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Antimicrobial efficacy of recently approved lytic bacteriophage preparation 

Salmofresh™ against Salmonella was evaluated on chicken breast fillets as dip and 

surface application, which reduced Salmonella by 0.7-0.9 log CFU/g and 0.8-1 log 

CFU/g, respectively. Surface application of Salmofresh™ on Salmonella inoculated 

chicken breast followed by storage under modified atmosphere packaging (95% CO2/ 5% 

O2) reduced Salmonella by 1.2 log CFU/g. The combined application of Salmofresh™ 

with cetylpyridinium chloride (CPC) and lauric arginate (LAE) reduced Salmonella on 

chicken breast fillets by 1.2-1.4 log CFU/g and 0.9-1 log CFU/g, respectively. The 

sequential application of chemical antimicrobial (CPC, LAE, chlorine and peracetic acid) 

and Salmofresh™ in reducing Salmonella was tested in a chicken skin model. Dip 

treatment in peracetic acid (400ppm) followed by surface application of phage revealed 

the highest reduction of Salmonella up to 2.5 log CFU/cm2 on chicken skin. 
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CHAPTER I 

INTRODUCTION 

Non-typhoidal Salmonella is the leading cause of bacterial foodborne illnesses in 

the United States which accounts for 11% of illnesses, 35% of hospitalizations and 28% 

of deaths associated with foodborne diseases (Scallan et al., 2011). The incidence of 

Salmonella foodborne infection was 15.19 per 100,000 people which was lower than 

2010-12 data but remains well above the national healthy people objective of 11.4 cases 

per 100,000 people (CDC, 2014b). Salmonellae are gram negative, non-spore forming, 

facultative anaerobes belonging to the family Enterobacteriaceae. The major symptoms 

of foodborne salmonellosis are diarrhea, fever and abdominal cramps, which usually 

develop 12 to 72 hours post infection (CDC, 2014a). Salmonella is widely present in 

nature and causes human infections through consumption of contaminated food. The 

gastrointestinal tract of animals including poultry acts as a major reservoir of Salmonella 

(Antunes et al., 2003) and the prevalence of Salmonella in poultry and poultry products is 

a major factor leading to human illnesses (Bryan and Doyle, 1995). Intensive rearing of 

poultry at the farms leads to intestinal colonization of the birds with Salmonella. Major 

sources of Salmonella in poultry farming include contaminated feed, litter material and 

feces of birds (Bryan and Doyle, 1995). Feathers and skin of birds with fecal matter can 

act as a major source of Salmonella contamination in the poultry processing plants 

(Molina, 2007). In addition, several processing operations such as scalding, picking, crop 
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removal and evisceration in the commercial processing plants can lead to the cross 

contamination of poultry carcasses with Salmonella. The release of fecal material through 

cloaca after picking can result in the cross contamination of carcasses (Berrang et al., 

2001). Immersion chilling of broiler carcasses is another important source of cross 

contamination of poultry carcasses with Salmonella (Molina, 2007). Temperature abused 

storage of poultry meat is also one of the important cause of foodborne salmonellosis 

(Juneja et al., 2007). 

The U.S. Department of Agriculture, Food Safety and Inspection Service (USDA-

FSIS) established a Pathogen Reduction: Hazard Analysis and Critical Control Point (PR-

HACCP) system final rule in 1996 for the control of Salmonella on poultry products 

(USDA-FSIS, 1996). As a result, the prevalence of Salmonella on chicken carcasses 

decreased from 20% in 1996, to 3.9% in 2013. The USDA proposed new performance 

standards in 2015 for intensifying the Salmonella control in poultry products. According 

to the new standards, maximum acceptable percentage of Salmonella positive samples is 

15.4% for raw chicken parts (majority of the poultry is sold as cut up parts), 25% for 

ground chicken and 13.5% for ground turkey (USDA-FSIS, 2015). 

In order to meet these standards, the poultry industry is using various 

interventions during the processing operations which include antimicrobial sprays and 

rinses before and after picking, evisceration and chilling, on line reprocessing of 

carcasses with visible fecal contamination and chiller interventions using antimicrobials 

in chiller water (Stopforth et al., 2007). Post chill dip treatment of chicken carcasses and 

cut up parts in antimicrobials is an emerging method for the reduction of Salmonella and 

other pathogenic microbes (Nagel et al., 2013). The most commonly employed 
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antimicrobial agents during poultry processing in the U.S are chlorine, peracetic acid, 

acidified sodium chlorite, cetylpyridinium chloride and organic acids (Loretz et al., 

2010). The efficacy of chlorine and chlorine based compounds in reducing Salmonella on 

poultry meat has been demonstrated by various studies (Berrang et al., 2011; Fabrizio et 

al., 2002; Li et al., 1994). Peracetic acid (PAA) is a potent antimicrobial agent widely 

used during the poultry processing and the maximum allowed level is 2000 ppm (USDA-

FSIS, 2014b). Efficacy of PAA in reducing Salmonella on cut up chicken parts has been 

demonstrated by previous studies (Nagel et al., 2013; Bauermeister et al., 2008). 

Cetylpyridinium chloride (CPC) is a quaternary ammonium compound commonly 

employed during poultry processing which can reduce Salmonella up to 2.5 log CFU/g on 

raw chicken meat when applied at a concentration up to 0.5% (Kim and Slavik, 1996; 

Xiong et al., 1998). 

In addition to these measures, USDA-FSIS has approved the use of 

bacteriophages targeting Salmonella as safe and suitable ingredients during poultry 

processing. Lytic bacteriophages are viruses, which specifically attach and invade target 

bacterial cells and lyse the bacteria (Garcia et al., 2008). Bacteriophages or phages are 

highly target specific and do not attack natural intestinal microbes or human cells (Garcia 

et al., 2008). In the past few years various commercial phage preparations like 

Ecoshield™ (against Escherichia. coli O157:H7), Listshield™ (against Listeria 

monocytogenes) and Listex™P100 (against Listeria monocytogenes) have been approved 

by the USDA-FSIS and FDA as antimicrobials during the processing of meat, poultry 

products and other food commodities (Mahony et al., 2011). The efficacy of pre-harvest 

and post-harvest application of various Salmonella lytic phages such as Felix O1 and P22 
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in reducing Salmonella on poultry products as well as food contact surfaces such as 

stainless steel and in reducing intestinal colonization of Salmonella in poultry has been 

studied by researchers (Goode et al., 2003; Higgins et al., 2005; Fiorentin et al., 2005; 

Whichard et al., 2003; Woolston et al., 2013; Zino et al., 2014). Salmofresh™ is a 

commercial phage preparation that contains 6 lytic monophages (1010 PFU/ml) covering 

a wide range of Salmonella serotypes. This phage preparation has been approved by FDA 

for ‘generally recognized as safe (GRAS)’ title. The maximum permissible limit for 

Salmofresh™ application is 106-107 PFU/g of the finished product for raw poultry. The 

efficacy of Salmofresh™ against Salmonella on poultry products has not been studied 

thoroughly. 

The objectives of the current research was to (1) determine the efficacy of 

Salmofresh™ in reducing Salmonella on chicken breast fillets when applied as a dip 

treatment and surface treatment and (2) determine the efficacy of phage preparation in 

combination and as sequential application with commonly used chemical antimicrobials 

in reducing Salmonella on chicken meat and skin. 
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CHAPTER II 

REVIEW OF LITERATURE 

Poultry industry in the United States 

Broiler industry in the United States is one of the most successful agricultural 

industries established in the last century. Beginning from the conventional small 

household backyard flocks in the early 1900’s, now the industry has advanced to highly 

specialized firms functioning through vertically integrated system. One of the turning 

points in the progression of broiler industry was the development of vertically integrated 

system which occurred during the 1950’s and 60’s.  In this system, a single company 

controls the majority of the processes involved in live production and processing, which 

helped the integrator acquire economic stability (USDA, 2009). 

Currently, the United States is the leading broiler producing country in the world 

and the second largest exporter of poultry meat with 18% of total poultry production 

being exported (USDA, 2014a). At present, the U.S accounts for 33% of global broiler 

export (Christopher et al., 2013). The total broiler production in the United States reached 

the peak of 49.8 billion pounds live weight in 2008 (MacDonald, 2014). In 2013, the total 

broiler production reached a ready-to-cook weight of 37.4 billion pounds and for 2014 

forecast is 38 billion pounds indicating a 1.6% growth in production (NCC, 2014). 

Overall the value of broiler production in 2013 was 30.7 billion U.S Dollars (USDA, 

2014a). In the United States the per-capita consumption of poultry meat has increased 
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from 41.2 pounds in 1965 to 100.3 pounds in 2014 and the figure is expected to increase 

up to 102.3 pounds by 2015 (NCC, 2014). 

Even though the broiler industry is advancing in full pace, foodborne human 

illnesses caused by Salmonella continues to be a severe problem. Poultry meat is one of 

the most common sources of foodborne salmonellosis (Mead et al., 2010). Meat and 

poultry accounts for 22% of foodborne illnesses and 29% deaths associated with 

foodborne diseases (CDC, 2013). 

Salmonellosis 

Typhoidal Salmonella such as S. Typhi and S. Paratyphi are human pathogens 

causing enteric fever (also termed as Typhoid or Paratyphoid fever depending on 

serovar), which is a global issue creating more than 200,000 deaths annually (Buckle et 

al., 2012). Non-typhoidal Salmonella spp. causes a global disease burden of 98 million 

illnesses and 155,000 deaths annually. The majority of deaths are reported in developing 

nations (Majowicz et al., 2010). The main sources of non-typhoidal Salmonella infection 

are foods such as poultry, meat, eggs, dairy products, fruits and vegetables and contact 

with pets, rodents and reptiles (Acheson and Hohmann, 2001; Berger et al., 2010). 

Typically, the incubation period for typhoidal and non-typhoidal Salmonella 

infections are 14 days (Olsen et al., 2003) and 12-72 hours (Finstad et al., 2012), 

respectively. Irrespective of the type, both typhoidal and non-typhoidal Salmonella 

initially attache to the small intestine and invade the epithelium (Liu et al., 1988). 

Typhoidal serovars provoke both the humoral and cell mediated immune system of 

humans (Sztein, 2007). Salmonella Typhi infected patients show a high level of CD4 and 

CD8 cell response during typhoid fever with increased levels of IFN-γ (Sheikh et al., 
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2011). Unlike typhoidal Salmonella, non-typhoidal serovars induce a severe 

inflammation of intestinal mucosa during initial invasion characterized by massive 

neutrophil infiltration (Chanh et al., 2004). The invasion of Salmonella into enterocytes 

and mucosal cells causes the extrusion of infected epithelial cells into the gut lumen 

followed by villus blunting and depletion of absorptive surfaces, which coupled with the 

polymorphonuclear leukocyte (PMN) infiltration into infected mucosa  leads to watery 

diarrhea (Wallis and Galyov, 2000). 

The major virulence factors responsible for Salmonella enterica pathogenesis are 

flagella, Type III secretion system (T3ss), lipopolysaccharides and Salmonella 

pathogenicity islands (SPI). SPI contains a cluster of genes responsible for Salmonella 

virulence mechanisms (Ibarra and Steele‐Mortimer, 2009). Even though 23 SPI have 

been described, the functions of all the encoded genes are still unknown (Sabbagh et al., 

2010). The SPI encode effector proteins that are translocated directly into host cells 

across the plasma membrane T3SS-1 and T3SS-2. Type 3 Secretion system-1 is an 

important virulence factor associated with the intestinal penetration of Salmonella 

Typhimurium (Galan et al., 1989). The major function of T3SS-1 is the translocation of 

effector proteins into the cytoplasm of host cell (Galan, 1999).  In the case of typhoidal 

Salmonella after crossing the intestinal mucosa, bacteria invade the underlying lymphoid 

tissues and enter the mononuclear phagocytes and produce a systemic infection when the 

pathogen spreads to the mesenteric lymph nodes, liver, spleen, bone marrow and gall 

bladder (Gal-Mor et al., 2014). Secondary infection of the small intestine can occur via 

the entero-hepatic cycle (House et al., 2001). Salmonella Typhi forms biofilms in gall 

stones which assists the chronic carriage and shedding of the pathogen (Hurley et al., 
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2014). Non-typhoidal Salmonella infections are usually limited to enterocolitis, but in 

severe cases especially in children and immunocompromised individuals, infection can 

spread to blood stream and cause extra-intestinal disease, which requires hospitalization 

and antibiotic treatment. 

Salmonella in raw poultry products 

Salmonella outbreaks related to poultry 

Salmonella has been commonly involved in foodborne outbreaks through the 

consumption of contaminated poultry products.  Foodborne illnesses caused by 

Salmonella produce an economic burden of 3.7 billion dollars every year in the United 

States (USDA, 2015a). Recent Salmonella outbreaks related to poultry and poultry 

products in the United States are listed in the table 2.1 

Table 2.1 Salmonella outbreaks related to poultry, 2011-2014  

Year Source Serotype No. of Illnesses No. of Deaths 
2014 Backyard poultry S. Infantis, S. 363 0 

Newport and S. 
Hadar 

2014 Mechanically separated S. Heidelberg 9 0 
chicken 

2013 Branded chicken S. Heidelberg 634 0 
2013 Backyard poultry S. Typhimurium 356 0 
2013 Live poultry S.Lille, S. Newport, 158 0 

and S. Mbandaka 
2013 Branded chicken S. Heidelberg 134 0 
2012 Backyard poultry S. Hadar 46 0 
2012 Backyard poultry S. Montevideo 93 1 
2012 Backyard poultry S.Lille, S. Newport, 195 2 

S. Infantis 
2011 Chicken liver S. Heidelberg 190 0 
2011 Ground turkey S. Heidelberg 136 1 
2011 Turkey burger S. Hadar 12 0 
(CDC, 2015) 
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Prevalence and levels 

Based on the second quarterly progress report (April-June 2013) of USDA-FSIS, 

Salmonella prevalence was 2.6%, 15%, 3% and 16% in young chicken carcasses, ground 

chicken, turkey and ground turkey, respectively (USDA, 2013c). According to the Raw 

Chicken Parts Baseline Survey (RCPBS) conducted by USDA-FSIS in 2012, 26.3% of 

cut up chicken parts were found to be positive for Salmonella (USDA, 2012). The most 

frequent serotypes identified from Salmonella-positive poultry samples in 2012 were S. 

Kentucky, S. Enteritidis, S. Typhimurium, S. Heidelberg and S. Montevideo (USDA, 

2014c). According to National Antimicrobial Resistance Monitoring System (NARMS) 

2011 annual retail meat report, 44.3% of retail chicken and 45.4% ground turkey were 

positive for Salmonella and 44.9% of chicken Salmonella isolates and 50.3% ground 

turkey isolates were resistant to more than 3 classes of antimicrobials. Several studies 

have reported the incidence of antimicrobial resistance in Salmonella isolates in various 

poultry products (Hoffmann et al., 2011; Sjolund-Karlsson et al., 2013; Folster et al., 

2012). 

Brichta‐Harhay et al. (2008) studied the prevalence of Salmonella on broiler 

carcasses sampled from various sites within a poultry abattoir and it was found that 95% 

of carcasses before inside-outside bird wash, 100% carcasses pre-chill and 41.7% 

carcasses post-chill were positive for Salmonella. Prevalence of Salmonella was found to 

be 33.9% on retail poultry carcasses in Georgia (Simmons et al., 2003). Up to 10% of 

retail chicken samples in the Washington area were found to be contaminated with 

Salmonella (Zhao et al., 2001). Natural level of Salmonella in chicken breast fillets was 

found to be less than 3 log units (Straver et al. 2007). But another study conducted in 
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Netherlands showed less than 1 log Salmonella on 89% of poultry carcasses (Dufrenne et 

al. 2001). Salmonella prevalence in chicken meat was found to be 4.3% during the period 

1998-2003 (White et al., 2007). Higher prevalence of Salmonella (44%) was observed in 

retail chicken carcasses of Maryland (Cui et al., 2005). Salmonella incidence was found 

to be 16.7% on chicken carcasses in the processing plants of Midwestern United States, 

involving 15 serotypes of Salmonella (Logue et al., 2003). 

Due to the high prevalence of Salmonella in broiler cut up parts and retail meat, 

the USDA-FSIS has established strict regulatory measures and performance standards for 

the control of Salmonella during poultry production and processing. 

Regulations relating to Salmonella in poultry 

The USDA-FSIS regulates the poultry processing operations in the United States. 

Hazard Analysis and Critical Control Point (HACCP) system is an approach for 

production of safe and wholesome meat and poultry products through identification of 

risk factors and eliminating or reducing those risks through various process control 

measures. USDA-FSIS established the PR-HACCP for poultry as a set rule in 1996. One 

of the major objectives of implementing HACCP was to monitor and reduce the 

incidence of foodborne enteric pathogens including Salmonella on meat and poultry 

products (Hulebak et al., 2002). 

For controlling Salmonella in broiler processing, the USDA-FSIS published a 

Federal Register Notice (FRN), ‘Salmonella Verification Sample Result Reporting: 

Agency Policy and Use in Public Health Protection (71 FR 9772)’ in 2006. The 

Salmonella performance standards for broilers are based on baseline surveys completed 

in 2008 and 2012. According to the new performance standards for Salmonella proposed 
10 



 

 

  

 

  

   

 

  

   

 

 

 

   

   

 

 

 

  

 

 

by USDA-FSIS in 2015, Salmonella positive samples should not be more than 15.4% for 

chicken parts, 7.5% for chicken carcasses and 25% for ground chicken. Each broiler 

processing plant in the United Sates falls into one of the three categories by USDA-FSIS. 

Category 1 (Salmonella level well below 50% of performance standards), category 2 

(Salmonella level above 50% but not exceeding performance standards) and category 3 

(plants failing the performance standards). The intensity of process control and 

regulations increases from category 1 to 3 (USDA, 2011). 

In order to reduce the occurrence of Salmonella in poultry products, the U.S 

poultry industry has been using various antimicrobial interventions during the processing 

operations. Most commonly used interventions include the antimicrobial rinses and 

sprays with USDA-FSIS approved chemical antimicrobials. 

Salmonella control during poultry processing: commonly used antimicrobials 

Conventional antimicrobial interventions applied during poultry processing 

include antimicrobial rinses and sprays post-pick and post evisceration, online 

reprocessing (OLR) of carcasses with visible fecal contamination  and chiller tank 

antimicrobial treatments (Stopforth et al., 2007). Chemical treatments such as chlorine or 

chlorine dioxide, ozonated water, trisodium phosphate, acidified sodium chlorite, organic 

acids (such as lactic, acetic and citric acids), peracetic acid and cetylpyridinium chloride 

are some of the USDA-FSIS approved antimicrobials that are safe and suitable 

ingredients for the reduction of Salmonella and other pathogenic and spoilage microbes 

during processing of poultry products (Ricke et al., 2005; Loretz et al., 2010). However, 

post chill application of antimicrobials is emerging as additional intervention for 

enhancing food safety (Nagel et al., 2013). 
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Chlorine 

Chlorine and chlorine based compounds are the most common antimicrobials 

used during poultry processing in the United States. The maximum permissible limit of 

free chlorine is 50 ppm and it can be applied during pre-chill, chilling and post chill 

interventions (USDA, 2014b). The allowed level of chlorine is far less in the European 

Union and it should be less than 5ppm (EFSA (European Food Safety Authority), 2011a 

and EFSA, 2011b). Chlorine reacts with water to form hypochlorous acid and 

hypochlorite ions and the former has more potent antimicrobial action. Antimicrobial 

efficacy of chlorine increases with a reduction in pH and organic load (Byrd et al., 2005). 

Berrang et al. (2011) reported that post pick dip treatment of broiler carcasses in 

84 ppm chlorine is effective in significantly reducing the Salmonella counts. Spray 

application of hypochlorite on broiler carcasses significantly reduced Salmonella by 0.8 

log CFU or higher (Fabrizio et al., 2002). Spray treatment of broiler carcasses with 50 

ppm sodium hypochlorite for 5s reduced Salmonella levels significantly and the 

reductions increased when the spraying time was increased to 15s (Northcutt et al., 2007). 

Treatment of chicken skin with 1% sodium chloride for 10 minutes reduced Salmonella 

Typhimurium by 1 log unit (Li et al. 1994). Salmonella was reduced by 2.4-3.9 log units 

when the inoculated broiler breast skin was exposed to a combination of chlorine and 

sonification whereas sonification alone produced only 1-1.5 log unit reduction (Lillard, 

1993). 

At the same time many scientists have reported the antimicrobial inefficiency of 

chlorine. Yang et al. (2001) reported that 50 ppm chlorine treatment of chilled water did 

not produce effective reduction of Salmonella on chicken skin. Washing of carcasses in 
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25 ppm chlorine did not produce any significant reduction of Salmonella (Whyte et al., 

2001). Northcutt et al. (2005) tested different chlorine concentrations from 0-50 ppm in 

an inside-outside bird washer for broiler carcasses and no significant reduction in 

Salmonella was produced by the treatment. Bartenfeld et al. (2014) reported that there 

was no effect of a high level (500ppm) chlorine carcass drench on the recovery of 

Salmonella from broiler carcasses. 

Aqueous chlorine dioxide is approved for use as an antimicrobial in poultry 

processing at a residual level not exceeding 3ppm. Unlike hypochlorite, chlorine dioxide 

is less reactive to organic matter (Vandekinderen et al., 2009). Chlorine dioxide has been 

proven to be a more potent antimicrobial than hypochlorites in treating broiler carcasses 

(Lillard, 1980). Sequential application of chlorine and chlorine dioxide produced 0.7 log 

increase in the reduction of Salmonella on broiler carcasses (Stopforth et al., 2007). 

Purnell et al. (2014) reported that pre-chill spraying of broiler carcasses with chlorine 

dioxide was effective in reducing the levels of Enterobacteriaceae but was less effective 

compared to treatment with chemicals such as peracetic acid (PAA) and trisodium 

phosphate (TSP). Even though the usual bacterial reductions are less than 1 log units by 

the use of chlorine dioxide, the reductions can be enhanced by increasing the contact 

period, concentration and by using dip application instead of spray (Bolder, 2007). 

Overall, decontamination treatments using 0-50ppm chlorine reduce Salmonella 

only up to 1 log CFU/g on chicken meat (Loretz et al., 2010) which suggests the use of 

more effective alternatives. 

13 



 

 

 

 

 

 

 

 

  

 

  

  

 

 

  

  

 

Peracetic acid 

Peracetic acid (PAA) is a potent antimicrobial agent widely used in the poultry 

processing and the maximum allowed level is 2000 ppm (USDA, 2014b). PAA is an 

equilibrium mixture of acetic acid and hydrogen peroxide in water (Baldry and Fraser, 

1988). The antimicrobial strength of PAA is due to its strong oxidizing property by which 

it oxidizes the plasma membrane and other cell contents of the microbes (Oyarzabal, 

2005). Unlike chlorine the antimicrobial efficacy of PAA is not influenced much by the 

organic load present in the processing waters (Brinez et al., 2006). Peracetic acid can be 

used as an antimicrobial agent in poultry process water for spraying, washing and rinsing, 

scalding, pre-chill, chilling and post chill applications (USDA, 2014b). 

Dip treatment of inoculated broiler carcasses in a post chill decontamination tank 

containing 0.04% and 0.1% PAA for 20s reduced the attached S. Typhimurium by 2 and 

2.2 log CFU/ml, respectively (Nagel et al., 2013). Treatment of poultry carcasses in 

chiller tank containing 85ppm PAA reduced the number of Salmonella positive carcasses 

by 92% after chilling whereas chlorine reduced the number by only 57% (Bauermeister et 

al., 2008a). PAA concentration of 150 ppm or above is able to extend the shelf life of 

treated poultry carcasses up to 15 days. The carcasses treated with lower concentrations 

than 150 ppm exhibited off-odors, color change and spoilage by day 15 of storage 

(Bauermeister et al., 2008b). Treatment of chicken cut up parts before grinding, in a post 

chill decontamination tank containing 700 or 1000 ppm PAA reduced the Salmonella in 

ground chicken by 1.5 log units compared to the untreated controls (Chen et al., 2014).  

Approximately 1 log reduction in aerobic bacterial load can be achieved by using 200 

ppm PAA in online reprocessing system (Russell, 2009). 
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Cetylpyridinium chloride 

Cetylpyridinium chloride (CPC) is a quaternary ammonium compound commonly 

employed in poultry processing for the control of Salmonella and other pathogenic and 

spoilage microbes. CPC is a stable compound that has a neutral pH, is non-volatile and 

water soluble, and does not produce any negative impact on product quality (Buncic and 

Sofos, 2012). This compound has been approved by the USDA-FSIS for use in raw 

poultry products with a limit not to exceeding 0.8% by weight of the finished product. 

CPC exerts its antimicrobial action on gram negative bacteria by damaging the outer 

membrane which allows additional penetration of CPC into the cytoplasm and further 

destruction of the bacterial cell (McDonnell and Russell, 1999). 

Kim and Slavik, (1996) studied the efficacy of 0.1% CPC in reducing Salmonella 

attached to poultry skin. Dip treatment in 0.1% CPC resulted in 1-1.6 log unit reduction 

of attached Salmonella and spray treatment with same concentration of chemical at 138 

KPa pressure reduced Salmonella by 0.9-1.7 log units.  The antimicrobial effect of CPC 

was pronounced at 500C compared to application at 15°C. Breen et al. (1997) reported 

that the antimicrobial action of CPC was both concentration and time dependent in 

reducing S. Typhimurium attached to chicken skin. Xiong et al. (1998) showed that spray 

treatment of chicken skin with 0.1% or 0.5% CPC for 30s at 206 KPa and 20°C caused 

1.5 and 1.9 log reductions of S. Typhimurium, respectively. Treatment of chicken skin 

with CPC inhibits as well as reverses the attachment of S.Typhimurium attached on the 

chicken skin (Breen et al., 1995). 

CPC at a concentration of 0.5% in an inside-outside bird washer reduced S. 

Typhimurium counts by 2 logs on broiler carcasses (Yang et al., 1998). Treatment of cut 

15 



 

 

 

  

 

 

  

 

 

 

 

   

 

 

 

 

  

up chicken parts with 0.35 and 0.6% CPC in a post chill decontamination tank for 23s 

significantly reduced Salmonella (0.8 log CFU/g ) in ground chicken without producing 

any negative impact on sensory properties of ground chicken patties (Chen et al., 2014). 

Overall 0.9-2.5 log reduction of Salmonella can be achieved on broiler meat by the 

application of 0.1-0.5% CPC (Loretz et al., 2010). 

Acidified sodium chlorite 

Acidified sodium chlorite (ASC) is a mixture of sodium chlorite with acids 

especially citric acid (Buncic and Sofos, 2012). In the United States, the maximum 

permissible limit for use of ASC during poultry processing is 1200 ppm. ASC was found 

to be an effective antimicrobial while treating pre-chill carcasses and during online 

reprocessing of contaminated broiler carcasses (Kemp et al., 2000). Dip treatment of 

chicken parts in 1200 ppm of ASC for 15 minutes can reduce the Salmonella counts by 2 

log CFU/g (del Río et al., 2007). Prevalence of Salmonella on chilled broiler carcasses 

was reduced from 90% to 10% after a post-chill application of ASC (Sexton et al., 2007). 

Wang et al. (2014) studied the effect of washing broiler breast meat with acidified 

sodium chlorite at various concentrations (0-1000ppm) and at various pH ranges (2.5, 3.5 

and 6.5) in an attempt to reduce S. Typhimurium. All the combinations resulted in 

significant reductions of Salmonella. Reducing the pH favors the antimicrobial activity of 

ASC. The optimum concentration of ASC was 800ppm at a pH of 2.5 for the reduction of 

Salmonella without affecting the sensory qualities of the breast meat. Wang et al. (2013) 

also reported that antimicrobial action of ASC was concentration and pH dependent and 

the optimum pH for the reduction of Salmonella was 2.5. ASC has been proved to be a 

highly efficient antimicrobial in controlling the levels of S. Enteritidis in cold chain 
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disruptions and temperature abused storage conditions (Alonso-Hernando et al., 2013). 

Dip treatment of chicken skin samples in 0.1% ASC for 15s at 250C resulted in 1.4-1.6 

log reduction in S. Typhimurium on day 0 of storage and 1.8-2.9 log reduction on day 5 

(OeZdemir et al., 2006). Alginate coatings containing 1200 ppm of ASC was effective in 

reducing Salmonella by 1.6 log CFU/g on chicken skin within 24 hours of coating 

(Mehyar et al., 2007). Treatment of skin on chicken drumsticks with Salmide® (sodium 

chlorite based oxyhalogen disinfectant) reduced S. Typhimurium by 85% at 370C 

(Mullerat et al., 1994). Overall, treatment with ASC reduces Salmonella on broiler 

carcasses by 1.5 log CFU (Loretz et al., 2010). 

Organic acids 

Organic acids have been used as antimicrobials for a long time in the poultry 

industry both in pre and post-harvest control of pathogenic and spoilage microorganisms. 

They are commonly employed in poultry meat decontamination due to their low cost, 

high efficacy and fast action (Hinton and Corry, 1999). The Food and Drug 

Administration (FDA) has classified the organic acids as generally recognized as safe 

(GRAS) for the meat products. Application of organic acids in various stages of poultry 

processing and their effects on the microbial and organoleptic properties of the poultry 

meat has been investigated by various researchers (Gonzalez et al., 2009; Over et al., 

2009; Tamblyn and Conner, 1997). The major considerations during the organic acid 

decontamination of poultry meat are the chemical composition and safety of the 

compound, the formation of toxic residues, the effect on microbial and organoleptic 

properties of broiler meat and the environmental and human health effects (Smulders 

andGeer, 1998). The major organic acids used in meat processing are acetic acid, citric 
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acid, lactic acid and propionic acid (Mani-López et al., 2012). The antimicrobial activity 

of organic acids is mainly due to cytoplasmic acidification followed by uncoupling of 

energy production and regulation along with toxic accumulation of acidic anions (Taylor 

et al., 2012). 

Tamblyn et al. (1997) studied the application of acetic, citric, lactic, malic, 

propionic and tartaric acids in a poultry chiller tank, post processing dip tank and in scald 

water against S. Typhimurium attached to broiler skin. It was found that bactericidal 

activity of all the acids depend on the concentration and method of application. However, 

Salmonella organisms attached to the chicken skin were found to be more resistant to the 

activity of organic acids compared to the planktonic cells. The study also indicated that in 

order to achieve a 2 log reduction of S. Typhimurium on chicken skin a concentration of 

more than 4% was required for all tested organic acids. Bilgili et al. (1998) studied the 

application of the above mentioned organic acids in scalding water and chiller water for 

the processing of poultry carcasses and their effect on skin color of the carcasses. It was 

found that lightness, redness and yellowness of the carcass skin was significantly altered 

by 0.5%-6% organic acids such as acetic acid, citric acid, lactic acid and tartaric acid. 

Acetic acid is a monocarboxylic acid with a repelling odor and taste which is a 

limiting factor for its use in the industry (Mani-López et al., 2012). Liao et al. (2003) 

studied in vitro efficacy of acetic acid against 6 different strains of Salmonella and it was 

found that the antimicrobial efficacy is dependent on the strain and physiological state of 

the bacterial cells. Álvarez-Ordóñez  et al. (2010) compared different organic acids for 

their antimicrobial activity against S. Typhimurium and it was found to be in the order 

acetic > lactic > citric acid. Efficacy of acetic acid to reduce Salmonella during scalding 
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(Okrend et al., 1986) and chilling (Dickens and Whittemore, 1994, Tamblyn and Conner, 

1997) of broiler carcasses has been demonstrated. 

Citric acid is a hydroxy tricarboxylic acid naturally occurring in different plants 

(Mani-López et al., 2012). Citric acid exerts its antimicrobial action by chelation of 

metals (Miller et al., 1993). Laury et al. (2009) evaluated the efficacy of an antimicrobial 

mixture containing citric acid and lactic acid (Chicxide) and the compound reduced 

Salmonella on broiler carcasses by 1.3 logs when applied as a spray and a reduction of 

2.3 logs when the carcasses were dipped in the antimicrobial solution for 20s. Del Río et 

al. (2007) reported that dip treatment of broiler legs in 2% citric acid for 15 minutes 

resulted in 1.2- log reduction of S. Enteritidis, but the pH of the meat was significantly 

lowered by the citric acid treatment. 

Lactic acid, a monocarboxylic acid is produced by different bacteria including 

lactic acid bacteria (Axelsson and Ahrné, 2000). Out of the two isomeric forms of lactic 

acid, the L-isomer exhibits more potent antimicrobial action (Leitch and Stewart, 2002). 

Over et al. (2009) reported ca. 2.5 log reduction of S. Typhimurium on boneless skinless 

chicken breast by vacuum infusion of 150mM lactic acid during refrigerated storage. 

Vacuum tumbling of deboned chicken legs for 1 minute in 1% lactic acid solution can 

significantly reduce the Salmonella contamination (Deumier, 2006). Izat et al. (1990) 

studied the effect of lactic acid in various stages of poultry processing and 1% and 2% 

lactic acid significantly reduced S. Typhimurium on broiler carcasses during chiller 

water, pre-chill and post chill dip applications. But carcass skin color was deteriorated in 

all the carcasses treated with lactic acid. Hwang and Beuchat (1995) showed that the 

washing of chicken wings with a solution containing 0.5% lactic acid and 0.05% sodium 

19 



 

 

  

 

 

  

  

 

 

 

 

 

 

   

 

benzoate for 30 minutes can significantly decrease the Salmonella contamination in 

addition to the extension of shelf life. 

Even though organic acids are efficient antimicrobials, higher concentrations are 

required for their antimicrobial activity which produces negative impacts on the sensory 

properties of poultry meat (Bilgili et al., 1998). 

Lauric arginate 

Lauric arginate (LAE) is a food grade antimicrobial derived from lauric acid, L-

arginine and ethanol (Bakal and Diaz, 2005). LAE is approved as a GRAS antimicrobial 

and is allowed for use in raw and ready to eat poultry products at a level not exceeding 

200ppm by weight of the finished product (USDA, 2014b). LAE is a cationic surfactant 

and broad spectrum antimicrobial agent. The mechanism of action of LAE depends upon 

the type of cell structure. In gram negative bacteria, LAE acts by altering the membrane 

potential and the structure of cytoplasmic membrane (Rodriguez et al., 2004). Salmonella 

was reduced by 0.7-1 log CFU/g on chicken breast fillets by the application of 200-

400ppm LAE (Sharma et al., 2013). LAE at 22ppm reduced Listeria monocytogenes by 1 

log CFU/g on the surface of chicken frankfurters (Martin et al., 2009). However no 

inhibitory effect was observed for 200-400ppm LAE against Salmonella in ground 

chicken (Sharma et al., 2013). 

Use of bacteriophage as a biocontrol of Salmonella in poultry 

Bacteriophages are the most abundant and most ancient organisms present in the 

biosphere (Brüssow and Hendrix, 2002). Based on their replication cycles phages are 

classified into virulent/lytic and temperate/lysogenic phages (Sulakvelidze, 2010).  Lytic 
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phages are viruses, which can attach and invade the bacterial cells and cause the bacteria 

to lyse (Garcia et al., 2008). Lytic phages attach to the bacterial membrane receptors and 

introduce their genetic material into the bacterial genome and thereby preventing the 

expression of bacterial genetic components. The multiplication of phage DNA occurs 

inside the host cell, which eventually leads to bacterial lysis (Sulakvelidze, 2010). 

Temperate phages are non-virulent phages, which can integrate their genetic material into 

the host genome and can transfer the integrated bacterial genetic sequence into another 

host (Sulakvelidze, 2010).  Most of the phages that have been identified and 

characterized belong to the order Caudovirales with double stranded DNA and a phage 

tail (Hagens and Loessner, 2007). Bacteriophages are ubiquitous in nature including all 

the food systems, humans and animals. They are highly target specific and do not 

produce any adverse effects on the natural intestinal microflora or human tissues (Garcia 

et al., 2008). All these attributes make bacteriophages suitable for use in various stages of 

the food production. Research on the application of bacteriophages for the biocontrol of 

foodborne pathogens has been expanded in recent years (Modi et al., 2009; O'Flynn et al., 

2004; Leverentz et al., 2003; Bigwood et al., 2008) as the federal agencies such as the 

USFDA and USDA-FSIS have approved the use of bacteriophages in various food 

systems (USDA, 2014b). Based on the farm to fork approach, bacteriophages have been 

studied for their efficacy at pre- and post-harvest applications in controlling Salmonella 

in poultry. 

Pre-harvest application 

Live poultry act as an asymptomatic carrier of non-typhoidal Salmonella. The 

traditional control of poultry borne pathogens included various farm level biosecurity 
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measures and the use of antibiotics as feed additives. Due to human health concerns the 

European Union has banned the use of many antibiotics as feed additives during broiler 

production and FDA has banned the use of enrofloxacin in U.S broiler production 

(Atterbury et al., 2007). Novel methodologies such as bacteriophage supplementation can 

provide an alternative for controlling Salmonella colonization in broilers. 

The oral administration of lytic bacteriophages against S. Typhimurium reduced 

the viable numbers of S. Typhimurium in the crop, small intestine and ceca up to 12 

hours post inoculation (Berchieri et al. 1991). Atterbury et al. (2007) studied the efficacy 

of oral phage therapy in reducing the cecal colonization of S. Enteritidis, S. Hadar and S. 

Typhimurium in broiler chicken. Out of the two tested concentrations of the phages (9 

log PFU/ml and 11 log PFU/ml) the lower phage concentration did not produce any 

significant reduction in the cecal Salmonella levels. But the higher concentration of 

phages reduced Salmonella colonization by 3-4 log CFU/g. Fiorentin et al. (2005) 

reported that the oral administration of bacteriophages (isolated from free range chicken) 

reduces the concentration of S. Enteritidis PT4 in cecal contents of broilers. In the study, 

a mixture of 3 phages (1011 PFU each) reduced Salmonella by 3.5 log CFU/g in the cecal 

contents compared to the untreated birds after 5 days of treatment. Oral administration 

with bacteriophage P22 tail spike protein reduced the Salmonella colonization in the gut 

of broilers and further prevented the invasion into internal organs (Waseh et al., 2010). 

They also noticed that the phage proteins were able to reduce the motility of Salmonella 

bacteria by altering the structural integrity of bacterial lipopolysaccharides which is a 

crucial factor in the intestinal colonization. Another study conducted by Borie et al. 

(2008) investigated the efficacy of a bacteriophage cocktail (103 multiplicity of infection) 
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in reducing the intestinal colonization of S. Enteritidis in chicken when applied as coarse 

spray and in drinking water. Both treatment methods were effective in significantly 

reducing the S. Enteritidis colonization in the gut of 20 day old chicken. Toro et al. 

(2005) used a combination of bacteriophage and competitive exclusion as oral 

administration against the intestinal colonization of S. Typhimurium in chicken and the 

combination produced a marginal reduction of Salmonella in the ileum whereas the 

reduction was six fold in the caecum. Wong et al. (2014) studied the effect of intra-

cloacal administration of bacteriophage Φ st1in reducing S. Typhimurium and S. Hadar in 

chicken and they found that Salmonella was reduced by 5.5 log CFU/ml in the cecal 

contents within 6 hours. They also reported that there was a reduction in Salmonella 

count in the visceral organs at 6 hours post challenge. Gonçalves et al. (2014) reported 

that oral administration of lytic bacteriophages in 45 day old broilers undergoing pre-

slaughter feed withdrawal significantly reduced the S. Enteritidis counts in the crop 3 

hours post treatment. Overall bacteriophages are efficient substitutes for antibiotics in 

reducing intestinal colonization of Salmonella in broilers. In addition to the pre-harvest 

application of phages, USDA-FSIS has approved the use of lytic phages in post-harvest 

processing of poultry. 

Post-harvest application 

Various commercial phage preparations like Ecoshield™ (against E. coli 

O157:H7), Listshield™ (against L. monocytogenes) and Listex™P100 (against L. 

monocytogenes) have been approved for use in food processing facilities (Mahony et al., 

2011). Phages can also be used as antimicrobial agents during poultry processing for the 

control of Salmonella. USDA-FSIS has approved the use of bacteriophages specific for 
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Salmonella in raw and ready-to-eat poultry products (not exceeding 106 to 107 PFU/g of 

the finished product). The advantages of phage bio-preservation of meat are the self-

multiplication, high target specificity and cost effectiveness of the phages (Greer, 2005). 

The limitations with phage application could be limited host range, requirement of 

threshold bacterial level, development of phage resistance in the bacteria and the phage 

mediated transfer of undesirable characters between bacteria (Greer, 2005). 

Goode et al. (2003) studied the surface application of lytic bacteriophages 

(specific for Salmonella) on chicken skin inoculated with S. Enteritidis at different 

multiplicities of infection (MOI of 1, 100 and 1000). Phages applied at an MOI of 1 

reduced the Salmonella on chicken skin by less than 1 log CFU/cm2 whereas the phages 

at higher MOI of 100 to 1000 reduced Salmonella counts by up to 2 log CFU/cm2 in 48h. 

Using a higher phage titer (107 MOI), other resistant strains of Salmonella can also be 

eliminated. Application of bacteriophages can significantly reduce the occurrence of 

Salmonella in commercial poultry carcass rinse water, chicken and turkey carcasses 

(Higgins et al., 2005). The frequency of Salmonella recovery from all these samples was 

reduced when they were treated with lytic phages specific for Salmonella. Immersion in 

phage suspension is effective in reducing the Salmonella on chicken thighs and 

drumsticks (Fiorentin et al., 2005). Lytic bacteriophages have been tested for their 

efficacy to reduce Salmonella on ready-to-eat products as well. A reduction in S. 

Typhimurium of 1.8 to 2.1 log CFU/g was achieved on chicken frankfurters by the 

surface application of Salmonella lytic bacteriophage Felix O1 (Whichard et al., 2003). 

Woolston et al. (2013) reported that Salmofresh™ (combination of six lytic phages 

specific for Salmonella) was able to reduce S. Kentucky and S. Brandenburg on stainless 
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steel and glass surfaces by 99%. Zinno et al. (2014) tested the efficacy of bacteriophage 

P22 against Salmonella in various foods including milk, liquid egg, sliced chicken breast 

and minced chicken and up to 2 log reductions were achieved in the chicken meat 

samples.  

However, studies are lacking on the combined efficacy of phages and chemical 

antimicrobials in reducing Salmonella on poultry meat. The efficacy of phages has not 

been tested under modified atmosphere packaging and during a potential temperature 

abused storage of poultry products. The current study is mainly focused on individual and 

combined efficacy of lytic phage preparation Salmofresh™ and commonly used chemical 

antimicrobials during poultry processing in reducing Salmonella on chicken meat 

simulating a post chill application. In addition, the efficacy of Salmofresh™ against 

Salmonella has been studied on chicken meat stored under modified atmosphere 

packaging and under temperature abused condition. 

. 
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CHAPTER III 

REDUCTION OF SALMONELLA ON CHICKEN BREAST FILLETS STORED 

UNDER AEROBIC OR MODIFIED ATMOSPHERE PACKAGING BY THE 

APPLICATION OF LYTIC BACTERIOPHAGE PREPARATION 

Abstract 

The present study evaluated the efficacy of recently approved Salmonella lytic 

bacteriophage preparation (SalmoFresh™) in reducing Salmonella on chicken breast 

fillets, as a surface and dip application. The effectiveness of phage in combination with 

modified atmosphere packaging (MAP) and the ability of phage preparation in reducing 

Salmonella on chicken breast fillets under conditions simulating the cold chain disruption 

were also evaluated. Chicken breast fillets inoculated with a cocktail of Salmonella 

Typhimurium, S. Heidelberg and S. Enteritidis were treated with bacteriophage (109 

PFU/ml) either as a dip or surface treatment. The dip treated samples were stored at 40C 

aerobically and the surface treated samples were stored under aerobic and MAP 

conditions (95% CO2/5% O2) at 40C for 7 days.  Immersion of Salmonella inoculated 

chicken breast fillets in bacteriophage solution reduced Salmonella (p<0.05) by 0.7 and 

0.9 log CFU/g on day 0 and day 1 of storage, respectively. Surface treatment with phage 

significantly (p<0.05) reduced Salmonella by 0.8, 0.8 and 1 log CFU/g on days 0, 1, and 

7 of storage under aerobic conditions, respectively. The highest reduction in Salmonella 

counts were achieved on the samples surface treated with phage and stored under MAP 
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conditions. The Salmonella counts were reduced by 1.2, 1.1 and 1.2 log CFU/g on days 0, 

1 and 7 of storage, respectively. Bacteriophage surface application on chicken breast 

fillets stored at room temperature reduced the Salmonella counts by 0.8, 0.9, and 0.4 log 

CFU/g after 0, 4, and 8 h, respectively compared to the untreated positive control. The 

findings of the study indicate that lytic phages were effective in reducing Salmonella on 

chicken breast fillets stored under aerobic and modified atmosphere conditions and at 

elevated temperature. 

Introduction 

Non-typhoidal Salmonella are the leading cause of bacterial foodborne illnesses 

causing 1 million illnesses, 19000 hospitalizations and 380 deaths every year in the 

United States (CDC, 2014b). The incidence rate of Salmonella food borne infections was 

15.19 per 100,000 people in 2013 which was far more than national healthy people 

objective of 11.4 cases per 100,000 people (CDC, 2014b). Poultry meat is one of the 

most common sources of foodborne salmonellosis (Mead et al., 2010). The Raw Chicken 

Parts Baseline Survey (RCPBS) conducted by USDA-FSIS in 2012 revealed high 

prevalence of Salmonella (26.3%) on raw cut up chicken parts. Due to the high incidence 

of Salmonella in chicken parts as compared to the whole chicken carcasses (3.9%) 

(USDA, 2013), the USDA-FSIS has proposed new performance standards for Salmonella 

in chicken parts. According to the new regulations, Salmonella-positive samples cannot 

be more than 8 out of 52 (15.4%) tested samples for the raw chicken parts (USDA, 2015). 

The most commonly employed antimicrobial agents during poultry processing in the U.S 

are chlorine, peracetic acid, acidified sodium chlorite, cetylpyridinium chloride and 

organic acids (Loretz et al., 2010). However alternative antimicrobial interventions are 
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needed for the rigorous control of Salmonella in broiler meat and meeting the new 

performance standards. 

Bacteriophages are viruses that infect and kill bacteria (Garcia et al., 2008). 

Phages are ubiquitous and abundant organisms present in the biosphere (Brüssow and 

Hendrix, 2002). Recent approval of Salmonella lytic bacteriophages for food processing 

by USDA and FDA has intensified the research on application of phages as 

antimicrobials during poultry processing. The efficacy of different phage preparations to 

inactivate various foodborne pathogens including Salmonella has been studied in pre-

harvest and post-harvest applications (Goode et al., 2003; Higgins et al., 2005; Fiorentin 

et al., 2005; Whichard et al., 2003; Zinno et al., 2014). Salmofresh™ , a commercial 

phage preparation ( Intralytix, Inc. USA ;containing 6 lytic monophages) specifically 

targeted against Salmonella has been approved as a Generally Recognized as Safe 

(GRAS) compound by the USFDA (FDA, 2013). The maximum permissible limit for 

phage application is 106 -107 PFU/g of the finished product for raw poultry. Previous 

studies have shown that Salmofresh™ can be used as a post chill intervention tool to 

control Salmonella on poultry meat (Deitch et al. 2014). The phage preparation produced 

up to 0.6 log CFU reduction of Salmonella and the efficacy was found to be less than the 

commonly used agent peracetic acid which produced more than 1 log reduction of 

Salmonella. Other bacteriophage preparations such as Listex P100 (Specifically targeted 

against L. monocytogenes) have been successful in reducing L. monocytogenes on the 

surface of fresh channel catfish fillets (Soni et al., 2010). All these studies suggest that 

lytic bacteriophages can work as effective agents for the biocontrol of Salmonella on 

poultry meat products. 
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Modified atmosphere packaging (MAP) is an efficient and widely used 

technology for the preservation and shelflife extension of various food commodities 

including meat and poultry products (Silliker  and Wolfe., 1980; Chouliara et al., 2007; 

Skandamis and Nychas., 2002; Barakat et al., 2000). MAP involves altering the gaseous 

atmosphere inside the packaging with most commonly used gases such as carbon dioxide 

(suppression of bacteria and molds), oxygen (inhibition of strict anaerobes and for 

maintaining product color) and nitrogen for prevention of lipid oxidation and package 

collapsing (Narasimha and Sachindra, 2002). Efficiency of MAP depends on factors such 

as initial product quality, packaging material, formulation of appropriate gas mixtures 

and the maintenance of proper temperature and humidity (Singh et al., 2011). Nychas and 

Tassou (1996) studied the effect of modified atmosphere packaging on the growth and 

survival of S. Enteritidis on poultry meat and found that bacterial growth was suspended 

on poultry meat stored at 30C under 20% CO2/80% O2 conditions, but when the meat was 

stored under same packaging at 100C there was rapid multiplication of S.Enteritidis. 

However a 0.5 log reduction in S. Typhimurium was produced by storage of poultry meat 

under 50% O2/50%CO2 or 100% CO2 conditions (Nychas et al., 1993). The efficacy of 

different antimicrobial compounds in reducing Salmonella on food commodities stored 

under MAP has been studied by various researchers (Skandamis et al., 2002; Das et al., 

2006; Jin et al., 2007; Turgis et al., 2008; Grant and Patterson., 1991; Tassou., et al., 

1996). Even though scientists have explored the various applications of bacteriophages in 

food processing, studies are lacking on the efficacy of lytic phages against Salmonella on 

chicken meat stored under modified atmosphere packaging. 
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Maintenance of refrigeration is required throughout the distribution of poultry 

meat in order to ensure microbiological safety and quality. But disruption of cold chains 

can happen during transportation of poultry meat to the retail outlets or more often during 

the storage at retail outlets and household refrigerators (Likar and Jevšnik.,2006; Nychas 

et al., 2008). Nearly 1/3rd of the refrigerated food in retail stores and households of 

southern European countries was stored well above 100C (Kennedy et al., 2005) which 

demonstrates the magnitude of temperature abuse. The antimicrobial efficacy of different 

decontamination agents like grape fruit extract, trisodium phosphate, acidified sodium 

chlorite, citric acid, peroxy acids and chlorine dioxide against Salmonella and other 

pathogens has been tested during simulated cold chain disruptions of meat and poultry 

products (Alonso-Hernando et al., 2013; Juneja et al., 2006). However studies are lacking 

on the efficacy of Salmonella lytic bacteriophages in reducing Salmonella during 

temperature abused storage of poultry meat. 

Therefore, the objectives of the current study were 1) to evaluate the efficacy of 

Salmofresh™ against Salmonella on chicken breast fillets as a dip treatment 2) to 

evaluate the efficacy of Salmofresh™ surface treatment in reducing Salmonella on 

chicken breast fillets stored under aerobic or MAP conditions, and 3) to evaluate the 

efficacy of Salmofresh™ surface treatment against Salmonella on chicken breast fillets 

stored under temperature abused conditions. 
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Materials and Methods 

Sample preparation 

Fresh boneless, skinless chicken breast fillets were obtained from supermarkets 

on the day of each experiment. Samples weighing 25±0.5g were aseptically prepared. All 

the samples were maintained at a temperature of 40C. 

Preparation of Salmonella inoculum 

Salmonella Typhimurium (ATCC 14028), S. Enteritidis (ATCC 4931) and S. 

Heidelberg (ATCC 8326) were the serotypes used in this study. Cultures of each serotype 

(109CFU/ml) were prepared in sterile 10ml tryptic soy broth by adding a single colony 

into the tube and incubating overnight at 370C. The cultures were pelleted by 

centrifugation at 3300×g for 10 minutes. The supernatant was discarded and the pellets 

were suspended in fresh 10ml sterile 0.1% peptone water. A cocktail containing 3 

serotypes was prepared by mixing equal volumes of the three cultures. The inoculum 

containing 106 CFU/ml was prepared by serially diluting (10 fold) the cocktail in sterile 

0.1% peptone water. 

Lytic phages and chemical antimicrobials 

Salmonella lytic bacteriophage preparation SalmoFresh™ (containing 6 lytic 

monophages) was obtained from Intralytix Inc. USA. Phage titer in the commercial 

product was confirmed (1010 PFU/ml) by a soft agar overlay technique previously 

described by Soni and Nannapaneni, 2010. Cetylpyridinium chloride (CPC; Cecure®) 

was procured from Safe Foods Corporation, Arkansas, USA, containing 40% CPC in 

propylene glycol and water. Commercial peracetic acid preparation used in this study was 
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purchased from Safe Foods Corporation, Arkansas, USA which contained 15% peracetic 

acid, 6% hydrogen peroxide and 30% acetic acid. 

Dip treatment in phage suspension 

Salmonella inoculum was prepared as mentioned above. Each meat sample (25g) 

was inoculated with 100µl of inoculum in order to achieve ~3 log CFU/g of bacteria on 

the meat sample. After inoculation, the samples were left in a biosafety cabinet for 30 

minutes at room temperature for the bacterial attachment to the samples. Inoculated 

samples were immersed in 100ml of bacteriophage solution (109 PFU/ml) prepared in 

sterile DI water for 20 seconds. Control samples were dipped in sterile DI water instead 

of phage solution. Non-inoculated samples were included as negative control to detect the 

presence of background Salmonella. All the samples were stored at 40C for 24 hours and 

microbiological analysis was carried out at 2h and 24h. Each sample was homogenized 

with 225ml of sterile 0.1% peptone water in a stomacher (Stomacher ®400 Circulator, 

Seward Ltd) at 200rpm for 2 minutes. To avoid plating the bacteriophage, 10 ml samples 

from the homogenate were centrifuged at 10000 × g for 5 minutes and supernatant 

containing phages was discarded and pellets were resuspended in 10 ml of sterile 0.1% 

PW. For each sample 250µl of the homogenate was plated on to four XLT4 agar plates 

and incubated at 370C for 24 hours. Salmonella counts were converted to log CFU/g. 

Duplicate samples were included for each treatment and each storage period and the 

experiment was replicated 3 times. 
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Surface treatment with lytic phages and storage under aerobic or modified 
atmosphere packaging 

Each meat sample (25g) was inoculated with 100µl of Salmonella inoculum 

prepared as mentioned above so that the effective inoculum level was approximately 3 

log CFU/g on the meat sample. Samples were left in a biosafety cabinet for 30 minutes 

for proper attachment of bacterial cells to the samples. Samples were surface treated with 

0.5ml of bacteriophage solution (109 PFU/ml) and stored aerobically or under MAP 

conditions. MAP condition was created by keeping the samples in sterile plastic bags 

(10" × 12" vacuum pouches , 75 micron thick, oxygen transmission rate 24 h/25°C at 

60% RH, 50-70 cc/m2 and water vapor transmission rate 24 h/25°C at 90% RH, 6-7.5 

g/m2) (UltraSource LLC, Kansas City, MO, USA) in which a vacuum was created by 

removing the air and then filling 50% of the package volume with a gas mixture 

containing 95% carbon dioxide and 5% oxygen. The gas filling and sealing of packages 

were carried out using Ultravac® 250 (UltraSource LLC, Kansas City, MO, USA) 

vacuum package machine. Controls samples included untreated samples stored 

aerobically or under MAP conditions. Non-inoculated samples were used as negative 

controls to detect the presence of background Salmonella in the meat samples. The 

samples were stored under refrigeration (40C) for 7 days. Microbiological analysis of the 

samples was conducted on days 0, 1 and 7 of storage.  Each sample was stomached with 

225ml of sterile 0.1% peptone water in a stomacher (Stomacher ®400 Circulator, Seward 

Ltd) at 200rpm for 2 minutes. Phages were removed from the homogenate before plating 

by centrifuging 10ml of the homogenate at 10000 × g for 5 minutes and by discarding the 

supernatant containing phages. Bacterial pellets were resuspended in 10 ml of sterile 

0.1% PW. From this solution, 250µl was plated on to four XLT4 agar plates and 
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incubated at 370 C for 24 hours. Salmonella counts were reported as log CFU/g. Gas 

analysis inside MAP packages was conducted on days 0, 1 and 7 of storage using a dual 

track O2/CO2 portable gas analyzer (Quantek model 902 D, Quantek Instruments, Inc., 

Grafton, MA, USA) before opening the packages for microbiological analysis. The pH of 

the meat homogenates was analyzed for all samples on the respective days of storage 

using a pH meter (Fisher Scientific-accumet® AB15 basic pH meter; Thermo Fisher 

Scientific Inc., 81 Wyman Street, Waltham, MA, USA). A total of 3 replications were 

conducted for the experiment with duplicate samples for each treatment. 

Efficacy of phage preparation in reducing Salmonella on chicken breast fillets 
stored under temperature abused condition 

Each meat sample (25g) was inoculated with 100µl of inoculum in order to get ~3 

log CFU/g of bacteria on the meat sample as described previously. Samples were surface 

treated with 0.5ml of phage solution (109 PFU/ml) prepared in sterile distilled water. 

Control samples were treated with 0.5ml of sterile distilled water. Samples surface treated 

with 0.5ml of 400ppm peracetic acid (PAA) or 0.6% cetylpyridinium chloride (CPC) 

were also included to compare their efficacy in reducing Salmonella with the phage 

treatment. All the samples were kept in a biosafety cabinet (room temperature 25±20C) 

for 8 hours. Untreated negative controls were also kept to examine the presence of 

background Salmonella. Microbiological analysis of the samples was carried out 0, 4 and 

8 hours of storage as mentioned in the previous experiment. Salmonella counts were 

expressed as log CFU/g. Duplicate samples were assigned for each treatment and the 

experiment was replicated three times. 
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Figure 3.1 Efficacy of phage in reducing Salmonella on chicken breast fillets by dip 
application and storage at 40C. 

 
 

  

Statistical analysis 

All the experiments were replicated three times. Data were analyzed at 95% 

confidence level (P=0.05) using PROC GLM procedure of SAS 9.3 and the Least 

Significant Difference (LSD) test was used to separate the treatment means. 

Results 

Dip treatment in phage suspension 

Immersion of Salmonella inoculated chicken breast fillets in bacteriophage 

solution significantly (p<0.05) reduced Salmonella by 0.7 and 0.9 log CFU/g, on day 0 

and day 1 of storage, respectively as compared to the untreated positive control (fig.3.1). 

Efficacy of bacteriophage treatment was significantly (p<0.05) higher on day 1 than day 

0 of storage (fig.3.1). No Salmonella was detected from the negative control samples. 

Letters with different superscripts indicates significant differences (p<0.05) 
a= b indicates significant differences (p<0.05) between treatments within a day 
x- y indicates significant differences (p<0.05) between days for each treatment 
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Surface treatment with phage and storage under MAP conditions 

Surface treatment of chicken breast fillets with phage preparation significantly 

(p<0.05) reduced Salmonella by 0.8, 0.8 and 1 log CFU/g on days 0, 1 and 7 of storage, 

respectively under aerobic conditions compared to the untreated positive controls 

(fig.3.2). Higher reduction in Salmonella counts were achieved on the samples surface 

treated with phage and stored under MAP conditions compared to aerobic storage 

(p<0.05). The Salmonella counts in phage treated samples stored under MAP were 

reduced by 1.2, 1.1 and 1.2 log CFU/g on days 0, 1 and 7 of storage, respectively 

(fig.3.2). Storage of untreated samples under MAP reduced Salmonella (p<0.05) by 0.6, 

0.5 and 0.4 log CFU/g on days 0, 1 and 7 of storage, respectively (fig.3.2). No 

Salmonella could be detected from the negative controls indicating the absence of 

background Salmonella. The samples treated with phage preparation and stored under 

MAP showed higher reduction of Salmonella on day 7 compared to day 0 and day 1 of 

storage (fig.3.2). 

The gas composition inside the packages did not change throughout the storage 

period except a small reduction (p<0.05) in CO2 levels and small increase (p<0.05) in O2 

levels of the packages after day 0 of storage (Table 3.1). The treatments did not produce 

any significant (p>0.05) effect on pH of the meat samples which varied between 5.8 and 

6.4 (Table 3.2). 
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Days of storage O2 % CO2 % 
Day 0 4.9±0.5a 95.1±0.6a 

Day 1 5.7±0.3b 94.3±0.3b 

Day 7 5.8±0.7b 94.2±0.7b 

 

  
 

    

    

    

    

    

    

Untreated (aerobic storage) 6.2 6.1 6.2 

Untreated (MAP storage) 6.1 5.9 6 

Phage treated (aerobic storage) 6.3 6.1 6.2 

Phage treated (MAP storage) 6.2 6.4 6.1 

  
 

Figure 3.2 Reduction of Salmonella (Log CFU/g) on chicken breast fillets by the 
surface application of phage and storage under aerobic or modified 
atmosphere packaging at 40C 

Letters with different superscripts indicates significant differences (p<0.05) 
a- c indicates significant differences (p<0.05) between treatments within a day 
x- z indicates significant differences (p<0.05) between days for each treatment 

Table 3.1 Percentage gas composition of MAP packages on days 0, 1 and 7 of 
refrigerated storage 

Letters with different superscripts indicates significant differences (p<0.05) 

Table 3.2 pH values of the meat samples treated with phage and stored under aerobic 
and modified atmosphere packaging 

Treatment Day 0 Day 1 Day 7

No significant difference existed in pH values between different treatments or storage 
days (p>0.05). 
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Figure 3.3 Reduction of Salmonella (Log CFU/g) on chicken breast fillets by the 
surface application of phage and chemical antimicrobials at room 
temperature 

 
  
   

Efficacy of phage preparation in reducing Salmonella on chicken breast fillets 
stored under temperature abused condition 

In the untreated positive control, Salmonella counts significantly (p<0.05) 

increased from 3.4 log CFU/g (at 0 hour) to 3.9 log CFU/g (at 4h) and to 4.2 log CFU/g 

(at 8 hours) of storage at room temperature (fig 3.3). Bacteriophage surface treatment was 

the most effective among all treatments in restricting the growth of Salmonella. 

Bacteriophage surface treatment reduced Salmonella counts by 0.8, 0.9 and 0.4 log 

CFU/g on 0, 4 and 8 h of storage, respectively as compared to the positive control (fig 

3.3). Peracetic acid (400ppm) reduced Salmonella by 0.3, 0.7 and 0.2 log CFU/g only on 

0, 4 and 8 h of storage, respectively (fig 3.3). Surface application with 0.6% 

cetylpyridinium chloride produced better reductions of 0.4, 0.8 and 0.2 log CFU/g on 0, 4 

and 8 h of storage, respectively (fig 3.3).  

Letters with different superscripts indicates significant differences (p<0.05) 
a- c indicates significant differences (p<0.05) between treatments within a day 
x- z indicates significant differences (p<0.05) between days for each treatment 
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Discussion 

In the present study, immersion of Salmonella inoculated chicken breast fillets in 

phage suspension (109 PFU/ml) for 20s significantly reduced the Salmonella levels by 

0.7-0.9 log CFU/g. Previous studies have also shown significant reductions of Salmonella 

on various chicken parts by immersion in phage suspension. Immersion treatment of 

chicken leg cuts in bacteriophage suspension (109 PFU/ml)  reduced Salmonella levels by 

less than 1 log on day 3 of storage and the magnitude of reduction increased with storage 

days reaching up to more than 1 log reduction on day 9 of storage (Fiorentin et al., 2005). 

Hungaro et al. (2013) also reported a 1 log CFU/cm2 reduction of Salmonella by 

immersion of inoculated chicken skin in 109 PFU/ml bacteriophage suspension for 30 

minutes. Immersion of Salmonella inoculated turkey carcasses in lytic phage suspension 

(106-108 PFU/ml) reduced the number of Salmonella positive carcasses by 40-60% 

(Higgins et al., 2005). 

Efficacy of various Salmonella lytic phage preparations as spray application in 

reducing Salmonella on the surface of chicken carcasses and cut up parts has been 

demonstrated by previous studies. Bielke et al. (2007) used a wide host range phage 

preparation (targeted against Salmonella) as spray application on inoculated chicken 

carcasses. Phage spray reduced the number of S. Enteritidis positive carcasses by 65% 

and S. Typhimurium was reduced to below detectable levels in all the treated carcasses. 

S. Typhimurium was reduced by 2 log CFU/g on chicken breast slices spray treated with 

phage P22 (1012 PFU/ml)(Zinno et al. 2014). Similar reductions (2 log CFU/cm2) of S. 

Enteritidis were achieved on chicken skin spray treated with lytic phages. Salmonella 

counts were reduced to non-detectable levels when the initial inoculation was reduced to 
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2 log CFU/cm2 and phage concentration was increased to 105 MOI (Goode et al., 2003). 

In the current study, the MOI of the phage spray treatment was approximately 104 and the 

Salmonella counts were reduced by 0.8-1 log CFU/g over a storage period of 7 days, 

which is comparable with the previous research. Spray treatment with lytic phages has 

been shown to be effective against other foodborne pathogens also. Escherichia coli O 

157:H7 was reduced on the surface of lettuces (1.5-2 log CFU/cm2 reduction) and 

cantaloupes (2-3 log CFU/ml reduction) by spray application of lytic phages (Sharma et 

al., 2009). 

Storage of untreated samples under MAP condition (95% CO2 and 5% O2) 

reduced the Salmonella counts by 0.4-0.6 log CFU/g. The 5% oxygen was included to 

inhibit the possible growth of Clostridium botulinum in strict anaerobic conditions. The 

inclusion of oxygen at levels 5% or above is also important in maintaining the color 

stability of raw meat (Thippareddi and Phebus, 2002). Baker et al. (1986) had reported 

around 0.5 log CFU/g reduction of S. Typhimurium in ground chicken when stored under 

80% carbon dioxide. Shin et al. (2010) reported 1 log CFU/g reduction of S. 

Typhimurium on chicken breast stored under 30% CO2/70% N2 at 40C. Al-Haddad et al. 

(2005) reported slight reduction (<1 log) of S. Infantis on chicken skin stored under 70% 

CO2/30% N2 conditions which could be possibly due to the formation of carbonic acid on 

the meat surfaces stored under high CO2 concentration and diffusion of carbonic acid into 

bacterial cells leading to acidification of cytoplasm and cell death. However, other studies 

have reported the inability of 100% CO2 packaging in reducing Salmonella on beef cuts 

(Dykes et al., 2001; Miya et al., 2014). Nair et al. (2015) reported that a combination of 

95% CO2 and 5% O2 did not produce any significant reduction of Salmonella on turkey 
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breast cutlets. In the current study, storage of phage treated samples under MAP 

produced higher reductions compared to the storage under aerobic conditions, the 

mechanism of which is unclear. Further studies are needed to determine the possible 

mechanism behind the additive effect. 

Maintenance of refrigeration is required throughout the slaughter, processing and 

transportation of poultry meat in order to maintain the microbiological safety and quality 

of meat. But failure in maintenance of refrigeration can happen in the industry during 

transportation of meat to retail outlets, during storage at retail stores and household 

refrigeration (Likar and Jevšnik, 2006; Nychas et al., 2008), which can lead to spoilage 

and growth of pathogenic microbes like Salmonella (Alonso-Hernando et al., 2013). 

Temperature abused storage of poultry meat is has been reported to be an important cause 

of foodborne salmonellosis (Juneja et al., 2007). The duration of lag phase of Salmonella 

decreases at higher storage temperatures which leads to its rapid multiplication on meat 

stored under elevated temperature (Juneja et al., 2009).  Considering all the above 

mentioned facts, the efficacy of various antimicrobial treatments against Salmonella 

during cold chain disruptions needs to be investigated. In the current study, it is evident 

that surface application of phage preparation was more effective in reducing the 

Salmonella levels compared to other treatments (400 ppm PAA and 0.6% CPC). The 

ability of Salmonella lytic bacteriophages to reduce Salmonella spp. at elevated 

temperature (370C) has been proved in vitro (Andreatti et al., 2007; O'Flynn et al., 2006). 

Listeria lytic phage A511 was found to be efficient at room temperature in reducing L. 

monocytogenes on hot dogs, chocolate milk and cabbage by 3.8 log CFU/g, 6.4 log 

CFU/ml and 4.7  log CFU/g, respectively (Guenther et al., 2009). Alonso et al. (2013) 

41 



 

 

 

 

   

  

   

 

compared the efficacy of several chemical decontamination treatments including 

trisodium phosphate, acidified sodium chlorite, citric acid, PAA and chlorine dioxide 

against S. Enteritidis on chicken legs during simulated cold chain disruptions. Among all 

the treatments, acidified sodium chlorite, trisodium phosphate and citric acid treatments 

produced the highest reductions of Salmonella ranging from 2-3.8 log CFU/cm2. 

In conclusion, the results from this study indicate that surface and dip treatments 

with Salmofresh™ was effective in reducing Salmonella levels on chicken meat. 

Bacteriophage surface treatment of chicken meat combined with MAP conditions can 

provide higher reduction of Salmonella. In addition, bacteriophage preparation was also 

effective in reducing Salmonella on chicken meat at elevated temperature. 
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CHAPTER IV 

REDUCTION OF SALMONELLA ON CHICKEN MEAT AND CHICKEN SKIN BY 

COMBINED OR SEQUENTIAL APPLICATION OF LYTIC BACTERIOPHAGE 

WITH CHEMICAL ANTIMICROBIALS 

Abstract 

The effectiveness of recently approved Salmonella lytic bacteriophage preparation 

(SalmoFresh™) in reducing Salmonella in vitro and on chicken breast fillets was 

examined in combination with lauric arginate (LAE) or cetylpyridinim chloride (CPC). In 

another experiment, a sequential spray application of this bacteriophage (phage) solution 

on Salmonella inoculated chicken skin after a 20s dip in chemical antimicrobials (LAE, 

CPC, peracetic acid, or chlorine) was also examined in reducing Salmonella counts on 

chicken skin. The application of phage in combination with CPC or LAE reduced S. 

Typhimurium, S. Heidelberg, and S. Enteritidis up to 5 log units in vitro at 4⁰C. On 

chicken breast fillets, phage in combination with CPC or LAE resulted in significant 

(p<0.05) reductions of Salmonella ranging from 0.5 to 1.3 log CFU/g as compared to 

control up to 7 days of refrigerated storage. When phage was applied sequentially with 

chemical antimicrobials, all the treatments resulted in significant reductions of 

Salmonella. The application of chlorine (30 ppm) and PAA (400 ppm) followed by phage 

spray (109 PFU/ml) resulted in highest Salmonella reductions of 1.6-1.7 and 2.2-2.5 log 

CFU/cm2, respectively. In conclusion, the surface applications of phage in combination 
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with LAE or CPC significantly reduced Salmonella counts on chicken breast fillets. 

However, higher reductions in Salmonella counts were achieved on chicken skin by the 

sequential application of chemical antimicrobials followed by phage spray. The 

sequential application of chlorine, PAA, and phage can provide additional hurdles to 

reduce Salmonella on fresh poultry carcasses or cut up parts 

Introduction 

Nontyphoidal Salmonella spp. is one of the major pathogens causing foodborne 

illnesses in the United States. Salmonella accounts for 11% of illnesses, 35% of total 

hospitalizations, and 28% of deaths associated with foodborne illnesses every year in the 

United States (Scallan et al., 2011). Live poultry has been recognized as the 

asymptomatic carrier of nontyphoidal Salmonella spp. (Mead, 2004) that leads to carcass 

contamination during processing. Poultry meat has been commonly involved in 

Salmonella foodborne infections (Bryan and Doyle, 1995; Newell et al., 2010). Poultry 

processors in the United States are using wide variety of USDA approved antimicrobials 

(such as chlorine, peracetic acid, cetylpyridinium chloride, and organic acids) as pre-

chill, chilling, and post-chill applications for pathogen reduction on poultry carcasses and 

poultry products. Post-chill decontamination of poultry carcasses and cutup parts is 

commonly employed by the poultry industry to minimize the microbial load. Lower 

volume and reduced contact time along with higher concentration of antimicrobials 

during post-chill immersion yield an effective decrease in microbial load with minimum 

impact on carcass quality (Mckee, 2011; Nagel et al., 2013). Chlorine and chlorine-based 

compounds are among the most commonly used antimicrobials during poultry processing 

in the United States (Buncic and Sofos, 2012). The maximum allowed level of chlorine 
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during poultry processing is 50ppm. Immersion of chicken carcasses in chiller water 

containing 50 ppm of available chlorine for 50 minutes was found to be effective in 

reducing Salmonella Typhimurium by 1 log unit (Yang et al., 2001). However, the 

antimicrobial efficacy of chlorine is reduced by the high load of organic matter in the 

chiller water (Tamblyn et al., 1997b). Peracetic acid (PAA) is a widely used antimicrobial 

during poultry processing and the maximum permissible limit for post chill application is 

2000 ppm (USDA-FSIS, 2014). Application of 400 ppm and 1000 ppm PAA was found 

to be effective in significantly reducing Salmonella spp. and Campylobacter spp. on 

chicken carcasses (Nagel et al., 2013). Cetylpyridinium chloride (CPC) another 

commonly used antimicrobial during poultry processing has been reported to reduce 

Salmonella on chicken skin after an immersion or spray application with 0.1% CPC 

solution (Kim and Slavik, 1996). Cetylpyridinium chloride has the ability to inhibit and 

reverse the attachment of Salmonella to chicken skin, which makes the compound very 

efficient in preventing cross contamination (Breen et al., 1995). Lauric arginate (LAE) is 

a cationic surfactant and a broad-spectrum antimicrobial agent (Rodriguez et al., 2004). It 

is a GRAS antimicrobial and has been approved by USDA for application on raw poultry 

(USDA-FSIS, 2014). The application of 200 ppm of LAE significantly reduces 

Salmonella spp. on chicken breast fillets up to 1 log CFU/g during refrigerated storage up 

to 7 days (Sharma et al., 2013a). Benli et al. (2011) reported that sequential spray 

application of 200 ppm of LAE followed by 30% acidic calcium sulfate reduced 

Salmonella on chicken carcasses by 2.2 log CFU/ml. 

Bacteriophages are the viruses that specifically infect bacteria. Previous studies 

have shown that application of bacteriophages on chicken and turkey carcasses has 
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significant effect in reducing Salmonella spp. (Higgins et al., 2005; Fiorentin et al., 2005; 

Zinno et al., 2014). Bacteriophages were found to be effective in reducing the intestinal 

colonization by Salmonella spp. in chicken and 2-4 log reduction was reported with 

different phage types (Atterbury et al., 2007). The efficacy of lytic bacteriophage in 

reducing Salmonella and Campylobacter spp. on chicken skin has been studied 

previously and the log reductions were found to be increasing with the increasing 

multiplicity of infection (Goode et al., 2003). The main limiting factors for the use of 

bacteriophage therapy in food industry are limited host range, phage resistance in bacteria 

and the phage mediated gene transfer between bacteria (Joerger, 2003). The USDA-FSIS 

has recently approved the use of a Salmonella lytic bacteriophage preparation 

(SalmoFreshTM) during processing of raw and ready-to-eat poultry products with phage 

concentration up to 107 PFU/g in the finished product (USDA-FSIS, 2014). Previously, 

other bacteriophage preparation like phage P100 (specific against Listeria 

monocytogenes) has been tested alone and in combination with LAE and other chemical 

antimicrobials (Soni et al., 2012). The objectives of this study were to: i) determine the 

efficacy of SalmoFresh™ in reducing Salmonella in vitro and on chicken breast fillets in 

the presence and absence of LAE and CPC, and ii) the effect of sequential spray 

application of bacteriophage solution on Salmonella inoculated chicken skin after a 20s 

dip in chemical antimicrobials (LAE, CPC, PAA, or chlorine) in reducing Salmonella 

counts on chicken skin. During the initial phase of this study, we tested the stability of 

phage preparation in different chemical antimicrobials (PAA, LAE, CPC and chlorine). 
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Materials and Methods 

Salmonella strains and inoculum preparation 

Three serotypes of Salmonella, S. Typhimurium (ATCC 14028), S. Heidelberg 

(ATCC 8326) and S. Enteritidis (ATCC 4931) were used in this study. All the serotypes 

were maintained on tryptic soy agar (TSA) slants at 40C. Bacterial inoculums were 

prepared by suspending a single colony in 10ml tryptic soy broth (TSB) and incubating 

for 16-18 hours at 370C to yield stationary phase bacterial concentration of 109 CFU/ml. 

Bacterial suspensions were centrifuged at 3300×g for 10 minutes and the pellets were 

resuspended in sterile 0.1% peptone water (PW). Desired bacterial concentration for each 

experiment was then prepared by serially diluting in 0.1% PW. 

Phage preparation and chemical antimicrobials 

Commercial Salmonella lytic bacteriophage preparation SalmoFreshTM (Intralytix 

Inc. USA) containing 6 Salmonella lytic monophages was used. The phage concentration 

in the stock solution was determined to be 1010 PFU (plaque forming units)/ml by soft 

agar overlay technique (Soni and Nannapaneni, 2010). Cetylpyridinium chloride (CPC; 

Cecure®) was obtained from Safe Foods Corporation, Arkansas, USA and the product 

contained 40% CPC in propylene glycol and water. Lauric arginate was procured from 

Vedeqsa (Vedeqsa Inc., Newyork, USA) with an effective concentration of 10% LAE. 

Peracetic acid (PAA) used in the study was obtained from Safe Foods Corporation, 

Arkansas, USA which contained 15% peracetic acid, 6% hydrogen peroxide and 30% 

acetic acid. Sodium hypochlorite solution containing 7.85% available chlorine was used 

(Chlorox Company, Oakland, USA). The effective concentration of each chemical was 
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confirmed by using specific quantification kits provided by the respective companies 

prior to beginning of each experiment. 

Determination of phage stability in different concentrations of chlorine, CPC, LAE 
and PAA 

A standard soft agar overlay technique as described previously (Soni and 

Nannapaneni, 2010) was used to determine the survivability of phage in various chemical 

antimicrobials with an objective of determining the compatible chemicals that can be 

used in combination with phage for their synergistic effect in reducing Salmonella. Phage 

solution was serially diluted in sterile SM buffer (100mM NaCl, 8mM MgSO4.7H2O, 

50mM Tris-HCl and water) to achieve a phage concentration of approximately 9.0 log 

PFU/ml. Two micro centrifuge tubes were used for each treatment (antimicrobial and DI 

water as control) and 900µl of the phage solution (9 log PFU/ml) was dispensed in each 

tube. In order to obtain 0.4% CPC concentration in phage solution, 100µl of 4% CPC was 

added to the 900µl of phage solution. To achieve 0.6% CPC, 15µl of stock CPC (40%) 

was mixed with 85µl of sterile DI water and then added to 900µl phage solution. 1% 

CPC in phage solution was prepared by mixing 25µl of CPC stock with 75 µl of sterile 

DI water and then transferring to 900 µl phage solution. For the preparation of various 

concentrations of PAA, stock solution of 1000 ppm was prepared from the commercial 

product. To achieve a concentration of 30, 40 and 50ppm PAA in phage solution, 30µl, 

40µl and 50µl of the 1000 ppm stock solution was made up to 100µl with sterile DI water 

and were transferred to the  respective tubes containing 900 µl phage solution. LAE 

(200ppm) in phage solution was prepared by mixing 20µl of 10000 ppm LAE with 80µl 

of sterile DI water and transferring to the allotted micro centrifuge tube containing 900µl 
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of phage solution. LAE (5000ppm) in phage solution was prepared by adding 50µl of 

10% LAE to 50µl of sterile DI water and then transferring to the assigned 900µl phage 

solution. A chlorine concentration of 5ppm was also made up in phage solution from the 

stock solution of sodium hypochlorite containing 100ppm available chlorine. For the 

controls 100µl of sterile DI water was added instead of the antimicrobial to 900µl phage 

solution. All the tubes were stored at 40C for 24 hours and the phage titers were 

determined after 24 hours using soft agar overlay technique (Soni and Nannapaneni, 

2010) as follows. Serial tenfold dilution were prepared in SM buffer for each treatment 

and from each dilution 100µl of the mixture was transferred to 3-4ml soft agar along with 

100µl of Salmonella suspension (cocktail of S. Typhimurium, S. Heidelberg and S. 

Enteritidis) at 9 log CFU/ml, mixed thoroughly and poured evenly on the surface of TSA 

plates. The numbers of plaques were enumerated after incubating the plates at 370C for 

24 hours. Duplicate samples were used for each treatment and the whole procedure was 

replicated 3 times. 

In vitro efficacy of phage and antimicrobial combinations against Salmonella at 40C 

The individual and combined antimicrobial efficacy of LAE (25ppm), CPC 

(1ppm) and phage preparation (108 and 109 PFU/ml) against S. Typhimurium, S. 

Heidelberg and S. Enteritidis was evaluated in sterile 0.1% PW at 40C. Approximately 5 

log CFU/ml of each Salmonella serotype in 0.1% PW was treated with phage in the 

presence and absence of LAE and CPC. Untreated positive controls were maintained in 

sterile 0.1% PW. The samples were stored at 40C for 24 hours and the Salmonella counts 

were enumerated at 2 and 24 hours by plating on to XLT4 agar plates. For the treatments 

involving phage preparation, before plating, the samples were centrifuged at 10000 ×g for 
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5 minutes, supernatant was discarded, and the bacterial pellets were resuspended in fresh 

sterile 0.1% PW in order to avoid the phages from being plated. This procedure has been 

recommended in other studies on lytic phages (Soni and Nannapaneni, 2010). The plates 

were incubated at 370C for 24 hours. Duplicate samples were used for each treatment and 

control and the whole assay was replicated 3 times. Formulations of all the treatments are 

shown in Table 4.1 

50 



 

 

    

 Treatment Chemical  Bacteriophage   0.1% Bacterial pH 
 Antimicrobial  SalmoFresh™ Peptone  culture  value 

  (ml)  Water 7 log 

 (ml) 
CFU/ml  

 (ml) 
 

 Positive control  Not used Not used   9.00  1.00  7.05 

Phage  Not used  1.00 (1010PFU/ml) 
 109PFU/ml 

 8.00  1.00  6.98 

Phage  Not Used  1.00 (109PFU/ml) 
 108PFU/ml 

 8.00  1.00  6.98 

 CPC 1ppm 0.25 ml  Not used   8.75  1.00  6.70 

of 0.004% CPC  

 LAE 25ppm 0.25 ml of 0.1% Not used   8.75  1.00  6.60 
 LAE 

  Phage 109  0.25 ml of 0.004% 1.00 (1010PFU/ml)  7.75  1.00  6.70 
 PFU/ml + CPC CPC  

 1ppm 

Phage  0.25 ml of 0.004% 1.00(109PFU/ml) 
 108PFU/ml + CPC  

 7.75  1.00  6.70 

 CPC 1ppm 
  Phage 109 0.25 ml of 0.1%  1.00 (1010PFU/ml)  7.75  1.00  6.60 

 PFU/ml + LAE LAE 
 200ppm 

  Phage 108 0.25 ml of 0.1%  1.00 (109PFU/ml)  7.75  1.00  6.60 
 PFU/ml + LAE  LAE 

 200ppm 

 

   
 

 

Table 4.1 Formulation of antimicrobial treatments used in the in vitro study 

All the treatments were prepared in 10ml volumes in 0.1% peptone water, in which 
effective concentration of respective chemical was maintained. The inoculum level was 
maintained around ~ 6 log CFU/ml 

Efficacy of phage and antimicrobial combinations against Salmonella on chicken 
breast fillets as a surface application 

Boneless skinless chicken breast fillets were purchased from local grocery stores 

and aseptically cut into 25g sample size. Overnight broth cultures of S. Typhimurium, S. 
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Heidelberg and S. Enteritidis were prepared in TSB as described above. The cultures 

were centrifuged and pellets were resuspended in 0.1% PW. Cocktail of 3 serotypes was 

prepared by mixing the equal volume of bacterial suspensions and inoculum was 

prepared by serially diluting the cocktail (~9log CFU/ml) in 0.1% PW. Chicken breast 

(25g) samples were inoculated with 100µl of inoculum (to achieve the final inoculum 

level in meat ~ 3 log CFU/g) and kept under biosafety cabinet for 30 minutes for proper 

bacterial attachment. Each surface of each sample was then treated with 0.5ml of the 

assigned antimicrobial, phage, or combination of phage and antimicrobial (200 ppm 

LAE, 0.1% CPC, 0.2% CPC, 0.6% CPC in the presence and absence of bacteriophage 

(109 and 108 PFU/ml) as shown in Table No.4.2) and stored at 40C for 7 days. Positive 

controls were surface treated with 0.5 ml of sterile distilled water.  Samples were 

analyzed on days 0, 1 and 7 for Salmonella counts. Each sample (25g) was mixed with 

225ml sterile 0.1% PW and homogenized at 200rpm for 2 minutes in a stomacher 

(Stomacher ®400 Circulator, Seward Ltd). As mentioned previously, to avoid plating the 

bacteriophage, 10 ml samples from the homogenate were centrifuged at 10000 × g for 5 

minutes and supernatant (containing phages) was discarded and pellets were resuspended 

in 10 ml of sterile 0.1% PW. For each sample, 250µl of the homogenate was plated on to 

four XLT4 plates and the plates were incubated at 370C for 24 hours. After incubation, 

typical Salmonella colonies were counted and results were reported as log CFU/g. 

Duplicate samples were used for each treatment and the whole procedure was replicated 

three times. 
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 Treatment  Chemical Bacteriophage  

 SalmoFresh™ 
  (ml) 

 Sterile 
distilled 

 water (ml) 

 

 pH value 

 Positive control  Not used Not used   10.00  7.05 

Phage 109PFU/ml   Not used 1ml (1010PFU/ml)   9.00  6.98 

Phage 108PFU/ml   Not used 1ml (109PFU/ml)   9.00  6.98 

CPC 0.6%  1.50 ml 4% CPC  Not used   8.50  6.50 

LAE 10000ppm(so 0.68 ml 15% LAE Not used   9.33  4.30 
 that in meat it will  stock 

 become 200ppm) 
  Phage 109 PFU/ml 1.50 ml 4% CPC  1ml (1010PFU/ml)   7.50  6.51 

+ CPC 0.6%  

 Phage 108PFU/ml + 1.50 ml 4% CPC  1ml (109PFU/ml)   7.50  6.51 
CPC 0.6%  

  Phage 109 PFU/ml 0.68 ml 15% LAE 1ml (1010PFU/ml)   8.33  4.68 
 + LAE 200ppm  stock 

  Phage 108  PFU/ml 0.68 ml 15% LAE 1ml (109PFU/ml)   8.33  4.68 
 + LAE 200ppm  stock 

 

  

 

 

 

Table 4.2 Formulation of antimicrobial solutions used for surface application on 
chicken breast fillets 

In chicken breast fillets study, 10ml of each treatment solution was prepared as shown 
above. The surface of each sample was treated with 0.5ml from the respective treatment 
solution 

Effect of sequential dip treatment in chemical antimicrobials followed by a 
bacteriophage spray in reducing Salmonella on chicken skin 

A chicken skin model was developed to simulate a dip application of chemical 

disinfection of carcasses in the finishing chiller and/or cut up chicken parts in 

decontamination tank followed by a bacteriophage spray treatment as an additional 

intervention to determine the synergistic effect of these sequential treatments in reducing 

Salmonella. Chicken skin was aseptically cut and removed from whole carcasses, frozen 
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at -200C for the ease of cutting and 5×5 cm square samples weighing approximately 1g 

each were prepared from the frozen skin. All the samples were stored at -200C and 

thawed at 40C on the previous day of experiment. A cocktail of overnight cultures of S. 

Typhimurium, S. Heidelberg and S. Enteritidis was prepared and diluted as described 

earlier. 

Each 5×5 cm chicken skin sample was inoculated with 100µl of the diluted 

cocktail to achieve final inoculum level of approximately 3 log CFU/cm2 of the skin 

sample. Samples were left in a biosafety cabinet for 30 minutes to allow the bacterial 

attachment to the skin surface. Each sample was then immersed in 100 ml of a selected 

chemical antimicrobial (Table No.4.3) for 20 seconds and then sprayed with 0.5 ml of 

bacteriophage solution (109 PFU/ml) prepared in sterile distilled water. Samples receiving 

immersion treatment in chemical alone or only phage spray treatments were also 

included. Untreated inoculated samples were used as positive controls. Samples receiving 

only distilled water treatments were also included to determine the washing effect of 

water on removing Salmonella from chicken skin. Non-inoculated skin samples were 

used as negative controls to detect the presence of background Salmonella. All the 

samples were stored at 40C for 24 hours and Salmonella counts were enumerated after 2 

and 24 hours of storage. Each skin sample was mixed with 99ml of sterile 0.1% PW and 

stomached for 2 minutes at 200 rpm in stomacher (Stomacher ®400 Circulator, Seward 

Ltd). An aliquot of 250µl of the homogenate was plated onto four XLT4 agar plates for 

each sample and the plates were incubated at 370C for 24 hours. Duplicate skin samples 

were used for each treatment and each day of storage and the whole experiment was 

replicated 3 times. 

54 



 

 

 
 

Chemical name   Quantity of chemical used  Distilled Water  pH value 
 for 100ml dipping solution 

 (ml) 

 Chlorine 30ppm  39µl of 7.85% stock solution  99.96  7.75 

Per acetic acid 50ppm   34µl of stock solution (15%)  99.97  4.90 

   Per acetic acid 400ppm                267µl of stock solution (15%)  99.73  3.70 

 Cetylpyridinium chloride 500µl of stock solution (40%)  99.50  5.45 
0.2%  

 Lauric arginate 200ppm  134µl of stock solution (15%)  99.87  5.70 

 Positive control Not used   100.00  7.05 

 

  

 

  

 

 

Table 4.3 Formulation of antimicrobial solutions used during the sequential 
application experiment 

All the dipping antimicrobial solutions were prepared in 100ml volume 

Statistical analysis 

All the experiments were carried out in 3 replications. Bacterial numbers were 

converted to log CFU/ml or log CFU/g or log CFU/cm2. Bacteriophage numbers were 

converted to log PFU/ml. PROC GLM procedure of SAS 9.3 was used for analyzing the 

data and the Least Significant Difference test was used to measure the difference between 

treatment means. Data analysis was carried out at 95% confidence level (P= 0.05). 

Results 

Stability of bacteriophage in chemical antimicrobials tested 

The phage titers after exposure to different concentrations of various 

antimicrobials for 24h at 40C are presented in Table No.4.4. Compared to the positive 

control, bacteriophage numbers were significantly (p<0.05) reduced by all the tested 

concentrations of PAA. Exposure to PAA concentrations of 30, 40, and 50 ppm reduced 

the phage numbers by 2.5, 2.9 and 2.9 log PFU/ml, respectively, compared to the positive 
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control (9.2 log PFU/ml). The higher concentrations of PAA (100 ppm) and chlorine 

(5ppm) resulted in complete inactivation of phage at 40C. The treatment of phage with 

LAE (200 and 5000ppm) did not affect the phage population (p>0.05) whereas 0.4, 0.6 

and 1% CPC caused minor reductions (p<0.05) in phage numbers by 0.7, 0.9 and 0.9 log 

PFU/ml, respectively compared to the untreated phage control. These findings indicate 

that this bacteriophage preparation was stable and compatible with LAE and CPC. Based 

on these observations, LAE and CPC were selected for determining the combined 

efficacy of antimicrobial with phage for reducing Salmonella counts in vitro and on 

chicken breast fillets. 
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Treatments Log PFU/ml after 24h 

Phage + DI water (control) 9.2±0.1a 

Phage + LAE 200 ppm 9.2±0.1a 

Phage + LAE 5000ppm 9±0.1a 

Phage + CPC 0.4% 8.6±0.6b 

Phage + CPC 0.6% 8.4±0.2b 

Phage + CPC 1% 8.4±0.2b 

Phage + PAA 30ppm 6.7±0.2c 

Phage + PAA 40ppm 6.3±0.1d 

Phage + PAA 50ppm 6.3±0.1d 

Phage + PAA 100ppm ND 

Phage + Chlorine 5ppm ND 

 

  

  

   

 

Table 4.4 Phage titers in the presence of different concentrations of chlorine, 
cetylpyridinium chloride (CPC), lauric arginate (LAE) and peracetic acid 
(PAA) at 40C 

Letter with different superscript indicates significant differences (p<0.05). 

Efficacy of phage and antimicrobial combinations in reducing Salmonella in vitro at 
40C 

Tables 4.5, 4.6, and 4.7 show the effectiveness of phage in reducing three 

Salmonella serotypes in vitro in the presence and absence of 25ppm LAE or 1ppm CPC. 

The concentration of chemicals for this study was selected based on the minimum 
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inhibitory concentration of each chemical in 0.1% peptone water we tested before the 

beginning of the experiment. All the treatments caused significant (p<0.05) reduction of 

S. Typhimurium counts (Table 4.5) in 0.1% PW compared to the untreated positive 

control. Treatment with bacteriophage (108 and 109 PFU/ml) alone reduced S. 

Typhimurium by 1.4 and 2.7 log CFU/ml respectively whereas 1ppm CPC and 25ppm 

LAE reduced S. Typhimurium by 1.6-2.6 and 2.3-3.5 log CFU/ml, respectively. 

Combination of phage (109PFU/ml) with 1ppm CPC or 25ppm LAE produced higher 

reductions in S. Typhimurium by 3.7 and 3.8 log CFU/ml respectively at 2h of storage;  

after 24h of storage, bacterial numbers were reduced to non-detectable levels in all these 

treatments. Similarly combination of phage (108PFU/ml) with 1ppm CPC or 25ppm LAE 

produced reduction of S. Typhimurium by 3 and  3.5 log CFU/ml respectively at 2h of 

storage and after 24h of storage bacterial numbers were reduced to non-detectable levels. 

S. Heidelberg showed more resistance to all the treatments compared to S. Typhimurium. 

But also all the treatments significantly (p<0.05) reduced S. Heidelberg compared to the 

positive control (Table 4.6).Individual application of phage or chemicals reduced S. 

Heidelberg by 1.5-3.4 log CFU/ml. The combination of phage (109PFU/ml) and 25ppm 

LAE reduced S. Heidelberg by 3.9 log CFU/ml at 2h of storage and to non-detectable 

levels after 24h storage. The lower concentration of phage (108PFU/ml) with 25 ppm 

LAE reduced S. Heidelberg by 2.7 and 3.8 log CFU/ml on 2h and 24h of storage 

respectively. The combination of phage (108 and109 PFU/ml) and 1ppm CPC produced 

the highest reduction among all the treatments and the S. Heidelberg counts were reduced 

to non-detectable levels on both 2h and 24h of storage. Salmonella Enteritidis was also 

significantly (p<0.05) reduced by all the individual and combined application of 
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antimicrobials in vitro (Table 4.7). The individual application of phages or chemicals 

reduced S. Enteritidis by 2-4.5 log CFU/ml whereas all the antimicrobial combinations 

reduced bacterial counts to non-detectable levels except the combination of  108 PFU/ml 

phage and 1ppm CPC which produced a reduction of 3.4 log CFU/ml at 2h of storage. 

Overall, combining phage with LAE and CPC showed significant synergistic activity in 

reducing all three Salmonella serotypes in vitro. 

Table 4.5 In vitro efficacy of phage in the presence and absence of LAE and CPC 
against Salmonella Typhimurium 

Treatments Salmonella counts (log CFU/ml) 

2 h 24 h 

Untreated positive control 5.1±0.1a 5.4±0.1a 

Phage (9 log PFU/ml) 3.0±0.4c 2.4±0.2b 

Phage (8 log PFU/ml) 3.7±0.1b 2.7±0.4b 

CPC (1ppm) 3.5±0.1b 2.5±0.1b 

LAE (25ppm) 2.8±0.3c 1.6±0.4c 

Phage (9 log PFU/ml) + CPC (1ppm) 1.4±0.5e ND 

Phage (8 log PFU/ml) + CPC (1ppm) 2.1±0.5d ND 

Phage (9 log PFU/ml) + LAE (25ppm) 1.3±0.3e ND 

Phage (8 log PFU/ml) + LAE (25ppm) 1.6±0.6e ND 

ND: not detected 
Letters with different superscript within the same column indicate significant differences 
(p<0.05) 
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 Treatment  Salmonella 

 2h 

 counts (log  CFU/ml) 

 24h 

 Untreated positive control   4.9±0.3a   5.2±0.1a

Phage (9 log PFU/ml)    2.9±0.7b   1.5±0.4d

Phage (8 log PFU/ml)    3.4±0.5b   3.1±0.5b

CPC (1ppm)    2.3±0.2c   2.3±0.5c

LAE (25ppm)    2.5±0.4c   2.6±0.4c

Phage (9 log PFU/ml) + CPC (1ppm)  ND  ND  

Phage (8 log PFU/ml) + CPC (1ppm)   ND  ND 

Phage (9 log PFU/ml) + LAE (25ppm)    1±0.6d  ND 

Phage (8 log PFU/ml) + LAE (25ppm)    2.2±0.5c   1.4±0.4d

 

  

Table 4.6 In vitro efficacy of phage in the presence and absence of LAE and CPC 
against Salmonella Heidelberg 

ND: not detected 
Letter with different superscript indicates significant differences (p<0.05) within same 
column. 
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 Treatment  Salmonella 

 2h 

 counts (log  CFU/ml) 

 24h 

 Untreated positive control   5.3±0.2a   5.1±0.2a

Phage (9 log PFU/ml)    2.2±0.1c   1.9±0.5b

Phage (8 log PFU/ml)    3.1±0.4b   2.4±0.4b

CPC (1ppm)    3.3±0.4b   2.2±0.6b

LAE (25ppm)    1.8±0.3c   1.7±0.3c

Phage (9 log PFU/ml) + CPC (1ppm)  ND  ND  

Phage (8 log PFU/ml) + CPC (1ppm)    1.6±0.5c ND  

Phage (9 log PFU/ml) + LAE (25ppm)  ND  ND  

Phage (8 log PFU/ml) + LAE (25ppm)   ND ND  

 

  

   

 

  

Table 4.7 In vitro efficacy of phage in the presence and absence of LAE and CPC 
against Salmonella Enteritidis 

Letter with different superscript indicates significant differences (p<0.05) within same 
column 

Efficacy of surface application of phage and antimicrobial combinations in reducing 
Salmonella on chicken breast fillets 

Table 4.8 shows the Salmonella counts on chicken breast fillets after surface 

treatment with antimicrobials and phage individually and in combination. The untreated 

positive control yielded 3.5 log CFU/g of Salmonella on each day of storage. Individual 

application of phage at 9 log PFU/ml was able to reduce Salmonella by 1.0 to 1.1 log 
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CFU/g up to 7 days of storage whereas application of phage at 8 log PFU/ml reduced 

Salmonella by 0.5-0.6 log CFU/g. The application of 0.6% CPC and 200 ppm LAE 

reduced Salmonella by 0.9 and 0.7-0.8 log CFU/g, respectively compared to the untreated 

controls. When phage was combined with these antimicrobials, the highest reduction was 

achieved by the combination of bacteriophage (9 log PFU/ml) with 0.6% CPC, which 

reduced Salmonella population by 1.2-1.4 log CFU/g, which was significantly (p<0.05) 

higher than the application of phage or CPC alone. The log reductions with all other 

combinations ranged from 0.9-1 log CFU/g those were not different from the individual 

application of phage and antimicrobials. 
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Table 4.8 Efficacy of phage in reducing Salmonella on chicken breast fillets by 
surface application in the presence and absence of lauric arginate and 
cetylpyridinium chloride 

Treatment Salmonella counts (Log CFU/g) 

Day 0 Day 1 Day 7 

Untreated positive control 3.5±0.1a 3.5±0.1a 3.5±0.1a 

Negative control ND ND ND 

Phage (9 log PFU/ml) 2.4±0.1e 2.4±0.1e 2.5±0.1e 

Phage (8 log PFU/ml) 3.0±0.2b 2.9±0.2b 2.9±0.1b 

CPC (0.6%) 2.6±0.1d 2.6±0.1d 2.6±0.1d 

LAE (200ppm) 2.7±0c 2.8±0.1c 2.7±0.1c 

Phage (9 log PFU/ml) + CPC (0.6%) 2.2±0.1f 2.3±0.1f 2.1±0.3f 

Phage (8 log PFU/ml) + CPC (0.6%) 2.6±0.2d 2.6±0.1d 2.5±0.1e 

Phage (9 log PFU/ml) + LAE 

(200ppm) 2.6±0.1d 2.5±0.1e 2.5±0.1e 

Phage (8 log PFU/ml) + LAE 

(200ppm) 2.5±0.1d 2.5±0.1e 2.6±0.1d 

Letter with different superscript indicates significant differences (p<0.05) within same 
column 
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Effect of sequential application of phage spray after immersion treatment in 
chemical antimicrobials in reducing Salmonella on chicken skin 

The data on the efficacy of sequential application of phage after chemical 

antimicrobials in reducing Salmonella on chicken skin are presented in Table 4.9. The 

Salmonella counts in the positive controls (treated with distilled water alone or no 

treatment) were similar (p>0.05) ranging from 3.3 to 3.4 log CFU/cm2. All the treatments 

caused significant (p<0.05) reductions of Salmonella compared to the positive controls. 

Immersion in distilled water followed by spray treatment with phage caused a significant 

reduction of 0.9-1 log CFU/cm2. Immersion treatment in chlorine (30 ppm) alone or 

immersion in chlorine (30 ppm) followed by a spray with distilled water caused similar 

reduction of Salmonella (0.5-0.6 log CFU/cm2) whereas chicken skin samples immersed 

in chlorine (30 ppm) and subsequently spray treated with phage showed a greater 

reduction of Salmonella of 1.6 and 1.8 log CFU/cm2 on d0 and d1, respectively. Dip 

treatment with CPC alone reduced Salmonella by 0.6-0.7 log CFU/cm2, which was 

similar (p>0.05) to chlorine dip application alone. However, the dip application in CPC 

followed by spray with phage caused greater reduction of 1.2-1.3 log CFU/cm2 of 

Salmonella. Similarly, immersion of chicken skin in 200ppm LAE caused 0.5-0.6 log 

CFU/cm2 reduction but the sequential application with a phage spray reduced Salmonella 

by 0.8-1 log CFU/cm2. The highest reductions in this experiment were obtained with 

PAA treatments. Immersing chicken skin samples in 50ppm and 400ppm of PAA 

reduced Salmonella counts by 0.4-0.6 and 1.5-1.7 log CFU/cm2, respectively. An additive 

effect was observed when the samples immersed in PAA were spray treated with phage 

solution, yielding reductions of 1.7-2.2 and 2.2-2.5 log CFU/cm2 for 50 and 400 ppm 

PAA treatments, respectively. No Salmonella organisms could be detected in negative 
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controls. These data indicate that with all the treatments, there was an additive effect in 

reduction of Salmonella when dip application was followed by a phage spray. Overall, 

the reductions of Salmonella observed with all the treatments were similar on day 0 and 

day 1 of analysis. 
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Table 4.9 Reduction of Salmonella on chicken skin (Log CFU/cm2) by the sequential 
application of phage and chemical antimicrobials 

Treatments Salmonella counts (Log CFU/cm2) 

20s Dip Surface Application Day 0 Day1 

Negative control ND ND 

DI water DI water 3.4±0.1a 3.3±0.1a 

Not Done Not Done 3.4±0.1a 3.3±0.1a 

DI water Phage 2.2±0.2e 2.4±0.2e 

Chlorine 30ppm Not Done 2.8±0.1b 2.8±0.1b 

Chlorine 30ppm DI water 2.8±0.1b 2.8±0.1b 

Chlorine 30ppm Phage 1.8±0.1f 1.6±0.2g 

CPC 0.2% Not Done 2.7±0.1c 2.7±0c 

CPC0.2% DI water 2.7±0.1c 2.8±0.1b 

CPC 0.2% Phage 2.1±0.3e 2.1±0.1f 

LAE 200ppm Not Done 2.8±0.2b 2.8±0.1b 

LAE 200ppm DI water 2.9±0.1b 2.8±0b 

LAE 200ppm Phage 2.4±0.1d 2.5±0.1d 

PAA 50ppm Not Done 2.8±0.1b 2.8±0b 

PAA 50ppm DI water 2.9±0.1b 2.8±0.1b 

PAA 50ppm Phage 1.7±0.2f 1.2±0.3h 

PAA 400ppm Not Done 1.7±0.1f 1.8±0.1g 

PAA 400ppm DI water 1.7±0.1f 1.6±0.1g 

PAA 400ppm Phage 0.9±1.9g 1.1±0.2h 

Letter with different superscript indicates significant differences (p<0.05) within same 
column 

Discussion 

The main objective of this study was to determine any possible synergistic 

activity of SalmoFreshTM (Salmonella lytic bacteriophage preparation) with 
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antimicrobials approved for use during poultry processing in reducing Salmonella in vitro 

and on poultry products. Initial part of this study was designed to determine the stability 

of phage in various antimicrobial solutions (Table 4.4). The results indicated that 200 to 

5000 ppm LAE did not cause any adverse effect on the survival of phage. The 

mechanism of action of LAE depends upon the type of cell structure. In the Gram-

negative bacteria, LAE acts by altering the membrane potential and the structure of 

cytoplasmic and outer membranes (Rodriguez et al., 2004). But LAE may not be able to 

exert its destructive mechanisms on the bacteriophages due to the structural peculiarities 

of the phages. It has been previously demonstrated the inactivation of bacteriophages by 

CPC by affecting the phage transduction and protein bands in Pseudomonas aeruginosa 

PAO bacteriophage F116 (Maillard et al., 1996a,b). In our study, phage titer was partially 

reduced by CPC resulting in less than 1.0 log reduction of phage titer. Chlorine and 

chlorine releasing agents are classic examples for viricidal biocides. The viricidal effect 

of chlorine on different viruses like HIV virus and poliovirus has been well demonstrated 

by researchers (Bloomfield et al., 1990; Floyd et al., 1999). In our study, Salmonella lytic 

phage preparation was completely inactivated in the presence of chlorine (5ppm), which 

can be attributed to its viricidal activity.  Reduction of bacteriophages by peracetic acid 

(PAA) has been observed in previous studies (Maillard et al., 1996a,b). Rajala-Mustonen 

et al. (1997) reported the inactivation of coliphages in waste water by the addition of 

different concentrations of peracetic acid. In our study, we also observed the effect of 

peracetic acid in reducing phage numbers. With an increase in PAA conc. the number of 

surviving phage population was reduced. 
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Based on the results of phage stability experiment, only LAE was found to be 

completely compatible with this phage preparation, while CPC resulted in minor 

reduction in phage titer (less than 1.0 log PFU/ml). Therefore, we selected LAE and CPC 

in further studies to examine the efficacy of combining phage with either CPC or LAE in 

reducing Salmonella in vitro and on chicken breast fillets. Even though all the tested 

combinations of phage with LAE and CPC were able to eliminate all three serotypes of 

Salmonella in vitro, their antimicrobial action of reducing Salmonella was relatively 

reduced on chicken breast fillets. This can be attributed to the fact that meat is a complex 

matrix of organic materials, which can protect the microbes from the activity of 

antimicrobials at the same time favoring the microbes by providing nutrition (Burt, 

2004). Previous studies have also reported the reduced antimicrobial efficacy of various 

antimicrobial compounds against Salmonella in meat compared to their in vitro efficacy. 

In a study conducted by Sharma et al. (2013b), 200 ppm LAE gave complete reduction of 

Salmonella spp. in vitro, but in ground chicken, no reduction was obtained with the same 

antimicrobial. Although CPC was found to be partially inactivating the phage, the 

combination of phage with CPC was found to be more effective as compared to the 

combination of phage and LAE in inhibiting Salmonella on meat. In comparison to LAE, 

the individual application of CPC revealed significantly higher reductions of Salmonella 

on chicken breast fillets. Previous studies has shown spray application of 0.1% CPC 

reduced Salmonella on chicken carcasses by 1.5-1.9 log units (Xiong et al., 1998) as 

compared to only 0.7 log CFU/g reduction in Salmonella by surface application with 200 

ppm of LAE (Sharma et al., 2013a). In our experiment, even though the bacteriophage 

was found to be compatible with LAE, the combination did not reveal any significant 
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synergistic effect in reducing Salmonella on chicken breast fillets. In this study, we tested 

two different concentrations of phage (108 and 109 PFU/ml) either alone and in 

combination with LAE and CPC. The higher concentration of the phage yielded higher 

reductions of Salmonella when tested alone and in combination with LAE and CPC both 

in vitro and on chicken breast fillets. 

Sequential application concept was carried out to simulate the post chill 

immersion of the chicken carcasses in chemical antimicrobials followed by a spray 

treatment with bacteriophage as an additional measure to control Salmonella. This 

method can also be used for decontaminating cut up chicken parts by dipping them in a 

parts decontamination tank followed by application of phage spray. Out of the different 

combinations tested, skin samples dipped in either chlorine or PAA followed by spray 

treatment with phages yielded significant higher reductions of Salmonella (up to 2.5 logs 

with PAA and phage combination). Poultry processors in the United States commonly 

use PAA up to concentrations of 400 ppm and above in the finishing chiller to reduce 

pathogen contamination of chicken carcasses. Even though a dip in LAE or CPC 

followed by spray treatment with phage gave significant reduction of Salmonella (1 and 

1.3 log CFU/cm2 reductions, respectively) compared to the untreated controls, no 

synergistic effect was observed compared to the individual application of bacteriophages. 

Other studies have also showed similar results showing the synergistic activity of 

chlorine and bacteriophages. Synergistic reduction in Escherichia coli O157:H7 

populations (1.9 log CFU/cm2) on fresh cut lettuce was achieved by immersion in 50 ppm 

sodium hypochlorite followed by spray treatment with EcoShield™ (bacteriophage 

preparation targeted against E. coli O157:H7) while the individual application of phages 
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or sodium hypochlorite gave reductions of only 0.9 log CFU/cm2 and 1.1 log CFU/cm2, 

respectively (Ferguson et al., 2013). The described reason for the synergistic effect in 

their study was the removal of lettuce latex by sodium hypochlorite wash, which 

increased the phage binding on the bacteria. In our study, immersion treatment in 400 

ppm PAA followed by spray treatment with phage nearly eliminated Salmonella on 

chicken skin. It has been reported that 200 ppm peroxyacids are reduced to below 

detectable levels (1ppm) on the poultry carcasses immediately after their application 

(FAO, 2004). This can be a reason for the PAA not able to exert its viricidal activity on 

the phages during sequential application which in effect will allow the phages to act on 

the bacteria producing the synergistic effect. Natural levels of Salmonella spp. in post 

chill chicken carcasses are found to be less than 3 log units (Brichta‐Harhay et al., 2008; 

Dufrenne et al., 2001). All these data suggests that sequential application of phage with 

PAA can eliminate the natural level of Salmonella. The baseline survey conducted by 

USDA in 2012 found out that 26.3% of chicken parts were positive for Salmonella 

(USDA-FSIS, 2012), so poultry processors need additional and/or novel approaches 

during processing to reduce the Salmonella contamination on poultry parts. The results 

from our study indicate that dip treatment in PAA followed by spray treatment with 

bacteriophage can produce high reductions (2.5 log CFU/ cm2) of Salmonella, which can 

be of use for the industry to treat cut up parts in reducing Salmonella contamination. 

Researchers have previously studied the individual application of different 

Salmonella lytic bacteriophages for the control of Salmonella in poultry meat. Spray 

application with bacteriophage P22 (1012 PFU/ml) was found to be effective in reducing 

S. Typhimurium by 2 log CFU/g in sliced chicken breast and minced chicken stored at 
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40C up to 48 hours (Zinno et al., 2014). In our study phage spray application at a 

concentration of 108 and 109 PFU/ml reduced Salmonella on chicken breast fillets by 0.6 

and 1.1 log CFU/g, respectively and it proves that the efficacy of bacteriophage increases 

with the increasing multiplicity of infection of the phage. Salmonella Enteritidis was 

reduced by 2 log CFU/cm2 on chicken skin by the application of lytic bacteriophages at a 

multiplicity of 1000 and the efficacy of the phage preparation was found to be increasing 

with the increasing concentration of phages (Goode et al., 2003). Higgins et al. (2005) 

reported that the lytic bacteriophages were able to significantly reduce S. Enteritidis in 

poultry wash water, chicken, and turkey carcasses. In vitro efficacy of bacteriophage in 

reducing S. Enteritidis has been studied previously by an in vitro crop assay and the 

phages were able to produce a 5 log CFU/ml reduction in S. Enteritidis counts compared 

to the untreated positive controls (Andreatti Filho et al., 2007). Even though a lot of 

research has been carried out on the individual application of organic acids, 

bacteriophage, chlorine compounds, and quaternary ammonium compounds in reducing 

Salmonella spp., very few studies have been completed on application of chemical and 

biological (phage) agents in combination or as multiple hurdles. In this study, we 

evaluated the use of chemical antimicrobials and bacteriophage in combination to achieve 

synergistic antimicrobial action against Salmonella. We did not conduct any sensory 

analysis in this study as the concentrations of antimicrobials tested in this study has been 

shown by previous studies not affecting the organoleptic properties of the meat 

(Bauermeister et al., 2008, Sharma et al., 2013a). However, studies are lacking on the 

effect of phage application on the organoleptic properties of meat products. Future 

studies may be necessitated to explore the sensory attributes of poultry and food products 
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treated with phage and antimicrobials together before recommending these applications 

in commercial setting. 

Conclusions 

The findings from the study indicate that surface treatment of chicken parts with 

LAE or CPC in combination with bacteriophage can significantly reduce Salmonella 

levels. In addition, the sequential application of phage after an immersion treatment with 

chlorine or PAA is highly effective in reducing Salmonella levels on chicken skin. 

However, further studies are necessitated to determine the consumer acceptance and the 

effect of application of phage and antimicrobials combinations on organoleptic properties 

of poultry and meat products. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Phage preparation Salmofresh™ was effective in reducing Salmonella on chicken 

breast fillets both as dip treatment and surface treatment. Phage treated chicken breast 

samples revealed higher reduction of Salmonella on storage under MAP conditions as 

compared to aerobic storage. Surface treatment with phage preparation was able to 

reduce Salmonella on chicken breast fillets stored at elevated temperature. The phage 

preparation was found to be compatible with lauric arginate (LAE) and cetylpyridinium 

chloride (CPC), but their combinations did not produce the expected additive reduction of 

Salmonella on chicken breast fillets. The highest reduction of Salmonella was achieved 

on chicken skin by the sequential application of dip treatment in chemical antimicrobials 

followed by surface application of phage. Sequential application of peracetic acid (PAA) 

and phage produced the highest reduction of Salmonella followed by sequential 

application of chlorine and phage. These findings indicate that lytic phages can work as 

effective post chill antimicrobials for the control of Salmonella on chicken parts and 

carcasses when applied alone or in combination with chemical antimicrobials such as 

PAA or chlorine. The application of phage alone and its sequential application with other 

antimicrobials could provide the poultry industry with an alternative for Salmonella 

control during poultry processing. 
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