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Résumé 

La viande de porc est susceptible à la croissance microbienne en raison de sa teneur élevée en 
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Abstract 

Pork meat is a food product at risk of microbial contamination due to its rich nutrient and water 

content. Developing new strategies to optimize the microbiological quality of these products requires 

a deeper understanding of the microbial ecology of the pork value chain. This microbiome is 

beginning to be studied using new genomic methods (16S and whole genome sequencing). 

However, no study to date has followed the same animals from farm to meat, rather samples are 

taken at random from different sites. The purpose of this study is to evaluate how the microbiota of 

pigs, originating from farms with different sanitary status, and their environment, influence the 

microbial composition of the value chain, the contamination of slaughterhouse and the 

microbiological quality of the resulting meats. The counts of total mesophilic aerobes and 

Enterobacteriaceae in samples collected at the end of preoperative procedures were near or below 

the detection limit indicating that the cleaning procedures are effective. In addition, the counts of 

samples taken at the slaughterhouse did not vary significatively depending on the farms analyzed. 

However, a Wilcoxon rank sum test (p <0.05) revealed that mean Enterobacteriaceae counts 

associated with the farm with a lower sanitary status, across all slaughterhouse samples collected 

after the slaughter of animals, are more often above the ones from the other farm. Sequencing of the 

pork value chain microbial DNA revealed that Acinetobacter, Clostridium, Moraxella and Rothia were 

the most abundant genera in this value chain. The LEfSe algorithm (p <0.05, LDA 1.0) identified a 

greater number of biomarkers for the farm with the lower sanitary status. Alpha diversity indices were 

significantly higher in air and food when the status is lower. In addition, analysis of beta diversity 

indicates that the factors; sample type and localization (farm, evisceration, and cut-out) have a 

significant impact on the value chain microbiome according to a ANOSIM test (p <0.05). Thus, these 

results suggest that the microbial ecosystem of the pork value chain varies with the farm of origin and 

the impact of the herd sanitary status deserves to be studied on a larger scale.  
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Avant-propos 

Ce mémoire est divisé en deux chapitres. Le premier consiste en une revue de la littérature associée 

au microbiome de la chaîne de valeur du porc. Elle est structurée en plusieurs sections incluant les 

problématiques microbiennes des différentes étapes de production, les méthodes de contrôles de 
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troupeaux pour des agents pathogènes spécifiques tels que Clostridium perfringens, Salmonella 

enterica et Yersinia enterocolitica a été lié à la contamination des carcasses (14). Alors que les 

exploitations de porc modernes en Amérique du Nord et en Europe ont en grande partie un statut 

sanitaire élevé, certaines exploitations ont un statut moyen à faible (15). En améliorant les conditions 

sanitaires à la ferme, la santé et le bien-être des animaux sont ainsi améliorés (16). Pour évaluer 

l
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associés au microbiote animal et de l
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Chapitre 1 : Revue de littérature 

1.1 Problématiques et défis microbiologiques à travers la chaîne 
de valeur du porc 

La production porcine présente des risques de problématiques microbiologiques et de maladies 

infectieuses pouvant décimer un cheptel, causer des altérations des viandes et des toxi-infections 

alimentaires chez les consommateurs. Ces préoccupations se retrouvent à la ferme, mais aussi à 
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TABLE 1 Résumé des causes de maladies porcines à la ferme  

Type Classification Microorganisme ou autre problématique 

Bactériesa Gram+ Actinobaculum suis 

  Actinomyces hyovaginalis 

  Bacillus anthracis 

  Clostridium spp. (Principalement C. difficile et C. perfringens) 

  Erysipelothrix rhusiopathiae 

  Enterococcus spp. 

  Listeria monocytogenes 

  Mycobacterium spp. (Tuberculose) 

  Mycoplasma spp. 

  Rhodococcus equi 

  Staphylococcus spp. (Principalement S. aureus/MRSA et S. hyicus) 

  Streptococcus spp. 

  
Trueperella abortisuis, T. pyogenes (anciennement : Arcanobacterium 

abortisuis, A. pyogenes) 

 Gram- Actinobacillus pleuropneumoniae; A. suis et A. equuli 

  Bordetella bronchiseptica 

  Brachyspira spp. et Brachyspira hyodysenteriae (Dysenterie porcine) 

  Brucella suis; B. abortus et B. melitensis 

  Burkholderia pseudomallei  

  Campylobacter coli, Campylobacter jejuni 

  Chlamydophila pecorum, C.psittaci, C. abortus et C. suis 

  Escherichia coli 

  Haemophilus parasuis 

  Lawsonia intracellularis 

  Leptospira spp. 

  
Pasteurella multocida sous espèces P. multocida, 

P. septica, et P. gallicida. 

  Salmonella spp. 

  Treponema pedis 

  Yersinia spp. (Yersinia enterocolitica Y. pseudotuberculosis) 

  Klebsiella pneumoniae 



 

6 

Virus À ADN Famille Adenoviridae (Mastadenovirus porcin type A, B et C) 

  Famille Anelloviridae (Torque teno virus) 

  Famille Asfarviridae (Peste porcine africaine) 

  Famille Circoviridae (Circovirus porcin type 1, 2 et 3) 

  
Famille Herpesviridae (Herpèsvirus
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  Mouches (Musca domestica; Stomoxys calcitrans) 

  Moucherons (Myiase à callitroga) 

  Moustiques 

  Poux (Haematopinus suis) 

  Puce (Siphonaptera) 

  Tique (Ixodid; Argasid) 

 Coccidies et 

protozoaires 

Isospora suis (Coccidiose) 

 Toxoplasma gondii (toxoplasmose) 

  Sarcocystis spp. (sarcosystose) 

  Cryptosporidium spp. (Cryptosporidiose) 

  Giardia spp. (Giardiase) 

  Entemoeba spp. 

  Les microsporidies (Enterocytozoon bieneusi ; Encephalitozoon spp.) 

  Balantidium coli 

  Gongylonema pulchrum 

  Hyostrongylus rubidus (V
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 causes Variabilité de la teneur en éléments nutritifs des aliments 

 Erreurs de formulation et de préparation des aliments 

 Variation des besoins en nutriments des porcs 

 Excès de certains nutriments 

 Excès 

nutritionnels : 

causes 

Apport alimentaire excessif 

Erreurs de formulation et de préparation des aliments 
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 Gossypol  

 
Défaillance de la 

ventilation et gaz 

toxiques 

Ammoniac (NH3) 

Dioxyde de carbone (CO2) 

 Hyperthermie (défaillance de la ventilation) 

 Méthane (CH4) 

  Monoxyde de carbone (CO) 
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FIG 1 Évènements possiblement impliqués dans la contamination par Salmonella spp. dans les découpes 

de porcs. Traduit de Giovannacci et coll. (94). 
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TABLE 2 Principaux microorganismes pathogènes humains potentiellement problématiques 

dans les viandes porcines  

Type Classification Microorganisme  

Bactéries Gram+ Bacillus Cereus 
  Clostridium difficile, C. perfringens et C. botulinum 

  
Staphylococcus spp. (principalement S. 

aureus/MRSA) 

  Listeria monocytogenes 

  Mycobacterium avium 

  Streptococcus suis 

 Gram- 
Aeromonas hydrophyla (En très haute 

concentration) 

  Arcobacter spp. et A. butzleri 

  Campylobacter coli et C. jejuni 

  Escherichia coli  

  Salmonella spp. 

  Yersinia enterocolitica et Y. pseudotuberculosis 

Virus À ARN Famille Caliciviridae (Norovirus et Sapovirus) 

  Famille Coronaviridae (Coronavirus autres que le 

Covid-19 qui ne se transmet pas par les produits 

alimentaires; Syndrome respiratoire aigu sévère) 

  Famille Hepeviridae (hépatite E et A) 

  Famille Reoviridae (Rotavirus) 

Parasites Coccidies et protozoaires Cryptosporidium spp. 

  Toxoplasma gondii (toxoplasmose) 

  Trichinella spiralis, T. britovi et T. pseudospiralis 

 Helminthe Taenia saginata asiatica et T. solium 

Adapté de (5, 45, 92, 94, 95, 107-124)  
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Les muscles des animaux en santés sont considérés comme contenant une infime quantité de 
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chez 
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TABLE 3 
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monocytogenes) 

 Macrococcus spp. (154) 

 Microbacterium spp. (142, 155) 

 Micrococcus spp. (141, 142, 151) 

 Paenibacillus spp. (142) 

 Pediococcus spp. (154) 

 Staphylococcus spp. 

S. pasteuri 

S. saprophiticus  

S. xylosus 

(98, 141-143, 146, 149, 151, 155, 156) 

 Streptococcus spp. 

S. parauberis 

(39, 98, 142, 155) 

 Weissella spp. (142, 148) 

Bactérie, Gram - Aeromonas spp. (5, 39, 142, 146) 

 Acinetobacter spp. (Proche 

des Moraxella) 

(5, 39, 98, 141-143, 146, 151, 154, 156) 

 Achromobacter spp. (142, 151) 

 Alcaligenes spp. (142) 

 Alteromonas spp. et A. 

putrefaciens 

(5, 141, 142) 

 Bradyrhizobium spp. (142) 

 Buttiauxella agrestis 

B. gaviniae 

B. noackiae 

(142) 

 Chromobacterium spp. (142) 

 Citrobacter freundii (98, 142) 

 Enterobacter cloacae 

E. agglomerans 

(142, 144, 148, 151, 154) 

 Flavobacterium spp. (98, 141, 151) 

 Hafnia alvei (142, 151) 

 Klebsiella spp. (142) 

 Kluyvera spp. (142) 

 Limnobacter spp. (142) 

 Moraxella spp. (Proche des (5, 98, 141, 142) 
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Acinetobacter) 

 Pantoea spp. 

P. agglomerans 

P. anantis 

(142) 

 Photobacterium spp.  

P. kishitaniiclade 

(142, 150) 

 Proteus spp. 

P. vulgaris 

(142, 151) 

 Providencia spp. (142) 

 Pseudomonas spp. 

P. fluorescens  

P. fragi 

P. lundensis  

P. migulae 

P. putida 

P. syringae  

(5, 39, 40, 141-148, 150-152, 154-158) 

 Psychrobacter spp. (98, 142, 146) 

 Rahnella spp. 

R. aquatilis 

(142) 

 Ralstonia spp. (142) 

 Rudaea cellulosilytica (142) 

 Serratia spp. 

S. grimesii 

S. liquefaciens 

S. marcescens 

S. proteamaculans 

(39, 142, 149, 151, 156) 

 Shewanella putrefaciens (142, 146) 

 Stenotrophomonas 

maltophilia 

(142, 155) 

 Yersinia spp. (142, 144, 151, 152) 
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La présence de microorganismes pathogènes comme Salmonella spp., Campylobacter spp. et 

Staphylococcus aureus soulèvent des inquiétudes en transformation porcine et se retrouvent à la 

surface des pièces de viande. Salmonella est présente dans 3,5 % des pièces de viande danoises 

(159), 2,8 % des pièces de viandes américaines (160) et 1,39 % pour la viande hachée de porc 

américain (161). C. coli et C. jejuni sont présent dans 7.8 % et 1.3 % des pièces de viande de 

Nouvelle-Zélande, respectivement (162). De plus, ils se retrouvent sur 3.0 % et 0.5 % des pièces de 

viande américaines (160). S. aureus (incluant ceux résistant à la méticilline) est isolé sur 45,6 % des 

pièces de porc américaines du détail tandis que de tous les isolats 5,6 % sont résistants à la 

méticilline (163). Ce qui est similaire aux pièces de viande canadiennes où la prévalence de S. 

aureus résistant à la méticilline est de 7,7 % (164). Ces microorganismes (tableau 2 et 3) sont des 

contaminants qui peuvent croitre et même supplanter la flore indigène des viandes lors des 

différentes étapes de leur transformation. Les bactéries comme E. coli et L. monocytogenes sont de 

bon exemple. Ces pathogènes 
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1.2 Systèmes de contrôle des problématiques et défis actuels 

La viande est un produit favorable à la croissance des microorganismes par sa composition en 

nutriments essentiels à leur développement et sa teneur élevée en eau. Comme elle se contamine 
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ratio de 1:1,5 à 1:4 par rapport aux aliments puis en conservant ceux-ci dans des conditions 

permettant le développement de microorganismes provenant des aliments (microbiote indigène) ou 
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Cependant, 
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mesures sont variées et jouent un rôle 
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exemple, 
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1.3.2 Analyses microbiologiques classiques 

La méthode classique de culture sur milieu nutritif gélifié est la plus répandue. Cette technique 

permet de reproduire sur une gélose nutritive un environnement favorable à la croissance des 

microorganismes 
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aux premiers assemblages de génomes (18). 
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similarité génétique importante entre la base de données et la séquence échantillonnée. Puisque les 
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FIG 3 
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1.4 États des connaissances génomiques de la chaîne de valeur 
porcine 

Les technologies de séquençage 16S et de métagénomique sont utilisées dans les projets 

microbiologie moderne. Comme ces technologies donnent une appréciation plus précise de la 

population microbienne totale des échantillons environnementaux (245), elles ont été, dans les 

dernières années, 
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Les 
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(49) qui rapporte 
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(contamination croisée). Ce qui joue un rôle important dans la dissémination et la prévalence de 

Salmonella spp. dans les élevages porcins (54). Les aliments pour le porc sont porteurs de 

Salmonella spp. dans 3,6 % des échantillons collectés sur des fermes porcines américaines, 

traduisant ainsi la détection de cet agent microbien dans les particules environnementales ainsi que 

dans les matières fécales des animaux des fermes utilisant des aliments contaminés (295). De plus, 
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du microbiote sont la position dans le système digestif et le facteur « étude ». Les variations dans la 
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ordre de prévalence) : Mamastrovirus, Enterovirus, Sapelovirus, Posavirus, Alphacoronavirus (virus 

de la DEP), Kobuvirus, Sapovirus, Teschovirus, Pasivirus et Deltacoronavirus qui font tous partie des 

familles Picornaviridae, Coronaviridae, Astroviridae, Caliciviridae (312). Ainsi, le microbiote dominant 

est similaire pour différents porcs, mais il varie selon divers facteurs. 

La région du globe et les rations utilisées dans ces régions sont un de ces facteurs. Par exemple, 

Xylanibacter6, Lachnospiraceae incertae sedis et Prevotella sont présent, en majorité, dans le 

microbiote fécal de porcs coréens. Ces microorganismes sont identifiés dans les porcs de Corée, 

mais pas dans la majorité des articles sur le microbiote porcin (25, 28). Les porcs vietnamiens sont 
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facteur influençant la composition du microbiote, après la localisation dans le système digestif. 
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(31). Les porcelets ont une grande diversité 
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influence sur l
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court terme et des Pseudomonas à moyen terme (34). Inversement, 



 

44 

vietnamiens est composé principalement de bactéries commensales qui peuvent causer des 

altérations des viandes telles que : Streptococcus, Moraxella, Actinobacillus, et Rothia et ce dans 
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Moraxella. Ce changement se produit lors de la destruction par la chaleur des microorganismes en 
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les pièces de viande de petites boucheries et de boucheries de grandes surfaces. Ces 
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phosphoreum, Pseudomonas psychrophila, et Pseudomonas 
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Acinetobacter johnsonii, Corynebacterium spp., C. sputi, Epilithonimonas spp., Kocuria spp., Kocuria 

rhizophila, Microbacterium spp., Micrococcus spp., Pseudomonas spp., (P. putida group), 

Pseudomonas spp. (P. fluorescens subgroup), Pseudomonas spp. (P. mandelii subgroup), 

Psychrobacter spp., Rhodococcus erythropolis, Rhodococcus fascians, Sphingomonas spp., et L. 

monocytogenes a été étudié par Fagerlund et coll. (156). Un premier agent chloré alcalin puis un 
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échantillons prélevés étaient respectivement positifs à Listeria spp. a
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détail, sans lien direct, ne permettrait pas une analyse de la population microbienne et son impact sur 

la chaîne de valeur, mais seulement une évaluation générale du microbiote prévalant dans chacun 

de ces environnements. Une expérience faisant le suivi direct des mêmes animaux entre toutes les 

différentes étapes de la transformation ne semble pas avoir été faite dans la littérature. Les études se 

concentrent plutôt sur un environnement très spécifique ou une section de la chaîne et sont sensibles 

à une diversité 



 

52 

Chapter 2: Farm contribution to the swine value 

chain microbiome 

Laforge Pascal12, Vincent Antony T.1, Duchaine Caroline3, Pouliot Eric4, Fournaise Sylvain4, 

Saucier Linda12 

1Département de sciences animales, 2Institut sur la nutrition et les aliments fonctionnels, 
3Département de biochimie, microbiologie et bio-informatique, Université Laval, Québec, Qc, 

Canada, G1V 0A6, 4Olymel S.E.C./L.P., Boucherville, Qc, Canada, J4B 5Y1 

2.1 Résumé 

Une meilleure compréhension de la composition microbienne de la chaîne de valeur du porc est 
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2.2 Abstract 

A thorough understanding of the microbial ecology of the swine value chain is essential to develop 

new strategies to optimize the microbiological quality of pork products. To our knowledge, no study to 

date has been performed following farm animals to the meat obtained from these animals. The 

objective of this study is to evaluate how the microbiota of pigs, originating from two farms with 

different sanitary status, and their environment influence the microbial composition of the value chain, 

the contamination of the slaughterhouse and meat microbiological quality. The total mesophilic 

aerobes and Enterobacteriaceae counts from samples collected at the end of the cleaning and 

disinfection procedures are at or around the detection limit indicating that they are effective. The 

counts of individual samples taken at the slaughterhouse do not vary significantly between the farms 

analyzed. However, when samples are grouped together, mean Enterobacteriaceae counts 

associated with the farm with a lower sanitary status are more often above the other one (Wilcoxon 

rank sum test; p < 0.05). Acinetobacter, Clostridium, Moraxella and Rothia are the most abundant 

genera across the swine value chain. The LEfSe analysis (p <0.05, LDA 1.0) identified more 

microbiological markers associated with the farm identified with a lower sanitary status and Alpha 

diversity indices reveal significatively higher diversity in air and feed samples. These results suggest 

that the microbial ecosystem of the pork value chain varies with the farm of origin and the impact of 

the farm sanitary status deserves to be studied on a larger scale. 

2.3 Importance 

Pork meat, due to its nutrient and water content, is a food product that support microbial growth 

following contamination during the slaughter and transformation process. Around 20% of meat is lost 

or spoiled throughout the value chain. These contaminations lead to greater risks of foodborne 

infection. To address this challenge, every sector of the meat industry is looking for new ways to 

improve food safety and reduce economic losses associated with microbial contamination and 

spoilage. This work fits in this vision by generating precise knowledge of the swine value chain 

microbiome. It will bring new knowledge to improve risk management programs (HACCP and others) 

and to pinpoint processes that are significatively affecting the product microbial quality. These data 

indicate that the impact of the sanitary status of the farm on the value chain should be addressed 

further. 
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2.4 Introduction 

Pork is a major part of the world meat consumption and up until 2015, it was the world most 

consumed meat (1). This popular meat, like all muscles of healthy animals, with the exception of 

lymph nodes, harbours almost no microorganisms (5). Yet, meat and meat products are the food 

category most often identified as causing food borne illnesses (6, 7). This is explained by the 

perishable nature of meat, which is rich in nutrients supporting microbial growth (8, 9). As such, 

contamination of swine carcasses, and resulting meat cuts, at any point after slaughter can lead to 

spoilage or pathogen growth throughout the shelf life of the product. Microorganisms from the 

animals (digestive tract, skin, respiratory tract, saliva, etc.) can contaminate the meat (10). Hence, 

pork quality and the safety must come from a combination of effective biosecurity measure, herd 

health management at the farm, hygienic slaughter and cutting practices combined with risk 

management measures throughout the value chain (HACCP plans and similar measures). Safety is 

an everlasting concern for the swine producers and processors who must find new ways to precisely 

pinpoint interventions that can improve pork microbial quality. Since interventions with chemicals and 

other means during the processing are challenged by consumer opinions, processors must work 

closely with their suppliers to reduce the impact of the microbial load brought in everyday by live 

animals in the slaughterhouse.  

The sanitary status or health status of a farm, a thorough follow up by veterinarians of current and 

historical diseases and sanitary conditions of the farm, is a contributing factor to the final product 

microbial quality (11). Notably, it has been identified as one of many factors influencing swine gut 

microbiota (12). Proper health management and other sanitary measures, including on-farm 

biosecurity, have reduced the risk of infection from major swine pathogens such as pathogenic 

serovars of Mycoplasma hyopneumoniae (enzootic pneumonia) and Actinobacillus 

pleuropneumoniae (pleuropneumonia) in the early 2000 (13). Sanitary status with respect to specific 

pathogens such as Clostridium perfringens, Salmonella enterica and Yersinia enterocolitica have 

been linked with carcass contamination (14). While modern pig farms generally have a good sanitary 

status, it does vary nonetheless from farm to farm to different degrees (15). By enhancing the 

sanitary conditions at the farm, animal health and behavior are improved (16). To properly evaluate 
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the impact of the sanitary status of farms on the microbiome of the value chain, precise knowledge of 

microbial populations and its variations from farm to meat cuts must be obtained. So far, the actual 

information available is limited to studies where samples were taken randomly and sporadically within 

the value chain. 

Culturomic analysis is widely used in routine evaluation of microbial populations in slaughterhouses 

(17). These techniques allow a quantitative evaluation of the microbial populations, but an incomplete 

one, since only viable and cultivable bacteria can be accounted for, and therefore underestimate the 

actual microbial diversity (18, 19) since no media can accurately support the growth of all microbes. 

To further the analysis, new molecular biology techniques have been developed and include whole 

genome or specific gene amplicons sequencing (5S, 8S, ITS, 16S). The microbiome of various 

environments was characterized (human guts (20), earth microbiome (21), etc.) using these powerful 

techniques. Due to its lower cost and relative ease of use compared to other genomic methods, many 

16S rRNA amplicon sequencing studies have emerged, focusing on key areas of the swine value 

chain. The microbial ecosystem found in the air of the housing building (19, 22-24), the swine gut 

microbiota throughout its constituting sections (12, 25-32, 336), the respiratory tract, mouth and 

saliva microbes (33-36), the slaughterhouse environment (37, 38), the carcass (37, 39, 40) have all 

been addressed in specific studies by the use of molecular methods. Swine gut microbiota is by far 

the most studied of these environments 
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2.4 Material and methods 

2.4.1 Selected farms.  

Two commercial farms were selected for this study by the veterinarians based on their sanitary 

status. Sanitary status was determined according to the gastrointestinal health of animals and the 

medical history of these farms. With these parameters, two farms, one with a higher (farm-H) and one 

with a lower sanitary status (farm-L), were selected. Both were finishing farms of similar size housing 

1600 and 1200 animals, respectively. The same animals (female (Yorkshire X Landrace) X Duroc 

male) were fed with the same commercial diet and followed the same 4-phase finishing nutrition 

program. The only difference in the diet was a change from pellets to mash feed for farm-L 22 days 

before the first sampling due to an episode of salmonellosis. At a slaughter weight of 115 ± 7 kg, 

animals from both farms were sent to the same federally inspected plant and were the first animals to 

be slaughtered on the same weekday to avoid contamination from other animals. They were sent 

once a week over a 5-week period for farm-L and 4-week for farm-H when slaughter weight was 

reached; expedition 2, 3 and 4 were followed for farm-L and 1, 2 and 3 for farm-H. Samples were 

collected at the farm 3 days before the expedition. Farm-L animals were sent in from July to August 

and farm-H animals were sent from October to November. Animals had 18 hours of fasting before 

slaughter. Animal care and handling procedures were approved by Université Laval's Animal Use and 

Care Committee (2019-329), which strictly adheres to the Guidelines of the Canadian Council on 

Animal Care (CCAC, 2009). 

2.4.2 Slaughter and carcass splitting.  

Animals were stoned by CO2 in groups of five pigs. After dressing, the carcasses were blast chilled 

for 90 minutes and then cooled overnight (24 h 4°C) before carcass splitting into retail cuts the next 

day (Fig. 6). Inspection data for each carcass (carcass demerit, condemnation, full stomach at 

slaughter and bloated viscera) were obtained for statistical analysis. 
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FIG 6 Flow chart of the location of various samples taken throughout the pork value chain at the selected 

farms and meat plant investigated. Sample locations are highlighted in orange. Samples were collected 

from Air=Ar (1), Feces=Fc (2), Saliva=Sa (3), Feed=Fe (4), Drain at evisceration=Dev (5), Blood collection 

gutter=Gev (6), Conveyor at evisceration=Cev (7), Dressed carcasses (after blast chilling)=Dc (8), Cold 

carcasses (after overnight refrigeration)=Cc (9), Drain at cut-out=Dcu (10), Conveyor at cut-out=Ccu (11), 

Shoulder=S (12). 

2.4.3 Sampling and sample processing.  

Multiple samples were collected along the value chain (Fig. 6). At the farms, air (Ar), feces (Fc), 

saliva (Sa), and feed (Fe) samples were collected from 16 preselected pens. Collected samples were 

kept on ice until reaching the laboratory. Air samples were collected using the SASS 3100 dry air 

sampler (Research International, Monroe, Washington, USA) on Standard electret filter cartridge 

(welded). A volume of 10 m3 was collected at 300 ml/min for 33 min three times throughout the day 

(8:00, 11:00 and 14:00). The apparatus was placed on a 1 m high table in the middle of the alley of 
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the room where the sampled animals stood. These filters samples were then preserved at -20°C until 

the extractions were performed using the SASS 3010 particle extractor (Research International, 

Monroe, Washington, USA) and a recovery buffer (138 mM NaCl, 2,7 mM KCl, 0.05 % Triton X-100, 

< 0,1 % NaN3 10 mM Na3PO4, pH 7,4). Extracted particles solutions were pooled in equal volume by 

sampling dates (three collected times of one sampling day) and then centrifuged at 14 000 x g for 

20 min at 4°C (Sorvall legend XTR centrifuge, Thermo Fisher Scientific, Waltham, USA). Excess 

supernatant was removed, and cells were stored at -80°C until DNA extraction. Feces samples were 
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2% buffered peptone water (Peptone Water, phosphate-buffered, Milipore sigma, Canada, Oakville, 

Canada), a 10 X 10 cm sterile template (3M cattle template, USDA100, 3 M Canada, London, 

Canada), and a pair of sterile gloves (Sterile Cleanroom Nitrile Gloves, Uline Canada, Milton, 

Canada). At slaughter, a central drain under the viscera conveyer (Dev; 150 ml), a gutter post-

evisceration (Gev; 300 cm2) and conveyor before the first carcass shower (Cev; 300 cm2) were 

sampled. A 100 cm2 surface from the belly, jowl, and hind leg near the anus (300 cm2 in total) was 

sampled from 25 carcasses after blast chilling (Dc) according to the Guidelines for Escherichia coli 

Testing for Process Control Verification in Cattle and Swine Slaughter Establishments (FSIS-GD-

1996-0001, 2005, FDA). Adjacent carcasses to the ones sampled after blast chilling were sampled 

the next day after an overnight refrigeration (Cc; at 4°C) just before the cutting line starts. In the 

carcass splitting section, samples were collected at a central drain (Dcu; 150 ml) and at the end of 

the conveyor (Ccu; 300 cm2) where the 25 shoulders were randomly selected (Fig. 6). A total of 

450 cm2 was sampled from the shoulder surface and the inside section (S) where the shoulder bone 

was removed. 

All the surface samples (sponges) and liquid from the drains were kept on ice until they were 

processed. Upon arrival at the laboratory, 10 ml of 2 % buffered peptone water was added to the 

sponges. Whirl-Pak® bags were then put in a stomacher bag and homogenized using a Stomacher 

400C (Seward Laboratory Systems Inc., London, UK) for 2 min, at 230 RPM. Sponges were hand 

pressed to recover a maximum liquid. An aliquot of 2 ml from each set of carcasses and shoulder 

samples was pooled and thoroughly mixed. Samples were kept at 4°C for microbial enumeration 

within 24h. Individual and extra material was directly frozen at -80°C until DNA extraction. Pooling 

was deemed necessary for some samples, notably for individual shoulder or carcasses samples, to 

obtain enough DNA for downstream application. 

2.4.4 Microbial analysis.  

Microbial enumeration was performed on the slaughterhouse samples (gutters, conveyors, drains, 

carcasses, and shoulders); for the carcasses and shoulders the pooled samples were used. Ten-fold 

serial dilutions were carried out in 0.1% peptone water for enumeration on appropriate agar plates. 

Total aerobic Mesophilic counts (349) were performed on plate count agar (Difco Laboratories Inc.; 

35°C for 48h). Enterobacteriaceae counts (350) were performed on Violet Red Bile Glucose agar 

(Difco Laboratories Inc.; 35°C for 24h). Measurements were performed in duplicate. The number of 
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animals sent to the slaughterhouse varied between sampling weeks. Basic statistical weighting (351) 

was used to weight results of samples collected after animal passage to a lot size of 300 animals. 

This population size was selected for easier comparison with future studies where this parameter will 

be controlled. All bacterial counts were then transformed to a log value of colony forming units per 

300 cm2 or 300 ml prior to statistical analysis (352). Detection level was used in the statistical 

analysis when no colony was detected. It was calculated as the value obtained when only one colony 

is detected on one of the two duplicate plates.  

2.4.5 Short-Chain Fatty acids analysis.  

Short-chain fatty acids (SCFA; acetic, propionic, butyric, isobutyric and isovaleric) concentration was 

quantified in the 16 individual pig feces of each sampling (96 total samples) by gas chromatography 

coupled to a flame ionization detector (GC-FID). Feces samples were collected and kept at -80°C 

until SCFA extraction and measurement by gas chromatography. Sample preparation involved 

weighting of two aliquots of 500 mg of frozen feces for each animal. The aliquots were 10-fold 

dissolved in water and fecal suspensions were homogenized 2 min with a Bead Ruptor 12 (Omni 

international, Kennesaw, GA, USA), then centrifuged at 5500 g for 30 min at 4°C. The supernatant 

was collected and spiked with a solution containing an internal standard (4-methylvaleric acid for a 

final concentration of 1 mM) and H3PO4 10% to obtain a pH around 2. A volume of methyl tert-butyl 

ether equivalent to the volume of diluted sample was added to extract SCFAs by vortexing�×2�×min. 

Samples were then centrifuged 10�×min at 18�×000�×g at 4° C and organic phases were transferred to a 

glass vial. 

SCFA analysis was performed on a GC-FID system (Shimadzu, Kyoto, Japan), consisting of a 

GC�×2010 Plus gas chromatograph equipped with an AOC-20s auto-sampler, an AOC-20i auto-

injector and a flame ionisation detector. The system was controlled by GC Solution software. One 

microliter of organic phase was injected in a split mode into a Nukol capillary GC column (30�×m 

×�×0.25�×mm id, 0.25 µM film thickness, Supelco analytical) and hydrogen was used as carrier gas. The 

injector and detector were set at 250�×°C. The oven temperature was initially programmed at 60�×°C, 

then increased to 200�×°C at 12° C/min, hold 2�×min. SCFA were quantified using a 5-points calibration 

curve prepared with a mix of standards (acetic acid, propionic acid, butyric acid, isobutyric acid, 

valeric acid and isovaleric acid) extracted following the same procedure as samples. 
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2.4.6 DNA-extraction and 16S rRNA gene sequencing.  

Frozen pooled samples were thawed overnight at 4°C. Liquid samples from surface sampling were 

centrifuged using the appropriate rotor (Sorvall legend, Thermo Fisher Scientific, Waltham, USA) at 

24 000 x g for 10 min for the 50 ml samples and 14 000 x g for 20 min for 10 ml samples at 4°C. The 

supernatant was removed from the cell pellets which were then directly used for DNA extraction. 

Feed was hydrated in 2% buffered peptone water in a 9:1 water to feed ratio for 30 min at 4°C in 

filtered stomacher bags. The hydrated pellets were homogenized for 2 min at 230 rpm. A total volume 

of 2.5 ml was recovered and centrifuged at 14 000g for 10 min. The pelleted cells were used for DNA 

extraction.  

The DNeasy PowerSoil Kit (QIAGEN, Toronto, Canada) was used for the air, feed, conveyor, gutter, 

and carcasses whereas the QIAamp Fast DNA Stool Mini Kit (QIAGEN) was used for feces, the 

DNeasy PowerWater Kit (QIAGEN) for the liquid collected from the drain and the QIAamp BiOstic 

Bacteremia DNA Kit (QIAGEN) was used for the shoulder samples using the manufacturer protocols. 

For the saliva, the MasterPure Complete DNA and RNA Purification Kit (Lucigen, Teddington, UK) 

was used according to the sample collection kit extraction protocol (DNA purification protocol using 
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polymerase (NEB, Ipswich, MA, USA) and 25ng of extracted samples DNA. The PCR started with an 

initial denaturation at 98°C for 30 s followed by 10 cycles of denaturation at 98°C for 10 s, annealing 

at 55°C for 10 s, extension at 72°C for 30 s. An additional 25 cycles were as followed, denaturation 

at 98°C for 10 s, annealing at 65°C for 10 s, extension at 72°C for 30 s followed by a final extension 

step at 72°C for 2 min. The PCR reactions were purified using the Axygen PCR cleanup kit (Axygen, 

New-York, USA). Quality of the purified PCR product was checked on a DNA7500 BioAnalyzer chip 

(Agilent, Santa Clara, USA) and quantified using a Nanodrop 1000 (Thermo Fisher Scientific). 

Barcoded Amplicons were pooled in equimolar concentration and sequenced on an Illumina Miseq 

(paired end 300 bp with two index reads). Insufficient reads quantity for downstream analysis was 

obtained from samples collected before animal slaughter due to low DNA quantity. These samples 

were discarded from further bioinformatic analysis. 

2.4.8 Sequence processing.  

The first step in reads processing consisted in inspecting the quality plots generated by FastQC 

(version 0.11.5; 354). The generation of the amplicon sequence variant (ASV; 355) table was done 

using the DADA2 (356) package (version 1.22.0) workflow in R (version 4.1.1). For the filtration 

steps, the first 17 nucleotides of the forward and the first 21 of reverse reads were trimmed to remove 

primers. Forward and reverse reads were trimmed at a length of 290 and 230 nucleotides, 

respectively. Sequences containing ambiguous nucleotides (N) were discarded. According to Prodan 

et al. (357) findings, the expected error filter was not used to avoid indue bias towards bacteria with a 

error prone genome. The steps of dereplication, sample inference, chimera identification and merging 

of the paired-end reads were performed using the default parameters, with one exception, samples 

were pooled at the sample inference step. Taxonomic assignment was done using SILVA rRNA 

database (release 138.1; 358) with the naive Bayesian classifier method (the assignTaxonomy 

command of the DADA2 package). Species were then added with the Add species function. A 

phylogenetic tree was then built by first performing a multiple alignment using the DECIPHER R 

package (version 2.22.0; 359). Then a neighbor-joining tree was built and fit on a GTR+G+I 

maximum likelihood tree using the neighbor-joining tree as a starting point with the phangorn R 

package (version 2.8.1; 360). Counts, taxa, study metadata and phylogenectic tree were then 

combined into a phyloseq (version 1.38.0; 361) object. Contaminants were removed using blank 

samples and the prevalence method (threshold of 0.5; any ASV more prevalent in the negative 

controls then the positive where removed) of the decontam R package (version 1.14.0; 362). Data 
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was filtered by removing any non-bacterial ASV (Kingdom Eukaryota and Archaea, Order Chloroplast 

and Family Mitochondria), then any ASV without phylum identification was removed, any low 

prevalence phylum was manually removed (less then 5 ASV per phylum) and finally low prevalence 

ASV was removed (present in less then 5% of samples). Filtered ASV were searched against the 

NCBI nr/nt 16S curated database (Bioproject 33175 or 33317; excluding archea; downloaded the 14-

01-2022) in GenBank using BLASTN (version 2.12.0; 363). When the query ASV had more than 97% 

identity with sequences in the GenBank database, the same genus level identification as the SILVA 

database and a clearly defined species taxonomy (no ambiguous same percentage identity yet 

different species identification; those were left as NA) was manually reassigned to that ASV. The 

same procedure was performed for genus reassignment at a 90% identity threshold and Family 

consensus. The ASV counts were normalized into relative abundance for the Heatmap visualisation 

using the ampvis2 R package (version 2.7.13; 364). The visualization was performed on data 

grouped at phylum and genus level. The top 15 phyla and 30 genera were visualized. The remaining 
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The 16S rRNA gene sequences were categorized based on farm, sample type (all the 12 different 

sample types collected), sampling location (farm, evisceration and cut-out) and expedition weeks 

(expedition 1, 2 and 3). Differential abundance analysis was performed for the genera and families 

composing the microbiota subset of Campylobacteraceae, Carnobacteriaceae, Enterobacteriaceae, 

Lactobacillaceae and Staphylococcaceae families between farms with the ANCOMBC R package 

(version 1.4.0; 368). A zero cut of 1 (no genera excluded), 1000 iteration, a conservative variance 

estimate, FDR adjustment of p values, structural zeros and negative lower bound zeros were 

parameters used to help control false discovery rate and increase robustness of analysis. 

Alpha diversity (within sample) was calculated on non-normalized data with phyloseq (version 

1.30.0). The species richness was evaluated with the Observed and Chao1 index and evenness with 

the Shannon and Simpson index. A Student T-test was used to compare each sample type between 

farms. To evaluate difference between sample type diversity, a Tukey HSD test was performed 

between all the samples using the agricolae R package (version 1.3-5).  

Beta diversity (between samples) was calculated on the normalized ASV counts using the 

unweighted and weighted UniFrac distances (369) and the Bray-Curtis dissimilarities (370) with the 

phyloseq R package (version 1.38.0). Data was normalized by performing the Hellinger 

transformation (371) using the decostand function of the vegan R package (version 2.5-7). Principal 

coordinate analysis (PCoA) was used to visualize the distances using ampvis2 (version 2.7.13). 

Permutational analysis of multivariate dispersions (PERMDISP) was used to test the homogeneity of 

dispersion for each metadata category using the betadisper function of the vegan R package. Since 

heterogeneity of dispersion was confirmed, analysis of similarities (ANOSIM) was done as it is not 

affected by dispersion of data. It was performed using the anosim function of the vegan R package 

with 9,999 permutations to analyze the unweighted and weighted UniFrac distances and the Bray-

Curtis similarities for farm, sample type, sampling location and expedition weeks.  

Linear discriminant analysis effect size (LEfSe) method was performed on non-normalized data (raw 

ASV counts) using the microbiome analyst platform (372). Genera that had a higher relative 

abundance across the value chain in one of the farm groups were identified by LEfSe using the 

Kruskal-Wallis test, and the size effect of each of these genera was calculated using linear 

discriminant analysis (373). A linear discriminant analysis (LDA) score (log10) of 1.0 was the cut-off 

for the identification of biomarkers. LEfSe was also applied between farm specifically to the feces 
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samples to identify bacteria that could be linked to volatile fatty acid production A LDA score cut-off of 

2 was used for the feces analysis.  

Microbial source tracking was achieved with the software SourceTracker (version 1.0.1) and the 

default parameters (374). A rarefaction value of 1000 reads and an alpha 1 and 2 of 0.001 were used 

as per the default parameters. Samples collected along the value chain were assigned as source and 

the shoulder samples were assigned as sinks to infer the source of contaminants on the meat cut 

ready for commercialization. In order to quantify how many ASV were shared between the animal 

microbiota (Fc and Sa), the resulting carcasses samples (Dc and Cc) and the final product (S), a 

Venn diagram of these 5 different samples was plotted using the venn R package (version 1.10). A p 

value cut-off of 0.05 for significant difference was used for all statistical tests. 

2.5 Results  

2.5.1 Microbial counts from the slaughterhouse environment. 

At the beginning of each processing days (before the passage of the animals), most of the samples 

collected in the plant had microbial counts (TAM and EB) around or below detection level for all 

sampling weeks no matter the farm (Fig. 7; 
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then compared between farms. Another group was formed for every sample collected before the 

beginning of the processing day, as they were not influenced by farm. These were compared against 

one another to evaluate if the preoperational cleanliness of the slaughterhouse varied between farms. 

Grouped data was not normally distributed. as such, a Wilcoxon rank sum test was performed 

(Table 4) and yielded no significant difference (p<0.05) between farms which confirm that 

preoperational cleanliness was similar throughout the experiment. Only EB were more important after 

the passage of the animals and showed a significatively different between the two farms (Wilcoxon 

rank sum test; p=0.025).  
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FIG 7 Total aerobic mesophilic (A) and Enterobacteriaceae (B) counts in log CFU/300 cm2 or 300 ml for 

samples taken from farms with the lower (L; red) or the higher (H; green) sanitary status. Samples were 

collected from Air=Ar, Feces=Fc, Saliva=Sa, Feed=Fe, Drain at evisceration=Dev, Blood collection 

gutter=Gev, Conveyor at evisceration=Cev, Dressed carcasses (after blast chilling)=Dc, Cold carcasses 

(after overnight refrigeration)=Cc, Drain at cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. At t=0 

means on the clean production line and t=after means after the passage of the last animal from the 

studied farm. The detection level f
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TABLE 4 Total aerobic mesophilic and Enterobacteriaceae counts regardless of sample types 

(CFU/300cm2 or 300 ml ± SEM). 

 Preoperational cleanlinessa  Farmb 

 Summer Fall p valuec  Lower  Higher p valuec 

Total aerobic 
mesophilic 

2.89 ± 0.378 2.15 ± 0.199 0.134  4.44 ± 0.284 4.23 ± 0.264 0.606 

Enterobacteriaceae 2.29 ± 0.415 1.95 ± 0.473 0.350  2.76 ± 0.273 2.20 ± 0.266 0.025 
a Samples collected at the end the of preoperational procedures just before the passage of the first 

animal.  
b Samples collected just after the passage of the animals under study; this includes carcass/shoulder 

samples. 
c p value calculated by a Wilcoxon Rank sum (W) test is deemed significative at a value of 0.05. 
 

As expected, after the passage of the animals, the environmental samples gained a significant 

amount of CFU (Fig. 8). For TAM counts, the increase was significant (p<0.05) for every samples. 

For EB counts, the blood collection gutter (Gev; p=0.08) and the drain at cut-out (Dcu; p=0.4) were 

not significantly different (p<0.05) from the sample collected on a clean processing line. The gutter 

was mainly collecting blood and the drain was fed with very hot water. 
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FIG 8 Total aerobic (A) and Enterobacteriaceae (B) counts of environmental samples in log CFU/300 cm2 or 

300 ml before and after the passage of animals under study; results from both farms were pooled. 

Significant difference between the samples is highlighted with *: p
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2.5.2 Carcass inspection data 

Various non microbiological data were collected by inspectors to assess carcass weight and any 

potential defect. Of these data, frequency of demerit (abscess, lymphadenitis, bruises, etc.) and 

condemned carcasses (dead animal at reception, large and widespread abscesses, peritonitis, 

icterus, etc.), stomach size (in terms of feed withdrawal efficacy) and bloated viscera were obtained 

(data not shown). No significant difference was observed for any of the inspection data collected 

when compared with a student T test (p<>0.05) between the animal coming from farms with a 

different sanitary status. 

2.5.3 Volatile fatty acids 

Volatile fatty acids were measured in the feces from each of the sampled animals of both the lower 

and higher sanitary status farms. Acetic, propionic, isobutyric, butyric, isovaleric and valeric acid 

concentration were measured for each of the individual animals and compared between farms 

(Table 5). Acetic acid had the highest concentration but yielded no significant difference between 

farms. The second most abundant volatile fatty acid was propionic acid which had a significatively 

(p<0.05) higher mean in feces from farm-L then the ones from farm-H. Not far behind, is butyric acid 

who had a higher concentration in lower sanitary status samples. Valeric acid was also significatively 

higher in lower sanitary status farms whereas isovaleric and isobutyric acids had no significant 

difference. These results are supported by LEfSe analysis (p<0.05, LDA score cutoff of 2) where the 

presence of higher abundance of specific genera known to produce volatile fatty acids were identified 

amongst the feces microbiota from animals originating from farm-L (Fig. S1). 

TABLE 5 Mean volatile fatty acids concentration (ug/g ± SEM) in feces of swine coming from 

different sanitary status farms. 

 Farm-L Farm-H p valuea 

Acetic acid 3755.77 ± 83.75 3889.18 ± 130.82 0.3859 
Propionic acid 2295.37 ± 70.69 1923.44 ± 78.84 0.0006 
Isobutyric acid 239.48 ± 8.99 255.89 ± 12.15 0.2738 
Butyric acid 2111.15 ± 81.40 1205.69 ± 64.37 <0.0001 
Isovaleric acid 436.80 ± 18.93 468.02 ± 25.78 0.3252 
Valeric acid 375.83 ± 18.28 307.49 ± 17.12 0.0071 
a p value calculated by a student T test is deemed significant at a value of 0.05.  
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2.5.4 Analysis of the swine value chain microbiome using 16S rRNA gene amplicon 

sequencing. 

A total of 2 796 651 filtered reads (38 842 reads on average per sample) were analyzed. From these 

reads, 17 phyla and 1684 genera were identified (Fig. 9 and 10). The main phyla identified were 

Proteobacteria, Firmicutes, Bacteroidota, Actinobacteriota and Fusobacteria (Fig. 9). Proteobacteria 

were detected in every sample (between 0.2-90.7%), mostly in the slaughterhouse samples and 

marginally in air and feces samples (<2.5%). Firmicutes were identified in all samples (between 4.8-

94%) mostly in air, saliva and feces samples and in a low percentage on dressed and cold carcasses 

(<10%). Bacteroidota were found across all samples (between 0.7-37.5%). They were a major 

component of the microbiota of feces and shoulder samples and are almost absent from air and the 

feed of the farm-L (<2%). Actinobacterioata are mainly found on dressed and cold carcasses 

(between18-30%) and sporadically (<15%) across all the value chain. Fusobacteriota are found 

mainly on environmental surface samples (Gev, Cev, and Ccu; between 7-22%) and shoulder 

samples (S; lower sanitary status 17.2% and higher 14.9%). One point to note is that filtration and 

removal of order Chloroplast and the family Mitochondria both belonging to the Cyanobacteria 

phylum meant removing more than 87.3% and 98.8% of reads in the feed samples of farm-L and H, 

respectively. This resulted in an average of 7958 and 692 reads in feed samples of farm-L and H, 

respectively. While this is not quantitative, a difference of over ten times more reads could point 

towards a higher bacterial contamination of the feed collected at the lower sanitary status farm. 
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FIG 9 Top 15 phyla were identified in relative abundance (%) in each of the different sample types for both farms using the SILVA data base. Color gradient 

ranges from blue=0 % to orange= 100%. Samples were collected from Air=Ar, Feces=Fc, Saliva=Sa, Feed=Fe, Dressed carcasses (after blast chilling)=Dc, 

Drain at evisceration=Dev, Conveyor at evisceration=Cev, Blood collection gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, Drain at cut-

out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. Low sanitary status=L (red), High sanitary Status=H (green). 
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Looking at the genera level, there was only one genus, Streptococcus, found across all samples, 

other ones were more abundant in specific samples (Fig. 10). The most abundant genus across all 

samples was Acinetobacter. These bacteria were found mostly on the surface of dressed and cold 

carcasses (between 19-27% of relative abundance), but could be detected with a lower abundance 

across all slaughterhouse samples. They shared with Rothia and Moraxella most of the abundance 

on dressed and cold carcasses. Rothia were identified almost exclusively on carcasses (between 14-

25%) and in the saliva. Moraxella followed a similar dissemination pattern where they were highest 

on carcasses, but instead of being mostly confined to such an environment, they could also be found 

in saliva and on the surfaces at the evisceration (between 4-9%). Another high abundance genus 

was Clostridium (Clostiridum_sensu_stricto_1) which was present in high abundance in air samples 

(20.5 and 60.2% for farm-L and H, respectively) and in lower abundance in saliva (<11.5%).Another 

indicative group of genera were the Fusobacterium, Porphyromonas and Bacteroides. They were 

mainly recovered on surfaces (Cev, Gev and Ccu) and the shoulder. They varied on the shoulder 

conveyor (Ccu) and the shoulder samples depending on the farm sanitary status where 

Fusobacterium and Bacteroides had a higher relative abundance for the lower sanitary status and 

Porphyromonas for the higher sanitary status samples. Streptococcus was the only genus found 

across the whole value chain although in low abundance (<5.8%) and which further differentiated 

genus from the farm-L air samples (20.8%) compared to H air samples (3.6%). Pseudomonas was 

also an interesting genus as its distribution varied heavily form samples to samples. In the feed (Fe), 

it was more abundant for the lower status farm (16.0 and 4.6% for farm-L and H, respectively), but on 

the shoulder conveyor, it was the opposite (3.7 and 15.4% for farm-L and H, respectively). Another 

genus differentiating the sanitary status of the farm was Anoxybacillus. This genus had a relative 

abundance of 28.5% in the farm-L samples and 1.2% in the farm-H samples collected in the drain of 

the cut-out section. The Anoxybacillus high mean relative abundance in farm L was caused by a 

sporadic contamination of one sample which was consistent with the abnormally high plate counts for 

TAM and EB in the same contaminated sample (Fig. 7; Dcu; t=after).  
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FIG 10 Top 30 identified genera in relative abundance (%) in each of the different sample types for both farms using the SILVA data base. Color gradient ranges 

from blue=0 % to orange= 100%. Samples were collected from Air=Ar, Feces=Fc, Saliva=Sa, Feed=Fe, Dressed carcasses (after blast chilling)=Dc, Drain at 

evisceration=Dev, Conveyor at evisceration=Cev, Blood collection gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, Drain at cut-out=Dcu, 

Conveyor at cut-out=Ccu, Shoulder=S. Low sanitary status=L (red), High sanitary Status=H (green). 
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Certain bacterial families are of high importance in the pork value chain from a meat safety point of 

view for their capacity to spoil meat or for their beneficial effect on meat shelf life. Five of those 

families, namely Campylobacteraceae, Carnobacteriaceae, Enterobacteriaceae, Lactobacillaceae 

and Staphylococcaceae were subset off the main data and the relative abundance of the genera 

inside this subsample are presented in Fig. 11 (Listeriaceae were looked for, but were not detected in 

this study). Differential abundance analysis between farms was performed using the analysis of 

compositions of microbiomes with bias correction methodology (ANCOM-BC) on the raw read counts 

of each families and the genus composing them. None of the families were differentially abundant. 

Campylobacteraceae were found mostly in feces, on evisceration conveyor and gutter, and shoulder 

samples. Carnobacteriaceae were mostly detected at cut-out, but are found across the value chain, 

with traces in feces and feed. Enterobacteriaceae were uncovered in all samples, but only in traces in 

air samples. Lactobacillaceae were identified in highest abundance in air, feces, saliva, the 

evisceration drain and on carcasse surfaces. Staphylococcaceae were found across the value chain, 

but only in trace amounts in the feces and the drain at evisceration. The same analysis was 

performed at the genus level. Allicoccus, Atlantibacter, Companilactobacillus, Corticicoccus, 

Cronobacter, Mamallicoccus, Seratia, Salinicoccus, Salmonella, and Weisella (p<0.001) were 

significantly more abundant in the farm L samples. The only genera more abundant in the farm H 

samples was Lacticigenium (p<0.001; Fig. S2).   
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FIG 11 Campylobacteraceae, Carnobacteriaceae, Enterobacteriaceae, Lactobacillaceae and Staphylococcaceae in relative abundance (%) amongst themselves 

calculated for each of the different sample types for both farms. The top row indicates the percentage these five families represent in the total microbiota. 

Color gradient ranges from blue=0 % to orange= 100%. Samples were collected from Air=Ar, Feces=Fc, Saliva=Sa, Feed=Fe, Dressed carcasses (after blast 

chilling)=Dc, Drain at evisceration=Dev, Conveyor at evisceration=Cev, Blood collection gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, Drain 

at cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. Low sanitary status=L (red), High sanitary Status=H (green). 
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The alpha diversity indexes confirm what could be observed in Fig. 9 and 10. There was a significant 

difference (p<0.05) between farms for air, where farm-L had a more diverse and even microbiota then 

for the samples coming from the higher sanitary status farm (Fig. 12; Observed, Shannon, Simpson). 

Feed from farm-L had a higher Observed index (simple counts of species), but it was inversed for 

Shannon and Simpson indexes. This indicate that there were fewer total species in the farm-H 

samples, but that they are significantly more evenly distributed than for the farm-L samples. A 

tendency (p=0.08) was obtained on the shoulder samples where farm-L had a higher total count of 

species compared to the farm-H. A Tukey HSD test (p<0.05) was realized between all the samples 

regardless of sanitary status (Fig. 12) in order to evaluate diversity variation in the slaughterhouse. A 

clear downward trend was observed as animals progress through the value chain. Saliva and 

evisceration drain had the highest number of taxa, while feed samples had the lowest for the 

Observed index. When accounting for rare non-observed taxa (Chao1), evisceration drain remained 

the sample with the highest diversity with saliva as a close second and feed the lowest. In both 

Observed and Chao1 indexes, meat samples (Dc, Cc and S) had a lower diversity akin to air samples 

which for observed species goes down as samples progress along the value chain, while for Chao1 

diversity was similar between carcasses but goes down sharply for the shoulder samples. Shannon 

diversity was not significantly different between feces, saliva, and environmental samples at the 

slaughterhouse (Fc, Sa, Dev, Gev, Cev and Dcu; letter a) as they had the highest diversity. The 

mean group included feed, dressed and cold carcasses, shoulder conveyor and shoulder (Fe, Dc, Cc 

Ccu and S). The lowest Shannon diversity was for the air samples. Simpson diversity had only one 

sample who is different from the rest, the air samples indicating a clear prevalence of a few taxa, 

namely the Clostridium in farm H and the Clostridium and Streptococcus in farm L (Fig.  10) 
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FIG 12  Alpha diversity indixes for richness (Observed, Chao1) and both richness and evenness (Shannon, Simpson). Significantly different sanitary status 

according to a Student T test (p<0.05) are identified with * at the bottom of the graph. Significantly different samples are identified with different letters are 

significantly different according to a Tukey HSD test (p<0.05). Samples were collected from Air=Ar, Feces=Fc, Saliva=Sa, Feed=Fe, Dressed carcasses (after 

blast chilling)=Dc, Drain at evisceration=Dev, Conveyor at evisceration=Cev, Blood collection gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, 

Drain at cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. Low sanitary status=L (red), High sanitary Status=H (green). 
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Beta diversity analysis was conducted to visualize the differences between sample diversity and to 

identify which factor explains the structure of the swine value chain microbiota (Table 6). To do so, 

unweighted and weighted UniFrac distances and Bray-Curtis dissimilarities were visualized using a 

principal coordinate analysis (Fig. 13) and a ANOSIM test (p<0.05) on the distance matrices. Both the 

UniFrac and the Bray-Curtis were selected due to the different information they provide. The UniFrac 

distances are calculated based on phylogenetic distances between the species composing the 

different samples and then weighted based on the abundance of the different species (weighted) or 

on a presence/absence value (unweighted). The bray-Curtis distance is the difference between one 

sample and the other samples based on the relative abundance of each species in each sample. The 

ANOSIM test was selected instead of the more commonly used PERMANOVA because the 

heterogeneity of dispersion was significant when tested using PERMDISP test (p<0.05). ANOSIM 

tests for similarities between factors and therefore is not affected by dispersion. Across all distance 

measures, sample type and localization (farm vs evisceration vs cut-out samples) were significant 

(p<0.0001) while, farm and lot (expedition week 1, 2 and 3) were not. Sample type had the highest R 

value indicating that it explained the largest amount of the samples microbiotas variations. Each 

sample had a unique microbiota, they then regrouped themselves based on their localization. This 

secondary grouping is defined by the unique microbiota at the farm, the evisceration, and the cut-out. 

In all distance metrics, samples were mostly distributed along the principal coordinate 1 (PCo1) 

according to their localization, indicating that a distinct microbiota exists at the farm which is replaced 

and uniformized as samples progress along the value chain. The only exceptions were the drain at 

evisceration (Dev)  and the feed (Fe) samples. The Dev samples were split between both farm and 

slaughterhouse (evisceration and cut-out) samples and the Fe sample had a closer microbiota to the 

slaughterhouse samples than the farm samples. Principal coordinate 2 (PCo2) and principal 

coordinate 3 (PCo3) seems mostly linked to dissimilarities between the different samples. When 

considering only abundance (A and B), the PCo2 microbiota were mostly influenced by the 

dissimilarities between surface samples at evisceration (Cev and Gev), which is maximal toward 

drain at cut-out. For the PCo3 dissimilarities between carcasses (Dc and Cc) and the rest of the 

slaughterhouse samples were apparent. When only considering phylogeny (C and D), the PCo2 

microbiota were mostly influenced by a dissimilarity between feed and the other slaughterhouse 

samples. For the PCo3 dissimilarities between the drain at cut-out and the rest of the value chain 

samples were expressed. When both abundance and phylogeny is considered (E and F), the PCo2 
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samples were distributed mostly along their similarities to air or surface samples at evisceration (Cev 

and Gev). For the PCo3 lesser variation are pressented (axis is narrower) as such minor difference 

between feces and air were presented. 

 
FIG 13  Principal-coordinate analysis plots of Bray-Curtis dissimilarities (A, B), unweighted UniFrac distances 

(C, D), and weighted UniFrac distances (E, F) classified by sample types. The right side (A, C, E) are the 

axis 1 and 2 and the left side (B, D, F) are axis 1 and 3. Samples were collected from Air=Ar, Feces=Fc, 

Saliva=Sa, Feed=Fe, Dressed carcasses (after blast chilling)=Dc, Drain at evisceration=Dev, Conveyor at 

evisceration=Cev, Blood collection gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, Drain at 

cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S.  
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TABLE 6 Factors associated with the microbiome community structure of the swine value 

chain as measured using ANOSIM of the weighted and unweighted UniFrac distances and Bray-

Curtis dissimilarities. 

Parameter Value 

Weigthed UniFrac  Unweigthed UniFrac  Bray-Curtis 

R p valuea  R p valuea  R p valuea 

Sample type 0.871 0.0001  0.859 0.0001  0.896 0.0001 

Localizationb 0.449 0.0001  0.494 0.0001  0.589 0.0001 

Farm -0.012 0.6998  0.015 0.1653  0.015 0.1717 

Expeditionsc -0.037 0.9999  -0.031 0.9948  -0.035 0.9978 
a Significant at a level of 0.05 
b Farm, vs Evisceration vs Cut-out samples 
c Expedition weeks 1, 2 and 3 

Across all samples, no genera were associated significantly with either farm under standard LEfSe 

parameters (p<0.05 and linear discriminant analysis score cut-off of 2). When the severity of the LDA 

score cutoff was lowered to 1, 12 genera are associated with either farm (Fig. 14). The genera 

Flavobacterium and Eubacterium_saphenum_group were associated to farm-H. Whereas Anaevibrio, 

Mageeibacillus, Micrococcus, Megasphaera, Akkermansia, Selenomonas, Ewingella, Deinococcus, 

Bifidobacterium and Mistsuokella were associated to farm-L. These genera represented a small 

percentage (<4.5%) of the total relative abundance with one notable exception, feed (8.3% for farm-L 

and 10.9% for farm-H; Fig. S3). Of the genera identified, only Anaevibrio, Mageeibacillus, 

Micrococcus, Megasphaera, Akkermansia and Flavobacterium were over the threshold of 1.5 LDA 

score. None of the genera identified here were over a LDA score of 2 indicating that while the Kuskal 

Wallis test list these bacteria as significatively more abundant in one of the classes, these genera had 

a low relevancy as biomarkers of the farms. Inversely this means that bacteria having a high impact 

on the value chain were not differently affected by the farm factor which is in line with the results of 

the ANOSIM analysis (Table 6) 
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FIG 14 Differentially abundant genera for both farms (lower (L) and the higher (H) sanitary status) across all 

samples as assessed using linear discriminant analysis (LDA) with effect size (LEfSe) measurements. 

Only those genera with an LDA score (log10) of >1.0 are displayed. 

Source tracking was performed in order to infer the ecological source of the microbiota on the 

shoulders. This analysis was performed to evaluate the efficency of the slaughterhouse procedures 

to control contamination of carcasses/meat samples. As Fig. 15 shows most of the microorganisms 

detected on the shoulder orginate from the cold carcass (Cc; 79.57%). The farm sample (Ar, Fc, Sa 

and Fe) represent a total of 3.52% and environnemental samples (Dev, Cev, Gev, Dcu and Ccu) 

9,39%. When looking specifically at the animal microbiota (Fc and Sa) and its persistence on 

carcasses (Dc and Cc) and shoulder, 208 ASV are shared between those samples (Fig. S4). These 

ASV represent an average of 39.48% of the relative abundance on shoulders. Yet, they are mostly 

swayed, but a few ASV (2; Fusobacterium, 14; Bacteroides and 15; Peptostreptococcus, Table S1) 

which by themselve represent 21,15% of the relative abundance on shoulders on average. These 

microorganisms were most likely not introduced on shoulder by feces or saliva as they can be found 
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in high relative abundance in the environnement of the value chain, while they are, but traces (
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2.6 Discussion  

In this study, microbiota variation, in samples from farms to meat cuts, was compared between two 

different farms across the value chain. Bacteria were quantified with routine plate counts (total 

aerobic mesophilic and Enterobacteriaceae; Fig. 7 and 8). Samples collected before the passage of 

animals except for the drain at evisceration, had lower TAM and EB counts than the 2 to 6 log of 

CFU/cm2 of TAM and not detected to 5 log of CFU/ ml of EB reported in the literature (38, 155, 375). 

This suggests that the pre-operational procedures at the slaughterhouse were effective and that the 

selected samples were from clean sections of the slaughterhouse. Both statistical analyses (T-test 

and Wilcoxon) of TAM and EB counts prior to the passage of animals, did not show any difference 

between both sampling moments (summer vs fall), demonstrating that pre-operational cleanliness 

was not a contamination contributing factor to discriminate the two farms, and did not influence 

contamination results after the passage of the animals. Moreover, DNA extraction and sequencing of 

these pre-operational samples, resulted in the recovery of very low concentration of DNA, and after 

sequencing, the quantities of reads were not in sufficient amount for a proper analysis. A much 

greater surface than 100 cm2 would have to be sampled to obtain the required quantity of DNA. 

Carcass and drain samples collected after the passage of the animals had similar numbers of TAM 

and EB compared to the 5 to 6 log of CFU/ml of TAM and 2 to 4 log of CFU/ ml of EB for drain 

samples and the 2 to 4 log of CFU/cm2 of TAM and 1 to 3 log of CFU/cm2 of EB for carcass samples 

reported in the literature (37, 106, 128, 376). The only exception were environmental surface samples 

that had lower TAM and EB compared to the 4 to 8 log of CFU/cm2 of TAM and the 4 to 5 log of 

CFU/cm2 of EB reported in the literature (37, 38, 375). Total aerobic mesophilic, Enterobacteriaceae 

and coliform counts increases on processing equipment over time (375). The results of this study 

point in the same direction when comparing sample before and after the passage of animals. As 

such, the low counts of surface samples could be explained by the relatively small lot sizes, where, 

with a speed line of 500 animals per hour, all the animals under study in all slaughter days were done 

in less than an hour. A bigger lot size could have contaminated the environment to the same level as 

what was reported in the literature. Comparison of TAM and EB counts between both farms were not 

significant on a per sample type basis suggesting that the process leads to similar microbial load no 

matter the farm. However, regulations based on a three-class sampling plan, where a threshold limit 

defines the end of shelf life, would consider a lot with superior numerical counts to be less favorable 
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in terms of food safety (366, 367). Hence, when samples are regrouped and analyzed with a 

Wilcoxon rank sum test (p<0.05), it indicated that Enterobacteriaceae counts for samples originating 

from animals coming from farm-L were above those from farm-H more often. These results suggest 

that slaughter of animals originating from different farms leaves a similar number of bacteria, with 

respect to the aerobic mesophilic counts, but that when looking at specific subgroup of bacteria like, 

Enterobacteriaceae, different prevalence can be detected. 

Twelve different sample types were collected across the value chain and analyzed with Illumina 16S 

amplicon sequencing. Sequencing of these samples revealed the microbial populations of the swine 

value chain for two different farms that the veterinarians in charge considered of differing sanitary 

status. On the one hand, LEfSe analysis (Fig. 14) associated 10 genera to farm-L; they were found 

across the value chain. On the other hand, the two genera associated with farm-H were mostly 

detected at the slaughterhouse (Fig. S3). The differentiating genera detected mainly at the farm 

(Anaerovibrio, Megasphaera, Akkermansia, Selenomonas, Mitsuokella, Ewingella and 

Bifidobacterium) are part of the commensal microbiota of swine while genera detected mainly at the 

slaughterhouse (Mageeibacillus and Eubacterium saphenum group) are mostly harmless 

environmental bacteria. However, some of those genera (notably Micrococcus, Deinococcus 

(formerly a micrococcus) and Flavobacterium) may have negative impacts with respect to meat 

safety and spoilage, because they include pathogens (Micrococcus and Flavobacterium) or in the 

case of Deinococcus, because it can survive extreme conditions (151, 377-383). Differentiating 

bacteria present mostly at the farm could be explained by different farm hygiene conditions which 

impact swine gut microbiota (384), feed contamination (385) and air microbes profile (386). The 

difference in air is likely explained by a broken ventilation in the housing building of the farm-H (said 

building was hit by lightning which fried the electrical panel, ventilation was working again by the end 

of the samplings). Conversely, variation in relative abundance of bacteria present at the 

slaughterhouse could be caused by a sporadic contamination, or the growth of a bacteria not 

detected at the farm, especially since pre-operational procedures were not a significant factor. 

Sporadic contamination does happen across the value chain (see Fig. 7; Dcu t=after and 

Anoxybacillus Fig. 10), but there could also be undetected bacteria at the farm that were favorized by 

the condition of the slaughterhouse allowing them to grow and be detected. Ewingella and 

Eubacterium saphenum groups are good examples of genera identified in very specific parts of the 
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value chain by the LEfSe algorithm. Further investigations are required to identify other factor(s) 

influencing the slaughterhouse microbiota variations. 

The LEfSe analysis differentiate bacteria associated significatively with each farm, but this analysis is 

nonspecific. As such we looked specifically for five bacterial families in this study, due to their high 

importance to the meat industry (45, 146, 227). The expected pork pathogens, namely 

Campylobacter, Escherichia/Shigella, Salmonella and opportunistic pathogen Staphylococcus (45) 

were detected across the value chain for both farms (Fig. S2). Salmonella was the only pathogen 

detected in a significatively higher abundance (p<0.05) for farm-L. While significantly different, 

Salmonella was only identified in traces amounts (0.036% of the total abundance in feed for farm-L 

and 0.0045% of the total abundance on the conveyor at evisceration). It was found only in the feed of 

the farm-L and at the evisceration for both farms. This result is interesting as it ties in with the history 

of the farm-L that had a salmonellosis outbreak a month prior to sampling. Escherichia/Shigella, were 

detected at the farm mainly in saliva and feces at the farm and in environmental samples at 

evisceration (Dev, Cev and Gev). The same Escherichia/Shigella ASV detected in the saliva and 

feces were also found in the slaughterhouse environment (ASV168; Table S1). Only traces of 

Escherichia/Shigella are detected on carcasses and the resulting shoulder meat cuts, indicating that 

the processes at the slaughterhouse are efficient in reducing carcass contamination. However, 

Campylobacter, does not appear to be controlled with the same efficacy, since it is detected in animal 

samples and on the shoulder samples. However, the data revealed that the ASVs detected on 

shoulder samples were not the same as the ones from feces, saliva and drains (Dev and Dcu; Table 

S1). Instead, the ASV detected on shoulders were the same as the surface samples (Cev Gev and 

Ccu) suggesting that there is a contamination of Campylobacter ASVs from the slaughterhouse 

surface samples on to the shoulders. Staphylococcus are well-known members of the swine skin and 

nasal microbiota (45, 387-389). It is of no surprise that they were mainly detected in these samples. 

Furthermore, bacteria with a reported beneficial effect on meat preservation (344), like Lactobacillus 

and Carnobacterium, were also detected. Lactobacillus is present in higher relative abundance than 

any of the previously mentioned pathogens, mainly at the farm. Similarly to Escherichia/Shigella, this 

desirable bacteria persist throughout the value chain, the same Lactobacillus ASVs detected in air, 

feces and saliva are found in the drain at evisceration, on the dressed and cold carcasses, and on 

shoulders. Carnobacterium were detected almost exclusively at cut-out which indicates that these 

bacteria are residents of the slaughterhouse. These bacteria are almost absent on carcasses, but 
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can be detected in high amounts on shoulders. Interestingly, this genus along with many 

Enterobacteriaceae (Fig. S2; Enterobacter, Citrobacter, Buttilauxella, Lelliottia and Kluyvera), 

replaced Lactobacillus, Moraxella and Staphylococcus on shoulder samples. This could explain why 

Enterobacteriaceae counts went up on shoulders instead of following the general downward trend of 

the total aerobic mesophilic counts after carcass breakdown. 

The alpha diversity was measured across the value chain and showed significant difference between 

farms in air and feed samples (Fig. 12). In our samples taken from the air, farm-L had a mean of 

1293 ± 75 unique ASV and a mean Shannon diversity of 4.17 ± 0.22 whereas farm-H had a mean of 

813 ± 268 unique ASV and a mean Shannon diversity of 2.73 ± 0.36 (Fig. 12). This is higher than the 

120 to 250 unique ASV and comparable or higher depending on the farm than the 3.2 to 3.5 Shannon 

diversity reported in air of swine housing buildings (23, 24). High alpha diversity in the air of swine 

confinement building has been linked to higher risks of detecting antibiotic resistance genes and pig 

opportunistic pathogens (22, 24). In this case, the high observed ASV counts compared to literature 

is caused by the difference in the analysis pipeline. In this study pooling of samples was done which 

helps detected rare ASV, but this measure has the side effect of inflating observed/ChaO1 alpha 

diversity. The alpha diversity of feed, to our knowledge, has not been reported in literature, but the 

significant difference between mash and pelleted feed are not novel. Since pelleted feed required a 

heat treatment to form the pellet (49, 288), it is not surprising that their microbial content varies 

compared to the mash feed. Indeed, mash feed is known to harbor higher bacterial counts than 

traditional hot pelleted feed (49, 292, 293). Mash feed is known to induce higher levels of short-chain 

fatty acids (SCFA; including lactic acid) in feces which in turn improve hematological profile of pigs 

and reduce ulceration, diarrhea levels, and Salmonella and E. coli shedding, but the tradeoff is a 

lessened growth and feed efficiency (289-293). For that reason, mash feed has been used to control 

diarrhea, as it was the case for the animals coming from farm-L. Hence, SCFA were measured in 

feces and the results obtained were similar to the ones reported in the literature (Table 5). Our result 

showed that the mash feed favored well known SCFA producing bacteria (Fig.  S1; Selenomoas, 

Anaerovibrio, Roseburia, Akkermansia and Clostridium; (390-395). Our hypothesis is that these 

bacteria in turn generated a high concentration of SCFA in the digestive tract of affected swine. 

These SCFA may have helped stabilized the microbiota in feces of animals coming from farm-L 

resulting in a similar alpha diversity to the feces of farm-H as the producer and his veterinarian were 
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working at stabilizing the diarrhea prior to slaughter. This result confirms previous ones that using 

mash feed to control diarrhea is an effective method to modulate gut microbiota positively (289-293). 

A principal coordinate analysis of the entire value chain reveals a significant effect of sample types 

and localizations. In figure 13, the microbiota of farm samples was different between each other (Sa, 

Fc, Ar), as such they were grouped in a loose fashion, on the left of every graph, apart from the 

remaining slaughterhouse samples. Feed is the only exception to this trend. Since most of the reads 

were filtered as they were of non-bacterial nature the small proportion of bacteria actually present in 

feed was highlighted. Those bacteria were more similar to those found at the slaughterhouse than at 

the farm. This could mean that bacteria able to resist the treatments used to produce the feed and 

the ones found at the slaughterhouse are closely related. Inversely, it could also be explained by the 

nature of feed contamination at the farm being of similar nature to the one happening in the 

slaughterhouse. As samples progresses along the value chain, differences between samples 

reduced, as evisceration samples are grouped closer together, and cut-out ones are tightly clustered, 

this is most evident when both phylogeny and abundance are considered (Fig. 13; E and F). Only the 

evisceration drain does not follow this trend, since some of the individual samples are similar to the 

air, saliva and feces samples and other ones are more analogous to the slaughterhouse samples. 

Certain samples may represent historical information by measuring microbial accumulation over time 

(396). The drain sample is one of them, and can arbor, more or less, farm microbes depending on the 

microbiota of animals slaughtered between the samplings. The drain at evisceration samples had a 

high microbiota variation, but the other samples were not as variable between expeditions as such 

the effect is not significant (Table 6). This result indicates that microbiota of animals sent to the 

slaughterhouse was homogeneous between the different sampling weeks.  

The reduction in dissimilarity between samples from farm (Ar, Fc, Sa, Fe) to evisceration (Dc, Dev, 

Cev, Gev) to cut-out (Cc, Dcu, Ccu, S) samples, that can be observed in figure 13 is similar to the 

alpha diversity (Fig. 12; Observed, Chao1 and Shannon). Alpha diversity of these samples showed a 

decreasing trend along the value chain. This suggests that samples are becoming more uniform, the 

most evident case being carcasses and shoulder (DC, Cc and S). This progressive uniformization is 

partially explained by the heat treatment (scalding and singeing), and the subsequent dehairing and 

polishing steps (Fig. 6). These steps of the slaughter section remove a large portion of the skin 

microbiota which could be normalized further by the spreading of resident bacteria from the 
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slaughterhouse onto the carcasses (37, 96, 127, 352). In the literature, diversity goes down from 

arrival of animals at the slaughterhouse to singeing, then back up at the polishing step, and then it 

keeps going down until expedition. This indicate that polishing is a critical step in replacing the animal 

microbiota on the surface of the carcasses with resident bacteria from the slaughterhouse (37). 

Therefore, carcasses associated with farm-L or H end up closely related. The difference is further 

reduced by the refrigeration period (24 h at 4°C). This should favors the development of a more 

psychrophilic microbiota (37). This impact of the low temperature is not evident on carcasses, but on 

shoulders, some cold tolerant bacteria end up being detected as the whole cut-out section was kept 

bellow or around 10°C at all time (Fig. 10; Pseudomonas, Psychrobacter; (397, 398). Gill et al. 

identified, in multiple studies (91, 96, 97, 352), the impact of carcass breakdown. These steps of the 

value chain introduce multiple bacteria from the equipment and the manipulators on the resulting 

meat cuts further replacing any bacteria from the farm. Indeed, the source tracker analysis showed 

that only 12.92% of the microbiota on the shoulder samples were originating from farm or 

environmental samples (Fig. 15). Venn diagram showed that while the source of the microbiota on 

the shoulder was not originating from feces or saliva, the same ASV can be detected on the shoulder. 

Indicating that a common microbiota can be detected across the value chain (Fig. S4). All the 

slaughter, evisceration, and cut-out processes does not individually remove or replace all the farm 

microbes, but much like hurdle technologies, a combination of all these processes, reduce the impact 

of farm microbiota to the extent that only traces of the bacteria detected at the farm were present on 

the shoulder samples.  
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2.7 Conclusion  

Evaluation of the microbiota within the pork value chain with both plate counts and 16S rRNA gene 

sequencing revealed the microbiota difference between two farms of differing sanitary status. 

Differentiation of the two farms was maximal with the samples taken at the farm and lessened as 

animals processed throughout the value chain. Enterobacteriaceae counts at the slaughterhouse 

where numerically superior more often when the animals came from farm-L and suggests 

contamination risks are greater if a specific threshold concentration is used to determine end of shelf 

life as it is the case with a three-class sampling plan. Sequencing of the 16S rRNA gene revealed the 

disparity, diversity and composition of bacteria associated with each farm. At the farm, most of the 

differentiating bacteria may be linked to volatile fatty acid production due to the difference in feed 

form. At the slaughterhouse, these bacteria are mostly absent, as such both farms yields very little 

compositional difference. The farm microbes were largely controlled by in-house operational 

procedures, to the extent that less than 4% of bacteria on the shoulders were inferred to be farm 

contaminants. The microbiota from both farms value chain is mainly differentiated by environment 

(air, feed, and slaughterhouse environmental samples) than the animals microbiota (Saliva, feces 

and carcasses). This study suggests that that there might be a benefit to improve herd sanitary status 

to reduce the abundance of problematic enterobacteria like, Salmonella across the value chain. 

However, a broader study, including multiple farms of different sanitary status, should be undertaken 

to pinpoint the impact and the magnitude of the herd sanitary status on the commercial product 

knowing that many factors such as season, feed form and composition, housing conditions, 

preslaughter management etc. are also contributing factors. 
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Conclusion générale 

Le porc est une viande 
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comme étant plus faible. 
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Annexe A : Résumé des maladies porcines 
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rhusiopathiae avec une blessure principal est le porc, 30-50 
% des porcs sont porteurs 
sains. Survit mal dans 
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du porcelet  porteurs. 
 
Hyicus ne cause pas de 
zoonose 

dans les voies 
respiratoires des porcs 
dans une portion variant 
de 20 à 50 %, puis diminue 
dans les carcasses et dans 
les produits du détail, car 
la tête est retirée de façon 
hygiénique  

Arthrite, 
endocardite, 
méningite, 
septicémie. 
 
Lymphadénite 
cervicale, agents 
secondaires de 
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Spirochétose du 
côlon (colite) 

B. pilosicoli Oui, affecte peu 
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porcelet faible, 
leptospirose 

de Leptospira manipulateurs de porcs 
(vétérinaire, fermier, 
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en abattoir et dans les 
produits du détail. 

Septicémie chez le 
porcelet, mammite 
chez la truie  

Klebsiella 
pneumoniae 

Non zoonotique, mais 
est tout de même un 
pathogène opportuniste 
causant des 
pneumonies, 
méningites, infection 
urinaire et des 
septicémies néonatales 

Commensal dans le 
système digestif porcin. Il 
est présent dans 
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Annexe B : Figures supplémentaires 

 

FIG S1 Differentially abundant genera for both the lower (L) and the higher (H) sanitary status farms in the feces samples as assessed using linear discriminant 

analysis (LDA) with effect size (LEfSe) measurements. Only those genera with an LDA score (log10) of >2.0 are displayed. 
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FIG S2 Genera belonging to the Campylobacteraceae (black), Carnobacteriaceae (purple), Enterobacteriaceae (brown), Lactobacillaceae (blue) and 

Staphylococcaceae (green) in relative abundance (%) amongst themselves calculated for each of the different sample types for both farms. The top row indicates 

the percentage these five families represent in the total microbiota. Color gradient ranges from blue=0 % to orange= 100%. Samples were collected from Air=Ar, 

Feces=Fc, Saliva=Sa, Feed=Fe, Dressed carcasses (after blast chilling)=Dc, Drain at evisceration=Dev, Conveyor at evisceration=Cev, Blood collection 

gutter=Gev, Cold carcasses (after overnight refrigeration)=Cc, Drain at cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. Low sanitary status=L (red), High 

sanitary Status=H (green). Abundance difference between farms the analysis of compositions of microbiomes with bias correction methodology. Significant 

difference is highlighted with *: p
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FIG S3 Genera identified by LEfSe analysis as biomarkers of the lower (L; red labels) or higher (H; green labels) sanitary status farms across all samples 

expressed in relative abundance amongst themselves calculated for each of the different sample types for both farms. The top row indicates the percentage these 

genera represent in the total microbiota. Color gradient ranges from blue=0 % to orange= 100%. Samples were collected from Air=Ar, Feces=Fc, Saliva=Sa, 

Feed=Fe, Dressed carcasses (after blast chilling)=Dc, Drain at evisceration=Dev, Conveyor at evisceration=Cev, Blood collection gutter=Gev, Cold carcasses 

(after overnight refrigeration)=Cc, Drain at cut-out=Dcu, Conveyor at cut-out=Ccu, Shoulder=S. 



 

125 

 
FIG S4 Venn diagram of the shared ASV (count of shared ASV) between the feces=Fc, the saliva=Sa, the Dressed carcasses (after blast chilling)=Dc, Cold 

carcasses (after overnight refrigeration)=Cc and Shoulder=S samples.  
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Annexe C : Donnée supplémentaire 

TABLE S1 Raw abundance of each ASV and their accompanying taxonomic identification 

 


