilution sample was inhibitor
positive, 104 and 10-¢ dilution sample was inhibitor negative; —, 10-2, 10-* and 10-¢ diluted phage samples were
inhibitor negative
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Table 3 (cont.)

Salmonella Typhimurium or Salmonella Enteriditis specific phages infecting other Sa/monella serovar
and Escherichia coli strains

Other Salmonella enterica serovars Escherichia coli O157:H7 E. coli
S. gﬁlctz"lide 5 g&“é‘;csky SD(I:\Zerggs 12000 | 43888 | 35150 | CFAI | 25922
ST-Phages
_ _ _ _ 4+ _ _ _
- ++— - - - ++— - ++—
_ 4+ _ _ _ _ _ _
- - - - +— +— - -
- ++— - +— - - - -
- - - +++ +++ ++ - -
— 4 - -+ - - - -
_ _ 4+ _ _ _ _
- - - - - - - +++
- +++ - - - - - -
- - - + +— + - —
_ _ _ _ 4+ _ _ _
- - - -+ e 4 - -
- - - ++— o - - -
- - - ++— +— +— - -
- - - + -+ - - —
- - - +++ +++ +++ - -
- +++ - - - - - —
- +++ - - - - - -+
SE-Phages
_ _ _ _ _ _ _ ++
- +++ - - - - - -
- +++ - - - - - -
- - - - - - - +++
_ _ _ _ + _ _ _
- -+ - - - — - -
- +++ - - - - - +++
_ - +++ - - - - -
_ — +++ - - - - -
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Infective effect of Salmonella Enteritidis :ﬁggs: on Salmonella Enteritidis and Salmonella
Typhimurium
Phage Salmonella Enteritidis

DMC3 DMC8 DMC22 DMC31 DMC94 13075 29
SE-Phage-1 +— +++ +++ +++ +++ -+ -+
SE-Phage-2 +— ++ IR +— 4 I _
SE-Phage-3 +— +— +++ +++ +++ - -+
SE-Phage-4 - - -+ - -+ +++ ++
SE-Phage-5 - +— +++ +++ +++ - -
SE-Phage-6 - +— - -+ -+ ++ +++
SE-Phage-7 - - -+ -+ ++ 4+ +++
SE-Phage-8 - -+ -+ -+ -+ 4+ +4+
SE-Phage-9 - - +++ +++ +++ +++ -
SE-Phage-10 - - +++ HH— ++ +++ 4+
SE-Phage-11 - +— +++ - -+ -+ ++
SE-Phage-12 - - it - TN - AN
SE-Phage-13 - +++ +++ +++ +++ +++ +++
SE-Phage-14 +++ +++ +++ +++ +++ +++ +++
SE-Phage-15 - - +++ +++ +++ +++ —
SE-Phage-16 +++ +++ +++ +++ +++ +++ +++
SE-Phage-17 - +++ +++ +++ +++ +++ -
SE-Phage-18 — +++ +— +++ — . _
SE-Phage-19 - +++ +++ +++ +++ -+ +++
SE-Phage-20 - - +++ +++ +++ +++ +++
SE-Phage-21 - — - - St St _
SE-Phage-22 - - + e e+ _ _
SE-Phage-23 - - +— +++ 44 4 _
SE-Phage-24 - - - - - =+ ++
SE-Phage-25 - - +H+ - - -+ +++
SE-Phage-26 - +— +++ +++ +++ -+ -+
SE-Phage-27 - - +++ +++ +++ -+ -+
SE-Phage-28 - +— +++ - - -+ +++
SE-Phage-29 - ++— +++ +++ +++ -+ -+
SE-Phage-30 +++ +— +++ +++ +++ -+ -+
SE-Phage-31 - — +4+ +++ ++ 4+ _
SE-Phage-32 - - -+ - +H+ +++ +4++
SE-Phage-33 - - +++ - -+ +++ -+
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Table 4 (cont.)
Infective effect of Salmonella Enteritidis phages on Sa/monella Enteritidis and Salmonella
Typhimurium

Salmonella Enteritidis Salmonella Typhimurium

411 512 742 SRIT Tr90 Wild type 625 AIUB 14028
- - -+ 4+ - +— 4+ +— R—
+— - +— o - +— - ++— o
+++ - o+ - - +++ +— o +++
+++ - ot - - - - - -
4+ - -+ 4+ - + 4+ 4+ R
+++ - +++ +— - +— +— +— -
e - +++ +— - +— +— +— +—
o+ - -+ +— - - +— +++ -
++ - -+ +— - +— +— +— +—
+++ - -+ +— - — +— - +—
++ - -+ +— - — +— — +—
++ - -+ +— - — +— — +—
e+ - -+ — - +— +— - +—
++ - ++ +— - + +— - e
++ - + +— - + +— +— +
et - -+ e - +— +— - +—
+++ - + - - - - - -
+++ - +++ +— - ++ +— ++ ++
o+ - -+ +— - +— +— - +—
e - +++ - - - - - -
ST - SEE — - +— +— 4+ +—
+++ - +++ - - o - +— o
-+ - +++ - - +++ S o o+
-+ - A+ 4+ - 4+ 4+ 4+ +—
+++ - o+ - - - — - -
- - -+ 4+ - + H— + -
et - +H+ - - +— +H— - -
ot - o+ — - o+ - +— 4+
o+ - -+ - - - - - -
e - +++ - - +— +— - +—
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Table 4 (cont.)

Salmonella Enteritidis
Phage

DMC3 DMC8 DMC22 DMC31 DMC9%4 13075 29
SE-Phage-34 — +— +++ +++ +++ +4— —
SE-Phage-35 - +++ +++ +++ +++ +++ -
SE-Phage-36 - +++ +++ +++ +++ +++ +++
SE-Phage-37 +++ - +++ +++ +++ -+ +4—
SE-Phage-38 - +— +++ +++ +++ -+ +++
SE-Phage-39 +++ - ++ +++ -+ -+ +++
SE-Phage-40 - - - - ++ -+ -+
SE-Phage-41 - +++ +++ +++ ++ +— —
SE-Phage-42 — - +H+ +H+ +++ +++ -
SE-Phage-43 - +— +++ +++ +++ +++ +++
SE-Phage-44 -+ - - - - +++ +++
SE-Phage-45 - - - N ++ + _
SE-Phage-46 - +— +++ +++ +++ +H+ +H+
SE-Phage-47 - +++ +++ +++ +++ +++ +++
SE-Phage-48 - +— +++ +++ +++ +++ +++
SE-Phage-49 - - -+ -+ -+ +4+ +++
SE-Phage-50 - +— +++ +++ +++ +++ +H+
SE-Phage-51 - +++ +++ - 4+ 4+ R
SE-Phage-52 - - -+ -+ +H+ 4+ 4+
SE-Phage-53 - ++ ++— - +— _ _
SE-Phage-54 - +++ +++ +++ +++ +++ +++
SE-Phage-55 - - +++ +++ +++ +++ e
SE-Phage-56 - - +++ ++— +++ +++ +++

+++, 10-2, 104 and 10-¢ diluted phage samples were inhibitor positive; ++—, 10-2, 104 diluted phage samples
were inhibitor positive but 10-¢ dilution sample was inhibitor negative; +—, 10-2 dilution sample was inhibitor
positive, 104 and 10-¢ dilution sample was inhibitor negative; —, 10-2, 10~4 and 10-¢ diluted phage samples were
inhibitor negative

Thompson, Anatum, Telaviv, Montavide, Kentucky and Carvalis, 75.8% of isolated
ST-phages (25 out of 33) or 83.93% of SE-phages (47 out of 56) formed clear plaques
and were capable to lyse at least six or four serovars, respectively. The rest of them
formed turbid plaques, showing lysogeny or low possibility of killing each infected
cell. Wide host range phages against S. Typhimurium or S. Enteritidis with clear
plaques were predominantly isolated from sewage and wastewater from different
sources. Beside Salmonella serovars, 15 out of 33 ST-phages (45.5%) were also
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Table 4 (cont.)

Salmonella Enteritidis Salmonella Typhimurium

411 512 742 SRII Tr90 Wild type 625 AIUB 14028
+++ - +++ - - - - - -
++ - +++ - - +— +— +4+— +—
o+ - o+ +— - +— +— +— -
++ - ++ ++— - +— +— +— +—
o+ - ++ +— - +— +— +— +—
ot - - ++— - +— +— +— +—
ot - - +— - - - +— +—
+— - +— - - - +— +4— +—
+++ - ++ +— - ++ - +— +++
ot - et +— - - +— +— -
ot - R ++— - +— +— +— +—
+++ - +++ - - - - - -
ot - ot +— - +— +— +— +—
+++ - -+ +— - +++ +— +++ ++—
et - b +— - +— +— +— +—
+++ - +++ +— - +— +— +— -
et - bt - - - +— - -
+++ - +++ +— - +— +— +— +—
+— - et - - +4— +— ++— +—
+++ - e - - - - - -
et - R +— - +— +— - +—

infective against E. coli strains including E. coli O157:H7. ST-Phage-6, 3 and 10 had
the broadest host range, with lytic ability against 18 to 17 different bacterial strains
(lysed 50-47% of the strains tested), 8-9 of them from S. Typhimurium, 7-8 from
other S. enterica serovars and 1-2 from E. coli strains. These were followed by
ST-Phage-4, 8 and 9, being infective against 16-15 different bacterial strains. Two S.
Typhimurium strains (TH3923, SL134) were lysed by most of the isolated phages,
possibly due to the lack of prophage in these isolates. ST-Phage-5, 9, 24, 25, 27, 28
and 30 were infective against 3 different strains of E. coli O157:H7 besides
Salmonella serovars.
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As seen in Tables 3 and 4, 80.36% (45 out of 56) and 12.5% (7 out of 56) of
SE-phages were effective against S. Typhimurium and other Salmonella enterica
serovars, respectively, besides their host cell serovars. Only 7.14% of SE-phages
(SE-Phage-2, 10, 22, 32) were infective against E. coli strains. SE-Phage-3 had the
broadest host range, having lytic activity against 15 different bacterial strains (lysed
51.7% of the strains tested), 9 S. Enteritidis, 5 other S. enterica serovars and 1 E. coli
(Tables 3 and 4). This was followed by SE-Phage-1, 14, 16, 37, 44, and 48, being
infective against 14 different bacterial strains. Eight SE-Phages were infective most
S. Enteritidis serovars tested except S. Enteritidis METU S1-512 (Table 4). It was
observed that S. Enteritidis METU S1-512 was not affected by any SE-phages iso-
lated (Table 4). None of the ST- and SE-phages were found to be infective against,
Y. enterocolitica, C. freundii, E. aerogenes and Gram-positive bacteria tested. These
results show that ST-phages have wider host ranges than SE-phages. Neither S.
Typhimurium nor Enteritidis phages were infective against Listeria monocytogenes,
Staphylococcus aureus, Bacillus cereus, Yersinia enterocolitica, Citrobacter freundi,
Enterobacter aerogenes and Enterococcus faecalis.

DISCUSSION

In the present study, lytic and broad spectrum S. Typhimurium or S. Enteritidis spe-
cific bacteriophages were isolated from natural sources, purified and developed for a
phage collection to biocontrol their foodborne pathogenic host cells. Phages are the
most common microorganisms in the world because they are an important part of both
the intestinal and environmental ecosystems [22]. The existence of bacteriophages is
closely interrelated with their natural hosts. Salmonella enterica serovars are natural
inhabitants of the gastrointestinal tract of all animals and abundant in animal feces.
Because Salmonella serovars can be transmitted easily to various waste effluents, sew-
ages and wastewaters are certainly the best sources for anti-Salmonella phage isolation
[14]. The richest sources in terms of phages that were active against S. Typhimurium
or S. Enteritidis strains tested were sewage, slaughterhouse wastewaters, food process-
ing wastewaters, streams and fisheries wastewater. Surprisingly, raw foods (milk,
meat, fruits and vegetables) and troughs were found to be quite poor in terms of anti-
Salmonella phage. S. Typhimurium bacteriophages were detected in only 2 meat sam-
ples, which were lysogenic. Three anti-S. Enteritidis phages were found on chicken
meat samples, but their host spectrum was very narrow, being effective on three dif-
ferent S. Enteritidis strains. The phage infecting S. Typhimurium MA1LT2/pNK972,
MAS53 T-POP and SL134 or S. Enteritidis METU S1512 was not detected. These
results show how important the number of strains or serovars to be used in the bacte-
riophage screening is. Similar to our results, several studies have reported that sew-
ages or wastewaters are very rich sources of phages infecting Salmonella serovars [2,
8, 21, 22, 25]. Another rich source is reported to be animal feces [2, 4, 13, 23]. In the
present study, it was found that the richest resources in terms of S. Typhimurium or
Enteritidis phages are sewage, food processing and animal wastewater.
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For isolation of bacteriophage, enrichment method is better than direct method
especially if the phage number is low. Similar results were reported by Akhtar et al.
[2] and McLaughlin et al. [18].

Host specificity being restricted to particular strains within a single bacterial spe-
cies is a common property of bacteriophages, but it is a limiting factor for food indus-
try to control foodborne pathogens or spoilage bacteria and therapeutic treatment of
bacterial infections in medicine [5]. In this study, the isolated anti-S. Typhimurium or
S. Enteritidis phages showed wide host ranges and were able to lyse 3 to 18 or 2 to
15 of 36 strains tested, respectively. Moreover, even though ST-phages were isolated
using S. Typhimurium strains, some of them were also able to infect and lyse other
S. enterica serovars including S. Enterititis and E. coli O157:H7 which are significant
pathogenic bacteria in the food industry. The isolated most SE-phages were also
effective against S. Typhimurium besides their host cell serovars.

Similar to our results, some known Salmonella bacteriophages have wide host
ranges such as SSP5 and SSP6 bacteriophages [15], PSPu-95 and PSPu-4-116 [3] and
Felix 01 [16]. O’Flynn et al. [20] also reported that phages st104a and st104b had a
broad host range within the S. enferica species including Typhimurium, Enteritidis,
Newport and Derby.

Bao et al. [4] stated that anti-S. Enteritidis phages PA13076 and PC2184 isolated
from chicken sewages both had wide host ranges and phage PA13076 had a lytic
effect on 222 of the 311 epidemic Salmonella isolates (71.4%), whereas PC2184
showed a lytic effect on 298 isolates (95.8%).

It has also been demonstrated by a number researchers that phages isolated from
sewage or waste water have wide infective spectra and do not have high serovar
specificity [2, 8]. Santos et al. [24] informed that PVP-SE1, a lytic S. Enteritidis
phage, isolated from wastewater plant infects a wide variety of Sa/monella serotypes
isolated from different sources (food, environmental and clinical) and E. coli. On the
other hand, Carey-Smith et al. [8] reported that FGCSSal phage only infect six of
eight Salmonella hosts but did not infect the E. coli tested.

In conclusion, the wide host ranges of the isolated anti-S. Typhimurium and
Enteritidis phages can allow the successful application to prevent the contamination
of S. Typhimurium and S. Enteritidis in food. Furthermore, they can be used as a pos-
sible alternative to chemical antimicrobials in food industry and to antibiotics for the
reduction of S. Typhimurium or S. Enteritidis infections in animal breeding, espe-
cially poultry breeding. Further research will be conducted to identify these anti-
Salmonella phages using morphological, physical, biochemical and molecular tech-
niques, and to determine their suitability for use in the food industry as biocontrol
agents and therapy agents in animal infection.
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