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Abstract

Salmonella is a zoonotic pathogen with globally distributed serovars as well as serovars

predominantly found in certain regions; for example, serovar Weltevreden is rarely isolated in the

U.S., but is common in Thailand. Relative to our understanding of Salmonella diversity, our

understanding of the global diversity of Salmonella phages is limited. We hypothesized that the

serovar diversity in a given environment and farming system will affect the Salmonella phage

diversity associated with animal hosts. We thus isolated and characterized Salmonella phages from

15 small-scale dairy farms in Thailand and compared the host ranges of the 62 Salmonella phage

isolates obtained with host range diversity for 129 phage isolates obtained from dairy farms in the

U.S. The 62 phage isolates from Thailand represented genome sizes ranging from 40 to 200 kb

and showed lysis of 6 to 25 of the 26 host strains tested (mean number of strain lysed = 19). By

comparison, phage isolates previously obtained in a survey of 15 U.S. dairy farms showed a

narrow host range (lysis of 1 to 17; mean number of strains lysed = 4); principal coordinate

analysis also confirmed U.S. and Thai phages had distinct host lysis profiles. Our data indicate

that dairy farms that differ in management practices and are located on different continents can

yield phage isolates that differ in their host ranges, providing an avenue for isolation of phages

with desirable host range characteristics for commercial applications. Farming systems

characterized by coexistence of different animals may facilitate presence of Salmonella phages

with wide host ranges.
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1. Introduction

Salmonella is a common zoonotic pathogen that contaminates animals and animal-derived

food-products. In Thailand, food animals are recognized sources of non-typhoidal

Salmonella (Hendriksen et al., 2009). For example, Salmonella is commonly isolated from

poultry, swine and cattle, which are important farming commodities in Thailand (Padungtod

and Kaneene, 2006). One study in Thailand found three percent of Salmonella prevalence in

dairy cattle (Padungtod and Kaneene, 2006). Another study reported 27 different serovars

detected in clinically healthy dairy cattle (Chuanchuen et al., 2010). In the United States,

dairy cattle have been typically reported as reservoir of Salmonella serovars (Cummings et

al., 2010).

The Salmonella genus has >2,600 serovars (Guibourdenche et al. 2010). While some

serovars (e.g., Typhimurium, Enteritidis) are globally distributed (Galanis et al., 2006); other

serovars are regionally distributed. Importantly, some of the most common serovars in

Thailand are different from the most common serovars in the U.S. Salmonella serovars

Enteritidis, Typhimurium, Newport, Javiana, and 4,5,12:i:- are the five most common

Salmonella serovars in the U.S. (CDC, 2011), whereas serovars Weltevreden, Enteritidis,

Stanley, Corvallis, and Rissen are the most common Salmonella serovars in Thailand

(Padungtod and Kaneene, 2006). Conversely to the knowledge of the global distribution of

Salmonella serovars; the knowledge of the distribution of bacteriophages infecting the genus

Salmonella is quite limited.

Salmonella phages have been isolated from different environments, including dairy farms,

swine lagoons, poultry facilities, and sewage (McLaughlin et al. 2008; Andreatti Filho et al.

2007). In addition, with the advances in sequencing technologies, a number of Salmonella

phages, from different geographical origins, have been fully sequenced (Moreno Switt et al.

2013b). Genomic characterizations have shown that some closely related phages are

globally distributed; as phages that represent the same genus have been isolated from

different continents (Moreno Switt et al. 2013b). Salmonella phages with different spectra of

host range have been previously reported; for example, phage FelixO1 has a wide host range

(Whichard et al., 2010) and FSL SP-031 has a narrow host range (Moreno Switt et al.,

2013b). Among the factors that could drive phage host range is the density of suitable hosts

(Guyader and Burch, 2008). While high host density appears to facilitate phage

specialization; low host density, on the other hand, appears to facilitate generalist phages

with wide host range (Guyader and Burch, 2008).

The aim of this study was to improve our understanding on the global Salmonella phage

diversity; here we investigated the host range diversity on Salmonella phages, using as

model dairy farms in two countries that have different farming practices; the U.S. and

Thailand. Host ranges of the recently reported U.S. phages were compared with host range

of newly isolated phages from Thai farms in this study.
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2. Materials and Methods

2.1. Sample collection

Fifteen small-scale dairy farms in the Sai Yok district, Kanchanaburi province in Thailand

were visited from February to December, 2010. In each farm, one freshly secreted fecal

sample from the farm floor was collected and maintained on ice until processed in the

laboratory. All the 15 farms sampled had small number (10 to 120 cows/farm) of Holstein

Friesian cattle. The cows were fed with corns, beans, and molasses sugar and they obtained

their roughage from hay and Napier grass. All farms were free-range, other free-range

animals (e.g., hens and ducks) and penned animals (e.g., pigs and horses) were also present

in some of the dairy farms sampled.

2.2. Salmonella isolation

Fecal sample (10 g) was mixed with 90 ml of buffered peptone water (BPW) (Becton,

Dickinson, Sparks, MD). After 24 h at 35°C, 0.1 ml and 1 ml aliquots of the primary

enrichment were transferred to 10 ml of Rappaport-Vassiliadis (RV) broth and 10 ml of

tetrathionate (TT) broth, respectively. After incubation at 42°C for 24 h, loopful aliquots (10

μl) from RV and TT broths were streaked onto xylose lysine desoxycholate (XLD) agar.

Plates were incubated at 35°C for 24 h. On XLD plate, typical Salmonella colonies appear

pink with or without black centers. Selected pink colonies were subcultured and further used

in PCR confirmation with Salmonella-specific primers targeting invA gene (Rahn et al.,

1992).

2.3. Salmonella phage isolation, purification and propagation

Bacteriophage isolation, purification and propagation for samples collected on Thai farms

were conducted as previously described (Moreno Switt et al., 2013a). Briefly, phage isolates

were obtained using a direct isolation approach along with isolation after enrichment. Five

Salmonella strains were selected as hosts for phage isolation (Table 1); representing serovars

commonly reported in Thailand (i.e., Dublin, Typhimurium, Enteritidis, Newport and

Weltevreden) (Hendriksen et al., 2009; Padungtod and Kaneene, 2006).

2.4. Genome size characterization

Genome size was characterized for 25 Thai phage isolates, which were selected to represent

at least one phage isolate per farm. In farms where more than one phage isolate was

characterized, phages representing different lysis profiles (LP) were selected (Suppl. Table

1). Nucleic acids were isolated using phenol-chloroform, dissolved in TE buffer (10 mM

Tris, 1mM EDTA; pH8.0), and quantified (OD260 values) as previously described (Moreno

Switt et al. 2013a). Pulsed-Field Gel Electrophoresis (PFGE) was used to determine the

genome size of these phage isolates using the procedure described by Moreno Switt et al.,

2013a.

2.5. Host range determination

Host range for each Thai phage isolate was determined with the same bacterial host panel,

procedure, and data analysis as previously used to characterize the host range of Salmonella
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phages isolated in the U.S. (Moreno Switt et al., 2013a). The host panel includes 25 strains

of Salmonella (representing 23 serovars) and one strain of E. coli (Table 1).

2.6. Comparison of host ranges between Salmonella phages isolated in Thailand and
phages isolated in the U.S

We conducted a comparison of the host range profiles obtained from the Thai phages

isolated in this study and from the previously characterized U.S. phages using the same

panel of hosts (Moreno Switt et al., 2013a). To evaluate if host ranges can distinguish 62

Salmonella phages isolated in this study and 129 Salmonella phages isolated in the U.S.

(108 of these phage isolates were previously reported, see Moreno Switt et al., 2013a), we

conducted a Principal Coordinates Analysis (PCoA). Briefly, a distance matrix was

calculated among host range phenotypes using the vegdist function with the Canberra

method for presence of double-zeros correction in semi-quantitative data in the R package

vegan. The resulting distance matrix was subjected to PCoA in the dudi.pco function of the

R package ade4 (Gower 1966; Ramette 2007). The first 10 principal coordinate axes,

explaining a sum of 72% of the total variation, were retained. The first versus the second

sources of variation were plotted. Analysis of distance (ANODIS) was performed to test for

significant variation between U.S. and Thai phages using an ANODIS model consisting of a

single fixed effect for geographic source (McArdle and Anderson, 2001). Significance of the

ANODIS model fit was evaluated by 999 Monte Carlo permutations of the objects in the

Canberra distance matrix among geographic source levels.

3. Results

3.1. Salmonella phages were obtained from samples collected on 10 of the 15 Thai dairy
farms included in this study

A total of 62 phage isolates were obtained from one sample collected from ten of the 15

visited farms (Table 2). All phage isolates were obtained from the enriched filtrate (using a

Salmonella cocktail, see Table 1). The majority of the phage isolates were obtained on the

host strain representing serovar Weltevreden (34%), followed by the strains representing

serovars Newport (23%), Enteritidis (21%), Typhimurium (13%), and Dublin (10%) (see

Table 2). Six out of 15 samples (i.e., from farms 1, 5, 9, 11, 12, and 13) were positive for

Salmonella; these six samples yielded a total of 13 Salmonella isolates. Interestingly, while

the six farms that were positive for Salmonella isolation were also positive for phage

isolation (74.2% of the phage isolates were obtained from these six farms); phages were

only obtained from samples collected on four of the nine farms negative for Salmonella

(Table 2). Farms that were positive for Salmonella were significantly more likely to also

yield Salmonella phages (p < 0.05). Further validation using a larger sample size is

necessary though.

Genome size characterization of 25 phage isolates, representing at least one phage per farm,

showed considerable diversity. Twelve phage isolates showed estimated genome sizes

ranging from 40 to 200 kb (Suppl. Table 1). Six of these phage genomes showed two bands,

one of approx. 55 kb and one of approx. 60 kb, similar pattern (two bands that are approx. 5

kb different) was also recently described for listeriaphage genomes using PFGE
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(Vongkamjan et al., 2012), further sequencing of listeriaphages that showed two bands on

PFGE showed single phages with terminal redundant genomes (personal communication).

3.2. Thai phage isolates were found to have wide host ranges including those that lysed all
25 Salmonella strains used in the host range panel

Host range characterization of all 62 phage isolates obtained from dairy farms in Thailand

was performed with 25 Salmonella strains (representing 23 serovars) and one E. coli strain,

the same host range panel was previously used to characterize 108 phage isolates obtained

from dairy farms in the U.S. (Moreno Switt et al., 2013a). The 62 Thai phage isolates lysed

between 6 and 25 of the Salmonella host strains; the E. coli strain was only lysed by 11

phages (18%, see Table 1 and Fig. 1). Five highly susceptible host strains representing

Salmonella serovars Newport, Typhimurium, Saintpaul, Weltevreden, and Panama were

lysed by > 90% of the Thai phage isolates (Table 1). Conversely, less susceptible strains

representing serovars Agona, Mbandaka, and Infantis were only lysed by <50% of the phage

isolates. According to the host strains that a given phage lysed, phage isolates were

classified into 53 Lysis Profiles (LPs) (Suppl. Table 2). Whereas wide variability in LPs was

observed, a number of these LPs differ by only one or two strains, for example, phage

isolates with LP1 lysed 18 strains and phage isolates with LP3 lysed the same 18 strains,

plus the strain representing S. Cerro (Fig. 1). Nine LPs were found in more than one phage,

four of these LPs (i.e., LP20, LP26, LP27, and LP42) were found in phage isolates obtained

from different farms (Fig. 1). The three phage isolates that were classified as LP20, were

obtained from two farms (Farms 1 and 5), and represented phages that lysed all Salmonella

strains tested. Interestingly, the two farms where phage isolates with LP20 were isolated

were positive for Salmonella isolation (Table 2).

Phage isolates were also classified into (i) narrow (previously defined as lysis of < 4 host

strains (Moreno Switt et al., 2013a)); (ii) wide (defined as lysis between 4 and 19 host

strains); and (iii) very wide host range (defined here as lysis of > 20 host strains) (Fig. 2);

cut-offs for the host ranges were arbitrary. Using these criteria, the 62 Thai phage isolates

were classified as (i) wide host range (36 phage isolates) and (ii) very wide host range (26

phage isolates) (Fig. 2). Cluster analysis based on host range revealed two clusters (Fig. 1);

one of these clusters (cluster A) contains 10 wide host range phage isolates, all obtained

from Farm 9, which showed lysis on several Salmonella serovars and on the E. coli strain.

Cluster B contains phage isolates with wide and very wide host range; in addition, in cluster

B are the three phage isolates with LP20 (i.e., SPT-010, SPT-015, and SPT-025), which

lysed all 25 Salmonella strains (Fig. 1). Phage isolate SPT-010 from Farm 1 with LP20

showed a genome size of 200 kb.

3.3.Comparison of host range profiles characterized on 23 Salmonella serovars
distinguished Thai and U.S. phages

Comparison of the host range profiles, using the same panel of 26 strains, of (i) 129

Salmonella phage isolates obtained from dairy farms in the U.S. (Moreno Switt et al.,

2013a) and (ii) 62 phage isolates of this study reveals major differences in the host range

phenotypes. While phages in the U.S. were mostly characterized as narrow host range

phages (51.1% of phages lysed between 1-4 strains), Thai phages showed, as described
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above, wide and very wide host ranges (61.3% of phages lysed between 19 and 25 strains)

(Fig. 2). Strains representing Salmonella serovars Newport and Typhimurium were

susceptible to Thai (e.g., 90% of the phage isolates lysed strain FSL S5-548) and U.S.

phages (e.g., 52% of phage isolates lysed strain FSL S5-548) (Table 1). However,

susceptibility of the 23 Salmonella serovars tested showed important differences; for

example, S. Weltevreden was lysed by 92% of Thai phages and only by 6 % of U.S. phages

(Table 1). Cluster analysis of the host range phenotypes of U.S. and Thai phages showed

two clusters, A and B. Cluster A contains cluster A1, representing a cluster of U.S. phages,

and cluster A2, representing a cluster of Thai phages. Cluster B represents the other Thai

phage cluster (Suppl. Fig. 2). Exceptions were five U.S. phage isolates (i.e., two in cluster

A2 and three in cluster B) that clustered with Thai phages and one Thai phage isolate

(SPT-006) clustered with U.S. phages. Whereas all five U.S. phages that clustered with Thai

phages were classified to have a wide host range (infected >14 hosts), the Thai phage that

clustered with U.S. phages is the phage that, among Thai phages, showed the narrower host

range (only lysed 6 hosts) (Suppl. Table 2).

Noncanonical principal coordinates analysis (PCoA) was applied to determine whether U.S.

and Thai phages could be distinguished by their host ranges. PCoA demonstrated that the

largest source of variation in host ranges distinguished U.S. and Thai phages (first principal

coordinate axis [PCoA1: 6.8%]) (Fig. 3). The second principal coordinate axis partially

explained the host ranges within the U.S. [PCoA2: 4.6%]), which exhibited greater variation

than their Thai counterparts. ANODIS analysis confirmed the existence of a significant

difference between the U.S. and Thai phage host ranges (R2=0.118, p < 0.001). Importantly,

the variation of host ranges within U.S. phage isolates was much greater than the variation

observed in Thai phage isolates.

4. Discussion

4.1. Salmonella phages from Thai dairy farm show considerably wider host ranges than
phage isolates from U.S. dairy farms

The characterized host ranges of Salmonella phage isolates obtained from two different

countries showed considerable differences. While most of the Thai phage isolates showed

wide and very wide host range (mean number of strain lysed = 19); most of the U.S. phage

isolates showed narrow host range (mean number of strain lysed = 4). Here we found three

Thai phages that lysed all 25 Salmonella strains tested representing 23 serovars. Previously,

wide host range Salmonella phages have been well characterized (e.g., phages FelixO1 and

PVP-SE1 (Santos et al., 2011; Whichard et al., 2010)). FelixO1 is described as one of the

phages with the widest host range, when > 600 strains were tested, FelixO1 lysed > 98% of

the strains (Welkos et al., 1974). PVP-SE1 was isolated from wastewater plants in Europe;

this phage was found to lyse multiple Salmonella serovars (Santos et al., 2011). Salmonella

phages with narrow host range have been reported as well, including phages specific to a

single serovar (e.g., phage FSL SP-031 only lyses S. Cerro (Moreno Switt et al., 2013b)).

One of the factors that drive the phage host range is the abundance of a suitable host, it has

been reported that phages isolated from environments with high host density tend to have a

narrow host range, or are specific to the host that is in abundance (Guyader and Burch,
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2008). Concordant with these findings, a previous per-farm analysis on the host range

characterization of U.S. phages showed that phages specialized to lyse a single serovar were

isolated from farms where that given serovar was in high prevalence (10-50%) (Moreno

Switt et al., 2013a). The most crucial differences between the dairy farms in these two

countries are the farming practices. While in Thailand the farms were all small-scale and

free-range farms (15 cows/farm on average), in the U.S. the sampled farms were all

intensive and confined farm systems (1,323 cows per farm on average). In addition, free-

range hens were typically found in the dairy farms in Thailand (Koonawootrittriron, 2010).

We thus hypothesize here that agricultural practices may have a role in the diversity of

Salmonella phages in Thailand and the U.S. Whereas confined-intensive farms may

facilitate high density of a single serovar, which have been reported for dairy farms in New

York (Cummings et al. 2010); free-range cows and presence of other animals, may facilitate

low density of Salmonella, and co-presence of Salmonella serovars associated with different

animal hosts (e.g., S. Enteritidis is associated with poultry) (Gantois et al. 2009).

Consequently, high density of a single serovar might drive toward phages with narrow host

range; on the contrary, low density of multiple serovars might drive toward phages with

wide host range. Our hypothesis could be further tested by phage isolation and host range

characterization from multispecies/free-range and single species/confined farms.

Dairy farm environments are rich in phage abundance and diversity, as previously described

for U.S. phages and also found in this study for Thai phages (Moreno Switt et al., 2013a).

Phage isolation using samples from different continents, representing different production

systems, can further enhance the ability to isolate phages with desired host ranges. These

phages could further be used as biocontrol agents and in diagnostic applications.

4.2. Trade of agricultural products from different production systems and/or continents
may contribute to dispersal of different phages

In this study we found that U.S. and Thai phages showed different phenotypic

characteristics. International trade of food and agricultural products could facilitate the

dispersal of different phage populations. Dissemination of Salmonella through the

international food trade have been documented and it is a concern for food safety authorities

in the U.S. (Buzby, 2003). International dissemination of Salmonella phages have not been

reported, despite the well-known fact that phages play important roles in the evolution of

foodborne zoonotic pathogens, by horizontal gene transfer and lysogenic conversion

(Brüssow et al.,2004; Casjens, 2003). Dispersal of distinct phages could facilitate horizontal

gene transfer across a wide range of Salmonella serovars. If wide host range phage isolates

characterized in this study are transducers, further experimental validations are needed to

identify undesirable traits in transduced Salmonella strains.

To determine if U.S. and Thai phages are in fact different phages (e.g., different genera),

genomic characterizations are necessary. Current data show that whereas some phages

appear to be widely distributed through the globe (PhageDB.org); other phages appear to

have a limited distribution (Held and Whitaker, 2009). Importantly, if the differences in the

phenotypes between U.S. and Thai phages correspond with genomic differences, distinct
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phages in different geographical regions could be used to track sources, particularly in the

case of outbreaks associated with food imported from multiple locations.

5. Conclusion

An improved understanding of Salmonella phage diversity will likely provide a better

insight into the roles of phages in Salmonella ecology and diversity. This study provides

initial insights that distinct dairy farm managements could drive toward narrow or wide host

range phage populations. While the presence of wide host range phages could facilitate

horizontal gene transfer; these wide host range phages, isolated here, can also be used for

biocontrol and for diagnostic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Host ranges of Salmonella phages isolated from dairy farms in Thailand and in

the US were compared.

• In comparison to US phage isolates, Thai phages showed much wider host

ranges.

• Different farm management practices and locations could yield phages with

different host ranges.
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Figure 1. Heat map representation of lysis profiles of the 62 Thai phage isolates tested on 26 host
strains
The right vertical axis lists the host strains and the horizontal axis is labeled with the phage

isolates and the lysis profiles (LP) found in more than one phage. Lysis is represented as

light gray; no lysis is represented as dark gray. At the top of the figure is the clustering

performed with the Ward's method of binary distance; two clusters of Thai phages were

identified and labeled as “A” and “B”.
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Figure 2. Host ranges of Thai and U.S. phage isolates
Percentage of phage isolates is labeled on the y-axis and number of host strains being lysed

is on the x-axis. In black are the Thai phage isolates and in gray are the U.S. phage isolates.

Phage isolates were arbitrarily classified as having narrow (lysed from 1-4 host strains),

wide (lysed from 5-19 host strains) and very wide host range (lysed from 20-25 host strains).
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Figure 3. Principal Coordinates Analysis (PcoA) of the host range phenotypes
In gray are the U.S. phage isolates, in black are the Thai phage isolates. X-axis is the first

source of variation that distinguished U.S. and Thai phages and Y-axis is the second source

of variation that shows the diversity within U.S phage isolates. The two components

explained 6.8% and 4.6% of the variance, respectively. Four Thai phage isolates exhibited

host ranges similar to those observed in the U.S. phage isolates and five U.S. phage isolates

exhibited host ranges similar to those observed in the Thai phage isolates.
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Table 1
Salmonella strains used for phage isolation and host range characterization

Strain FSL Serovar % (no.) of Thai phages that infect each strain2 % (no.) of U.S. phages that infect each strain3

S5-368 Dublin1 57 (35) 36 (46)

S5-370 Typhimurium1 87 (54) 26 (34)

S5-371 Enteritidis1 77 (45) 16 (21)

S5-548 Newport1 90 (56) 52 (67)

R8-798 Weltevreden1 92 (57) 6 (8)

A4-525 Anatum 73 (45) 11 (14)

A4-737 Typhimurium 95 (59) 36 (46)

R8-242 Cerro 77 (48) 37 (48)

S5-431 Kentucky 58 (36) 19 (24)

A4-793 Mbandaka 45 (28) 18 (23)

R8-092 Corvalis 84 (52) 10 (13)

R8-376 Oranienburg 53 (33) 13 (17)

S5-369 Saintpaul 94 (58) 20 (26)

S5-373 Braenderup 82 (51) 3 (4)

S5-390 4,5,12:i:- 71 (44) 38 (49)

S5-406 Javiana 79 (49) 21 (27)

S5-454 Panama 90 (56) 15 (19)

S5-455 Heidelberg 53 (33) 15 (19)

S5-464 Stanley 84 (52) 16 (21)

S5-474 Montevideo 52 (32) 16 (20)

S5-506 Infantis 50 (31) 17 (22)

S5-515 Newport 97 (60) 44 (57)

S5-917 Muenster 77 (48) 5 (6)

S5-961 Virchow 81 (50) 6 (8)

A1-125 E. coli 18 (11) 18 (23)

1
Strain used for phage isolation in Thailand; for isolation after enrichment, a cocktail of all five isolates mixed in equal ratios was used.

2
Data represent a total of 62 phage isolates from Thailand.

3
Data represent a total of 129 phage isolates from the U.S.; host range for 108 of these 129 phage isolates were previously reported by Moreno

Switt et al., 2013a.
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