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ABSTRACT  
 

Much of the research surrounding bacteriophages (phages) as a processing aid for the control of 

Salmonella on chicken meat has been conducted in vitro in the laboratory. Information about the 

efficacy and application of bacteriophages as part of a hurdle concept in the chicken processing 

environment is limited. In South Africa, the use of certain antibiotics in live broilers and the use of 

chlorine-containing antimicrobials in the processing environment, are still permitted as Salmonella 

control methods. The incidence of Salmonella in chicken meat in South Africa is unclear, but previous 

research has repeatedly shown that the use of antibiotics and/or chlorine selects for resistance in 

Salmonella. The aim of this study was to determine the efficacy of a commercial phage cocktail 

PhageGuard S™ (PGS) (FO1a and S16 phages) in the reduction of Salmonella on chicken carcasses 

through a validated spraying system in a South African chicken processing plant. This study also 

investigated the incidence and antibiotic susceptibility profiles of Salmonella isolated from chicken 

carcasses in the plant. The PGS was applied at a 1% (v/v) concentration onto chicken carcasses via a 

spraying system (validated specifications: 530 µm nozzle diameter, 200 mesh strainer and 3 Bar pump 

pressure) after the chlorine spin chilling step. Neck skins samples were collected before the inside-

outside wash step (N= 80) and after the PGS application step (N= 160). The neck skin samples were 

tested for Salmonella presence/absence (EN ISO 6579/A1 (02/2006)) and confirmed using Vitek®. 

Confirmed Salmonella isolates were screened for antibiotic susceptibility using the Kirby-Bauer disk 

diffusion method according to M100 from the Clinical and Laboratory Standards Institute (CLSI, 

2020). Confirmed Salmonella isolates from neck skin samples collected after PGS application were 

re-exposed to PGS in the laboratory via a killing assay (Micreos Food Fafety, NL) to determine if the 

isolates were resistant to the PGS. Before the inside-outside step the Salmonella incidence was 60% 

with a large portion of these isolates showing resistance to tetracycline (56.3%) and sulfonamide 

(43.8%). After the combination of the inside-outside wash step, chlorine spin chilling and PGS 

application, the Salmonella incidence decreased to 23.75%, where more than half of these isolates 

showed resistance to tetracycline (63.2%) and sulfonamide (55.3%). For the killing assay, all isolates 

which survived PGS in the processing environment were reduced by 100% in the laboratory, 

highlighting that the phages were unable to reach the Salmonella via the spray application, and not 

that the Salmonella was resistant to the phages. The results in this study showed that the multi-drug 

resistant Salmonella in the chicken neck skins survived a complete immersion in chlorine but were 

successfully reduced by PGS, making phages a potential solution to many persistent microbial 

problems. This study also provides valuable insight into implementing phages into the large-scale 

hurdle concept of a processing environment and highlights the importance of the application method 

to ensure safe delivery of the phages to the target bacteria for a high efficacy.  
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OPSOMMING 
 

Navorsing wat fokus om bakteriofaag as ‘n hulpmiddel te gebruik in die beheer van Salmonella in 

hoenders, word hoofsaaklik in vitro in ‘n laboratorium uitgevoer. Inligting rakende die sukses en 

aanwending van bakteriofaag in hierdie omgewing is egter beperk. In Suid-Afrika word the gebruik 

van sekere antibiotikas en antimikrobiese middels what chloor bevat, nog toegelaat om Salmonella 

in lewendige braaihoenders te beheer. Die omvang van Salmonella in hoendervleis in Suid-Afrika is 

nog onseker, alhoewel vorige navorsing bewys dat salmonella weerstandigheid ontwikkel het teen 

die gebruik van antibiotikas en/of chloor. Die doel van hierdie studie is om die effektiwiteit te bepaal 

van die ‘n kommersiële bakteriofaag middel PhageGuard S™ (PGS) (FO1a en S16) in die 

vermindering van Salmonella in hoenderkarkasse. Die middel word toegedien deur ‘n sproeistelsel 

op a Suid-Afrikaanse hoenderplaas. Die studie ondersoek ook die antibiotika vatbaarheidsprofiele 

van Salmonella geisoleer van hoenderkarkasse op die plaas. Die PSG is toegedien op die 

hoenderkarkasse direk na die chloor spin-verkoelde stap, met ‘n sproeistelsel van ‘n 1% (v/v) 

konsentrasie (spesifikasies van ‘n 530 diameter pyp, 200 digte sif en ‘n 3 Bar pompdruk). Monsters 

van die hoendervel is geneem na die binne- en buite wasproses (N= 80) en na die PGS toegepas is 

(N= 160). Die velmonsters is getoets vir Salmonella (EN ISO 6579/A1 (02/2006)) en Vitek® is 

gebruik om die resultaat te bevestig. Die positiewe Salmonella gevalle is getoets vir antibiotika met 

die Kirby-Bauer skyf diffusie metode in ooreenstemming met M100 van die Clinical and Laboratory 

Standards Institute (CLSI, 2020). Die geisoleerde Salmonella gevalle van die velmonsters wat 

versamel is na die PSG toediening, is weer ‘n keer in die laboratorium blootgestel aan PSG deur 

middel van die dodertoets (Micreos Food Fafety, NL). Dit is om te bepaal of die geisoleerde gevalle 

PGS weerstandig is. Voor die binne- buiteproses was die Salmonella gevalle 60% waar ‘n groot 

gedeelte van die geisoleerde gevalle weerstandigheid getoon het teen tetracycline (56.3%) en 

sulfonamide (43.8%). Na die kombinasie van die binne- en buite wasproses, chloor spin-verkoelde 

stap, en die PSG toediening, het die Salmonella verminder na 23.75%, terwyl meer as die helfe van 

die geisoleerde gevalle weerstand getoon het teen tetracycline (63.2%) en sulfonamide (55.3%). Die 

geisoleerde gevalle wat PSG oorleef het op die slagplaas,met die dodertoets, is verminder met 100% 

in die laboratorium. Dit bevestig dat die bakteriofaag nie die Salmonella kon bereik met die 

sproeimetode nie, en nie dat die Salmonella weerstandig is teen die bakteriofaag is nie. Die studie se 

resultate bewys dat die multi-medikasie weerstandige Salmonella in die velmonsters ‘n volledige 

onderdompeling in chloor oorleef het, maar dat dit wel suksesvol verminder is met PSG. Dit maak 

bakteriofaag ‘n moontlike oplossing vir baie weerstandige mikrobiese probleme. Die studie gee ook 

waardevolle insig in die implementering van bakteriofaag in ‘n slagplaas omgewing en die belangrike 
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toepassing van hierdie metode om die bakteriofaag op ‘n veilige wyse op spesifieke bakterië toe te 

pas vir die hoogste effektiwiteit.  

  



 
 

VI 

ACKNOWLEDGMENTS 
 

I would like to extend my sincere appreciation and gratitude to the following individuals, companies 

and institutions for their invaluable time and contributions to this degree: 

 

Professor Pieter Gouws, my supervisor, for his time, patience, guidance, and priceless mentorship. 

Your calm and humble nature, coupled with your extensive industry knowledge and bravery to take 

risks, has afforded me many opportunities beyond my studies.  

 

Dr Diane Rip, my co-supervisor, for her time, kindness, and for sharing her respected research 

techniques and abilities. Your eye for detail and your care taken to ensure each piece of work 

produced is of the highest quality has not gone unnoticed and is of irreplaceable value.  

 

PhageGuard for awarding me a generous bursary to allow me to further my postgraduate studies and 

for affording me many more opportunities along the way.  

 

Staff members at the Department of Food Science (University of Stellenbosch): Professor Gunnar 

Sigge, Anchen Lombard, Petro du Buisson, Eben Brooks, Natasha Achilles and Dr Paul Williams. 

Your smiles, stories and pearls of wisdom have brightened many days.  

 

Fellow postgraduate students: Kyle Corbett, Denise Coetzee, Nadiya Henry, Samantha Du Toit, 

Christina Enslin, Karlene Lambrechts, Tarien Riekert and Michelle Gouws. Your chats and company, 

and all the laughs we shared are treasured. I am so grateful for the friendships forged in the lab.  

 

My parents and my siblings, Marius and Rochelle, Juan and Caity, for their love, sacrifice, 

unwavering support and encouragement in all that I do. You are all an example of what I aspire 

towards, and you paved the way for me, thank you. I am so blessed to have you as my family.  

 

My friends: you will know who you are. For the many occasions I couldn’t be there due to study 

obligations, thank you for your understanding. For your love, support and laughs, and for knowing 

just what I need without me asking, you are all so close to my heart.  

 

George Rembold, my high school extra science tutor. It took just one person like you to believe in 

me, without you I would have given up many years back. Thank you for being the catalyst to my love 

of science and for encapsulating the qualities of a world-class teacher.  



 
 

VII 

NOTES AND CONTRIBUTIONS 

 

The language and style used in this thesis is in accordance with the requirements of the International 

Journal of Food Science and Technology. This thesis represents a compilation of manuscripts where 

each chapter is an individual entity and some repetition between the chapters has, therefore, been 

unavoidable.  

 

Publications:  

 

Wessels, K., Rip, D., & Gouws, P. (2021). Salmonella in chicken meat: Consumption, outbreaks, 

characteristics, current control methods and the potential of bacteriophage use. Foods, 10(8), 

1742. 

Wessels, K., Rip, D., & Gouws, P. (2022). The Effect of Spray Parameters on the Survival of 

Bacteriophages. Processes, 10(4), 673. 

 

Conference oral presentations  

 

Wessels, K., Rip, D. & Gouws, P. (2021). Salmonella in chicken, current control methods and the 

potential of bacteriophage use. AOAC International Sub-Saharan Africa Section 3rd Annual Meeting 

2021, held virtually. 

 

Conference poster presentations 

 

Wessels, K., Rip, D. & Gouws, P. (2022). The effect of spray parameters on the survival of 

bacteriophages. Viruses of Microbes 2022, Guimarães, Portugal. 

 

Wessels, K., Rip, D. & Gouws, P. (2022). Efficacy of bacteriophages FO1a and S16 in the reduction 

of Salmonella on chicken carcasses in a South African poultry processing environment. Food Micro 

2022, Athens, Greece.  

 

Popular articles 

Wessels, K. (2021). A [phage] solution to all your microbial needs. Food and Beverage Reporter, 

June issue. 

 

Wessels, K. (2021). Is there life after antibiotics? Poultry Bulletin, June/July issue.  

 



 
 

VIII 

Webinar 

“Effect of bacteriophages in the reduction of Salmonella on white meat during processing” in 

collaboration with PhageGuard, Xtalks and Food Focus (15 April 2021).  

 

  



 
 

IX 

TABLE OF CONTENTS 

The efficacy of bacteriophages FO1a and S16 in the reduction of Salmonella on chicken 

carcasses in a South African poultry processing environment ...................................................... I 

DECLARATION ............................................................................................................................... II 

ABSTRACT ...................................................................................................................................... III 

OPSOMMING ..................................................................................................................................IV 

ACKNOWLEDGMENTS ...............................................................................................................VI 

LIST OF TABLES ........................................................................................................................ XIV 

LIST OF FIGURES ...................................................................................................................... XVI 

ABBREVIATIONS ....................................................................................................................... XIX 

CHAPTER 1 ....................................................................................................................................... 1 

1.1. Background .................................................................................................................................. 1 

1.2. Bacteriophages ............................................................................................................................. 1 

1.3. Study Scope .................................................................................................................................. 2 

1.4. References .................................................................................................................................... 3 

CHAPTER 2 ....................................................................................................................................... 6 

2.1. Summary ...................................................................................................................................... 6 

2.2. Global trends in poultry consumption ...................................................................................... 6 

2.2.1. South African poultry consumption ......................................................................................... 8 

2.3. Economic importance of food safety ......................................................................................... 8 

2.4. Foodborne outbreaks related to meat ....................................................................................... 9 

2.4.1. Poultry-associated outbreaks .................................................................................................. 11 

2.5. Contamination and preventative measures in poultry .......................................................... 14 

2.5.1 On-farm practices..................................................................................................................... 21 

2.5.1.1 Probiotics ............................................................................................................................... 21 

2.5.1.2 Prebiotics ............................................................................................................................... 22 

2.5.1.3. Antimicrobials ....................................................................................................................... 23 

2.6. Salmonella and its biology ........................................................................................................ 25 



 
 

X 

2.6.1. General characteristics ........................................................................................................... 26 

2.6.2. Salmonella infection mechanisms in humans ....................................................................... 29 

2.6.3. Salmonella infection mechanisms in poultry ......................................................................... 29 

2.7. Treatment of Salmonella in the slaughter setting .................................................................. 31 

2.7.1. Chlorine ................................................................................................................................... 38 

2.7.1.1. Limitations of chlorine-containing antimicrobials ............................................................... 39 

2.7.2. Organic acids ........................................................................................................................... 39 

2.7.2.1. Limitations of organic acids ................................................................................................. 40 

2.8. Bacteriophages .......................................................................................................................... 41 

2.8.1. Background ............................................................................................................................. 41 

2.8.2 Phage application in food ........................................................................................................ 42 

2.8.3. Phage application to reduce Salmonella in poultry at farm level ......................................... 43 

2.8.4. Phage application to reduce Salmonella on food and poultry products ............................... 44 

2.8.4.1. Phage limitations and considerations ................................................................................... 48 

2.9. Concluding remarks ................................................................................................................. 49 

2.10. References ................................................................................................................................ 50 

CHAPTER 3 ..................................................................................................................................... 66 

Efficacy of PhageGuard S™ in the reduction of Salmonella on chicken breast in the 

laboratory setting: a preliminary study ......................................................................................... 66 

3.1. Abstract ...................................................................................................................................... 66 

3.2. Introduction ............................................................................................................................... 66 

3.3. Materials and methods ............................................................................................................. 67 

3.3.1. Media preparation ................................................................................................................... 67 

3.3.2. Salmonella ............................................................................................................................... 68 

3.3.3. Preparation of chicken cubes ................................................................................................. 69 

3.3.4. Phage retrieval for phage-only chicken samples ................................................................... 71 

3.3.5. Bacterial retrieval for phage-treated samples and control samples ...................................... 71 



 
 

XI 

3.3.6. Phage enumeration of  2% PGS solution and phage-only chicken samples from double-

layer plaque assay ............................................................................................................................. 72 

3.3.7. Data analysis ........................................................................................................................... 72 

3.4. Results and discussion .............................................................................................................. 73 

3.5. Conclusion.................................................................................................................................. 75 

3.6. References .................................................................................................................................. 76 

CHAPTER 4 ..................................................................................................................................... 78 

4.1. Abstract ...................................................................................................................................... 78 

4.2. Introduction ............................................................................................................................... 78 

4.3 Materials and methods .............................................................................................................. 79 

4.3.1. Spray machine parameter selection........................................................................................ 79 

4.3.2. PGS Diluted to 1% with Prepared Bottled Water .................................................................. 80 

4.3.4 Salmonella: Propagation of culture ........................................................................................ 82 

4.3.5 Overnight culture for glycerol stocks ...................................................................................... 83 

4.3.7 Phage titer determination ........................................................................................................ 85 

4.3.8. PGS Diluted to 1% with Distilled Water................................................................................. 85 

4.3.9. Statistical analysis ................................................................................................................... 85 

4.4 Results and discussion ............................................................................................................... 85 

4.4.1. PGS Diluted to 1% with PBW ................................................................................................. 85 

4.4.2. PGS Diluted to 1% (v/v) with dH2O ........................................................................................ 89 

4.5. Conclusions ................................................................................................................................ 91 

4.6. References .................................................................................................................................. 92 

CHAPTER 5 ..................................................................................................................................... 95 

Survival of bacteriophages S16 and P100 through different nozzle specifications using 

pressurized spray control ................................................................................................................ 95 

5.1. Abstract ...................................................................................................................................... 95 

5.2. Introduction ............................................................................................................................... 95 

5.3. Methods and materials ............................................................................................................. 96 



 
 

XII 

5.3.1. Nozzle selection ....................................................................................................................... 96 

5.3.2. PGS 125 and LISTEX P100 titer determination .................................................................... 98 

5.3.3. Salmonella: Propagation of culture ....................................................................................... 99 

5.3.4. Listeria: Propagation of culture ............................................................................................. 99 

5.3.5. Phage titer determination ..................................................................................................... 100 

5.3.6. Statistical analysis ................................................................................................................. 101 

5.4. Results and discussion ............................................................................................................ 101 

5.5. Conclusion................................................................................................................................ 104 

5.6. References ................................................................................................................................ 105 

CHAPTER 6 ................................................................................................................................... 106 

Efficacy of bacteriophages S16 and FO1a in the reduction of Salmonella on chicken carcasses 

in the processing environment ...................................................................................................... 106 

6.1. Abstract .................................................................................................................................... 106 

6.2. Introduction ............................................................................................................................. 106 

6.2. Materials and methods ........................................................................................................... 108 

6.2.1. Spray machine installation in processing plant ................................................................... 108 

6.2.2. Sampling plan........................................................................................................................ 110 

6.2.3. Salmonella positive/negative determination ......................................................................... 110 

6.2.4. Vitek® confirmation ............................................................................................................. 112 

6.2.5. Antibiotic susceptibility ......................................................................................................... 113 

6.2.6. Phage susceptibility testing by killing assay ......................................................................... 113 

6.3. Results and discussion ............................................................................................................ 114 

6.4. Conclusion................................................................................................................................ 122 

6.5. References ................................................................................................................................ 123 

CHAPTER 7 ................................................................................................................................... 127 

Final concluding remarks and recommendations ....................................................................... 127 

7.1. References ................................................................................................................................ 129 

ADDITIONAL WORK (CHAPTER 8) ....................................................................................... 131 



 
 

XIII 

Efficacy of LISTEX™ P100 on Listeria monocytogenes isolated from a fish processing plant in 

South Africa .................................................................................................................................... 131 

8.1. Abstract .................................................................................................................................... 131 

8.2. Introduction ............................................................................................................................. 131 

8.3. Materials and methods ........................................................................................................... 133 

8.3.1. Preparation of overnight cultures ........................................................................................ 133 

8.3.2. Phage susceptibility by spot assay......................................................................................... 133 

8.3.3. Phage susceptibility testing by killing assay ......................................................................... 134 

8.3.4. Core genome multilocus sequence typing ............................................................................ 135 

8.4. Results and discussion ............................................................................................................ 137 

8.5. Conclusion................................................................................................................................ 144 

8.6 References ................................................................................................................................. 145 

 

  



 
 

XIV 

LIST OF TABLES 
 

Table 2.1. Foodborne outbreaks related to Salmonella, the approximate financial loss to the company 

in the USA and the respective year (Hussain & Dawson, 2013) ......................................................... 9 

Table 2.2. Comparison of Salmonella-food categories and number of outbreaks resulting in illness 

(CDC, 2017) ....................................................................................................................................... 12 

Table 2.3. Summary of GHP and various control measures to consider when raising and slaughtering 

broiler chickens to reduce the risk of Salmonella in the final chicken meat product (CAC/GL 78-

2011) .................................................................................................................................................. 17 

Table 2.4. Parameters for survival and growth of Salmonella (Bell & Kyriakides 2009; Forsythe, 

2020) .................................................................................................................................................. 26 

Table 2.5. Illnesses caused by different serotypes of Salmonella and the common symptoms (Bell & 

Kyriakides, 2009; Forsythe, 2020) ..................................................................................................... 28 

Table 2. 6. Some of the widely used safe and suitable antimicrobials stipulated for use in poultry 

processing to produce raw poultry meat products in the United States (USDA-FSIS, 2011b) ......... 32 

Table 2.7. Various treatment methods of S. Enteritidis on chicken skin and the resulting reductions 

(Hungaro et al., 2013) ........................................................................................................................ 46 

 

Table 3.1. Average % stability of phage in 2% solution and of phage in 2% solution after being 

applied to chicken breast as well as % stability of Se13 after application to chicken breast, treated 

with tap water and retrieved immediately .......................................................................................... 74 

Table 3.2. Average CFU of Se13 control samples treated with tap water retrieved immediately, and 

after 24 hours, as well as average CFU of phage-treated samples retrieved after 24 h and consequent 

% and log reduction ........................................................................................................................... 74 

 

Table 4.1. Contents of prepared bottled water (ppm) used to a prepare the 1% PGS solution ......... 80 

Table 4.2. Summary of sample plan repeated in triplicate for spray machine analysis .................... 81 



 
 

XV 

 

Table 5.1. Nozzles selected for the survivability of PGS 125™ (PGS 125)  and LISTEX P100™ (PGL) 

through the PSC system, given are the output specifications of the nozzles at a 3 Bar pressure ...... 97 

Table 5.2. Phage S16 and P100 head and tail dimensions .............................................................. 101 

 

Table 6.1. Total neck skin samples taken before inside-outside wash, and after PGS application, the 

number which were positive, and the incidence presented as a % .................................................. 116 

Table 6.2. Percentage reduction (CFU/plate) of each Salmonella isolate (isolated from neck skins 

after PGS application) from killing assay using PGS ...................................................................... 120 

 

Table 8.1. Virulence factors from Listeria pathogenicity island 1 (LIPI-1) and 2 (LIPI-2) that were 

screened for in cgMLST data of isolates 1-3 and their respective function .................................... 136 

Table 8.2. Average percentage reduction of CFU/plate of phage treated L. monocytogenes ......... 142 

Table 8.3. Sequence type, virulence and resistance factor results from analysis of cgMLST data as 

well as percentage similarity against reference ................................................................................ 144 

 

 

  



 
 

XVI 

LIST OF FIGURES 
Figure 2.1. Basic process flow of broiler chickens from grandparent flock to consumer (CAC/GL 78-

2011) .................................................................................................................................................. 15 

Figure 2.2. Expansion of the carcass dressing step in the processing of broilers (CAC/GL 78-2011)

 ............................................................................................................................................................ 16 

Figure 2.3. Anatomy of broiler chicken (Poultry CRC Australia, 2020) .......................................... 31 

 

Figure 3.1. Schematic representation of the chicken cube highlighting the area of treatment and the 

area of contamination ......................................................................................................................... 69 

 

Figure 4.1. Schematic representation of a titration of a 1% PGS sample ......................................... 84 

Figure 4.2. Calculated PFU/mL before and after dilution to 1% (PBW) (samples 1.1. and 1.2., 

respectively). * To draw parallels between sample counts of 1.1 and 1.2, sample 1.2 (1% dilution = 

9.35 × 108) was calculated to reflect a theoretical stock concentration (undiluted) .......................... 86 

Figure 4. 3. Calculated PFU/mL of 1% PGS (PBW) before being sprayed (sample 1.2) through the 

mesh (200) and nozzle (530 m) at pressures of 6, 5, and 3 Bar (sample 1.3–1.5) ........................... 86 

Figure 4.4. Calculated PFU/mL before and after dilution to 1% (dH2O) (samples 2.1 and 2.2, 

respectively). * To draw parallels between sample counts of 2.1 and 2.2, sample 2.1 (1% dilution = 

2.31 × 109) was calculated to reflect a theoretical stock concentration (undiluted) .......................... 87 

Figure 4.5. Calculated PFU/mL of 1% PGS (dH2O) before being sprayed (sample 2.2) through the 

mesh (200) and nozzle (530 m) at pressures of 6, 5 and 3 Bar (sample 2.3–2.5) ............................ 88 

Figure 4.6. Basic phage structure with an icosahedral head, contractile tail terminating in 6 tail fibers, 

representative of the FO1a phage ....................................................................................................... 90 

 

Figure 5.1. Nozzles selected for the survivability of S16 and P100 through the PSC system .......... 97 

file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471794


 
 

XVII 

Figure 5.2. Collecting 10 mL sample of output of nozzle installed on the spray gun of the PSC system

 ............................................................................................................................................................ 98 

Figure 5.3. Output PGS 125 concentrations through the 8 different nozzles of the PSC system, results 

presented as the plaque forming units per plate after incubation (PFU/plate) ................................. 103 

Figure 5.4. Output PGL* concentrations through the 8 different nozzles of the PSC system, results 

presented as the plaque forming units per plate after incubation (PFU/plate) ................................. 103 

 

Figure 6.1. Brief of overview of chicken slaughter process to highlight position of spin chilling step 

(3 ppm chlorine) and point of phage application ............................................................................. 108 

Figure 6.2. Standard curve used for calibration of the chlorine ORP meter (and to convert chlorine 

(mV) to chlorine (ppm)) ................................................................................................................... 109 

Figure 6.3. Black colonies on XLD indicating presence of Salmonella (EN ISO 6579/A1 (02/2006))

 .......................................................................................................................................................... 112 

Figure 6.4. Percentage of Salmonella isolates from neck skins before inside-outside wash that are 

resistant, intermediate or susceptible to antibiotics ......................................................................... 118 

Figure 6.5. Percentage of Salmonella isolates from neck skins after PGS application that are resistant, 

intermediate or susceptible to antibiotics ......................................................................................... 119 

Figure 6.6. Killing assay of a Salmonella isolate where 100% reduction by PGS is achieved ...... 121 

 

Figure 8.1. Example of different levels of plaque clarity, stipulated by Micreos Food Safety (NL).

 .......................................................................................................................................................... 134 

Figure 8.2. Example of how the percentage similarity comparison was conducted on Microsoft Excel 

for the 3 isolates cgMLST results. ................................................................................................... 137 

Figure 8.3. Susceptibility of L. monocytogenes isolate 1 (obtained from salmon before entry into 

processing plant) to LISTEX™ P100 from D0 to D8. ...................................................................... 138 

file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471795
file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471795
file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471796
file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471796
file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471797
file://///Users/kirstenwessels/Documents/Work%20/PhD%20final%20compilation/PhDThesisversion05.docx%23_Toc111471797


 
 

XVIII 

Figure 8.4. Susceptibility of L. monocytogenes isolate 2 (taken from trout final product) to LISTEX™ 

P100 from D0 to D8. ........................................................................................................................ 138 

Figure 8.5. Susceptibility of L. monocytogenes isolate 3 (obtained from an environmental swab of a 

blast chiller door) to LISTEX™ P100 from D0 to D8. ..................................................................... 139 

Figure 8.6. Susceptibility of L. monocytogenes isolate 4 (lab reference host strain ATCC 1042) to 

LISTEX™ P100 from D0 to D8. ...................................................................................................... 139 

Figure 8.7. Susceptibility of L. monocytogenes isolate 1 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). .............................................................................................. 140 

Figure 8. 8. Susceptibility of L. monocytogenes isolate 2 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). .............................................................................................. 140 

Figure 8.9. Susceptibility of L. monocytogenes isolate 3 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). .............................................................................................. 141 

Figure 8.10. Susceptibility of L. monocytogenes isolate 4 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). .............................................................................................. 141 

 

 

  



 
 

XIX 

ABBREVIATIONS 
 

ANOVA Analysis of Variance 

ARB Antibiotic resistant bacteria 

ATCC American Type Culture Collection 

B. cereus Bacillus Cereus 

Bacteriophages Phages 

BPW Buffered Peptone Water 

C. jejuni Campylobacter jejuni 

C. perfringens Clostridium perfringens 

CAC/GL Codex Alimentarius Commission Guidelines 

CDC United States Centre for Disease Control and Prevention 

CFU Colony Forming Units 

cgMLST Core genome multilocus sequence typing 

DAFF Department of Agriculture, Forestry and Fisheries 

dH2O Distilled Water 

E. coli Escherichia coli 

EFSA European Food Safety Authority 

FAO Food and Agricultural Organization of the United Nations 

FDA United States Food and Drug Administration 

FDOSS Foodborne Disease Outbreak Surveillance System 

FSSC Food Safety System Certification 

GHP Good Hygiene Practices 

GIT Gastrointestinal tract 

GLEAM Global Livestock Environmental Assessment Model 

GRAS Generally Recognized as Safe 

L. innocua Listeria innocua 

L. monocytogenes Listeria monocytogenes 

L. salivarius Lactobacillus salivarius 

LB Luria Bertani 

LRP Luciferase reporter phages 

ORP Oxidation-reduction potential 

PBS Phosphate Buffered Saline 

PBW Prepared Bottled Water 

PFGE Pulsed Field Gel Electrophoresis 



 
 

XX 

PFU Plaque Forming Units 

PGS PhageGuard S™ 

PSC Precision Spray Control 

RTE Ready-to-Eat 

RV Rappaport Vassiliadis  

S. aureus Staphylococcus aureus 

S. Enteritidis Salmonella Enteritidis 

S. Heidelberg Salmonella Heidelberg  

S. Paratyphi Salmonella Paratyphi 

S. Typhi Salmonella Typhi 

S. Typhimurium  Salmonella Typhimurium 

SCV Salmonella-containing vacuole 

Se13 Salmonella enterica enterica Enteritidis C StR 

SIF Salmonella-induced filaments 

SRCD Slow-Release Chlorine Dioxide 

TTSS-2 Second Type III Secretion System 

USDA-FSIS United States Department of Agriculture Food Safety and Inspection 

Service 

WGS Whole Genome Sequencing 

XLD Xylose Lysine Deoxycholate 



 
 

 

1 

CHAPTER 1  
 

Introduction 

1.1. Background 
 

The use of antimicrobials in livestock intended for consumption has played a significant role 

in improving animal health, growth and performance (Gouvea et al., 2015). However, the use of 

antimicrobials has placed selective pressure on whole microbial communities, instead of just the 

microbe of concern and has resulted in the emergence of many antibiotic resistant (ABR) bacteria. 

The emergence of ABR bacteria poses a potentially catastrophic problem for the food industry, both 

in terms of human health and financial implications (Capita et al., 2016).  

Antimicrobial-resistant Salmonella is regarded as a significant public health risk worldwide 

(Antunes et al., 2016). Salmonella infections are responsible for millions of cases of illness and 

hundreds of thousands of deaths every year (Majowicz et al., 2010). Poultry meat has been identified 

as a major matrix for Salmonella prevalence, and consequently the respective control mechanisms 

constitute a large portion of the economic burden in maintaining safe food products (Parry & 

Threlfall., 2008; Majowicz et al., 2010; Chen et al., 2013). The poultry industry of South Africa made 

up the biggest portion in the overall sector of agriculture in 2016 with just over 935 million broiler 

chickens being slaughtered (AgriSeta, 2018). The United States alone, spends approximately 11.588 

billion dollars annually on collateral due to Salmonella infections originating from poultry products 

(Wernicki et al., 2017). The economic implications of foodborne disease outbreaks due to Salmonella 

in South Africa are unknown. Studies have been done to investigate alternative treatments to control 

Salmonella in poultry, due to increasing incidences of multi-drug resistant Salmonella strains, as well 

as the increasing stringency of antibiotic use (Boyacioglu et al., 2013; Polasaka & Sokolowska, 

2019). A possible solution for the control of Salmonella on poultry products is the use of 

bacteriophages (phages) (Zinno et al., 2014). 

1.2. Bacteriophages 
 

Phages are naturally occurring in the environment and can be described as viruses that use specific 

host bacteria as vehicles for replication (Doss et al., 2017; Wei et al., 2019). Phages are more effective 

than antimicrobials due to their ability to target specific bacteria - instead of applying pressure to a 

whole microbial community - decreasing the chance of resistance and mutations (Zhang & Buckling 

2012; Domingo-Calap & Delgado-Martinez, 2018). Lytic phages work by inserting their genetic 

material into the host and taking over the bacterial replication mechanism to produce more phages. 
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This subsequently causes lysis of the bacterial cell and the release of the new phages, allowing the 

cycle to repeat with little chance of transduction (Sillankorva et al., 2012; Grant et al., 2017). 

Lysogenic phages on the other hand, may cause progeny, but not kill the bacterial host cell, or may 

integrate some of the phage genetic material into that of the host’s, which could lead to phage 

resistance (Joerger, 2003; Hagens & Loessner, 2010; Sillankorva et al., 2012).  

Many phage-related investigations have been done on chicken products in the laboratory 

setting. Previous studies in vitro have shown the reduction of Salmonella spp. using a cocktail of 

phages applied via rinse, micropipette or spray on: chicken breast (Sukumaran et al., 2016; Duc et 

al., 2018), the whole carcass (Higgins et al., 2005), ground chicken meat (Grant et al., 2017), and 

chicken skin (Hungaro et al., 2013). However, information for the industrial implementation of 

phages is limited. 

The United States Food and Drug Administration (US FDA) has approved several individual 

phages and phage cocktails (such as Salmonella-specific products SalmoFresh and PhageGuard S™ 

(PGS)) for commercial use against various pathogens. The US FDA (2006) as well as Health Canada 

(2011) have stipulated that phages can be applied as a processing aid via dip or spraying but there are 

is no guidance on parameters for a suitable industrial spray application system. In fact, the efficacy 

of phages in an industrial chicken processing environment with conditions such as cleaning agents, 

personnel, line-speeds and other microbial intervention methods has not been investigated. It is 

unclear if phage technology is a candidate for improving the current hurdle concept for the control of 

Salmonella on chicken during processing and if the efficacy in-line will be as good as it is in vitro.   

1.3. Study Scope 
 

More information is needed for the implementation of commercially available, approved phages in 

the processing environment. A better understanding of the requirements and the process will not only 

improve the efficacy of the technology but also provide guidance to successful implementation for 

all those without hands-on experience with phages in vitro. Insight into the performance of phages in 

the processing environment would also be of value to those involved in the research and development 

of commercial phage products and how they can be adapted and optimized for industrial food safety 

applications.  

To the author’s knowledge no studies have been conducted on the efficacy of a commercial 

phage product in the reduction of Salmonella on chicken meat during processing, especially in South 

Africa. As previously mentioned, there is also no information for a suitable spray application system 

or whether spray application has any effect on the safe delivery of phages to the food product. 

Furthermore, the data surrounding Salmonella incidence in chicken meat, as well as the antimicrobial 

susceptibility profiles thereof in South Africa is limited. Contributing to this knowledge gap will 
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enable optimization of the phage technology as a food processing aid in the reduction of Salmonella, 

it will also serve as a catalyst to the thinking process required for an integrated approach towards 

controlling ABR bacteria using alternative methods, both for the scientist developing phage products 

and for the food processor implementing them.  

The overall aim of this study was to investigate the efficacy of PhageGuard S™ (a commercial 

cocktail of FO1a and S16 phages) (Micreos Food Safety, NL) in the reduction of Salmonella on 

chicken carcass in the South African chicken processing environment. This study sought to improve 

the understanding of how phages can be translated from a success in the laboratory setting, to a 

success in the factory setting. In doing so, to also provide guidelines for a suitable spray application 

method. This study also sought to provide some insight into the Salmonella incidence in chicken meat 

in South Africa, and the antibiotic susceptibility of the Salmonella isolated – this information will 

ultimately (and hopefully) motivate policy makers to consider the liability of antimicrobial use more 

carefully.  

To achieve this, a spraying system was carefully designed, built and validated. It was then 

used to apply the phages in-line in the processing environment to chicken carcasses where samples 

were collected to investigate the Salmonella incidence before any antimicrobial intervention and then 

after the combined hurdle concept with the phages. The Salmonella isolates were then screened for 

ABR to assess the risk to public health.  

The conclusions of this study could provide phage product manufacturers with a spray 

application system for future use, as well as a better understanding of how to optimize the phage 

products and technology as a whole. This study could also provide a better understanding of the risk 

of ABR Salmonella in the South African food chain as well as highlight phages as a possible solution 

for risk mitigation.  

 

Ethical clearance was obtained from the Research Ethics Committee: Biological and Environmental 

Safety at Stellenbosch University (REC: BEE-2020-14681). 
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CHAPTER 2  
 

Literature Review 
 

Salmonella in chicken meat: consumption, outbreaks, characteristics, current 

control methods, limitations and future prospects 

2.1. Summary 
 

The control of Salmonella in the chicken processing plant is an on-going challenge for many chicken 

processors around the globe, especially with the increasing demand for poultry meat coupled with the 

escalating stringency for antimicrobial use. Current methods include the use of chemical 

antimicrobials such as chlorine-containing compounds and organic acids. However, due to the 

increasing incidence of multi-drug resistant Salmonella spp., it is important for the industry to 

optimize and improve on existing hurdle concepts. A way in which this can be done is the use of 

bacteriophages. Bacteriophage-use has shown great promise in recent years - however many 

processors remain unconvinced and would prefer to stick with cheaper, more versatile options. The 

hesitancy of processors, enforces the need to scrutinize the processing of chicken to investigate what 

is currently being done, and why it is not working entirely. This in-depth review outlines the global 

climate of food safety, the integrated approach to the control of pathogens and more specifically of 

Salmonella spp. in chicken, from farm level to the consumer. This review further discusses the 

benefits and limitations of good handling/hygiene practices, feed manipulation, antimicrobials, and 

chemicals. And lastly, this review aims to highlight that the “one-size-fits-all” approach to food safety 

is no longer sufficient, and that the current hurdle concepts are ineffective and that the prospect of 

bacteriophage application may be a suitable solution to a wide range of problems.   

2.2. Global trends in poultry consumption  
 

Poultry largely outnumbers humans with approximately one person for every three birds (Mottet & 

Tempio, 2017). Meat and eggs produced from poultry are consumed across numerous cultures and 

are among the most efficient forms of protein (Zaheer, 2015; Mottet & Tempio, 2017). In 2016, the 

Global Livestock Environmental Assessment Model (GLEAM) generated by the Food and 

Agriculture Organization of the United Nations (FAO, 2016) approximated egg production to be 73 

million tons, and meat production to be 100 million tons. Between the years 2021 to 2030 the average 

poultry meat consumption per capita is expected to rise to 24 kg (OECD, 2021). These numbers are 

constantly increasing due to the growth in population, escalating income and urbanization 

(Magdelaine et al., 2008; Alexandratos & Bruinsma, 2012; Mottet & Tempio, 2017). Demand for 
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poultry is increasing not only in developing countries but also developed countries (Mead, 2004; 

Alexandratos & Bruinsma, 2012). The demand is met because chickens are intensively produced; 

chickens rapidly reach a sufficient size and are then slaughtered and processed through highly 

automated systems that allow for rapid throughputs (Mead, 2004; Baldi et al. 2020).   

The shift from free-range farming towards intensive practices has allowed for tremendous 

growth in supply of poultry as a protein source (Mead, 2004; Baldi et al. 2020 ). Intensive practices 

have utilized various breeding techniques, feed manipulation and antibiotic administration to 

optimize on size, growth and desirable attributes (Thirumalaisamy et al., 2016, Mottet & Tempio, 

2017).  

Animal-sourced protein provides various micro-nutrients (Zaheer, 2015), which are 

challenging to acquire in sufficient quantities from plant-based protein, such as Vitamins A and B, 

zinc, iron and calcium (Mottet & Tempio, 2017). Poultry specifically, is cheap, a high-quality source 

of protein and has very few negative associations with religious beliefs, and is therefore often the 

animal protein of choice in developing countries (Farell, 2013; Mottet & Tempio, 2017).  

In a study conducted by Zeng et al. (2019), where trends in meat consumption were tracked 

and analyzed in American adults from 1999 to 2016 - it was found that chicken consumption 

increased from approximately 250 g per week in 2000, to 300 g per week in 2016. The increased 

preference could be due to a couple of factors: firstly, because the price of red meat has increased 

while the price of chicken has remained fairly constant, and secondly, many health concerns have 

been associated with red meat and thus has created the perception of chicken being the healthier and 

leaner option (Hayley, 2001; Zeng et al., 2019).  

Another trend that is affecting the supply of poultry is ready-to-eat (RTE) meals - snack foods, 

take-away meals and dining out - this manner of consumption is becoming more popular and is seen 

as more convenient than preparing a meal in the home setting (Mead, 2004; Thienhirun & Chung, 

2017).  This means most carcasses are sliced, the bones are removed and the meat is either minced, 

prepared with marinade, seasoned or cooked (Mead, 2004).  

With this increasing demand, there are many consumers that are becoming increasingly aware 

of quality and are now purchasing products with the consideration of food safety, environmental 

impact and animal welfare (Mead, 2004; Lusk & McCluskey, 2018; Baldi et al. 2020). This forces 

the industry to keep up with the increasing sophistication and refinery of food technology (Lusk & 

McCluskey, 2018). The poultry industry on a global scale is influenced significantly by these four 

areas of pressure in society namely; food security, the economy, environmental impact and food 

safety (Mottet & Tempio, 2017). These four dimensions are responsible for the delicate balance that 

the poultry industry continuously struggles to satisfy with the rapidly increasing demand.  
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2.2.1. South African poultry consumption 
 

The poultry industry of South Africa alone, made up the biggest portion in the overall sector of 

agriculture in 2016 with just over 935 million broiler chickens being slaughtered (agriSeta, 2018). 

Many challenges face this industry that when analyzed closely, have a significant effect on the 

perceived overall performance of meeting the demands of the population – concerns are raised about 

adhering to food safety regulations and animal welfare concerns (agriSeta, 2018).  

Statistics on poultry production and consumption in South Africa are very limited, however 

the Department of Agriculture, Forestry and Fisheries (DAFF) release an annual abstract of 

agricultural statistics, among these are that of white meat. White meat in this context includes both 

chicken and fish. From 2015 to 2018, South Africa saw an increase in white meat consumption from 

40.04 kg/year per capita to 42.32 kg/year per capita (DAFF, 2020). While consumption of eggs 

decreased from 7.89 kg/year per capita to 7.33 kg/year per capita (DAFF, 2020).   

2.3. Economic importance of food safety  
 

Foodborne outbreaks may have many detrimental effects on a food company, one of them being 

extensive financial losses (Ritson & Mai, 1998; Antle, 2001; Scharff et al., 2016; Hessing et al. 2020). 

The growing demand for safe food has led to an extremely complex production system which 

involves numerous steps and heavy reliance on a functional supply chain (Aung & Change, 2015; 

Hessing et al. 2020). There is also an increase in international trade whereby the transportation of 

food involves crossing one or more countries. This means that food companies constantly have to 

invest in improvements to their food safety management, for reasons such as: avoiding loss of 

business, recalls and legal implications due to outbreaks, to uphold a good reputation, maintain the 

trust of the consumer and to adhere to the government’s legislation – and most importantly to supply 

products that are safe for consumption (Antle, 2001; Aung & Chang, 2015; Hessing et al. 2020).   

There are two notable outbreaks which highlight the reliance on a supply chain originating 

outside of the country of consumption. The first incident was an outbreak due to Cyclospora; this 

parasite was identified in a RTE salad that was made in Mexico but was consumed in Iowa, USA. 

The course of action involved prohibiting anymore shipments until the matter was resolved. The 

second outbreak was caused by Clostridium botulinum in whey-concentrate that was manufactured 

in New Zealand, it is estimated that the company experienced a financial loss of approximately 60 

million dollars due to countries like Russia and China suspending imports of the whey (Hussain & 

Dawson, 2013).  

Salmonella outbreaks that are unrelated to poultry meat products have also caused a 

significant economic loss for companies (Table 2.1.). 
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Table 2.1. Foodborne outbreaks related to Salmonella, the approximate financial loss to the 

company in the USA and the respective year (Hussain & Dawson, 2013) 

Product Financial loss ($) Year 

Peanut products 70 million  2009 

Tomatoes 250 million 2008 

Peanut butter 133 million 2007 

 

A Salmonella outbreak associated with peanut products in 2009 (Table 2.1.) that caused 700 cases of 

illness and the death of nine people resulted in permanent discontinuation of all products of the 

company implicated (Hussain & Dawson, 2013).  

There is also substantial economic loss due to recalls, this is where the company - in 

compliance with the government - take their products from the shelves of distributors, retailers and 

consumers because the product was identified as a potential health risk to the consumer after the 

product had been dispatched from the factory (Gomez  et al., 2020). Most of the time recalls are a 

precautionary measure and a consumer has not fallen ill yet (Thankur & Hurburgh, 2008; Gomez  et 

al. 2020).  

Rahayu et al. (2016) developed an economic model to calculate financial losses caused by 

foodborne outbreaks in Indonesia for the year of 2013. The model accounted for costs related to 

hospitals, impacts on the food industry, and involved fairly accurate estimations drawn off outbreaks 

from other countries. The financial loss was calculated to be 78 million dollars including all health-

related, health-unrelated and indirect health-unrelated costs (Rahayu et al., 2016). Gomez et al. 

(2020). Furthermore, reports that the average economic impact of a recall in the US ranges from 70 

to 350 million dollars. From these monetary figures, it is highly evident that the need for continual 

improvement of quality management systems is urgent and non-negotiable to prevent potentially life-

threatening illness and to avoid devastating economic losses.  

2.4. Foodborne outbreaks related to meat  
 

There have been numerous outbreaks related to meat in the last few decades. In 1988 in the USA, an 

outbreak of Escherichia coli (E. coli) O157:H7 was traced back to hamburger patties that were 

insufficiently precooked, 1562 children consumed the patties, 32 became ill, of which 4 children were 

hospitalized (Belongia et al., 2018). Severe cases of E. coli result in bloody diarrhea, formally known 

as hemorrhagic colitis (Belongia et al., 2018).  Another outbreak caused by E. coli O157:H7 occurred 

in 2004 after a family of three consumed pork salami, two of the members were elderly and were 

rushed to the emergency room of a hospital due to hemorrhagic colitis (Conedera et al., 2007).  
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 Recently a particular category of meat products have become a common source of foodborne 

illnesses namely, RTE meats (Endrikat et al., 2010). The main bacterium responsible for infections 

upon consumption of these meats is Listeria monocytogenes (L. monocytogenes), which causes the 

disease known as listeriosis (Endrikat et al., 2010; Jensen et al., 2016). This manifests as meningitis, 

septicemia and fetal infections (for the invasive form of the disease). In Denmark, an outbreak of 

listeriosis traced back to a RTE meat caused 41 cases of illness, of which 17 of the cases resulted in 

death (Jensen et al., 2016). The mortality rate was especially high because 50% of the cases were 

infected upon consumption of the food in a hospital, therefore it is likely the consumers had 

compromised immune systems. Corrective action involved recalling the meat product from more than 

6000 corporations (Jensen et al., 2016).  

In 2017 and 2018, South Africa experienced an outbreak due to listeria constituting of 1049 

cases of illness and 209 deaths, the largest outbreak of this nature in history (NICD, 2018). Two 

factories that produced polony and other deli meats were identified as the possible origin of the 

outbreak (Hunter-Adams et al., 2018). The company implicated argued that the lack of enforcement 

of regulatory standards meant that there could be no evidence that directly linked their products to 

the deaths - this also created a platform for interrogation of the state-level traceability system that 

monitors the entire food system (Hunter-Adams et al., 2018).  

An outbreak of L. monocytogenes was identified by the European Food Safety Authority 

(EFSA) via WGS across multiple countries originating from cold-smoked salmon and trout products 

of the same manufacturer. This outbreak consisted of 22 cases of listeriosis spread across Denmark, 

Finland, Sweden, France, and Estonia. The outbreak strain was traced back to an Estonian processing 

plant where an environmental strain matched the outbreak strain (EFSA, 2019).  

In Germany from 2010 to 2021, whole genome sequencing (WGS) with core genome 

multilocus sequence typing (cgMLST) was used to identify 22 listeriosis outbreaks consisting of 228 

cases with 17 confirmed deaths. These outbreaks were associated with salmon products and in this 

study more outbreaks were also identified outside of Germany (Lachmann et al. 2022).  

Closer to home in South Africa, Chersich et al. (2018) discussed that an increasing water 

scarcity (because of climate change) will result in a higher incidence of L. monocytogenes on our 

produce and in our retail settings. Water scarcity will start to compromise processing hygiene, where 

sanitizers (with a lower efficacy than water and soap) will be the more favourable option. Water 

sources for agriculture will shift towards rainwater tanks and roof-harvested water (where a study has 

shown that 22% of the rainwater samples taken were positive for L. monocytogenes (Jongman & 

Korsten, 2016)). Intermittent bursts of rain, splash the organism from the soil onto the produce while 

lengthy downpours tend to wash out the organism completely. With these downpours becoming less 
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and less, crops will start to become the ideal reservoir for L. monocytogenes survival (Chersich et al., 

2018).  

Meat has been, and continues to be, a common cause for foodborne outbreaks The absence of 

a heating step, or an insufficient heating step is a common factor throughout many of the cases 

mentioned. The development of surveillance systems and better traceability (such as WGS) is creating 

an opportunity for food processors to better manage their food safety systems by identifying the origin 

of persistent problems. Surveillance systems are also enforcing a method of accountability and 

responsibility throughout the food chain, forcing all those involved to start scrutinizing their role for 

safer outputs.  

2.4.1. Poultry-associated outbreaks  
 

Globally, poultry is second highest in terms of meat consumption and is predicted to increase more 

rapidly than any other meat type. This makes poultry a predominant source of foodborne illness (Chai 

et al., 2017). There are a few pathogens strongly associated with foodborne outbreaks in poultry, one 

of the most common being Salmonella (Majowicz et al., 2010; Antunes et al., 2016; Chai et al., 

2017). 

The United States Centers for Disease Control and Prevention (CDC) facilitate a note-worthy 

system whereby clinics collect samples of bacteria isolated from ill patients and submit them to public 

laboratories, the laboratories identify the subtypes of the samples using pulsed-field gel 

electrophoresis (PFGE) (Gieraltowski et al., 2016). These subtypes are then made available on a 

database (PuleNet) which is accessible nationwide to various organizations which can identify 

sources of illness caused by a common PFGE subtype (Gieraltowski et al., 2016). Furthermore, 

PulseNet also makes use of whole genome sequencing (WGS) which determines the order of bases 

(genetic fingerprint) in a DNA sequence in a single laboratory procedure (CDC, 2016). WGS supplies 

more intricate information to assist in identifying outbreaks, PFGE compares 15-30 bands whereas 

WGS identifies millions of genes making it easier to distinguish if the bacteria are in fact the same 

(CDC, 2016). In 2017, the CDC identified poultry products (turkey and chicken) as the dominant 

source of Salmonella infections resulting in illness (Table 2.2.).  
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Table 2.2. Comparison of Salmonella-food categories and number of outbreaks resulting in illness 

(CDC, 2017) 

Food category No. Outbreaks No. Illness 

Turkey 2 580 

Chicken 11 299 

Fruits 10 421 

Other 1 199 

Vegetable row crops 2 178 

 

In an analysis conducted by Chai et al. (2017), whereby 1114 outbreaks from 1998 to 2012 

in the United States were investigated and analyzed according to a strict criterion, 279 of the total 

1114 (25%) outbreaks were due to poultry. Of the 279 outbreaks, 149 could be traced back to a 

confirmed pathogen. Out of the 149 outbreaks, approximately 43% was due to Salmonella, 26% was 

due to Clostridium perfringens, 7% was due to norovirus, a further 7% was due to Campylobacter, 

5% was due to Staphylococcus aureus, 3% was due to Bacillus cereus and a further 3% was due to 

Listeria monocytogenes.  

Furthermore, in the analysis, the outbreaks associated with C. perfringens, S. aureus and B. 

cereus were due to errors in food-handling, while the Salmonella outbreaks were predominantly due 

to contamination prior to cooking or insufficient cooking (Chai et al., 2017).  

Dominguez et al. (2007), analyzed outbreaks in Catalonia, Spain from 1990 to 2003. Of the 

1652 outbreaks, 871 (52%) were due to Salmonella. Of these 871 outbreaks, there were more than 

1500 people who needed hospital care with a total of four deaths (Dominguez et al., 2007). Half of 

the outbreaks caused by Salmonella were traced back to eggs (food with raw or partially cooked 

eggs). In the same study conducted by Dominguez et al. (2007), 207 (12.5%) of the 1652 outbreaks 

were due to C. perfringens, norovirus or S. aureus. 

The most common foodborne disease caused by poultry meat is salmonellosis, named after 

the causative bacterial agent Salmonella (Ravel et al., 2009; Guo et al., 2011). Many preventative 

and control measures have been developed and implemented in efforts to control Salmonella on 

poultry products, however resistant strains have rapidly emerged, causing outbreaks despite extensive 

quality management systems (Williams et al., 2014; Antunes et al., 2016). Salmonellosis is caused 

by serotypes of Salmonella other than Salmonella enterica serovar Typhimurium and Salmonella 

Paratyphi; the common serotype responsible for most outbreaks related to poultry is Salmonella 

enterica serotype Enteritidis (Antunes et al., 2016). The difference between these will be further 

explained in Chapter 2.6. Salmonellosis involves symptoms such as fever, diarrhea and severe cramp 
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with an incubation period of up to 72 h after consumption (Antunes et al., 2016). According to 

Majowicz et al. (2010), each year Salmonella is responsible for 93 billion cases of illness and 

approximately 155 000 fatalities globally.  

There have been numerous outbreaks due to Salmonella; from 1998 to 2006 the state of 

Minnesota alone saw four outbreaks that were traced back to chicken products (Smith et al., 2008). 

The products in these outbreaks were thought to be precooked due to a breadcrumb coating; the 

consumer thus, either chose to warm the chicken in a microwave oven or did not cook it sufficiently 

according to the label instruction. It was noted that none of the consumers checked the internal 

temperature to ensure it was cooked (Smith et al., 2008).  

Jackson et al. (2013) analyzed 1491 outbreaks recorded by The Foodborne Disease Outbreak 

Surveillance System (FDOSS) in the United States due to Salmonella. The outbreaks took place 

between 1998 and 2008; of the 1491 outbreaks, approximately 400 were caused by a known serotype 

and could be assigned to a food. Of the 400 outbreaks, 144 (36%) were due to S. Enteritidis and 24 

(6%) were due to S. Heidelberg – these outbreaks were traced back to eggs (Jackson et al., 2013). A 

further 58 outbreaks were due to S. Typhimurium, and were traced back to chicken (Jackson et al., 

2013). 

Kenny et al. (1999), analyzed 10 reported cases of S. Typhi in South Australia that were 

recorded within a period of 4 weeks of each other. Data of the foods eaten for the five days prior to 

the symptoms was collected - chicken nuggets appeared frequently which led to a case study that 

investigated whether the consumption of the chicken nuggets was linked to the onset of the illness. 

Controls were included in the case study, thorough interviews were conducted and finally the S. Typhi 

strain isolated from the brand of chicken nuggets from a packet (found in the home of one of the 

cases), was found to be common with nine out of the reported ten cases of illness (Kenny et al., 1999). 

The chicken nuggets that were responsible were flash fried, but still classified as a product that needed 

to be cooked. This once again reiterates the necessity for clear labelling and sufficient cooking to 

exclude the potential of infections due to Salmonella from poultry, it also highlights the need for 

continuous efforts to control Salmonella contamination in chicken (Roccato et al., 2015).  

In more recent years, Morton et al. (2019), explained that WGS uncovered 18 outbreaks and 

584 confirmed cases of Salmonella linked to consumption of frozen raw breaded chicken products 

from 2015 to 2019 in Canada. These reported cases highlight how foodborne illness is a global 

problem and how it has been persistent over several years, and that it is not necessarily something 

that is improving over time.  
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2.5. Contamination and preventative measures in poultry  
 

The prevalence of Salmonella in chicken and increasingly stringent regulations has forced out-of-the-

box thinking as to what factors could lead to extensive contamination within the processing plants, it 

has forced researchers to investigate factors such as feed, water, interactions with other flocks and 

behaviors of the birds’ pre-slaughter and treatments thereof, post-slaughter (Corrier et al., 1999; 

Golden et al., 2020). 

To understand the sources of contamination and the subsequent treatment options at various 

points throughout the lifecycle of a broiler, a flow diagram (Figure 2.1.) has been generated according 

to a risk management framework (RMF) stipulated by the Codex Alimentarius Commission 

Guidelines for the Control of Campylobacter and Salmonella in chicken meat (CAC/GL 78-2011). 

Figure 2.1. outlines the fundamentals of raising and slaughtering broiler chickens. Table 2.3. outlines 

the basic preventative measures to keep a flock of chickens free of Salmonella, after which the 

specific routes of contamination, and their control measures are further described.  
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Figure 2.1. Basic process flow of broiler chickens from grandparent flock to consumer (CAC/GL 78-2011). 
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From Figure 2.1. it is important to note that step 15 – the carcass dressing step – is an extensive 

process and can be further broken down into smaller steps as seen in Figure 2.2. which is generated 

according to the general outline stipulated by the Codex Alimentarius commission (CAC/GL 78-

2011).  

 

 

Figure 2.2. Expansion of the carcass dressing step in the processing of broilers (CAC/GL 78-2011). 

Furthermore, good hygiene practices (GHP) for Salmonella at each step in the process 

(explained by Figure 2.1.) has been outlined by Codex Alimentarius (CAC/GL 78-2011) and is 

summarized in Table 2.3.  
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Table 2.3. Summary of GHP and various control measures to consider when raising and slaughtering broiler chickens to reduce the risk of Salmonella 

in the final chicken meat product (CAC/GL 78-2011) 

Step 

number(s) 

Action GHP and control measures 

On Farm Practices 

1 Grandparent flocks lay 

eggs 
• Grandparent flock used for breeding should be Salmonella-negative 

• Feed should be carefully kept and delivered in especially designated transport to minimize 

contamination 

• Use of vaccines, probiotics and organic acids is also possible at this stage  

2. Eggs transported to parent 

hatchery 
• Eggs selected for transport should be from flocks that do not have Salmonella 

3. Hatchery of parent flock • Eggs that are hatched should be from flocks that do not have Salmonella 

• Eggs from Salmonella-positive flock should be separately hatched and resulting chicks should be kept 

separated 

4. One-day-old chicks 

transported to parent farms 
• Anyone handling the chicks during transportation should not enter the premises of any other livestock 

to prevent contamination of the chicks 

• Biosecurity measures should be followed to prevent contamination in loading/unloading the one-day-

old chicks 

• Crates and pallets should be routinely cleaned and sanitized, importantly before and after use 

5.  Parent flocks grown and 

lay eggs 
• Same as step 1 

6.  Eggs transported to 

hatchery 
• Same as step 2 but if eggs are from a Salmonella-positive flock, provision should be made for eggs to 

be separately transported  

7.  Hatchery • Same as step 3, and an analysis should be conducted at this point to identify the breeding flock and the 

point of origin for contamination if any  

8.  One-day-old chicks 

transported to grower sheds 
• Same as step 4  
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9.  Chickens managed • At this stage, a control measure such as organic acids or probiotics – also known as competitive 

exclusion - could be added to drinking water, or formaldehyde added into the feed before slaughter.  

• Control measures of this nature must be approved by relevant local authorities 

10.  Partial/ full harvest 

(depopulation) of chickens 

in growing flock  

 

• It is necessary to conduct a full flock depopulation, if possible, if not, biosecurity should be adhered to 

with emphasis on prevention of contamination by the personnel catching the birds 

• Sheds that are scheduled to be partially depopulated should be done before sheds that will be depopulated 

fully later that day  

• Withdrawal of feed may be practiced at this step before harvest, whereby lactic acid may be administered 

through the water to decrease contamination of the crop, post-depopulation. This should be approved by 

local authorities  

11. Harvested chickens 

transported to 

slaughterhouse  

• Crates and pallets should be routinely cleaned and sanitized, importantly before and after use 

Pre-slaughter practices 

12. Chickens received at 

slaughterhouse 
• A full profile of the flock, especially whether they are Salmonella-positive or negative should be 

provided to the slaughterhouse prior to reception, to allow for adequate planning and re-channeling  

• Approximately 8-12 hrs should be provisioned for withdrawal from feed, prior to slaughter to reduce 

carcass contamination by feces 

• Conditions should be maintained that minimize stress for chickens such as avoiding the use of bright 

lighting, precluding chances of delay, and minimizing any handling by personnel 

• Salmonella-positive flocks should be kept and slaughtered in a way that prevents contaminating other 

flocks – it is advisable to slaughter Salmonella-positive flocks after other flocks at the end of the working 

day, or all on the same day at the end of the week. 

13.  Ante-mortem analysis  • Any chickens that do not meet healthy specifications should not be slaughtered 

• It is important to note when more than the acceptable amount chickens have died before reception if 

chickens have other health issues. This should be reported to the relevant authorities to instigate 

corrective measures 
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14. Slaughtering • Salmonella-positive flocks should be processed in a way that adheres to local food safety regulations 

• Live birds should be hung in a manner that reduces stress as far as possible, such as using blue light for 

illumination and a speed for the conveyor that is not too fast  

Post-slaughter practices 

15. Carcass dressing • Continuous stream of clean water for washing 

• If carcass is seen to have excessive feces it should be thrown away 

• Chemicals may be used during this step for decontamination, these should be approved by authorities  

15a.  Scald • Water with a flow that is counter-current, rapid and continuously mixed should be used 

• Appropriate temperature and pH (by addition of approved chemicals) should be used to reduce 

Salmonella  

• Sufficient and regular cleaning of scalding tanks and good waste-water management 

15b. Defeather • Chickens should have had appropriate length of time for feed withdrawal to avoid contamination during 

defeathering  

• Avoid accumulation of feathers on machinery  

• Appropriate, cleaning, sanitizing and maintenance of machinery and with emphasis on rubber fingers 

15c.  Pull off head • Any drip from the crop or rupturing of the crop should be averted, this is done by pulling the head in the 

downward direction 

15d. Re-hang carcass • Re-hanging of carcasses should be done by personnel and not automatically to avoid contamination  

• Corrective action should be in place for carcasses that are dropped onto the floor 

15e.  Eviscerate  • Rupturing viscera can be avoided by processing birds of the same size, this also requires regular 

adjustment to equipment  

15f. Remove crop • Should be removed in such a way so as to avoid contamination of the carcass 

• A chlorine solution or Tri Sodium Phosphate (TSP) dip may be applied at this step, just after the carcass 

has been defeathered and eviscerated to reduce Salmonella  

15g.  Removal of neck skin • Should be removed in such a way so as to void contamination of the carcass 
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Pre-packaging practices 

16.  Inside-outside washing of 

carcass 
• Interior and exterior of carcass should be cleaned extensively using high-pressure chlorinated water 

stream as well as to reduce Salmonella 

• The use of brushes may be utilized for inside-outside washing to assist in removal of evident 

contamination  

17. Extra wash step • Acidified Sodium Chlorite (ASC), or TSP may be applied at this step via spray or dip to reduce 

Salmonella 

18. Post-mortem analysis  • Analysis should be conducted with sufficient time and lighting to clearly see any contamination, carcass 

defects, or damage 

19.  Chilling (dip)  • Rapid chilling is advised to inhibit growth of spoilage microorganisms and pathogens  

• Important that whole carcass is cooled to desired temperature by the end of the chilling step 

• If a dip application is utilized for chilling, chemicals may be added to reduce Salmonella such as chlorine 

or oxygen composites and organic acids. Sufficient time should be allowed for this liquid to drip off of 

carcass post-application to reduce contamination further down the line  

• It is important that flow of water is counter-current, rapid and continuous  

20. Additional dip  • Once carcass cooled an additional cooled dip containing ASC or chlorine may further reduce Salmonella 

21. Portioning  • Carcasses should remain at low temperatures and be portioned swiftly after chilling  

22. Packaging of 

portions/whole carcass 
• Packaging should not leak any fluid from chicken to prevent contamination  

• Clear instructions for cooking, storage and handling according to regulations should be visible for 

consumer  

• Carcasses should remain at low temperatures  

• Use of irradiation may be used at this step to further reduce Salmonella 

Post-packaging and transport practices 

23. Chilling/freezing • Desired temperature should be uniform throughout carcass at end of chilling step  

24. Storage • Important to keep carcasses at low temperature to inhibit Salmonella growth 

25.  Transporting • Same as step 24 

26. Store/consumer • Same as step 24 
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2.5.1 On-farm practices 
 

The focus of Salmonella in on-farm practices is due to the increasing restrictions of various chemicals 

used in decontaminating the chicken carcass post-slaughter (Vandeplas et al., 2010; Giombelli & 

Gloria, 2014). This has encouraged an approach that is integrated into the life cycle of the broiler 

chicken, emphasizing the first possible sources of contamination which may originate on the farms. 

This integrated approach has also explored ways in which a broiler chicken can be managed - 

particularly through feed - to best handle Salmonella contamination (Vandeplas et al., 2010).  

2.5.1.1 Probiotics  
 

Probiotics are administered in the feed to improve the gut microbiome, which improves the overall 

health of a host animal (Wolfenden et al., 2007; Feng et al., 2016). Probiotics administered to young 

broiler chicks may assist at a later stage when the bird is placed under stress – such as during transport 

or feed withdrawal - to boost immune system and prevent Salmonella infection (Jarquin et al., 2007; 

Wolfenden et al., 2007; Feng et al., 2016).  

Probiotics added to feed mostly consist of bacterial strains such as Lactobacillus, Entercoccus 

and Bacillus, and yeasts such as Saccharomyces cerevisae (Haghighi et al., 2008; Vandeplas et al., 

2010). Lactobacillus acidophilus and fermentum have been noted to aid in the prevention of 

Salmonella colonizing the ileal epithelial tissue by competitive exclusion, as well as by inhibition via 

lactic acid production (Vandeplas et al., 2010; El-Sharkaway et al., 2020).   

A study conducted by Pascual et al. (1999), showed that administration of freeze-dried 

Lactobacillus salivarius (L. salivarius) (approx. 105 CFU/g) on day one of feeding was sufficient for 

colonization and detection in the ileal epithelial tissue for up to 7 days after dosage. After 3-4 weeks, 

L. salivarius was no longer detectable, which indicated the necessity for more than one dose during 

feeding (Pascual et al., 1999). Secondly, in this experiment, one-day-old Leghorn chickens were 

treated as a control (A), or with either S. Enteritidis (B) or L. salivarius (C) or both (D). Treatment B 

resulted in a reduced number of lactobacilli after 3 weeks compared to the control. Treatments B and 

D showed large amounts of colonization – almost 100% for each treatment - of S. Enteritidis after 2 

weeks. Interestingly, half of the chickens’ subject to treatment C showed colonization of S. Enteritidis 

after 2 weeks, despite only being inoculated with probiotic. After 3 weeks, all chickens that received 

the L. salivarius probiotic treatment (treatment C and D) were free from S. Enteritidis, while more 

than two-thirds of the chickens not treated with L. salivarius were found to have S. Enteritidis. This 

shows how probiotics are a suitable aid to prevent Salmonella, by competitively excluding the 

pathogen and improving immune function by strengthening the intestinal barrier (Feng et al., 2016; 

El-Sharkaway et al., 2020). 
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Furthermore, a study conducted by Hashemzadeh et al. (2010), was carried out to investigate 

the use of a probiotic consisting of multiple organisms namely: Lactobacillus acidophilus, L. 

plantarum, L. bulgaricus, L. rhamnosus, Aspergillus oryzae, Enterococcus faecium, Streptococcus 

thermophilus and Candida. The probiotic was administered in four different ways to chicks in the 

hatchery via, (1) injection to the fertile egg, (2), orally, (3) spraying onto chicks and (4) deposit on 

vent lip for cloacal drinking. At two days old, the chicks were also orally inoculated with S. Enteritidis 

to challenge the effectiveness of the probiotic against colonization of the Salmonella.  Overall, it was 

found that all methods of probiotic administration lowered S. Enteritidis from recovered ceca contents 

after 7 days (Hashemzadeh et al., 2010). Depositing the probiotic on the vent lip for cloacal drinking 

was found to have the best reduction - however the practicality of this was a concern and so it was 

concluded the second-best application - which produced similar results - was the spray method 

(Hashemzadeh et al., 2010).  This study showed both the use of the probiotic and the method of spray 

application to be a success in preventing colonization of S. Enteritidis in broiler chicks when being 

challenged with the pathogen. This study further reiterated the overall benefit of including probiotics 

as a means of pathogen colonization prevention (Hashemzadeh et al., 2010; Feng et al., 2016).  

2.5.1.2 Prebiotics 

Prebiotics are sugar alcohols or nondigestible carbohydrates that are added to feed with the purpose 

of avoiding digestion in the upper section of the intestinal tract, so that they can be utilized as 

substrates by the flora in the lower intestine (Vandeplas et al., 2010; Butel & Waligora-Dupriet, 2016; 

Siwek et al., 2018). Prebiotics thus support the growth of bacteria that are beneficial to the immune 

system and play an integral role in preventing Salmonella and other harmful enteric bacteria from 

colonizing the ileal epithelial cells (Van Immerseel et al., 2002; Butel & Waligora-Dupriet, 2016). 

There are two types of action for this: direct and indirect - in terms of direct action, the prebiotics 

may bind to the bacterium, which prevents attachment to the epithelial cells. And in terms of indirect 

action, prebiotics promote the growth of beneficial intestinal flora which will block harmful bacteria 

attaching to the epithelial cells by competitive exclusion (Vandeplas et al., 2010; Micciche et al., 

2018). Furthermore, prebiotics are also fermented in the gut to produce Short Chain Fatty Acids 

(SCFA) such as lactic acids which lowers the environmental pH thus preventing attachment by 

bacteria (Dhama et al., 2014).  

These carbohydrates can be subcategorized by their structures: monosaccharides, 

disaccharides and oligosaccharides (Dhama et al., 2014). An important monosaccharide used as 

prebiotic is mannose, while an important disaccharide is lactose (Van Immerseel et al., 2002; 

Micciche et al., 2018).  Corrier et al. (1993), proved that adding lactose and adult poultry litter to 

feed that is given to chicks reduced colonization of Salmonella significantly, compared to chicks 
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which were given feed with only adult poultry litter. Chicks that were given neither adult poultry 

litter nor lactose showed increased Salmonella colonization (Corrier et al., 1993). This study not only 

showed the benefit of lactose addition as a prebiotic but also that of adult poultry litter which contains 

established flora of the intestine and how it increases a chick’s resistance to Salmonella (Corrier et 

al., 1993).  

Mannanoligosaccharides - which are a constituent of the cell wall of yeasts - work as a 

prebiotic by binding harmful bacteria, which in turn prevents them from binding the ileal epithelial 

cells, the oligosaccharides are not digested and thus pass through the digestive system, removing the 

pathogens with them (Pourabedin & Zhao, 2015). Oligosaccharides are also included in feed to 

promote attachment of Lactobacillus (Dhama et al., 2014). This highlights how prebiotics and 

probiotics can be added to feed and act synergistically (known as synbiotics) (Siwek et al., 2018) to 

improve the poultry gut microbiome and overall resistance to pathogens (Dhama et al., 2014; 

Pourabedin & Zhao, 2015).  

Prebiotics are useful feed additives due to their ability to promote growth of useful gut 

bacteria, inhibitory effects on harmful bacteria and synergistic effects with probiotics (Dhama et al., 

2014; Pourabedin & Zhao, 2015; Micciche et al., 2018).  

2.5.1.3. Antimicrobials 
 

There are various types of antimicrobials each with a unique mode of action that assist poultry in 

fighting infections caused by bacteria; antimicrobials are also used for growth promotion, 

performance enhancement or as a prophylactic (Gouvea et al., 2015; Nguyen et al., 2016). 

Antimicrobials are generally administered through feed at the farm level and common types include 

fluoroquinolones, trimethoprim and salinomycin sodium (Vandeplas et al., 2010). The use of 

antimicrobials has more recently generated concern from various regulatory organizations due to the 

ever-increasing incidences of bacterial resistance both in humans and animals (Hur et al., 2012; 

Nguyen et al., 2016).  

Fluoroquinolones are a common antimicrobial, with decreased levels of toxicity and a wide 

spectrum of application (Urraca et al., 2014; Gouvea et al., 2015). Fluoroquinolones are commonly 

selected for the treatment of salmonellosis and other Gram-negative aerobes (Urraca et al., 2014; 

Gouvea et al., 2015). It is important that regulations regarding dosage and sufficient time for 

withdrawal are adhered to, to avoid fluoroquinolone residues remaining on the tissues that are eaten 

by the consumer. These residues are responsible for resistant bacteria being transmitted to humans. 

Fluroquinolone residues - in high concentrations - additionally have an adverse effect on human 

health (Gouvea et al., 2015). These adverse effects include changing the gut microbiome, inducing 
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tumors and bone marrow aplasia (Gouvea et al., 2015). Antimicrobial resistance to fluroquinolones 

is caused by genetic mutation of the targets that bind the quinolones (Redgrave et al., 2014).  

In a study carried out by Stevenson et al. (2007) from 1996 to 2003 in the US, 12 252 isolates 

of Salmonella were analyzed for fluroquinolone sensitivity. It was found that more than 8% were 

resistant to the fluoroquinolone class of antimicrobials.  

Mayrhofer et al. (2004), analyzed 281 samples of chicken meat for Salmonella of which 46 

positives (%) were isolated which then underwent antimicrobial resistance testing. More than 40% of 

the isolates showed resistance to quinolone nalidixic acid and approximately 10% showed resistance 

to quinolone ciprofloxacin, concluding that resistance in Salmonella to the quinolone antimicrobials 

is very high (Mayrhofer et al., 2004).  

Another antimicrobial feed additive is salinomycin. Salinomycin is part of the ionophore 

polyether antimicrobials and is used mostly to treat Gram-positive bacteria, protozoa and parasites 

(Van Immerseel et al., 2002; Lee et al., 2014). Salinomycin is commonly used for the prevention of 

the protozoa Eimeria – causative agents for coccidiosis (Tipu et al., 2002; Lee et al., 2014). 

Coccidiosis is of particular concern in broilers because it causes lesions in the intestinal tract, this 

causes the birds to lose weight and become dehydrated (Hafez & Monreal, 2008; Lee et al., 2014). 

The most concerning aspect of coccidiosis is the vulnerability for the intestinal tract to be colonized 

secondarily by other bacteria (Hafez & Monreal, 2008).  

Furthermore, salinomycin is also used for prevention of infection by bacteria C. perfringens, 

which causes necrotic enteritis (Johansen et al., 2007). Salinomycin treatment has shown decreased 

incidence of Salmonella (which is, however, Gram-negative) and the Salmonella-shedding period; 

however previous studies are contradictory and further research is required (Van Immerseel et al., 

2002; Johansen et al., 2007).   

In an investigation by Johansen et al. (2007), the gut microflora of broilers was analyzed after 

infection of C. perfringens and Campylobacter jejuni and then treatment with salinomycin. Broilers 

treated with salinomycin showed a significant decrease in C. perfringens and showed a substantial 

increase (>60%) in bodyweight compared to those not treated with salinomycin (Johansen et al., 

2007). No effect was observed on C. jejuni (Johansen et al., 2007). 

The use of salinomycin – like many other antimicrobials - has faced increasing pressure to be 

minimized due to coccidia resistance and consumer demand for poultry products to be “antimicrobial-

free” (Jenkins et al., 2010; Lee et al., 2014). This mounting pressure has led to the development of 

commercial vaccines that treat day-old chicks with a small dose of weakened Eimeria via a spray 

application (Jenkins et al., 2010). Previously, an experiment has been done by Jenkins et al. (2010), 

to investigate the sensitivity of Eimeria to salinomycin. The Eimeria in this study were isolated from 

farms that use either antimicrobials or vaccines. It was found that Eimeria isolated from farms which 
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make use of vaccines were more sensitive to salinomycin, while Eimeria isolated from farms which 

use salinomycin as part of an antimicrobial formulation administered in the feed was less sensitive to 

salinomycin treatment (Jenkins et al., 2010). The results from the experiment provide valuable insight 

into the use of vaccines for re-establishing sensitivity to ionophores in poultry that have Eimeria and 

are displaying resistance (Jenkins et al., 2010).  

Antimicrobials are responsible for many positive outcomes in poultry, such as disease-

prevention, improved feed efficiency - therefore cost reduction - and growth-promotion (Mayrhofer 

et al., 2004; Vandeplas et al., 2010; Nguyen et al., 2016). However, due to concerns over increasing 

cases of resistance, many antimicrobials are no longer permitted by legislation and there is mounting 

pressure to discover alternative methods to achieve the same positive outcomes (Mayrhofer et al., 

2004; Hur et al., 2012; Nguyen et al., 2016).  

In Australia, 2017 marked the year that regulatory bodies stipulated that all antibiotics used 

in human medicine may not be used for growth promotion in animals besides olaquindox, 

bambermycin, salinomycin, monensin and avilamycin. Europe banned all antibiotic use from as early 

as 2006. China followed suit in 2020, rather turning towards herbal medicines as growth promoters 

(Rahmna et al., 2022). In South Africa, to the knowledge of the authors, the regulations and limits 

surrounding antimicrobial use is very unclear, but a study has shown that there is multi-drug 

resistance by Salmonella in poultry, these antibiotics include Gentamicin, Chloramphenicol, 

Erythromycin Ampicillin, Amoxicillin, Sulfamethoxazole–trimethoprim, Kanamycin, Streptomycin 

and Tetracycline (Zishiri et al. 2016).   

2.6. Salmonella and its biology 
 

As previously mentioned, foodborne outbreaks pose many risks, both in terms of health and economic 

loss. The pathogen of particular emphasis and concern in poultry is Salmonella (Rajan et al., 2017; 

Wernicki et al., 2017; Forsythe, 2020). The United States alone, spends approximately 11.588 billion 

dollars on collateral damage and improving preventions methods for Salmonella infections 

originating from poultry products (Wernicki et al., 2017). Salmonella has been pinpointed as the 

source of many cases of food poisoning as well as other severe health defects over the last century 

(Mouttotou et al., 2017; Rajan et al., 2017). The continual outbreaks due to Salmonella make this 

resilient genus and its characteristics an emphasized point of research for many health and science 

professionals despite an existing abundance of information (Wernicki et al., 2017). The survival of 

Salmonella can be accredited to its resistance-development rates being more rapid than that of other 

pathogenic bacteria placed under the same preventative pressures (Mayrhofer et al., 2004; Mouttotou 

et al., 2017). Managing an organism that is changing incessantly requires an in-depth understanding 
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of its characteristics and what the outward expression from these characteristics may imply upon 

human consumption (Rajan et al., 2017).  

2.6.1. General characteristics  
 

The genus of Salmonella falls under the family of Enterobacteriaceae, are rod-shaped (approximately 

2 m in size), motile (due to presence of peritrichous flagella), glucose-fermenting, Gram-negative, 

facultative anaerobes that do not form spores (Li et al., 2013; Ricke et al., 2013; Kurtz et al., 2017). 

Salmonella can commonly be found on dairy products, meat products – especially raw poultry - and 

fresh produce (Mouttotou et al., 2017). The various parameters and conditions in which Salmonella 

can survive are given in Table 2.4. Because Salmonella is not a spore-former, it can be destroyed 

easily with heat, particularly in food products with high water activities (Rajan et al., 2017). Forsythe 

(2020) tells us that a temperature-time combination of 15-20 min at 60 C should be sufficient to 

ensure the death of all Salmonella present in the food product, and Bell & Kyriakides (2009) also 

assures us that growth of most serotypes of Salmonella will be inhibited below 7 C and a pH of 4.5.  

 

Table 2.4. Parameters for survival and growth of Salmonella (Bell & Kyriakides 2009; Forsythe, 

2020) 

Parameter Approximate growth range 

Temperature 5 – 46 C (optimum = 38 C) 

Water activity 0.94 – 0.99 

pH 3.8 – 9.5 

 

2.6.2. Salmonella serovars  

 
The Salmonella genus is further divided into two species namely, Salmonella enterica (S. enterica) 

and S. bongori (Makaranga et al., 2020) Serovars of Salmonella can be grouped by their O (somatic), 

Vi and H (flagellar) antigen combination; O antigens being lipopolysaccharides of the outer 

membrane, Vi antigens being the sugar composition on the capsid and the H antigens being the sugar 

combination found on the flagella (Alikahn et al., 2018). This method of identification is responsible 

for the quarter of a million serovars widely recognized so far, with majority of the serovars from S. 

enterica, and this number is increasing annually (Makaranga et al., 2020). Furthermore, serovars can 

also be identified using phage sensitivity testing whereby the Salmonella is treated with specific, 

known bacteriophages and the resulting lytic activity reveals which serotype of Salmonella it is, due 

to the range of host specificity of the bacteriophage (Schofield et al., 2012).  
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The system of identifying and categorizing Salmonella can be confusing due to more than 

250 000 known serovars (Kurtz et al., 2017; Alikhan et al., 2018). Forsythe (2020) simplifies this, 

and rather emphasizes the importance of three different types of Salmonella with regards to human 

health: non-typhoid Salmonella, Salmonella Typhi (S. Typhi) and Salmonella Paratyphi (S. 

Paratyphi).  

Non-typhoid Salmonella is distinguished by an incubation period of 6-72 h after consumption, 

causing symptoms such as diarrhea, blood in the stools, consequent dehydration, fever, vomiting, 

weakness, and abdominal pain (Kurtz et al., 2017). Whereas S. Typhi and S. Paratyphi have an 

incubation period of 1-4 weeks, causing symptoms that are like typhoid such as headaches, fever, 

body weakness and aches, constipation, or diarrhea (Forsythe, 2020).   

Table 2.5. shows the commonly recognizable illnesses and further specifies the causative 

serotypes of Salmonella. Various food properties influence the infectious dose of different serotypes 

of Salmonella – for example in foods that have a higher fat content, the bacterial cells are protected 

and thus fewer than 100 cells may cause illness (Bell & Kyriakides, 2009). Thus, a standard level of 

detection in RTE foods had to be established that ensured that food safety would be maintained 

despite the serotype – and so it was determined that there should be less than one cell of Salmonella 

per 25 g of a RTE food sample (ISO 6579-1:2017).  
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Table 2.5. Illnesses caused by different serotypes of Salmonella and the common symptoms (Bell 

& Kyriakides, 2009; Forsythe, 2020) 

Illness Causative serotypes Symptoms 

Gastroenteritis S. Enteritidis 

S. Typhimurium 

S. Typhi 

S. Agona 

S. Dublin 

S. Hadar 

S. Poona 

S. Virchow 

Diarrhea, vomiting, fever, 

dehydration, abdominal 

cramps  

Enteric fever S. Typhi 

S. Paratyphi 

Typhoid-like symptoms, 

malaise, fever, initial 

constipation which develops 

into diarrhea, abdominal 

cramp, nausea, delirium  

Invasive systemic disease S. Cholerasuis Diarrhea, abdominal cramps, 

nausea, vomiting, dehydration, 

headache, fever, malaise  

Septicemia  Members of S. enterica 

subspecies enterica 

Pain in abdomen and thorax, 

fever, anorexia, malaise 

Chronic sequelae S. Enteritidis  

S. Typhimurium  

S. Agona 

S. Montevideo 

Prolonged acute symptoms 

such as diarrhea leading to 

anorexia and malabsorption, 

induced atrophy, 

atherosclerosis, or Reactive 

arthritis and Reiter’s syndrome 

- which causes joint pain and 

inflammation 
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2.6.2. Salmonella infection mechanisms in humans 
 

Ly & Casanova (2007), describe the mode of colonization of Salmonella in the mammalian small 

intestine as one which induces a significant change in the actin cytoskeleton of the host cells.  

There are specialized genes which encode for structural formations of the cytoskeleton actin 

when the Salmonella bacterial cells adhere to the host epithelial cells. This induction of actin 

rearranging in the lower section of the intestinal tract causes vigorous membrane changes to form 

pseudopod protrusions (Yashroy, 2008). 

These pseudopods then surround the Salmonella cells creating a phagosome. Once the 

bacterial cell has been engulfed entirely, the cytoskeleton re-assumes its pre-ruffling structure. The 

newly engulfed bacteria are bound in a vacuole known as a Salmonella-containing vacuole (SCV), 

which allows for a protective enclosed bubble for bacterial replication. The Salmonella cells can 

survive in SCV, due to catalase and superoxide dismutase production which allows for the SCV to 

resist oxidative bursts. The Salmonella cells replicate within the vacuole, the vacuoles may combine, 

which may induce more replication or death of the host cell (Ly & Casanova, 2007).  

On a molecular level: the virulence of Salmonella is controlled by virulence plasmids and 

collections of genes in the chromosomes known as Salmonella pathogenicity islands (SPIs) (Galán 

& Wolf-Watz, 2006).  At the start of infection an SPI-1 type III secretion system infects the epithelial 

host cell with effectors. These effectors retard the host cell functions to allow for structural and 

functional changes - such as “ruffling” and engulfing the bacterial cells – to allow for replication of 

the Salmonella. Once the SCV has been established, the Salmonella expresses SPI-2 type III secretion 

for systemic infection. This allows for the bacteria to spread into liver, bone marrow and spleen – 

infecting all the systemic bodily fluids of body (Ly & Casanova, 2007; Yashroy, 2008; Boumart et 

al., 2014).  

Forsythe (2020) suggests that gastroenteritis symptoms arise from Salmonella invading the 

host cells and highlights that enteric strains such as S. Typhimurium and S. Enteritidis do not invade 

anything beyond the submucosal tissues. While S. Typhi and S. Paratyphi replicate in the submucosal 

tissue layer and are transported around the body – to the liver and spleen - in the form of a macrophage 

where it infects other organs to invoke the severe symptoms of typhoid fever (Gunn et al., 2014).  

During infection, the person will shed Salmonella in the feces, and a stool sample can be used 

to determine the presence and the type of Salmonella responsible for the illness (Forsythe, 2020).  

2.6.3. Salmonella infection mechanisms in poultry 
 

Chickens are infected with Salmonella via horizontal transmission (Faecal-oral route) or via vertical 

transmission (ovarian transmission). Horizontal transmission involves Salmonella cells that endure 
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the acidic environment of the crop, stomach, caeca and Peyer’s patches (Figure 2.3) to arrive in the 

gastrointestinal tract for infection of the epithelial microfold (M) cells (Rydstrom & Wick, 2007; 

Kaiser & Hardt, 2011). The infection of the M cells leads to consequent phagocytosis of the 

Salmonella cells by macrophages present on the wall of the gastrointestinal tract to form SCVs - this 

leads to water being drained into the gastrointestinal tract and results in diarrhea (Makaranga et al., 

2020).  

Salmonella invades the lymphatic system and the circulation, specifically targeting mesenteric 

lymph nodes, dendritic cells, and macrophages (Rydstrom & Wick, 2007). Salmonella infects and 

replicates in the gall bladder, bone marrow, ovaries, and the oviduct (Figure 2.3) - which leads to 

vertical ovarian transmission and contamination at the hatchery level of the chicken’s life cycle. Due 

to continued bile production by the gall bladder (Figure 2.3.), Salmonella cells may be liberated for 

reinvasion of the gastrointestinal tract or for environmental contamination via the faeces (Makaranga 

et al., 2020).  

Salmonella makes use of the type III secretion system to be engulfed and form the SCV. 

Through the effector proteins from the second type III secretion system (TTSS-2), the cytoskeleton 

of the SCV changes to form Salmonella-induced filaments (SIFs). The SIFs protrude outwards from 

the SCV as replication of the Salmonella takes place, these SIFS allow for easy fusion with host 

endosomes, and promote survival and replication in epithelial tissue and macrophages (Bakowski et 

al., 2008; Kurtz et al., 2017; Makaranga et al., 2020). The SCV allows for the Salmonella to travel 

to the spleen, ovaries, and liver (Figure 2.3.) (Makaranga et al., 2020). 
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2.7. Treatment of Salmonella in the slaughter setting 
 

Despite stringent measures and efforts in rearing chickens in a way that seeks to eliminate Salmonella 

from the hatchery level - such as good hygiene practices, isolating infected flocks and the use of 

specialized feed - the safe passage of poultry from farm to fork remains under scrutiny due to 

contaminated poultry meat continuously having the largest negative impact on public health. Thus, it 

is important that the processors of poultry meat utilize existing, new, or additional measures to assist 

in the prevention of Salmonella (Straver et al., 2007; Mead et al., 2010; Nagel et al., 2013).  In the 

United States, poultry processing facilities have had to employ a criterion established by the United 

States Department of Agriculture’s Food Safety and Inspection Service (USDA-FSIS) whereby for 

every 51 samples collected, less than 7.5% of them should be Salmonella-positive (USDA-FSIS, 

2011a).  

Some of the measures employed by poultry processors include a post-chilling immersion tank 

with various antimicrobials as well as spray applications, also with various antimicrobials – the 

combination of these methods/addition of these methods to existing preventative measures – create a 

“hurdle concept” in the processing plant for the elimination of Salmonella (Mead et al., 2010; Nagel 

et al., 2013). Some of these can be seen in Table 2.6.

Figure 2.3. Anatomy of broiler chicken (Poultry CRC Australia, 2020). 
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Table 2.6. Some of the widely used safe and suitable antimicrobials stipulated for use in poultry processing to produce raw poultry meat products in 

the United States (USDA-FSIS, 2011b) 

Antimicrobial Product Amount 

Aqueous sulfuric acid/ 

sodium sulfate  

Wash, spray or immersion dip on surface of poultry 

products 

Concentration that employs pH of 1-2.2 of poultry 

Measured on the meat surface 

Acidified sodium chlorite  Poultry pieces and carcasses 500-1200 ppm. May be used in a mixture with any 

“generally recognized as safe” (GRAS) acid to obtain pH 

2.3-2.9 

 Poultry carcasses, pieces, organs and trimmings May be added to a GRAS acid to obtain pH 2.2-3. 

May be further diluted with basic sodium bicarbonate to 

obtain pH 5-7.5 

Use in a dip/spray, should not have sodium chlorite 

concentration > 1200 mg/kg or chlorine dioxide 

concentration > 30 mg/kg 

Use in a pre-chilling or chilling solution for carcasses, 

sodium chlorite should be 50-150 ppm 

Contact time is not detrimental as long as temperature is 

0-15 C 
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Antimicrobial Product Amount 

Bacteriophage solution 

(Salmonella specific) 

Applied to feathers of live poultry pre-slaughter Spray or fine mist application, or wash 

Calcium hypochlorite Used on eviscerated or whole chicken carcass Spray application should not have free available chlorine 

> 50 ppm 

 Water used for poultry processing and for chiller water Free available chlorine should not be > 50 ppm for inlet 

water 

Measure at potable water inlet 

 Water re-circulated from chiller via heat exchangers Free available chlorine should not be > 5 ppm at inlet to 

chiller 

 Re-treating carcasses that are contaminated Free available chlorine should be 20-50 ppm  

 

 Giblets  Free available chlorine should not be > 50 ppm at inlet to 

chiller 

Chlorine gas  Used on carcass that is whole or has been eviscerated  Spray application where free available chlorine should not 

> 5 ppm 

Measured before application 
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Antimicrobial Product Amount 

 Used in water of chiller Free available chlorine should not > 50 ppm  

Should be measured at inlet of potable water   

 Water re-circulated from chiller via heat exchangers Free available chlorine should not > 5 ppm  

Measured at chiller inlet 

 Re-treating carcasses that are contaminated Free available chlorine should be 20-50 ppm  

 Giblets Free available chlorine should not > 50 ppm 

Measured at inlet to chiller 

Chlorine dioxide Water used for processing of poultry Residual chlorine dioxide should not > 3 ppm  

DBDMH (1,3 – dibromo- 

5,5- dimethylhydantoin) 

Used in water of chiller and water of inside-outside bird 

washer (IOBW). Also used for processing of poultry 

carcasses, organs and pieces. 

Active bromine should not be > 100 ppm 

 Added to water for ice-making which is then used in 

processing of poultry 

Active bromine should not > 100 ppm (or max 90 mg 

DBDMH per kg water) 
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Antimicrobial Product Amount 

Hypochlorous acid Used on carcass that is whole or has been eviscerated For spray application, free available chlorine should not > 

50 ppm 

Measured before application 

 Added to water used for processing of poultry Free available chlorine should not > 50 ppm 

 Used in water for chiller Free available chlorine should not > 50 ppm 

Measured at inlet of potable water 

 Water re-circulated from chiller via heat exchangers Free available chlorine should not > 5 ppm 

Measure at chiller inlet  

 Used for re-treating poultry carcasses that are 

contaminated 

Free available chlorine should be 20-50 ppm 

 Giblets Free available chlorine should not > 50 ppm  

Citric & Hydrochloric acid 

solution (pH 1-2) 

Poultry carcasses, pieces, organs and trimmings Spray or dip application with 2-5 s contact time 

Measure before application 
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Antimicrobial Product Amount 

1.87% citric acid, 1.72% 

phosphoric acid and 0.8% 

hydrochloric acid solution 

Poultry carcasses Spray application with 1-2 s contact time. Should run off 

carcasses for 30 s 

Lactic acid Poultry carcasses, pieces, organs and trimmings 5% concentration for post chilling 

Peroxyacetic acid (PAA), 

hydrogen peroxide (HP), 

acetic acid (AA), and 1 

hydroxyethylidene-1, 1 

diphosphonic acid (HEDP) 

solution 

Used in water for poultry processing, scalding tanks, ice 

production, and spray applications 

PAA should not > 220 ppm, HP should not > 110 ppm 

HEDP should not> 13 ppm 

PAA, octanoic acid (OA), 

Peroxyoactanoic acid (POA) 

HP, AA, HEDP solution 

Carcasses, pieces, trimmings and organs PAA should not >220 ppm, HP should not >110 ppm 

HEDP should not > 13 ppm 

PAA, HP, HEDP solution Added to water for processing of carcasses and pieces. 

Applied via spray, dip, wash or added to chiller or 

scalding tank.  

PAA should not > 2000 ppm and HEDP should not >136 

ppm 
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Antimicrobial Product Amount 

PAA, HP, AA, HEDP 

solution 

Used in water or ice for applied on whole carcasses, 

pieces, trimmings and organs. Applied via spray, dip, 

wash or added into chiller or scalding tank water 

PAA should not > 220 ppm, HP should not > 80 ppm, 

HEDP should not exceed 1.5 ppm  

 Added to process water for application to carcasses, 

pieces, trimmings and organs via spray application, dip, 

rinse, wash or added into chiller or scalding tank water 

PAA should not > 2020 ppm, HP should not exceed 160 

ppm, HEDP should not exceed 11 ppm  

Sodium hypochlorite Applied to eviscerated or whole carcasses For spray application, free available chlorine should not > 

50 ppm 

 Added to water for processing of poultry Free available chlorine should not > 50 ppm at potable 

water inlet 

 Added to water in chiller should not > 50 ppm 

 Added to water re-circulated from chiller via heat 

exchangers 

Free available chlorine should not > 5 ppm at inlet to 

chiller 

 Re-treatment of contaminated carcasses Free available chlorine should be 20-50 ppm 

 Giblets Free available chlorine should be 20-50 ppm 
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2.7.1. Chlorine 
 

Awareness surrounding the use of chlorine as a disinfectant came about as early 1868, when chlorine 

was found to be a core chemical in curing puerperal fever (Gottardi & Nagl, 2005). Around 1988 

however, it was discovered that compounds containing chlorine also have oxidative properties 

(Gottardi & Nagl, 2005). There are several different chlorine-containing compounds that are used to 

kill bacteria and are often a popular choice due to a combination of affordability, easy implementation, 

and a high efficacy (Zhang et al., 2019; Byun et al., 2021).  

 When chlorine is added to water, it reacts with the hydrogen and oxygen of the water molecule, 

resulting in the formation of hydrochloric acid (HCl) and hypochlorous acid (HOCl). HOCl further 

undergoes dissociation to form hypochlorite (OCl-) and hydrogen (H+) ions. Both HOCl and OCl- 

account for the “free chlorine” in a solution and are the main compounds behind the antimicrobial 

action from the addition of chlorine (LeChavellier & Au, 2004, Kim et al., 2008). The mode of action 

of free chlorine can be divided into three steps; first the free chlorine compounds disrupt the bacterial 

cell wall, which causes bacterial DNA to leach out of the cell (Bitton, 2005). After which the free 

chlorine proceeds to interact with the cell nucleic material and enzymes which inhibits their normal 

processes (Bitton, 2005). Lastly, the free chlorine may also interrupt transport and respiratory 

mechanisms in the cell, which negatively affects the cells overall viability (Bitton, 2005).  

Slow-release chlorine dioxide (SRCD) is often used in the processing of poultry to decrease 

Salmonella on carcasses (Yan et al., 2019). The use of SRCD as an antimicrobial is necessary because, 

despite efforts that ensure the number of live birds that have Salmonella are low, there is an inevitable 

spread of Salmonella due to the mechanical action of the plucking machine, as well as the damage to 

innards during the evisceration step. Furthermore, the level of contamination of carcasses that end up 

in the supermarket is something which is strongly correlated to the amount of cross-contamination 

which occurs during the processing (Villarreal et al., 1990).   

Despite often being used in combination during processing, SRCD is preferred over chlorine 

as chlorine may form carcinogenic chlorinated hydrocarbons in the presence of organic matter (Bull et 

al., 2011). 

 Roller et al. (1980) and Sun et al. (2018), describe the mode of bacterial inactivation using 

chlorine dioxide as one which disrupts the dehydrogenase enzymes in the bacterial cell. This 

consequently inhibits protein synthesis to a certain extent, whereby the extent of protein synthesis 

inhibition was found to be strongly related to the initial concentration of chlorine dioxide added (Roller 

et al., 1980; Yan et al., 2019).  

SRCD – as well as chlorine-containing antimicrobials - are a popular choice for disinfection 

due to chlorine’s versatility, relatively low cost, and effectiveness in reducing bacterial populations 
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(Villarreal et al., 1990; Zhang et al., 2019). These chemicals although shown to have a good efficacy, 

are not permitted in the EU (Purnell et al., 2014).  

2.7.1.1. Limitations of chlorine-containing antimicrobials  

 

The use of chlorine-containing antimicrobials in the poultry processing setting for treatment of 

Salmonella spp. has become a cause for concern. Logue et al. (2003) and Shah et al., (2017) argue that 

while chlorine may significantly reduce microbial populations, it can also promote the selection for 

chlorine-resistant strains of Salmonella. Although in the short-term safe levels are essentially achieved 

via chlorination, it may present larger challenges for future treatment of microbes with a chlorine-

resistance factor (Logue et al., 2003; Shah et al., 2017).  

A prime example of this is presented in a study conducted by Mokgatla et al. (1998), where the 

resistance of Salmonella to hypochlorous acid (HOCl) was investigated. The Salmonella spp. 

investigated in this study were isolated from various processing steps in a poultry abattoir, these were 

then added to a tryptone soya broth (TSB) with HOCl at 72 ppm and placed in a shaking incubator at 

30 C. The turbidity of the solution was measured at 660 nm at successive 20 min intervals thereafter. 

It was found that Salmonella spp. isolated after the scalding step were resistant to the addition of the 

72 ppm HOCl (Mokgatla et al., 1998).  

In a separate study which then investigated the mode of action of HOCl resistance in 

Salmonella, it was found that the HOCl-resistant strains would produce catalase in response to 

treatment with HOCl (Mokgatla et al., 2002). Furthermore, the HOCl-resistant strains would also 

decrease dehydrogenase activity which led to decreased concentrations of oxygen and hydroxyl 

radicals - the compounds predominantly responsible for the antimicrobial properties of HOCl 

(Mokgatla et al., 2002).  

Salmonella has a high resistance rate (Mayrhofer et al., 2004; Abd-Elghany et al., 2015), and 

certain isolates will overcome chemical antimicrobials to an extent such that the chemical compounds 

may even have a selective consequence that allows for exponential growth of Salmonella (Mokgatla et 

al., 1998). 

2.7.2. Organic acids 
 

The use of organic acids is also a popular choice of antimicrobial in meat processing plants due to the 

combination of high efficacy and low cost, as well as the ease of use (Mani-Lopez et al., 2012). 

Furthermore, the United States Food and Drug Administration (FDA) have designated organic acids 

the “Generally Recognized as Safe” (GRAS) title for use in meat processing (Mani-Lopez et al., 2012; 

Ben Braïek & Smaoui, 2021).  
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Organic acids are commonly used as part of the hurdle concept in preventing growth of 

Salmonella in the processing environment (Mani-Lopez et al., 2012). Organic acids inhibit bacterial 

growth by lowering the pH of the meat product to a pH equal to - or less than - the pKa of the organic 

acid (Ricke, 2003; Madushanka et al., 2018; Yeh et al., 2018). Essentially the organic acids inhibit the 

bacterial cell by causing an accumulation of anions in the bacterial cytoplasm which negatively effects 

the bacterial cell’s proton motive force (PMF) and thus the cell’s ability to maintain an optimum pH 

(Ricke, 2003; Mani-Lopez et al., 2012). This consequently disrupts the internal environment of the cell 

and inhibits DNA synthesis as well as normal enzymatic activity and cell reproduction (Ricke, 2003; 

Mani-Lopez et al., 2012; Yeh et al., 2018).  

Consansu & Ayhan (2010) performed an experiment to determine the effects of lactic and acetic 

acid on S. Enteritidis on chicken products. Chicken legs and breasts were inoculated with S. Enteritidis 

and were then treated with various concentrations of lactic acid or acetic acid. Some of the samples 

were allowed to stand for 10 min and were then tested, while others were then packaged and stored at 

refrigeration temperature for 10 days or were otherwise frozen and stored for 6 months. Lactic acid 

achieved the highest reduction in both leg and breast samples (up to 1.72 log reduction). Overall, it 

was found that both acids were mostly effective in reducing S. Enteritidis, however it was found that 

despite reduction – remaining S. Enteritidis were able to survive refrigeration and freezing temperature. 

This highlights how organic acids should be used in conjunction with other methods to ensure sufficient 

reduction is achieved (Consansu & Ayhan, 2010; Abdul-Rahiman et al., 2021). 

2.7.2.1. Limitations of organic acids 

 

Bactericidal activity of organic acids is largely dependent on contact time, temperature, the 

concentration of the acid used or what it is used in combination with (Bilgili et al., 1998). This may be 

problematic especially with the high rate of Salmonella resistance and the constant need to ensure 

sufficient kill is achieved by the specific method used (Mayrhofer et al., 2004; Hajati, 2018).  

Despite relatively high efficacy frequently achieved by organic acids, there is also the risk of 

adding organic acids at a level and temperature at which may affect the sensory properties of the meat 

(Bilgili et al., 1998; Hajati, 2018). In a study conducted by Bilgili et al. (1998) the effect of various 

organic acids on broiler skin colour was investigated, it was found that all acids (citric, lactic, malic, 

mandelic and tartaric) except for propionic, decreased the lightness of the broiler skin as the 

concentration of each acid increased. The skin/carcass appearance is important for the consumer 

perception and acceptance and thus is very important to consider when selecting an organic acid as an 

antimicrobial (Bigili et al., 1998; Ramirez-Hernandez et al., 2018). As well as undesired colours and 

textures, organic acids can also cause off-flavors and - despite a high efficacy - possess a teetering 
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balance of the ability to compromise desirable sensory properties in exchange for reduced microbial 

populations (Ramirez-Hernandez et al., 2018). 

2.8. Bacteriophages 

2.8.1. Background  
 

Antibiotic resistance has compromised the effectiveness of antibiotics as a treatment against infections 

(Garcia et al., 2008; Golkar et al., 2014). Antibiotic resistance is caused by misuse of antibiotics in the 

treatment of an illness – this results in the targeted bacteria no longer being sensitive to the antibiotic 

for which it was created (Chokshi et al., 2019).  In the US an annual estimate of approximately 23  

106 kg of antibiotics are produced, of which 50% are administered to humans while the other 50% are 

used for livestock in disease prevention/ trea™ent (Golkar et al., 2014). Due to the rising numbers of 

organisms resistant to antibiotics, it is essential that more than one treatment should be available for 

various illnesses to avoid a situation like that before the existence of antibiotics, where there was a 

high death rate due to common infections (Chokshi et al., 2019). Antimicrobial resistance is also on 

the rise where surface and cleaning antimicrobials are no longer able to eliminate the bacteria of 

concern, thus we face a large-scale resistance problem that requires urgent attention and alternatives, 

and a possible solution are bacteriophages (phages) (Garcia et al., 2008; Golkar et al., 2014; Adlhart 

et al., 2018).  

The discovery of the bacteriophage phenomenon is largely debatable, Ernest Hankin in 1896 

“first” suggested that there was an invisible, inexplicable antibacterial activity of Vibrio cholerae that 

he noticed in the rivers of India (Sulakvelidze et al., 2001; Myelnikov, 2018). He further suggested 

that whatever was responsible for this antibacterial activity was small enough to pass through porcelain 

filters (Sulakvelidze et al., 2001). Eventually Frederick Twort, some 20 years later, suggested that 

Hankin’s findings could have been a virus, and finally 2 years after this, Felix d’Herelle “officially” 

classified this virus as a bacteriophage (Summers, 2001; Nikolich & Filippov, 2020). 

Phages naturally exist in abundance all around us; in fresh water it is suggested that there are 

approximately 109 phages/mL while marine environments may have up to 107 phages/mL (Hagens & 

Loessner, 2010). Fermented foods, fresh vegetables, topsoil and even delicatessen foods have been 

found to be good sources of phages too, meaning that humans are constantly exposed to - or are 

consuming – phages (Hagens & Loessner, 2010).  

Phages are known as predators of bacteria; phages are essentially viruses that infect and 

subsequently cause bacterial cell death. Phages attach themselves to specific receptor sites on the 

bacterial cell wall, meaning that phages will only infect a specific range of bacteria while any other 

present cells or organisms will be unaffected (Duckworth & Gulig, 2002; Moye et al., 2018). Hence 
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why phage consumption by humans has no adverse effects and can be given the GRAS status (Hagens 

& Loessner, 2010; Moye et al., 2018). After attachment to the bacterial cell wall, the phage injects its 

genetic material into the bacterial host which causes the genes of the phage to be expressed and 

ultimately causes the bacterial cell to die (Perera et al., 2015).  

Depending on whether the bacteriophage is virulent or temperate, one of two events may occur 

after bacterial cell infection (Duckworth & Gulig, 2002; Hagens & Loessner, 2010). 

Virulent phages (also known as strictly lytic) are phages that cannot incorporate their genetic 

material into the bacterial chromosome to create lysogens, this means that after infection, virulent 

phages will always initiate replication within the host, progeny and then lysis (cell death) of the 

bacterial cell (Duckworth & Gulig, 2002; Guenther et al., 2009; Perera et al., 2015).  

Temperate phages (also known as lysogenic) on the other hand, may cause progeny but not kill 

the bacterial host cell or may integrate some of the phage genetic material into that of the hosts. This 

results in the replication of the bacterial DNA along with the phage DNA which may result in 

modifications of the host characteristics, which could lead to host resistance. Alternatively, phage 

genomes included into bacterial genomes may undergo recombination and lead to undesirable changes 

in the phage genome (Joerger, 2003; Sillankorva et al., 2012; Monteiro et al., 2019).  

Thus, it is preferable to use phages that are virulent (lytic) rather than temperate for phage 

therapy because destruction of the bacterial host is rapid and there is minimal chance of interactions 

with the host genome (Joerger, 2003; Hagens & Loessner, 2007; Monteiro et al., 2019).  

2.8.2 Phage application in food  
 

In recent years, the application of phages on food products is showing a lot of promise. Lab 

studies are showing high efficacies, but there is less information on the efficacy of phages in processing 

environments. More specifically there has been a lot of attention and research devoted to the control 

of L. monocytogenes and Salmonella using phages.  

Ishaq et al. (2020), used List-Shield on beef cuts contaminated with L. monocytogenes. Over 

15 days, bacterial populations were reduced by up to 2.3 logs.  

Byun et al. (2022) used a cocktail of three isolated lytic phages (LMPC01, LMPC02 and 

LMPC03) as a treatment on L. monocytogenes contaminated celery and enoki mushroom. The phage 

cocktail was able to reduce counts on the celery by 2.2 log units, while on the mushroom it was able 

to reduce counts by 1.8 log units during storage at 4 °C for 1 week.  

Axelsson et al. (2020), added LISTEX P100™ (Listeria spp. specific phage P100) to rakfisk (a 

traditional fermented salmonid fish product consumed in Norway). It was added to the product prior 

to the fermentation step, throughout fermentation a total 0.9 log reduction of L. monocytogenes was 

achieved.  
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Miguéis et al. (2017) used LISTEX™ P100 to treated contaminated samples of tuna sashimi, a 

maximum reduction of 4.44 log CFU/g was achieved at 22 °C after 24h. This highlights the potential 

of a phage application step for restaurants or takeaway foods to prevent foodborne illness.  

In another study by Soni et al. (2010), LISTEX P100™ was used to treat L. monocytogenes 

serotypes 1/2a and 4b on the surface of raw salmon fillets. Using a broth-model system: at 4 °C P100 

inhibited the growth of L. monocytogenes for as long as 12 days. At 8 °C, growth was inhibited for 10 

days while at 30 °C growth was only inhibited for 4 days. On the salmon fillet kept at 4 °C for 10 days, 

LISTEX P100™ was able to keep L. monocytogenes counts to 0.3 log CFU/g, while fillets without P100 

phages had counts as high as 2.6 log CFU/g.  

It is evident that L. monocytogenes is a cause for concern across many food products. Phages 

are showing a high efficacy under controlled conditions and are indicating promising prospects for 

industrial applications. LISTEX™ P100 is a popular choice for numerous studies although there 

remains potential for many other phages. 

2.8.3. Phage application to reduce Salmonella in poultry at farm level 
 

There are a few different points at which phage can be applied in the “farm to fork” chain such 

as administering to livestock, applying to carcasses/contact surfaces during processing, application to 

the final product right before packaging, or as a part of a hurdle concept (Borie et al., 2008; Clavijo et 

al., 2019).  

Sklar & Joerger (2001), showed that phage cocktails administered to infected live birds could 

reduce average Salmonella counts in faecal samples by up to 1.3 log units, however, could not 

completely eradicate the pathogen despite being present at concentrations higher than 107 Plaque-

forming-units (PFU)/g of cecal content.  

Bardina et al. (2012) found that the residence time of the bacteriophage in the cecum of white 

leghorn chickens was approximately 8 days - in this study, a group of birds were infected with S.  

Typhimurium (day 1) and then treated with bacteriophage on days 4 and 5. This resulted in a 1 log unit 

reduction of S. Tyhpimurium concentrations in the cecum. Another group of birds were infected with 

S. Typhimurium (day 1) but treated the day beforehand with bacteriophage and again on days 1, 2, 3, 

6, 8, 10, 13 and 15. Reductions in the cecae of the second group of birds were found to be 4 log units 

by day 2 and 3.2 log units after day 6 (Bardina et al., 2012). This shows that bacteriophage 

administration to birds after colonization with S. Typhimurium did not have as significant of a 

reduction – the suggested reason for this is that the bacterial cells outnumbered the bacteriophages. 

That is why the most significant reduction was achieved when bacteriophages were administered just 

before infection (Bardina et al., 2012). Despite promising results in reducing S. Typhimurium, there 

was an increase in bacterial cells over time. This is due to the “proliferation threshold” whereby the 
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number of bacterial cells present is too low for the phages to replicate (Borie et al., 2008; Bardina et 

al., 2012). This is because the probability of phage replication is directly proportional to the likelihood 

of bacterial cells and bacteriophages to meet - and thus the bacterial population could not be eradicated 

entirely. (Payne & Jansen, 2001; Hagens & Loessner, 2010; Bardina et al., 2012). It could also be due 

to the bacteria evading bacteriophage infection via intracellular establishment (Johnson et al., 2008). 

Furthermore Fiorentine et al. (2005a) showed that a single oral dose of bacteriophages 

decreased S. Enteritidis by 3.5 log units in the GIT. It was also found that a once-off dose at a 

sufficiently high titer was more effective than low doses of bacteriophage administered over long 

periods of time (Fiorentine et al., 2005a).  

Clavijo et al. (2019) conducted a field trial (whereby broilers were not spiked) to investigate 

the effectiveness of a commercial phage cocktail (SalmoFREE®) on feed conversion, weight gain and 

overall mortality. The presence of Salmonella was monitored using cloacal swabs taken before and 

after phage treatment. It was found that phage treatment reduced incidence of Salmonella up to 100% 

in the phage-treated groups and did not influence the weight gain, feed conversion or morality rates.  

The primary causes for limitation via oral administration is suggested to be due to non-specific 

binding of the phage to contents of the GIT, inactivation of the phage in the acidic environment, and 

the number of phages reaching the GIT being much lower than those ingested (Sillankorva et al., 2012; 

Cisek et al., 2017). Another limitation is that a large concentration of phages is needed to overcome 

the bacterial cell population and efficacy is subject to the age of the bird, timing at which the dose is 

administered as well as the frequency (Cisek et al., 2017; Wernicki et al., 2017; Zbikowska et al., 

2020).  

2.8.4. Phage application to reduce Salmonella on food and poultry products 
 

Most lytic phages used for biocontrol on food products are generally isolated from the 

environment and not genetically modified. Because of the host specificity of the phages, other 

beneficial microflora present in food remains intact (Mahony et al., 2010; Moye et al., 2018; Tang et 

al., 2019). Phage solutions are predominantly water-based, contain low concentrations of salt, and are 

considered environmentally friendly; appealing to many of the consumers’ demands (Moye et al., 

2018). Furthermore, phages have very little/ no effect on organoleptic properties of food (Garcia et al., 

2008) while having a high efficacy in microbial reduction (Moye et al., 2018; LeLièvre et al., 2019; 

Endersen & Coffey, 2020).  

Modi et al. (2001), investigated the survival of S. Enteritidis during cheddar cheese storage in 

the presence of SJ2 phages. Both the raw and pasteurized milk were inoculated with S. Enteritidis and 

SJ2 phages. Of the resulting cheeses, it was found that those made from raw/pasteurized milk 

containing phages showed up to a 2 log unit reduction of S. Enteritidis after 99 days. While those made 
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from raw/pasteurized milk without phages showed an increase of S. Enteritidis of up to 1 log unit (Modi 

et al., 2001). When comparing raw versus pasteurized milk, it was found that there was less S. 

Enteritidis after 24 h in the phage-containing pasteurized milk cheese versus phage-containing raw 

milk cheese. After 99 days, the phage-containing raw milk cheese had approximately 50 CFU/g S. 

Enteritidis while the phage-containing pasteurized milk cheese had no counts of S. Enteritidis after just 

89 days. This study highlights the effectiveness of phage to reduce the survival of S. Enteritidis in 

cheese (Modi et al., 2001), as well as the necessity for the phages to be used in addition to other 

microbial control methods (LeLièvre et al., 2019).  

Looking at chicken specifically, Goode et al. (2003), aseptically cut 60 cm2 squares of chicken 

and artificially contaminated them with Salmonella strains that showed resistance to nalidixic acid. 

The strains were cultured overnight in Luria-Bertani (LB) broth in a shaking incubator at 37 C. The 

60cm2 pieces of chicken were then artificially contaminated with S. Enteritidis using a pipette and glass 

hockey stick. The 60cm2 chicken piece was then treated with Salmonella typing phage 12 at 103 

PFU/cm2 and stored at 4 C. Swabs were taken before phage treatment, after 24 h and 48 h Bacterial 

numbers fell by 2 log units after 48 h and it was found that an increase in phage concentration up to 

107 PFU/cm2 eliminated the strains which showed strong resistance to nalidixic acid (Goode et al., 

2003).  

Hungaro et al. (2013), carried out a study like that of Goode et al. (2003), except the efficacy 

of a bacteriophage cocktail against S. Enteritidis was tested versus conventional chemical agents. The 

use of bacteriophage resulted in a 1 log unit reduction (Table 2.7.) after 30 min, while lactic acid caused 

a 0.8 log unit reduction after 90 s. The results are highly comparable however, chemical, and physical 

treatments above certain levels have an adverse effect on the organoleptic properties of the carcass and 

thus, this makes the biological intervention of bacteriophages the more appealing option (Endersen & 

Coffey, 2020).  
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Table 2.7. Various treatment methods of S. Enteritidis on chicken skin and the resulting reductions 

(Hungaro et al., 2013) 

Treatment Concentration Time Reduction (log 

CFU/cm2) 

Control N/A  0 

Water N/A 30 min 0.2 

Dichloroisocyanurate 200 ppm 10 min 0.8 

Peroxyacetic acid 100 ppm 10 min 0.8 

Lactic acid 2% 90 s 0.8 

Bacteriophage 109 PFU/ml 30 min 1 

 

Sukumaran et al. (2015) furthermore, highlights the high efficacy of chlorine immersion in the 

spin chilling step but also how this efficacy is reduced due to the large amounts of organic matter in 

the spin chiller solution. Sukumaran et al. (2015) investigated the potential of using bacteriophage in 

sequence and in combination with various chemical methods and how this may affect phage stability 

and overall ability to reduce Salmonella. Firstly, phage stability in peracetic acid (PAA), 

cetylpyridinium chloride (CPC), lauric arginate (LAE) and chlorine were tested. PAA at 100 ppm and 

chlorine at 5 ppm showed total inactivation of the bacteriophages while CPC at 1% and LAE at 200-

500 ppm caused very little change in the bacteriophage numbers. CPC, LAE and bacteriophages were 

then applied to artificially Salmonella-contaminated chicken breasts. Breast treated with phage only, 

showed a 1.1 log unit reduction after 7 days, while a solution of 0.6% CPC caused a 0.9 log unit 

reduction, and a 200 ppm LAE solution caused a 0.8 log unit reduction. The highest reduction of 1.4 

log units was achieved by a combination of bacteriophage (9 log PFU/mL) and 0.6% CPC. When 

bacteriophage was applied in sequence with chemical methods to chicken skin samples, a slightly 

different result was achieved. Chicken skin samples immersed in chlorine at 30 ppm and then treated 

with bacteriophage caused a reduction of 1.8 log units while chlorine immersion followed by distilled 

water treatment caused a reduction of only 0.6 log units. The highest reduction achieved in this part of 

the experiment was achieved by first immersing the chicken skin in 400 ppm PAA and then treating 

with bacteriophage, this yielded a reduction of 2.5 log units. These results highlight the effectiveness 

of a chemical dip application followed by a surface phage treatment in the reduction of Salmonella and 

how phage can be used as a processing aid in a hurdle concept (Sukumaran et al., 2015; Sommer et al., 

2019). 

Fiorentine et al. (2005b), used chicken thighs and drumsticks to investigate whether the 

populations of S. Enteritidis could be reduced by bacteriophages. The chicken pieces were immersed 
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in S. Enteritidis phage type 4 (SE PT4) after slaughter, and then in a solution containing three types of 

strictly lytic phages isolated from free-range chicken faeces 24 hrs later. The pieces were stored at 5 

C and Salmonella numeration was conducted every 72 h. The Salmonella counts dropped by a 

multiple of 4.5 times 9 days post-treatment.  

Duc et al. (2018) carried out a study whereby five lytic phages isolated from chicken skin and 

gizzard were used to reduce S. Enteritidis and S. Typhimurium on raw chicken breast incubated at 8 

C and at 25 C. At 8 C the phages reduced each by 1.4 and 1.8 log CFU/piece for S. Enteritidis and 

S. Typhimurium respectively, while at 25 C reductions were 3.1 and 2.2 log CFU/piece. This shows 

that at optimal conditions, the bacterial host will replicate faster, which increases phage replication 

(Galarce et al., 2014; Duc et al., 2018). 

 Atterbury et al. (2020) treated S. Typhimurium and S. Enteritidis contaminated chicken skins 

with phages Tϕ7 and Eϕ15 respectively. The skins were taken from infected Ross broiler chickens 7 

days post infection. After treatment with the phages, there was 1.38 log unit reduction of S. Enteritidis 

and a 1.83 log unit reduction of S. Typhimurium.  

Abhisingha et al. (2020), carried out a similar study, but instead investigated the efficacy of 

phage during cold and freezing storage. Chicken breast was artificially contaminated with S. 

Typhimurium and treated with e phage cocktail and stored at 4 C and -20 C. After 72 h, the breast 

stored at 4C showed reduction 0.4 – 1 log CFU/cm2 while the breast stored at -20 C for 24 h showed 

0.4 – 0.7 log CFU/cm2 reduction. This study highlighted that phage can control Salmonella growth 

effectively at 4oC but will only be effective for the first few hours at -20 C (Abhisingha et al., 2020).  

Phage application is an effective processing aid to reduce Salmonella on chicken meat however, 

in order to ensure high efficacy, it is important to consider the extrinsic parameters such as - but not 

limited to - chemicals, temperature and diffusion volume (Galarce et al., 2014; Abhisingha et al., 

2020). 

Brenner et al. (2020) successfully created a phage cocktail for potential poultry industrial 

application by screening 78 lytic phages for efficacy against all S. enterica serovars linked to poultry. 

Of the 78 phages screened, three (which were isolated from sewage) showed a broad host range and 

were selected for the cocktail (SE4, SE13 and SE20). This study highlights that suitable phage cocktails 

can be manufactured fairly quickly and efficiently to substitute antibiotic use. It also highlights the 

aspect that phage commercial cocktails can be continuously improved to ensure a broad host-range 

covering the rapidly mutating Salmonella spp.  

Furthermore, phages not only can be used in the reduction of Salmonella, but also in the 

industrial rapid detection of Salmonella. This was demonstrated by Nguyen et al. (2020) by using 

luciferase reporter phages (LRP). LRPs are genetically engineered (by including genes that code for 
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luciferase in deep-sea shrimp) to produce a bioluminescent response when the recombinant LRPs infect 

the Salmonella host. 

Another exciting avenue in phage application, is the use of polyvalent phages. Gambino et al. 

(2020), discusses how polyvalent phage S144 can lyse both Salmonella enterica and Cronobacter 

sakazakii cells. This shows great potential for a multi-pathogen control using a single phage or cocktail 

of phages.  

Phage application shows exciting potential as an effective processing aid to reduce (and detect) 

Salmonella on chicken meat however, in order to ensure high efficacy, it is important to consider the 

extrinsic parameters such as - but not limited to - chemicals, temperature and diffusion volume (Galarce 

et al., 2014; Atterbury et al., 2020). 

2.8.4.1. Phage limitations and considerations  
 

The largest limiting factor for the use of phage application is the efficacy, many studies show that there 

is an initial reduction of bacteria but no further reduction afterwards, highlighting that phage can reduce 

bacteria but not eradicate them completely (Guenther et al., 2012). This could be due to the phages 

being unable to reach and invade bacteria post-progeny, highlighting the importance of sufficient 

moisture to allow for diffusion of phages (Oliveira et al., 2014).  

It is also important to ensure that the concentration of phages is sufficient to increase the 

probability of the phage and the bacteria meeting without compromising on cost implication as it is 

more expensive (Abuladze et al., 2008; Soffer et al., 2017) Although a tempting idea, it is important 

to avoid recycling phage/bacteria solutions on areas where the target bacteria are prominent or exist in 

reservoirs (Goode et al., 2003). This is to avoid development of resistance to bacteriophages (Goode 

et al., 2003).  

 The efficacy of phage treatment is dependent on the state of the host – if the host is replicating 

faster, the phage infection and progeny rate is even more rapid (Hungaro et al., 2013). Furthermore, 

phage treatment achieves substantial reductions in microbial counts, but other control methods may 

show competitive - or higher - levels of reduction which may make phage treatment look like a less 

desirable method to the industry (Leverentz et al., 2004). Phages are host-specific, meaning that other 

pathogens that are not targeted by the phage are still a threat and thus phages cannot eliminate good 

hygiene and handling practices (Guenther et al., 2012). 

Although resistance to lytic phages is rare, it is still a point of consideration. Resistance may 

develop after continuous exposure; whereby the selective pressure of the phage may advocate for 

resistant properties of the bacteria (Brown et al., 2021). This highlights the importance of legislation 

and the need for organizations to monitor the use of phages to ensure it is used in such a manner that 

prevents instances of this nature as far as possible.  
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The permission for phage use differs from country to country. Phage application as a processing 

aid is permitted in the USA, Canada Switzerland, New Zealand, Australia and Israel. In the EU 

however, it is only allowed in the Netherlands and is not included on the qualified presumption of 

safety (QPS) list (Aprea et al., 2018; Kawacka et al., 2020).  

Due to the ability of various chemicals to influence the stability and efficacy of the phages, as 

well as the legislative aspects to consider, the industry requires some careful planning for successful 

implementation with other chemical interventions (Sukumaran et al., 2015). 

2.9. Concluding remarks 
 

Global trends in protein consumption are pointing towards a very pressured supply chain that will 

inevitably be unable to supply consumer demands while satisfying environmental sustainability and 

food safety. Poultry consumption is increasing and the incidence of foodborne outbreaks due to 

Salmonella is following suit. The risk of economic loss due to outbreaks and recalls places significant 

pressure on pathogen control from farm-to-fork: where good handling practices, feed manipulation, 

antimicrobials and chemicals are some of the efforts used to curb incidences of Salmonella. Due to 

increasing stringency in use of chemicals and antimicrobials as well antibiotic resistance in bacteria, 

the industry needs to optimize alternative methods to uphold food safety. A possibility in this regard is 

bacteriophage therapy. Many studies have shown the use of phages to be successful in reducing 

pathogens on various food matrices with a lot of emphasis on the reduction of L. monocytogenes. There 

have also been studies conducted using phages on farm-level with poultry and anti-Salmonella phages 

which have shown good efficacy, but many of these studies indicated the risk of bacterial populations 

recovering after some time. Studies of phages against Salmonella on chicken in the laboratory setting 

under controlled conditions have shown the highest efficacies, but there is little information as to how 

the phage will perform under factory conditions where personnel, line-speeds, other chemicals, and 

shorter contact times will play a role. The studies highlighting phage considerations and limitations are 

beneficial to the industrial implementation of phages into the large-scale hurdle concept but ultimately, 

more field trials are needed. Field trials of phages will help to win over the approval of those reeling 

in the wake of the prohibition of antimicrobial use, as well as those still heavily dependent on 

controversial chemical interventions. 
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CHAPTER 3 

Efficacy of PhageGuard S™ in the reduction of Salmonella on chicken breast in 

the laboratory setting: a preliminary study 

3.1. Abstract 
 

Bacteriophages FO1a and S16 found in the commercial cocktail of PhageGuard S™ (PGS) have shown 

a high efficacy on various chicken meat matrices in laboratory conditions, however in order to gain 

personal insight of their performance for a field study it was necessary to perform the experiment as a 

preliminary step. Eight chicken breast cubes (6 cm  3 cm) were used in this study. Six chicken breast 

cubes  were contaminated with Salmonella Enteritidis (S. Enteritidis). Four cubes was treated with tap 

water, two for bacterial retrieval at t = 0 h and two for bacterial retrieval at t = 24 h. Two cubes 

containing S.  Enteritidis were treated with 2% PGS for retrieval at t = 24 h. Two cubes contained only 

2% PGS without S.  Enteritidis for phage-retrieval at t = 0 h. The relevant samples were stored at 4 C 

for 24 h. The average PFU/cm2 of the PGS-only cubes was calculated at t = 0 h and the average 

CFU/cm2 of the water-treated and phage-treated samples was calculated at 0 h and 24 h. PGS-treated 

samples after 24 h yielded a 0.96 log CFU/cm2 reduction while the tap water did not achieve any 

reduction. This study highlights the high efficacy of 2% PGS on the chicken breast matrix, and this 

shows great potential for use as a processing aid in a chicken processing environment.  

3.2. Introduction 
 

Chicken breast is a highly popular poultry product for consumption due to its affordability and 

perceived health benefits (Hayley, 2001; Chlouliara et al., 2007). However, there are persisting food 

safety concerns surrounding chicken meat and incidence of Salmonella that may survive factory 

processes (Barbut, 2016; Yang et al., 2016). In 2019 the Centers for Disease Control and Prevention 

(CDC) recorded over 1.3 million cases of illness and 420 deaths due to Salmonella infections (CDC, 

2019). Not only is the incidence of Salmonella concerning, so is the increasing antibiotic resistance for 

control and treatment thereof (Adlhart et al., 2018).  

The rise in antimicrobial resistance has led to a rebirth in phage technology as a solution for 

microbial control in food (Hagens & Loesssner, 2010). Salmonella specifically shows the highest rate 

of resistance to many chemicals – of particular concern is chlorine (Mokgatla et al., 2002; Solano et 

al., 2002). 

Phages are ubiquitous, host-specific viruses that are considered to be the natural predators of 

bacteria (Kim et al., 2020). Lytic phages are preferrable over lysogenic phages due to their host-
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specificity, and rapid self-replication and bacterial cell lysis (Spricigo et al., 2013). Several studies 

have been conducted to investigate the efficacy of various phages in the reduction of Salmonella on 

chicken meat (Fiorentine et al., 2005; Kim et al., 2020).  

The short study presented here investigates the efficacy of PhageGuard S™ in the reduction of 

S. Enteritidis on chicken breast samples after 24 hrs of storage at 4oC. This study seeks to gain insight 

into the performance of the phage solution on the chicken matrix against Salmonella, as well as to 

highlight what considerations will be necessary for implementation in a chicken processing 

environment.  

 

3.3. Materials and methods 
 

3.3.1. Media preparation 

 

SM buffer preparation 

 

Sodium chloride (5.85 g/L) (Merck, Germany), 6.057 g/L Tris (VWR, USA) and 2.47 g/L magnesium 

sulphate heptahydrate (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa). The 

pH was then adjusted to 7.5 by adding 1 M hydrochloric acid (Kimix, South Africa) using an eye 

dropper. The solution was then topped up to 1 L (pH=7.5) and autoclaved for 20 min at 121oC.  

 

Luria Bertani (LB) broth 

 

Tryptic soy broth (10 g/L) (Merck, Germany), 5 g/L of yeast extract (Biolab, South Africa) and 10 g/L 

of sodium chloride (Merck, Germany) were weighed out and dissolved in 750 mL dH2O (Lasec, South 

Africa) using a magnetic stirrer. The pH of the solution was adjusted to 7.5 by adding sodium hydroxide 

(Merck, Germany) using an eye dropper, before being topped up to make 1 L (pH=7.5). It was then 

autoclaved at 121C for 20 min and allowed to cool. 

 

Luria Bertani (LB) agar plates for titer determination of PGS via double-layer plaque assay 

 

LB broth was prepared as described above and 15 g bacteriological agar (1.5%) (m/v) (Biolab, South 

Africa) was added to the LB broth. It was then autoclaved at 121C for 20 min and cooled to 60 C in 

an oven. LB agar (15 mL) was poured per plate in a laminar flow cabinet.  

 

Luria Bertani (LB) top agar plates for titer determination of PGS via double-layer plaque assay  
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LB broth was prepared as described above and 4 g (0.4%) (m/v) of bacteriological agar (Biolab, South 

Africa) was added to the broth. It was then autoclaved at 121 C for 20 min before being allowed to 

cool to 50 C for at least 1 h in an oven. It is important to note that top agar should never be too hot for 

a titration as it could have an adverse effect on the bacteria and the phages.  

3.3.2. Salmonella 

 

Propagation of culture 

 

The strain used for phage titration was Salmonella enterica serovar Enteritidis C Str (isolated by 

Micreos Food Safety, Netherlands). This strain is routinely used as the host strain for PGS titration and 

is known as Se13. A frozen glycerol stock (stab culture) of Se13 was received from Micreos Food 

Safety (Netherlands) and stored at -18oC.  

XLD plates were prepared by suspending 55 g/L of XLD agar (Oxoid, South Africa) in dH2O 

(Lasec, South Africa). The solution was then heated in a microwave until completely dissolved, before 

being dispensed into sterile Petri dishes. In a bio-safety cabinet (Labotec, South Africa), the Se13 was 

streaked onto the XLD plates using sterile inoculation loops. The XLD plates were incubated at 30 C 

overnight.  

An individual colony was then taken from the XLD plates and streaked out onto four LB agar 

plates using sterile inoculation loops. The LB agar plates were incubated at 30 C overnight. Three of 

the LB agar plates were wrapped in parafilm and stored at 4 C until needed, with a monthly re-streak 

onto a new LB agar plate to ensure survival.  

LB broth (100 mL) was added to a 250 mL Erlenmeyer flask and sealed with aluminum foil. 

The Erlenmeyer flask along with 30 mL glycerol (100%) (v/v)(Radchem, South Africa) was then 

autoclaved at 121C for 20 min and allowed to cool to 25 C before use. A sterile inoculation loop was 

used to isolate a single colony from the LB agar plate and inoculate the 100 mL sterile LB broth. The 

Erlenmeyer was then covered once more using the sterile aluminum foil and incubated in a shaking 

incubator (200 rpm) at 30 C for 16-18 h.  

 

Preparation of cryopreserved cultures 

 

Sterile 100% glycerol (20 mL) (Radchem, South Africa) was aseptically added to 100 mL of the 

overnight culture, making the final glycerol concentration of the culture 15-20%. The Erlenmeyer was 

swirled thoroughly to ensure the glycerol and culture were mixed well. The solution was then placed 
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into the fridge (4 C) to cool completely and have a homogenous appearance (uniform solution without 

layers). A sterile pipette was used to transfer 1.5 mL of the homogenous solution to sterile 2 mL 

Eppendorf tubes. The Eppendorf’s (glycerol stocks) were then stored at -20 C until needed for 

titration.  

 

3.3.3. Preparation of chicken cubes 

 

Store-bought chicken breasts were cut into cubes (length = 6 cm, width = 3 cm and height = 1cm). A 

total of eight cubes were prepared (four for water-treated which serves as the control), two for phage-

treatment and two for phage-retrieval). One side of the chicken cube had a surface area of 18 cm2 and 

this was determined as the area of treatment (Figure 3.1.), within the 18 cm2 an approximate area of 10 

cm2 was determined as the area of contamination (approximately 0.5 cm away from each edge).  

 

PhageGuard S™ titer determination 

This method for titer determination of PhageGuard S™ was carried out according to the manufacture’s 

instructions (Micreos Food Safety, NL).  

 

 

 

 

 

 

 

 

 

A 10 mL solution of 2% PGS (4 x 109 PFU/mL) was prepared by adding 200 L 100% PGS to 9 800 

L tap water, and a 1 x 107 CFU/mL (approximately) Se13 solution was prepared by adding 50 L of 

the Se13 overnight culture to 9950 L phosphate-buffered saline (PBS).  

 

Control samples 

 

A chicken cube (10 cm2) was artificially contaminated with 20 L of the Se13-PBS solution (2 

L/cm2), by dropping it onto the surface of the chicken using a pipette in two careful stripes. The side 

of the pipette tip was then used to spread the solution over the 10 cm2 area. The chicken cube was 

Area of contamination 

Area of treatment  

Figure 3.1. Schematic representation of the chicken cube highlighting the area of 

treatment and the area of contamination. 
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allowed to dry. Tap water (90 L) (5L/cm2) was added on top of this using a pipette in small well-

dispersed droplets over the entire 18 cm2 side of the chicken cube, the side of the pipette tip was used 

to spread the droplets before the chicken cube was allowed to dry. This was repeated for three more 

cubes of chicken, after which two were stored at 4 C for 24 hours and two were used for bacterial 

retrieval immediately.  

 

Phage-treated chicken samples 

 

Two cubes of chicken were contaminated with Se13-PBS solution as mentioned above for the control 

samples, and then treated with 90 L of the 2% PGS solution in the same manner, instead of tap water. 

The cubes were allowed to dry and then stored at 4oC for 24 h  

 

Phage-only chicken samples 

 

Two cubes of chicken were treated with 90 L of the 2% PGS only as previously mentioned for the 

phage-treated samples, and then phage-retrieval was performed immediately. 

 

2% Phage-solution titer determination  

 

A dilution series using 10 L of the 10 mL 2% solution (4 x 109 PFU/mL) was performed in duplicate 

using aliquots of 990 L SM buffer (a 10-2 dilution factor applied each time), to obtain a concentration 

of 4 x 103 PFU/mL. The highest dilution was then plated in duplicate onto LB agar.  

A heating block (Techne, United Kingdom) was set to 43 C with sterile 10 mL glass test tubes 

and allowed to reach temperature. Top agar (0.4% agar) (4 mL)(50 ℃ was distributed using a sterile 

glass pipette to each test tube.  

To each of the tubes containing top agar, 100 µL of Se13 host overnight culture – from the 

freezer (-20C) - was added. The phage solution (4 x 103 PFU/mL) was vortexed and inverted before 

50 µL was aseptically added to the tubes containing top agar. The glass test tube was vortexed for 2 s, 

with extra caution so as not to cause bubbles before pouring the top agar onto an LB agar plate. The 

plate was moved in gentle figure-of-eight motions until the top agar was evenly distributed over the 

plate. The plates were then incubated overnight at 20 C. This method (Micreos Food Safety, NL) was 

repeated for all samples and duplicates.  

 



 
 

 

71 

3.3.4. Phage retrieval for phage-only chicken samples 

 

Phage retrieval and enumeration was according the instructions from the manufacturer of PGS 

(Micreos Food Safety, NL). 

 

The two chicken cubes treated with phage-only were each added into a stomacher bag containing 100 

mL SM buffer, the concentration of the phage in the stomacher was 3.6 x 108 PFU/mL. The bags were 

stomached for 180 s each. The resulting solution (100 L) was diluted out using 900 L aliquots of 

SM buffer to a concentration of 3.6 x 103 PFU/mL in a similar fashion as the titration mentioned above. 

Only one dilution for each solution was required, of which 50 L of the highest dilution was then plated 

out onto two LB agar plates (four plates in total) using top agar infected as above. The plates were also 

then incubated at 25 C for 24 h.  

3.3.5. Bacterial retrieval for phage-treated samples and control samples 
 

Two of the control samples were each added into a stomacher bag containing 100 mL PBS and mixed 

for 180 s. The approximate concentration of Se13 once added into the stomacher was approximately 2 

 103 CFU/mL, and so 100 L of this solution was plated directly onto XLD plates and spread using a 

hockey stick, this was done in duplicate for each sample. The plates were incubated at 37 C for 24 h 

The expected number of colonies per plate was 200.  

After 24 h of being stored at 4 C, the other two control samples were used for bacterial retrieval 

according to the same method. From inspection of the prior XLD plates, the plating volume was 

reduced to 50 L for ease of counting colonies.  

Similarly, after 24 h at 4 C the phage-treated samples were added into the stomacher bag 

containing 100 mL and mixed for 180 s after which, the process was done as fast as possible to avoid 

increasing contact between the phage and bacteria which may have had an effect on the results. Because 

of the addition of the phage to the contaminated cube, an approximate 1 log reduction could be expected 

and thus the concentration in the stomacher was 2 x 102 CFU/mL. From the stomacher bag 200 L was 

plated onto XLD and spread with a hockey stick before being incubated at 37 C for 24 h; the expected 

number of colonies was 40.   

  



 
 

 

72 

3.3.6. Phage enumeration of  2% PGS solution and phage-only chicken samples from double-layer 

plaque assay 

 

Once incubated overnight, the plates were removed. The plaques (clear lysis zones) on the plates were 

counted and the titer was calculated according to the formula below (Micreos Food Safety, NL):  

 

𝑃𝐹𝑈

𝑚𝐿
=  

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑜.𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×1000

𝑃𝑙𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝐿)
  

 

3.3.7. Data analysis 

 

Data analyses were performed using Microsoft Excel (USA) to determine the average stability of the 

phage solution once diluted to 2% and subsequently once added to the chicken breast matrix according 

to the equations below: 

 

2% PGS solution:  

 

𝑃𝐹𝑈

𝑚𝐿
=

𝑃𝐹𝑈

𝑝𝑙𝑎𝑡𝑒
×  𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟(100𝑚𝑙) ×   𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑  𝑚𝐿 (

1000𝑢𝐿

50𝑢𝐿
) ×   𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (106) 

 

% Stability of 2% PGS=  
𝑃𝐹𝑈/𝑚𝐿

4 ×109𝑃𝐹𝑈/𝑚𝐿 
 x 100 

 

Phage-only chicken samples 

 

𝑃𝐹𝑈

𝑐𝑚2
= [

𝑃𝐹𝑈

𝑝𝑙𝑎𝑡𝑒
× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟(100𝑚𝑙) × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑  𝑚𝐿 (

1000 𝑚𝐿

50 𝑚𝐿
)

× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 10^3 ] 𝑑𝑖𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (18𝑐𝑚^2) 

 

% Stability of 2% PGS on chicken breast =  
𝑃𝐹𝑈/𝑐𝑚2

2 ×107𝑃𝐹𝑈/ 𝑐𝑚2
 x 100 

 

The average % stability was calculated by adding each % stability obtained for each repeat and dividing 

by the number of repeats.  

 

 

Control and phage-treated samples 
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Control samples immediate bacterial retrieval  

The following formulae were used to calculate the CFU/cm2 of the chicken cubes at 0 h.  

 

𝐶𝐹𝑈

𝑐𝑚2
=

𝐶𝐹𝑈

𝑝𝑙𝑎𝑡𝑒
× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟(100𝑚𝑙) × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑  𝑚𝐿 ((

1000 𝑚𝐿

100 𝑚𝐿
)  𝑑𝑖𝑣𝑖𝑑𝑒𝑑  𝑏𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (10𝑐𝑚2)) 

 

Control samples bacterial retrieval after 24 hrs at 4oC 

 

The following formulae were used to calculate the CFU/cm2 of the chicken cubes (water-treated and 

phage-treated) after 24 h of incubation at 4℃: 

 

𝐶𝐹𝑈

𝑐𝑚2
=

𝐶𝐹𝑈

𝑝𝑙𝑎𝑡𝑒
× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟(100𝑚𝑙) × (𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑  𝑚𝐿 (

1000 𝑚𝐿

50 𝑚𝐿
)  𝑑𝑖𝑣𝑖𝑑𝑒𝑑  𝑏𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (10𝑐𝑚2)) 

 

Phage-treated samples bacterial retrieval after 24 hrs at 4oC 

 

𝐶𝐹𝑈

𝑐𝑚2
=

𝐶𝐹𝑈

𝑝𝑙𝑎𝑡𝑒
× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟(100𝑚𝑙) × (𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑  𝑚𝐿 (

1000 𝑚𝐿

2000 𝑚𝐿
)  𝑑𝑖𝑣𝑖𝑑𝑒𝑑  𝑏𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (10𝑐𝑚2)) 

 

 

The % reduction was calculated by: 

 

1 − (
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝐹𝑈(𝑝ℎ𝑎𝑔𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 24 ℎ𝑟𝑠)

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝐹𝑈 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 24 ℎ𝑟𝑠)
) ×  100  

3.4. Results and discussion 
 

Addition of tap water to PGS should not influence the stability of the phages, this is because tap water 

should have relatively negligible levels of chlorine – which is a predominant compound responsible 

for phage inactivation (Wiggington et al., 2012; Brié et al., 2018). Tap water was used for this study 

to ensure a representative outcome of what may take place in an industrial setting, this is because tap 

water is generally used in the industrial setting and not distilled or prepared water. For the 

implementation of PGS industrially, it is important that stability should not be impacted by tap water 

as it is not always economically or practically viable to utilize distilled water (dH2O) or prepared water 

in a processing setting. From Table 3.1. it is apparent that tap water had very little effect on phage 

stability with less than a 3% reduction in stability. Once the 2% PGS was applied to the chicken breast 

matrix, the average stability decreased slightly by 1.13% to a 96.25% stability.  
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Table 3.1. Average % stability of phage in 2% solution and of phage in 2% solution after being 

applied to chicken breast as well as % stability of Se13 after application to chicken breast, treated 

with tap water and retrieved immediately 

2% PGS solution 2% PGS solution after 

application on chicken breast 

97.38 96.25 

 

In this instance the matrix of the chicken refers mostly to the physical topography. Shannon et 

al. (2020) describes how an uneven, large physical topology has a negative effect on phage efficacy 

due to the phage becoming immobilized or trapped in the topography - but the chicken breast is a 

smooth, even surface and hence did not decrease phage stability by much. This is further echoed in a 

study conducted by Sharma et al. (2015), where SalmoFresh (Intralytix Inc) was applied to cuts of 

turkey breast (107 PFU/g) and stored at 4 C; a 0.8 log reduction was achieved on day zero and 1.6 log 

CFU/g reduction on day 7. However, when the SalmoFresh was applied to cuts of turkey before a 

grinding step, it did not reduce bacterial numbers.  

The chicken breast samples contaminated with Se13 and tap water (controls) yielded high 

counts both after immediate retrieval and after 24 h (64050 CFU/cm2 and 61450 CFU/cm2, 

respectively) (Table 3.2.). These results indicated the control was valid and that no reduction took place 

due to the addition of a tap water trea™ent, highlighting that if any reduction should take place in the 

phage-treated sample, it could be credited to the PGS application. The bacterial counts were however 

much higher than the expected 200 CFU/plate - upon investigation as to what might have happened it 

was found that the temperature of the incubator had been changed from 4 C to 25 C by mistake. This 

was no concern as the reduction by the phage would be the same. The average CFU/cm2 of the phage-

treated chicken largely decreased to 6737.5 CFU/cm2, an approximate 89% reduction or otherwise 

known as 0.96 log unit reduction.  

 

 

Table 3.2. Average CFU/cm2 (and standard deviation ((SD)) of Se13 control samples treated with tap 

water retrieved immediately, and after 24 hours, as well as average CFU of phage-treated samples 

retrieved after 24 h and consequent % and log reduction 

Control (0 h) Control (24 h) Phage-treated (24 

h) 

% 

Reduction  

Log reduction 

(CFU/cm2) 

64050 (SD = 

6280) 

61450 (SD = 

3304) 

6737.5 (SD = 510.5) 89.04 0.96 
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A study carried out by Duc et al. (2018), where phages isolated from gizzard and chicken skin were 

used to reduce S. Typhimurium and S. Enteritidis yielded similar results, except that the samples were 

stored at 8 C and not 4 C. On average a 1.41 log CFU/piece was achieved for samples with S. 

Enteritidis and a 1.86 log CFU/piece for samples with S. Typhimurium. Interestingly in their study, 

when the experiment was repeated with storage at 25 C, reductions of up to 3.06 log and 2.21 log 

CFU/piece were achieved as the population of bacteria grew faster at this temperature and more 

reduction by the phages could occur.  

Moon et al. (2020), also made use of PGS to investigate its efficacy on chicken breasts, however 

in combination with essential oils. It was found that combined trea™ents of PGS and the essential oils 

results in greater reduction than either of the trea™ents independently.  

Esmael et al. (2021), isolated two lytic phages namely, SPHG1 and SPHG3 that was able to 

infect a multi-drug resistant S. Typhimurium. When applied to water, milk and chicken breast - up to 

4.2 log/sample reduction was seen. This highlights the possibility of other phage cocktails to be 

prominent food processing aids.  

Kim et al. (2020), used four lytic phages isolated from a duck farm. The phages expressed good 

lytic activity across 11 strains of S. Enteritidis and S. Typhimurium. When applied to chicken breast 

contaminated with S. Enteritdis as a cocktail of all four phages (106) and stored at 4 C for 24 h, a 1.36 

log CFU/cm2 reduction was achieved.  

Previous studies support the findings presented here however; they also highlight the need for 

further investigation.  

3.5. Conclusion 
 

PGS successfully reduced Se13 on chicken breast in the laboratory setting after storage at 4 C for 24 

hours. Phage stability of the 2% PGS decreased only slightly when added to the chicken breast matrix 

but overall was still highly stable.  

There are many possibilities for further investigation such as the use of a combined treatment 

like essential oils and PGS, or buffered vinegar and PGS. The investigation could be done on chicken 

at different temperatures and held over longer storage times. Additionally, the efficacy of PGS against 

different strains of Salmonella on chicken breast could be investigated using different parameters such 

as a different matrix, Salmonella strain, storage temperature and time and the effect of a combined 

treatment. A suggestion would be to repeat this study on chicken skin and investigate the stability of 

the same dilution applied to a more rough and uneven matrix or to investigate some other 

physiochemical properties of the matrix such as the pH and salt content. 
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CHAPTER 4 
 

The effect of spray parameters on the survival of bacteriophages 

 

4.1. Abstract 
 

There have been numerous studies highlighting the efficacy of various bacteriophages (phages) and 

phage cocktails in the reduction of pathogens in food. Despite approval from legislative bodies 

permitting phage use in food processing environments, applied via spray or dip, there is still no 

information on which spray parameters should be used for successful implementation. The study here 

investigates phage survival diluted to 1% (v/v) in distilled water (dH2O) and prepared bottled water 

(PBW), followed by a subsequent spray application through a fixed nozzle (530 m) and strainer size 

(74 × 74 m), with pressures of 3, 5, and 6 Bar. The survival of the phage was determined through 

sampling the outputs of the spray system and performing double agar overlay plaque assays. PBW 

decreased the phage concentration (p = 0.18) more than the dH2O (p = 0.73) prior to spray application. 

It was found that the PBW phage solution was less affected by the various spray parameters (p = 0.045) 

than the dH2O (p = 0.011). The study showed that unchlorinated water (dH2O), as well as a pressure 

of 3 Bar, had the highest output phage concentration through the nozzle and strainer, providing valuable 

information for industrial implementation. 

4.2. Introduction 
 

Bacteriophages (phages) have shown a lot of potential in reducing incidence of foodborne 

pathogens on food; in fact, phages have shown great promise in fulfilling the need for biocontrol agents 

effective against multi-drug and/or multi-chemical resistant bacteria (Hagens & Loessner, 2010; 

Enderson & Coffey, 2020; Wessels et al., 2021).  

The growing global population places immense pressure on the food chain to meet the demand 

for enough food, but not only enough food - enough safe food (Berry et al., 2015). This means that 

food companies have had to continuously reinvent (and survey) their food safety management systems 

to curb bacteria specific to their food products and food processing environments (Wessels et al., 2021). 

The contamination of food with antibiotic resistant bacteria (ARB) is an urgent public health concern, 

as methods relied on for treatment for foodborne illnesses have become ineffective (Thapa et al., 2020). 

Phages have become the more appealing prospective method of food pathogen control at 

different phases throughout the production of food. This is largely due to their host-specificity. The 

United States Food and Drug Administration (US FDA) has approved several individual phages and 

phage cocktails for commercial use against various pathogens such as SalmoFreshand PhageGuard 
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S™ (PGS). Furthermore, many studies have confirmed the high efficacy of various commercial phage 

cocktails on food and food products in the laboratory setting, highlighting the potential for industrial-

level application (Shannon et al., 2020; Moye et al., 2018; de Melo et al., 2018).  

In terms of application methods, Yeh et al. (2017) carried out a study where a dilution of PGS 

was added during tumbling of red meat trim and poultry meat, before the grinding step. Huang et al. 

(2018), added a phage solution directly into milk, and Ahmadi et al. (2020) added a phage solution 

into a meat slurry. The US FDA (2006) as well as Health Canada (2011) have stipulated that phages 

can be applied as a processing aid via dip or spraying but, to the knowledge of the authors, there are 

no studies that provide guidance on parameters for a suitable industrial spray application system. 

Reinhard et al. (2020), used a commercially available hand-held sprayer (Braber Equipment 

Ltd. Abbotsford, BC Canada) to apply LISTEX P100™ into a processing environment but, did not 

mention the effect of the spray parameters on the phage efficacy. Soffer et al. (2017) performed a study 

where ShigaShield™ was applied using a Basic Spray Gun Model #250 (Badger Air-brush Co., Franklin 

Park, IL), but did not elaborate on any preliminary information on whether efficacy of the phage 

cocktail was affected by the spray gun itself. 

Water contents play an integral role in phage efficacy - particularly water containing chlorine 

(generally after waste-water treatment). This is demonstrated by Rodriguez et al. (2004) and 

Sukumaran et al. (2015) who highlight that chlorine-containing chemicals can inactivate phages.  

The study presented here firstly investigates the combined effect of pressure, strainer, and 

nozzle diameter (collectively causing extrusion) on phage survival of a commercial cocktail of phages 

FO1a and S16 (PhageGuard S™ (PGS), Wageningen, The Netherlands) diluted to 1% using store-

bought prepared bottled water (PBW). It secondly investigates phage survival through the same spray 

parameters but with a 1% PGS solution prepared using distilled water (dH2O). This investigation seeks 

to provide insight for food companies to implement phage technology in a way that allows for the 

machinery to be adaptable to their specific environment. 

4.3 Materials and methods 
 

4.3.1. Spray machine parameter selection 

 

Testing for phage survival involved preparing a 1% dilution (v/v) (2 x 109 PFU/mL) of PGS 

with two water types - dH2O and PBW (containing 4 parts per million (ppm) chloride as seen in Table 

4.1.). The phage solution was then run through a commercial demo spray system (Spraying Systems 

Co, South Africa) using different pressures (3, 5 and 6 Bar) with a constant nozzle and mesh size.  
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Table 4.1. Composition of store-bought prepared bottled water used to a prepare the 1% PGS 

solution 

Compound Concentration 

(ppm) 

Salt 0.007 

Potassium 0.5 

Chloride 4 

Calcium 0.62 

Magnesium 0.5 

Fluoride 0.1 

Sulphate 1 

Calcium carbonate 0.8 

Nitrate 0.89 

 

According to Hagens & Loessner (2010), the average size of a phage is approximately 

0.05  0.2 m. Therefore, for all analyses it was decided that a larger mesh and subsequent nozzle size 

would be selected. A 200 mesh (74 µm  74 µm) and nozzle diameter of 530 µm (nozzle #13082 

(Spraying Systems Co, South Africa)) was selected. To the knowledge of the authors, there were no 

previous publications on the effect of pump-type on phage survival, and so to minimize any adverse 

effects due to mechanical action, a 3-chamber diaphragm pump (Aquatec, Pretoria, South Africa) was 

selected.  

4.3.2. PGS Diluted to 1% with Prepared Bottled Water 

 

Firstly, the stability of phages diluted to 1% (v/v) in prepared bottled water (PBW)(Table 4.1.) 

was investigated. Subsequently, this solution was run through a workshop demo spray cabinet using 

the 200 mesh, 530 µm nozzle and pressures of 3, 5, and 6 Bar where phage stability of the outputs at 

each pressure was measured. 

PGS (100%) (50 mL) was aseptically added to 4950 mL of PBW to create a 1% (v/v) dilution (≈2 

× 109 PFU/mL). Approximately 10 mL of the undiluted 100% PGS (≈2 × 1011 PFU/mL) (sample 1.1) 

was transferred to a 50 mL sterile sample tube for the control; this was stored in the refrigerator (4 °C) 

immediately. The 5 L (1%) solution was inverted repeatedly to ensure uniformity before 25 mL of the 

1% solution (sample 1.2) was transferred into a 50 mL sterile sample tube and stored at refrigeration 

temperature (4 °C) immediately. 
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The spray system was flushed with PBW to ensure the cleaning of debris and residues. The 

remaining 1% PGS solution was then hooked up to the spray system. The system was switched on and 

the pressure was adjusted to 6 Bar and allowed to run for 5 s to ensure the phage was running uniformly 

through the system. A 25 mL sample of the outlet spray (sample 1.3) was aseptically collected using a 

sterile 50 mL sample tube and refrigerated (4 °C). 

The system was switched off, the 5 L bottle was shaken to allow for re-distribution of any phage 

that may have settled, and the process was repeated—however at 5 Bar. After allowing 5 s of spraying, 

another 25 mL sample of the outlet spray (sample 1.4) was aseptically collected using a sterile 50 mL 

sample tube and refrigerated (4 °C). This was all performed once more at a pressure of 3 Bar (sample 

1.5). All the refrigerated samples were immediately titrated. This was performed in triplicate. The 

summary of samples and tests can be seen in Table 4.2. 

 

Table 4.2. Summary of sample plan repeated in triplicate for spray machine analysis   

Sample 

information 

Dilution Pump pressure 

(Bar) 

Sample 1.1 

10 mL PGS stock 

100% N/A 

Sample 1.2 

25 mL 1% PGS 

pre-spray 

1 % N/A 

Sample 1.3 

25 mL 1% PGS 

post-spray 

1% 6 

Sample 1.4 

25 mL 1% PGS 

post-spray 

1% 5 

Sample 1.5 

25 mL 1% PGS 

post-spray 

1% 3 
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4.3.3. PGS titer determination 

The titer determination was done according to the manufacturer of PGS instructions (Micreos Food 

Safety, NL).  

 

SM buffer preparation 

 

Sodium chloride (5.85 g/L) (Merck, Germany), 6.057 g/L Tris (VWR, USA) and 2.47 g/L magnesium 

sulphate heptahydrate (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa). The 

pH was then adjusted to 7.5 by adding 1 M hydrochloric acid (Kimix, South Africa) using an eye 

dropper. The solution was made up to 1 L (pH=7.5) and autoclaved for 20 min at 121 C.  

 

Luria Bertani (LB) broth 

 

Tryptic soy broth (10 g/L) (Merck, Germany), 5g/L of yeast extract (Biolab, South Africa) and 10 g/L 

of sodium chloride (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa) using a 

magnetic stirrer. The pH of the solution was adjusted to 7.5 by adding sodium hydroxide (Merck, 

Germany) using an eye dropper, before being made up to 1 L (pH=7.5). It was then autoclaved at 

121C for 20 min and allowed to cool. 

 

Luria Bertani (LB) agar plates for titration of PGS 

 

LB broth was prepared and 15 g bacteriological agar (1.5% (w/v) (Biolab, South Africa) was added to 

the LB broth. It was then autoclaved at 121 C for 20 min and cooled to 60oC in an oven. LB agar (15 

mL) was poured per plate in a laminar flow cabinet.  

 

Luria Bertani (LB) top agar plates for titration of PGS 

 

LB broth was prepared and 4 g (0.4%) of bacteriological agar (Biolab, South Africa) was added to the 

broth. It was autoclaved at 121 C for 20 min and allowed to cool to 50 C 1 h in an oven.  

 

4.3.4 Salmonella: Propagation of culture 

 

The strain used for phage titration was Salmonella enterica serovar Enteritidis C StR (isolated by 

Micreos Food Safety, Netherlands). This strain is routinely used as the host strain for PGS titration and 
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is named by Micreos Food Safety as “Se13”. A frozen glycerol stock culture of Se13 was received 

from Micreos Food Safety (Netherlands) and stored at -18 C.  

Two XLD plates were prepared as per the manufacturer’s instructions (Oxoid, South Africa) in 

dH2O (Lasec, South Africa). In a bio-safety cabinet (Labotec, South Africa), the Se13 was streaked 

onto the XLD plates using sterile inoculation loops. The XLD plates were incubated at 30 C overnight.  

An individual colony was then taken from the XLD plates and streaked out onto four LB agar 

plates using sterile inoculation loops. The LB agar plates were incubated at 37 C overnight.  

4.3.5 Overnight culture for glycerol stocks 

 

LB broth (100 mL) was added to a 250 mL Erlenmeyer flask and sealed with aluminum foil. 

The Erlenmeyer flask along with 30 mL glycerol (100%) (Radchem, South Africa) was then autoclaved 

at 121 C for 20 min and allowed to cool to 25 C before use. A sterile inoculation loop was used to 

isolate a single colony from the LB agar plate and inoculate the 100 mL sterile LB broth. The 

Erlenmeyer was then covered once more using the sterile aluminum foil and incubated in a shaking 

incubator (200 rpm) at 30 C for 16-18 h.  

Sterile 100% glycerol (20 mL) (Radchem, South Africa) was aseptically added to 100 mL of 

the overnight culture, making the final glycerol concentration of the culture 15-20%. The Erlenmeyer 

was swirled thoroughly to ensure the glycerol and culture were mixed well. The solution was then 

placed into the fridge (4 C) to cool completely and have a homogenous appearance.  

A sterile pipette was used to transfer 1.5 mL of the homogenous solution to sterile 2 mL 

Eppendorf tubes. The Eppendorf’s (glycerol stocks) were then stored at -20 C until needed for 

titration.  

 

4.3.6. Phage enumeration via titration of PGS samples 

 

Phage enumeration via titration was done according to the manufacturer of PGS instructions (Micreos, 

Food safety, NL).  

 

For each sample (1-5), dilutions in SM buffer (a 10-2 dilution factor applied each time) were performed 

in duplicate, with the highest dilution (2 x 103 PFU/mL) plated in duplicate on LB agar plates (Figure 

4.1.). This meant that each sample taken had two dilution rows and four corresponding plates for 

enumeration.  
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A heating block (Techne, United Kingdom) was set to 43 C with sterile 10 mL glass test tubes. Top 

agar (4 mL) at 50 C was distributed using a sterile glass pipette to each test tube for the double agar 

overlay plaque assay (Micreos Food Safety, NL).  

SM buffer (990 µL) was aseptically transferred to Eppendorf tubes using a pipette. The 25 mL 

sample (1-5) tubes were removed from the refrigerator (4 C) and vortexed. A dilution series was then 

completed in duplicate for each sample (1-5) using the SM buffer, to obtain a final phage concentration 

of 2 x 103 PFU/mL per sample. The Eppendorf tubes were vortexed well and inverted multiple times 

in between dilutions. 

To each of the tubes containing top agar, 100 µL of Se13 host overnight culture – taken from 

the freezer (-20 C) - was added. The phage solution (2 x 103 PFU/mL) was vortexed and inverted 

before 50 µL was aseptically to the tubes containing top agar. The glass test tube was vortexed for 2 s, 

with extra caution to not cause bubbles before pouring the top agar onto an LB agar plate. The plate 

was moved in gentle figure-of-eight motions until the top agar was evenly distributed over the plate. 

The plates were then incubated overnight at 20 C. This method (Micreos Food Safety, NL) was 

repeated for all samples and duplicates.  

Sample 

Eppendorf 

with 990 µL 

SM buffer 

[2 x 105] [2 x 103] 

50 µL 

50 µL 

100-150 

PFU 

10 µL 50 µL 

50 µL 

[2 x 109 PFU/mL] 

Glass test 

tube with 4 

mL top agar  

LB agar 
plates  

[2 x 107] 

[2 x 107] [2 x 105] [2 x 103] 10 µL 

10 µL 

10 µL 10 µL 

10 µL 

100-150 

PFU 

100-150 

PFU 

100-150 

PFU 

Figure 4.1. Schematic representation of a titration of a 1% PGS sample. 
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4.3.7 Phage titer determination  

 

Once incubated overnight, the plates were removed. The plaques on the plates were counted and the 

titer was calculated according to the formula below (Micreos Food Safety, NL):  

 

𝑃𝐹𝑈

𝑚𝐿
=  

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑜.𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×1000

𝑃𝑙𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (µ𝐿)
  

 

4.3.8. PGS Diluted to 1% with Distilled Water 

PGS was then diluted to 1% using distilled water (dH2O) (Lasec, South Africa). The same spray 

parameter analyses and sampling used for the PGS with PBW were repeated in the same manner with 

PGS diluted using dH2O (Sample 2.1–2.5). The % survival was then calculated by dividing the 

calculated PFU/mL of each sample (1.2–1.5; 2.1–2.5) by the stock undiluted solution (samples 1.1 and 

2.1) and multiplying by 100.  

4.3.9. Statistical analysis  

 

Analyses were done with one-way ANOVA to compare PFU/mL in the stock, in the 1% dH2O and 

PBW. The effect of 3, 5 and 6 Bar pressures on the 1% PGS PFU/mL (dH2O and PBW) were then 

subsequently compared using Fisher’s least significant difference (LSD) for multiple comparisons. 

These analyses were performed using STATISCA. Error bars were included with 95% confidence 

intervals. Differences among multiple trea™ents were indicated with lettering in the graphs as well as 

in the post hoc LSD multiple comparisons. If two trea™ent means differ significantly, the lettering is 

different, for example “a” and “b”. If they do not differ significantly there will be a common letter, like 

“a” and “ab” or “a” and “a”. 

4.4 Results and discussion 
 

4.4.1. PGS Diluted to 1% with PBW 

 

This investigated the survival of PGS diluted to 1% in PBW (4 ppm chlorine). It was then run through 

the spray system using a 200 mesh strainer, 530 m nozzle diameter at pressures of 3, 5 and 6 Bar. 

This sought to investigate, firstly, whether the water type influenced the phage stability—this was 

reflected in sample 1.2. (Figure 4.2.). Secondly, whether the combined effect of water type with the 

pressure and nozzle combination influenced the stability, this can be seen in samples 1.3–5 (Figure 

4.3.). 
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Figure 4.2. Calculated PFU/mL before and after dilution to 1% (PBW) (samples 1.1. and 1.2., 

respectively). * To draw parallels between sample counts of 1.1 and 1.2, sample 1.2 (1% dilution = 

9.35 × 108) was calculated to reflect a theoretical stock concentration (undiluted). 

 

Figure 4. 3. Calculated PFU/mL of 1% PGS (PBW) before being sprayed (sample 1.2) through the 

mesh (200) and nozzle (530 m) at pressures of 6, 5, and 3 Bar (sample 1.3–1.5). 

 

Sample 1.1. (100%) PGS had an average PFU/mL of 2.82 × 1011 (Figure 4.2.), which is close to the 

expected 2 × 1011 PFU/mL. This shows that there were no flaws in the batch of PGS selected for this 

analysis, confirming the validity of sample 1.1 as the control sample. If the packaging had been 

tampered with or if the refrigerated (4 °C) storage conditions had not been adhered to, this would show 

a decreased PFU/mL (<2 × 1011) for the titration of the 100% PGS solution (sample 1.1). Jończyk-

Matysiak et al. (2019) supported this, reiterating that storage conditions can cause variation in phage 

titers and, subsequently, could even hinder the infectivity of the phages. Fister et al. (2016) highlighted 

that phage stability is diverse and not always well understood, but that there is sufficient evidence that 

temperature fluctuations influence many types of phages (Brié et al.,2018). This can be seen in a study 
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whereby the reduction of L. monocytogenes decreased to a minimal level at 20 °C by phage P100 over 

a period of 17 weeks (Fister et al., 2016). It is also not unusual that sample 1.1 had more than the 

expected 2 × 1011 PFU/mL. González-Menéndez et al. (2018) noted that phage propagation constitutes 

an adsorption step, inhibition of host genetics and progeny. The time period of each of these steps, and 

the number of phage particles that are produced per bacterial host cell, will determine the yield of 

phages (González-Menéndez et al., 2018). Chaudhry et al. (2017) had a similar outcome in a control 

sample where the phage titer overcame the inoculum density by more than 10-fold after 48 h. 

Additionally, this also reassures us that the producer potentially overestimated the concentration of 

phages to ensure sufficient counts at the end of the shelf-life of PhageGuard S™. 

Sample 1.2 (1% PGS) showed a drastic decrease in PFU/mL to 9.35 × 1010. This highlights the 

negative impact the chlorine in the PBW had on the phage concentration compared to sample 1.1. The 

phage concentrations of samples 1.2 and 2.2 (Figure 4.4 where dH2O was used) differed to a large 

extent, however, not in a statistically significant manner (p = 0.18). Due to decreased stability and 

potential compromised structural integrity of the phage by the PBW, the authors observed that the 

combined effect of the pressures with the nozzle and mesh size was overall less significant (p = 0.045) 

for this analysis where PGS was diluted with PBW than overall for the PGS diluted with dH2O (p = 

0.011) (Figure 4.5.). 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Calculated PFU/mL before and after dilution to 1% (dH2O) (samples 2.1 and 2.2, respectively). 

* To draw parallels between sample counts of 2.1 and 2.2, sample 2.1 (1% dilution = 2.31 × 109) was 

calculated to reflect a theoretical stock concentration (undiluted). 
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There were no significant differences observed between samples 1.5 and 1.2, and 1.5 and 1.4 

(Figure 4.3.). This is represented by the common subscripts of “ab” and “a” (p = 0.48), and “ab” and 

“b” (p = 0.14), respectively. However, the closest sample to the target concentration (sample 1.2) is 

sample 1.5, where the pressure was 3 Bar. The 6 Bar pressure application yielded the largest significant 

difference to sample 1.2 (p < 0.01), and this is represented by the “c” subscript. 

Sukumaran et al. (2015) conducted a study that determined the stability of Salmonella lytic 

phages in different concentrations of chlorine to investigate what would be suitable for a sequential 

application. This was performed by diluting the phage solution to 1% (approx. 109 PFU/mL) in SM 

buffer. The 5 ppm chlorine solution was prepared from stock sodium hypochlorite being added to the 

1% phage solution. The combined solution was then stored at 4 °C for 24 h before the phage titer was 

determined using the soft agar overlay method. It was found that the 5 ppm chlorine completely 

inactivated the phage. The PBW in this study did not completely inactivate the phage as in the study 

by Sukumaran et al. (2015), only decreased the phage concentration. This could be due to a few factors; 

the first is the storage time. In this study, the samples were titrated and renumerated immediately after 

the samples were collected, whereas Sukumaran et al. (2015) stored the samples for 24 h.  

Furthermore, Micreos Food Safety (The Netherlands) stipulated that the PGS contains 4% (v/v) 

potassium chloride (a neutral salt). Langlet et al. (2007) described how phage concentrations declined 

at a lower pH (pH 3.9 and 2.5) as opposed to a neutral pH (7). Conversely, it can also be argued that 

the lower pH of the PBW (pH = 5–6) also plays a role in decreasing the phage concentrations, but not 

to such a large extent as the pH = 2.5–3.9 in the mentioned study. Furthermore, the salts of the PBW 

were taken into consideration; Mylon et al. (2010) showed that higher concentrations of salts (1 M) 

Figure 4.5. Calculated PFU/mL of 1% PGS (dH2O) before being sprayed (sample 2.2) through the 

mesh (200) and nozzle (530 m) at pressures of 6, 5 and 3 Bar (sample 2.3–2.5). 
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were needed to cause aggregation of phages. In this study, the concentrations were less than 1 ppm, 

and so the authors speculate that the effect of the salts compared to that of the chloride was negligible. 

Free chlorine influences the protein-mediated functions of a phage, namely, the injection of 

genetic material and subsequent replication in the bacterial host (Wiggington et al., 2012). Essentially, 

the free chlorine reacts with amino acids that make up the capsid, leading to the formation of carbonyl 

products, which causes a change in the surface charge of the capsid (increased negativity), and a change 

in the overall molecular structure (Brié et al., 2018). This lead the authors to speculate that the change 

in molecular structure of the phages could be the reason for the lesser extent of impact by extrusion of 

the spray system on the calculated PFU/mL across samples 1.3–1.5. Further investigation is needed to 

confirm the validity of this finding. 

Sano et al. (2015) showed that there is a strong relationship between the rate of phage-

inactivation due to chlorine and the concentration of these formed carbonyl groups. Furthermore, this 

chlorine-induced oxidation of the amino acids of the capsid causes a change in the surface electrostatic 

charge, as previously mentioned. This change affects the hydrophobicity of the structure. Chlorine thus 

affects the two pinnacle properties (hydrophobicity and electrostatic charge) that phages rely on for 

their function (Loison et al., 2016) and is regarded as viricidal (Bloomfield et al., 1990). 

This highlights the importance of monitoring the water content in an industrial setting, 

specifically free chlorine, which is to be used for phage application, as it can have an impact on phage 

stability and efficacy, especially before being applied via a spray system. 

4.4.2. PGS Diluted to 1% (v/v) with dH2O 

 

The dilution of stock PGS from 100% (v/v) to 1% in dH20 (samples 2.1–2.2) (Figure 4.4.) did 

not lower the calculated PFU/mL significantly (p = 0.73). Whereas the dilution using PBW saw a drop 

in calculated PFU/mL from 2.82 × 1011 (sample 1.1) to 9.35 × 1010 (sample 1.2) (Figure 4.2.) (p = 

0.18). The PFU/mL of the 100% PGS (sample 2.1) was calculated to be 2.61 × 1011 while the 1% PGS 

(sample 2.2) was calculated to be 2.31 × 1011 (p = 0.7), highlighting no significant difference between 

the diluted phage solution and the undiluted phage solution. This set a strong precedent before being 

able to clearly show the effect of the pressure/nozzle combination on phage survival (Figure 4.5.). 

The calculated PFU/mL of sample 2.3 produced the lowest concentration of 1.66 × 109 

compared to sample 2.2 (which is considered the target concentration of 2.24 × 109 PFU/mL) and this 

difference is represented by the subscripts “a” and “c” respectively (p = 0.00) (Figure 4.5.). The mean 

concentrations of samples 2.2 and 2.5 do not differ significantly and share the common subscript of 

“a” (p = 0.09). Samples 2.2 and 2.4 differ significantly (but to a slightly lesser extent than between 

samples 2.2 and 2.3) and are represented by the subscripts “a” and “b” (p < 0.01) (Figure 4.5.). This 

shows that a pressure of 3 Bar through the nozzle and mesh combination resulted in the highest phage 
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survival and the closest result to that of the target concentration of sample 2.2. This also suggests that 

the pressures of 5 and 6 Bar through the nozzle and mesh combination have the effect of extrusion on 

the phage structure. Overall, with reference to both studies, Levene’s test for homogeneity of variances 

shows that PGS diluted with dH2O (Figure 4.5) is impacted more by the spray parameters (p = 0.01) 

than the PGS diluted with PBW (p = 0.045) (Figure 4.3.). 

In order to better understand what could have taken place, it is important to consider both the 

spray system pressure, strainer and nozzle, and the structure of a phage (Figure 4.6.). 

 

 

 

Figure 4.6. Basic phage structure with an icosahedral head, contractile tail terminating in 6 tail fibers, 

representative of the FO1a phage. 

According the knowledge of the authors, there is no information on the effect of nozzle 

diameter, strainer, and pressure on phage survival through a spray system. The average size of a phage 

is approximately 0.05 × 0.02 µm (Hagens & Loessner, 2010), while the nozzle diameter used in this 

study is 530 m (13082) and the mesh size (200) are 74 m × 74 m (Spray Systems Co., Smyrna, 

TN, USA, 2018). The structure of a phage is complex, consisting of a capsid head containing phage 

DNA and a tail usually consisting of six fibers that are responsible for bacterial host attachment (Marti 

et al., 2013). The highest pressure (6 Bar), coupled with the small nozzle and strainer size, could have 

caused extrusion on the structure of the phages, decreasing the output phage concentration (sample 

2.3) (Figure 4.5.). This proposed reason for decreased stability due to extrusion is further supported by 

the increased output phage concentration in sample 2.4 when the pressure was decreased to 5 Bar. In 

addition, in sample 2.5, where the pressure was decreased to 3 Bar, the output phage concentration was 

the highest of all the throughputs. These findings are simplified and represented as a percentage 

survival of the different solutions through the spray system (Table 4.3.). It can be seen that PGS diluted 

with distilled water and a pressure of 3 Bar produced an 85.5% survival rate, while a pressure of 6 Bar 

showed that only 63.74% of the phages survived.  
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Table 4.3. PGS concentrations summarized in the form of calculated % survival 

PBW dH2O 

Sample Survival (%) Sample Survival (%) 

1.1 (stock) 100 2.1 (stock) 100.00 

1.2 (1%) 33.16 2.2 (1%) 88.16 

1.3 (6 Bar) 23.88 2.3 (6 Bar) 63.74 

1.4 (5 Bar) 28.37 2.4 (5 Bar) 77.10 

1.5 (3 Bar) 31.62 2.5 (3 Bar) 85.50 

 

There are two specific phages that make up the PGS solution, namely, S16 and FO1a. S16 has 

a long tail fiber (LTF) with an intricate protein makeup (Gp38 adhesin attached to a Gp37 trimer) for 

binding to Salmonella. S16 has a contractile tail (a characteristic of the family Myoviridae). Its head is 

approximately 117 nm in length and 91 nm in width, while its tail is about 120 nm in length. It thus 

falls into the A2 group (Marti et al., 2013). FO1a is a member of the A1 group of the family Myoviridae 

with an icosahedral head (73 nm in diameter) and a contractile tail (17 × 113 nm) which terminates in 

6 straight tail fibers (Whichard et al., 2010) (Figure 4.6). Irrespective of structure, the primary step of 

phage replication is infection. Adsorption of the phage into the bacterial host is triggered by the binding 

of the phage tail fibers to the receptor proteins on the surface of the bacterial cell. This is followed by 

DNA release into the host cytoplasm via penetration (Loh et al., 2019). It is unclear exactly what part 

of the phage structure may be affected by the force of extrusion, but it is likely that the structural 

integrity of the long tail fibers of FO1a and S16 may be compromised or the large head of S16, but 

further molecular studies would need to be conducted on this to be sure. 

4.5. Conclusions 
 

It was found that the chlorine content of PBW (4 ppm chlorine) used to prepare a 1% PGS 

solution decreased phage concentration from 2.82 × 1011 PFU/mL to 9.35 × 1010 PFU/mL. This is not 

new information as there have been numerous studies that have been conducted which have proven 

that chlorine decreases phage concentration.  

However, this information is still valuable as there have not been any studies that have 

investigated the combined effect of chlorine-containing water with a subsequent spray application 

(extrusion). This study is also applicable in the sense that most processing plants make use of waste-

water trea™ent plants, which often incorporate chlorine in the water for re-use in the processing 

environment. 
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The subsequent spray application of the diluted PGS in PBW at pressures of 3, 5, and 6 Bar 

had an overall lower significant difference generated by Levene’s Test for homogeneity of variances 

compared to the PGS diluted in dH2O. 

In terms of the effect of extrusion by the spray system on the phage concentration, this is most 

evident in the second analysis where the PGS was diluted in dH2O. This is because the dH2O did not 

significantly decrease the phage concentration prior to spray application. A pressure of 6 Bar decreased 

the output concentration of phages the most, while a pressure of 3 Bar decreased the output 

concentration of phages the least. 

Thus, if the inlet water content has no chlorine, the ideal spray parameters for phage stability 

(from this study) are a 3 Bar pressure on a diaphragm pump, in combination with a 200 mesh strainer 

and a 530 m nozzle diameter. 

Some future research recommendations would entail the testing of different nozzle diameters, 

strainers, and pressure combinations. It would also be valuable to recommend to the industry that inlet 

water contents for phage dilutions, specifically free chlorine contents, should be closely monitored and 

that sufficient rinsing should take place after sanitizing protocols and before phage use. 
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CHAPTER 5 

Survival of bacteriophages S16 and P100 through different nozzle specifications 

using pressurized spray control 
 

5.1. Abstract 
 

Bacteriophages (phages) are a new solution for the control of pathogens in the area of food safety, 

especially with the rising incidences of antimicrobial resistant bacteria. Although the technology is 

well established and has shown promising results in vitro, the efficacy of the industrial application of 

phages in a processing facility is still uncertain. There is also little information available describing 

suitable spray parameters for the industrial implementation of phages. This study investigated the 

survivability of bacteriophages P100, and S16, through 8 different nozzles using precision spray 

control. The output phage concentration was compared to an initial 1% solution of each phage added 

into the tank of the system. Overall, 7 out of 8 nozzles produced output concentrations with no 

significant difference to the initial 1% solution for both phages. For P100, nozzle 7’s output 

concentration produced the only significant decrease (p<0.05) in concentration (68 PFU/plate) 

compared to that of the initial 1% solution added to the tank (83 PFU/plate). For S16, nozzle 4 produced 

a significant (p<0.05) decrease in phage concentration (217 PFU/plate) compared to that of the initial 

1% solution (247 PFU/plate). This study provides valuable insight on how application methods need 

consideration for safe delivery of phages to the target food product and that once cannot simply assume 

that sufficient coverage is the only factor that is important when implementing the technology into the 

processing environment.  

5.2. Introduction 
 

Bacteriophages (phages) are increasing in popularity for the control of foodborne pathogens. Two 

prominent pathogens of concern are Listeria spp. and Salmonella spp. Two commercially available 

phage products for the control of these pathogens are LISTEX P100™ (PGL) (containing phage P100) 

and PGS 125™ (containing phage S16), respectively (Micreos Food Safety, Netherlands). It has been 

shown multiple times that phages have a high efficacy in the laboratory setting under ideal conditions. 

However, to the knowledge of the authors, there is little information outlining suitable application 

methods for phage use in the industrial food processing environment (Wessels et al., 2021).  

Wessels et al. (2022) carried out the only study known to the authors that provides some sort 

of guidelines for phage application using a spray system. In that study it was established that a 530 m 

nozzle orifice diameter (nozzle #13082 (Spraying Systems Co, South Africa)), a 200 mesh (75 µm x 

75 µm) strainer coupled with a 3 Bar pressure using a diaphragm pump produced the highest 
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survivability of phages FO1a and S16 through the system. The spray system used in their study was 

very simple, and spraying systems for processing environments with high throughputs are much more 

sophisticated and make use of updated features and technologies. One of these is the use of precision 

spray control (PSC). More specifically an AutoJet spray control switches nozzles on and off while 

instantaneously adjusting the flow rate according to fluctuations in line speeds, break downs and other 

processing environment technicalities This technology provides a better coverage of the product, 

reduces waste and eliminates any intervention by personnel (Spraying Systems Co., 2022). The system 

entails a pressurized tank with the volume of liquid to be sprayed, an air inlet, and an output through a 

spray gun with a nozzle.  

The study presented here sought to investigate the survivability of bacteriophages P100 and 

S16 through a PSC system using 8 different nozzles at a pressure of 3 Bar according to their standard 

flow rates. The survivability was measured by comparing the input concentration of the phages through 

the PSC system versus the output. The eight nozzles (referred to as nozzles 1-8) were selected on the 

advice of the manufacturer based off of what is mostly used in the food industry supplied by their 

company (Spraying Systems Co., 2022). Although all of the nozzles (and the PSC system) were 

supplied by the same company (Spraying Systems Co., 2022) there were many others to choose from. 

For practicality and accessibility of spray system technical experts, a single supplier was used. Nozzles 

1-7 were flat-tipped and only differed by orifice diameter and produced different spray pattern angles 

at a 3 Bar pressure. Nozzle 8 was the only largely unique nozzle as it was cone-shaped and produced 

a “solid cone shape” spray pattern. The main objective of this investigation was to provide more 

information and guidance for the industrial implementation of phages.  

5.3. Methods and materials 

 

5.3.1. Nozzle selection  

 

The eight most popular nozzles used industrially for food applications were selected for this study 

(Spraying Systems, Netherlands) (Table 5.1. and Figure 5.1.). 
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Table 5.1. Nozzles selected for the survivability of PGS 125™ (PGS 125) and LISTEX P100™ (PGL) 

through the PSC system, given are the output specifications of the nozzles at a 3 Bar pressure 

Nozzle 

number 

Nozzle code (Spraying 

Systems, Netherlands) 

Pattern 

shape 

Orifice 

diameter at 3 

Bar (µm) 

Spray pattern 

angle () at 3 

Bar 

Flow rate at 3 

Bar (L/min) 

1 (TPU)650050-SS fan 457,2  65 0,19  

2 (TPU)800050-SS fan 457,2  80 0,19  

3 (TPU)650067-SS fan 533  65 0,25  

4 (TPU)800067-SS fan 533  80 0,25  

5 (TPU)1501-SS fan 660  15 0,37  

6 (TPU) 6501-SS fan 660  65 0,37  

7 (TPU) 8001-SS fan 660  80 0,37  

8 (TG)SS0.7 solid cone 760  N/A 0,37  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 200 mesh strainer (75 µm  75 µm) was also selected to be used behind every nozzle (Wessels et 

al., 2022). 

 

For each phage product (PGS 125 and PGL) the following was done: a 1 L 1% (v/v) solution was 

aseptically prepared with tap water. The solution was then added to the tank of the spray system. A 1 

mL sample was taken using a sterile glass pipette and added to a 2 mL Eppendorf. The sample was 

then stored at 4 C until titration – this sample served as the control against which the percentage phage 

survivability through the system was calculated. The tank was closed and pressurized to 3 Bar. The 

Figure 5.1. Nozzles selected for the survivability of S16 and P100 through the PSC system. 
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nozzle was then fitted onto the spray gun, the appropriate flow rate was selected (Table 5.1.) and the 

machine was allowed to run for 2 min to allow the phage solution to pass through the system and allow 

for consistent flow. A 10 mL sample was then collected by placing a sterile plastic 50 mL tube over 

the nozzle (Figure 5.2.). The nozzle was then changed. A further 20 s of flow was allowed before the 

next 10 mL sample was collected in the same manner – and so on and so forth for all 8 nozzles. Each 

sample was stored at 4 C until titration. Once all the nozzles had been sampled, the machine was 

stopped, the tank depressurized and another 1 mL sample was collected from the tank using a sterile 

glass pipette and a 2 mL Eppendorf. This sample was taken to ensure the phage titre did not drop 

significantly during the execution of the experiment.  

 

 

 

 

 

 

 

 

 

 

5.3.2. PGS 125 and LISTEX P100 titer determination 

 

The titer determination of both phage solutions was done according to the manufacturer’s instructions 

(Micreos Food Safety, NL).  

 

SM buffer preparation 

 

Sodium chloride (5.85 g/L) (Merck, Germany), 6.057 g/L Tris (VWR, USA) and 2.47 g/L magnesium 

sulphate heptahydrate (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa). The 

pH was then adjusted to 7.5 by adding 1 M hydrochloric acid (Kimix, South Africa) using a Pasteur 

pipette. The solution was made up to 1 L (pH=7.5) and autoclaved for 20 min at 121 C.  

 

Luria Bertani (LB) broth 

 

Figure 5.2. Collecting 10 mL sample of output of nozzle installed on the spray gun of the PSC system. 
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Tryptic soy broth (10 g/L) (Merck, Germany), 5 g/L of yeast extract (Biolab, South Africa) and 10 g/L 

of sodium chloride (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa) using a 

magnetic stirrer. The pH of the solution was adjusted to 7.5 by adding sodium hydroxide (Merck, 

Germany) using an eye dropper, before being made up to 1 L (pH=7.5). It was then autoclaved at 121 

C for 20 min and allowed to cool. 

 

Luria Bertani (LB) agar plates for titration  

 

LB broth was prepared and 15 g bacteriological agar (1.5% (w/v)) (Biolab, South Africa) was added to 

the LB broth. It was then autoclaved at 121 C for 20 min and cooled to 60 C in an oven. LB agar (15 

mL) was poured per plate in a laminar flow cabinet.  

 

Luria Bertani (LB) top agar for titration  

 

LB broth was prepared and 4 g (0.4% (w/v)) of bacteriological agar (Biolab, South Africa) was added 

to the broth. It was autoclaved at 121 C for 20 min and allowed to cool to 50 C 1 h in an oven.  

5.3.3. Salmonella: Propagation of culture 

 

The strain used for phage titration was Salmonella enterica serovar Enteritidis C StR (isolated by 

Micreos Food Safety, Netherlands). This strain is routinely used as the host strain for PGS 125 titration 

and is named by Micreos Food Safety as “Se13”. A frozen glycerol stock culture of Se13 was received 

from Micreos Food Safety (Netherlands) and stored at -18 C.  

Two xylose-lysine-deoxycholate (XLD) plates were prepared as per the manufacturer’s 

instructions (Oxoid, South Africa) with dH2O (Lasec, South Africa). In a bio-safety cabinet (Labotec, 

South Africa), the Se13 was streaked onto the XLD plates using sterile inoculation loops. The XLD 

plates were incubated at 30 C overnight.  

An individual colony was then taken from the XLD plates and streaked out onto four LB agar 

plates using sterile inoculation loops. The LB agar plates were incubated at 30 C overnight.  

5.3.4. Listeria: Propagation of culture 

 

The strain used for phage titration was Listeria innocua 2627 (isolated by Micreos Food Safety, 

Netherlands). This strain is routinely used as the host strain for LISTEX P100™. A frozen glycerol 

stock culture was received from Micreos Food Safety (Netherlands) and stored at -18 C.  
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Two ½ BHI agar plates were prepared by adding half of the recommended dose of the 

manufacturer’s instructions of BHI broth (Oxoid, South Africa) and 1.5% bacteriological agar (w/v) 

(Biolab, South Africa) with dH2O(Lasec, South Africa). It was then autoclaved at 121 C for 20 min 

and cooled to 60 C in an oven. The ½ BHI agar (15 mL) was poured per plate in a laminar flow 

cabinet. In a bio-safety cabinet (Labotec, South Africa), the culture was streaked onto the ½ BHI agar 

plates using sterile inoculation loops. The plates were incubated at 30 C overnight.  

 

Overnight culture for glycerol stocks 

 

LB broth (100 mL) was added to 250 mL Erlenmeyer flasks and sealed with aluminum foil. 

The Erlenmeyer flasks along with 30 mL glycerol (per flask) (100%) (Radchem, South Africa) was 

then autoclaved at 121 C for 20 min and allowed to cool to 25 C before use. A sterile inoculation 

loop was used to isolate a single colony from the LB agar plate and ½ BHI agar plate and inoculate the 

100 mL sterile LB broth. The Erlenmeyer’s were then covered once more using the sterile aluminum 

foil and incubated in a shaking incubator (200 rpm) at 30 C for 16-18 h.  

Sterile 100% glycerol (20 mL) (Radchem, South Africa) was aseptically added to 100 mL of 

the overnight cultures, making the final glycerol concentration of the culture 15-20%. The Erlenmeyer 

was swirled thoroughly to ensure the glycerol and culture were mixed well. The solution was then 

placed into the fridge (4 C) to cool completely and have a homogenous appearance.  

A sterile pipette was used to transfer 1.5 mL of the homogenous solution to sterile 2 mL 

Eppendorf tubes. The Eppendorf’s (glycerol stocks) were then stored at -20 C until needed for 

titration.  

5.3.5. Phage titer determination 

 

For each sample, dilutions in SM buffer (a 10-2 dilution factor applied each time) were performed in 

duplicate, with the highest dilution (2 x 103 PFU/mL) plated in duplicate on LB agar plates.  

A heating block (Techne, United Kingdom) was set to 43 C with sterile 10 mL glass test tubes. 

Top agar (4 mL) at 50 C was distributed using a sterile glass pipette to each test tube for the double 

agar overlay plaque assay (Micreos Food Safety, NL).  

SM buffer (990 µL) was aseptically transferred to Eppendorf tubes using a pipette. The 25 mL 

sample (1-5) tubes were removed from the refrigerator (4 C) and vortexed. A dilution series was then 

completed in duplicate for each sample using the SM buffer, to obtain a final phage concentration of 2 

x 103 PFU/mL per sample. The Eppendorf tubes were vortexed well and inverted multiple times in 

between dilutions. 
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To each of the tubes containing top agar, 100 µL of Se13 host overnight culture or L. innocua 

2627 - taken from the freezer (-20 C) - was added. The phage solution (2 x 103 PFU/mL) was vortexed 

and inverted before 50 µL was aseptically to the tubes containing top agar. The glass test tube was 

vortexed for 2 s, with extra caution to not cause bubbles before pouring the top agar onto an LB agar 

plate. The plate was moved in gentle figure-of-eight motions until the top agar was evenly distributed 

over the plate. The plates were then incubated overnight at 20 C.  

The whole experiment was completed in duplicate for each phage product with sufficient 

cleaning and sterilization between replicates.  

Phage renumeration  

 

Once incubated overnight, the plates were removed. The plaques on the plates were counted.   

5.3.6. Statistical analysis  

 

One-way ANOVA tests were conducted on the collected data (PFU/plate) from the two replicates of 

each phage solution where each nozzle output concentration was compared to that of the initial 1% 

solution sampled from the tank. The analyses were performed using GraphPad Prism (USA). 

5.4. Results and discussion 
 

This experiment, like that of Wessels et al. (2022) did not make use of any form of electron microscopy 

and so there are no definite explanations of the fluctuations of the output concentrations of PGS 125 

and PGL through the different nozzles (Figures 5.3. and 5.4.). It is important to consider the possibility 

of the morphological features of S16 and P100 (Table 5.2.) undergoing structural changes due to 

mechanical stress through the system. The dimensions of the morphological features are all smaller 

(Table 5.2.) than the nozzles selected for the study (Table 5.1.) 

 

Table 5.2. Phage S16 and P100 head and tail dimensions 

 S16 P100 

Head 117 nm x 91 nm 89.5 nm diameter 

Tail 120 nm 198.2 nm length 

Reference (Marti, 2013) (Klumpp et al., 2008) 

 

From the results seen using PGS 125 in Figure 5.3., only one nozzle caused a significant decrease in 

PFU/plate from the initial solution in the tank, this was seen in nozzle 4 (p<0.05). Nozzle 4 has a nozzle 



 
 

 

102 

diameter of 533 m, and a flow rate of 0.25 L/min. This is interesting as nozzle 3 has the same diameter 

and flow rate but produced a higher output concentration than nozzle 4 (217 PFU/plate). The only 

difference was in the spray angle where nozzle 4 has a spray angle of 80 while nozzle 3 has a spray 

angle of 65. The best output phage concentration was produced by nozzle 8, which has the largest 

orifice diameters of all the nozzles (760 m), which would produce the least extrusion on the phage 

structure. 
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Figure 5.3. Output PGS 125 concentrations through the eight different nozzles of the PSC system, results 

presented as the plaque forming units per plate after incubation (PFU/plate). 

*Represents results that are significantly different from initial 1% solution 

 

Figure 5.4. Output PGL* concentrations through the eight different nozzles of the PSC system, 

results presented as the plaque forming units per plate after incubation (PFU/plate). 

*Represents results that are significantly different from initial 1% solution 
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The output phage concentrations for PGL through the system produced different results to that of PGS 

(Figure 5.4.). One nozzle produced a significantly lower concentration to that of the 1% initial solution 

(p<0.05). This was nozzle 7 (68 PFU/plate) compared to the 1% initial solution (83 PFU/plate). Nozzle 

7 has a orifice diameter of 660 mm and a flow rate of 0.37 litres per minute. Again, another interesting 

finding as nozzle 6 also has an orifice of 660 mm and a flow rate 0.37 litres per minute, but produced 

a higher output phage concentration (80 PFU/plate). The only difference between the two was the spray 

angle, where nozzle 6 has a spray angle of 65° while nozzle 7 has a spray angle of 80°. From the results 

using PGS 125 and PGL, it almost seems as if the 80° spray angle may be problematic but this is proven 

otherwise from the output phage concentration of nozzle 2 with PGL. Nozzle 2 has an orifice diameter 

of 457.2 mm, flow rate of 0.19 litres per minute and a spray angle of 80°, which produced the best 

output phage concentration (87 PFU/plate). 

Besides the study by Wessels et al. (2022) previously mentioned, the other research 

surrounding application methods of phages remains, for the most part, vague. For example, a study 

carried out by Zang et al. (2019) explains that SalmoFresh™ phages are sprayed onto the surface of 

fresh produce using a commercial sprayer, but there is no mention of the effect of the spraying system 

on the titer of the phage solution before application on the samples. Sharma et al. (2015) explains that 

Salmonella was inoculated onto chicken and turkey breasts before being treated with Salmonella 

phages in vitro, but does not explain how the breasts are treated. Similarly in a study Grant by et al. 

(2017), which investigates the efficacy of S16 and FO1a in the reduction of Salmonella in ground 

chicken, the phage solution “was applied” on each side of the chicken before being ground. There is 

no information about how it was applied, furthermore there is no information as to whether the titer of 

the phage decreased significantly during grinding – if this had been the case, a higher concentration 

phage solution would be required especially on an industrial scale.  

Although the application methods and parameters are endless, and this study mentions 

just a few, in doing so hopefully it will encourage those attempting phage efficacy studies will start to 

think more carefully about the safe delivery of the phages to the food product and whether the 

application method used in the lab is actually an accurate representation of what will occur industrially.   

5.5. Conclusion 
 

Overall, no specific nozzles seem to work the better than others, because for each phage the recovered 

concentrations vary for each sample/nozzle combination. The differences between the controls and the 

nozzles were not significantly different except for nozzle 7 using PGL and nozzle 4 using PGS 125. 

The significance of the differences has to be carefully considered due to the variation that may have 

occurred during titration and repetitions of the experiment. The output results for each nozzle was/were 

satisfactory (besides the ones mentioned) as this means there will not be significant loss in PFU for 



 
 

 

105 

general applications. Suggestions for a follow up experiment include investigating the delivery of the 

phages to the food product itself via phage retrieval. Furthermore, it would be useful to make use of 

electron microscopy to investigate the effect of extrusion (if any) from the nozzles on the structural 

integrity of the phage.   
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CHAPTER 6 

Efficacy of bacteriophages S16 and FO1a in the reduction of Salmonella on 

chicken carcasses in the processing environment 
 

6.1. Abstract 
 

Many of the Salmonella isolates responsible for cases of foodborne illness linked to chicken meat are 

antimicrobial resistant. This means that many antibiotics used at the farm-level, or chemicals such as 

chlorine used during processing, are no longer sufficient to reduce Salmonella. Bacteriophages 

(phages) have shown a lot of promise in the reduction of Salmonella on chicken meat under ideal 

conditions in the laboratory but, there is little information about the efficacy of phages in the processing 

environment. This study investigates the efficacy of a commercial cocktail of phages PhageGuard S™ 

(PGS) in the chicken processing environment. The phage cocktail (FO1a and S16 phages) was applied 

via a validated spraying system immediately after the chlorine spin chilling step as part of the hurdle 

concept. Neck skin samples (80) were taken before the inside-outside wash step, and after the spray 

application of PGS (160) over 4 weeks. Antibiotic susceptibility testing was conducted on Vitek® 

Salmonella-confirmed isolates using M100 Clinical and Laboratory Standards Institute (CLSI) 

guidelines. These isolates were then re-exposed to PGS in the laboratory via killing assay to investigate 

whether their survival was due to being resistant to PGS or if the spray application was simply unable 

to reach them. Incidence of Salmonella in the neck skins before inside-outside wash was 60%, while 

after phage application it was 23.75%. Of the isolates tested for antibiotic susceptibility, resistance was 

found mostly to tetracycline and sulfonamide. The surviving isolates after phage application in the 

processing plant were all reduced by 100% when re-exposed to PGS in the laboratory under ideal 

conditions. This study highlighted the promising efficacy of phages in the processing environment as 

part of a hurdle concept, while emphasizing the importance of optimizing the application method – 

ensuring safe delivery of the phages to the target bacteria.  

6.2. Introduction 
 

Salmonella infections are responsible for millions of cases of illness and hundreds-of-thousands of 

deaths every year (Majowicz et al., 2010). Poultry meat has been identified as a major matrix for 

Salmonella prevalence, and consequently the respective control mechanisms constitute a large portion 

of the economic burden in maintaining safe food products (Parry & Threlfall, 2008; Majowicz et al., 

2010; Chen et al., 2013). The United States alone, spends approximately US$11.588 billion annually 

on collateral due to Salmonella infections originating from poultry products (Wernicki et al., 2017). 

The economic implications in South Africa are unknown.  
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Antimicrobial-resistant Salmonella is regarded as a significant public health risk worldwide 

(Antunes et al., 2016). Many studies have been done to investigate alternative trea™ents to control 

Salmonella in poultry, due to increasing incidences of multi-drug resistant Salmonella strains, as well 

as the increasing stringency of antibiotic use (Boyacioglu et al., 2013; Polasaka & Sokolowska, 2019). 

A possible solution for the control of Salmonella on poultry products is the use of bacteriophages 

(phages) (Zinno et al., 2014; Wessels et al., 2021). 

Phages are naturally occurring in the environment and can be described as viruses that use 

specific host bacteria as vehicles for replication (Doss et al., 2017; Wei et al., 2019). Phages are more 

effective than antimicrobials due to their ability to target specific bacteria - instead of applying pressure 

to a whole microbial community - decreasing the chance of resistance and mutations (Zhang & 

Buckling 2012; Domingo-Calap & Delgado-Martinez, 2018). Lytic phages work by inserting their 

genetic material into the host and taking over the bacterial replication mechanism to produce more 

phages. This subsequently causes lysis of the bacterial cell and release of the new phages, allowing the 

cycle to repeat with little chance of transduction (Sillankorva et al., 2012; Grant et al.,2017). Lysogenic 

phages on the other hand, may cause progeny, but not kill the bacterial host cell, or may integrate some 

of the phage genetic material into that of the host’s, which could lead to phage resistance (Joerger, 

2003; Hagens & Loessner, 2010; Sillankorva et al., 2012).  

Many phage-related investigations have been done on chicken products in the laboratory 

setting. Previous studies have shown the reduction of Salmonella spp. using a cocktail of phages 

applied via rinse, micropipette or spray on: chicken breast (Sukumaran et al., 2016; Duc et al., 2018), 

the whole carcass (Higgins et al., 2005), ground chicken meat (Grant et al.,2017), and chicken skin 

(Hungaro et al., 2013). A common denominator of all of these studies is that they have taken place in 

the laboratory under ideal conditions. Few studies have been completed in-line in the processing 

setting, with a large sample size, using an industrial application system. Thus, the practicality of the 

use of phages industrially is still a largely unexplored aspect of the technology despite the use of 

various phage products being approved for use as a processing aid by the United States Food and Drug 

Administration (2006) (USA FDA). 

The aim of the study was to investigate the use of PhageGuard S™ (PGS) – a commercial 

cocktail of phages S16 and FO1a - in the reduction of Salmonella on chicken carcasses in the 

processing setting. The efficacy of PGS applied via a validated spray application in-line on chicken 

carcasses was investigated in a South African poultry chicken processing plant over a period of 4 weeks 

using neck skin samples pre- and post-phage application.  
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Figure 6.1. Brief of overview of chicken slaughter process to highlight position of spin chilling step 

(3 ppm chlorine) and point of phage application. 

6.2. Materials and methods 
 

A commercial chicken abattoir and processing facility in South Africa was used to investigate the 

efficiency of bacteriophages S16 and FO1a.  The processing facility was FSSC 22000 approved and 

adheres to the SAPA (South African Poultry Association) code of conduct.  Application for permission 

to do the research was granted under Section 20 of the Animal Disease act, 1984 (ACT NO 35 OF 

1984).  Ethical clearance was also obtained at Stellenbosch University (BEE-2020-14681). 

6.2.1. Spray machine installation in processing plant 

 

A point of application was identified after the spin chilling step, approximately 5 m away on the line, 

allowing for an average of 10 s for chlorine to evaporate (dependent on line-speed and speed at which 

carcasses are rehung post-chilling) to pass before phage application (Figure 6.1.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chlorine dioxide level monitoring of spin chiller 

 

The chlorine levels of the spin chiller were monitored using an oxidation-reduction potential (ORP) 

meter to ensure specifications were met (680-750 mV) throughout the duration of the trial. This was 

done with a chlorine meter (Lovibond, UK) every 15 min and recorded.  

 

ORP reading (mV) conversion to free chlorine (ppm) 

Chickens 
received at 

slaughterhouse

Ante-mortem 
analysis

Slaughtering
Carcass
dressing

Inside-outside 
washing of 

carcass
Chilling (dip)Portioning 

Packaging of 
portions or 

whole carcass

Chilling/freezing Storage Transporting 

Phage application Neck skin sample 

Neck skin sample 



 
 

 

109 

 

The ORP readings (mV) were then converted to free chlorine (ppm) using a standard curve (Figure 

6.2.) used for calibration of the ORP meter.  

 

Figure 6.2. Standard curve used for calibration of the chlorine ORP meter (and to convert chlorine 

(mV) to chlorine (ppm)). 

Spray application parameters 

 

The spray machine operated for the duration of all shifts throughout the four-week trial period. The 

pump used was a diaphragm pump (GrundFos, South Africa) (DME 375-10 AR), operating at a 

pressure of 3 Bar and flow rate of 200 L/h. The output of phage was via 12 nozzles through a 200-

mesh strainer (74 µm x 74 µm) and nozzle diameter of 530 µm (nozzle #13082) (Spraying Systems 

Co., South Africa). The spray parameters were selected according to recommendations by Wessels et 

al. (2022).  

 

Spray machine inlet water sampling  

 

Free chlorine levels of the inlet water into the spray machine (used to dilute phage to 1% (v/v) solution 

before being sprayed onto the carcasses) were measured using a photometer MD 100 (Lovibond, UK), 

three times per shift at 07h00 (start-up), 11h00 and 15h00. The specification for chlorine levels was 

0.01 ppm to 2 ppm. If levels exceeded 2 ppm, management was notified, the machine was stopped and 

the system was emptied. It would then be started up again once the free chlorine in the water was below 

2 ppm.  
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6.2.2. Sampling plan 

 

Neck skin samples before inside-outside wash step  

 

Four days per week between 12h00 and end of shift (approx. 15h00), before the inside-outside wash 

step, five neck skins were aseptically removed from five carcasses on the line and placed into sample 

bags. In total, five samples were taken daily. In total each week, twenty samples were collected, and 

80 samples over the 4 weeks. Once all five of the daily samples were collected, the samples were placed 

at 4 C for 6 h before being moved to -20 C until transport to the laboratory. The frozen samples were 

transported within 1 week of sampling via an accredited courier company to the laboratory. The 

extended storage of samples was due to the remote location of the processing facility. Salmonella 

survival in frozen neck skins was validated before carrying out this study.  

 

Single neck skin samples after phage application 

 

Four days per week between 12h00 and end of shift (approximately 15h00), immediately after phage 

application, ten single neck skins were aseptically removed from ten carcasses on the line and placed 

into ten separate sample bags. Once all ten of the neck skins samples were collected, the samples were 

placed at 4 C for 6 h before being moved to -20 C until transport to the laboratory. This meant 40 

neck skins were collected after phage application each week, and a total of 160 neck skins over the 4 

weeks. The frozen samples were transported within 1 week of sampling via an accredited courier 

company to the laboratory. The extended storage of samples was due to the remote location of the 

processing facility. Salmonella survival in frozen neck skins was validated before carrying out this 

study.  

 

6.2.3. Salmonella positive/negative determination  

  

Buffered peptone water (BPW) 

 

Buffered peptone water was weighed out (20 g/L) (Oxoid, South Africa: CM0509) and added to dH2O 

(Lasec, South Africa). The BPW (225 mL) was dispensed into Schott bottles for neck skin and product 

samples. The bottles were autoclaved at 121 C for 15 min and allowed to cool to room temperature 

before use.  

 

Rappaport-Vassiliadis (RV) enrichment broth 
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RV broth (30 g/L) (Oxoid, South Africa: CM0669) was weighed out and added to dH2O (Lasec, South 

Africa). The media was heated gently in a microwave until dissolved. The RV broth (10 mL) was 

dispensed into McCartney bottles and then autoclaved at 115 C for 15 min and allowed to cool to 

room temperature before use. 

 

Xylose Lysine Deoxycholate (XLD) Agar  

 

XLD agar (53 g/L) (Oxoid, South Africa: CM0469) was weighed out and added to dH2O (Lasec, South 

Africa). The media was then heated in a microwave with frequent swirling until it just started to boil. 

It was allowed to cool to below 50 C before being poured into sterile 90 mm Petri dishes. 

 

Glycerol solution (50% v/v) 

 

A 50% glycerol solution was prepared by adding glycerol (99%) (Radchem, South Cfrica) to dH2O 

(Lasec, South Africa). The solution was then autoclaved at 121 C for 15 min.  

 

Sample testing 

 

Chicken neck skin samples 

 

The daily chicken neck skin samples were tested for Salmonella presence/absence using the 

International Organization for Standardization (ISO) method for horizontal detection of Salmonella 

(EN ISO 6579/A1 (02/2006)). Samples were received frozen and were defrosted at 4 C for 8-12 h. 

Neck skins taken before inside-outside wash (25 g) and neck skin samples after phage application (25 

g) were each aseptically added to 225 mL BPW in a stomacher bag. The stomacher bag was placed in 

the stomacher for 1 min, before being incubated at 34-36 C in a shaking incubator for 18±2 hr.  

 After incubation, 0.1 mL of the various BPW solutions were each added to 10 mL of RV broth 

in the McCartney bottles. The bottles were vortexed well and incubated at 41.5 C for 24±3 hr.  

Following this, a sterile inoculation loop (10µL) was used to remove a loop full of the RV broth 

solution and streak it out onto the sterile prepared XLD plates. The XLD plates were inverted and 

incubated at 37 C for 24±3 hr. Salmonella positive/negative was determined by the presence of black 

colonies on the XLD plates (Figure 6.3.). Furthermore, a control was made by streaking out a loop full 

(10 µL) of a glycerol stock of the bacteriophage host strain Se13 onto an XLD plate.  
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Figure 6.3. Black colonies on XLD indicating presence of Salmonella (EN ISO 6579/A1 (02/2006)). 

Glycerol stocks 

 

 A single black colony on each positive plate was added to a test tube containing 4 mL BPW, which 

was then incubated at 34-36oC for 18±2 hr in a shaking incubator. A pipette was used to aseptically 

transfer 0.75 mL of the BPW overnight culture into a sterile cryovial containing 0.75 mL 50% glycerol 

solution, resulting in a final glycerol concentration of 20%. The cryovial was vortexed and stored at -

20oC until use.  

6.2.4. Vitek® confirmation  

 

A presumptive positive Salmonella single colony (black colony with red halo) (1 per plate) was taken 

from the XLD plate (no more than 24 hours old) and added to saline in a glass tube. The solution was 

adjusted by adding or removing saline to obtain a MacFarland standard reading of 0.5-0.63 on the 

Vitek Densichek (BioMérieux, South Africa). The solution was then further prepared according to 

the instructions of the Vitek system (BioMèrieux, South Africa) before being loaded for 

confirmation. Confirmation of Salmonella spp. was included in the results if the sample scored above 

85% confidence for “Salmonella group”.  
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6.2.5. Antibiotic susceptibility 

 

The antibiotic susceptibility of each isolate was determined according to the Kirby-Bauer disk diffusion 

method and guidelines stipulated by the M100 from the Clinical and Laboratory Standards Institute 

(CLSI, 2020). Antibiotics were selected according to what was available in the laboratory and which 

antibiotics had been administered to the live birds entering this specific poultry processing plant 

namely: tetracycline, gentamycin, sulfonamide, ciprofloxacin, ceftazidime and ampicillin. Each isolate 

was tested in duplicate.  

6.2.6. Phage susceptibility testing by killing assay 

 

This method of susceptibility testing by killing assay was according to the manufacturer of PGS 

instructions (Micreos Food Safety, NL).  

 

Media preparation 

 

SM buffer preparation 

 

Sodium chloride (5.85 g/L) (Merck, Germany), 6.057 g/L Tris (VWR, USA) and 2.47 g/L magnesium 

sulphate heptahydrate (Merck, Germany) were dissolved in 750 mL dH2O (Lasec, South Africa. The 

pH was then adjusted to 7.5 by adding 1 M hydrochloric acid (Kimix, South Africa) using an eye 

dropper. The solution was then topped up to 1 L (pH=7.5) and autoclaved for 20 min at 121 C.  

 

Luria Bertani (LB) broth 

 

Tryptic soy broth (10 g/L) (Merck, Germany), 5 g/L of yeast extract (Biolab, South Africa) and 10 g/L 

of sodium chloride (Merck, Germany) were weighed out and dissolved in 750 mL dH2O (Lasec, South 

Africa) using a magnetic stirrer. The pH of the solution was adjusted to 7.5 by adding sodium hydroxide 

(Merck, Germany) using a Pasteur pipette, before being topped up to make 1 L (pH=7.5). Four mL 

was dispensed into test tubes and then autoclaved at 121oC for 20 min and allowed to cool. 

 

Luria Bertani (LB) agar plates  

 

LB broth was prepared as described above and 15 g bacteriological agar (1.5% (w/v)) (Biolab, South 

Africa) was added to the LB broth. It was then autoclaved at 121 C for 20 min and cooled to 60 C in 

an oven. LB agar (15 mL) was poured per plate in a laminar flow cabinet.  
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Overnight cultures 

A single colony from each XLD plate for isolates which survived PGS application was inoculated into 

each of the LB broth tubes and these were incubated at 37 C for 18 h. 

 

Killing assays 

 

The surface of the LB agar plates was dried for 15 min after being poured in a biosafety cabinet with 

the lids off, the plates were used immediately in order to avoid moisture loss. From fresh overnight 

cultures prepared as stipulated above with each isolate, a serial dilution series of the overnight culture 

was performed using phosphate-buffered saline (PBS) (1X) to obtain a final concentration of 

approximately 3  103 CFU/mL. Each Salmonella isolate was confirmed to have an approximate 

concentration of 2  109 CFU/mL after 18 h at 37 C (confirmed in a preliminary experiment that 

involved incubating, serial diluting, plating and counting 5 isolates according to the methodology used 

in this study). A serial dilution series of PhageGuard S (PGS)™ (2  1011 PFU/mL) was performed 

using SM buffer (1X) to obtain a final concentration of 2.6  109 PFU/mL.  

Each of the overnight cultures (100 L) was spread onto four LB agar plates using glass hockey 

sticks until fully dried. Immediately after, 500 L of the PGS solution (2.6  109 PFU/mL) was spread 

on top of two of the four bacteria-treated plates (phage-treated plates). The other two plates received 

500 L of 1X SM buffer (bacterial control plates), also spread with a glass hockey stick. All of the 

plates were incubated at 37 C for 18 h. The colonies on each plate were counted and the percentage 

reduction were calculated as follows (Micreos Food Safety, NL): 

𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 100 − (
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 #𝐶𝐹𝑈 𝑝ℎ𝑎𝑔𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑙𝑎𝑡𝑒𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 #𝐶𝐹𝑈 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑙𝑎𝑡𝑒𝑠
× 100) 

 

The positive control used was Salmonella enterica enterica Enteritidis C StR, a strain which is used as 

the host strain for PGS – and thus is susceptible. The negative control used was Listeria innocua 2627, 

which is not susceptible to Salmonella phages.  

6.3. Results and discussion 
 

In order to see clearly if a reduction in incidence of Salmonella positives had taken place post phage 

application, it was important to gather samples that would give an indication of the Salmonella 

incidence of the incoming flock into the chicken processing plant. Thus, it was decided that samples 

would be taken before the inside-outside wash step (Figure 6.1.), this is essentially before any chemical 
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cleaning of the carcass has taken place and where possible contamination could be found from the 

evisceration step due to ruptured intestines. Neck skin samples were taken to investigate the incidence 

of Salmonella positives of the flock entering the processing plant. 

Microbiological sampling differs across various countries. In the United States (US), it is 

stipulated by the Department of Agriculture Food Safety and Inspection Service (USDA-FSIS) that 

microbiological sampling in chicken should be a whole carcass rinse in 400 mL BPW (1%) (USDA-

FSIS, 2008). On the other hand, the European Union and South Africa stipulate that a 25 g sample of 

neck skin (from three carcasses – 8.3 g per carcass) is sufficient (ISO EN ISO 6579-1:2017). Cox et 

al. (2010), carried out an interesting study that compared neck skin sampling versus whole carcass 

rinse before the inside-outside wash step, and found that there was no significant difference in 

Salmonella prevalence results between the two methods. Thus, the results presented in Table 6.1. from 

the neck skin samples screened for Salmonella presence are representative of what would be obtained 

for a whole carcass rinse.  

The incidence of Salmonella before inside-outside wash was quite high where 60% of the neck 

skin samples collected were Salmonella positive (Table 6.1.). This result differs from a study conducted 

by Rodriguez-Hernandez et al. (2021) where the average prevalence of Salmonella in broilers from 

fifteen different farms was just 26.67%.  However, this study was done on broilers before the feed 

withdrawal period and transport to the abattoir – as these events place stress on the bird and may 

promote colonization by Salmonella in the gut (Jarquin et al., 2007; Feng et al., 2016). However, any 

level of Salmonella prevalence pre-slaughter is problematic due to probable cross-contamination 

during slaughter, when contents of the gastrointestinal tract (GIT) may contaminate other carcasses. 

(Garrido et al., 2014; Wu et al., 2014).  
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Table 6.1. Total neck skin samples taken before inside-outside wash, and after PGS application, the 

number which were positive, and the incidence presented as a % 

 

 

 

 

 

 

 

 

 

The high level of Salmonella incidence (60%) before inside-outside wash established this processing 

plant as a strong candidate for the addition of phages to its hurdle concept to strengthen its combined 

efforts to reduce Salmonella contamination. The chosen point for application of phages via spray was 

after the spin chilling step.  

In order to find a suitable point for installation of the spray machine, a few factors needed to be 

considered. The layout of the plant used in this study involved a main line on which whole carcasses 

ran, this line then branched off into five individual lines for further portioning and processing. The 

main line was selected for point of application. Secondly the point of application needed to be a place 

where it would not obstruct normal factory processes, and where the chlorine dioxide level on the 

carcass would be low enough to prevent phage inactivation. Sukumaran et al. (2015), showed that 

immersing chicken skin in 30 ppm chlorine for 20 s followed by immediate surface treatment of 

bacteriophage (109 PFU/mL) allowed for a 1.8 log unit reduction, and did not inactivate the phage. For 

the duration of this study the free chlorine level in the spin chiller did not exceed 1.9 ppm, thus the 

chlorine dioxide would not have had any effect on phage stability when applied to the carcass after 

spin chilling. Recording the free chlorine levels of the spin chiller was integral in insuring that the 

residual chlorine on the carcass at the point of phage application would be consistently low/absent. 

Additionally, it was important to monitor the spray machine inlet water to ensure that the free chlorine 

levels would not exceed 3 ppm, which may have had an adverse effect on the phage during the dilution 

to 1% before spray application. 

Furthermore, it is important to highlight that this study was a field study that took place in an 

industrial setting and so the installation of the spray system also took into consideration the line-speed 

of the factory, the floor plan of where it was to be installed (with respect to proximity of drain position 

 Neck skin samples before 

inside-outside wash 

Neck-skin samples after PGS 

application 

Total samples 80 160 

Samples confirmed 

Salmonella positive 

48 38 

Salmonella incidence as 

% 

60% 23.75% 
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and inlet water source for the spray system) and functionality (avoiding obstruction of normal factory 

processes).  

It is also important to note that the application of PGS cannot replace the spin chilling step. In 

this study PGS is a proposed processing aid that should be added into an existing industrial hurdle 

concept, PGS is specific to the control of Salmonella spp., while the spin chilling step is responsible 

for the reduction of many other microorganisms of concern such as E. coli (Cox et al., 2010) and cannot 

be removed entirely. Inside-outside wash is important for cleaning the inside of the carcasses after 

evisceration where gizzards may have been damaged. It is essential for cleaning debris and hence also 

cannot be replaced by PGS application, but the sum of these three control measures in essence should 

be an effective hurdle concept.  

From previous studies it is known that the spin chilling step is not sufficient to reduce 

Salmonella. Some argue that even though chlorine may have a high efficacy in reducing microbial 

populations, it can advocate for the rapid selection of chlorine-resistant strains (Shah et al., 2017). 

Mokgatla et al. (2002) even goes as far as saying that chlorine has a selective consequence that permits 

the exponential growth of Salmonella rather than the reduction thereof.  

 Therefore, the decreased incidence of Salmonella in the neck skins after PGS application in 

Table 6.1. are indicative of the combined action of inside-outside wash, the extra wash step, the spin 

chilling step and the application of PGS as an integrated hurdle concept approach to the control of 

Salmonella.  

The incidence after PGS application (23.75%) could be due to the fact that the phage may not 

have been able to reach the Salmonella situated in the folds of the neck skin. The efficacy of a phage 

is largely dependent on the chance of the bacteria and the phage meeting (Hagens & Loessner, 2010; 

Soffer et al., 2017) - and thus if the bacteria was situated in the folds of the neck skin, it is unlikely that 

the two would have met and could have been the reason the Salmonella survived and generated a 

positive result when tested in the laboratory. 

The overall average lower incidence of Salmonella positives in the neck skins post phage 

application (23.75%) compared to those taken before inside-outside wash (60%) showed that the 

combined effect of the wash steps, spin chiller step and phage application step was successful in 

reducing the incidence of Salmonella in the neck skin by more than half. Because it was impractical to 

sample the same carcasses throughout the process at each of the sampling points, a statistically 

supported conclusion cannot be assumed. However, precautions were taken to ensure carcasses of the 

same flock were sampled, this was done by sampling the carcasses before the inside-outside wash step 

and then immediately sampling the carcasses passing through the phage application step.  

Neck skins harbour more Salmonella in the folds, this is because the carcass is hung upside 

down during processing, all the contaminated contents drips down into the neck skin increasing the 
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Figure 6.4. Percentage of Salmonella isolates from neck skins before inside-outside wash that 

are resistant, intermediate or susceptible to antibiotics. 

chance of Salmonella survival (Wu et al., 2014). The neck skin is also removed during processing and 

means that Salmonella persistence on the carcass is an interesting consideration post phage application.  

Contact time for the phages was not as grave a concern for the neck skins as there was sufficient 

liquid on the neck skin when placed into the sample bag, meaning that the phage had a medium for 

diffusion in the hours after sampling. 

The lower incidence of Salmonella positive in the neck skins after PGS application (23.75%) 

is supported by prior studies conducted in a laboratory setting. Goode et al. (2003) swabbed chicken 

pieces contaminated with nalidixic-resistant Salmonella before and after trea™ent with phage, it was 

found that the bacterial population decreased by up to 2 log units within 3 days. Duc et al. (2018) 

carried out a similar study on chicken breast contaminated with Salmonella spp. which was then treated 

with a cocktail of five phages - bacterial populations were reduced by up to 3 log units. The efficacy 

of a phage cocktail on Salmonella-contaminated chicken breast was also investigated during cold 

storage (similar conditions to the study presented here where phage is applied after spin chilling), it 

was found that after 24 h there was a 1 log reduction (Abhisingha et al., 2020).  

The antibiotic susceptibility of the isolates is indicated in Figures 6.4. and 6.5. For the most 

part, the susceptibility profiles between Salmonella spp. isolated before inside-outside wash and after 

PGS application were very similar where the largest portion of isolates were resistant to tetracycline 

and sulfonamide.  
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Figure 6.5. Percentage of Salmonella isolates from neck skins after PGS application that are 

resistant, intermediate or susceptible to antibiotics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After PGS application, the incidence of resistance to ampicillin is slightly higher (7.9%). Overall, the 

most prominent resistance – irrespective of whether the Salmonella has been isolated - is to the 

antibiotics, tetracycline and sulfonamide. This is not unheard of; Pavelquesi et al. (2021) described in 

detail the special relationship between tetracycline and sulfonamides, and Salmonella. Salmonella has 

an especially high rate of resistance to these two antibiotics due to the often-occurring presence of tetA 

and tetB genes, and sul1 and sul2 genes encoding for resistance to the tetracycline and sulfonamide, 

respectively. Interestingly these were the two antibiotics frequently used in the rearing of the broilers 

for this specific poultry processing plant used in this study. Thus, further investigation should be carried 

out analysing the resistance profiles of the broilers on the farm and comparing it to the resistance 

profiles of the Salmonella isolated off of the meat during processing. As it stands, there is sufficient 

evidence to recommend that the use of these antibiotics be suspended at farm-level.  

There is a need for antibiotic susceptibility testing for poultry processors to have a clear idea 

of whether the Salmonella prevention methods are effective or whether their antibiotics are selecting 

for resistant traits in the bacteria unnecessarily. It is also important to understand the extent of the 

problem in the case of foodborne disease and selecting an appropriate course of trea™ent.  
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The Salmonella which was isolated from neck skins after PGS application, showed some 

promising results when subjected to a killing assay using PGS (Table 6.2. and Figure 6.6.).  

 

Table 6.2. Percentage reduction (CFU/plate) of each Salmonella isolate (isolated from neck skins 

after PGS application) from killing assay using PGS 

Isolate Average % reduction Susceptible/Resistant 

1 100 Susceptible 

2 100 Susceptible 

3 100 Susceptible 

4 100 Susceptible 

5 100 Susceptible 

6 100 Susceptible 

7 100 Susceptible 

8 100 Susceptible 

9 100 Susceptible 

10 100 Susceptible 

11 100 Susceptible 

12 100 Susceptible 

13 100 Susceptible 

14 100 Susceptible 

15 100 Susceptible 

16 100 Susceptible 

17 100 Susceptible 

18 100 Susceptible 

19 100 Susceptible 

20 100 Susceptible 

21 100 Susceptible 

22 100 Susceptible 

23 100 Susceptible 

24 100 Susceptible 

25 100 Susceptible 

26 100 Susceptible 

27 100 Susceptible 

28 100 Susceptible 
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Figure 6.6. Killing assay of a Salmonella isolate where 100% reduction by PGS is achieved. 

29 100 Susceptible 

30 100 Susceptible 

31 100 Susceptible 

32 100 Susceptible 

33 100 Susceptible 

34 100 Susceptible 

35 100 Susceptible 

36 100 Susceptible 

37 100 Susceptible 

38 100 Susceptible 

Positive control 100 Susceptible 

Negative control 0 Resistant 
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All of the isolates which survived PGS application in the processing plant were then reduced by 100% 

using PGS in a killing assay in the laboratory. This confirms that the problem is not with the PGS but 

rather with the application method in the processing facility and whether or not the phages were 

delivered safely, firstly to the carcass, and secondly to the target bacteria. Although the spray 

parameters used are known to not have any adverse effects on the phages (Wessels et al., 2022), there 

is little information about the delivery of the phages to the carcass and so further investigation could 

be carried out where phage retrieval from carcasses on the line post-spray could be retrieved. 

Furthermore, it should be considered that the neck skins have many folds and the Salmonella cells may 

not have been accessible by the phage even if the application system was optimized. This provides 

useful insight into industrial application of phages and points towards final product application being 

preferable to ensure maximum coverage, accessibility of the bacteria, contact time and avoiding cross-

contamination.  

6.4. Conclusion 
 

 The incidence of Salmonella positives in neck skin samples was reduced after PGS application 

compared to neck skin samples taken before the inside-outside wash step. This study has shown that 

phage application - with careful consideration of processing environmental factors such as chlorine 

residues on carcasses and spray machine inlet water contents - can be incorporated into a large-scale 

hurdle concept for the control of Salmonella in chicken. This study has also shown that the combined 

effect of the inside-outside wash step, the spin chilling step and the application of 1% (v/v) PGS can 

reduce Salmonella incidence, highlighting the need for a continuous integrated approach in controlling 

persistence of Salmonella, especially antimicrobial-resistant strains. The resistance to tetracycline and 

sulfonamides also highlights the importance of continuous introspection by the food processors of their 

hurdle concept and whether it is effective or may pose more destructive in the long term.  

Some recommendations for further studies include the use of a higher or lower concentration 

of PGS to take into consideration cost implications for the industry,  a PGS application step on the final 

product, such as spraying the solution into the packaging before sealing. Further attention needs to be 

paid to the optimizing of the application method to ensure the safe delivery of the phages to the product, 

and to the target bacteria.  
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CHAPTER 7 

Final concluding remarks and recommendations 
 

The One Health concept has shown that human health, animal health and the environment are all 

interconnected and that the fight against antimicrobial resistance requires an integrated approach at the 

interface of all three of these factors. The evidence surrounding antimicrobial resistance under the One 

Health approach is overwhelming. It has been repeatedly shown that previous antimicrobial abuse has 

placed public health at risk of severe illness where some of the most relied upon antibiotics will be 

ineffective both now, and in the future (Hernando-Amado et al., 2019). An example of this resistance 

is seen in Chapter 6, where the Salmonella isolated from chicken neck skins during processing was 

found to be resistant to tetracycline and sulfonamide – two antibiotics used day-to-day in human health. 

This creates a scenario where a person may be at risk of consuming chicken contaminated with 

Salmonella, and these two antibiotics will be ineffective in the recovery of the patient, which may 

potentially even result in death. There has been little consideration in the past for how administering 

antibiotics to livestock (intended for food) can impact the nature of the foodborne pathogens found on 

the final product that is consumed by a human.  

The use of chlorine as an antimicrobial has also been show to select for resistant traits in 

microbial communities, in particular Salmonella. Salmonella has a high resistance rate (Mayrhofer et 

al., 2004; Abd-Elghany et al., 2015), and certain isolates will overcome chemical antimicrobials to an 

extent such that the chlorine-containing compounds may even have a selective consequence that allows 

for exponential growth of Salmonella (Mokgatla et al., 1998). This is also seen in Chapter 6 where 

Salmonella was isolated in chicken neck skins after complete immersion in a chlorine dip during spin 

chilling.  

These isolates which survived chlorine and were found to be resistant to tetracycline and 

sulfonamide were successfully reduced by the use of bacteriophages in PhageGuard S™ (PGS). In the 

processing setting, the combined effect of an inside-outside wash step, chlorine spin chilling step and 

PGS application reduced incidence of Salmonella in the neck skin from 60% to 23.75%. When re-

exposed to PGS in vitro, all of the isolates were reduced by 100%. This highlighted the importance of 

ensuring the phages and the target bacteria meet. In Chapters 4 and 5, much attention was paid to 

designing and validating spraying systems that would carry out this purpose. By investigating the effect 

of various spraying systems and spraying parameters, insight was gained as to what can affect the 

stability of bacteriophages and this information can be used in the future to optimize and improve spray 

application methods. Spraying technology is an intricate field where there are many avenues can be 

explored, but the use of electrostatic charge is one to be mentioned. Electrostatically charging the 

carcass would mean that the bacteriophages would be able to stick to the carcass as it is passing through 
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the spraying system at a fast line speed. However, research in this area is important to assess whether 

this is possible or not.  

Majority of the research surrounding bacteriophages in the reduction of pathogens on food 

products has been conducted in vitro with ideal conditions. The industrial spray application of 

bacteriophages in the processing environment has also raised an interesting aspect for research and 

development of commercial bacteriophage solutions. Generally, the candidacy of a commercial 

bacteriophage is a broad host range. In this study the bacteriophages used (FO1a and S16) are from the 

family Myoviridae with an icosahedral head, and a contractile tail and tail fibers (Marti et al., 2013). 

Perhaps a different family of bacteriophages such as Podoviridae may survive spraying systems better 

due to shorter tails, even though the host range narrower (Hamdi et al., 2016). The study would need 

to be repeated with the use of electron microscopy to confirm whether the spraying system is indeed 

causing extrusion on the structural integrity of the bacteriophages. Different machinery for any 

processing environment has its own requirements for usability, optimization and avoiding obstruction 

of normal processes. It is now evident that a bacteriophage application system can be designed that is 

suitable, while also ensuring that it is not part of the reason for bacteriophage loss (and subsequent 

financial loss) by easily testing the survivability of the bacteriophages through that system. The next 

step would be to ensure the safe delivery of the bacteriophages to the food product via a retrieval step 

with a rinse of the food product.  

Each processing environment is unique thus it is also important to consider that the bacteria 

resident in a specific processing environment or on certain food products are also unique. It cannot be 

assumed that a commercial Salmonella bacteriophage will be able to reduce all of the strains of 

Salmonella spp. in a specific environment. It also cannot be assumed that the bacteriophages will be 

able to diffuse on the food matrix, successfully meeting the target bacteria. This is why preliminary 

investigations are required such as the one presented in Chapter 3 where chicken meat was artificially 

contaminated with Salmonella and then treated with PGS where a 0.96 log reduction (CFU/g) was 

achieved. Testing for bacteriophage-susceptibility against bacteria, and efficacy on a food product 

specific to any environment is highly important before implementing the technology. A point that needs 

to be emphasized as bacteriophage use increases in popularity. Each processing environment has its 

own hurdle concept which may or may not include antimicrobials, in Chapter 6, bacteriophage 

application occurred after a chlorine deep. Further investigation of the bacteriophage storage solution 

would be useful and how it can be altered to include a buffering capacity against chlorine so that it can 

be used without bacteriophage inactivation concerns subsequent to a chlorine application step.  

The control of Salmonella in chicken meat is multi-faceted problem that requires an integrated 

approach (a hurdle concept) rather than the one-size-fits-all approach (such as antibiotics). Part of the 

integrated solution is evidently the use of bacteriophages in the food processing environment as a food 
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processing aid. Because bacteriophages are host-specific, it does not mean that the bacteriophages will 

reduce all pathogens. However, in instances where a food processing facility is increasing 

concentrations and frequency of chemical use to control one problematic pathogen – it should be re-

evaluated to instead use a bacteriophage to solve the persistent pathogen, and a lower concentration of 

chemicals to control the other microbes. This decreases selective pressure on the whole microbial 

community, decreasing the chance of selecting for mutations and resistant traits.  

There is still a lot of work to be done in order to gain more insight into the efficacy of 

bacteriophages in the processing environment. Again, a challenge as every processing environment is 

unique, raising the question of how bacteriophage technology will ever be optimized to match the 

simplicity of antimicrobials. This reiterates the importance of the integrated approach, the resigning to 

the fact that the implementation of the technology requires a process - and it is this process that can be 

refined. It is in this process that a food processing environment can gain valuable insight into the 

resident bacteria that govern their food safety challenges. It is also in this process where individual 

outdated food safety applications can be reinvented and improved to form part of a new hurdle concept 

that involves bacteriophages. It is also in this process where sampling, monitoring and traceability can 

be re-evaluated constantly to ensure that what is being done is representative of the problem at hand 

(as seen in Chapter 6). It is in this process that food safety for good public health becomes the main 

goal. The use of bacteriophages - although a solution to many persistent pathogens, may just be the 

solution to what has been a narrow-minded food safety culture so far.  

7.1. References 
 

Abd-Elghany, S.M., Sallam, K.I., Abd-Elkhalek, A. & Tamura, T. (2015). Occurrence, genetic 

characterization, and antimicrobial resistance of Salmonella isolated from chicken meat and 

giblets. Epidemiology & Infection, 143, 997-1003. 

Hamdi, S., Rousseau, G. M., Labrie, S. J., Kourda, R. S., Tremblay, D. M., Moineau, S., & Slama, K. 

B. (2016). Characterization of five Podoviridae phages infecting Citrobacter freundii. Frontiers 

in Microbiology, 7, 1023. 

Hernando-Amado, S., Coque, T. M., Baquero, F., & Martínez, J. L. (2019). Defining and combating 

antibiotic resistance from One Health and Global Health perspectives. Nature microbiology, 

4(9), 1432-1442. 

Marti, R., Zurfluh, K., Hagens, S., Pianezzi, J., Klumpp, J., & Loessner, M. J. (2013). Long tail fibres 

of the novel broad‐host‐range T‐even bacteriophage S16 specifically recognize Salmonella 

OmpC. Molecular Microbiology, 87(4), 818-834. 

Mayrhofer, S., Paulsen, P., Smulders, F. & Hilbert, F. (2004). Antimicrobial resistance profile of five 



 
 

 

130 

major food-borne pathogens isolated from beef, pork and poultry. International Journal of Food 

Microbiology, 97(1), 23-29.  

Mokgatla, R.M., Brozel, V.S. & Gouws, P.A. (1998). Isolation of Salmonella resistant to hypochlorous 

acid from a poultry abattoir. Letters in  Applied Microbiology, 27, 379-382. 

 

 

  



 
 

 

131 

ADDITIONAL WORK (CHAPTER 8) 

Efficacy of LISTEX™ P100 on Listeria monocytogenes isolated from a fish 

processing plant in South Africa 

8.1. Abstract 
 

Listeria monocytogenes (L. monocytogenes) is infamous among all facets of food safety due to its 

devastating impact on human health. Many food companies are doing their best to minimize the risk 

of L. monocytogenes presence in their respective environments and food products. One of the methods 

for L. monocytogenes control is the use of a commercial bacteriophage (phage) LISTEX P100™ 

(containing phage P100). The aim of this study was to investigate the susceptibility of three L. 

monocytogenes isolates (isolates 1-3) from a South African salmon and trout processing facility to 

P100 via spot assays (Micreos Food Saftey, NL) and killing assay (Micreos Food Safety, NL). None 

of the isolates, compared to the P100 host strain (isolate 4) (L. monocytogenes ATCC 1042) which 

served as the control, were susceptible. In order to gain more insight into the genetic makeup of the 

resistant isolates, isolates 1-3 then underwent core genome multilocus sequence typing (cgMLST). All 

three were assigned sequence type 121.Virulence factor analysis showed that all three isolates 

contained all the virulence factors that constitute Listeria pathogenicity island I (LIPI-I) and Listeria 

pathogenicity island II (LIPI-II), except for actA. The results provide valuable insight into the 

limitations of phage technology and the importance of conducting adequate analyses before 

implementation into a processing environment. Furthermore, the cgMLST outcomes warrant further 

investigation into the resistance mechanisms of L. monocytogenes sequence type 121, this will assist 

in the research and development of commercial anti-Listeria phages in the future.  

 

8.2. Introduction 
 

Much concern has surrounded the foodborne pathogen Listeria monocytogenes (L. monocytogenes) 

due to its ability to cause devastating cases of human illness such as septicemia, miscarriage, and 

infections of the brain. L. monocytogenes is unique for the way in which it can survive and reproduce 

at refrigeration temperatures. Globally, many of the affected parties (from food processors to 

consumers) have started to critically analyze and identify high risk foods with close attention to 

preventing the first point of contamination (commonly an environmental contaminant) (Batt, 2014; 

Bucur et al., 2018). Furthermore, the supply chain of food has undergone much scrutiny as to what 

more can be done to best manage the organism to prevent it from surviving and causing illness in a 

consumer (Batt, 2014; Bucur et al., 2018).  
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A type of food commonly implicated in L. monocytogenes infections are fish products 

(Dimitrijević et al., 2018). Gündüz and Öztürk (2021) explain that ready-to-eat (RTE) smoked fish 

products are conducive to the survival of L. monocytogenes due to the lack of a sufficient bacterial 

inactivation step. Additionally, the 2-8% salt concentration, high moisture content (65-78%), water 

activity (0.95-0.98), and pH range of 5.9-6.3 characteristics of smoked fish products allow for the 

replication of L. monocytogenes. They go on to elaborate that a potential solution for control of L. 

monocytogenes is the use of bacteriophages (phages).  

An outbreak of L. monocytogenes was identified by the European Food Safety Authority 

(EFSA) via WGS across multiple countries originating from cold-smoked salmon and trout products 

of the same manufacturer. This outbreak consisted of 22 cases of listeriosis spread across Denmark, 

Finland, Sweden, France, and Estonia. The outbreak strain was traced back to an Estonian processing 

plant where an environmental strain matched the outbreak strain (EFSA, 2019).  

In Germany from 2010 to 2021, whole genome sequencing (WGS) with core genome 

multilocus sequence typing (cgMLST) was used to identify 22 listeriosis outbreaks consisting of 228 

cases with 17 confirmed deaths. These outbreaks were associated with salmon products and in this 

study more outbreaks were also identified outside of Germany (Lachmann et al. 2022).  

Core genome multilocus sequence typing (cgMLST) is a useful method for foodborne illness 

outbreak investigation linked to different bacteria of the same species. This typing method involves 

comparing unique alleles to standard alleles on central databases. When compared in terms of 

practicality, cgMLST can be used to analyze species which are likely to be genetically diverse, which 

can be followed up by whole genome MLST for closely related species (found by first using cgMLST) 

(Uelze et al., 2020). 

There have been numerous studies where phages have been directly added to the surface of 

food products to reduce Listeria spp. (Perera et al., 2015). A specific commercial phage which has 

been investigated on various food products is LISTEX™ P100 (Gündüz & Öztürk, 2021). Although 

LISTEX™ P100 has been shown to have a broad host range and high efficacy, to the knowledge of the 

authors, there is no information on the efficacy of LISTEX™ P100 on L. monocytogenes isolated from 

fish processing plants in South Africa, nor is there genetic information available for an organism 

isolated from such a setting. This study sought to provide insight into the efficacy of LISTEX™ P100 

(a commercial phage solution produced by Micreos Food Safety in the Netherlands) against South 

African isolates of L. monocytogenes from a salmon and trout processing facility. This study also 

sought to highlight the efficacy or limitations (if any) of internationally available, commercial phage 

solutions on local Listeria problems, as well as to uncover some genetic information about L. 

monocytogenes in a South African processing environment.  



 
 

 

133 

8.3. Materials and methods 
 

In this study, four isolates of L. monocytogenes were collected from a South African trout and 

salmon processing plant. The first isolate was obtained from salmon before entry into the processing 

plant, the second isolate was from trout during processing, the third isolate was from an environmental 

swab from a drain near the cold smoker, and the fourth isolate was also an environmental swab taken 

from a blast chiller door. The isolates were screened for LISTEX™ P100 sensitivity and then 

characterized using core genome multilocus sequence typing (cgMLST). 

8.3.1. Preparation of overnight cultures 

 

Four different isolates of L. monocytogenes were isolated from a South African trout and salmon 

processing plant using the ISO 11290-1:2017 method. One isolate was collected from a salmon sample 

which was imported from Norway, the sample was taken before the salmon entered the processing 

plant (isolate 1). The second isolate was taken from a trout final product sample (isolate 2). The third 

isolate was collected from a blast chiller door by means of an environmental sponge swab (isolate 3) 

(3M, South Africa). The isolates were received on Agar Listeria Ottavani & Agosti (ALOA) plates 

(Merck, South Africa). The fourth isolate was a lab reference LISTEX™ P100 host strain (L. 

monocytogenes ATCC 1042) and served as the control in this study. 

For the overnight cultures, ½ Brain Heart Infusion (BHI) broth (Oxoid, South Africa) was 

prepared by adding half of the recommended dose of the manufacturer’s instructions of BHI broth 

(Oxoid, South Africa) to dH2O (Lasec, South Africa). Four millilitres of the broth was dispensed into 

glass test tubes and these were then autoclaved at 121C for 20 min. A single colony from each ALOA 

plate was inoculated into each of the ½ BHI broth tubes and these were incubated at 30 C for 18 h.  

8.3.2. Phage susceptibility by spot assay 

 

This method of susceptibility testing by spot assay was done according to the manufacturer of 

LISTEX™ P100 instructions (Micreos Food Safety, NL).  

 

BHI agar plates were prepared according to the instructions (47 g/L) (Oxoid, South Africa). Top ½ 

BHI agar was prepared by adding 0.4% (w/v) bacteriological agar (Biolab, South Africa) to ½ BHI 

broth. This was then autoclaved at 121 C for 20 min. Four millilitres of ½ BHI top agar was then 

immediately dispensed into sterile 15 mL test tubes in a 43 C heat block (Techne, United Kingdom). 

The ½ BHI top agar was allowed to equilibrate to 43 C for 30 min.  

A serial dilution of LISTEX™ P100 was prepared to obtain a final concentration of 

approximately 2  107 PFU/mL. A dilution rate of 10-1 was applied each time using Eppendorf tubes 
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with aliquots of 900 L SM buffer (1X). Each tube was vortexed in the dilution to ensure uniform 

solutions. The highest concentration (the undiluted LISTEX™ P100 (approximately 2  1011 PFU/mL)) 

represented dilution zero (D0) and each consecutive dilution was labelled with a sequential number 

until the lowest concentration was achieved (D4) (approximately 2  107 PFU/mL).  The overnight L. 

monocytogenes (50 L) cultures were added to the ½ BHI top agar test tubes in the heating block. 

Individually, the test tubes were vortexed for 2 s, poured onto the BHI plate and carefully swirled on 

the table top in a “figure eight” motion to obtain an even top agar layer. The plates were left to solidify 

for 15 min. In a laminar flow cabinet, 10 L of each LISTEX™ P100 dilution (D0-D4) was spotted in 

duplicate on each plate. The plates were then allowed to dry for 15 min and incubated at 20 C for 16-

18 h. The results were analysed according to the clarity of plaque formation (vague lysis zone (VLZ), 

clear plaque (CP), semi confluent plaques (SCP) and clear spot (CS)) which is standardized by Micreos 

Food Safety (NL), the producers of LISTEX™ P100 (Figure 8.1.).  

 

 

 

8.3.3. Phage susceptibility testing by killing assay 

 

This method of susceptibility testing by killing assay was done according to the manufacturer of 

LISTEX™ P100 instructions (Micreos Food Safety, NL).  

 

BHI agar plates were again prepared according to the instructions (47 g/L) (Oxoid, South Africa). The 

surface of the BHI agar plates were dried for 15 min after being poured in a biosafety cabinet with the 

lids off, the plates were used immediately in order to avoid moisture loss.  

From fresh overnight cultures prepared as stipulated above with each isolate, a serial dilution 

of the overnight culture was performed using phosphate-buffered saline (PBS) (1X) to obtain a final 

VL

Z 

CP 

SCP 

CS 
CS 

CS 

Figure 8.1. Example of different levels of plaque clarity, stipulated by Micreos Food Safety (NL). 
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concentration of approximately 3  103 CFU/mL. (Each L. monocytogenes isolate was confirmed to 

have an average concentration of 1.7  109 CFU/mL after 18 hr at 30 C before this experiment. This 

was done by creating a serial dilution series in PBS of the overnight culture (10-1applied each time) at 

18 hr until 103 CFU/mL, and spreading the culture with a glass hockey stick onto BHI agar plates, 

before incubating for 18 hr. The colonies were counted and the concentration of the overnight culture 

was obtained by multiplying by the dilution factor). A serial dilution series of LISTEX™ P100 (2  

1011 PFU/mL) was performed using SM buffer (1X) to obtain a final concentration of 2.6  109  

PFU/mL.  

Each of the overnight cultures (100 L) was spread onto four BHI agar plates using glass 

hockey sticks until fully dried. Immediately after, 500 L of the LISTEX™ P100 solution (2.6  109  

PFU/mL) was spread on top of two of the four bacteria-treated plates (phage-treated plates). The other 

two plates received 500 L of 1X SM buffer (bacterial control plates), also spread with a glass hockey 

stick. All of the plates were incubated at 37 C for 18 h. The experiment was completed in duplicate 

with fresh cultures and fresh media. The colonies on each plate were counted and the percentage 

reductions were calculated as follows (Micreos Food Safety, NL): 

 

𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = 100 − (
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 #𝐶𝐹𝑈 𝑝ℎ𝑎𝑔𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑝𝑙𝑎𝑡𝑒𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 #𝐶𝐹𝑈 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑙𝑎𝑡𝑒𝑠
× 100) 

 

The average reduction was calculated after the completion of the experiments in duplicate.  

8.3.4. Core genome multilocus sequence typing 

 

The isolates from the factory (isolates 1-3) underwent cgMLST (Inqaba Biotec, South Africa). The 

cgMLST analysis, was done using inhouse methods and comparing the alleles in the samples versus 

the references on cgMLST.org (https://cgmlst.org/ncs). Sequence typing (ST) analysis was conducted 

using stringMLST (https://github.com/jordanlab/stringMLST). Virulence factor analysis for genes in 

Table 8.1. was conducted using VirulenceFinder (https://cge.food.dtu.dk/services/VireulenceFinder/) 

and antimicrobial resistance factor analysis was done using ResFinder 

(https://cge.cbs.dtu.dk/services/ResFinder/).  

 

https://cge.food.dtu.dk/services/VireulenceFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
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Table 8.1. Virulence factors from Listeria pathogenicity island 1 (LIPI-1) and 2 (LIPI-2) that were 

screened for in cgMLST data of isolates 1-3 and their respective function 

 

 

A percentage similarity analysis was also performed. The percentage comparison was 

conducted by combining the cgMLST analyses for the three samples as well as for a reference sequence 

Virulence 

factor 

Function Reference 

LIPI-1 

hly Encodes for listeriolysin needed for exit 

from phagosome vacuole 

Poimenidou et al. (2018) 

mpl Lecithinase operon 

 

Vázquez-Boland et al. (2001) and 

Poimenidou et al. (2018) 

prfA Encodes for prfA needed for transcription 

of LIPI-1 

Sheehan et al. (1995) and Poimenidou 

et al. (2018) 

actA Lecithinase operon, polymerizes actin for 

motility structures 

 

Poimenidou et al. (2018) 

plcA Lecithinase operon, for escape of L. 

monocytogenes from vacuole 

 

Vázquez-Boland et al. (2001) and 

Poimenidou et al. (2018) 

plcB Lecithinase operon, for escape of L. 

monocytogenes from vacuole 

 

Vázquez-Boland et al. (2001) and 

Poimenidou et al. (2018) 

LIPI-2 

inlA Facilitate crossing of intestinal and 

placental barriers 

Travier & Lecuit (2014) 

inlB Facilitate crossing of placental barriers Travier & Lecuit, (2014) 

inlC Involved in post-intestinal spreading of L. 

monocytogenes 

Matle et al. (2020) 

inlJ Involved in post-intestinal spreading of L. 

monocytogenes 

Matle et al. (2020) 
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type (ST) 6 strain (in-house reference of ST 6 containing 1701 known genes (reference#AK72525, 

Inqaba Biotec, South Africa)) on Microsoft Excel. For each gene, a score of one is assigned if there is 

the same allele across all 3 isolates, and zero if the allele is not found at all, or is different (Figure 8.2.). 

The reference strain in this case is not part of the similarity analysis but rather a placeholder for the 

results to be valid if an allele is not found or is different to the alleles of the other isolates. It contains 

1701 known genes against which these isolates can be compared. The totals of the scores for each 

isolate was different and these were used to calculate the percentage similarity to each other against 

the reference (which had the maximum score). 

 

 

 

 

 

 

   

8.4. Results and discussion 
 

The results of the spot assays were surprising. The factory isolates (1-3) did not exhibit the same 

susceptibility to the phage P100 (Figures 8.3-8.5.) like the host strain did (Figure 8.6.). This indicates 

decreased susceptibility to LISTEX™ P100 across all three isolates. The isolates showed clear plaques 

at concentrations of 2 × 1011 PFU/mL to 2 × 109 PFU/mL, but this is not sufficient evidence to support 

that the phage will reduce the isolates effectively which emphasized the need for a killing assay. These 

concentrations are also very high and not economically viable even though there is the formation of 

plaques. For all three isolates to show resistance from D3 (2  108 PFU/mL) specifically each time, 

inferred a similarity between them and this warranted further investigation with cgMLST.  

  

Figure 8.2. Example of how the percentage similarity comparison was conducted on 

Microsoft Excel for the 3 isolates cgMLST results. 
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CP CP CP 

CP CP CP CP 

Figure 8.3. Susceptibility of L. monocytogenes isolate 1 (obtained from salmon before entry 

into processing plant) to LISTEX™ P100 from D0 to D8. 

Figure 8.4. Susceptibility of L. monocytogenes isolate 2 (taken from trout final product) to 

LISTEX™ P100 from D0 to D8. 
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CP CP CP 

Figure 8.5. Susceptibility of L. monocytogenes isolate 3 (obtained from an environmental swab of 

a blast chiller door) to LISTEX™ P100 from D0 to D8. 

 

Figure 8.6. Susceptibility of L. monocytogenes isolate 4 (lab reference host strain ATCC 1042) to 

LISTEX™ P100 from D0 to D8. 
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Figure 8.7. Susceptibility of L. monocytogenes isolate 1 (3  103 CFU/mL) by killing assay to LISTEX™ 

P100 (2.6  109 PFU/mL). 

Figure 8. 8. Susceptibility of L. monocytogenes isolate 2 (3  103 CFU/mL) by killing assay to LISTEX™ 

P100 (2.6  109 PFU/mL). 
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Figure 8.9. Susceptibility of L. monocytogenes isolate 3 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). 

Figure 8.10. Susceptibility of L. monocytogenes isolate 4 (3  103 CFU/mL) by killing assay to 

LISTEX™ P100 (2.6  109 PFU/mL). 
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From the killing assays (Figures 8.7.-8.10.) it can be seen that LISTEX™ P100 was able to reduce 

isolate 4 (control host strain) completely while it has very little to no effect on isolates 1-3 (Table 8.2.). 

This again, shows that there is phage resistance across all three isolates. These results constituted a 

need for further investigation of the genetics of isolates (1-3) with cgMLST by conducting subsequent 

ST analysis and a percentage similarity analysis (Table 8.3.). These spot assay and killing assay results 

also highlighted the importance of testing the susceptibility profile of bacteria (unique to specific 

processing environments) before implementing phage application, as one cannot simply assume that 

commercial phages will have a high efficacy on all L. monocytogenes strains.  

  

Table 8.2. Average percentage reduction of CFU/plate of phage treated L. monocytogenes 

Isolate Average reduction (%) 

1 5.12 

2 0.00 

3 2.12 

4 100 

 

Eugster et al. (2015), explains how L. monocytogenes has been differentiated according to 

flagella (H) and somatic (O) antigens and separated into 12 serovars namely, 1/2a, 1/2b and 1/2c, 3a, 

3b and 3c, 4a, 4b, 4c, 4d and 4e, and 7. From these serovars, four phylogenetic lineages have been 

established. Lineage II contains serovars 1/2a – the serovar found in this study – 1/2c, 3a and 3c. 

Eugster et al. (2015) goes on to elaborate how wall teichoic acid glycopolymers determine the antigenic 

properties of L. monocytogenes; influencing the cellular functions, shape and susceptibility to phages 

and phage endolysins. The initial infection of phages requires an attachment of the phage tail fibres to 

receptor sites on the bacterial cell wall surface, thus wall teichoic acid glycopolymers play an integral 

role in phage infectivity. This means that genes encoding for wall teichoic acid glycosylation may 

result in the bacterial cell being less susceptible to phages due to changes in the residual sugar structures 

on the cell surface used for attachment by the phage.  

 Very few isolates of Listeria (<5%) are resistant to P100, these isolates are part of L. 

monocytogenes serovars 1/2 and 4 (which lack phage receptor sites). Prolonged exposure to phages 

can also be a cause for decreased susceptibility (BIOHAZ, 2016). Although in this case it is uncertain 

about the origin of the L. monocytogenes, the authors can speculate that it may be the Norwegian 

salmon. Sequence type 121 is assigned to lineage 2 and serovar 1/2a (Schmitz-Esser et al., 2015). The 

cgMLST analyses assigned all three isolates to ST 121 (Table 8.3.). The percentage similarity and 

same sequence type between the isolates warrant further investigation to determine if the strain of L. 
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monocytogenes is in fact a “persistent” strain in the fish processing plant that may have originated from 

the salmon imported from Norway. Furthermore, information of the Norwegian salmon pre-import is 

unavailable to the authors but the use of phages cannot be ruled out. Vongkamjan et al. (2013) showed 

that a cocktail of phages was able to reduce L. monocytogenes (isolated from a smoked fish processing 

plant) initially by up to 4 log units (after 8 h). The surviving isolates were subjected to a second round 

of exposure to the phages in the cocktail and were found to be less susceptible which indicated the 

selection for resistant isolates.  

This shows that phage resistance – although rare – is not impossible, and prolonged exposure 

should be avoided. Thorough cleaning and sanitizing of phage-treated areas, as well as the correct 

disposal of unconsumed phage-treated products. are essential to avoid the emergence of resistant 

subtypes (BIOHAZ, 2016). Interestingly, to the knowledge of the authors, resistance to both 

bacteriophages and sanitisers has not been recorded, but would make for an interesting further 

investigation to this study.  

Sequence type 121 is abundant in food products and food processing environments. Food 

processing environments apply many forms of stress on bacterial populations such as sanitisers, 

detergents, temperature fluctuations, moisture fluctuations etc. (Naidtz et al. 2019). Rychli et al. (2018) 

analysed illegally imported food samples into the European Union (EU). Sequence type 121 was one 

of the dominant ST’s across meat, dairy and fish products in the study.  

Listeria is further grouped according to virulence factors known as pathogenicity islands – 

which gives an indication of the course of infectivity in the human host. There are four pathogenicity 

islands – in this study the authors focused on the first two. Pathogenicity island 1 (LIPI-1) consists of 

actA, prfA, hly, mpl, plA and plB, while LIPI-2 contains inlA, inlB, inlC and inlJ (Table 8.3.). These 

two islands are responsible for the attachment of the bacterial cell to the host, invasion and the 

intercellular spread within the host (Anwar et al. 2022). 

The 6 virulence factors that make up LIPI-1 (Table 8.1.) were screened for across all three 

isolates. Interestingly, all the isolates contained 5 out of the 6 virulence factors characteristic of LIPI-

1 and the common factor missing for all three was actA which is responsible for the polymerisation of 

actin for motility structures around the bacterial cell for movement in the cytosol of the host, as well 

as interruption of the host cell wall structure for the spread of L. monocytogenes to other cells (Travier 

& Lecuit, 2014).  
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Table 8.3. Sequence type, virulence and resistance factor results from analysis of cgMLST data as 

well as percentage similarity against reference 

Isolate ST Antimicrobial 

resistance factors 

Virulence factors 

LIPI-1 

Virulence factors 

LIPI-2 

 Similarity 

(%) 

1 121 None hly, plcA,plcB, 

prfA, mpl 

inlA, inlB, inlC, 

inlJ 

99.71 

2 121 None hly, plcA, plcB, 

prfA, mpl 

inlA, inlB, inlC, 

inlJ 

99.24 

3 121 None hly, plcA,plcB, 

prfA, mpl 

inlA, inlB, inlC, 

inlJ 

99.53 

 

All of the virulence factors in LIPI-2 were found in all three isolates. The virulence factors for LIPI-2 

are internalins. Internalins A and B (inlA and inlB) are responsible for the attachment to the receptors 

on various eukaryotic cell wall surfaces which stimulates the inclusion of the bacterial cell into the host 

cell. Internalin C contributes to the robustness and rigidity of the bacterial cell cytoskeleton and is 

partially responsible for stimulating an immune response (Radoshevich & Cossart, 2018). This forms 

part of the post-intestinal spreading function with inlJ (Matle et al., 2020).  

The percentage similarity of the three isolates against the 1701 known genes of the control ST6 

strain were an unexpected finding. Sequence type 6 is well-spoken about in South Africa due to being 

implicated in a listeriosis outbreak in 2018 which caused the death of 183 people and the illness of 978 

people in total. Eighty-five percent of the strains implicated in this outbreak belong to ST6, the other 

15% was distributed among other ST’s of which ST121 was one (WHO, 2018). The comparison 

between the three isolates and the ST6 strain were according to only 1701 genes known on the ST6 

strain, a direct comparison to a known ST121 strain is required for further conclusions – but the 

outcomes so far warrant a very promising further investigation.  

8.5. Conclusion 
 

Susceptibility by spot assays showed that the South African fish processing plant isolates are only 

susceptible to LISTEX™ P100 at very high concentrations, which is insufficient to show that a 

satisfactory reduction would occur in reality in the plant itself. The killing assay revealed that the 

isolates are in fact not susceptible to LISTEX™ P100. This was supported by cgMLST which revealed 

that each isolate belonged to ST121 from serovar 1/2a – a serovar with wall teichoic acid changes 

which are not able to bind the phage. Further analysis also showed that the three isolates are very 

similar, but not identical and share a large percentage of 1701 known genes of a control ST6 strain.  
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This study has shown that one cannot assume that a commercial phage is effective, it is 

imperative to test the efficacy of the phage on isolates in vitro before implementation in order to 

achieve optimized outputs. The study has highlighted some considerations and more importantly, 

limitations, for phage use against Listeria spp. in the industrial setting. A suggestion for further 

investigation is to conduct phage-typing on the three isolates, and thereafter to try a more appropriate 

anti-Listeria phage.  
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Abstract: The control of Salmonella in chicken processing plants is an ongoing challenge for many
factories around the globe, especially with the increasing demand for poultry escalating processing
throughputs. Foodborne outbreaks due to Salmonella still pose a prominent risk to public health.
As chicken meat is a good reservoir for Salmonella, it is important for chicken processing plants to
continuously optimize methods to reduce the incidence of Salmonella on their products. Current
methods include the use of chemical antimicrobials such as chlorine-containing compounds and
organic acids. However, these current methods are decreasing in popularity due to the rising rate
of Salmonella resistance, coupled with the challenge of preserving the sensory properties of the
meat, along with the increasing stringency of antimicrobial use. Bacteriophages are becoming more
appealing to integrate into the large-scale hurdle concept. A few factors need to be considered
for successful implementation, such as legislation, and application volumes and concentrations.
Overall, bacteriophages show great potential because of their host specificity, guaranteeing an
alternative outcome to the selective pressure for resistant traits placed by chemicals on whole
microbial communities.

Keywords: bacteriophage; Salmonella; chicken; poultry

1. Global Trends in Poultry Consumption

Poultry largely outnumbers humans with approximately one person for every three
birds [1]. Meat and eggs produced from poultry are consumed across numerous cultures
and are among the most efficient forms of protein [1,2]. In 2016, the global livestock environ-
mental assessment model (GLEAM) generated by the Food and Agriculture Organization
of the United Nations [3] approximated egg production to be 73 million tons and meat
production to be 100 million tons. These numbers are constantly increasing due to popula-
tion growth, escalating incomes and urbanization [1,4,5]. Demand for poultry is increasing
not only in developing countries but also developed countries [5,6]. The demand is met
because chickens are intensively produced; chickens rapidly reach a sufficient size and are
then slaughtered and processed through highly automated systems that allow for rapid
throughputs [6].

The shift from free range farming towards intensive practices has allowed for tremen-
dous growth in the supply of poultry as a protein source [6]. Intensive practices have
utilized various breeding techniques, feed manipulation and antibiotic administration to
optimize size, growth, and desirable attributes [1,7].

Animal sourced protein provides various micronutrients [2] that are challenging to
acquire in sufficient quantities from plant based protein, such as vitamins A and B, zinc,
iron, and calcium [1]. Poultry, specifically, is cheap, a high quality source of protein and
has very few negative associations with religious beliefs, and is therefore often the animal
protein of choice in developing countries [1,8].
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In a study conducted by Zeng et al. [9], where trends in meat consumption were
tracked and analyzed in American adults from 1999 to 2016, it was found that chicken
consumption increased from approximately 250 g per week in 2000, to 300 g per week in
2016. Conversely, the consumption of turkey remained relatively constant. Furthermore, in
Kuwait, average poultry meat consumption per capita from 2004 to 2016 was a whopping
64.4 kg/year (approximately 1.2 kg/week) [10]. Another country showing substantial
growth is Brazil; Brazil is the country with the largest export rate of poultry meat and the
second highest poultry meat producer globally, making it a top competitor with China
and the US [11]. This increased preference and, consequently, production could be due to
a couple of factors: firstly, because the price of red meat has increased while the price of
chicken has remained constant, and secondly, many health concerns have been associated
with red meat which, thus, have created the perception of chicken being a healthier and
leaner option [9,12].

Another trend which is affecting the supply of poultry is ready to eat (RTE) meals.
This includes snack foods, take away meals and dining out. This manner of consumption
is becoming more popular and is seen as more convenient than preparing a meal in the
home [6,13].

With this increasing demand, there are many consumers that are becoming increas-
ingly aware of quality and are now purchasing products with the consideration of food
safety, environmental impact, and animal welfare [6,14]. This forces the industry to keep
up with the increasing sophistication and refining of food technology [14]. The poultry
industry on a global scale is significantly influenced by these four areas of pressure in
society, namely, food security, the economy, environmental impact and food safety [1].
These four dimensions are responsible for the delicate balance that the poultry industry
continuously struggles to satisfy with the rapidly increasing demand.

2. Poultry Associated Outbreaks

Globally, poultry is the second highest in terms of meat consumption and is predicted
to increase more rapidly than any other meat type. This makes poultry a predominant
source of foodborne illness [15]. There are a few pathogens strongly associated with
foodborne outbreaks in poultry, one of the most common being Salmonella [15–17].

The United States Centers for Disease Control and Prevention (CDC) facilitate a note-
worthy system whereby clinics collect samples of bacteria isolated from ill patients and
submit them to public laboratories. The laboratories then identify the subtypes of the
samples using pulsed field gel electrophoresis (PFGE) [18]. These subtypes are then made
available on a database (PuleNet) which is accessible nationwide to various organizations
which can identify sources of illness caused by a common PFGE subtype [18]. Furthermore,
PulseNet also makes use of whole genome sequencing (WGS) which determines the order
of bases (genetic fingerprint) in a DNA sequence in a single laboratory procedure [19].
WGS supplies more intricate information to assist in identifying outbreaks: PFGE compares
15–30 bands, whereas WGS identifies millions of bands, making it easier to distinguish if
the bacteria are in fact the same [19]. In 2017, the CDC identified poultry products (turkey
and chicken) as the dominant source of Salmonella infections resulting in illness (Table 1).

Table 1. Comparison of Salmonella food category pairs and number of outbreaks resulting in
illness [20].

Food Category No. Outbreaks No. Illness

Turkey 2 580
Chicken 11 299

Fruits 10 421
Other 1 199

Vegetable row crops 2 178
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In an analysis conducted by Chai et al. [15], whereby 1114 outbreaks from 1998 to 2012
in the United States were investigated and analyzed according to a strict criterion, 279 of the
total 1114 outbreaks (25%) were linked to poultry. Of the 279 outbreaks, 149 could be traced
back to a confirmed pathogen. Out of these 149 outbreaks, approximately 43% was due to
Salmonella, 26% Clostridium perfringens, 7% norovirus, 7% Campylobacter, 5% Staphylococcus
aureus, 3% Bacillus cereus and a further 3% was due to Listeria monocytogenes [15].

Furthermore, in the analysis, the outbreaks associated with C. perfringens, S. aureus
and B. cereus were due to errors in food-handling, while the Salmonella outbreaks were
predominantly due to contamination prior to cooking or insufficient cooking [15].

Dominguez et al. [21] analyzed outbreaks in Catalonia, Spain from 1990 to 2003. Of
the 1652 outbreaks, 871 (52%) were due to Salmonella. Of these 871 outbreaks, there were
more than 1500 people who needed hospital care and there was a total of four deaths [21].
Half of the outbreaks caused by Salmonella were traced back to eggs (food with raw or
partially cooked eggs). In the same study conducted by Dominguez et al. [21], 207 (12.5%)
of the 1652 outbreaks were due to C. perfringens, norovirus, or S. aureus.

The most common foodborne disease caused by poultry meat is salmonellosis, named
after the causative bacterial agent Salmonella [22,23]. Many preventative and control
measures have been developed and implemented in efforts to control Salmonella on poultry
products, however, resistant strains have rapidly emerged, causing outbreaks despite
extensive quality management systems [17,24]. Salmonellosis is caused by serotypes of
Salmonella other than Salmonella enterica serovar Typhimurium and Salmonella Paratyphi;
the common serotype responsible for most outbreaks related to poultry is the Salmonella
enterica serotype Enteritidis [17]. The difference between these will be further explained in
Section 3. Salmonellosis involves symptoms such as fever, diarrhea, and severe cramp, with
an incubation period of up to 72 h after consumption [17]. According to Majowicz et al. [16],
Salmonella is responsible for 93 billion cases of illness and approximately 155,000 fatalities
globally each year.

Jackson et al. [25] analyzed 1491 outbreaks due to Salmonella recorded by The Food-
borne Disease Outbreak Surveillance System (FDOSS) in the United States. The outbreaks
took place between 1998 and 2008; of the 1491 outbreaks, approximately 400 were caused
by a known serotype and could be assigned to a food. Of the 400 outbreaks, 144 (36%) were
due to S. enteritidis and 24 (6%) were due to S. heidelberg—these outbreaks were traced back
to eggs [25]. A further 58 outbreaks were due to S. Typhimurium and were traced back to
chicken [25].

Canada noted a total of 18 outbreaks and nearly 600 WGS confirmed cases of Salmonella
infections from 2015 to 2019 that could be traced back to frozen raw breaded chicken
products [26]. While the European Food Safety Authority (EFSA) [27] recorded 193 cases
(20% were hospitalized) of S. enteritidis between 2018 and 2020—2 were in Denmark, 4 in
Finland, 6 in Germany, 12 in Ireland, 3 in the Netherlands, 5 in Poland, 6 in Sweden, 33 in
France and the other 122 in England. This outbreak was traced back to five production
batches of non-RTE breaded poultry products.

Kenny et al. [28] analyzed 10 reported cases of S. typhi in South Australia that were
recorded within a period of four weeks of each other. Data of the foods eaten for the five
days prior to the symptoms was collected—chicken nuggets appeared frequently which
led to a case study that investigated whether the consumption of the chicken nuggets
was linked to the onset of the illness. Controls were included in the case study, thorough
interviews were conducted and, finally, the S. typhi strain isolated from the brand of chicken
nuggets from a packet found in the home of one of the cases was found to be common
with nine out of the reported ten cases of illness [28]. The chicken nuggets that were
responsible were flash fried but were still classified as a product that needed to be cooked.
More recently Australia has continued to see an increase in cases of human salmonellosis
(approximately 70 cases per 1,000,000) [29].

This, once again, reiterates the necessity for clear labelling and sufficient cooking to
exclude the potential of infections due to Salmonella from poultry, and it also highlights
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the need for continuous efforts to control Salmonella contamination in chicken [30]. Fur-
thermore, to prevent contamination of food products it is important to implement good
hygiene practices for all handling and processing of food, as seen in Table 2 for processing
of chicken.

Table 2. Summary of GHP and various control measures to consider when slaughtering broiler chickens to reduce the risk
of Salmonella in the final chicken meat product (adapted from [31]).

Slaughter Practices

1. Carcass dressing

• Continuous stream of clean water for washing
• If carcass is seen to have excessive feces it should be thrown away
• Chemicals may be used during this step for decontamination; these should be

approved by authorities

2. Scald

• Water with a flow that is counter current, rapid and continuously mixed should be used
• Appropriate temperature and pH (by addition of approved chemicals) should be used to

reduce Salmonella
• Sufficient and regular cleaning of scalding tanks and good waste-water management

3. Defeather

• Chickens should have had appropriate length of time for feed withdrawal to avoid contamination
during defeathering

• Avoid accumulation of feathers on machinery
• Appropriate cleaning, sanitizing and maintenance of machinery and with emphasis on

rubber fingers

4. Pull off head • Any drip from the crop or rupturing of the crop should be averted; this is performed by pulling the
head in the downward direction

5. Re-hang carcass
• Rehanging of carcasses should be performed by personnel and not automatically to

avoid contamination
• Corrective action should be in place for carcasses that are dropped onto the floor

6. Eviscerate • Rupturing viscera can be avoided by processing birds of the same size, this also requires regular
adjustment to equipment

7. Remove crop
• Should be removed in such a way so as to avoid contamination of the carcass
• A chlorine solution or Tri Sodium Phosphate (TSP) dip may be applied at this step, just after the

carcass has been defeathered and eviscerated to reduce Salmonella

8. Removal of neck skin • Should be removed in such a way so as to avoid contamination of the carcass

Prepackaging Practices

9. Inside–outside
washing of carcass

• Interior and exterior of carcass should be cleaned extensively using high-pressure chlorinated water
stream as well as to reduce Salmonella

• The use of brushes may be utilized for inside–outside washing to assist in removal of
evident contamination

10.Extra wash step • Acidified Sodium Chlorite (ASC), or TSP may be applied at this step via spray or dip to
reduce Salmonella

11.Postmortem analysis • Analysis should be conducted with sufficient time and lighting to clearly see any contamination,
carcass defects, or damage

12.Chilling (dip)

• Rapid chilling is advised to inhibit growth of spoilage microorganisms and pathogens
• Important that whole carcass is cooled to desired temperature by the end of the chilling step
• If a dip application is utilized for chilling, chemicals may be added to reduce Salmonella, such as

chlorine or oxygen composites and organic acids. Sufficient time should be allowed for this liquid
to drip off of carcass postapplication to reduce contamination further down the line

• It is important that flow of water is counter current, rapid and continuous

13.Additional dip • Once carcass cooled an additional cooled dip containing ASC or chlorine may further
reduce Salmonella
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14.Portioning • Carcasses should remain at low temperatures and be portioned swiftly after chilling

15.
Packaging of
portions/whole
carcass

• Packaging should not leak any fluid from chicken to prevent contamination
• Clear instructions for cooking, storage and handling according to regulations should be visible

for consumer
• Carcasses should remain at low temperatures
• Use of irradiation may be used at this step to further reduce Salmonella

Post-Packaging and Transport Practices

16.Chilling/freezing • Desired temperature should be uniform throughout carcass at end of chilling step

17.Storage • Important to keep carcasses at low temperature to inhibit Salmonella growth

18.Transporting • Same as step 17

19.Store/consumer • Same as step 17

3. Salmonella

As previously mentioned, foodborne outbreaks pose many risks, both in terms of
health and economic loss. The pathogen of particular emphasis and concern in poultry is
Salmonella [32–34]. The United States, alone, spends approximately 11.588 billion dollars on
collateral damage and improving prevention methods for Salmonella infections originating
from poultry products annually, while the EU’s estimated costs are more than €3 billion a
year [33,35]. Salmonella has been pinpointed as the source of many cases of food poisoning
as well other severe health defects over the last century [32,36]. The continual outbreaks due
to Salmonella make this resilient genus and its characteristics a focused point of research for
many health and science professionals despite an existing abundance of information [33].
The survival of Salmonella can be accredited to its resistance-development rates being
more rapid than that of other pathogenic bacteria placed under the same preventative
pressures [36,37]. Managing an organism that is changing incessantly requires an in
depth understanding of its characteristics and what the outward expression from these
characteristics may imply upon human consumption [32].

3.1. General Characteristics

The genus of Salmonella, under the family of Enterobacteriaceae, are rod-shaped (approx-
imately 2 µm in size), motile (due to presence of peritrichous flagella), glucose-fermenting,
Gram-negative, facultative anaerobes that do not form spores [38–40]. Salmonella can
commonly be found on dairy products, meat products (especially raw poultry) and fresh
produce [36]. The various parameters and conditions in which Salmonella can survive are
given in Table 3. As Salmonella is not a spore-former, it can be destroyed easily with heat,
particularly in food products with high water activities [32]. Forysthe [34] tells us that a
temperature–time combination of 15–20 min at 60 ◦C should be sufficient to ensure the
death of all Salmonella present in the food product, and Bell and Kyriakides [41] also assure
us that growth of most serotypes of Salmonella will be inhibited below 7 ◦C and a pH of 4.5.

Table 3. Parameters for survival and growth of Salmonella (adapted from [34,41]).

Parameter Approximate Growth Range

Temperature 5–46 ◦C (optimum = 38 ◦C)
Water activity 0.94–0.99

pH 3.8–9.5
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3.2. Salmonella Serovars

The Salmonella genus is further divided into two species, namely, Salmonella enterica
(S. enterica) and S. bongori [42]. Serovars of Salmonella can be grouped by their O (somatic),
Vi and H (flagellar) antigen combination; O antigens being lipopolysaccharides of the outer
membrane, Vi antigens being the sugar composition on the capsid, and the H antigens
being the sugar combination found on the flagella [43]. This method of identification is
responsible for the quarter of a million serovars widely recognized so far, with the majority
of the serovars from S. enterica, a number that is increasing annually [42]. Furthermore,
serovars can also be identified using phage sensitivity testing, whereby the Salmonella is
treated with specific, known bacteriophages and the resulting lytic activity reveals which
serotype of Salmonella is present due to the range of host specificity of the bacteriophage [44].

The system of identifying and categorizing Salmonella can be confusing due to more
than 250,000 known serovars [40,43], Forsythe [34] simplifies this, and, rather, emphasizes
the importance of three different types of Salmonella with regards to human health: non-
typhoid Salmonella, Salmonella typhi (S. typhi) and Salmonella paratyphi (S. paratyphi).

Non-typhoid Salmonella is distinguished by an incubation period of 6–72 h after con-
sumption, causing symptoms such as diarrhea, blood in the stools, consequent dehydration,
fever, vomiting, weakness, and abdominal pain [40]. Conversely, S. typhi and S. paratyphi
have an incubation period of 1–4 weeks, causing symptoms that are like typhoid, such as
headaches, fever, body weakness and aches, constipation, or diarrhea [34].

Various food properties influence the infectious dose of different serotypes of Salmonella.
For example, in foods that have a higher fat content, the bacterial cells are protected and
thus fewer than 100 cells may cause illness [41]. Thus, a standard level of detection in RTE
foods had to be established that ensured that food safety would be maintained despite the
serotype. Thus, it was determined that there should be less than one cell of Salmonella per
25 g of a RTE food sample [45].

4. Treatment of Salmonella in the Slaughter Setting

Despite stringent measures and efforts in rearing chickens in a way that seeks to
eliminate Salmonella from the hatchery level—such as good hygiene practices, isolating
infected flocks and the use of specialized feed—the safe passage of poultry from farm
to fork remains under scrutiny due to contaminated poultry meat continuously having
the largest negative impact on public health. Thus, it is important that the processors of
poultry meat utilize existing, new, or additional measures to assist in the prevention of
Salmonella [46–48]. In the United States, poultry processing facilities have had to employ
a criterion established by the United States Department of Agriculture’s Food Safety and
Inspection Service (USDA-FSIS) whereby for every 51 samples collected, less than 7.5% of
them should be Salmonella positive [49].

Some of the measures employed by poultry processors include a postchilling im-
mersion tank with various antimicrobials as well as spray applications, also with various
antimicrobials. The combination of these methods/addition of these methods to existing
preventative measures create a “hurdle concept” in the processing plant for the elimination
of Salmonella [47,48]. Some of these antimicrobials and their respective applications can be
seen in Table 4.
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Table 4. Some of the widely used safe and suitable antimicrobials stipulated for use in poultry processing to produce raw
poultry meat products in the United States (data from [50]).

Antimicrobial Product Amount

Aqueous sulfuric
acid/sodium sulfate

Wash, spray or immersion dip on surface
of poultry products

Concentration that employs pH of 1–2.2 of poultry
Measured on the meat surface

Acidified sodium chlorite Poultry pieces and carcasses
500–1200 ppm. May be used in a mixture with any
“generally recognized as safe” (GRAS) acid to
obtain pH 2.3–2.9

Poultry carcasses, pieces, organs
and trimmings

May be added to a GRAS acid to obtain pH 2.2–3
May be further diluted with basic sodium
bicarbonate to obtain pH 5–7.5
Use in a dip/spray, should not have sodium
chlorite concentration >1200 mg/kg or chlorine
dioxide concentration >30 mg/kg
Use in a prechilling or chilling solution for
carcasses, sodium chlorite should be 50–150 ppm
Contact time is not detrimental as long as
temperature is 0–15 ◦C

Bacteriophage solution
(Salmonella specific)

Applied to feathers of live
poultry preslaughter Spray or fine mist application, or wash

Calcium hypochlorite Used on eviscerated or whole
chicken carcass

Spray application should not have free available
chlorine >50 ppm

Water used for poultry processing and for
chiller water

Free available chlorine should not be >50 ppm for
inlet water
Measure at potable water inlet

Water recirculated from chiller
via heat exchangers

Free available chlorine should not be >5 ppm at
inlet to chiller

Retreating carcasses that
are contaminated Free available chlorine should be 20–50 ppm

Giblets Free available chlorine should not be >50 ppm at
inlet to chiller

Chlorine gas Used on carcass that is whole or
has been eviscerated

Spray application where free available chlorine
should not >5 ppm
Measured before application

Used in water of chiller Free available chlorine should not >50 ppm
Should be measured at inlet of potable water

Water recirculated from chiller via
heat exchangers

Free available chlorine should not >5 ppm
Measured at chiller inlet

Retreating carcasses that
are contaminated Free available chlorine should be 20–50 ppm

Giblets Free available chlorine should not >50 ppm.
Measured at inlet to chiller

Chlorine dioxide Water used for processing of poultry Residual chlorine dioxide should not >3 ppm

DBDMH (1,3-dibromo-5,5-
dimethylhydantoin)

Used in water of chiller and water of
inside–outside bird washer (IOBW). In
addition, used for processing of poultry
carcasses, organs and pieces.

Active bromine should not be >100 ppm

Added to water for ice making which is
then used in processing of poultry

Active bromine should not >100 ppm (or max
90 mg DBDMH per kg water)

Hypochlorous acid Used on carcass that is whole or has
been eviscerated

For spray application, free available chlorine
should not >50 ppm
Measured before application
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Antimicrobial Product Amount

Added to water used for
processing of poultry Free available chlorine should not >50 ppm

Used in water for chiller Free available chlorine should not >50 ppm
Measured at inlet of potable water

Water recirculated from chiller via
heat exchangers

Free available chlorine should not >5 ppm
Measure at chiller inlet

Used for re-treating poultry carcasses that
are contaminated Free available chlorine should be 20–50 ppm

Giblets Free available chlorine should not >50 ppm

Citric and Hydrochloric acid
solution (pH 1–2)

Poultry carcasses, pieces, organs
and trimmings

Spray or dip application with 2–5 s contact time
Measure before application

1.87% citric acid, 1.72%
phosphoric acid and 0.8%
hydrochloric acid solution

Poultry carcasses Spray application with 1–2 s contact time. Should
run off carcasses for 30 s

Lactic acid Poultry carcasses, pieces, organs
and trimmings 5% concentration for post chilling

Peroxyacetic acid (PAA),
hydrogen peroxide (HP), acetic
acid (AA), and 1
hydroxyethylidene-1, 1
diphosphonic acid
(HEDP) solution

Used in water for poultry processing,
scalding tanks, ice production and
spray applications

PAA should not >220 ppm, HP should
not >110 ppm, HEDP should not >13 ppm

PAA, octanoic acid (OA),
Peroxyoactanoic acid (POA) HP,
AA, HEDP solution

Carcasses, pieces, trimmings and organs PAA should not >220 ppm, HP should
not >110 ppm, HEDP should not >13 ppm

PAA, HP, HEDP solution

Added to water for processing of
carcasses and pieces. Applied via spray,
dip, wash or added to chiller or
scalding tank.

PAA should not >2000 ppm and HEDP should
not >136 ppm

PAA, HP, AA, HEDP solution

Used in water or ice for applied on whole
carcasses, pieces, trimmings and organs.
Applied via spray, dip, wash or added
into chiller or scalding tank water

PAA should not >220 ppm, HP should not
>80 ppm, HEDP should not exceed 1.5 ppm

Added to process water for application to
carcasses, pieces, trimmings and organs
via spray application, dip, rinse, wash or
added into chiller or scalding tank water

PAA should not >2020 ppm, HP should not exceed
160 ppm, HEDP should not exceed 11 ppm

Sodium hypochlorite Applied to eviscerated or whole carcasses For spray application, free available chlorine
should not >50 ppm

Added to water for processing of poultry Free available chlorine should not >50 ppm at
potable water inlet

Added to water in chiller should not >50 ppm

Added to water recirculated from chiller
via heat exchangers

Free available chlorine should not >5 ppm at inlet
to chiller

Retreatment of contaminated carcasses Free available chlorine should be 20–50 ppm

Giblets Free available chlorine should be 20–50 ppm



Foods 2021, 10, 1742 9 of 20

4.1. Chlorine

Awareness surrounding the use of chlorine as a disinfectant came about as early 1868,
when chlorine was found to be a core chemical in curing puerperal fever [51]. Around
1988, however, it was discovered that compounds containing chlorine also have oxidative
properties [51]. There are several different chlorine-containing compounds that are used
to kill bacteria and are often a popular choice due to a combination of affordability, easy
implementation, and a high efficacy [52,53].

When chlorine is added to water, it reacts with the hydrogen and oxygen of the water
molecule, resulting in the formation of hydrochloric acid (HCl) and hypochlorous acid
(HOCl). HOCl further undergoes dissociation to form hypochlorite (OCl−) and hydrogen
(H+) ions. Both HOCl and OCl− account for the “free chlorine” in a solution and are the
main compounds behind the antimicrobial action from the addition of chlorine [54,55].
The mode of action of free chlorine can be divided into three steps: first, the free chlorine
compounds disrupt the bacterial cell wall, which causes bacterial DNA to leach out of the
cell (Britton, 2005). After this, the free chlorine proceeds to interact with the cell nucleic
material and enzymes which inhibits their normal processes [56]. Lastly, the free chlorine
may also interrupt transport and respiratory mechanisms in the cell, which negatively
effects the cells overall viability [56].

Slow release chlorine dioxide (SRCD) is often used in the processing of poultry to
decrease Salmonella on carcasses [57]. The use of SRCD as an antimicrobial is necessary
because, despite efforts that ensure the number of live birds that have Salmonella are low,
there is an inevitable spread of Salmonella due to the mechanical action of the plucking
machine, as well as the damage to innards during the evisceration step. Furthermore, the
level of contamination of carcasses that end up in the supermarket is something which
is strongly correlated to the amount of cross-contamination which occurs during the
processing [58]. A 10% SRCD carcass rinse used in combination with a 50 ppm chlorine
solution in the spin chilling step has shown to reduce Salmonella by more than 80% [58].

Despite often being used in combination during processing, SRCD is preferred over
chlorine as chlorine may form carcinogenic chlorinated hydrocarbons in the presence of
organic matter [59].

Byun et al. [53] carried out a study that investigated the use of chlorine-containing
compounds against S. enteritidis biofilms in the presence of organic matter. The use of chlo-
rine dioxide (100 µg/mL) reduced counts by up to 1.33 log CFU/cm2. While Chousalkar
et al. [60] found that acidified sodium chlorite had a high efficacy in reducing all Salmonella
enterica serovars on chicken carcasses at various temperatures.

Roller et al. [61] and Sun et al. [62] describe the mode of bacterial inactivation using
chlorine dioxide as one which disrupts the dehydrogenase enzymes in the bacterial cell.
This consequently inhibits protein synthesis to a certain extent, whereby the extent of
protein synthesis inhibition was found to be strongly related to the initial concentration of
chlorine dioxide added [57,61].

SRCD—as well as other chlorine-containing antimicrobials—are a popular choice for
disinfection due to chlorine’s versatility, relatively low cost and effectiveness in reducing
bacterial populations [52,58]. These chemicals, although shown to have a good efficacy, are
not permitted in the EU [63].

Limitations of Chlorine-Containing Antimicrobials

Legislation is becoming more stringent on the use of chlorine-containing compounds
for use in the food industry due the formation of harmful byproducts among other potential
hazards [53]. The use of chlorine-containing antimicrobials in the poultry processing
setting for treatment of Salmonella spp. has become an exceptional cause for concern.
Logue et al. [64] and Shah et al. [65] argue that while chlorine may significantly reduce
microbial populations, it can also promote the selection for chlorine-resistant strains of
Salmonella. Although, in the short term, safe levels are essentially achieved via chlorination,
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it may present larger challenges for future treatment of microbes with a chlorine-resistance
factor [64,65].

A prime example of this is presented in a study conducted by Mokgatla et al. [66],
where the resistance of Salmonella to hypochlorous acid (HOCl) was investigated. The
Salmonella spp. investigated in this study were isolated from various processing steps in a
poultry abattoir, these were then added to a Tryptone Soya Broth with HOCl at 72 ppm
and placed in a shaking incubator at 30 ◦C. The turbidity of the solution was measured at
660 nm at successive 20 min intervals thereafter. It was found that Salmonella spp. isolated
after the scalding step were resistant to the addition of the 72 ppm HOCl [66].

In a separate study which then investigated the mode of action of HOCl resistance in
Salmonella, it was found that the HOCl-resistant strains would produce catalase in response
to treatment with HOCl [67]. Furthermore, the HOCl resistant strains would also decrease
dehydrogenase activity which led to decreased concentrations of oxygen and hydroxyl
radicals, the compounds predominantly responsible for the antimicrobial properties of
HOCl [67].

Salmonella has a high resistance rate [37,68] and certain isolates will overcome chemical
antimicrobials to an extent such that the chemical compounds may even have a selective
consequence that allows for exponential growth of Salmonella [66].

4.2. Organic Acids

The use of organic acids is also a popular choice of antimicrobial in meat process-
ing plants due to the combination of high efficacy and low cost, as well as the ease of
use [69]. Furthermore, the United States Food and Drug Administration (FDA) have des-
ignated organic acids the “Generally Recognized as Safe” (GRAS) title for use in meat
processing [69,70].

Organic acids are commonly used as part of the hurdle concept in preventing growth
of Salmonella in the processing environment [69]. Organic acids inhibit bacterial growth
by lowering the pH of the meat product to a pH equal to—or less than—the pKa of the
organic acid [71–73]. Essentially, the organic acids inhibit the bacterial cell by causing an
accumulation of anions in the bacterial cytoplasm which negatively effects the bacterial
cell’s proton motive force (PMF) and, thus, the cell’s ability to maintain an optimum
pH [69,71]. This consequently disrupts the internal environment of the cell and inhibits
DNA synthesis as well as normal enzymatic activity and cell reproduction [71–73].

Madushanka et al. [72] explored the efficacy of various organic acids on chicken
meat contaminated with S. typhimurium. Lactic acid (1% solution) achieved a 66% re-
duction in CFU/g, while acetic acid (1%) and citric acid (1%) showed a 55% and 51%
reduction, respectively.

Fernández et al. [74] dipped Salmonella-contaminated chicken breast in 3% solutions
lactic, malic and fumaric acid. It was found that fumaric acid had the highest efficacy (up to
2.22 log CFU/g reduction) but affected the sensory properties of the chicken breast the most.
While lactic and malic acid showed reductions of 1.30 log CFU/g and 1.55 log CFU/g,
respectively, but did not have any detrimental effects on the sensory properties compared
to the control samples.

Radkowksi et al. [75] tested the efficacy of various concentrations (2% and 5%) of
succinic acid on the reduction of Salmonella on broiler chicken breast samples. A 2% succinic
acid solution achieved a reduction of up to 1.47 log CFU/g while 5% solution achieved up
to 3.2 log CFU/g reduction.

Consansu and Ayhan [76] performed an experiment to determine the effects of lactic
and acetic acid on S. enteridis on chicken products. Chicken legs and breasts were inoculated
with S. enteridis and were then treated with various concentrations of lactic acid or acetic
acid. Some of the samples were allowed to stand for 10 min and were then tested, while
others were then packaged and stored at refrigeration temperature for 10 days or were
otherwise frozen and stored for six months. Lactic acid achieved the highest reduction in
both leg and breast samples (up to 1.72 log reduction). Overall, it was found that both acids
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were mostly effective in reducing S. Enteridis. However, despite reduction, remaining
S. enteridis were able to survive refrigeration and freezing temperature. This highlights
how organic acids should be used in conjunction with other methods to ensure sufficient
reduction is achieved [76,77].

Limitations of Organic Acids

The bactericidal activity of organic acids is largely dependent on contact time, temper-
ature, the concentration of the acid used or what it is used in combination with [78]. This
may be problematic, especially with the high rate of Salmonella resistance and the constant
need to ensure sufficient kill is achieved by the specific method used [37,79].

Despite the relatively high efficacy frequently achieved by organic acids, there is also
the risk of adding organic acids at a level and temperature which may affect the sensory
properties of the meat [70,78,79]. In a study conducted by Bilgili et al. (1998), the effect
of various organic acids on broiler skin color was investigated; it was found that all acids
(citric, lactic, malic, mandelic and tartaric), except for propionic, decreased the lightness of
the broiler skin as the concentration of each acid increased. The skin/carcass appearance
is important for consumer perception and acceptance and, thus, is very important to
consider when selecting an organic acid as an antimicrobial [78,80]. As well as undesired
colors and textures, organic acids can also cause off flavors and, despite a high efficacy,
possess a delicate balance between the ability to compromise desirable sensory properties
in exchange for reduced microbial populations [80].

5. Bacteriophages
5.1. Background

Antibiotic resistance has compromised the effectiveness of antibiotics as a treatment
against infections [81,82]. Antibiotic resistance is caused by the misuse of antibiotics in
the treatment of an illness; this results in the targeted bacteria no longer being sensitive
to the antibiotic for which it was created [83]. In the US, an annual estimate of approx-
imately 23 × 106 kg of antibiotics are used, of which 50% are administered to humans
while the other 50% are used for livestock in disease prevention/treatment [82]. Due to
the rising numbers of organisms resistant to antibiotics, it is essential that more than one
treatment should be available for various illnesses to avoid a situation like that before the
existence of antibiotics, when there was a high death rate due to common infections [83].
Antimicrobial resistance is also on the rise where surface and cleaning antimicrobials
are no longer able to eliminate the bacteria of concern, thus, we face a large scale resis-
tance problem which requires urgent attention and alternatives, and a possible solution is
bacteriophages [81,82,84].

The discovery of the bacteriophage phenomenon is largely debatable: Ernest Hankin
in 1896 “first” suggested that there was an invisible, inexplicable antibacterial activity
of Vibrio cholerae that he noticed in the rivers of India [85,86]. He further suggested that
whatever was responsible for this antibacterial activity was small enough to pass through
porcelain filters [85]. Eventually, Frederick Twort, some 20 years later, suggested that
Hankin’s findings could have been a virus, and, finally, two years after this, Felix d’Herelle
“officially” classified this virus as a bacteriophage [87,88].

Phages naturally exist in abundance all around us: in fresh water it is suggested
that there are approximately 109 phages/mL while marine environments may have up
to 107 phages/mL [89]. Fermented foods, fresh vegetables, topsoil and even delicatessen
foods have been found to be good sources of phages too, meaning that humans are con-
stantly exposed to—or are consuming—phages [89].

Bacteriophages (phages) are known as predators of bacteria; phages are essentially
viruses which infect and subsequently cause bacterial cell death. Phages attach themselves
to specific receptor sites on the bacterial cell wall, meaning that phages will only infect a spe-
cific range of bacteria while any other present cells or organisms will be unaffected [90,91].
Hence why phage consumption by humans has no adverse effects and can be given the
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GRAS status [89,91]. After attachment to the bacterial cell wall, the phage injects its genetic
material into the bacterial host which causes the genes of the phage to be expressed and
ultimately causes the bacterial cell to die [92].

Depending on whether the bacteriophage is virulent or temperate, one of two events
may occur after bacterial cell infection [89,90].

Virulent phages (also known as strictly lytic) are phages that cannot incorporate their
genetic material into the bacterial chromosome to create lysogens, this means that after
infection, virulent phages will always initiate replication within the host, progeny and then
lysis (cell death) of the bacterial cell [89,92,93].

Temperate phages (also known as lysogenic), on the other hand, may cause progeny
but not kill the bacterial host cell or may integrate some of the phage genetic material into
that of the hosts. This results in the replication of the bacterial DNA along with the phage
DNA which may result in modifications of the host characteristics, which could lead to
host resistance. Alternatively, phage genomes introduced into that of the bacterial genomes
may undergo recombination and lead to undesirable changes in the phage genome [94–96].

Thus, it is preferable to use phages that are virulent (lytic), rather than temperate,
for phage therapy because destruction of the bacterial host is rapid and there is minimal
chance of interactions with the host genome [94,96,97].

5.2. Phage Application to Reduce Salmonella on Food and Poultry Products

Most lytic phages used for biocontrol on food products are generally isolated from
the environment and not genetically modified. Due to the host specificity of the phages,
other beneficial microflora present in food remains intact [91,98,99]. Phage solutions
are predominantly water based, contain low concentrations of salt, and are considered
environmentally friendly, appealing to many of the consumers’ demands [91]. Furthermore,
phages have very little/no effect on the organoleptic properties of food [81], while having
a high efficacy in microbial reduction [91,100,101].

Modi et al. [102] investigated the survival of S. enteritidis during cheddar cheese
storage in the presence of SJ2 phages. Both the raw and pasteurized milk were inoculated
with S. enteritidis and SJ2 phages. Of the resulting cheeses, it was found that those made
from raw/pasteurized milk containing phages showed up to a 2-log unit reduction of
S. enteritidtis after 99 days. Conversely, those made from raw/pasteurized milk without
phages showed an increase in S. enteritidis of up to 1 log unit [102]. When comparing
raw versus pasteurized milk, it was found that there was less S. entertidis after 24 h in the
phage-containing pasteurized milk cheese versus phage-containing raw milk cheese. After
99 days, the phage-containing raw milk cheese had approximately 50 CFU/g S. enteritidis
while the phage-containing pasteurized milk cheese had no counts of S. enteritidis after
just 89 days. This study highlights the effectiveness of phage to reduce the survival of
S. enteritidis in cheese [102], as well as the necessity for the phages to be used in addition to
other microbial control methods [100].

Looking at chicken specifically, Goode et al. [103] aseptically cut 60 cm2 squares of
chicken and artificially contaminated them with Salmonella strains that showed resistance to
nalidixic acid. The strains were cultured overnight in Luria–Bertani (LB) broth in a shaking
incubator at 37 ◦C. The 60 cm2 pieces of chicken were then artificially contaminated with
S. enteritidis using a pipette and glass hockey stick. The 60 cm2 chicken piece was then
treated with Salmonella typing phage 12 at 103 PFU/cm2 and stored at 4 ◦C. Swabs were
taken before phage treatment, after 24 h and 48 h. Bacterial numbers fell by 2 log units
after 48 h, and it was found that an increase in phage concentration up to 107 PFU/cm2

eliminated the strains which showed strong resistance to nalidixic acid [103].
Hungaro et al. [104] carried out a study like that of Goode et al. [103], except the

efficacy of a bacteriophage cocktail against S. enteritidis was tested versus conventional
chemical agents. The use of bacteriophage resulted in a 1 log unit reduction (Table 5)
after 30 min, while lactic acid caused a 0.8 log unit reduction after 90 s. The results are
highly comparable, however, chemical and physical treatments above certain levels have
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an adverse effect on the organoleptic properties of the carcass and, thus, the biological
intervention of bacteriophages is the more appealing option [101].

Table 5. Various treatment methods of S. enteritidis on chicken skin and the resulting reductions
(adapted from [104]).

Treatment Concentration Time Reduction (log
CFU/cm2)

Control N/A 0
Water N/A 30 min 0.2

Dichloroisocyanurate 200 ppm 10 min 0.8
Peroxyacetic acid 100 ppm 10 min 0.8

Lactic acid 2% 90 s 0.8
Bacteriophage 109 PFU/ml 30 min 1

Sukumaran et al. [105], furthermore, highlight the high efficacy of chlorine immersion
in the spin chilling step but also how this efficacy is reduced due to the large amounts of
organic matter in the spin chiller solution. Sukumaran et al. [105] carried on and investi-
gated the potential of using bacteriophage in sequence and in combination with various
chemical methods, and how this may affect phage stability and overall ability to reduce
Salmonella. Firstly, phage stability in peracetic acid (PAA), cetylpyridinium chloride (CPC),
lauric arginate (LAE) and chlorine was tested. PAA at 100 ppm and chlorine at 5 ppm
showed total inactivation of the bacteriophages, while CPC at 1% and LAE at 200–500 ppm
caused very little change in the bacteriophage numbers. CPC, LAE and bacteriophage
were then applied to artificially Salmonella-contaminated chicken breasts. Breasts treated
with phage only showed a 1.1 log unit reduction after 7 days, while a solution of 0.6% CPC
caused a 0.9 log unit reduction and a 200 ppm LAE solution caused a 0.8 log unit reduction.
The highest reduction, of 1.4 log units, was achieved by a combination of bacteriophage
(9 log PFU/mL) and 0.6% CPC. When bacteriophage was applied in sequence with chemi-
cal methods to chicken skin samples, a slightly different result was achieved. Chicken skins
samples immersed in chlorine at 30 ppm and then treated with bacteriophage caused a
reduction by 1.8 log units, while chlorine immersion followed by distilled water treatment
caused a reduction by only 0.6 log units. The highest reduction achieved in this part of the
experiment was achieved by first immersing the chicken skin in 400 ppm PAA and then
treating with bacteriophage, this yielded a reduction by 2.5 log units. These results high-
light the effectiveness of a chemical dip application followed by a surface phage treatment
in the reduction of Salmonella, and how phage can be used as a processing aid in a hurdle
concept [105,106].

Fiorentine et al. [107] used chicken thighs and drum sticks to investigate whether the
populations of S. entertitids could be reduced by bacteriophages. The chicken pieces were
immersed in S. enteritidis phage type 4 (SE PT4) after slaughter, and then in a solution
containing three types of strictly lytic phages isolated from free range chicken feces 24 h
later. The pieces were stored at 5 ◦C and Salmonella numeration was conducted every 72 h.
The Salmonella counts dropped by a multiple of 4.5 times 9 days post-treatment.

Duc et al. [108] carried out a study whereby five lytic phages isolated from chicken
skin and gizzard were used to reduce S. enteritidis and S. typhimurium on raw chicken breast
incubated at 8 ◦C and at 25 ◦C. At 8 ◦C the phages reduced by 1.4 and 1.8 log CFU/piece
for S. enteritidis and S. typhimurium, respectively, while at 25 ◦C reductions were 3.1 and
2.2 log CFU/piece. This shows that, at optimal conditions, the bacterial host will replicate
faster, which increases phage replication [108,109].

Atterbury et al. [110] treated S. typhimurium and S. enteritidis contaminated chicken
skins with phages Tφ7 and Eφ15, respectively. The skins were taken from infected Ross
broiler chickens seven days post infection. After treatment with the phages, there was
1.38 log unit reduction of S. enteritidis and a 1.83 log unit reduction of S. typhimurium.
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Abhisingha et al. [111] carried out a similar study, but instead investigated the efficacy
of phage during cold and freezing storage. Chicken breast was artificially contaminated
with S. typhimurium, treated with a phage cocktail and stored at 4 ◦C and −20 ◦C. After
72 h, the breast stored at 4 ◦C showed reduction 0.4–1 log CFU/cm2 while the breast stored
at −20 ◦C for 24 h showed 0.4–0.7 log CFU/cm2 reduction. This study highlighted that
phage could control Salmonella growth effectively at 4 ◦C but will only be effective for the
first few hours at −20 ◦C [111].

Brenner et al. [112] successfully created a phage cocktail for potential poultry industrial
application by screening 78 lytic phages for efficacy against all S. enterica serovars linked
to poultry. Of the 78 phages screened, three (which were isolated from sewage) showed
a broad host range and were selected for the cocktail (SE4, SE13 and SE20). This study
highlights that suitable phage cocktails can be manufactured quickly and efficiently to
substitute antibiotic use. It also highlights the aspect that phage commercial cocktails can
be continuously improved to ensure a broad host-range, covering the rapidly mutating
Salmonella spp.

Furthermore, phages can be used not only in the reduction of Salmonella, but also in
the industrial rapid detection of Salmonella. This was demonstrated by Nguyen et al. [113]
by using luciferase reporter phages (LRP). LRPs are genetically engineered (by including
genes that code for luciferase in deep sea shrimp) to produce a bioluminescent response
when the recombinant LRPs infect the Salmonella host.

Another exciting avenue in phage application is the use of polyvalent phages. Gam-
bino et al. [114] discusses how polyvalent phage S144 can lyse both Salmonella enterica and
Cronobacter sakazakii cells. This shows great potential for a multipathogen control using a
single phage or cocktail of phages.

Phage application shows exciting potential as an effective processing aid to reduce
(and detect) Salmonella on chicken meat however, to ensure high efficacy, it is important
to consider the extrinsic parameters such as—but not limited to—chemicals, temperature,
and diffusion volume [109,110].

Phage Limitations and Considerations

The largest limiting factor for the use of phage application is the efficacy; many studies
show that there is an initial reduction of bacteria but no further reduction afterwards,
highlighting that phage can reduce bacteria but not eradicate them completely [115].
This could be due to the phages being unable to reach and invade bacteria postprogeny,
highlighting the importance of sufficient moisture to allow for diffusion of phages [116].

It is also important to ensure that the concentration of phages is sufficient to increase
the probability of the phage and the bacteria meeting without compromising on cost
implication, as it is more expensive [117,118]. Although a tempting idea, it is important to
avoid recycling phage/bacteria solutions on areas where the target bacteria are prominent
or exist in reservoirs. This is to avoid development of resistance to the bacteriophages [103].

The efficacy of phage treatment is dependent on the state of the host—if the host is
replicating faster, the phage infection and progeny rate is even more rapid [104].

Phages are host specific, meaning that other pathogens that are not targeted by the
phage are still a threat and, thus, phages cannot replace good hygiene and handling
practices [115].

Although resistance to lytic phages is rare, it is still a point of consideration. Resistance
may develop after continuous exposure; whereby the selective pressure of the phage may
advocate for resistant properties of the bacteria [119]. This highlights the importance of
legislation and the need for organizations to monitor the use of phages to ensure they is
used in such a manner that prevents instances of this nature as far as possible.

The permission for phage use differs from country to country. Phage application as a
processing aid is permitted in the USA, Canada Switzerland, New Zealand, Australia, and
Israel. In the EU, however, it is only allowed in the Netherlands and is not included on the
qualified presumption of safety (QPS) list [120,121].
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Due to the ability of various chemicals to influence the stability and efficacy of phages,
as well the legislative aspects to consider, the industry requires some careful planning for
successful implementation with other chemical interventions [105].

6. Concluding Remarks

Global poultry meat consumption is increasing due to the perceived health benefits
and few religious associations with white meat. As raw chicken is a good reservoir for
Salmonella, the increase in poultry meat production and consumption has been accom-
panied by a spike in foodborne illness due to Salmonella infection traced back to poultry
meat products.

There are several current control methods for Salmonella in the processing setting,
namely, good hygiene practices and the use of chlorine containing compounds (examples
include: chlorine dioxide and sodium chlorite) as well as organic acids (such as lactic
acid and succinic acid). Although chlorine has been shown to have a high efficacy, it has
also been shown that it places immense selective pressure on Salmonella spp. and is not
sustainable in the long term if antimicrobial resistant spp. are to be avoided. Furthermore,
chlorine is prohibited for use in many countries due to the high rate of resistance shown
by Salmonella to chlorine containing products. Similarly, organic acids are effective in
the reduction of Salmonella on chicken, but at higher concentrations organic acids may
influence the sensory properties of the meat.

Thus, phages show great potential as a new control measure in the processing setting.
Phages show great promise in being integrated into the large scale hurdle concept of an
industrial chicken processing setting. Phage use, however, requires careful consideration
for things such as other chlorine (to avoid inactivation) and sufficient liquid for diffusion.
Still, phages are preferable due to their ability to place pressure on a single target organism
as opposed to a whole microbial community, decreasing the magnitude of selective pressure
that is seen with chemical use.
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Abstract: There have been numerous studies highlighting the efficacy of various bacteriophages
(phages) and phage cocktails in the reduction of pathogens in food. Despite approval from legislative
bodies permitting phage use in food processing environments, applied via spray or dip, there is still
no information on which spray parameters should be used for successful implementation. The study
here investigates phage survival diluted to 1% in distilled water (dH2O) and prepared bottled water
(PBW), followed by a subsequent spray application through a fixed nozzle (530 µm) and strainer
size (74 × 74 µm), with pressures of 3, 5, and 6 Bar. The survival of the phage was determined
through sampling the outputs of the spray system and performing double agar overlay plaque
assays. PBW decreased the phage concentration (p = 0.18) more than the dH2O (p = 0.73) prior to
spray application. It was found that the PBW phage solution was less affected by the various spray
parameters (p = 0.045) than the dH2O (p = 0.011). The study showed that unchlorinated water (dH2O),
as well as a pressure of 3 Bar, had the highest output phage concentration through the nozzle and
strainer, providing valuable information for industrial implementation.

Keywords: bacteriophage; pressure; nozzle; spray; survival; Salmonella

1. Introduction

Bacteriophages (phages) have shown a lot of potential in reducing the incidence of
foodborne pathogens on food; in fact, phages have shown great promise in fulfilling the
need for biocontrol agents effective against multi-drug and/or multi-chemical resistant
bacteria [1–3].

The growing global population places immense pressure on the food chain to meet
the demand for enough food, but not only enough food—enough safe food [4]. This means
that food companies have had to continuously reinvent (and survey) their food safety
management systems to curb the resistance of bacteria specific to their food products
and food processing environments [3]. The contamination of food with antibiotic-resistant
bacteria (ARB) is an urgent public health concern as the methods of treatment for foodborne
illness have become ineffective [5].

Phages have become the more appealing prospective method of food pathogen control
at different phases throughout the production of food. This is largely due to their host-
specificity. The United States Food and Drug Administration (US FDA, Washington, DC,
USA) has approved several individual phages and phage cocktails for commercial use
against various pathogens, such as SalmoFresh® and PhageGuard STM (PGS). Furthermore,
many studies have confirmed the high efficacy of various commercial phage cocktails on
food and food products in the laboratory setting, highlighting the potential for industrial-
level application [6–8].

In terms of application methods, Yeh et al. [9] carried out a study where a dilution
of PGS was added during the tumbling of red meat trim and poultry meat, before the
grinding step. While Huang et al. [10] added a phage solution directly into milk, and
Ahmadi et al. [11] added a phage solution into a meat slurry—all of which saw a reduction
in microbial numbers. The US FDA [12] as well as Health Canada [13] have stipulated that
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phage can be applied as a processing aid via dip or spray, but, to the knowledge of the
authors, there are no studies that provide guidance on parameters for a suitable industrial
spray application system.

Reinhard et al. [14] used a commercially available hand-held sprayer (Braber Equip-
ment Ltd. Abbotsford, BC, Canada) to apply PhageGuard ListexTM into a processing
environment but did not mention the effect of the spray parameters on the phage efficacy.
Soffer et al. [15] performed a study where ShigaShieldTM was applied using a Basic Spray
Gun Model #250 (Badger Air-brush Co., Franklin Park, IL, USA), but did not elaborate on
any preliminary information on whether the efficacy of the phage cocktail was affected by
the spray gun itself.

Water content plays an integral role in phage efficacy—particularly water containing
chlorine (generally after wastewater treatment). This is demonstrated by Sukumaran et al. [16],
who highlight that chlorine-containing chemicals can inactivate phages.

The study presented here firstly investigates the combined effect of pressure, strainer,
and nozzle diameter (collectively causing extrusion) on phage survival of a commercial
cocktail of phages FO1a and S16 (PhageGuard STM—PGS, Wageningen, The Netherlands)
diluted to 1% using prepared bottled water (PBW). It secondly investigates phage survival
through the same spray parameters but with a 1% PGS solution prepared using distilled
water (dH2O). This investigation seeks to provide insight for food companies to imple-
ment phage technology in a way that allows for the machinery to be adaptable to their
specific environment.

2. Materials and Methods
2.1. Spray Machine Parameter Selection

Testing for phage survival involved preparing a 1% dilution (≈2 × 109 PFU/mL) of
PGS with two water types—dH2O and PBW (containing 4 ppm chloride as seen in Table 1).
The phage solution was then run through a demo spray system using different pressures
(3, 5, and 6 Bar) with a constant nozzle and mesh size.

Table 1. Contents of prepared bottled water (ppm) (pH = 5–6) used to prepare the 1% PGS solution.

Compound Concentration (ppm)

Salt 0.007
Potassium 0.5
Chloride 4
Calcium 0.62

Magnesium 0.5
Fluoride 0.1
Sulphate 1

Calcium carbonate 0.8
Nitrate 0.89

According to Hagens and Loessner [1], the average size of a phage is approximately
0.05 × 0.2 µm. Therefore, for all analyses it was decided that a larger mesh and subsequent
nozzle size would be selected. A 200 mesh (74 µm × 74 µm) and nozzle diameter of
530 µm (nozzle #13082 (Spraying Systems Co., Pretoria, South Africa)) was selected. To
the knowledge of the authors, there were no previous publications on the effect of pump
type on phage survival, and so to minimize any adverse effects due to mechanical action, a
3-chamber diaphragm pump (Aquatec, Pretoria, South Africa) was selected.

2.2. PGS Diluted to 1% with Prepared Bottled Water

Firstly, it was investigated the stability of phages diluted to 1% in prepared bottled
water (PBW) (Table 1) run through a workshop demo spray cabinet using the 200 mesh,
5.3 × 10−3 µm nozzle and pressures of 3, 5, and 6 Bar.
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PGS (100%) (50 mL) was aseptically added to 4950 mL of PBW to create a 1% (v/v) dilution
(≈2 × 109 PFU/mL). Approximately 10 mL of the undiluted 100% PGS (≈2 × 1011 PFU/mL)
(sample 1.1) was transferred to a 50 mL sterile sample tube for the control; this was stored
in the refrigerator (4 ◦C) immediately. The 5 L (1%) solution was inverted repeatedly to
ensure uniformity before 25 mL of the 1% solution (sample 1.2) was transferred into a
50 mL sterile sample tube and stored at refrigeration temperature (4 ◦C) immediately.

The spray system was flushed with PBW to ensure the cleaning of debris and residues.
The remaining 1% PGS solution was then hooked up to the spray system. The system was
switched on and the pressure was adjusted to 6 Bar and allowed to run for 5 s to ensure
the phage was running uniformly through the system. A 25 mL sample of the outlet spray
(sample 1.3) was aseptically collected using a sterile 50 mL sample tube and refrigerated
(4 ◦C).

The system was switched off, the 5 L bottle was shaken to allow for re-distribution
of any phage that may have settled, and the process was repeated—however at 5 Bar.
After allowing 5 s of spraying, another 25 mL sample of the outlet spray (sample 1.4) was
aseptically collected using a sterile 50 mL sample tube and refrigerated (4 ◦C). This was all
performed once more at a pressure of 3 Bar (sample 1.5). All the refrigerated samples were
immediately titrated. This was performed in triplicate. The summary of samples and tests
can be seen in Table 2.

Table 2. Summary of sample plan repeated in triplicate for 1% PGS (PBW) outputs through the
spray system.

Sample Information Dilution Pump Pressure (Bar)

Sample 1.1
10 mL PGS stock 100% N/A

Sample 1.2
25 mL 1% PGS pre-spray 1 % N/A

Sample 1.3
25 mL 1% PGS post-spray 1% 6

Sample 1.4
25 mL 1% PGS post-spray 1% 5

Sample 1.5
25 mL 1% PGS post-spray 1% 3

2.3. PGS Titration and Renumeration
SM Buffer Preparation

Sodium chloride (5.85 g/L) (Merck, Darmstadt, Germany), 6.057 g/L Tris (VWR,
Radnor, PA, USA) and 2.47 g/L magnesium sulphate heptahydrate (Merck, Germany) were
dissolved in 750 mL dH2O (Lasec, Pretoria, South Africa). The pH was then adjusted to 7.5
by adding 1 M hydrochloric acid (Kimix, Pretoria, South Africa) using an eye dropper. The
solution was made up to 1 L (pH = 7.5) and autoclaved for 20 min at 121 ◦C.

2.4. Luria Bertani (LB) Broth

Tryptic soy broth (10 g/L) (Merck, Germany), 5g/L of yeast extract (Biolab, Cape
Town, South Africa) and 10 g/L of sodium chloride (Merck, Germany) were dissolved
in 750 mL dH2O (Lasec, South Africa) using a magnetic stirrer. The pH of the solution
was adjusted to 7.5 by adding sodium hydroxide (Merck, Germany) using an eye dropper,
before being made up to 1 L (pH = 7.5). It was then autoclaved at 121 ◦C for 20 min and
allowed to cool.
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2.5. Luria Bertani (LB) Agar Plates for Titration of PGS

LB broth was prepared and 15 g bacteriological agar (1.5% (w/v)) (Biolab, South Africa)
was added to the LB broth. It was then autoclaved at 121 ◦C for 20 min and cooled to 60 ◦C
in an oven. LB agar (15 mL) was poured per plate in a laminar flow cabinet.

2.6. Luria Bertani (LB) Top Agar Plates for Titration of PGS

LB broth was prepared and 4 g (0.4%) of bacteriological agar (Biolab, South Africa)
was added to the broth. It was autoclaved at 121 ◦ C for 20 min and allowed to cool to
50 ◦C for 1 h in an oven.

2.7. Salmonella: Propagation of Culture

The strain used for phage titration was Salmonella enterica serovar Enteritidis C StR
(Micreos Food Safety, Amsterdam, The Netherlands). This strain is routinely used as the
host strain for PGS titration and is named by Micreos Food Safety as “Se13”. A frozen
glycerol stock culture of Se13 was received from Micreos Food Safety (The Netherlands)
and stored at −18 ◦C.

Two XLD plates were prepared as per the manufacturer’s instructions (Oxoid, South
Africa) in dH2O (Lasec, Pretoria, South Africa). In a bio-safety cabinet (Labotec, Pretoria,
South Africa), the Se13 was streaked onto the XLD plates using sterile inoculation loops.
The XLD plates were incubated at 30 ◦C overnight.

An individual colony was then taken from the XLD plates and streaked out onto
four LB agar plates using sterile inoculation loops. The LB agar plates were incubated at
30 ◦C overnight.

2.8. Overnight Culture for Glycerol Stocks

LB broth (100 mL) was added to a 250 mL Erlenmeyer flask and sealed with aluminum
foil. The Erlenmeyer flask along with 30 mL glycerol (100%) (Radchem, Cape Town, South
Africa) was then autoclaved at 121 ◦C for 20 min and allowed to cool to 25 ◦C before use.
A sterile inoculation loop was used to isolate a single colony from the LB agar plate and
inoculate the 100 mL sterile LB broth. The Erlenmeyer was then covered once more using
the sterile aluminum foil and incubated in a shaking incubator (200 rpm) at 30 ◦C for
16–18 h.

Sterile 100% glycerol (20 mL) (Radchem, South Africa) was aseptically added to 100 mL
of the overnight culture, making the final glycerol concentration of the culture 15–20%.
The Erlenmeyer was swirled thoroughly to ensure the glycerol and culture were mixed
well. The solution was then placed into the fridge (4 ◦C) to cool completely and have a
homogenous appearance.

A sterile pipette was used to transfer 1.5 mL of the homogenous solution to sterile
2 mL Eppendorf tubes. The Eppendorfs (glycerol stocks) were then stored at −20 ◦C until
needed for titration.

2.9. Phage Enumeration via Titration of PGS Samples

For each sample (1.1–1.5), dilutions in SM buffer (a 10−2 dilution factor applied each
time) were performed in duplicate, with the highest dilution (≈2 × 103 PFU/mL) plated in
duplicate on LB agar plates (Figure 1). This meant that each sample had four corresponding
plates for enumeration.
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Figure 1. Schematic representation of a titration of a 1% PGS sample.

A heating block (Techne, UK) was set to 43 ◦C with sterile 10 mL glass test tubes. Top
agar (4 mL) at 50 ◦C was aliquoted using a sterile glass pipette into each test tube for the
double agar overlay plaque assay.

SM buffer (990 µL) was aseptically transferred to Eppendorf tubes using a pipette.
The 25 mL sample (1.1–1.5) tubes were removed from the refrigerator (4 ◦C) and vortexed.
A dilution series was then completed in duplicate for each sample (1.1–1.5) using the
SM buffer, to obtain a final phage concentration of ≈2 × 103 PFU/mL per sample. The
Eppendorf tubes were vortexed well and inverted multiple times in between dilutions.

To each of the tubes containing top agar, 100 µL of Se13 host overnight culture—taken
from the freezer (–20 ◦C)—was added. The phage solution (≈2 × 103 PFU/mL) was
vortexed and inverted before 50 µL was aseptically added to the tubes containing top agar.
The glass test tube was vortexed for 2 s, with extra caution to not cause bubbles before
pouring the top agar onto an LB agar plate. The plate was moved in gentle figure-of-eight
motions until the top agar was evenly distributed over the plate. The plates were then
incubated overnight at 20 ◦C. This method was repeated for all samples and duplicates.

2.10. Phage Renumeration

Once incubated overnight, the plates were removed. The plaques on the plates were
counted and the titer was calculated according to the following formula:

PFU
mL

=
average no. of plaques × dilution factor × 1000

Plated volume (µL)

2.11. PGS Diluted to 1% with Distilled Water

PGS was then diluted to 1% using distilled water (dH2O) (Lasec, South Africa). The
same spray parameter analyses and sampling used for the PGS with PBW were repeated in
the same manner with PGS diluted using dH2O (Sample 2.1–2.5). The % survival was then
calculated by dividing the calculated PFU/mL of each sample (1.2–1.5; 2.1–2.5) by the stock
undiluted solution (samples 1.1 and 2.1) and multiplying by 100.
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2.12. Statistical Analysis

Analyses were performed with one-way ANOVA to compare PFU/mL in the stock, in
the 1% dH2O and PBW. The effects of 3, 5, and 6 Bar pressures on the 1% PGS PFU/mL
(dH2O and PBW) were then subsequently compared using Fisher’s least significant differ-
ence (LSD) for multiple comparisons. These analyses were performed using STATISCA.
Error bars were included with 95% confidence intervals. Differences among multiple treat-
ments were indicated with lettering in the graphs as well as in the post hoc LSD multiple
comparisons. If two treatment means differ significantly, the lettering is different, for
example “a” and “b”. If they do not differ significantly there will be a common letter, such
as “a” and “ab” or “a” and “a”.

3. Results
3.1. PGS Diluted to 1% with PBW

This investigated the survival of PGS diluted to 1% in PBW (4 ppm chlorine). It was
then run through the spray system using a 200 mesh strainer, 530 µm nozzle diameter at
pressures of 3, 5 and 6 Bar. This sought to investigate, briefly first, whether the water type
influenced the phage stability—this was reflected in sample 1.2 (Figure 2). In addition,
secondly, the combined effect of water type with the pressure and nozzle combination, this
can be seen in samples 1.3–5 (Figure 3).
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Sample 1.1. (100%) PGS had an average PFU/mL of 2.82 × 1011, which is close to the
expected ≈2 × 1011 PFU/mL. This shows that there were no flaws in the batch of PGS
selected for this analysis, confirming the validity of sample 1.1 as the control sample. If the
packaging had been tampered with or if the refrigerated (4 ◦C) storage conditions had not
been adhered to, this would show a decreased PFU/mL (<2 × 1011) for the titration of the
100% PGS solution (sample 1.1). Jończyk-Matysiak et al. [17] support this, reiterating that
storage conditions can cause variation in phage titers and, subsequently, could even hinder
the infectivity of the phages. Fister et al. [18] highlight that phage stability is diverse and not
always well understood, but that there is sufficient evidence that temperature fluctuations
have an effect on a large number of types of phages [19]. This can be seen in a study
whereby the reduction of L. monocytogenes decreased to a minimal level at 20 ◦C by phage
P100 over a period of 17 weeks [18]. It is also not unusual that sample 1.1 had more than the
expected 2 × 1011 PFU/mL. González-Menéndez et al. [20] noted that phage propagation
constitutes an adsorption step, inhibition of host genetics and progeny. Depending on the
time period of each of these steps, and the number of phage particles that are produced per
bacterial host cell, will determine the yield of phages [20]. Chaudhry et al. [21] had a similar
outcome in a control sample where the phage titer overcame the inoculum density by more
than 10-fold after 48 h. Additionally, this also reassures us that the producer potentially
overestimated the concentration of phages to ensure sufficient counts at the end of the
shelf-life of PhageGuard STM.

Sample 1.2 (1% PGS) showed a drastic decrease in PFU/mL to 9.35 × 1010. This
highlights the negative impact the chlorine in the PBW had on the phage concentration
compared to sample 1.1. The phage concentrations of samples 1.2 and 2.2 (Figure 4 where
dH2O was used) differed to a large extent, however, not in a statistically significant manner
(p = 0.18). Due to decreased stability and potential compromised structural integrity of the
phage by the PBW, the authors observed that the combined effect of the pressures with the
nozzle and mesh size was overall less significant (p = 0.045) for this analysis where PGS
was diluted with PBW than overall for the PGS diluted with dH2O (p = 0.011) (Figure 5).

There were no significant differences observed between samples 1.5 and 1.2, and 1.5
and 1.4. This is represented by the common subscripts of “ab” and “a” (p = 0.48), and “ab”
and “b” (p = 0.14), respectively. However, the closest sample to the target concentration
(sample 1.2) is sample 1.5, where the pressure was 3 Bar. The 6 Bar pressure application
yielded the largest significant difference to sample 1.2 (p < 0.01), and this is represented by
the “c” subscript.
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tively). * To draw parallels between sample counts of 2.1 and 2.2, sample 2.1 (1% dilution = 2.31 × 109)
was calculated to reflect a theoretical stock concentration (undiluted).
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Sukumaran et al. [16] conducted a study that determined the stability of Salmonella
lytic phages in different concentrations of chlorine to investigate what would be suitable for
a sequential application. This was performed by diluting the phage solution to 1% (approx.
109 PFU/mL) in SM buffer. The 5 ppm chlorine solution was prepared from stock sodium
hypochlorite being added to the 1% phage solution. The combined solution was then stored
at 4 ◦C for 24 h before the phage titer was determined using the soft agar overlay method.
It was found that the 5 ppm chlorine completely inactivated the phage. The PBW in this
study did not completely inactivate the phage as in the study by Sukumaran et al. [16],
only decreased the phage concentration. This could be due to a few factors; the first is
the storage time. In this study, the samples were titrated and renumerated immediately
after the samples were collected, whereas Sukumaran et al. stored the samples for 24 h.
Furthermore, Micreos Food Safety (The Netherlands) stipulated that the PGS contains 4%
potassium chloride (a neutral salt)—Langlet et al. [22] describe how phage concentrations
decline at a lower pH (pH 3.9 and 2.5) as opposed to a neutral pH (7). Conversely, it can
also be argued that the lower pH of the PBW (pH = 5–6) also plays a role in decreasing the
phage concentrations, but not to such a large extent as the pH = 2.5–3.9 in the mentioned
study. Furthermore, the salts of the PBW were taken into consideration; Mylon et al. [23]
showed that higher concentrations of salts (1 M) were needed to cause aggregation of
phages. In this study, the concentrations were less than 1 ppm, and so the authors speculate
that the effect of the salts compared to that of the chloride was negligible.

Free chlorine influences the protein-mediated functions of a phage, namely, the injec-
tion of genetic material and subsequent replication in the bacterial host [24]. Essentially,
the free chlorine reacts with amino acids that make up the capsid, leading to the formation
of carbonyl products, which causes a change in the surface charge of the capsid (increased
negativity), and a change in the overall molecular structure [19]. Thus, leading the authors
to speculate that the change in molecular structure of the phages could be the reason for the
lesser extent of impact by extrusion of the spray system on the calculated PFU/mL across
samples 1.3–1.5. Further investigation is needed to confirm the validity of this finding.

Sano et al. [25] showed that there is a strong relationship between the rate of phage-
inactivation due to chlorine and the concentration of these formed carbonyl groups. Further-
more, this chlorine-induced oxidation of the amino acids of the capsid causes a change in
the surface electrostatic charge, as previously mentioned. This change affects the hydropho-
bicity of the structure. Chlorine thus affects the two pinnacle properties (hydrophobicity and
electrostatic charge) that phages rely on for their function [26] and is regarded as viricidal [27].
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This highlights the importance of monitoring the water content in an industrial setting,
specifically free chlorine, which is to be used for phage application, as it can have an impact
on phage stability and efficacy, especially before being applied via a spray system.

3.2. PGS Diluted to 1% with dH2O

The dilution of stock PGS from 100% to 1% in dH20 (samples 2.1–2.2) (Figure 4) did
not decrease the calculated PFU/mL significantly (p = 0.73). Whereas the dilution using
PBW saw a drop in calculated PFU/mL from 2.82 × 1011 (sample 1.1) to 9.35 × 1010
(sample 1.2) (Figure 2) (p = 0.18). The PFU/mL of the 100% PGS (sample 2.1) was calculated
to be 2.61 × 1011 while the 1% PGS (sample 2.2) was calculated to be 2.31 × 1011 (p = 0.7),
highlighting no significant difference between the diluted phage solution and the undiluted
phage solution. This set a strong precedent before being able to clearly show the effect of
the pressure/nozzle combination on phage survival (Figure 5).

The calculated PFU/mL of sample 2.3 produced the lowest concentration of 1.66 × 109

compared to sample 2.2 (which is considered the target concentration of 2.24 × 109 PFU/mL)
and this difference is represented by the subscripts “a” and “c” respectively (p = 0.00)
(Figure 5). The mean concentrations of samples 2.2 and 2.5 do not differ significantly and
share the common subscript of “a” (p = 0.09). Samples 2.2 and 2.4 differ significantly (but
to a slightly lesser extent than between samples 2.2 and 2.3) and are represented by the
subscripts “a” and “b” (p < 0.01) (Figure 5). This shows that a pressure of 3 Bar through
the nozzle and mesh combination resulted in the highest phage survival and the closest
result to that of the target concentration of sample 2.2. This also suggests that the pressures
of 5 and 6 Bar through the nozzle and mesh combination have the effect of extrusion on
the phage structure. Overall, with reference to both studies, Levene’s test for homogeneity
of variances shows that PGS diluted with dH2O (Figure 5) is impacted more by the spray
parameters (p = 0.01) than the PGS diluted with PBW (p = 0.045) (Figure 3).

In order to better understand what could have taken place, it is important to consider
both the spray system pressure, strainer and nozzle, and the structure of a phage (Figure 6).
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To our knowledge, there is no information on the effect of nozzle diameter, strainer,
and pressure on phage survival through a spray system. The average size of a phage is
approximately 0.05 × 0.02 µm [1], while the nozzle diameter used in this study is 530 µm
(13,082) and the mesh size (200) are 74 µm × 75 µm (Spray Systems Co., Smyrna, TN,
USA, 2018). The structure of a phage is complex, consisting of a capsid head containing
phage DNA and a tail usually consisting of six fibers that are responsible for bacterial
host attachment [28]. The highest pressure (6 Bar), coupled with the small nozzle and
strainer size, could have caused extrusion on the structure of the phages, decreasing the
output phage concentration (sample 2.3) (Figure 5). This proposed reason for decreased
stability due to extrusion is further supported by the increased output phage concentration
in sample 2.4 when the pressure was decreased to 5 Bar. In addition, in sample 2.5, where
the pressure was decreased to 3 Bar, the output phage concentration was the highest of
all the throughputs. These findings are simplified and represented as a % survival of the
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different solutions through the spray system (Table 3). It can be seen that PGS diluted with
distilled water and a pressure of 3 Bar produced an 85.5% survival rate, while a pressure of
6 Bar showed that only 63.74% of the phages survived.

Table 3. PGS concentrations summarized in the form of calculated % survival.

PBW dH2O

Sample % Survival Sample % Survival

1.1 (stock) 100 2.1 (stock) 100.00
1.2 (1%) 33.16 2.2 (1%) 88.16

1.3 (6 Bar) 23.88 2.3 (6 Bar) 63.74
1.4 (5 Bar) 28.37 2.4 (5 Bar) 77.10
1.5 (3 Bar) 31.62 2.5 (3 Bar) 85.50

There are two specific phages that make up the PGS solution, namely, S16 and FO1a.
S16 has a long tail fiber (LTF) with an intricate protein makeup (Gp38 adhesin attached to
a Gp37 trimer) for binding to Salmonella. S16 has a contractile tail (a characteristic of the
family Myoviridae). Its head is approximately 117 nm in length and 91 nm in width, while
its tail is about 120 nm in length. It thus falls into the A2 group [29]. FO1a is a member
of the A1 group of the family Myoviridae with an icosahedral head (73 nm in diameter)
and a contractile tail (17 × 113 nm) which terminates in 6 straight tail fibers [30] (Figure 6).
Irrespective of structure, the primary step of phage replication is infection. Adsorption
of the phage into the bacterial host is triggered by the binding of the phage tail fibers to
the receptor proteins on the surface of the bacterial cell. This is followed by DNA release
into the host cytoplasm via penetration [31]. It is unclear exactly what part of the phage
structure may be affected by the force of extrusion, but it is likely that the structural integrity
of the long tail fibers of FO1a and S16 may be compromised or the large head of S16, but
further molecular studies would need to be conducted on this to be sure.

4. Conclusions

It was found that the chlorine content of PBW (4 ppm chlorine) used to prepare a 1% PGS
solution decreased phage concentration from 2.82 × 1011 PFU/mL to 9.35 × 1010 PFU/mL
(p = 0.18). This is not new information as there have been numerous studies that have
been conducted which have proven that chlorine decreases phage concentration. However,
this information is still valuable as there haven’t been any studies that have investigated
the combined effect of chlorine-containing water with a subsequent spray application
(extrusion). This study is also applicable in the sense that most processing plants make use
of waste-water treatment plants, which often incorporate chlorine in the water for re-use in
the processing environment.

The subsequent spray application of the diluted PGS in PBW at pressures of 3, 5, and
6 Bar had an overall lower significant difference (p = 0.045) generated by Levene’s Test for
homogeneity of variances compared to the PGS diluted in dH2O (p = 0.011).

In terms of the effect of extrusion by the spray system on the phage concentration, this
is most evident in the second analysis where the PGS was diluted in dH2O. This is because
the dH2O did not significantly decrease the phage concentration (p = 0.73) prior to spray
application. A pressure of 6 Bar decreased the output concentration of phages the most
(p = 0.00), while a pressure of 3 Bar decreased the output concentration of phages the least
(p = 0.09).

Thus, if the inlet water content has no chlorine, the ideal spray parameters for phage
stability (from this study) are a 3 Bar pressure on a diaphragm pump, in combination with
a 200 mesh strainer and a 530 µm nozzle diameter.

Some future research recommendations would entail the testing of different nozzle
diameters, strainers, and pressure combinations. It would also be valuable to recommend to
the industry that inlet water contents for phage dilutions, specifically free chlorine contents,
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should be closely monitored and that sufficient rinsing should take place after sanitizing
protocols and before phage use.

Author Contributions: Conceptualization by K.W. and P.G. Methodology and validation by K.W.
Writing—original draft preparation by K.W. Writing—review and editing, by P.G. and D.R. Visualiza-
tion by P.G. and K.W. Funding acquisition by P.G. Supervision and project administration by D.R.
and P.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Stellenbosch University
Research Ethics Committee: Biosafety and Environmental Ethics (REC:BES), approval number BEE-
2020-14681.

Informed Consent Statement: No human subjects were involved in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hagens, S.; Loessner, M.J. Bacteriophage for biocontrol of foodborne pathogens: Calculations and considerations. Curr. Pharm.

Biotechnol. 2010, 11, 58–68. [CrossRef] [PubMed]
2. Endersen, L.; Coffey, A. The use of bacteriophages for food safety. Curr. Opin. Food Sci. 2020, 36, 1–8. [CrossRef]
3. Wessels, K.; Rip, D.; Gouws, P. Salmonella in Chicken Meat: Consumption, Outbreaks, Characteristics, Current Control Methods

and the Potential of Bacteriophage Use. Foods. Foods 2021, 10, 1742. [CrossRef] [PubMed]
4. Berry, E.M.; Dernini, S.; Burlingame, B.; Meybeck, A.; Conforti, P. Food security and sustainability: Can one exist without the

other? Public Health Nutr. 2015, 18, 2293–2302. [CrossRef]
5. Thapa, S.P.; Shrestha, S.; Anal, A.K. Addressing the antibiotic resistance and improving the food safety in food supply chain

(farm-to-fork) in Southeast Asia. Food Control 2020, 108, 106809. [CrossRef]
6. Shannon, R.; Radford, D.R.; Balamurugan, S. Impacts of food matrix on bacteriophage and endolysin antimicrobial efficacy and

performance. Crit. Rev. Food Sci. Nutr. 2020, 60, 1631–1640. [CrossRef] [PubMed]
7. Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage applications for food production and processing. Viruses 2018, 10, 205.

[CrossRef]
8. De Melo, A.G.; Levesque, S.; Moineau, S. Phages as friends and enemies in food processing. Curr. Opin. Biotechnol. 2018, 49,

185–190. [CrossRef]
9. Yeh, Y.; Purushothaman, P.; Gupta, N.; Ragnone, M.; Verma, S.C.; De Mello, A.S. Bacteriophage application on red meats and

poultry: Effects on Salmonella population in final ground products. Meat Sci. 2017, 127, 30–34.
10. Huang, C.; Shi, J.; Ma, W.; Li, Z.; Wang, J.; Li, J.; Wang, X. Isolation, characterization, and application of a novel specific Salmonella

bacteriophage in different food matrices. Food Res. Int. 2018, 111, 631–641. [CrossRef]
11. Ahmadi, H.; Barbut, S.; Lim, L.T.; Balamurugan, S. Examination of the use of bacteriophage as an additive and determining

its best application method to control Listeria monocytogenes in a cooked-meat model system. Front. Microbiol. 2020, 11, 779.
[CrossRef] [PubMed]

12. U.S. Food and Drug Administration. Food Additives Permitted for Direct Addition to Food for Human Consumption: Bacterio-
phage Preparation. 2006. Available online: http://edocket.access.gpo.gov/2006/E6-13621.htm (accessed on 22 May 2021).

13. Health Canada. Policy on Listeria Monocytogenes in Ready-To-Eat Foods, Identification, Number: FD-FSNP 0071. 2011. Available
online: http://www.hc-sc.gc.ca/fn-an/legislation/pol/policy_listeria_monocytogenes_2011-eng.php (accessed on 22 May 2021).

14. Reinhard, R.G.; Kalinowski, R.M.; Bodnaruk, P.W.; Eifert, J.D.; Boyer, R.R.; Duncan, S.E.; Bailey, R.H. Practical application of
bacteriophage in food manufacturing facilities for the control of Listeria sp. J. Food Saf. 2020, e12871. [CrossRef]

15. Soffer, N.; Woolston, J.; Li, M.; Das, C.; Sulakvelidze, A. Bacteriophage preparation lytic for Shigella significantly reduces Shigella
sonnei contamination in various foods. PLoS ONE 2017, 12, e0175256.

16. Sukumaran, A.T.; Nannapaneni, R.; Kiess, A.; Sharma, C.S. Reduction of Salmonella on chicken meat and chicken skin by
combined or sequential application of lytic bacteriophage with chemical antimicrobials. Int. J. Food Microbiol. 2015, 207, 8–15.
[CrossRef]
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