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PREFACE 
 

 

The ability of various microorganisms to attach to surfaces and create biofilms on them is 

rather a cause of concern for many industries, including for those occupied with food 

production and processing. Thus, the attachment of bacterial pathogens to food processing 

equipment is considered as an essential contributing factor in foodborne disease outbreaks, 

since this may ultimately lead to the contamination of food products. Improperly cleaned 

surfaces promote soil build-up, and, in the presence of water, contribute to the development 

of microbial biofilms which may contain pathogenic bacteria, such as Salmonella. Salmonella 

enterica is one of the most significant enteric foodborne bacterial pathogens, with host-

adapted strains able to cause systemic human infections and persist for long periods of time, 

posing significant public health problems. This book discusses the prevalence, risk factors 

and treatment options of Salmonella. 

Chapter 1 – Morbidity and mortality rates by Salmonella enterica constitute alarming 

concerns on a global scale. One of the many virulence factors influencing these salmonelloses 

is bacterial resistance to clinically used chemotherapeutic antimicrobial agents. Thus, clinical 

isolates of drug and multidrug resistant S. enterica represent a particularly serious public 

health concern. Mechanisms of bacterial drug resistance include (a) biofilm formation (b) 

enzymatic destruction of antibacterial drugs (c) reduced intracellular drug permeability (d) 

drug target alteration and (e) active drug efflux. Among these antibacterial drug resistance 

mechanisms, active efflux of chemotherapeutic drugs from S. enterica represents a key 

resistance mechanism. The classes of active antimicrobial efflux transporters harbored by S. 

enterica include (i) the ABC (ATP binding cassette) family of transporters (ii) the MATE 

(multi antimicrobial extrusion or multidrug and toxic compound extrusion) superfamily of 

transporters (iii) the RND (resistance nodulation division) superfamily of transporters (iv) the 

SMR (small multidrug resistance) superfamily of transporters and (v) the MFS (major 

facilitator superfamily) of transporters. Among these active drug efflux systems, the MFS 

represents one of the largest superfamilies of transporters and is a major class of multidrug 

resistance in S. enterica. This review chapter explores the molecular biology of the drug and 

multidrug efflux pumps harbored by S. enterica. Future directions include modulation of the 

antimicrobial efflux pumps in order to circumvent clinical multidrug resistance in S. enterica 

and eventually restore clinical drug efficacy.  

Chapter 2 – Salmonella enterica serovar Heidelberg is one of the most commonly 

detected serovars in swine and poultry, ranking among the top five serotypes associated with 

human salmonellosis. Although S. Heidelberg outbreaks have been linked with several foods 
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of animal origin, poultry-derived foods serve as the major source of human infections in the 

United States and Canada. Moreover, recent research has shown that this serotype of 

Salmonella is significantly more invasive in humans when compared to other non-typhoidal 

counterparts. Severe infections caused by S. Heidelberg require antibiotic therapy in both 

adults and children. However, S. Heidelberg strains resistant to multiple antibiotics, including 

streptomycin, kanamycin, ceftriaxone, ciprofloxacin and other beta-lactam antibiotics, have 

been isolated from foods, especially poultry meat, thereby raising concerns on poultry 

products serving as a reservoir of multidrug resistant food-borne salmonellosis in humans. 

This chapter discusses the emergence of S. Heidelberg as a significant foodborne pathogen 

with emphasis on its prevalence, virulence, antibiotic resistance, and public health 

significance. Additionally, potential strategies for controlling S. Heidelberg in poultry are 

highlighted. 

Chapter 3 – Salmonella is a foodborne pathogen that causes a huge amount of cases of 

typhoid fever, gastroenteritis, and deaths every year throughout the world. Although 

salmonellosis cases in humans have decreased in the last five years, Salmonella remains the 

second most common zoonosis in humans. Foodborne outbreaks caused by Salmonella have 

also reduced in recent years, but they have been linked with contamination of eggs and egg 

products, cheese, mixed foods, and fresh fruits and vegetables. Therefore control measures for 

this microorganism are very important to prevent and control Salmonella at relevant stages of 

production, processing, and distribution, especially in primary production, thus reducing its 

prevalence and the risk it poses to public health. In this context, research carried out to find 

antimicrobial compounds from natural sources is important because they could be used as 

additives in new product formulations, where they could exercise an additional measure to 

control Salmonella growth and have an important impact from economic and food safety 

points of view. 

By-products from the food industry are a potential source of inexpensive raw materials, 

and are rich in bioactive components whose technological and antimicrobial properties are 

still scarcely studied. With the aim of covering this gap, the objective of the present study was 

focused on evaluating the antimicrobial properties of three citrus by-products – mandarin, 

orange, and lemon – against Salmonella enterica serovar Typhimurium, in reference medium, 

under various incubation conditions with differences in temperature and by-product 

concentration. According to the results obtained, it can be concluded that all the citrus by-

products showed a bacteriostatic and/or bactericidal effect under the conditions studied, the 

mandarin by-product being the most effective one. Maximum reduction levels in the 

microbial population attained values of ≈8 log10 cycles at refrigeration temperature (5 °C). 

Consequently, it can be concluded that citrus by-products have effective antimicrobial 

activity, and could act as an additional barrier to microbial growth when added to pasteurized 

beverages that are stored under refrigeration, contributing additionally to meeting the zero 

waste targets set by the European Union. 

Chapter 4 – A specific strain of S. Enteritidis (SE86) was responsible for more than 95 % 

of the investigated salmonellosis occurred in the State of Rio Grande do Sul (RS), Southern 

Brazil, from 1999 to 2013. The aim of this chapter is to demonstrate the involvement of this 

strain with the salmonellosis outbreaks and to discuss the factors that probably contributed to 

S. Enteritidis SE86 had become one of the most important food pathogens in Southern Brazil. 

During 1999 to 2006, 190 salmonellosis outbreaks were investigated in RS and one DNA 

banding profile was identified among S. Enteritidis isolated from foods, blood and feces of 
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victims. The causative strain was named S. Enteritidis SE86. The main risk factors for the 

outbreaks caused by SE86 were 1) the consumption of homemade mayonnaise prepared with 

raw eggs; 2) holding foods in room temperature for more than 2 hours, 3) cross-

contamination due to the contact of food with contaminated equipment and utensils. The 

growth of SE86 in homemade mayonnaise was modeled and results demonstrated that SE86 

was able to grow faster than others Salmonella serovars, during the first six hours at 

environmental temperature; however SE86 did not grow in homemade mayonnaise at 10
o
 C, 

during 18 hours. Further studies have demonstrated that SE86 was able to form biofilms on 

stainless steel, stainless steel welds and polypropylene surfaces, and survived to 400 and 200 

ppm sodium hypochlorite. After sodium hypochlorite exposure, SE86 expressed RpoS and 

Dps proteins, which are involved with oxidative stress. Due to exposure to sub-lethal pH, 

SE86 became acid-adapted and increased its thermal resistance. Acid-adapted SE86 was able 

to survive to simulated gastric fluid pH 1.5 and became more virulent than other Salmonella 

serovars for germ-free mice. Isolates of SE86 remain sensitive to several antibiotics, 

nevertheless resistance to ampicillin and nalidixic acid and multidrug resistance has increased 

during last decade.  

Chapter 5 – Human food- borne salmonellosis, an illness caused by Salmonella species, 

is an infection of serious public health concern as it is increasing worldwide and appears to be 

the primary cause of confirmed foodborne outbreaks. It is estimated that tens of millions of 

cases occur worldwide every year and the disease results in more than hundred thousand 

deaths. Salmonella in food is mainly detected in meat and its products but the numbers of 

outbreaks caused by vegetables and products thereof have increased compared to previous 

years. Reported outbreaks caused by consumption of fresh products such as tomatoes, 

cucumbers, watermelons, cantaloupes, sprouts and juices have been linked to Salmonella. 

Meanwhile Salmonella has been isolated from a variety of fresh products and its prevalence 

has been reported to range from 0.6% to 72% in strawberries, fennel, lettuce, oranges, 

cantaloupes, onions, sprouts etc. In this chapter prevalence of Salmonella in unprocessed and 

minimally processed fruits and vegetables as well as salmonellosis outbreaks linked to the 

consumption of such products are addressed.  

Chapter 6 – The ability of various microorganisms to attach to surfaces and create 

biofilms on them is rather a cause of concern for many industries, including for those 

occupied with food production and processing. Thus, the attachment of bacterial pathogens to 

food processing equipment is considered as an essential contributing factor in foodborne 

disease outbreaks, since this may ultimately lead to the contamination of food products. 

Improperly cleaned surfaces promote soil build-up, and, in the presence of water, contribute 

to the development of microbial biofilms which may contain pathogenic bacteria, such as 

Salmonella. It is well recognized that biofilm cells differ physiologically from their 

planktonic counterparts, presenting a modified and heterogeneous gene expression profile. 

Additionally, it has been observed that the resistance of sessile cells to antimicrobials and 

other environmental stresses is significantly increased compared to what is normally seen 

with the same cells being planktonic. Noteworthily, salmonellae have been shown to survive 

for years in non-enteric habitats, including sessile communities on food contact and product 

surfaces. Indeed, several reports have demonstrated the ability of Salmonella to attach and 

form biofilms on abiotic surfaces, such as stainless steel, plastic, rubber, glass, marble and 

cement. Salmonella is also able to strongly attach and persist on both animal and plant 

(produce) surfaces. It is believed that the attachment to all these surfaces and the subsequent 
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biofilm formation on them enhance the capacity of pathogenic Salmonella bacteria to 

successfully cope with hurdles that are commonly encountered outside the host and within 

food processing. The purpose of this chapter is to review the current available knowledge 

related to the attachment of Salmonella to food contact and product surfaces and the possible 

subsequent sessile development on them in view of the strong impact of these two interrelated 

capabilities on the enhancement of its survival outside the host, its environmental persistence 

and spread. Undoubtedly, the ability to recognize why and how Salmonella attach to such 

surfaces is an important area of focus, since this may provide valuable ways towards the 

elimination of this important pathogen from food processing environments and eventually 

lead to reduced Salmonella-associated human illness. 

Chapter 7 – Salmonella colonize the intestinal tract of a wide variety of animals. Within 

the intestinal tract, Salmonella tend to be scavengers or secondary degraders that are 

dependent upon nutrients released by the enzymatic action of the more abundant primary 

degraders which digest intestinal glycoproteins and complex carbohydrates. Salmonella are 

catalytically robust and capable of using a wide variety of carbon and nitrogen sources. While 

a considerable amount of information is available on Salmonella pathogenicity genes and how 

they facilitate infection, the authors have only recently begun to appreciate the nutritional 

requirements of Salmonella within the context of the intestinal microbiome. Several recent 

studies have used –omics driven (i.e., genomics, transcriptomics, proteomics, metabolomics) 

approaches to investigate possible contributions of metabolic processes to Salmonella 

colonization and virulence. The authors review here recent research literature on the roles of 

metabolic genes in Salmonella colonization in various host systems including mice, swine, 

calves and poultry, as well as metabolic genes implicated in the persistence of Salmonella on 

produce. Understanding the nutritional requirements of Salmonella in the host intestinal tract 

is important for identifying potential targets and designing new approaches for reducing 

growth of Salmonella during the food animal production period and thereby mitigating the 

entry of Salmonella into the human food supply. 

Chapter 8 – Salmonella is the confirmed causative agent of numerous foodborne 

outbreaks throughout the world. Successful monitoring of the outbreaks and effective 

implementation of control programs essentially requires the accurate identification of the 

infection source and the transmission pathways throughout the food chain. Traditional typing 

relied on phenotypic characteristics such as serotyping, phage typing and antimicrobial 

susceptibility testing. More recently a wide range of methods relying on differences at 

genome level, such as Pulsed-Field Gel Electrophoresis (PFGE), Multi-Locus Variable 

number of tandem repeats Analysis (MLVA), Multi Locus Sequence Typing (MLST), Single 

Nucleotide Polymorphisms (SNPs) of Whole Genome Sequences (WGS) and Clustered 

Regularly Interspaced Palindromic Repeats (CRISPR) have been introduced, thoroughly 

studied and extensively applied. All these techniques are characterized by certain advantages 

and drawbacks that should be taken into consideration before any conclusion of 

epidemiological nature is drawn. In this chapter all information relevant to current typing 

schemes of food-associated salmonellae is integrated and critically reviewed. 

Chapter 9 – Salmonella is a gram-negative microorganism, generally dispersed in nature 

and habitually found in the intestinal tract of animals and humans. Salmonella reveals a 

considerable aptitude to adapt to physical and chemical stresses in the environment. Survival 

mechanisms are stimulated following the detection of environmental signals and provoke a 

complicated adaptive response that guides to a state of tolerance and thus survival below sub-
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optimal or even sub-lethal conditions. This microorganism can persist for long periods in the 

environment in a heavily stressed state known variously, and often contentiously, as viable 

but nonculturable. 

Salmonella as many other bacteria resist to environmental stress by adopting the viable 

but nonculturable phenotype (VBNC). VBNC bacteria have been exemplified as organisms 

that fail to grow and develop colonies on routine bacteriological media, but which accrue to 

be considered alive since of their aptitude of metabolic activity and preserve virulence.  

Is it convincing that the VBNC phenotype can revert to a culturable state, and vice versa. 

This chapter presents and evaluates the hypotheses concerning the resistance of VBNC 

forms of Salmonella under extended period of time of stressful conditions.  
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ABSTRACT 
 

Morbidity and mortality rates by Salmonella enterica constitute alarming concerns 

on a global scale. One of the many virulence factors influencing these salmonelloses is 

bacterial resistance to clinically used chemotherapeutic antimicrobial agents. Thus, 

clinical isolates of drug and multidrug resistant S. enterica represent a particularly serious 

public health concern. Mechanisms of bacterial drug resistance include (a) biofilm 

formation (b) enzymatic destruction of antibacterial drugs (c) reduced intracellular drug 

permeability (d) drug target alteration and (e) active drug efflux. Among these 

antibacterial drug resistance mechanisms, active efflux of chemotherapeutic drugs from 

S. enterica represents a key resistance mechanism. The classes of active antimicrobial 

efflux transporters harbored by S. enterica include (i) the ABC (ATP binding cassette) 

family of transporters (ii) the MATE (multi antimicrobial extrusion or multidrug and 

toxic compound extrusion) superfamily of transporters (iii) the RND (resistance 

nodulation division) superfamily of transporters (iv) the SMR (small multidrug 

resistance) superfamily of transporters and (v) the MFS (major facilitator superfamily) of 

transporters. Among these active drug efflux systems, the MFS represents one of the 

largest superfamilies of transporters and is a major class of multidrug resistance in S. 
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enterica. This review chapter explores the molecular biology of the drug and multidrug 

efflux pumps harbored by S. enterica. Future directions include modulation of the 

antimicrobial efflux pumps in order to circumvent clinical multidrug resistance in S. 

enterica and eventually restore clinical drug efficacy.  

 

Keywords: Salmonella enterica, active drug efflux, major facilitator superfamily, multidrug 

resistance, antibiotic resistance, salmonellosis 

 

 

MEDICAL IMPORTANCE OF SALMONELLOSIS 
 

Salmonella enterica is a Gram-negative facultatively-anaerobic, rod-shaped bacterium 

that is motile, non-endospore forming, and 0.7 - 1.5 by 2.0 - 5.0 µm in size. S. enterica is a 

member of the Enterobacteriaceae family of Gram-negative rods [1, 2]. Salmonella serotypes 

differ in their extracellular antigens, natural reservoirs, and their ability to cause human 

infections [3-5]. S. enterica may live in the gastrointestinal tracts of humans and non-human 

animals as a part of the normal microbiome without causing clinical disease, but may be 

excreted, leading to transmission and infection of other individuals [6]. S. enterica may be 

found in foods as a result of fecal contamination by a carrier or an infected individual [7], and 

are usually transmitted to others by ingestion of food or water contaminated by infected feces.  

Food borne Salmonella infections, i.e., salmonelloses, are a major clinical problem 

worldwide [8]. S. enterica is estimated to be a leading cause of hospitalizations and mortality 

from foodborne diseases [9]. The four main clinical manifestations of Salmonella infections 

are gastroenteritis, bacteremia, enteric fever and asymptomatic colonization / carrier state [10, 

11]. Children are the most likely to get infected with Salmonella and develop salmonellosis. 

Children under five years of age exhibit the highest rates of salmonellosis. At the same time, 

the rate of infection has seasonal changes as it is more common in the summer than in winter. 

Salmonellosis is more common in children under the age of 5, adults 20-30 year olds, and 

patients 70 years or older [10]. Only about 50 serotypes among the recognized serovars of S. 

enterica are isolated in any significant numbers as human pathogens [12, 13]. 

Of these Salmonella pathogens, most cause acute gastroenteritis, which is the most 

common form of salmonellosis. Also known as food poisoning, gastroenteritis is 

characterized by a short incubation period and a predominance of an initial presentation of 

symptoms such as nausea, vomiting, diarrhea, fever, headache, abdominal cramps, and 

myalgias [10, 11, 13-16]. The symptoms can range from mild to severe and may persist for 2-

7 days [10, 11]. Typically, S. enterica serovar Typhimurium is the most common serotype 

which can cause a severe form of gastroenteritis in humans, characterized by colonic 

involvement, septicemia, fever, and or abortion [11, 13, 15, 16]. 

A second common clinical manifestation is typhoid fever, also known as enteric fever, 

and it is caused by S. Typhi, which is the causative agent of typhoid fever. This serotype of 

Salmonella is a major health problem in developing countries. Transmission of the disease is 

via the fecal-oral route [17], and a milder form of this disease is caused by serotypes 

Paratyphi A, B, and C [10, 18]. This febrile illness is characterized by gradually increasing 

fever, rising within 72 hours of the onset of illness with complaints of headache, abdominal 

pain, anorexia, malaise, myalgias. These symptoms can persist for about 1 week or longer and 

are then followed by gastrointestinal symptoms of diarrhea and vomiting [11]. The symptoms 
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can be accompanied by a faint rose-colored rash on the abdomen and chest with less common 

symptoms such as sore throat, cough, and bloody diarrhea [10, 19]. Enteric fever, however, is 

a serious clinical disease characterized by a gradual onset of symptoms, interstitial 

inflammation, and, ultimately, bacterial dissemination to systemic sites [20]. Complications 

can occur like myocarditis, intestinal segmental ileus, encephalopathy, intravascular 

coagulation, infection of the biliary tree and intestinal tract, urinary tract infection, plus 

metastatic lesions in bone, joints, liver, and meninges, and neuropsychiatric manifestations 

[19]. The most severe complications is hemorrhage due to perforations of the terminal ileum 

of the proximal colon, which occur in 3% of patients. Fever can last for weeks if untreated. 

However with proper antimicrobial therapy, seriously ill patients usually convalesce within 

10 - 14 days [2, 10, 19]. 

Salmonella serovars Typhi and Paratyphi (A, B and C) can penetrate the intestinal wall 

and enter the body fluids, with potential of causing severe systemic infections. The other 

serovars (non-Typhi or Paratyphi-NTP Salmonella) mostly cause food poisoning and enteritis 

and are commonly isolated from stool samples [21] . S. Typhi and S. Typhimurium use 

similar mechanisms for host cellular invasion and intracellular trafficking in cultured human 

epithelial cells [22]. 

The causative agents of bacteremia, another serious clinical manifestation, are non-

typhoidal Salmonella serotypes Typhimurium and Enteritidis, which cause food poisoning 

and gastroenteritis and which are mostly acute in nature, self-limited and do not require 

antimicrobial therapy [21]. Nonetheless, approximately 5% of patients with gastrointestinal 

illness caused by non-typhoidal Salmonella serotypes lead to the development of bacteremia, 

a serious complication [23]. Among all, Salmonella serotype Choleraesuis mostly tend to 

cause bacteremia in humans. The risk for Salmonella bacteremia is higher in children and 

adults with certain underlying conditions, such as very young age, immunocompromised 

patients with HIV infections, AIDS, sickle cell disease, malignancies, immunosuppressive 

therapy, hemolytic anemia, congenital immunodeficiencies, and inflammatory bowel disease 

[24-27]. Bacteremia cases in these higher risk groups are more likely to develop 

extraintestinal focal infections such as meningitis, septic arthritis, osteomyelitis, cholangitis 

and pneumonia [23-26, 28-30] . In adults, the complications can be even more severe such as 

in the development of infectious endarteritis [31, 32]. Bacteremia occurring in 

immunosuppressed individuals and patients with comorbid medical conditions can cause 

septic shock, septicemia and eventually death [10, 19]. Thus, in these individuals, 

antimicrobial therapy would be indicated.  

Asymptomatic colonization involves little or no symptoms. The Salmonella infection can 

be colonized in the gastrointestinal tract with associated fecal shedding, which becomes the 

source of infection for other animals and humans [33]. Salmonella strains responsible for 

typhoid and paratyphoid fevers often have their origins in prior human colonization [11]. 

Several factors such as acid intolerance, resistance to antimicrobial peptides and bile salts, 

and uptake and replication of Salmonella in the intestinal mucosa play important roles in 

Salmonella colonization in mammals [34, 35]. Chronic colonization can develop in 1% to 5% 

of patients; and in these patients, the gall bladder acts as a reservoir for Salmonella 

colonization [36].  
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EPIDEMIOLOGY 
 

The incidences of Salmonella infections in humans have dramatically increased 

throughout the world over the past few years leading to its emergence as an important public 

health concern. S. enterica has become the second most common bacterial cause of foodborne 

gastroenteritis cases worldwide [37]. According to the Centers for Disease Control and 

Prevention (CDC), approximately 42,000 salmonellosis cases are reported every year in the 

United States [38]. The actual number, however, may be greater than that reported because of 

undiagnosed or unreported milder cases. Thus, every year, Salmonella infection is estimated 

to cause about 1.4 million human cases in the United States and to be the leading cause of 

23,000 hospitalizations and 450 deaths from foodborne disease [39, 40]. The global health 

impact is as high as an estimated 93.8 million illnesses and 155,000 deaths each year [41]. 

According to the current view of taxonomy, members of genus Salmonella are assigned 

to two species: S. enterica and S. bongori where S. enterica itself is divided into six 

subspecies, denoted as enterica, salamae, arizonae, diarizonae, indica, and houtenae, or as I, 

II, IIIa, IIIb, IV, and VI, respectively [42]. Although over 2300 serovars of Salmonella have 

been identified, only about 50 are considered pathogens [43]. Of these, only a relatively small 

number of serotypes such as S. Typhimurium (19%), S. Enteritidis (14%), S. Newport (9%) 

and S. Javiana (5%), account for about half of all human clinical isolates reported in the U.S. 

Therefore, S. Typhimurium and S. Enteritidis are the most common in the U.S. [44].  

Salmonella microorganisms live in the animal gastrointestinal tract, which is a common 

source of transmission [45]. The most commonly isolated serotype, S. Enteritidis, is often 

associated with eggs and poultry [46] and are often responsible for salmonellosis outbreaks 

[47, 48]. Consumption of contaminated vegetables, fruits, milk, meat and meat products is a 

major cause in the emergence of food-borne salmonellosis [49]. Since 2012, one of five high-

priority goals for the U.S. Department of Health and Human Services has become the 

reduction of S. Enteritidis infections. Towards this, it is important to study the mechanisms of 

virulence and antimicrobial resistance in order to find the means to circumvent these 

mechanisms, to reduce the conditions that foster dissemination through populations and to 

restore efficacy of chemotherapy.  

 

 

VIRULENCE MECHANISMS OF S. ENTERICA  
 

The virulence factors associated with S. enterica have been extensively studied. 

Salmonellosis begins with exposure and consumption of S. enterica; initially, the acid 

tolerance response (ATR) is invoked, allowing survival of the bacterium in the low pH of the 

stomach. The ATR mechanism maintains the internal pH homeostasis to ensure bacterial 

viability [50]. The pH stress response in S. enterica is complex. Thus far, about 51 acid shock 

proteins (ASPs) associated with S. enterica have been identified [51]. Upon reaching the 

gastrointestinal tract the bacteria enter the M cells, thus circumventing the intestinal epithelial 

barrier [52]. Adhesion of the bacterium to cells of the Peyer‘s patches is mediated by gene 

products of the fimbriae lpfABCDE operon [53, 54]. Subsequent to bacterial adhesion, the 

host cell immediately undergoes cytoskeletal changes which are required for bacterial entry 

[55]. The host cell surface membrane ruffles during pinocytosis, forming Salmonella 
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containing vacuoles (SCV) in which the enclosed bacteria multiply [56]. S. enterica enclosed 

within M cells may avoid fusion with internal hydrolytic lysosomes and become released, 

eventually encountering macrophages residing in nearby tissues after crossing the lamina 

propria of the intestinal wall [57]. Subsequent bacterial multiplication inside the macrophage 

is facilitated by the virulence factor SopD [58], allowing dissemination to other tissues [59]. 

Additionally, a variety of virulence factors are delivered to the host cell via a Type III 

Secretion System (T3SS) harbored by S. enterica [60, 61].  

 

 

CHEMOTHERAPY OF CLINICAL SALMONELLOSES 
 

Antimicrobial chemotherapy for the treatment of salmonellosis is less common since a 

study by Wiström and Norrby in 1995 found little to no benefit from the administration of 

fluoroquinolones, which were beneficial only when norfloxacin was administered within 48 

hours after the onset of symptoms [62]. It was once thought that antimicrobial agents would 

shorten the duration of S. enterica infections; presently, however, electrolyte and fluid 

replacement is the preferred treatment avenue as the majority of relatively milder infections 

are self-limiting. Antibiotics are indicated, however, in patients who are severely ill, and the 

most commonly preferred drugs are the fluoroquinolones, trimethoprim sulfamethoxazole 

(TMP-SMZ), ampicillin, or expanded- spectrum cephalosporins, such as ceftriaxone or 

cefixime [37, 63, 64] . Regretfully, multidrug resistance has already been documented in a 

large number of S. Typhimurium isolates, particularly to TMP-SMZ and ampicillin, thus 

confounding the chemotherapeutic efficacy in the treatment of severely ill patients [65-68]. 

Clinical isolates from a 2008 salmonellosis outbreak involving 43 states of the U.S. [69] were 

largely sensitive to antimicrobial agents but with a multidrug resistant S. Typhimurium 

DT104 isolate being an exception [70].  

 

 

ANTIBIOTIC RESISTANCE CONFERRING MECHANISMS ON  

THE SALMONELLA ENTERICA GENOME 
 

Many cellular and molecular systems in bacteria work together to impart antibiotic 

resistance upon pathogenic strains [71-73]. Extensive use of antimicrobial agents has led to 

the dissemination of multidrug resistance (MDR), leading to the notion that resistance 

mechanisms represent virulence factors [47, 74, 75]. The drug resistance mechanisms like (a) 

biofilm formation, (b) ribosomal protection, (c) modification of drug binding sites, (d) 

enzymatic-inactivation of the antibiotics, (e) decreased membrane permeability and (f) active 

drug efflux pumps all contribute to resistance against multiple structurally diverse 

antimicrobial agents in bacteria [72, 76-78] (Figure 1). Various resistance mechanisms 

encoded on the genome of Salmonella enterica function by extruding antibiotics out of the 

bacterial cell to dilute the cytoplasmic drug levels and confer MDR [47].  
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Figure 1. Bacterial antimicrobial resistance mechanisms. The various molecular mechanisms of 

bacterial resistance to antimicrobial drugs include: efflux of antibiotics; degradation of antibiotics by 

Salmonella-secreted enzymes; modification of drug targets such as the ribosome; and modification or 

removal of porins, decreasing the membrane permeability.  

 

DRUG AND MULTIDRUG EFFLUX PUMPS OF SALMONELLA ENTERICA  
 

Drug and multidrug efflux pumps represent a major mechanism of bacterial resistance to 

antimicrobial agents [79]. Antimicrobial efflux pumps from Salmonella actively extrude a 

variety of antimicrobials across the biological membrane and out of the cell, protecting the 

bacterium from the growth inhibitory effects of anti-bacterial substances [47, 49]. Empirical 

data suggest the role of active efflux pumps in Salmonella as conferring resistance to various 

antimicrobial agents [80]. The classes of active drug efflux transporters harbored by S. 

enterica include: (i) the ABC (ATP binding cassette) transporters [81], (ii) the MATE (multi 

antimicrobial extrusion or multidrug and toxic compound extrusion) superfamily [73, 82], 

(iii) the RND (resistance nodulation division) superfamily [83], (iv) the SMR (small 

multidrug resistance) superfamily [84], and (V) the MFS (major facilitator superfamily) [85]. 

About twelve efflux pumps from four of the major families have been identified in 

Salmonella (Table 1) [47, 86]. In contrast, relatively little is known regarding the involvement 

of the SMR transporters from Salmonella [87].  

 

 

THE RND FAMILY OF EFFLUX PUMPS 
 

Efflux pumps from the resistance nodulation division (RND) family play a major role in 

producing both the intrinsic and the elevated levels of resistance to a very large range of toxic 

compounds in Salmonella spp. [88]. The tripartite drug efflux system functions together with 
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communication between an RND efflux pump, a membrane fusion protein (MFP), and an 

outer membrane factor (OMF) [89].  

 

Table 1. Efflux pumps from major transporter families, their substrates and genetic 

location in Salmonella 

 
Gene Pump Family Substrates Location 

acrA/ acrB/ 

tolC 

AcrAB RND Ciprofloxacin, chloramphenicol, tetracycline, acriflavine, 

fusidic acid, novobiocin, erythromycin-A, rifampin, b -Lactam 

antibiotics, ethidium bromide, bile salts, crystal violet, sodium 

dodecyl sulfate (SDS), sodium deoxycholate, sodium cholate, 

triton X-100, cetrimide, norfloxacin, cetyl-

trimethylammonium bromide (CTAB), nalidixic acid, 

penicillin-G and triclosan 

Chromosome 

acrD AcrD RND Kanamycin, tobramycin, gentamicin, aminoglycosides, 

taurocholate, novobiocin, SDS, DOC and amikacin 

Chromosome 

acrEF AcrEF RND Nalidixic acid, ciprofloxacin, tetracycline, chloramphenicol, 

triclosan and C-TAB 

Chromosome 

mdsA/ mdsB/ 

tolC/ mdsC 

MdsABC RND Novobiocin, acriflavine, crystal violet, ethidium bromide, 

methylene blue, rhodamine 6G, tetraphenylphosphonium 

bromide (TPP), benzalkonium bromide and SDS 

Chromosome 

mdtA/ mdtB/ 

mdtC/ tolC 

MdtABC RND β-lactams, novobiocin, SDS, DOC, metal resistance (Zinc, 

copper, tungstate) and bile salts 

Chromosome 

macA/ macB/ 

tolC 

MacAB ABC Macrolides, erythromycin and detoxification of reactive 

oxygen species (ROS) 

Chromosome 

emrA/ emrB/ 

tolC 

EmrAB MFS Uncouplers, nalidixic acid, novobiocin and DOC Chromosome 

mdfA MdfA MFS Doxorubicin, TPP, Ethidium, Chloramphenicol, 

Thiamphenicol, Tetracycline, Puromycin, Pyronin, 

Ciprofloxacin, Norfloxacin, Benzalkonium, Erythromycin, 

Neomycin, IPTG and alkali tolerance 

Chromosome 

mdtK MdtK MATE Norfloxacin, doxorubicin and acriflavine Chromosome 

tetA(A) 

tetA(B) 

tetA(G) 

TetA TetB 

TetG  

MFS Tetracyclines SGI-1 

floR FloR MFS Florfenicol SGI-1 

cmlA CmlA MFS Chloramphenicol SGI-1 

 

 

THE ACRAB-TOLC EFFLUX SYSTEM 
 

Different genotypes of S. Typhimurium, namely tolC::kan, acrB::kan and acrAB variants, 

stably express the AcrAB-TolC efflux system in their biological membranes [80]. The AcrAB 

efflux pump is encoded by the acrAB genes located on the chromosome of S. Typhimurium 

(Table 1) [88]. The AcrAB-TolC antimicrobial efflux system functions as a tripartite complex 

(AcrA/AcrB/TolC); AcrB is an RND efflux pump. AcrA is a periplasmic membrane fusion 

protein, and TolC is the outer-membrane channel. The acriflavine resistance protein B (AcrB) 

efflux pump contains twelve transmembrane (TM) α-helices constituting the transmembrane 

domains [89]. Domains TM4 and TM10 play an essential role in proton transport [89]. The 
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periplasmic part of AcrB consists of the funnel-like TolC docking domain with a central pore 

formed by three α-helices. AcrB also contains a cleft at the periplasmic domain to 

accommodate AcrA [89]. The AcrB pump is a drug/proton antiporter with high affinities for 

conjugated bile salts, and AcrA strongly stimulates the activity of the AcrB pump [90]. 

Protonation induces a conformational change in the periplasmic domain of the AcrAB pump 

thereby extruding the drug using the proton motive force [89, 90]. The tripartite AcrAB-TolC 

efflux system of S. Typhimurium actively extrudes ciprofloxacin, chloramphenicol, 

tetracycline, acriflavine, fusidic acid, novobiocin, erythromycin, rifampin, β-lactam 

antibiotics, ethidium bromide, bile salts, crystal violet, sodium dodecyl sulfate (SDS), sodium 

deoxycholate, sodium cholate, triton X-100, cetrimide, norfloxacin, cetyl trimethylammonium 

bromide (CTAB), nalidixic acid, penicillin-G, and triclosan (Table 1) [88, 91]. The 

lipophilicity of the antibiotic side chains constitute a basic structural requirement in order for 

penicillins and cephalosporin to serve as substrates for the AcrAB pump system [88]. Over-

expression of the AcrAB-TolC efflux system leads to a high-level of resistance to nalidixic 

acid, fluoroquinolones, such as enrofloxacin, ciprofloxacin, and marbofloxacin, and to 

structurally unrelated drugs like flumequine, vetoquinol, chloramphenicol, florfenicol, and 

tetracycline in isolates of S. Typhimurium DT204 from Belgium and Germany [92]. Over-

expression from the acrA, acrB and tolC genes lead to fluoroquinolone resistance and efflux 

of substrates like chloramphenicol, nalidixic acid, ciprofloxacin and tetracycline in an MDR 

strain of S. Typhimurium [49, 80]. Active efflux by AcrA is an additional high-quinolone 

resistance conferring mechanism that increases resistance to florfenicol even in the absence of 

the specific floR resistance gene [92]. Elevated expression of AcrA is associated with 

quinolone and fluoroquinolone resistances in Salmonella mutants and with induction of MDR 

in Salmonella cells that are tolerant to organic solvents [91, 92]. Inactivation of the acrB gene 

coding for the multidrug transporter of the AcrAB-TolC efflux system resulted in a hyper-

susceptible phenotype to quinolones, enrofloxacin, chloramphenicol, florfenicol, and 

tetracycline [92]. Mutations in gyrase or topoisomerase IV along with AcrB over-expression 

was shown to induce high clinical fluoroquinolone tolerance leading to failure in 

fluoroquinolone therapy [91]. The AcrAB-TolC pump is transcriptionally regulated by the 

marRAB and soxRS systems of S. enterica [91]. It was shown that indole and bile salts induce 

AcrAB expression in Salmonella via RamA and AraC [80]. Phenyl-arginine beta-

naphthylamide (PAβN) was identified as an effective efflux pump inhibitor (EPI) of the 

AcrAB-TolC efflux system in S. Typhimurium. This inhibitor mimics and competitively 

blocks the substrate-binding pocket within the AcrB efflux pump [80]. 

 

 

THE ACRD EFFLUX PUMP  
 

AcrD and AcrEF (see below) are the other RND efflux pumps encoded on the S. enterica 

chromosome [91]. AcrD is homologous to AcrAB and AcrEF. It was shown that deletion of 

acrD or acrEF from S. Typhimurium can enhance AcrB expression [91]. The AcrD efflux 

pump was shown to extrude and capture aminoglycosides along with its role in the efflux of 

taurocholate. AcrD actively extrudes kanamycin, tobramycin, gentamicin, and amikacin 

producing an increased transport of protons across the membrane (Table 1) [48]. The acrD or 

mdtABC genetic elements encode pumps that confer resistance against novobiocin, SDS and 
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deoxycholate in S. enterica cells [93]. Mutations in acrR de-repress expression of acrB, 

thereby activating the drug efflux pump function of the AcrAB system [91].  

 

 

THE ACREF EFFLUX PUMP 
 

In Salmonella, AcrEF from the RND family was found to be homologous with AcrAB 

from the same transporter family [94, 95]. The AcrEF efflux pump is known to functionally 

complement the AcrAB–TolC system [95]. The AcrD or AcrEF efflux pumps have been 

shown to confer mild resistances to nalidixic acid, ciprofloxacin, tetracycline, 

chloramphenicol, triclosan and CTAB (Table 1) [91]. Mutants lacking either of the AcrD or 

AcrEF efflux pumps did not show high susceptibilities to clinically relevant antimicrobials, 

suggesting their roles in conferring clinical resistances via this active efflux mechanism in 

Salmonella [91, 96]. This finding indicates that a fully intact AcrAB-TolC pump system is 

minimally required in order to be a major resistance mechanism conferring MDR in most 

serovars of S. enterica [91]. AcrEF has been shown to exhibit a prominent role in cell division 

and biofilm formation, thereby leading to an enhancement of virulence [94]. The acrEF genes 

encoding the AcrEF proteins conferred multidrug resistance in a fashion similar to that of 

AcrAB [93]. AcrEF and EmrAB were involved in the efflux of triclosan from the cell and 

complemented the role of AcrAB when over-expressed [95].  

AcrEF is repressed by the local repressor AcrS. Over-expression of AcrEF is regulated by 

the presence of IS transposable elements (IS-1 and -10) upstream of the gene encoding AcrS 

[91, 96]. These IS-1 and -10 elements confer fluoroquinolone resistance against 

marbofloxacin, enrofloxacin, ciprofloxacin, florfenicol and erythromycin in Salmonella [96]. 

From previous studies it is known that in a few strains, like S. Typhimurium DT104, IS-1 and 

-10 mediate the MDR phenotype by enhancing the expression of the acrEF genes [91].  

 

 

THE MDTABC EFFLUX SYSTEM 
 

Of the five putative drug efflux pump systems annotated from the RND family, the 

transport abilities and roles in drug resistance and virulence of the MdtABC and MdsABC 

pumps (below) are poorly understood. The predicted MdtB and MdtC proteins are encoded on 

two different genomes but they function as one transporter system to actively efflux 

antibiotics [93]. The genetic elements acrD or mdtABC encoding pumps confer resistance 

against novobiocin, SDS and DOC (Table 1) [93]. MdtABC from Salmonella possesses two 

different RND transporters, MdtB and MdtC, both of which are co-transcribed in an operon 

along with a membrane fusion protein, MdtA [97]. The functional pump consists of a hetero-

multimeric unit formed by two subunits of MdtB and one subunit of MdtC [97]. MdtC is 

involved in the binding and transport of drugs, and MdtB induces a conformational change 

needed for transport using proton translocation (proton motive force) as an energy driving 

force. In S. enterica, MdtABC confers resistance to β-lactams, novobiocin, SDS, and bile 

salts, and it detoxifies the cell from zinc, copper and tungstate (Table 1) [98]. 
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THE MDSABC EFFLUX PUMP SYSTEM 
 

The mdsABC system of S. enterica is absent in other bacterial species and is at present 

surprisingly unique to the Salmonella genome. The mdsA gene encodes an outer membrane 

protein whereas MsdB is an RND efflux pump [47]. MdsC of Salmonella, like TolC, is highly 

expressed in drug resistant variants of Salmonella, owing to their major role in active drug 

efflux [47]. The RND-type MdsAB system could function with either MdsC, which is 

encoded in the same operon, or TolC as the outer membrane component [93]. MsbA from S. 

Typhimurium has two ATP binding cassette (ABC) domains (see below) and nucleotide 

binding domains for the binding and hydrolysis of ATP [99]. The Salmonella-specific 

MdsABC system confers resistance to a variety of toxic compounds [93]. Overproduction of 

the MdsABC transporter confers bacterial resistance to novobiocin, acriflavine, crystal violet, 

ethidium bromide, methylene blue, rhodamine 6G, tetraphenylphosphonium bromide (TPP), 

benzalkonium bromide and SDS (Table 1) [93].  

 

 

THE ABC TRANSPORTER FAMILY OF DRUG EFFLUX PUMPS 
 

The primary active multidrug ATP-binding cassette (ABC) transporters play an important 

role in the extrusion of drugs from the bacterial cell, as well the efflux of anticancer drugs 

from eukaryotic cells [100]. The ABC solute transport systems utilize the hydrolysis of ATP 

as the energy driving force; and these pumps contain two nucleotide-binding domains (NBDs) 

where ATP is bound and hydrolyzed and two membrane domains (MDs) which mediate 

transport of substrates across the cell membrane.  

 

 

THE MACAB-TOLC EFFLUX PUMP SYSTEM 
 

The MacAB-TolC drug transport system from S. Typhimurium belongs to the ABC 

family of solute transporters [47]. MacAB-TolC is an ABC-type efflux complex consisting of 

the periplasmic protein, MacA, an efflux pump, MacB, and TolC, an outer membrane channel 

protein [80, 101]. Of the efflux pumps from Salmonella, the macrolide-specific pump 

MacAB, is one of the few ABC-type drug efflux pumps from Salmonella that have been 

studied in detail; and this transporter is a major contributing factor to virulence [47, 101, 

102]. The Salmonella MacAB system can recognize macrolides as their substrates and 

operates by using the energy obtained from ATP hydrolysis [47]. The energy obtained from 

ATP hydrolysis is used to actively pump the antibiotics out of cell against their concentration 

gradient. The efflux of macrolides confers resistance upon the bacterium to these 

antimicrobial agents. The MacAB drug efflux pump, however, has functions beyond 

resistance to macrolides and erythromycin. For instance, the MacAB system was proposed to 

have a specific role in detoxifying natural compounds encountered during infection [93]. The 

transporter system also plays a role in the protection of Salmonella against oxidative stress 

and is induced upon exposure to hydrogen peroxide, H2O2 (Table 1) [93, 102]. MacAB is 

apparently also required for intracellular multiplication [102]. MacAB mutants with a deletion 
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of the RND-type AcrAB efflux pump (ΔacrAB) still conferred macrolide resistance to 

Salmonella strains [101].  

In Salmonella, PhoPQ, a two-component signal transduction system, regulates the 

expression of the MacAB pump directly [47, 80]. The macAB drug efflux genes are repressed 

by PhoP [93]. The PhoP protein binds to a site in the macA gene, the intergenic region 

between somA and the macAB ABC-transporter genes, and controls the expression of macAB 

[47]. Interestingly, somA is a PhoP-activated gene that has been implicated in virulence, and 

the macAB operon is a PhoP-repressed locus. Thus, during infection of a mammalian host the 

macAB genes mediate Salmonella activity outside of host cells [93].  

 

 

THE MATE FAMILY OF DRUG EFFLUX PUMPS  
 

The MATE (Multidrug And Toxic Compound Extrusion) family is the most recently 

categorized one among the five multidrug efflux transporter families [103]. MdtK from S. 

Typhimurium belongs to this family.  

 

 

THE MDTK EFFLUX PUMP 
 

MdtK from S. Typhimurium is a MATE-type efflux pump. The integral membrane 

protein pump transports norfloxacin, doxorubicin and acriflavine out of the cell through 

biological membrane (Table 1), thus conferring bacterial resistance to these antimicrobial 

agents [103]. Salmonella MdtK (YdhE) does not confer TPP and DOC resistance like that 

observed in E. coli [93].  

 

 

THE TOLC OUTER MEMBRANE PROTEIN  
 

The AcrAB, AcrD, AcrEF and MdtABC transporters described above require the TolC 

outer membrane channel, as well, in order to completely extrude drugs to the extracellular 

milieu [90]. Except for the acrD gene, all RND efflux system genes also encode an MFP. 

Thus, the AcrEF, AcrD, MdtABC and EmrAB systems rely on TolC as their outer membrane 

component for their drug extrusion functions. Deletion of TolC inactivates all four of these 

efflux systems in Salmonella [93].  

 

 

THE SMALL MULTIDRUG RESISTANCE (SMR) FAMILY OF  

EFFLUX PUMPS 
 

The SMR family of efflux pumps are secondary active multidrug transporters energized 

by the proton gradient [104-109] involving an exchange between the drug and a proton across 

the membrane, translocation of drugs by changes in the pump conformation, followed by 

replacement of the drug by a proton in a mechanism known as antiport [110]. The SMR 

proteins are small integral homo-oligomeric membrane proteins consisting of 100-140 amino 
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acids [104, 108, 111] with a molecular weight of approximately 12 kDa [112]. This type of 

efflux pump is associated with resistances to a variety of quaternary ammonium compounds 

and lipophilic cations such as methyl viologen, tetraphenylphosphonium (TPP), 

benzalkonium, cetyltrimethylammonium bromide (CTAB), cetylpyridinium chloride (CTPC), 

and dyes such as ethidium bromide, acriflavine, proflavin, crystal violet, pyronine Y, and 

safranin O. The SMR efflux pump also confers resistance to lipophilic anions like sodium 

dodecyl sulfate (SDS), the antimicrobial agent phosphonomycin, and a neutral drug like 

chloramphenicol. Resistances to antibiotics such as β-lactams, cephalosporins, dihydrofolate 

inhibitors and aminoglycosides are also observed [104].  

The SMR efflux pump family was first observed in S. aureus and other Staphylococci as 

a qacC/qacD/ebr but later was renamed smr [113]. The pump consists of 4 transmembrane 

proteins [107, 114-119] that are included in a drug/metabolite transporter (DMT) superfamily 

[104, 112, 113, 120, 121]. In the membrane, an intact SMR pump forms a homotrimer while 

being soluble in organic solvents due to its hydrophobic nature [122] and is the efflux 

transporter family that is found only in bacteria [110, 122, 123]. Protein databases using 

EmrE of E. coli as a seed sequence shows that their pump diversity in bacteria is a result of 

smr gene duplication since 52% of completely sequenced bacterial genomes possess SMR 

homologues [104]. 

As of this writing, there are approximately 100 SMR protein sequences, and its 

classification is based on phenotypic characteristics [104]. The SMR transporter family has 

been divided into three subclasses; (i) the small multidrug pumps (SMP), (ii) the suppressor 

of groEL mutation proteins (SUG) and (iii) the paired small multidrug resistance proteins 

(PSMR) [104, 124]. These proteins confer multidrug resistance in both Gram-positive and -

negative bacteria, plus in the archaea [104].  

Both qacE and qacE∆1 are antibiotic resistant genes of the SMP class that are found on 

an integron in Gram-negative bacteria [113, 123]. The qacE gene was originally observed on 

the 3ꞌ conserved segment of class I integron, found in a plasmid from Klebsiella aerogenes 

[113]. The qacE∆1 gene, encoding a protein of 115 amino acids, is found on the Salmonella 

enterica genome and confers resistance to quaternary ammonium compounds and 

intercalating dyes [104, 125, 126]. qacE∆1 is a defective form of qacE, being deficient in the 

last 16 amino acids from the C- terminus of the protein [104, 125, 127]. 

QacF, which is also located on the class I integron, is 68% similar to QacE. QacF is 

found in S. enterica YP_209355 with a length of 110 amino acids [104]. In one study, QacC, 

an SMR pump from S. epidermidis was shown to confer high level of resistances to oxacillin, 

cefazoline and cephaloridine but to a lesser extent to cephadroxil, ceftazidine and ethidium 

bromide when expressed in Gram-negative hosts like S. Typhimurium; but the same pump 

confers low level resistance to these antibiotics when expressed in its natural host [117].  

SUG is also called SugE, and its classification is based also upon phenotypic 

characteristics [104, 128]. In Salmonella ssp., SugE is an SMR protein [129] with 105 amino 

acids [104]. Rather than transporting quaternary ammonium compounds and lipophilic dyes, 

the SugE protein imports and exports these substrates in small amounts if overexpressed 

[104]. GroEL is a chaperone that is involved in the folding of proteins [104, 130]. SugE was 

so named due to its ability to the restore lost nitrogenase activity when GroEL was defective 

[131], and SugE over expression results in the suppression of the GroEL mutation [104, 132]. 

The third subclass, PSMR, requires two separate SMR genes to be co-expressed in order 

to confer drug resistance. This protein consists of longer hydrophilic loops and an extended 
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hydrophilic C-terminus making one of the SMR proteins longer than the other one, e.g., in the 

YdgEF system, the YdgF protein contains 121 amino acids; while YdgE has 109 residues. 

There is single PSMR protein pair in E. coli whereas in B. subtilis it consists of 3 or more 

pairs, suggesting that number of protein pairs depends on the organism [104].  

 

 

THE MAJOR FACILITATOR SUPERFAMILY 
 

The major facilitator superfamily (MFS) consists of a very large number of solute 

transporters as members [133]. These transporters have related amino acid sequences, similar 

predicted numbers of transmembrane domains, and are thought to share a common 

evolutionary ancestor [134]. The transporters of the MFS may have as their main modes of 

energy both secondary active and passive mechanisms [135]. Amon the secondary active 

transporters, members of the MFS include both symporters and antiporters [136, 137], and 

among the passive transporters, MFS members include uniporters [133]. Although the MFS 

share similarities in sequence, structure, origin and modes of energy, these transporters 

nonetheless harbor extreme differences in their substrates, such as in the number of substrates 

and substrate structure [85, 135]. With respect to the MFS transporters of S. enterica, many 

are believed to consist of a variety of drug and multidrug efflux pumps.  

 

 

THE MFS ANTIMICROBIAL EFFLUX PUMPS  
 

The genome sequencing of bacterial pathogens is a rapidly expanding field [138, 139], 

and those genome projects pertaining to S. enterica have helped to identify virulence factors 

associated with this pathogenic organism [140-143]. Towards this, systematic evaluation of S. 

enterica genome sequences has resulted in the discovery of determinants that are predicted to 

encode drug resistance mechanisms [68, 144]. The major facilitator superfamily represents 

one of the largest transporter superfamilies, consisting of uniporters, symporters and 

antiporters with 12- or 14-transmembrane domains and similar amino acid sequences but with 

diverse substrates, such as ions, sugars, amino acids, metabolic intermediates and 

antimicrobial agents [85, 133, 145-151].   

 

 

THE EMRB AND MDFA MULTIDRUG EFFLUX PUMPS OF THE MFS 
 

Although the MFS represents one of the largest transporter superfamilies, with thousands 

of members [135], these transporters are relatively poorly studied in S. enterica. The S. 

enterica multidrug efflux pumps EmrB [152, 153] and MdfA [86, 93] are so far the only well 

characterized members of the MSF. The EmrB transporter, an integral inner-membrane 

protein, is associated with a periplasmic protein, EmrA, and an outer-membrane channel-like 

protein, TolC, to form a tripartite complex collectively conferring resistance to a several 

antimicrobial agents, like novobiocin and nalidixic acid in S. enterica [86, 95]. The MdfA 

antimicrobial efflux pump from S. enterica is also a member of the MFS. The mdfA gene 

from Salmonella encoding the MdfA drug pump confers resistance to chloramphenicol 
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doxorubicin, norfloxacin, and tetracycline, but not to acriflavine, ethidium bromide and 

tetraphenylphosphonium (TPP) [93]. However, MdfA from E. coli actively transports these 

antimicrobial agents [93]. The reason for these observed differences in the substrate profiles 

remains to be elucidated. The over-expression of MdfA in Salmonella increases alkaline 

tolerance by enhancing an exchange process with Na
+
(K

+
) / H

+
 in addition to mediating 

antimicrobial drug / H
+
 antiport [154].  

Using MdfA from S. enterica as a query sequence, we conducted a BLASTP analysis and 

found that the S. enterica chromosome surprisingly harbors about 16 uncharacterized putative 

drug efflux pumps, all belonging to the MFS. These putative and so far uncharacterized drug 

efflux pumps from S. enterica are most closely related to MdtM, SmvA, MdtH, Tcr4, MdtD, 

MdtM-2, SalT1, SaliN, MdtM-3, SaleT, MdtM-4, MdfA-1, MdfA-2, MdfA-3, Cmr, and 

MdtH from a variety of other microorganisms. Clearly, much molecular and physiological 

work must be completed before these putative determinants can be considered MFS drug and 

multidrug efflux pumps of S. enterica. It is thus important that these genomic elements be 

studied in order to find means to circumvent these potential antimicrobial resistance 

mechanisms. Such studies would potentially restore the clinical efficacy of certain 

antimicrobials and facilitate treatment efforts against salmonellosis.  

 

 

THE SALMONELLA GENOMIC ISLAND I (SGI-1) 
 

The Salmonella pathogenicity island 1 (SPI-1) harbors genes encoding factors necessary 

for the invasion of intestinal epithelial cells and the induction of intestinal secretory and 

inflammatory responses [155]. On the other hand, the Salmonella pathogenicity island 2 (SPI-

2) encodes genes that constitute a type III secretion system for the translocation of virulence 

factors to target host cells [155]. The 43-Kbp size SGI-1 element from S. Typhimurium 

confers multidrug resistance to ampicillin (A), chloramphenicol (C), streptomycin (S), 

sulfonamides (Su) and tetracycline's (T), denoted as ACSSuT [49]. In S. Typhimurium 

DT104, the MDR conferring genes are localized on SGI1 and mediate resistance to ampicillin 

(bla-PSE), chloramphenicol and florfenicol (floR / cmlA), gentamicin (aac(3)), streptomycin 

and spectinomycin (aadA and aadA7), sulfonamides (sul1), tetracyclines (tetA(G)), and 

trimethoprim (dfrA1 and dfrA10) [49, 155]. Integrons are capable of transferring antibiotic 

resistance determinants, and the resistance encoding locus in SGI (13-Kbp) is flanked by two 

class 1 integrons [49]. This region contains an aadA2 gene (conferring resistance to 

streptomycin and spectinomycin) on the proximal side and the β-lactamase gene, bla-PSE, on 

the distal end. In SGI integrase enzyme encoded by the intI1 gene, located at 5‘- conserved 

segment of class-1 integrons, facilitates recombination, expression and recognition of 

recombined att1 [49]. The 3‘- conserved segment of SGI encodes qacE1 and sul1, which 

confer resistance to quaternary ammonium compounds and sulfonamides, respectively [49]. 

From studies by Abraham et al., S. enterica strains exhibiting the MDR phenotype isolated 

from Australian livestock harbored blaTEM, sul2, tetB, tetA, aphA1 , dhfrV, sul1, aadA, aac(3)-

IV, dhfrI, tetC, and cmlA genes associated with class 1 integrons (int1) [156]. The aadB, 

aphAI-IAB, aadA1, aadA2, or blaPSE1, blaTEM, cat1, cat2, dhfr1, floR, strA, sul1, sul2, tetA(A), 

tetA(B) and tetA(G) genes are the resistance conferring clusters presently integrated in the 

class 1 integrons [157]. The aadA1 and aadA2 genes confer resistance to spectinomycin and 
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streptomycin by encoding the enzyme spectinomycin / streptomycin adenyl tranferase. The 

aadB gene encodes an aminoglycoside transferase enzyme that inactivates gentamicin. The 

aphA1-1AB determinant encodes an aminoglycoside phosphotransferase which confers 

resistance to kanamycin. The blaCARB2 and blaTEM genes encode β-lactamases which degrade 

ampicillin. CAT1 and -2 are chloramphenicol acetyl-transferases that protect the cell from 

chloramphenicol. DHFR1 is a dihydrofolate reductase enzyme that can degrade trimethoprim. 

StrA is a streptomycin phosphotransferase and sul1 and 2 encode dihydropteroate synthases 

that protect from spectinomycin and sulfadiazine (Table 2). The blaP1 element found on the 

class-1 integron codes for PSE-1 / CARB-2 and is present on SGI1 [157]. A new gene cmY-2 

coding a β-lactamase is effective in inactivating third-generation cephalosporins leading to 

resistances against ampicillin, amoxicillin-clavulanic acid, cefoxitin, cephalothin, ceftiofur, 

chloramphenicol, streptomycin, sulfamethoxazole, and tetracycline (Figure 2) [155, 156, 

158]. 

 

Table 2. Resistance-conferring genes present on SGI-1 

 

Gene Protein Substrates 

aadA2 β-lactamase gene Streptomycin and spectinomycin 

int-III SGI Integrase Integration 

aadA1 and 

aadA2 

Spectinomycin/ 

streptomycin adenyl 

transferase 

Spectinomycin, streptomycin 

aadB Aminoglycoside 

transferase 

Gentamicin 

aphA1-1AB Aminoglycoside 

phosphotransferase 

Kanamycin 

blaTEM β-lactamases Ampicillin 

cat1 and 2 Chloramphenicol acetyl-

transferases 

Chloramphenicol 

dhfr1 Dihydrofolate reductase Trimethoprim 

strA Streptomycin 

phosphotransferase 

Streptomycin and spectinomycin 

sul1 and 2 Dihydropteroate synthases Sulfadiazine 

blaP1/ pse-1/ 

carb-2 

β-lactamase Ampicillin 

aac(3) AAC(3)-I aminoglycoside 

3-N-acetyltransferase 

Gentamicin 

cmY-2 β-lactamase Third-generation cephalosporins 

blaSHV-12 β-lactamase Sulfamethoxazole, chloramphenicol, ampicillin, 

tetracycline, kanamycin, trimethoprim, amoxicillin-

clavulanic acid, gentamicin, streptomycin, and 

extended-spectrum cephalosporins 

blaTEM-1b β-lactamase Sulfamethoxazole, chloramphenicol, ampicillin, 

tetracycline, kanamycin, trimethoprim, amoxicillin-

clavulanic acid, gentamicin, streptomycin, and 

extended-spectrum cephalosporins 

The enzymes encoded by the genes of the SGI-1 element and antibiotics that the enzymes degrade are 

shown.  
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Figure 2. Gene arrangement of the SGI-1 locus in S. enterica. 

In Spain the ESBL-producing S. enterica isolates harbored the blaSHV-12 gene combined 

with blaTEM-1b, tet(A), aadA and sul1 genes (Table 2) [159]. These isolates were resistant to 

ciprofloxacin and exhibited high-level resistances to sulfamethoxazole, chloramphenicol, 

ampicillin, tetracycline, kanamycin, trimethoprim, amoxicillin-clavulanic acid, gentamicin, 

streptomycin, and extended-spectrum cephalosporins [160]. Extremely drug-resistant (XDR) 

S. Typhimurium isolates were also resistant to all three of these choices of treatment, namely, 

ciprofloxacin, ceftriaxone, and azithromycin [160]. Interaction of drug resistance  

conferring genes on SGI-1 with AcrAB-TolC tripartite efflux pump confer resistance to 

chloramphenicol, florfenicol and tetracyclines. 

 

 

THE QRDR SYSTEM 
 

The quinolone resistance phenotype observed in Salmonella was first attributed to the 

presence of mutations in the quinolone resistance determining region (QRDR) of the gyrase 

or in topoisomerase proteins [92]. Mutations occurring in the gyrase QRDR region (gyrA and 

gyrB) and topoisomerase IV (parC and parE) were implicated as significant determinants of 

fluoroquinolone resistance in S. Typhimurium [49]. In the QRDR between amino acids 67 

and 106, specifically at residues Ser-83 and Asp-87, an association was found with resistance 

to nalidixic acid and many fluoroquinolones [92]. Work by Giruad et. al demonstrated that S. 

Typhimurium mutants lacking alterations either in gyrase or in topoisomerase IV were 

demonstrated to exhibit ciprofloxacin resistance due to the AcrAB active efflux acting alone, 

thus speculating that QRDR and active efflux mediate a synergistic outcome [161]. 

 

 

TRANSCRIPTIONAL ACTIVATORS, REGULATORS AND INDUCERS  
 

Expression of stable efflux pumps within the biological membrane of a bacterium is 

tightly regulated by many transcriptional factors [80]. The genes acrR, marRAB, soxRS and 

ramR are MDR regulatory elements in Salmonella [152]. Expression from the acrAB genetic 

element is modulated locally by the repressor AcrR and at a global level by master regulators 

such as MarA, SoxS, and Rob [162, 163].  
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THE MARRAB LOCUS 
 

The marR and marA genes encode a transcriptional repressor and an activator, 

respectively, both of which regulate the development of the MDR phenotype in S. enterica by 

drastically reducing the entry and increasing the active efflux of antibiotics via AcrAB efflux 

pump activity [164]. The marRAB, acrAB and tolC genes are positively regulated by MarA 

and SoxS in Salmonella spp. (Table 3) [165]. The marRAB locus is modulated by a variety of 

factors, including organic compounds [166] plus milk-containing foods [167] and milk itself 

[168].  

 

THE SOXS TRANSCRIPTIONAL ACTIVATOR 
 

SoxS, an effector of the soxRS global superoxide response regulon was demonstrated to 

transcribe micF and acrAB by binding to marbox, a binding site for SoxS, thereby activating 

the MDR phenotype in S. enterica (Table 3) [165]. Importantly, increased expression of marA 

and soxS at the marRAB locus results in an up-regulation of efflux pump systems like acrAB, 

thus conferring the MDR phenotype in Salmonella strains [49]. 

 

 

THE RAMA TRANSCRIPTIONAL ACTIVATOR 
 

RamA is a regulatory protein from the AraC-XylS transcriptional activator family, 

identified in S. enterica serovars Paratyphi-B and Typhimurium conferring high-level 

resistance to chloramphenicol, tetracycline, tigecycline, fluoroquinolones, and trimethoprim 

[169]. RamA has also been demonstrated to activate the marRAB locus [164]. RamA and 

SoxS together play a role in the oxidative stress response by Salmonella spp. [164]. The 

presence of indole and bile, fluids present in the internal human environment, like the 

gastrointestinal track, activate the AcrAB pump by inducing RamA (Table 3). Thus far, 

RamA is unique to Salmonella strains, Klebsiella pneumoniae and Enterobacter species but is 

apparently absent in other bacterial populations [47]. Studies also indicate that upon 

inactivation of the ramR gene, the repressor for ramA, results in an expression of the MDR 

phenotype by increasing the expression from ramA and the production of the AcrAB efflux 

pump [47].  

 

 

THE BAESR-TCS REGULATORY SYSTEM 
 

The two-component regulatory system BaeSR increases multidrug and metal resistances 

in Salmonella through the induction of drug efflux systems. The baeR gene encodes the 

response regulator of BaeSR [163]. The BaeSR system acts as an activator for the expression 

of the mdtABC operon, acrD, and tolC in response to indole, copper, or zinc [47, 163]. In 

Salmonella strains the presence of copper or zinc in the media was shown to activate the 

BaeSR system thereby inducing the expression of mdtABC and acrD determinants to confer 

resistance against β-lactams, novobiocin and deoxycholate (Table 3) [163]. Over-expression 

of baeR results in an increase in the resistances to oxacillin, cloxacillin, nafcillin, novobiocin, 
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deoxycholate, and β-lactams in Salmonella [47, 163]. BaeSR, AcrD, and MdtABC contribute 

to copper and zinc resistance in Salmonella. BaeR also activates the expression of mdtD, 

which encodes a putative MFS-type transporter that is so far not related to the MDR 

phenotype [163]. 

 

 

THE PHO-PQ TCS MASTER RESPONSE REGULATOR 
 

The phoP / phoQ genetic element specifies a response regulator, a two-component 

virulence conferring system. PhoP activates the pag gene required for intra-macrophage 

survival and resistance against antibiotics [93]. Pho-PQ TCS is a master regulator of virulence 

in Salmonella and can sense and respond to low magnesium levels and low pH conditions 

[80]. Mutants lacking this regular become susceptible to antibiotics and an acidic pH [93]. 

 

Table 3. Transcriptional inducers, repressors and regulators of different efflux pump 

genes in S. enterica 

 
Gene(s) Regulators Regulator Family Inducer Repressors 

acrAB RamR TetR Indole, Bile AcrA 

 

AcrR TetR 

  

 

MarA AraC 

 

MarR 

 

SoxS AraC 

  

 

BaeS-BaeR Two- component system BaeSR Indole, zinc, copper 

acrD CpxA-CpxR Two- component system BaeSR Indole, zinc, copper 

 

BaeS-BaeR Two- component system BaeSR 

 mdtABC CpxA-CpxR Two- component system BaeSR 

 

 

GolS MerR 

  mdsABC AcrS TetR 

  acrEF PhoQ-PhoP TCS-Pho-PQ 

  macAB PhoQ-PhoP TCS-Pho-PQ 

  emrAB PhoQ-PhoP TCS-Pho-PQ 

 

EmrR 

mdfA Unknown Unknown 

  mdtK Unknown Unknown 

   

 

FUTURE DIRECTIONS 
 

Infections in which the causative agents are drug resistant S. enterica microorganisms 

represent a serious public health concern. Efforts to facilitate conditions that reduce 

incidence, prevalence, and dissemination through populations are clearly desirable. 

Appropriate, responsible, and prudent use of antimicrobials, i.e., antimicrobial stewardship, in 

medicine and agriculture may slow the onset of drug and multidrug resistant variants of S. 

enterica [170-173]. One clear avenue is the development of new antibacterial agents for 

therapy. Novel antimicrobials, however, are either non-existent or are underdeveloped, and 

new drugs may require a long period of time before their demonstration of utility, safety, and 

regulatory approval allow them to come to fruition. As drug and multidrug efflux pumps of S. 

enterica confer resistance to clinical antimicrobial agents and potentially reduce their clinical 



Multidrug Resistance Efflux Pumps of Salmonella enterica 19 

efficacy, these transporters make good targets for the development of novel efflux pump 

inhibitors [174, 175]. Modulation of the systems that regulate efflux pump gene expression 

may be considered as a promising avenue for restoration of the efficacy of antimicrobial 

agents to which S. enterica clinical isolates are recalcitrant [176]. Combination therapy in 

which two structurally distinct drugs are more effective together than either of the single 

drugs alone, i.e., synergy, may be considered, as long as treatment regimens are completed 

[177]. Phage therapy, in which bacteriophage virus specific to S. enterica could be utilized for 

treatment of salmonella infections, may be considered, as such phage treatments are available 

for listeriosis caused by Listeria monocytogenes [178]. 
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ABSTRACT 
 

Salmonella enterica serovar Heidelberg is one of the most commonly detected 

serovars in swine and poultry, ranking among the top five serotypes associated with 

human salmonellosis. Although S. Heidelberg outbreaks have been linked with several 

foods of animal origin, poultry-derived foods serve as the major source of human 

infections in the United States and Canada. Moreover, recent research has shown that this 

serotype of Salmonella is significantly more invasive in humans when compared to other 

non-typhoidal counterparts. Severe infections caused by S. Heidelberg require antibiotic 

therapy in both adults and children. However, S. Heidelberg strains resistant to multiple 

antibiotics, including streptomycin, kanamycin, ceftriaxone, ciprofloxacin and other beta-

lactam antibiotics, have been isolated from foods, especially poultry meat, thereby raising 

concerns on poultry products serving as a reservoir of multidrug resistant food-borne 

salmonellosis in humans. This chapter discusses the emergence of S. Heidelberg as a 

significant foodborne pathogen with emphasis on its prevalence, virulence, antibiotic 

resistance, and public health significance. Additionally, potential strategies for 

controlling S. Heidelberg in poultry are highlighted. 
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1. INTRODUCTION 
 

Foodborne infections due to non-typhoidal Salmonella (NTS) are a global public health 

concern. Annually, NTS-associated foodborne gastroenteritis results in an estimated 94 

million illnesses and 115,000 deaths worldwide (CDC, 2013a). In the United States, despite a 

significant progress in improving food safety, approximately 1 million cases of NTS diarrhea, 

19,000 hospitalizations, and 400 deaths occur each year (Scallan et al., 2011), costing the US 

economy approximately $365 million in healthcare (USDA-ERS, 2010). Salmonella enterica 

subsp. enterica serovar Heidelberg (S. Heidelberg) is one of the top 5 serovars causing human 

non-typhoidal salmonellosis in the U.S (CDC, 2011a; Han et al., 2011). A recent estimate 

suggests that S. Heidelberg causes approximately 84,000 annual illnesses in the US (Foley et 

al., 2011; Han et al., 2011), characterized by gastroenteritis, fever, and abdominal cramps that 

develop 12 to 72 hours after ingesting contaminated food. S. Heidelberg is also associated 

with invasive infections causing septicemia and myocarditis in humans (Wilmshurst and 

Sutcliffe, 1995). Presently, S. Heidelberg is the second most common cause of death due to 

NTS infections in the United States, after S. enterica serovar Typhimurium (Kennedy et al., 

2004; Patchanee et al., 2008; Crump et al., 2011). 

S. Heidelberg has a broad host range, including poultry and farm animals. The pathogen 

is frequently isolated from chickens, turkeys, and swine (Foley and Lynne, 2008; Zhao et al., 

2008) with chicken meat, eggs, pork and ground turkey being the primary source of infections 

to humans (Chittick et al., 2006; NARMS 2010). In 2013, S. Heidelberg was implicated in 

several outbreaks and sporadic cases of gastroenteritis in the U.S. and Canada due to the 

consumption of contaminated chicken (CDC, 2014a). As many as 770 persons were reported 

to be infected with S. Heidelberg and approximately 35% of these cases were hospitalized 

(CDC, 2014a). Follow up laboratory investigations revealed that the outbreak strains of S. 

Heidelberg were resistant to several commonly prescribed antibiotics in humans (CDC, 

2014a). Subsequent genome analysis of S. Heidelberg showed that the pathogen possesses 

several genes critical for colonization in food animals, survival in food processing 

environments, and causing infection in humans (Hoffman et al., 2014). 

This chapter discusses the emergence of S. Heidelberg as a foodborne pathogen with an 

emphasis on its prevalence, virulence, antibiotic resistance, and public health significance. 

Additionally, potential strategies for the diagnosis and control of S. Heidelberg infections in 

poultry are highlighted. 

 

 

2. PREVALENCE, OUTBREAKS AND SOURCE OF S. HEIDELBERG 
 

2.1. Prevalence of S. Heidelberg 
 

Since 1962, pathogenic Salmonella species have been under surveillance in the United 

States by the Council of State and Territorial Epidemiologists, the Association of Public 

Health Laboratories, and the Centers for Disease Control and Prevention (CDC, 2011a). 

Among the various Salmonellae, S. Heidelberg has emerged as one of the common serovars 

associated with foodborne infections in humans (Folster et al., 2012; Patchanee et al., 2008). 

Although S. Heidelberg infections account for only 3.5% of all reported Salmonella illnesses 
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in the U.S., the pathogen is responsible for approximately 7% of all Salmonella-related 

deaths, which is the second highest after S. Typhimurium (Kennedy et al., 2004, CDC, 

2011a). Moreover, the diagnostic frequency for this serovar in North America has been 

relatively higher than other Salmonella (Gebreyes et al., 2000; Currie et al., 2005; Liljebjelke 

et al., 2005, Chittick et al., 2006; Nayak et al., 2007; Foley et al., 2008). Another critical 

feature of S. Heidelberg is that it is associated with more invasive infections than those caused 

by other serotypes. Therefore, it is mandated to continuously monitor S. Heidelberg 

prevalence in the food supply, in addition to other Salmonella serotypes of public health 

importance (Hur et al., 2012). According to the World Health Organization‘s surveillance of 

global Salmonella distribution, S. Heidelberg was not among the most commonly isolated 

Salmonella serovars of human and animal origin in Europe, Asia, and Australia earlier in the 

decade (Galanis et al., 2006). However, since 2006 the incidence of S. Heidelberg has 

increased substantially.  

 

 

2.2. Outbreaks 
 

S. Heidelberg outbreaks have been traced back as early as 1973. Chittick and co-workers 

(2006) analyzed national foodborne outbreak data from 1973 through 2001 to determine the 

proportion of S. Heidelberg outbreaks caused by specific foods. It was reported that among 

6,633 outbreaks with known etiology, 184 (3%) were attributed to S. Heidelberg. These 

researchers also confirmed that at least 53 outbreaks out of the 101 identified were poultry or 

egg-related, thereby underscoring the importance of interventions for reducing S. Heidelberg 

contamination in poultry and eggs. Another S. Heidelberg outbreak in New Mexico reported 

diarrheal illness among affected patients costing over $11,000 on medical costs in addition to 

loss of labor (Anonymous, 1986). 

In the past few years, there have been numerous multistate, food-borne outbreaks of S. 

Heidelberg in the United States. In 2011, the CDC reported a multistate outbreak of S. 

Heidelberg linked to the consumption of contaminated ground turkey and broiled chicken 

livers that sickened 130 people in 34 states (CDC, 2011b). In 2013, a multistate outbreak of S. 

Heidelberg infection was linked to contaminated chicken (CDC, 2013b). Another outbreak 

was linked to the ingestion of mechanically separated chicken at a correctional facility in 

2014 (CDC 2014a). The S. Heidelberg strains associated with the 2011 and several other 

outbreaks were found to be resistant to multiple antimicrobial agents, including ampicillin, 

tetracycline, and in some cases streptomycin and gentamicin (Hoffman et al., 2013). The most 

recent outbreak of multidrug-resistant S. Heidelberg infections was linked to a commercial 

brand of chicken affecting 524 people from 25 states (CDC 2014a). In addition to these 

outbreaks, S. Heidelberg resistant to multiple antibiotics, including resistance to clinically 

important third generation cephalosporins, have been detected on food products, and food 

processing environments (Aarestrup et al., 2004, Han et al., 2011, Zhao et al., 2008, Hoffman 

et al., 2013, Gokulan et al., 2013).  
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2.3. Sources of S. Heidelberg 
 

 According to the USDA‘s National Veterinary Services Laboratory S. Heidelberg is one 

of the most commonly detected serovars from turkey, chicken, and swine establishments 

(Gokulan et al., 2013, CDC, 2011a). In addition, S. Heidelberg is one of the frequently 

isolated serotypes from retail meats, reported as a part of the National Antimicrobial 

Resistance Monitoring System (NARMS) (FDA, 2010). Besides meat, egg consumption has 

been found to be a risk factor for infection with S. Heidelberg. This pathogen has been 

isolated from chicken manure, surface of eggs, and has been shown to penetrate the eggshell 

(Hennessey et al., 2004). Moreover, it has been recovered from the ovaries and peritoneum of 

egg-laying chickens (Hennessey et al., 2004, Poppe et al., 1992). Consequently the CDC has 

classified S. Heidelberg as a significant cause of egg-associated human disease (Chittick et 

al., 2004; Hennessy et al., 2004). Other pathogenic Salmonella serotypes previously 

implicated in egg-borne outbreaks include Enteritidis and Typhimurium (Angulo et al., 1998, 

CDC, 2000, Hedberg et al., 1993). 

 

 

2.4. Comparative genomics of Salmonella Heidelberg  
 

In recent years, S. Heidelberg has emerged as one of the most frequently isolated 

Salmonella serovars from poultry and poultry products in the United States (Liljebjelke et al., 

2005; Kabir, 2010). Several factors, especially acquisition/loss of gene via plasmids and 

phages influence the host range of pathogens. With advancements in sequencing technologies 

the ability to compare genomes of emerging and established pathogens has greatly enhanced 

our capacity to discern such genetic exchange and characterize the factors critical for their 

survival and pathogenicity inside the host. Hoffman and coworkers (2014) characterized the 

genetic diversity of 46 S. Heidelberg isolates, including 9 strains associated with 2011 

outbreak, using whole-genome sequencing. The authors observed that the outbreak strains 

clustered together with a mean single nucleotide polymorphism (SNP) variation of 17 SNPs, 

indicating significant clonal relatedness. In addition, the isolates had an array of phages, 

including the P22, P4, and Gifsy-2 that carry the majority of virulence genes. Moreover, 13 

fimbrial markers and antibiotic resistance plasmids of the (Inc) I1, IncA/C, and IncHI2 groups 

that are critical for colonization and survival of Salmonella in the host were detected. Twenty-

one strains contained IncX plasmid that carries a type IV secretion system. The genes coding 

for Salmonella Pathogenicity Island 1 and 2 have also been detected in other S. Heidelberg 

isolates from poultry production environments (Zou et al., 2010). In another study by Lynne 

and coworkers (2009), a significant genetic heterogeneity was observed in the antimicrobial 

resistance genes of strains isolated from different food sources or regions. In addition, a large 

number of the MDR genes were carried on plasmids, indicating that S. Heidelberg genome 

potentially evolved by a high degree of horizontal gene transfer.  

Although commonly isolated from chicken, S. Heidelberg does not seem to have a strong 

host restriction. Several researchers compared S. Heidelberg strains isolated from human 

patients with those recovered from food animal species, and found a significant overlap in the 

PFGE patterns, plasmid types, and antimicrobial resistance profiles (Han et al., 2011; 

Mazurek et al., 2004; Kaldhone et al., 2008), suggesting that S. Heidelberg has the ability to 

infect multiple host species (Foley et al., 2008). However, unlike other broad host range NTS 
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serotypes, a higher percentage (11% as compared to 6% of S. Typhimurium and S. 

Enteritidis) of S. Heidelberg infections are found to be invasive in nature (Vugia et al., 2004). 

Interestingly, a number of S. Heidelberg strains isolated from poultry related sources were 

found to harbor IncFIB plasmids critical for extraintestinal survival, previously identified in 

avian-pathogenic E. coli (Han et al., 2012, Didelot et al., 2011; Johnson and Nolan, 2009). In 

many cases, the IncFIB plasmids also carry genes that encode resistance to multiple 

antimicrobials, including streptomycin, chloramphenicol, and sulfonamide. The presence of 

such plasmids potentially increases the probability of co-selection of virulence genes along 

with antimicrobial resistance genes in pathogens exposed to antimicrobials commonly used as 

growth promoters in animals. In addition, S. Heidelberg carry genes encoding disinfectant and 

heavy metal resistance, which may facilitate its survival in the food-processing environment, 

where disinfectants such as chlorine are commonly used (Johnson et al., 2010; Kaldhone et 

al., 2008). However, further research is required to comprehensively understand the 

underlying molecular mechanisms that control S. Heidelberg infection process in animals and 

humans. 

 

 

3. MOLECULAR DETERMINANTS OF VIRULENCE IN S. HEIDELBERG 
 

Based on current literature, most studies on the virulence mechanisms of Salmonella have 

been performed on S. Typhimurium. Although a majority of the virulence mechanisms in S. 

Heidelberg are similar to those identified in S. Typhimurium, T4SS as a virulence factor 

critical for invasiveness is present only in S. Heidelberg (Gokulan et al., 2013). Furthermore, 

invasive S. Heidelberg, estimated at approximately 11% of S. Heidelberg isolates, can invade 

the intestinal epithelium through a process called bacterial-mediated endocytosis, primarily 

regulated by the T3SS1 (Ohl & Miller, 2001; Ibarra & Steele-Mortimer, 2009; Francis et al., 

1992; Vugia et al., 2004). A few S. Heidelberg isolates can also survive in immune cells, in 

which T3SS2 is intimately involved leading to serious complications of the disease such as 

septicemia and organ systems infections (Gokulan et al., 2013; Sheppard et al., 2003). S. 

Heidelberg contains at least four transmissible plasmids (IncA/C, IncI, IncHI2 and IncX) that 

carry genes associated with virulence and resistance to antibiotics, heavy metals, or other 

disinfectants in addition to the virulent plasmids identified in S. Typhimurium (Hoffman et 

al., 2014).  

 

 

3.1. Role of Virulence Factors in S. Heidelberg Infection Process 
 

Similar to other Salmonella serotypes including S. Typhimurium, S. Heidelberg relies on 

fimbriae for attachment of the bacteria to the epithelial host cells and on flagella to facilitate 

bacterial motility and host cell invasion (Ibarra & Steele-Mortimer, 2009; Humphries et al., 

2001; Schmitt et al., 2001). The role of spvB and spvC in destabilizing the cytoskeleton and 

host cell cytotoxicity (Ibarra & Steele-Mortimer, 2009; Lesnick et al., 2001; Tezcan-Merdol 

et al., 2001; Kurita et al., 2003; Browne et al., 2008) and inactivation of mitogen-associated 

protein kinases (Ibarra & Steele-Mortimer, 2009; Li et al., 2007; Mazurkiewicz et al., 2008) 
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respectively, has been well established in Salmonella serotypes. However, a recent study 

observed that S. Heidelberg lack the spvC gene (Diarra et al., 2014).  

S. Heidelberg possesses VirB4/D4 plasmids, which are associated with T4SS that has not 

been previously described in Salmonella. However, similar plasmid sequences are identified 

in Shigella boydii, Citrobacter rodentium, and Escherichia coli (Gokulan et al., 2013). A 

recent study reported that many S. Heidelberg isolates possessed the IncX plasmid, which 

houses genes containing structural components of the VirB4/D4 T4SS (Hoffman, 2014). The 

T4SS machinery can be grouped into 3 main components: 1) The pilus-associated units, 2) 

The channel-forming core unit, and 3) the coupling components consisting of ATPases. 

Through gene expression analysis, it was determined that the pilus-associated units were 

highly expressed at the initial stage of infection (5 minutes post-infection). The expression of 

genes associated with the core unit and coupling components was significantly increased at 

30 minutes post infection compared to that of the early stage, and this was greater at 60 

minutes post infection (Gokulan et al., 2013). These results indicated that S. Heidelberg 

containing the VirB4/D4 plasmids had an increased ability to lyse host cells. In the host cells 

that survived, such as macrophages, S. Heidelberg was persistent for a longer period of time. 

T4SS was also associated with a down-regulation of TLR signaling, apoptosis, and 

chemokine and cytokine signaling, which correlated with innate immune response 

suppression in hosts. Taken together, these findings suggest that T4SS plays a critical role in 

the survival of S. Heidelberg under hostile host environment (Gokulan et al., 2013). 

 

 

4. ANTIBIOTIC RESISTANCE IN S. HEIDELBERG 
 

Antibiotic-resistant Salmonella have been implicated with greater morbidity and 

mortality than pan-susceptible strains (Varma et al., 2005). As previously mentioned, the 

major virulence and antibiotic resistance mechanisms in S. Heidelberg are similar to those 

described in S. Typhimurium. However, multi-drug resistance in S. Heidelberg has been 

reported to increase from 12 percent in 1996 to 26 percent in 2009 only in the past decade 

(Medalla et al., 2013). In lieu of this increase in multi-drug resistance among S. Heidelberg, 

Hoffman (2014) studied the factors responsible for antibiotic resistance specifically in this 

serotype, which are described later. 

The NARMS estimated that 33.9 percent of S. Heidelberg isolates were resistant to three 

or more antibiotics and 65 percent of S. Heidelberg isolates from an outbreak in ground 

turkey in 2010 were resistant to three or more antibiotics (NARMS, 2010, Hoffman, 2014). 

The present antibiotics that S. Heidelberg is most commonly resistant to are ceftriaxone, 

streptomycin, tetracycline, sulfamethoxazole, chloramphenicol, and trimethoprim-

sulfamethoxazole (Hoffman, 2014, NARMS, 2010). The type of incompatibility (inc) plasmid 

present in S. Heidelberg strains determines their antibiotic resistance profile. For example, S. 

Heidelberg strains containing the IncA/C plasmid have been associated with antibiotic 

resistance genes such as aphA, aacC, dfrA1, dfrA12, strA, strB, tetA, aadA, aadB, blaCMY2, 

blaTEM, sul1, sul2, cmIA1, and floR. Similarly S. Heidelberg strains possessing the IncHI2 

contain genes neoR, strA, strB, aph, sph, tetA, tetC, tetD, and ble. S. Heidelberg isolates 

containing the IncFIB plasmid have shown to incorporate aphA, strA, strB, sul2, tetA, tetC 

and tetD genes. Likewise, aacC, aadA, and sul1 have been found in S. Heidelberg containing 
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the IncI1 plasmid (Hoffman, 2014; Han et al., 2012). The clustering of antibiotic resistance 

genes with virulence genes on plasmids implies the potential horizontal transfer of these 

plasmids in S. Heidelberg (Han et al., 2012). 

 

 

4.1. Antibiotic Resistance Mechanisms  
 

In addition to the previously mentioned molecular mechanisms, the process of antibiotic 

resistance in S. Heidelberg has been described to be similar to those in S. Typhimurium. In 

general S. Typhimurium resistance to antimicrobials is attributed to several mechanisms such 

as degradation or structural modification by enzymes, reduction of bacterial cell permeability, 

activation of efflux pumps, and modification of the targets of antimicrobials (Hur, Jawale & 

Lee, 2011; Sefton, 2002). The resistance to penicillins and cephalosporins is due to the 

production of β-lactamase, which degrades their chemical structure (Hur, Jawale & Lee, 

2011;Bush, 2003; Foley & Lynne, 2008). The resistance to quinolones and fluoroquinolones 

is attributed to the altering of DNA targets, the genes encoding for gyrase and topoisomerase, 

in addition to efflux pumps (Hur, Jawale & Lee, 2011; Eaves et al., 2004; Griggs, Gensberg 

& Piddock, 1996;Piddock, 2002; Piddock, Ricci, McLaren & Griggs, 1998;Heisig, 1993). 

Resistance to tetracycline and chloramphenicol is due to efflux pumps (Hur, Jawale & Lee, 

2011; Butaye, Cloeckaert & Schwarz, 2003;Chopra & Roberts, 2001). Finally, resistance to 

sulfonamides and trimethoprim is often associated with an alteration in the folic acid 

biosynthesis pathway, which is targeted by these antibiotics (Hur, Jawale & Lee, 

2011;Huovinen et al., 1995).  

 

 

5. DETECTION AND CONTROL OF S. HEIDELBERG 
 

The ubiquitous distribution of S. Heidelberg in the environment, along with its ability to 

survive in soil for extended period of time (Holley et al., 2006) potentially leads to 

reoccurring introduction of the pathogen in farms, food animals, and the food processing 

environment. Therefore, development of good manufacturing practices, rapid detection 

methods, and the use of appropriate interventions are important for controlling the pathogen.  

 

 

5.1. Detection Methods 
 

Rapid detection methods are integral to controlling Salmonella-associated foodborne 

illnesses. According to the US Food and Drug Administration, any rapid detection method 

that identifies a targeted pathogen must be confirmed by traditional culture based methods 

(FDA, 2001). Culture based methods used for the identification of S. Heidelberg take 4 to 7 

days to confirm a positive sample. Apart from being time consuming and labor intensive, 

cultural methods often fail to detect viable but non-culturable (VBNC) bacterial cells that 

could be potentially infectious. Due to serious health risks associated with S. Heidelberg 

infections, there exists a critical need in developing rapid molecular methods for detecting 

this pathogen. In this regard, a DNA-DNA hybridization assay was developed by Fitts and 
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coworkers (1983), for rapid detection of Salmonella spp. (including S. Heidelberg) on foods. 

In another approach (Hong et al., 2008), a rapid multiplex PCR targeting the O and H antigen 

was developed for screening S. Eneritidis, Hadar and Heidelberg serotypes.  

The advent of microarrays and next generation sequencing technology has provided new 

possibilities for developing rapid methods for pathogen identification. In a recent study, 

McCarthy and co-workers (2009) performed in silico genome comparison of Salmonella 

serovars to identify S. Heidelberg specific regions in the Salmonella genome. These regions 

were used to develop a Heidelberg-specific, PCR-based assay for rapid identification of S. 

Heidelberg.  

 

 

5.2. Control of S. Heidelberg 
 

With growing concerns over the use of antibiotics as growth promoters and increase in 

antimicrobial resistance in S. Heidelberg there is a renewed interest in exploring the potential 

of alternative approaches to control colonization of S. Heidelberg in food animals and reduce 

the contamination of food products. These approaches include use of natural bio-control 

agents such as plant-derived antimicrobials, probiotic bacteria, and bacteriophages. In 

addition, various vaccination strategies are being investigated for reducing Salmonella spp., 

including S. Heidelberg in poultry flocks. The major scientific studies that investigated the 

efficacy of aforementioned approaches for controlling S. Heidelberg in food animals, high-

risk foods and food processing environment are summarized below. 

 

5.2.1. Plant Extracts 

Since ancient times, plant extracts have been used as food preservatives and dietary 

supplements to prevent food spoilage and maintain human health, respectively. The 

antimicrobial activity of several plant-derived compounds has been documented (Burt, 2004; 

Holley and Patel, 2005; Newman and Cragg, 2012) and an array of active components has 

been identified (Dixon, 2001). A majority of these compounds are secondary metabolites and 

are produced as a result of reciprocal interactions between plants, microbes, and animals 

(Reichling, 2010). They protect plants from pathogens, inter-plant competition, abiotic 

stresses (Briskin, 2000), and facilitate their survival in the local environment (Harborne, 

1993). In addition to their use in traditional medicine, plant extracts have been used in ethno-

veterinary practices for improving animal health and production (Greathead, 2003; Newman 

et al., 2000). The major advantage of using plant extracts for controlling pathogens in animals 

is that they do not exert deleterious effects on the health of animals. Moreover, evidence 

exists that the plant extracts do not induce resistance in the target pathogens (Ali et al., 2005; 

Ohno et al., 2003). A majority of plant-derived antimicrobials are generally recognized as 

safe (GRAS) compounds with low mammalian cytotoxicity and quick biodegradability in soil 

and water (Isman, 2000), thus making them safe and environment-friendly chemicals.  

Several studies in the past have investigated the efficacy of plant-derived antimicrobials 

for controlling S. Enteritidis in broilers (Kollanoor-Johny et al., 2009; Kollanoor-Johny et al., 

2012a,b) and layer chickens (Ordonez et al., 2008). However, only a few investigations have 

tested the effect of plant compounds on S. Heidelberg colonization in poultry. Amerah and 

coworkers (2012) investigated the effect of essential oils, cinnamaldehyde and thymol on 

broiler performance and S. Heidelberg colonization. These researchers found that in-feed 
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supplementation of essential oils improved the 42 day body weight gain, feed efficiency, and 

significantly reduced the incidence of horizontal transmission of S. Heidelberg in the flock by 

77%. In another study by Alali and coworkers (2013), supplementation of an essential oil 

blend containing carvacrol, thymol, eucalyptol and lemon at 0.05% in drinking water 

significantly reduced the colonization of S. Heidelberg in the crop of broiler chickens, and 

improved weight gain and feed conversion ratio in birds.  

The complex microbiome of the chicken ceca plays a critical role in nutrient assimilation, 

pathogen colonization and overall health of birds (Qu et al., 2008). Changes in feed often alter 

the composition and diversity of gut microbial populations (Ley et al., 2006; Duncan et al., 

2007), which in turn affects host metabolism (Brown et al., 2012) and susceptibility to 

gastrointestinal bacterial infections (Ghosh et al., 2011). In a recent study, Danzeisen and 

coworkers (2011) observed that supplementation of anticoccidial and growth promoting drugs 

such as virginiamycin and tylosin modulated the chicken cecal microbiome and metagenome. 

Similar modulation of cecal microbiota was observed when broiler diet was supplemented 

with antimicrobial feed additives, avilamycin and flavophospholipol (Torok et al., 2011). The 

modulation of gut microbiota has also been observed with dietary supplementation of 

flavonoids in mice (Espley et al., 2014). These results indicate that the plant-derived 

antimicrobials, in addition to their direct antimicrobial action on pathogen, could potentially 

act through modulation of the gut microbiota to reduce pathogen colonization. However, 

further research is required to elucidate the mechanism of their action on gut microbiota and 

pathogen in the host. 

Besides the pre-harvest application in birds, several studies have investigated the efficacy 

of a variety of plant-derived antimicrobials and extracts in reducing Salmonella on poultry 

products (Upadhyaya et al., 2013, Mani Lopez et al., 2012, Pathania et al., 2010). Although 

plant compounds have the potential to control S. Heidelberg post harvest on poultry products, 

in-depth studies on their efficacy and impact on the sensory characteristics of meat and eggs 

are warranted. 

 

5.2.2. Probiotic Bacteria 

The Food and Agriculture Organization (FAO) and World Health Organization (WHO) 

define probiotics as ―live microorganisms which, when administered in adequate amounts, 

confer a health benefit on the host‖. Probiotic bacteria facilitate nutrient assimilation 

(Sonnenburg et al., 2006; Yatsunenko et al., 2012), potentiate host immune function (Olszak 

et al., 2012), and protect against enteric pathogens (Candela et al., 2008; Fukuda et al., 2011). 

This is mediated by physical interactions, chemical cross talk, and the production of 

inhibitory metabolites that modulate inter-species bacterial colonization and survival in a 

niche or host (Carpentier and Chassaing, 2004; Kives et al., 2005; Valle et al., 2006). Several 

studies have investigated the efficacy of various lactic acid bacteria for controlling S. 

Enteritidis (Vicente et al., 2008; Tellez et al., 2001; Higgins et al., 2007), S. Typhimurium 

(Promsopone et al., 1998; Waters et al., 2005; Revolledo et al., 2009) and Campylobacter 

jejuni (Morishita et al., 1997) in poultry. However, only limited studies have investigated the 

effect of probiotics on S. Heidelberg colonization in poultry. In a recent investigation, 

Menconi and coworkers (2011) found that a commercial Lactobacillus-based probiotic culture 

mixture (FloraMax, IVS-Wynco LLC, Springdale, AR) significantly reduced S. Heidelberg 

colonization in cecal tonsils of broiler chicks and turkey poults. In another study, direct fed 

microbials (Primalac) containing Lactobacillus acidophilus and L. casei strains were found to 
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exert an inhibitory effect on the intestinal colonization of turkey poult with S. Heidelberg 

(Grimes et al., 2008).  

Apart from their role as a natural bio-control agent in susceptible hosts, probiotic bacteria 

and/or their antimicrobial metabolites are a viable and safe (GRAS status) option for 

inhibiting pathogenic microorganisms on food products (Holzapfel et al., 1995; Ross et al., 

2002). The various metabolites produced by these bacteria such as bacteriocins, hydrogen 

peroxide and organic acids are used for preserving food products and extending shelf-life 

(Galvez et al., 2007). Kim and coworkers (2014) isolated bacteriocin producing lactic acid 

bacteria from broilers and found that they exerted a significant antimicrobial effect against 

major pathogenic Salmonella serovars, including S. Heidelberg.  

 

5.2.3. Bacteriophages 

Lytic bacteriophages are known to selectively infect and kill bacteria (Skurnik and 

Strauch, 2006) and are a potential tool for controlling foodborne pathogens such as 

Salmonella and Campylobacter (Goode et al., 2003; Higgins et al., 2005; Modi et al., 2001; 

Leverentz et al., 2001). Since bacteriophages are host specific other microbial populations are 

not affected. In a recent study Borie and coworkers (2008) isolated bacteriophages from the 

sewage system of commercial chicken flocks. These isolates were found to possess 

bactericidal activity against S. Heidelberg, S. Enteritidis and S. Agona. The application of the 

isolated bacteriophages as an aerosol spray or in drinking water reduced S. Enteritidis 

colonization in 10-day-old white leghorn chicks. In another study, bacteriophages P22 and 

29C that were lytic against S. Enteritidis were found to exhibit significant attachment to S. 

Heidelberg isolates and reduced their population on inoculated chicken pieces (Goode et al., 

2003). The authors concluded that the phages that attach to a common lipopolysaccharide 

antigen, such as O-12, might therefore be used effectively to lyse a majority of Salmonella 

strains within Kauffman-White groups A, B, and D. Similar findings were reported by 

Bardina and group (2012) who observed that bacteriophages most effective against S. 

Enteritidis and Typhimurium exhibited significant lytic efficacy against S. Virchow, S. Hadar 

and S. Infantis. Although there is possibility of emergence of phage-resistance in Salmonella, 

little is known about the frequency of this development. Therefore further research is critical 

before selecting phages for potential application in poultry or poultry products. Phage genome 

analysis is one such tool that facilitates identification of phages with the appropriate 

integration machinery that facilitates safe and effective application of phages as bio-control 

agents. 

 

5.2.4. Vaccination 

Unlike natural biocontrol agents, which rely on their interaction with pathogenic 

microbes for exerting antimicrobial effect, vaccination of chickens harnesses the bird‘s 

immune system to decrease the levels of target pathogen in the flock. Although promising, 

vaccination of poultry, especially broilers, presents a unique challenge due to the short life 

span of 5-6 weeks. A number of live attenuated, inactivated or subunit vaccines have been 

targeted against S. Enteritidis (Cooper et al., 1994; Hassan et al., 1994; Cerquetti et al., 2000; 

Methner et al., 2011; Nandre et al., 2012; Matulova et al., 2012) and cross protection to other 

serotypes has been documented. Deguchi and coworkers (2009) tested the efficacy of 

trivalent (S. Enteritidis, Typhimurium, Infantis) vaccine against shedding of Salmonella in 

chickens, and found that it provided cross immunity against S. Heidelberg and reduced fecal 
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shedding of the pathogen. Similar results were obtained in another study, where vaccination 

with a live-avirulent S. Typhimurium strain provided cross protection against S. Enteritidis, S. 

Agona, S. Bredeney and S. Heidelberg in immunized chickens (Hassan et al., 1994).  

Since the protection provided by inactivated or avirulent whole cell vaccines are usually 

of short duration, and may impart adverse side effects due to lipopolysaccharide components, 

the development of vaccines based on non-toxic and well-defined bacterial cellular 

components is underway. Charles and coworkers (1993) developed an anti-S. Heidelberg 

vaccine using outer membrane protein of the pathogen and incorporating it into lipid 

conjugated immunostaining complexes. The vaccine administration significantly reduced the 

isolation rate of Salmonella serotypes (S. Heidelberg, S. Reading, S. Enteritidis) from 

vaccinated turkeys as compared to controls. In spite of its advantages, the development of 

poultry vaccines face a number of challenges such as high cost of production, application and 

limited duration of protection. 

 

 

CONCLUSION AND FUTURE DIRECTIONS 
 

Salmonella Heidelberg has emerged as a foodborne pathogen with significant public 

health and economic impact. The occurrence of multiple drug resistance in S. Heidelberg 

coupled with its high invasiveness and ability to produce severe extra-intestinal infections 

underscore the health impact of this pathogen in humans. Implementation of strict on-farm 

biosecurity measures for reducing S. Heidelberg colonization in food animals, judicious use 

of antibiotics in animal agriculture, and effective interventions for reducing post-harvest 

contamination of animal food products are critical for controlling food-borne transmission of 

this pathogen. 
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ABSTRACT 
 

Salmonella is a foodborne pathogen that causes a huge amount of cases of typhoid 

fever, gastroenteritis, and deaths every year throughout the world. Although 

salmonellosis cases in humans have decreased in the last five years, Salmonella remains 

the second most common zoonosis in humans. Foodborne outbreaks caused by 

Salmonella have also reduced in recent years, but they have been linked with 

contamination of eggs and egg products, cheese, mixed foods, and fresh fruits and 

vegetables. Therefore control measures for this microorganism are very important to 

prevent and control Salmonella at relevant stages of production, processing, and 

distribution, especially in primary production, thus reducing its prevalence and the risk it 

poses to public health. In this context, research carried out to find antimicrobial 

compounds from natural sources is important because they could be used as additives in 

new product formulations, where they could exercise an additional measure to control 

Salmonella growth and have an important impact from economic and food safety points 

of view. 

By-products from the food industry are a potential source of inexpensive raw 

materials, and are rich in bioactive components whose technological and antimicrobial 

properties are still scarcely studied. With the aim of covering this gap, the objective of 

the present study was focused on evaluating the antimicrobial properties of three citrus 

by-products – mandarin, orange, and lemon – against Salmonella enterica serovar 
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Typhimurium, in reference medium, under various incubation conditions with differences 

in temperature and by-product concentration. According to the results obtained, it can be 

concluded that all the citrus by-products showed a bacteriostatic and/or bactericidal effect 

under the conditions studied, the mandarin by-product being the most effective one. 

Maximum reduction levels in the microbial population attained values of ≈8 log10 cycles 

at refrigeration temperature (5 °C). Consequently, it can be concluded that citrus by-

products have effective antimicrobial activity, and could act as an additional barrier to 

microbial growth when added to pasteurized beverages that are stored under refrigeration, 

contributing additionally to meeting the zero waste targets set by the European Union. 

 

 

1. SALMONELLA: A FOODBORNE PATHOGEN 
 

Salmonella is one of the most important foodborne pathogens worldwide, producing an 

illness called salmonellosis that causes over 90,000 human cases per year in the European 

Union. Salmonellosis is a zoonotic disease that can be transmitted between animals and 

humans directly or indirectly, and it usually produces diarrhea, nausea, fever, and abdominal 

cramps, although if it infects the bloodstream it can be life-threatening (EFSA, 2014). 

Salmonella is usually present in the intestines of birds and mammals and can be 

transferred to humans through contaminated foods such as eggs and raw meat from pigs, 

turkeys, and chickens. The incubation period ranges from five hours to seven days, but the 

clinical signs usually appear 12 to 16 hours after ingestion of contaminated food and the 

syndrome lasts between two and seven days. Usually infections occur in people at risk, 

young, elderly, or immunocompromised people (Forshell and Wierup, 2006). 

In the same way as with humans, Salmonella infects animals too. There are serovars of 

Salmonella that are adapted to specific animal species, such as S. Abortus ovis (sheep), S. 

Cholerae suis (pigs), S. Gallinarum (poultry), S. Abortus equi (horses), and S. Dublin (cattle). 

These serovars are not pathogenic to humans, but if humans are infected these serovars cause 

septicemia. In contrast, these host-adapted serovars cause abortions and severe gastroenteritis 

in their animal hosts (EU, 2003). 

Among Salmonella species, there is a group consisting of S. Typhimurium, S. Enteritidis, 

S. Hadar, S. Infantis, and others, which infect both humans and animals. They can establish an 

animal infection without clinical signs during a variable time period, which can produce a 

potential zoonosis. Also, serovars that are usually non-pathogenic can cause disease in animal 

species used for food products under stress conditions (Forshell and Wierup, 2006). 

Salmonella zoonosis can be transmitted from various animal sources. The food categories 

with the highest hazard in relation to zoonosis are raw meat, raw and undercooked poultry 

meat, eggs and their derivative products, unpasteurized milk and its derivative products, 

sprouted seeds, unpasteurized fruit juices, and home-made mayonnaise. 

Therefore, Salmonella control measures are very important to guarantee human health. In 

this connection, since 1980, when the WHO formulated a three-point defense strategy against 

Salmonella (WHO, 1980), the following measures have been carried out: 

 

 Pre-harvest control: Control of Salmonella in food-producing animals. Establishment 

of monitoring programs to find and control sources of Salmonella infection and 

prevent further outbreaks, with the aim of producing Salmonella-free animals. 
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 Harvest control: Guarantee hygiene during slaughter and processing of meat and 

meat products. 

 Post-harvest control: Educate both the food industry and consumers about good 

hygiene practices. 

 

Pursuing the same goal, in 2003 the European Union set up control measures to combat 

zoonosis, considering Salmonella as a priority because of the high number of cases of 

salmonellosis every year and their economic cost. In this connection, several programs to 

control Salmonella have been implemented in all Member States of the European Union. 

In these programs, EFSA provides recommendations for control and reduction measures, 

with the aim of supporting the reduction of Salmonella in the food chain (reduction targets in 

poultry flocks and poultry meat, use of vaccines and antimicrobials to control Salmonella). 

Also, EFSA conducted studies on the prevalence of Salmonella in food and food-producing 

animals and evaluation of the risk factors that affect its prevalence in animals and food. 

The application of these programs and the coordinated efforts made by all EU members 

have resulted in a significant reduction of human cases of Salmonella amounting to almost 

50% in 5 years (2004–2009). The prevalence of Salmonella in flocks of laying hens has also 

been reduced to 2% or less in all EU Member States, from original values of 20% in some of 

them. The main reason for the decrease in Salmonella cases in humans is probably the 

reduction of these bacteria in laying hen flocks, because eggs are the most important source of 

human infections in the EU (EFSA, 2012). 

However, although salmonellosis cases in humans have decreased in the last five years, 

Salmonella remains the second most common zoonosis in humans, with almost 200,000 

reported human cases in 2012. Therefore measures for the control and inactivation of this 

microorganism are very important to prevent, detect, and control Salmonella at relevant 

stages of production, processing, and distribution, especially in primary production, to reduce 

its prevalence and the risk it poses to public health. 

 

 

2. SALMONELLA CONTROL MEASURES 
 

Salmonella has an important effect on foodborne illnesses; therefore control measures 

against this microorganism are necessary. 

Traditionally, antimicrobial drugs such as antibiotics or chemical substances have been 

used to control Salmonella spp., among other foodborne pathogens. However, the 

development of resistance to these antimicrobial agents by the microorganisms and public 

concern about the health damage caused by synthetic additives have led consumers to reject 

chemical preservatives in food products. Therefore processors and scientists are working 

together to find antimicrobial compounds of natural origin. In this connection, many extracts 

of plant origin have proved to have a large range of bioactive compounds with antioxidant, 

anti-carcinogenic, anti-inflammatory, or antimicrobial properties, including polyphenol 

compounds and essential oils from various plants (Dai and Mumper, 2010), such as clove and 

cinnamon (Cava et al., 2007), olives (Ferrer et al., 2009), brassicas (Brandi et al., 2006), and 

Stevia rebaudiana (Belda-Galbis et al., 2014), among others. 
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The bioactive properties of these natural compounds can be considered as natural 

additives in the development of new products with the goal of eliminating chemical additives 

in our food (Khan et al., 2014). 

Essential oils are secondary plant metabolites that exert a potential antimicrobial effect to 

control foodborne pathogenic bacteria, such as Salmonella species, owing to the presence of 

bioactive volatile compounds. Although their antimicrobial capacity depends on several 

factors, such as temperature, pH, microbial population load, and favorable environment, they 

are potent antimicrobials with a low toxic effect, and this makes them green preservatives for 

microbial control in the food industry. Consequently, the use of essential oils has become an 

important area of research for future applications as pathogen control measures both in human 

food systems and in animal nutrition (Bajpai et al., 2012; Palaniappan and Holley, 2010; 

Losa, 2001; Borsoi et al., 2011). Many research studies have demonstrated their antimicrobial 

effect against Salmonella in different food models, such as the effect shown by oregano in 

salads, meat products, and tomatoes (Koutsoumanis et al., 1999; Govaris et al., 2010; Gunduz 

et al., 2010b), the effect of cinnamon in liquid whole egg (Valverde et al., 2010), or the effect 

of citral in fishery products (Kim et al., 1995b) against Salmonella. 

The bioactive capacity of essential oils is generally attributed to their chemical 

compounds, such as polyphenolic or terpene groups. Many studies have shown the 

antimicrobial effect of various polyphenol plant extracts against Salmonella (Bajpai et al., 

2012). For example, the polyphenol content of raspberry, cloudberry, and strawberry (species 

of the Rubus and Fragaria genera) showed an antibacterial effect against several strains of 

Salmonella (Puupponen-Pimia et al., 2001); Karapinar et al. (2007) showed that koruk (unripe 

grape from Vitis vinifera) juice is effective to inhibit S. Typhimurium; and Fattouch et al. 

(2007) showed that Tunisian quince (Cydonia oblonga Miller) pulp and peel polyphenolic 

extracts exerted antimicrobial activity against Salmonella spp. isolated from food. 

Moreover, these natural bioactive compounds from plants can also be extracted from 

food industry waste, which generally consists of peel, seeds, and outer leaves of fruits and 

vegetables that remain after food processing (Marín et al., 2007; O‘Shea et al., 2012), and that 

are usually consigned to landfill or incineration and represent a cost and an environmental 

problem for the companies involved. 

However, these apparently valueless wastes can be considered as a renewable source of 

raw material, and their use can have a double benefit: reducing pollution and turning them 

into substances with added value (Martín-Luengo et al., 2011; Schieber et al., 2001). 

Moreover, agri-food by-product valorization is a requirement of the European Union 

(EUROSTAT, 2010), and many research studies nowadays are focused on recovering, 

revaluing, and recycling these by-products. 

Various ways of using these by-products have been developed. They can be used in 

agriculture as phytochemical compounds, in waste water treatment as biosorbents, in feed 

production, in the paper industry, as fuel, or as additives in the development of new products 

(Gracia, 2004). 

An important percentage of total by-product production worldwide consists of citrus by-

products. Citrus is the largest fruit crop worldwide, with 100 million tons of annual 

production, mainly from Brazil, the US, and Mediterranean countries (Djilas, 2009). The 

industrial production of marmalade and citrus segments and the extraction of flavonoids and 

essential oils result in 15 million tons of citrus waste a year throughout the world. 
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Many research studies have shown the health benefits of bioactive compounds that have 

been found in citrus by-products, mainly phenolic compounds such as carotenoids and 

flavonols (Sawalha et al., 2009; Ghafar et al., 2009; Igual et al., 2013). Consequently, the use 

of citrus by-products as functional ingredients in the development of new food products is a 

promising possibility. 

Therefore the aim of this research study is to evaluate the antimicrobial effect of 

mandarin, orange, and lemon by-products against Salmonella enterica serovar Typhimurium 

under various incubation conditions. 

 

 

3. USE OF NATURAL ANTIMICROBIALS AGAINST SALMONELLA 
 

In this work, the antimicrobial effect of three citrus by-products (mandarin, orange, and 

lemon) against S. Typhimurium was evaluated at different conditions, with incubation 

temperatures in the range [5–22] °C and various citrus by-product concentrations (0, 0.5, 1, 5, 

10%), in reference medium (buffered peptone water (1‰ (w/v))). 

The decimal log cycles of S. Typhimurium inactivation under the conditions studied, after 

96 hours of incubation at 5 and 10 °C and 24 hours at 22 °C, are shown in Tables 1 

(mandarin), 2 (orange), and 3 (lemon). As can be seen in these tables, the three citrus by-

products that were tested showed an antimicrobial effect against S. Typhimurium. Mandarin 

was the by-product with the best antimicrobial effect, achieving a maximum inactivation level 

of approximately 8 log cycles at refrigeration temperature (5 °C) with 5% mandarin by-

product addition. Moreover, at 10 °C and 22 °C mandarin by-product also had a bacteriostatic 

effect, with maximum values of 8 and 2 log cycles of microbial inactivation, respectively. 

Mandarin by-product effectiveness was followed by orange by-product, which achieved a 

maximum of 3.59 log cycles of microbial inactivation, also at refrigeration temperature (5 

°C), with 10% orange addition. At 10 °C, orange by-product also had a bactericidal effect, 

with a maximum of 1.5 log cycles of microbial inactivation, and at 22 °C it was bacteriostatic. 

Finally, although lemon by-product was able to inhibit S. Typhimurium growth at all the 

concentrations and temperatures studied, it was the natural extract that showed the smallest 

antimicrobial effect, with a maximum inactivation level of 1.22 log cycles when 10% of 

lemon by-product was added at 22 °C. 

If we compare the data in the three tables, it can be seen that the higher the citrus by-

product concentration, the greater the S. Typhimurium inactivation level achieved by the three 

by-products under study. An ANOVA analysis confirmed that the citrus by-product 

concentration had a significant influence (p ≤ 0.05) on the antimicrobial effect observed 

against S. Typhimurium, although there were no significant differences between 5 and 10% 

by-product addition. 

Regarding the effect of temperature, the tables show that microbial inactivation levels 

were generally higher at lower temperatures. An ANOVA analysis confirmed that 

temperature had a significant influence (p ≤ 0.05) on the antimicrobial effect observed against 

S. Typhimurium. Therefore refrigeration temperature also showed an antimicrobial effect 

against S. Typhimurium. 

Figure 1 shows the evolution of the microbial load during the incubation period, under 

exposure to 5% (w/v) of each of the citrus by-products, at 5, 10, and 22 °C. 
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Table 1. Inactivation levels (log cycles) of S. Typhimurium under exposure to mandarin 

by-product at different conditions of temperature and by-product concentration 

 

Mandarin by-product concentration 
S. Typhimurium inactivation levels 

5 °C 10 °C 22 °C 

0% -0.1761 0.2404 1.5117 

0.5% -2.5539 0.2032 -0.8391 

1% -3.6193 0.1123 -1.0591 

5% -7.9243 -7.5798 -2.0838 

10% -7.8865 -7.8921 -1.8792 

 

Table 2. Inactivation levels (log cycles) of S. Typhimurium under exposure to orange by-

product at different conditions of temperature and by-product concentration 

 

Orange by-product concentration 
S. Typhimurium inactivation levels 

5 °C 10 °C 22 °C 

0% -0.1761 0.2404 1.5117 

0.5% -0.1231 -1.5607 0.0570 

1% -0.4506 -1.3912 0.0536 

5% -3.4610 -1.4993 -1.0269 

10% -3.5911 -1.5586 -1.0280 

 

Table 3. Inactivation levels (log cycles) of S. Typhimurium under exposure to lemon by-

product at different conditions of temperature and by-product concentration 

 

Lemon by-product concentration 
S. Typhimurium inactivation levels 

5 °C 10 °C 22 °C 

0% -0.1761 0.2404 1.5117 

0.5% -0.1231 -0.1845 0.0570 

1% -0.4506 -0.0209 0.0536 

5% -0.8329 -0.5616 -1.1622 

10% -0.9945 -0.5991 -1.2013 

 

If we compare these results with the control sample (buffered peptone water without 

citrus by-product addition), we can see that at refrigeration temperature (5 °C) S. 

Typhimurium growth was inhibited even in the control sample, as also occurred in other 

research studies (Yang et al., 2001; Mañas et al., 2003). 

However, at the same temperature, the addition of 5% of mandarin or orange by-product 

had a bactericidal effect, achieving a maximum of 8 log cycles of S. Typhimurium 

inactivation in the case of mandarin. 

In contrast, at 10 °C S. Typhimurium started to grow in control samples, but the addition 

of 5% of mandarin and orange by-product showed a bactericidal effect, again achieving a 

maximum of 8 log cycles of microbial inactivation by mandarin by-product. The addition of 

lemon by-product had a bacteriostatic effect. 

At 22 °C, the initial population of S. Typhimurium started to grow, but addition of 5% 

(w/v) of the three citrus by-products under study had an inhibitory effect on microbial growth. 
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Figure 1. Evolution of initial S. Typhimurium cell population under the effect of mandarin, orange, and 

lemon by-product at 5% at 5, 10, and 22 °C. 
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The bacteriostatic effect of refrigeration temperature has also been extensively 

recognized by various authors, who attributed this effect to a stress response mechanism of 

microorganisms, due to molecular changes and metabolic defense mechanisms (Shapiro and 

Cowen, 2012). Similarly, this control measure can help to enhance the effectiveness of other 

thermal and non-thermal technologies, especially during the shelf life of the product, 

achieving additive or synergistic effects in the reduction of the bacterial load until 

consumption. In the present study, the combination of the two factors, refrigeration 

temperature and citrus by-product concentration in the medium, showed a synergistic effect 

regarding microbial inactivation at 5 and 10 °C. The same results were observed by De 

Oliveira et al. (2013), who showed the antimicrobial effect of oregano and lemongrass 

essential oils against Salmonella Enteritidis in ground beef at refrigeration temperature. 

In addition to temperature and by-product concentration, there are other factors that can 

influence S. Typhimurium growth, such as pH and citrus by-product composition. 

In acid products, pH has an important control effect on microbial growth (Alali et al., 

2012). However, the pH values of the three citrus by-products are in the range of 3.77 to 4.54, 

with the lemon by-product having the lowest pH value, followed by the orange and mandarin 

by-products, respectively. On the other hand, the citrus by-product that showed the highest 

antimicrobial capacity was mandarin. Thus there was no concordance between the pH value 

and the antimicrobial effect of the by-products under study against S. Typhimurium. 

Consequently, in this case pH was not the most important factor that contributed to the 

capacity of these citrus by-products to inhibit microbial growth. 

Regarding the citrus by-product composition, many studies show the antimicrobial 

properties of bioactive compounds of citrus peels and seeds, which mainly belong to the 

polyphenol group (Espina et al., 2011; Viuda-Martos et al., 2008). They are lipidic 

compounds with aromatic properties, and they also have an antimicrobial effect that is of 

interest for the pharmaceutical and food industries (Sobrino-López et al., 2006). The total 

polyphenol content of the three citrus by-products under study was in the range of 4600 to 

5111 mg gallic acid/L, with the mandarin by-product having the highest value, followed by 

orange and lemon, respectively. Therefore in this case it is possible to establish a concordance 

between the antimicrobial effect of the citrus by-products and their polyphenol content. The 

mechanism of action of these compounds is still not well understood, but the most accepted 

hypothesis is that their hydrophobic components can break down the lipid components of the 

bacterial membrane and then the cell content is released to the exterior (Trípoli et al., 2007). 

In conclusion, all the citrus by-products under study showed a bactericidal and 

bacteriostatic capacity against S. Typhimurium, with the mandarin by-product having the best 

antimicrobial capacity, especially at refrigeration temperature. Their demonstrated beneficial 

properties, both nutritional and bioactive, make them possible candidates to be added to food 

products for both animals and humans as a microbial control measure. 

The bactericidal and bacteriostatic capacity that they demonstrated suggests the 

possibility of using them as natural bacteriostatic compounds on crops as a measure to control 

the growth of foodborne pathogens, in liquid form on vegetables and cereals and as wax on 

fruit peel. 

Furthermore, in view of their capacity to inactivate zoonotic microorganisms such as S. 

Typhimurium, they might play an important role in control of zoonotic cases if they are added 

to the feed of animals for human consumption. 
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On the other hand, their antimicrobial effect against S. Typhimurium, especially at 

refrigeration temperature, opens the door to the possibility of using them as ingredients in 

food products for humans that are subjected to pasteurization treatment and subsequently 

stored at refrigeration temperature, as a control measure against foodborne pathogens such as 

S. Typhimurium. Thus they might be a possible solution in the increasing search by food 

producers for new products with added value, in response to increasing consumer demand for 

natural products with health benefits (O‘Shea et al., 2012). 

Consequently, agri-food by-products could be re-valorized as antimicrobial additives and 

would no longer be an economic problem; on the contrary, the valorization of these natural 

compounds could represent an economic benefit for food companies, adding nutritional and 

antimicrobial potential to newly developed products. 
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ABSTRACT  
 

A specific strain of S. Enteritidis (SE86) was responsible for more than 95 % of the 

investigated salmonellosis occurred in the State of Rio Grande do Sul (RS), Southern 

Brazil, from 1999 to 2013. The aim of this chapter is to demonstrate the involvement of 

this strain with the salmonellosis outbreaks and to discuss the factors that probably 

contributed to S. Enteritidis SE86 had become one of the most important food pathogens 

in Southern Brazil. During 1999 to 2006, 190 salmonellosis outbreaks were investigated 

in RS and one DNA banding profile was identified among S. Enteritidis isolated from 

foods, blood and feces of victims. The causative strain was named S. Enteritidis SE86. 

The main risk factors for the outbreaks caused by SE86 were 1) the consumption of 

homemade mayonnaise prepared with raw eggs; 2) holding foods in room temperature for 

more than 2 hours, 3) cross-contamination due to the contact of food with contaminated 

equipment and utensils. The growth of SE86 in homemade mayonnaise was modeled and 

results demonstrated that SE86 was able to grow faster than others Salmonella serovars, 

during the first six hours at environmental temperature; however SE86 did not grow in 

homemade mayonnaise at 10
o
 C, during 18 hours. Further studies have demonstrated that 

SE86 was able to form biofilms on stainless steel, stainless steel welds and polypropylene 

surfaces, and survived to 400 and 200 ppm sodium hypochlorite. After sodium 

hypochlorite exposure, SE86 expressed RpoS and Dps proteins, which are involved with 

oxidative stress. Due to exposure to sub-lethal pH, SE86 became acid-adapted and 
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increased its thermal resistance. Acid-adapted SE86 was able to survive to simulated 

gastric fluid pH 1.5 and became more virulent than other Salmonella serovars for germ-

free mice. Isolates of SE86 remain sensitive to several antibiotics, nevertheless resistance 

to ampicillin and nalidixic acid and multidrug resistance has increased during last decade.  

 

 

INTRODUCTION 
 

Foodborne Diseases in Southern Brazil 
 

Currently, Brazil exports foods to approximately 160 countries and is a major exporter of 

poultry, beef, coffee, sugarcane, soybeans, corn, pork, and cocoa [1]. In order to attend the 

high standards demanded by exportation, high quality and safe foods are produced by 

Brazilian food industries. However, in a country with approximately 200 million people, 

several different realities can be found, including in food production. Similar to other 

countries, many establishments prepare foods without adequate conditions, resulting in food-

borne outbreaks that, in most of the cases, are not notified or registered. The majority of the 

food-borne outbreak notifications came from the Southern and Southeast regions of Brazil, 

because the surveillance services are better structured in these regions. The occurrence of 

food-borne outbreaks in other regions is not clear [2]. The Southeast region of Brazil is 

composed by the States of Espírito Santo, Rio de Janeiro, Minas Gerais and São Paulo, while 

the Southern region grouped the States called Paraná, Santa Catarina, and Rio Grande do Sul. 

These regions are well developed, presents several industrialized areas and high standards of 

life quality. Rio Grande do Sul (RS) is the southernmost State of Brazil and has a population 

of 10.7-million-people, distributed in 496 cities [3]. 

In Brazil, Salmonella sp. was identified as the major cause of reported food-borne 

diseases, during the period from 2000 to 2013 [4]. Among the 3,857 etiologic agents 

identified in food-borne illnesses, Salmonella sp. was identified in 39.46 % of the outbreaks, 

followed by Staphylococcus aureus (19.68 %), Escherichia coli (12.32 %), and Bacillus 

cereus (7.65 %) [4]. Unfortunately in approximately 50 % of the investigated food-borne 

outbreaks, the etiological agent was not identified [5, 6]. Considering the whole country, 

mixed food preparations and eggs and egg-based products, respectively, were the most 

common food vehicles of food-borne disease outbreaks. According to the Brazilian official 

data, the majority of outbreaks occurred in private homes, followed by restaurants, bakeries 

and schools [4].  

 

 

Salmonellosis in Southern Brazil 
 

During the 1990s, Salmonella spp. became the major cause of reported food-borne 

diseases in the State of RS [7], surpassing S. aureus, which was identified as the major agent 

of food-borne diseases of this State, from 1987 to 1993. According to the Sanitary 

Surveillance Service of RS (DVS/RS), the reason for that was the implementation of 

mandatory Good Manufacturing Practices (GMP) training courses for people responsible for 

food services of RS. The better control of food manipulation decreased the contamination 

originated by food handlers, reducing outbreaks caused by S. aureus [3]. 
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Official data of DVS/RS about food-borne salmonellosis of RS were analyzed by periods 

(1997 to 1999, 2001 to 2002, and 2003 to 2004) and published elsewhere [8, 9, 10]. Data 

have demonstrated that more than 46,000 people were involved, and approximately 5,200 

people were hospitalized, during all the periods. Most of salmonellosis outbreaks occurred in 

springtime, due to keep foods outside refrigeration. This inadequate procedure occurred 

because, at springtime, RS presents mild temperatures at mornings and people conclude that 

refrigeration of foods is not necessary. At afternoons, the temperature increases and 

microorganisms multiply on foods, causing the outbreaks. The incidence of outbreaks caused 

by other etiological agents also increases, confirming the negligence regarding control of 

temperature [8]. At summertime, the number of salmonellosis usually decreases because 

population is aware about food-borne diseases, storing foods in adequate refrigeration.  

 From 1997 to 2004, in RS, the most frequent food vehicle of Salmonella was potato 

salad mixed with homemade mayonnaise prepared with raw eggs [8, 9, 10]. A recent study 

reported that this preparation remained as the most important food vehicle of salmonellosis in 

RS [11], even though other food preparations were also identified, for example, pastry 

products (15.94 %), beef (12.32 %), processed meat (9.42 %), chicken meat (6.52 %), and 

pork (2.17 %) [11]. According to Vaz, et al. (2010) [12], in Brazil and in other parts of the 

world, S. Enteritidis has been associated with human foodborne infections caused by the 

ingestion of contaminated foods of animal origin, mainly undercooked poultry meat and eggs. 

Nunes, et al. (2003) [13], analyzed Salmonella isolated in 1995 to 1997 from Brazilian 

healthy and diseased chicken, food-borne outbreaks of human gastroenteritis related to the 

consumption of egg products, poultry meat, pipped embryos of broiler chicks, meat meals, 

and diverse food products, as cheese, mayonnaise, cake, and bacon and reported that phage 

type (PT) 4 was the most frequent type of S. Enteritidis found. The same authors stated that 

the results obtained were in accordance with the worldwide trends in distribution patterns for 

different S. Enteritidis phage types [13]. Pires, et al. (2014) [14] studied the source attribution 

of human salmonellosis worldwide and demonstrated illnesses and outbreaks were most 

commonly attributed to exposure to contaminated food, mainly eggs, broiler chickens, and 

pigs. The same authors also mentioned that exposure to raw vegetables was also an important 

source of salmonellosis. 

 Salmonella serovars responsible for food-borne outbreaks in RS have changed along the 

years. For example, in 1990, S. Typhimurium was the predominant Salmonella serovar (86 

%) isolated from foods involved with salmonellosis of RS, while S. Enteritidis was not found 

in those samples [8]. However, in 1993, S. Enteritidis was isolated from 64 % of the 

suspected foods, surpassing S. Typhimurium, which was isolated from only 4 % of the food 

involved with salmonellosis [8]. During the 90s, this surpassing of S. Typhimurium by S. 

Enteritidis was also observed in the United States and other countries [15]. The rapid increase 

in the prevalence of S. Enteritidis in different countries was attributed to the formation of an 

ecological niche occurred due to the successful campaign to eradicate S. Gallinarum and S. 

Pullorum from chicken flocks, which are the causative agents of fowl typhoid and pullorum 

disease in chickens [16, 17].  

 Geimba, et al. (2004) [16] analyzed 75 Salmonella spp. isolated from foods involved 

with food-borne outbreaks occurred from 1999 to 2000 in RS and found that 73 (97 %) of 

them were S. Enteritidis. Only one isolate was serotyped as S. Derby and other one as S. 

Typhimurium. Among the strains of S. Enteritidis, 83 % were positive for the presence of 

spvR gene (Salmonella Plasmid Virulence regulatory gene) and a positive correlation (P 
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0.05) between S. Enteritidis and the presence of spvR was reported [16, 3]. In the period 

from 2001 to 2002, Oliveira, et al. (2007) [18] investigated 85 Salmonella isolated from foods 

responsible for salmonellosis occurred in RS and observed that 93 % were S. Enteritidis. Only 

six isolates were serotyped as S. Javiana (1), S. Infantis (1), S. Agona (1), S. Typhimurium 

(1), and S. enterica subspecies enterica 1, 4 [18].  

 Recently, Capalonga et al. (2014) [11] reported that 84.7 % of the 163 Salmonella 

isolated from foods involved with salmonellosis in RS, during 2007 to 2012, were S. 

Enteritidis. The second and third most frequent serovars were S. Schwarzengrund (5.5 %) and 

S. Typhimurium (3.7 %). 

 

 

Molecular Characterization of S. Enteritidis in Southern Brazil 
 

Oliveira, et al. (2007) [18] demonstrated that S. Enteritidis responsible for salmonellosis 

in RS during the years of 2001-2002 were grouped in only two PCR-ribotyping banding 

profiles (R1 and R2), being that profile R1 comprised 92.4 % of the strains. The same strains 

were analyzed by RAPD and demonstrated four banding patterns (A to D). Profile A grouped 

81 % of the strains. Using PCR ribotyping, Pulsed Field Gel Electrophoresis (PFGE) and 

DNA sequencing, Oliveira, et al. (2009) [19] investigated the clonal relationship of 152 

isolates of S. Enteritidis involved with food-borne outbreaks of RS, from 1999 to 2002, 

concluding that a specific strain of S. Enteritidis was found in the majority of the investigated 

outbreaks. After that, during 1999 to 2006, the Official Laboratory of RS 

(FEPPS/LACEN/RS) isolated 931 S. Enteritidis isolates in 190 outbreaks officially 

investigated. Among them, S. Enteritidis isolates from 80 different outbreaks were randomly 

chosen to be analyzed (the researchers picked ten isolates from each year of the period 

comprised from 1999 to 2006). The 80 S. Enteritidis samples were isolated from blood (n=12) 

and feces (n=68) of salmonellosis victims in RS, and were analyzed by means of PCR 

ribotyping and XbaI macro restriction PFGE. Results identified only three closely related 

PCR ribotyping patterns (R1, R2, and R3) and just one PFGE profile. The PCR ribotyping 

profile were the same profile previously found in S. Enteritidis isolated in suspected foods 

[18]. The PFGE profile grouped 97 % of the strains isolated from 1999 to 2006 [20]. These 

findings confirmed the occurrence of the same DNA banding pattern among S. Enteritidis 

isolated in foods, blood and feces of the victims of salmonellosis from 1999 to 2006 in RS, 

suggesting that a specific strain of S. Enteritidis was responsible for the majority of the cases 

of salmonellosis in this Brazilian State. This strain was named S. Enteritidis SE86 [3]. 

Lately, Capalonga, et al. (2014) [21] studied 163 S. Enteritidis isolated from foods 

involved in foodborne salmonellosis occurred in RS from 2007 to 2013 and found only one 

PCR ribotyping profile, which was compatible to the profile of SE86. Based on these results, 

the researchers concluded that SE86 have caused several salmonellosis outbreaks in RS, from 

1999 to 2013.  

 

 

Risk Factors for Salmonellosis in Southern Brazil 
 

According to DVS/RS [8, 9, 10, 3], the risk factors for salmonellosis outbreaks in RS 

were: 1) the consumption of homemade mayonnaise prepared with raw eggs (use of eggs 
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without sanitary inspection), 2) holding foods in room temperature for more than 2 hours, 3) 

cross-contamination due to the contact of foods with surfaces of contaminated equipment and 

utensils, and 4) maintenance of food in improper cooling. These risk factors, as well as 

studies related to them are discussed below. 

 

 

Consumption of Homemade Mayonnaise  
 

Homemade mayonnaise (HM) was identified as the food vehicle mostly involved with 

salmonellosis in Southern Brazil [22]. It is well known that eggs and egg products are among 

the most important food vehicles of S. Enteritidis, because the outer shell egg surfaces or the 

internal egg contents can be contaminated [23]. In general, the external contamination is due 

to chicken feces during or after oviposition, on the other hand the internal infection can be the 

result of penetration through the eggshell or by direct contamination of egg contents, before 

oviposition, originating from reproductive organs infection
 
[24]. Mayonnaise, often prepared 

with raw eggs, is widely consumed and probably the most used sauce around the world [25]. 

It is a food preparation frequently involved with foodborne outbreaks worldwide [26, 27, 28, 

29]. In the State of RS, HM prepared with raw eggs and mixed with cooked potato is the 

principal side dish of churrasco, a typical meat meal similar to barbecue, highly consumed in 

this region of Brazil [22, 30]. 

 In order to allow the development of a quantitative microbial risk assessment for S. 

Enteritidis SE86 on HM, a study was performed in order to modeling the growth of SE86 on 

HM at different temperatures [22]. Using predictive microbiology programs, growing curves 

were built by fitting data to the Baranyi‘s DMFit, and generated R
2
 values greater than 0.98 

for primary models. Secondary model was fitted with Ratkowsky equation, generating R
2
 and 

RMSE values of 0.99 and 0.016, respectively. Experimental data showed that SE86 did not 

grow on HM at 7°C, for 30 days. At 10°C, no growth was observed until approximately 18 h 

and the infective dose (considered 10
6
 CFU) was reached after 8.1 days. However, 10

6
 CFU 

of SE86 were attained after 6 h at 37°C. Experimental data demonstrated smaller lag phases 

than those generated by ComBase Predictive Models, suggesting that SE86 is very well 

adapted for growing on HM. Corroborating this finding, Malheiros, et al. (2007) [31] 

demonstrated that SE86 was able to grow faster than others Salmonella serovars (Bredeney 

and Typhimurium) during the first six hours on HM stored at environmental temperature. The 

frequent association of S. Enteritidis with eggs and this faster growing can be factors that 

contribute to the frequent involvement of SE86 with salmonellosis caused by the 

consumption of HM. Elias, et al. (2014) [22] reported that a safe HM can be prepared if non-

contaminated eggs (or cooked yolks) are used and HM are stored below 7° C. 

 

 

Cross-Contamination by Contaminated Equipment and Utensils 
 

According to DVS/RS, cross-contamination was the third most important risk factor for 

salmonellosis in RS [8, 9, 10, 3]. Based on this, the biofilm formation capability of SE86 was 

investigated on different material surfaces. For example, Tondo, et al. (2010) [32] immersed 

coupons of stainless steel and polyethylene in bacterial suspensions of SE86, S. 

Typhimurium, and S. Bredeney, during 15, 30, and 60 minutes. The three serovars showed 
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similar counts of adhered cell to both materials (5.0 to 6.5 log CFU. cm
-2

), and the time of 

exposure did not influence the counts of adhered cells on both surfaces; however, Scanning 

Electron Microscopy revealed larger clusters of SE86 on both materials, which was not found 

for the other serovars [32]. 

Casarin, et al. (2014) [33] investigated the adhesion of S. Enteritidis SE86 and Listeria 

monocytogenes on stainless steels (types 304 and 316) after 0, 1, 2, 4, 6, and 8 h of contact 

time, at room temperature. The study also evaluated the influence of the material topography 

and the hydrophobicity of cells and material surfaces in the attachment process. Results 

demonstrated that both bacteria were able to adhere on both types of stainless steels. 

However, at the beginning of contact time between cells and surfaces, higher numbers of 

adhered cells of S. Enteritidis SE86 were observed. S. Enteritidis SE86 also demonstrated a 

higher negative total energy of adhesion than L. monocytogenes, meaning that the adhesion of 

SE86 was thermodynamically more favorable than the adhesion of L. monocytogenes to both 

types of stainless steels [33]. The hydrophobicity of the investigated surfaces was also 

determined based on contact angle measurements. According to the results, both bacteria 

were hydrophilic and stainless steel surfaces were hydrophobic. Despite of the different levels 

of hydrophobicity/hydrophilicity, there was no correlation between adhesion and the surface 

hydrophobicity [33].  

In another study Casarin, et al. (2014) [34] investigated the adhesion of S. Enteritidis 

SE86 and L. monocytogenes on the surface of metal inert gas (MIG), and tungsten inert gas 

(TIG) welds. Results demonstrated that S. Enteritidis SE86 initially adhered significantly 

more than L. monocytogenes on both types of welds, and there was a significant difference 

(P<0.05) in the adhesion of SE86 when 0h and 1h of contact time were compared. According 

to the data obtained, bacteria were hydrophilic, while weld surfaces were hydrophobic [34]. 

 

 

Resistance to Differents Sanitizers 
 

Machado, et al. (2010) [35] evaluated the resistance of S. Enteritidis SE86, S. 

Typhimurium, and S. Bredeney to sanitizers, using the suspension test recommended by the 

Brazilian Ministry of Agriculture. Three commonly used sanitizers in food industries were 

tested: peracetic acid, quaternary ammonium and sodium hypochlorite. The results 

demonstrated that SE86 was resistant to 400 ppm sodium hypochlorite and survived for up to 

15 minutes of exposure to 200 ppm of this sanitizer, a fact which was not demonstrated by the 

other strains [35]. In other study, Tondo, et al. (2010) [32] tested the same microorganisms to 

biofilm formation capability on surfaces of material commonly used in food industries and 

food services. Coupons of stainless steel and polyethylene were immersed in cultures of 

SE86, S. Typhimurium, and S. Bredeney during 15, 30 and 60 minutes. After that, coupons 

were exposed to different concentrations of peracetic acid, sodium hypochlorite, and 

quaternary ammonium [32]. The sanitizers did not inactivate all the microorganisms adhered 

on both materials, being that least 1 log CFU. cm
-2

 of the microorganisms remained viable 

[32]. The study demonstrated that S. Typhimurium and SE86 were more resistant to 

quaternary ammonium than S. Bredeney on polyethylene surface, and the reduction of SE86 

was smaller than the other serovars after sodium hypochlorite treatments [32].  

The resistance to sodium hypochlorite demonstrated by SE86 was compared to the 

resistance of other pathogenic strains of S. Enteritidis isolated from Albania, Zimbabwe, 
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Morocco, and Pakistan [32, 35]. The strains were exposed to 200 ppm sodium hypochlorite 

for 5, 10, 15, and 20 minutes, according recommendations of the Brazilian Ministry of 

Agriculture. Results demonstrated that none of the S. Enteritidis were totally inactivated after 

20 minutes of exposure and the reduction rates were similar. Only the strain isolated in 

Albania demonstrated to be significantly more sensitive [36]. 

The rule of rpoS and dps genes in the resistance to 200 ppm sodium hypochlorite was 

investigated in SE86. Mutants of SE86 were constructed using the method described by 

Uzzau, et al. (2001) [37]. The survival of the Wild Type (WT) strain, as well as of the 

attenuated strains, was determined by bacterial counts. Tagged proteins (Dps and RpoS) were 

detected by means of SDS-PAGE and also immunoblotting with anti-FLAG antibodies. SE86 

lacking dps demonstrated greater sensitivity compared to the WT SE86 exposed to sodium 

hypochlorite. The RpoS and Dps proteins were actively expressed under the conditions 

investigated, suggesting that these SE86 genes are related to oxidative stress caused by 

sodium hypochlorite [36]. 

 

 

Acid and Thermal Resistance of S. Enteritidis SE86 
 

Malheiros, et al. (2008) [38] cultivated SE86, S. Typhimurium, and S. Bredeney in 

Nutrient Broth (NB), as well as in Nutrient Broth supplemented with 1 % glucose (NBG). 

The latter was used in order to induce acid adaptation of cells exposed to sub-lethal pH 

generated by the degradation of glucose. The acid-adapted and non acid-adapted 

microorganisms were exposed to different pH (3.5, 4.0, and 4.5) and temperatures (52, 56, 

and 60 ºC), and survival curves were created [38]. Results showed that S. Bredeney 

demonstrated higher resistance to pH 3.5 and 4.0; nevertheless, SE86 demonstrated a better 

capacity for acid adaptation (7.5 times greater) than other Salmonella serovars. At pH 4.5, all 

serovars demonstrated a similar acid resistance, remaining at the same levels of viable cells 

for 300 minutes. At 52 ºC, acid adaptation was able to protect only SE86. At 56 ºC and 60 ºC, 

non-adapted and acid-adapted SE86 strains were more thermally resistant than other serovars 

tested, demonstrating that SE86 was more thermal resistant than other strains. SDS-PAGE 

analysis demonstrated differences in the protein profiles of non-adapted and acid-adapted 

cells of all serovars [38]. 

Perez, et al. (2012) [39] evaluated the survival and the capability of intestinal invasion of 

SE86 and S. Typhimurium (ST99), after acid adaptation. Both strains were cultivated in 

Nutrient Broth supplemented with 1 % glucose (NBG) and were exposed to simulated gastric 

fluid (FGS) pH 1.5. In a second step, approximately 8 log of both strains (either acid-adapted 

or non-adapted) were orally inoculated in germ-free adult male Wistar mice. Animals were 

observed at aseptic conditions for twelve days [39]. Animal feces and portions of the 

gastrointestinal tract were analyzed microbiologically, and the appearance of intestinal 

morphological abnormalities was investigated [39]. Animals were submitted to the mortality 

curve. The results indicated that acid-adapted SE86 had a significant higher survival rate (p < 

0.05) than non-adapted SE86, non-adapted ST99 and also than acid-adapted ST99 after 

exposure to FGS. The in vivo experiments demonstrated that acid-adapted SE86 and acid-

adapted ST99 were able to cause intestinal morphological abnormalities [39]. Acid-adapted 

SE86 showed higher counts in the ileum-cecal junction than the other strains, suggesting that 

acid adaptation influenced the virulence of this strain [39, 3]. All strains were able to rapidly 
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multiply in germ-free mice; however mortality caused by acid-adapted SE86 was more 

intense [39]. Histopathological analyses revealed greater severity of the infection caused by 

SE86, a fact which was confirmed by the death of animals starting at the fourth day of 

infection. ST99 did not cause the death of animals until twelve days after inoculation [39]. 

The ability of Lactobacillus acidophilus LA10 to colonize and exert antagonistic effects 

against SE86 in the gastrointestinal tract of conventional mice was analyzed [40]. Doses of 

10
8
 viable cells of SE86 and L. acidophilus LA10 were administered by gavage to mice. The 

experiment used 4 groups of mice. Group 1 was administered only sterile saline solution and 

was considered the negative control. Group 2 was administered only SE86. Group 3 was first 

administered SE86 and, after 10 days, treated with L. acidophilus LA10. Group 4 was first 

administered L. acidophilus LA10 and, after 10 days, challenged with SE86. The results 

demonstrated that a significant number of SE86 cells were able to colonize the 

gastrointestinal tract of mice, specifically in the colon and ileum. L. acidophilus LA10 

demonstrated antagonistic effect against SE86, with better results observed for Group 3 over 

Group 4. Thus, L. acidophilus LA10 demonstrated potential antagonistic effects against S. 

Enteritidis SE86, especially if administered after infection [40]. 

 

 

 Antimicrobial Resistance of S. Enteritidis SE86 
 

Even though the salmonellosis caused by S. Enteritidis usually is limited to 

gastrointestinal tract and the treatment does not involve antibiotics, the use of these drugs is 

recommended when salmonellosis affects immunocompromised patients or when the 

symptoms of salmonellosis are more severe such as the presence of blood in stools and fever 

[11]. The concern is that if resistant strains cause food poisoning in these patients they can be 

difficult to treat, making the probability of human death more likely. In the last decades, the 

resistance of Salmonella sp. to antibiotics has increased rapidly throughout the world, mainly 

due to indiscriminate and incorrect use of antibiotics [41, 3]. In spite of S. Enteritidis strains 

present low antimicrobial resistance when compared with some isolates of S. Typhimurium [42], 

attention should be given to the frequent isolation of multidrug-resistant S. Enteritidis [43]. 

Examples of that were reported in Tondo and Ritter (2012) [3]. 

 The antibiotic resistance of S. Enteritidis isolated from foods involved with salmonellosis in 

the State of RS State has been investigated by several studies. Most of the isolates demonstrated 

to be sensitive for the majority of the drugs evaluated, however resistance to streptomycin, 

gentamicin, and nalidixic acid were observed among microorganisms isolated in 1999 to 2000 

and in 2001 to 2002. Few isolates exhibited multidrug resistance [3]. Oliveira, et al. (2012) 

[44] studied 80 S. Enteritidis isolated from salmonellosis in RS from 1999 to 2006, and 

observed that only three isolates (4 %) were fully susceptible to all the antibiotics tested. The 

major resistances were observed for ampicillin (81 %), streptomycin (19 %), and nalidixic 

acid (25%) [44, 3]. In the period of 2003 to 2006, Paula, et al. (2011) [45] evaluated 130 S. 

Enteritidis isolates responsible for salmonellosis occurred in RS and reported that the higher 

percentages of resistance were demonstrated for ampicillin (100 %) and nalidixic acid (48 %). 

When compared to previous studies [44, 46], results demonstrated that multi-resistance 

increased expressively, because 63 % of the isolates showed multi-resistance [45].  

 Among the 138 S. Enteritidis isolated from salmonellosis in the period from 2007 to 

2012, the highest resistance percentages observed were for nitrofurantoin (94.2 %) and 
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nalidixic acid (89.1 %). Only two isolates were resistant to tetracycline, two to ampicillin, and 

two to cefoxitin. Three isolates were resistant to ceftazidime, ciprofloxacin, and 

trimethoprim/sulfamethoxazole, separately, while no isolate showed resistance to 

chloramphenicol, streptomycin, imipenem, and gentamicin [11]. Comparing the results of 

Geimba, et al. (2005) [46], Oliveira, et al. (2012) [44], De Paula, et al. (2011) [45], and 

Capalonga, et al. (2014) [11], it is possible to observe that the percentage of S. Enteritidis 

resistant to ampicillin and nalidixic acid is increasing over the years. For example, Geimba, et 

al. (2005) [46] observed that in 1999 12.8 % of the S. Enteritidis isolates were resistant to 

nalidixic acid, and in 2000 this percentage increased to 14.7 %. Oliveira, et al. (2012) [44] 

showed an increase in the resistance to the same antibiotic from 19.0 % to 24.3 %, between 

strains isolated from 2001 and 2002. De Paula, et al. (2011) [45] showed an increase from 

40.7 % to 66.7 %, during the period of 2003 to 2006. Finally, Capalonga, et al. (2014) [11] 

demonstrated that, in 2007, 89.1 % of the isolates were resistant to nalidixic acid, increasing 

to 100 %, in 2012. 

The raising resistance for nalidixic acid is issue of concern, because several studies have 

reported increasing numbers of Salmonella sp. resistant to quinolones in Germany [48], 

England and Wales [49], and Spain [50]. Emphasizing this concern, the CLSI added a 

guideline recommending clinical laboratories to routinely test for nalidixic acid resistance in 

extra intestinal Salmonella isolates in order to alert physicians about the emerging resistance 

[51]. Quinolones are widely used in food animal production and are able to select quinolone-

resistant Salmonella sp. in animals. At the same time, quinolones are one of the few available 

therapies for serious Salmonella infections, particularly in adults.  

 

 

CONCLUSION 
 

S. Enteritidis SE86 has been involved with several food-borne salmonellosis occurred in 

the State of RS, during 1999 to 2013. The most important risk factors for salmonellosis 

caused by this strain were the consumption of homemade mayonnaise prepared with raw 

eggs, holding foods in room temperature for more than 2 hours; and cross-contamination due 

to the contact of foods with surfaces of contaminated equipment and utensils. SE86 was able 

to form biofilms on stainless steel AISI 316 and AISI 304, polyethylene, MIG and TIG weld 

surfaces, and survived to 400 and 200 ppm sodium hypochlorite. After being exposed to sub-

lethal pH, SE86 became acid-adapted. The acid-adapted SE86 became more resistant to acid 

and thermal exposures and was more virulent to mice. In homemade mayonnaise, SE86 has 

grown faster than others Salmonella serovars (Bredeney and Typhimurium), during the first 

six hours at environmental temperature, however was not able to grow at 7° C. During the last 

decade, SE86 has shown increasing rates of resistance to ampicillin and nalidixic acid, but 

still sensitive to antibiotics like chloramphenicol, streptomycin, imipenem, and gentamicin. 
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ABSTRACT 
 

Human food- borne salmonellosis, an illness caused by Salmonella species, is an 

infection of serious public health concern as it is increasing worldwide and appears to be 

the primary cause of confirmed foodborne outbreaks. It is estimated that tens of millions 

of cases occur worldwide every year and the disease results in more than hundred 

thousand deaths. Salmonella in food is mainly detected in meat and its products but the 

numbers of outbreaks caused by vegetables and products thereof have increased 

compared to previous years. Reported outbreaks caused by consumption of fresh products 

such as tomatoes, cucumbers, watermelons, cantaloupes, sprouts and juices have been 

linked to Salmonella. Meanwhile Salmonella has been isolated from a variety of fresh 

products and its prevalence has been reported to range from 0.6% to 72% in strawberries, 

fennel, lettuce, oranges, cantaloupes, onions, sprouts etc. In this chapter prevalence of 

Salmonella in unprocessed and minimally processed fruits and vegetables as well as 

salmonellosis outbreaks linked to the consumption of such products are addressed.  

 

 

Salmonella spp. is a microorganism widely spread in poultry and swine and is often 

distributed in soil surface, decaying vegetation, soil sewage, sewage sludge, municipal solid 

wastes, animal feces, water, fertilizers and plants (FDA, 2001; Lemunieret al., 2005). It can 

survive for several weeks in a dry environment, for several months in water and has also the 
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ability to survive in the plant habitat, but not as well as the plant-associated species. Produce 

contamination and disease outbreaks occur due to the fact that once Salmonella is attached to 

the produce, may maintain in the product during its whole shelf life (Fatica and Schneider, 

2011). 

Therefore, improper agricultural and manufacturing practices in cultivation, harvest, 

storage, transport and preparation of the products may result in their contamination and 

produce-associated outbreaks (Tournas, 2005). Fresh produce are usually consumed either 

raw, without any undergoing processes, or after minimal process, that causes little microbial 

reduction.  

The nature of the consumption in combination with the fact that most fruits and 

vegetables are grown in a non-sterile environment and producers can‘t have full control of the 

conditions in the field, explain the reason why fresh and minimally processed products may 

be easily contaminated with pathogens. 

Surveys on fresh products have revealed the presence of Salmonella spp. in various 

vegetables and fruits, such as cantaloupes, strawberries, oranges, tangerines, lettuces, 

cabbages, celeries, parsley and artichokes. 

Prevalence of Salmonella spp. has been reported to vary from 0.6% (1/180) in scallions to 

72% (64/89) in fennels (FDA, 2001; Ercolani, 1976). Generally it appears to be very variable 

and it can be as low as 0.7% (1/143), 0.76% (11/1440) and 0.9% (1/116) in strawberries, 

cantaloupes and lettuces, respectively, or even as high as 50% (6/12) and 68% (1/120) in 

cilantros and lettuces, respectively (FDA, 2001; Madden, 1992; Ercolani, 1976).  

 

 

PRESENCE OF SALMONELLA SPP. IN CATEGORIES OF  

FRUITS AND VEGETABLES 
 

Prevalence of Salmonella spp. in Raw Fruits  
 

Cantaloupes 

According to Madden (1992), in 1990, FDA examined the presence of Salmonella spp. in 

cantaloupes during two surveys in Mexico.  

The surveys were performed between March and April, 1990 and between November and 

January, 1990, respectively. In the first survey 8 Salmonella serovars were found in 11 

(0.76%) of the 1440 samples and in the second survey 12 (1.1%) of the 2220 samples were 

positive for the presence of 12 Salmonella serovars. Interestingly, melons studied in the 

second survey originated from the harvest area that was associated with the outbreak of S. 

Chesterin1989-1990 (Table 1). 

In March of 1999, FDA started a survey about the presence of the pathogens Salmonella 

and E. coli O157:H7 in high volume imported fresh produce. One hundred fifty-one samples 

of cantaloupes originating from Canada, Costa Rika, Dominican Republic, Ecuador, 

Guatemala, Haiti, Honduras, Mexico and Nicaragua, and being imported to the U.S. were 

tested for the presence of Salmonella spp. by the FDA. Eight of the samples (5.3%) were 

positive for the presence of Salmonella spp. (FDA, 2001). Similarly, none of the 336 orange 

and tangerine samples were positive for the presence of the pathogen. Sampling took place in 

citrus packing houses in the U.S. (Pao et al., 1998). 



 

Table 1. Examples of major reported outbreaks caused by Salmonella spp., linked to melons (FDA, 2013) 

 

Pathogen Year Location Source Venue Type 
No. of 

cases/deaths 
Comments Reference 

Salmonella spp. 1950 Minnesota - Roadside 

stand 

Watermelon 6/0 Prepared cut melon. S. Bareilly isolated 

from melon. Melon kept at ambient 

temperature. 

Blostein, (1993) 

S. Miami 1954 Massachusetts Florida Supermarket Watermelon 17/1 Organism was isolated from home 

samples but not from supermarket 

samples. Melons were from Florida 

where S. Maimi is common. 

Gayler et al., 

(1955) 

S. Oranienburg 1979 Illinois Illinois Supermarket Watermelon 18/0 Damaged fruits were cut, covered with 

plastic film, and displayed, sometimes 

without refrigeration until sold. 

CDC, (1979) 

S. Chester 1989-90 Multistate, US Mexico and 

Central 

America 

Unknown Cantaloupe >245/2 Cut cantaloupe from salad bars. CDC, (1991); 

Lund and 

Snowdon, (2000) 

S. Poona 1991 Multistate, US 

Canada 

Texas or 

Mexico 

Unknown Cantaloupe >400 confirmed 

U.S, 72 Canada/0 

Fruit salads containing sliced 

cantaloupes. 

CDC, (1991) 

S. Javiana 1991 Michigan - picnic and 

school party 

Watermelon 26 primary,13 

secondary/0 

Melon not washed prior to cutting. 

Suspected contamination from melon 

rind. Melon served over 3 hour period 

at room temperature. Leftovers served 

the next day. 

Blostein, (1993) 

S. Saphra 1997 California Mexico Home, 

grocery 

stores, 

restaurants 

Cantaloupe 24/0 Probable contamination during 

production or harvest. Lack of 

refrigeration at retail might contributed 

to the outbreak. 

Mohle-Boetani et 

al., (1999); FDA, 

(2013) 

S. Oranienburg 1998 Ontario, Canada U.S, 

Mexico or 

Central 

America 

Various Cantaloupe 22/0 Possible contamination with organism 

from surface when slicing. Cut fruit 

was probably left sitting at room 

temperature for several hours before 

consumption. 

Deeks et al., 

(1998) 

S. Poona 2000 Multistate, US 

(8 states) 

Mexico Various Cantaloupe NR/NR - FDA, (2013) 

NR= Not Reported. 
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Strawberries 

During FDA‘s survey in 1999, a total of 143 strawberry samples coming from Argentina, 

Belgium, Canada, Mexico and New Zealand was collected. Only one (0.7%) of the samples 

was positive for the presence of the pathogen (FDA, 2001).  

 

Oranges - Tangerines 

None of the 375 orange samples were positive for the presence of Salmonella in the 

survey performed in orchards through juice plants in the U.S. Fruit surfaces and juice were 

analyzed and 3 categoriesof orange samples were tested: graded hulls, washed and graded and 

ungraded (FDA, 2013).  

 

 

Prevalence of Salmonella spp. in Raw Vegetables 
 

Seed Sprouts  

Three hundred forty-four mung bean samples were collected from open markets in 

Thailand within 7 months and examined for Salmonella presence. Thirty of the collected 

samples were positive and prevalence was 8.7% (Jerngklinchan and Saitanu, 1993). On the 

contrary, none of the 13 samples collected in survey performed within 6 months in the U.S 

was positive for Salmonella (Splittstoesser et al., 1983).  

 

Lettuces 

Lettuces imported into the U.S. from Belgium, Canada, Chile, France, Guatemala, Israel, 

Italy, Korea, Mexico, Netherlands and Peru were tested by the FDA in 1999. The final 

prevalence of Salmonella spp. was 0.9% (1/116) (FDA, 2001).  

In 1976, Ercolani reported 68% Salmonella spp. prevalence in lettuce samples. One 

hundred twenty samples were purchased from five retail outlets in Italy and they were 

collected at monthly intervals for one year (Ercolani, 1976). 

Lettuce samples from various places in the Netherlands were also tested for the presence 

of Salmonella spp. Samples were firstly tested for the presence of E. coli and further 

investigation for the presence of Salmonella was performed only in the samples that were  

E. coli positive. Two of the 28 samples were finally positive for Salmonella and prevalence 

was 7.1% (Tamminga, 1978). 

Eighty samples of lettuce were tested in Spain. Samples were collected from farms and 

wholesale and retail markets. Presence of the pathogen was attributed to possible use of 

contaminated irrigation water. Two of the 80 samples were positive and prevalence was 

estimated at 6.3% (Garcia-Villanova Ruiz et al., 1987a).  

On the other hand, none of the 151 imported lettuce samples collected in retail markets of 

the U.K. was positive for Salmonella spp. (Little et al., 1999).  

 

Beet Leaves 

Twenty-six beet leave samples were collected from various places in Spain within one 

year. Four (7.7%) of the samples were found positive for Salmonella spp. and contamination 

was attributed to contaminated irrigation water (Garcia-Villanova Ruiz et al., 1987b). 
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Artichokes and Cardoons 

Garcia-Villanova Ruiz et al. (1987b) examined 25 artichoke and 4 cardoon samples 

collected from a farm and wholesale and retail markets in Spain. Samples were collected 

within one year and analysis showed that 3 (12%) artichokes and 1 (20%) cardoon samples 

were positive for Salmonella spp. It was considered that it was due to contaminated irrigation 

water. 

 

Endive  

Endive samples either grown in the Netherlands or imported from Italy into the 

Netherlands were tested for Salmonella presence. Twenty-six samples were collected and 2 

(7.7%) of them were positive (Tamminga et al., 1978). 

 

Cabbage 

Cabbage samples were collected by various places in Spain and tested for Salmonella 

presence. A total of 41 samples was purchased and 7 (17%) of them were positive for 

pathogen‘s presence (Garcia-Villanova Ruiz et al., 1987b).  

On the other hand, according to Tamminga et al. (1978) none of the 18 cabbage samples 

collected from various places in the Netherlands was positive for Salmonella presence.  

 

Eggplant 

Thirteen eggplant samples were tested for the presence of E. coli and further investigation 

for the presence of Salmonella spp. was performed only in the samples that were E. coli 

positive. Two (1.5%) samples were finally positive for Salmonella spp. (Tamminga et al., 

1978).  

 

Cauliflower 

Thirteen cauliflower samples from the Netherlands were examined for the presence of E. 

coli and Salmonella spp. Presence of Salmonella was tested only in positive for the presence 

of E. coli samples and prevalence was finally estimated at 7.7% (Tamminga et al., 1978).  

Garcia-Villanova Ruiz et al (1987b) analyzed 23 cauliflower samples from farm and 

wholesale and retail markets in Spain. One (4.3%) of them was contaminated with Salmonella 

spp. and it was linked to contaminated irrigation water.  

 

Spinach 

Thirty eight spinach samples were examined for Salmonella presence in Spain. Samples 

were collected from various places and the contaminated ones were thought to be infected due 

to contaminated irrigation water (Garcia-Villanova Ruiz et al., 1987b).  

 

Celery 

None of the twenty celery samples collected from various places in the Netherlands was 

found positive for Salmonella spp. (Tamminga et al., 1978).  

Contrary to the above result, 1.2% prevalence was estimated in 84 celery samples that 

were imported in the U.S. and were collected from Canada and Mexico (FDA, 2001). In 

addition, 2/26 (7.7%) celery samples, collected from a farm and wholesale and retail markets 

in Spain, were positive for Salmonella presence (Garcia-Villanova Ruiz et al., 1987b).  
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Fennel 

Ercolani (1976) estimated the occurrence of Salmonella in fennel samples from 5 retail 

outlets in Italy. Sampling was performed on a monthly basis for one year. A total of 89 

samples was collected and 64 (72%) of them were contaminated with Salmonella spp.  

Examination of 15 fennel samples was also conducted in the Netherlands. Samples were 

either grown in the Netherlands or imported from Italy. None of samples was found positive 

for Salmonella presence (Tamminga et al., 1978).  

 

Scallions 

One hundred eighty scallion samples from Canada, Guatemala, Israel, Italy and Mexico 

were tested for Salmonella presence. Scallions were imported into the U.S. from the above 

countries and sampling took place in various places. One sample was contaminated and 

prevalence was 0.6% (FDA, 2001). 

 

Zucchini & Peppers 

None of the 20 pepper and 11 zucchini samples examined in the Netherlands was positive 

for the presence of Salmonella spp. (Tamminga et al., 1978).  

 

 

Prevalence of Salmonella spp. in Mixed Raw Vegetables 
 

Rude et al. (1984) conducted a 2-year survey in order to estimate the contamination by 

nematodes, amoebae, and bacteria of the genus Salmonella in salad vegetables collected from 

wholesale and retail sources in the U.S. The vegetables examined were cucumbers, cabbage, 

lettuce, celery, carrots, radishes, tomatoes, mushrooms, cauliflower, and spinach. Four 

samples were found positive for the presence of Salmonella spp.  

Seven percent prevalence of Salmonella spp. was reported in mixed raw vegetables in 

Iraq. Forty-three samples were collected from various places in Baghdad and 3 of them were 

positive for the pathogen‘s presence (Al-Hindawi et al., 1979).  

Mixed raw vegetables and irrigation water samples were collected by various places in 

Spain. Eight hundred forty-nine samples were tested and 46 (5.4%) of them were positive for 

Salmonella spp. Results indicated that Salmonella spp. isolates from produce had a close 

relationship to the ones that had been isolated by water samples (Garcia-Villanova Ruiz et al., 

1987b).  

 

 

PREVALENCE OF SALMONELLA SPP. IN GREEN AND MIXED SALADS 
 

One hundred fifty-nine mixed salad and 57 green salad samples were purchased from 

retail markets and food services in Egypt. Salmonella spp. was isolated from 2 green salad 

samples and 1 mixed salad sample and prevalence was 3.5% and 0.6%, respectively (Saddik 

et al., 1985).  

Lin et al. (1996) examined the occurrence of Salmonella in 63 mixed salad samples in the 

U.S. Samples were purchased from 31 food service facilities (4 supermarkets, 14 fast food 
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chain restaurants, and 13 family restaurants and none of them was positive for Salmonella 

spp.  

 

 

PREVALENCE OF SALMONELLA SPP. IN RAW HERBS AND SPICES 
 

Parsley 
 

Twenty three samples of parsley were purchased from a farm, wholesale and retail 

markets in Spain. Samples were collected within one year and examination showed 

prevalence 4.3%. It was suggested that contamination occurred due to contaminated irrigation 

water (Garcia-Villanova Ruiz et al., 1987a).  

Eighty-four parsley samples that were imported into the U.S. were collected from 

Canada, Columbia, Costa Rica, Israel, Italy, Mexico and Peru and examined for Salmonella 

presence. One of them was positive and prevalence was 1.2% (FDA, 2001).  

 

Chili 

Prevalence of 31% was estimated in two different surveys performed in chili samples. 

Sixteen chili samples were collected in the Netherlands and in Surinam and in both cases 4 of 

the samples were positive for the presence of Salmonella spp. (Tamminga et al., 1978; Tauxe 

et al., 1997).  

 

Cilantro 

One hundred seventy-seven samples of cilantro that were imported into the U.S. were 

collected from Canada, Costa Rica, Mexico, Peru and Trinidad & Tobago. Sixteen of the 

samples were positive for Salmonella spp. and prevalence was 9% (FDA, 2001).  

 

Culantro 

Twelve samples of culantro that were imported into the U.S. were collected from Costa 

Rica and Trinidad & Tobago. Six of the samples were positive for Salmonella spp. and 

prevalence was 50% (FDA, 2001). 

 

 

SALMONELLOSIS OUTBREAKS ASSOCIATED WITH FRUITS  

AND VEGETABLES 
 

Salmonella spp. has been reported as a source of illnesses since the late 1800s (Fatica and 

Schneider, 2011). The onset of the illness symptoms occurs 6-72 hours after the intake of the 

pathogen and more usually occurs between 12 and 36 hours. Infection‘s symptoms are usually 

acute fever, abdominal pain, diarrhea, nausea and sometimes vomiting. It usually lasts 2-7 

days and due to the fact that symptoms of salmonellosis are relatively tender, the infection is 

most of the times self-limiting and patients recover without any treatment. However, severe 

infections can occur and especially when the patients are elderly, immune-compromised or 

young children. In these cases the dehydration caused by the illness can become very serious 

and even life- threatening (WHO, 2013).  



 

Table 2. Examples of major reported outbreaks caused by Salmonella spp., linked to seeds (FDA, 2013) 

 

Pathogen Year Location Seed Source 
Type of 

sprout 

No. of 

cases/deaths 
Comments References 

S. Virchow 1988 U.K Thailand and 

Australia 

Mung 7/0 Probably from the same outbreak 

as S. Saintpaul in UK. 

FDA, (2013) 

S. SaintPaul 

S. Havana, 

S. Muenchen 

1988 Sweden NR* Mung 148/0 Probably same seeds as UK 

outbreak. S. Havana and S. Muenchen 

but not S. Saintpaul 

Nguyen-the and Carlin 

(2000); FDA, (2013) 

S. Saintpaul 1988 U.K. Thailand and 

Australia 

Mung 143/0 Multiple serovars isolated from bean 

sprouts, seeds, and environmental 

samples (from producer waste materials). 

FDA, (2013) 

S. Gold-Coast 1989 U.K The 

Netherlands 

Cress 31/0 Contaminated seed and/or sprouter. Feng, (1997); Taormina et 

al., (1999) 

S. Bovismorbificans 1994 Sweden and Finland Australia Alfalfa 595/0 Contaminated seeds from the same seed 

lot and importer. 

Ponka et al., (1995) 

S. Newport 1995 Denmark (probably 

U.S and Canada) 

The 

Netherlands 

Alfalfa 154/0 Source of contamination unknown. Feng, (1997); FDA, 

(2013) 

S. Stanley 1995 Multistate U.S, 

Canada and Finland 

The 

Netherlands 

Alfalfa >272/0 Seeds from the same sprouter. At least 4 

seed lots involved. Possible 

contamination occurred prior to shipping. 

Mahon et al., (1997) 

S. Newport 1995 British Columbia, 

Canada, Oregon 

(probably Georgia 

and Vermont) and 

Denmark 

The 

Netherlands 

Alfalfa 133/0 Seeds from the same sprouter. At least 4 

seed lots involved. Possible 

contamination occurred prior to shipping. 

Feng, (1997); Taormina et 

al., (1999) 

S. Montevideo;  

S. Meleagridis 

1995-96 California California Alfalfa >500/1 The sprouts were traced to a specific 

sprouter. Seeds traced to single 

California seed grower. 

Taormina et al., (1999); 

FDA, (2013) 

S. Meleagridis 1996 Canada Unknown Alfalfa 124/0 Sprouts were organically grown with no 

chlorine pre-soak. 

Feng, (1997); FDA, 

(2013) 

S. Infantis; S. Anatum 1997 Kansas and 

Missouri 

Unknown Alfalfa 109/0 Seeds were believed to be contaminated. Feng, (1997); Taormina et 

al., (1999) 

S. Senftenberg 1997 California 5 states Alfalfa and 

clover 

sprouts 

52/0 Contaminated seeds from to a specific 

sprouter suspected. Same sprouter as 

1998 E. coli O157: NM outbreak. 

FDA, (2013);  

Taormina et al., (1999) 

 



 

Pathogen Year Location Seed Source 
Type of 

sprout 

No. of 

cases/deaths 
Comments References 

S. Havana; S. Cubana; 

S. Tennessee 

1997-98 California California Alfalfa 34/0 Suspected contaminated seeds FDA, (2013);  

Taormina et al., (1999) 

S. Havana 1998 California and 

Arizona 

NR Alfalfa 14(California) 

4 (Arizona)/1 

Sprouts traced to a single producer. 

Seeds obtained from the same lot yielded 

sprouts from which S. Havana was 

cultured. 

Backer et al., (2000) 

S. Mbandaka 1999 Oregon, 

California, Idaho, 

and Washington 

California Alfalfa Approx. 68/0 Seeds were believed to come from the 

same lot and distributed to various 

growers in California, Florida, and 

Washington. No cases in Florida. 

FDA, (2013);  

Taormina et al., (1999) 

S. Paratyphi B var. 

Java 

1999 Alberta, British 

Columbia, and 

Saskatchewan, 

Canada 

Unknown Alfalfa 46/0 Spouts originated from the same brand or 

common seed source. 

FDA, (2013) 

S. Enteriditis 2000 Alberta and 

Saskatchewan, 

Canada 

China Alfalfa 8/0 Outbreaks occurred at 5 Vietnamese 

restaurants. Sprouts came from 2 growers 

who received seeds imported from 

China. 

FDA, (2013) 

S. Enteriditis 2000 California China Mung 45/0 Cluster of illness linked to 3 Vietnamese 

restaurants. S. Enteriditis isolated from 

environment at sprouter. 

FDA, (2013) 

NR= Not Reported. 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3. Examples of major reported outbreaks caused by Salmonella spp. linked to tomatoes and mamey (FDA, 2013) 

 

Pathogen 

 

Year 

 

Location 

 

Produce 

Source 

 

Venue 

 

Type of Produce 

 

No. of 

cases/deaths 
Comments Reference 

S. Javiana 1990 Multistate, 

U.S. 

South 

Carolina 

Various Tomatoes 174/0 Contamination of 

water bath used by 

packer. 

Tauxe, (1997); Beuchat, 

(1996) 

S. Montevideo 1993 Multistate, 

U.S. 

South 

Carolina 

Various Tomatoes 84/0 Contamination of 

water bath used by 

packer. 

Lund and Snowdon, 

(2000); Wei et al., 

(1995); Tauxe, (1997) 

S. Typhi 1998-99 U.S. Brazil Unknown Mamey 13/0 Source of 

contamination not 

known. 

Lund and Snowdon, 

(2000) 

S. Baildon 1998-99 Multistate, 

U.S. 

Florida Various Tomatos 85/3 Possible 

contamination by 

domesting or wild 

animals. 

Susman, (1999); FDA, 

(2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4. Examples of major reported outbreaks caused by Salmonella spp. linked to unpasteurized fruit juice (FDA, 2013) 

 
Pathogen Year Location Type of Juice Venue No. of cases/deaths Comments  Reference 

S. Typhi 1989 France Apple NR NR/NR - FDA, (2013) 

S. Typhi 1922 France Apple NR 23/0 Apples washed with non-potable water Paquet, (1923) 

S. Typhimurium 1974 New Jersey Apple Farm and 

small retail 

outlets 

296/0 Juice made by a high proportion of 

dropped apples. Fertilization of apple 

trees with manure. Equipment rinsed 

with cold, not sanitized water. Six of 

thirty employees 

CDC, (1975) 

S. Gaminera;  

S. Hartford;  

S. Rubislaw 

1995 Florida Orange Retail 62 ill and 7 

hospitalized/0 

In-plant sanitation problems found. 

Surface water was used for orchard 

irrigation. Drops were used for 

juice. Salmonella was isolated from 

amphibians and soil around the 

processing plant. 

CDC, (1995); Cook et al., 

(1998) 

S. Muenchen 1999 Mexico Orange Restaurant 207 confirmed, 91 

suspected/1 

Multiple strains of Salmonella collected 

from producer. Juice squeezed in 

Mexico and transported to Arizona in 

tanker trucks where it was bottled. Ice 

was added illegally to juice prior to 

transport. 

CDC, (1999) 

S. Typhimurium 1999 Australia Orange Retail 405/0 Salmonella was isolated from unopened 

cartons of orange juice. 

FDA, (2013) 

S. Enteriditis 2000 California Citrus Retail and 

food services 

14/0 Gallon sized containers of citrus juices 

were implicated in the outbreak. 

Buttler, (2000) 

S. Typhimurium, 

S. Saintpaul 

2005 - Orange Company 152/0 Company non-compliant with HAACP 

regulation 

Jain et al., (2009) 

NR= Not Reported. 

 

 

 

 

 

 

 



 

Table 5. Examples of major reported outbreaks caused by Salmonella spp. linked to reconstituted orange juice (FDA, 2013) 

 

Pathogen 

 

Year 

 

Location 

 
Produce 

Type of juice 

 

Venue 

 

No. of 

Cases/deaths 
Comments Reference 

S. Typhi 1944 Ohio Unknown Orange Residential 1 hotel 18/1 Juice was handled 

by an 

asymptomatic food 

worker. 

Duncan et al., (1946) 

S. Typhi 1989 New York Unknown Orange Resort Hotel 46 confirmed, 

24 suspected/0 

Utensils used were 

difficult to clean. 

Orange juice 

distributed near 

restrooms. 

Birkhead et al., (1993) 
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In addition, the infection may spread from the intestines to the blood stream and then to 

other body sites and can lead to death, unless the patients are treated with the appropriate 

antibiotics; in these cases, patients need to be hospitalized. Salmonella infection can also 

cause, in rare occasions, a long-term disease called reactive arthritis. Patients develop pain in 

their joints, irritation of the eyes and painful urination. The symptoms can last for months or 

even years and can lead to chronic arthritis which is difficult to treat (CDC, 2010d). It is 

generally believed that 60 to 80% of the salmonellosis cases are not recognized as part of an 

outbreak and they are considered as sporadic cases, or even that they are not reported or 

diagnosed at all (WHO, 2013).  

The genus Salmonella is divided into two species, S. bongori and S. enterica. S. enterica 

is divided into more than 2,500 distinct serovars (Fatica and Schneider, 2011). S. enterica 

serovar Enteritidis and S. enterica serovar Typhimurium are the most common serovars and 

are associated with over the half of the reported salmonellosis cases both in the European 

Union and the United States (CDC, 2010; EFSA and ECDC, 2012; Fatica and  

Schneider, 2011).  

In the European Union, Salmonella is the main cause of confirmed foodborne outbreaks 

and the second most reported zoonosis, after Campylobacter (EFSA and ECDC, 2012). In the 

United States nontyphoidal Salmonella spp. is the second cause of illness after Norovirus and 

the first cause of hospitalizations and deaths (Scallan et al., 2011). It is estimated that the 

pathogen causes about 6.2 million and 1 million illnesses in the EU and the United States, 

respectively, each year (Havelaar et al., 2012; Scallan et al., 2011). 

Before 1990, most of the infections caused by Salmonella spp. were connected to the 

consumption of contaminated poultry and products thereof (Tauxe et al., 1997). However, the 

number of cases linked to vegetables and vegetable products have significantly increased the 

past years and Salmonella spp. has been linked to a large number of outbreaks caused by the 

consumption of these products, such as melons (Table 1), seed sprouts (Table 2), raw 

tomatoes (Table 3) and unpasteurized and reconstituted juices (Table 4 & 5). CDC estimates 

that 95% of Salmonella infections are caused by food-borne produce-based sources (Fatica 

and Schneider, 2011). One of the most important reasons that influence the increase of 

salmonellosis due to vegetables, are the changes in agricultural practices that globalize the 

food supply and disseminate the pathogens over wide geographical areas. Moreover, changes 

in eating habits that increased the popularity of the fresh products - due to consumers‘ 

tendency to eat healthier- have increased the commerce of fresh produce (Collins, 1997).  

 

 

MAJOR OUTBREAKS OF SALMONELLA SPP. IN THE UNITED STATES 

AND CANADA 
 

Multistate Outbreak of S. Typhimurium Infections Linked to Tomatoes, 

2006 
 

A multistate outbreak caused by S. Typhimurium was reported the autumn of 2006. 

Analyses of the data collected by investigators indicated that responsible for the outbreak was 

the consumption of tomatoes served in restaurants. The majority of the patients became ill the 

last two weeks of September, 2006. Among the 111 ill persons who provided the date of the 
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beginning of their illness, 93% became ill between September 14 and October 2. The 

outbreak caused 183 cases totally, in 21 states: Alabama (1), Arkansas (4), Connecticut (28), 

Georgia (1), Indiana (1), Kentucky (19), Massachusetts (50), Maine (8), Michigan (2), 

Minnesota (14), North Carolina (4), Nebraska (1), New Hampshire (14), Ohio (4), 

Pennsylvania (3), Rhode Island (6), Tennessee (9), Virginia (3), Virginia (8), Washington (1), 

and Wisconsin (2). All the patients resided east of the Mississippi River except for a 

Washington state resident who had traveled to the Northeast U.S. In addition, 2 patients 

infected by the outbreak of S. Typhimurium had been reported from Canada, one of whom 

had previously traveled to an affected U.S. state. The median age of patients was 34 years old 

and 57% were female. Most of them had fever and diarrhea and no deaths were reported. 

Finally, according to people from whom information was available, 22 patients (12%) were 

hospitalized (CDC, 2006). 

 

 

Multistate Outbreak of S. Wandsworth Infections Linked to Veggie Booty, 

2007 
 

In 2007 public health authorities investigated a multistate outbreak caused by S. 

Wandsworth, a rare Salmonella serovar. Since 18
th
 of July 2007, 65 infected people have been 

reported to CDC from 20 states: California, Colorado, Connecticut, Georgia, Illinois, Indiana, 

Massachusetts, Maryland, Minnesota, New Hampshire, New Jersey, New York, Oregon, 

Pennsylvania, Tennessee, Texas, Vermont, Virginia, Washington, and Wisconsin. Among the 

patients for whom clinical information was available six were hospitalized, 76% had bloody 

stools and all of them had diarrhea. No deaths were reported. Sixty-four cases (98%) occurred 

between 26
th
 of February and 27

th
 of June, 2007 and most of them (91%) occurred in children 

aged from 10 months to 3 years old. A multi-state case-control study demonstrated that the 

consumption of Robert‘s American Gourmet brand ―Veggie Booty‖ -a snack of puffed rice 

and corn with a vegetable coating- was the source of the illness and led to the multistate 

outbreak. On 28
th

 of June 2007, the company that manufactured the product, after being 

informed about the outbreak by FDA, issued a voluntary recall. After the recall of these 

products no illness from S. Wandsworth was reported (CDC, 2007). 

The FDA laboratory and the New York State Department of Health Wadsworth Center 

Laboratory isolated the outbreak strain from sealed bags of Veggie Booty. Furthermore, the 

Minnesota Department of Agriculture Laboratory (MDAL) isolated S. Wandsworth and S. 

Typhimurium from sealed bags of Veggie Booty obtained from retail stores. Additionally, S. 

Typhimurium caused infection in 10 people between 1
st
 and 27

th
 of June, 2007. Eight of the 

patients were interviewed by OutbreakNet officials and it was determined that all of them had 

consumed Veggie Booty during the week before their illnesses began. 

 

 

Multistate Outbreak of S. Litchfield Infections Linked to Cantaloupe, 2008 
 

In 2008 a multistate outbreak caused by consumption of cantaloupes was connected to S. 

Litchfield. Responsible for this outbreak were determined to be some cantaloupes from a 

Honduran company called ―Agropecuaria Montelibano‖. As of the 2
nd

 of April 2008, 51 ill 

people were identified in 16 states: Arizona (1), California (10), Colorado (1), Georgia (2), 
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Illinois (1), Missouri (1), New Jersey (2), New Mexico (1), New York (5), Ohio (1), 

Oklahoma (2), Oregon (5), Tennessee (1), Utah (5), Washington (10), and Wisconsin (3). 

Onset dates, which are known for 50 patients, ranged from 10
th 

January to 10
th
 March, 2008. 

Their ages ranged from <1 to 93 years old and 59% of them were female. At least 16 persons 

had been hospitalized but no deaths were reported. In addition, 9 ill persons with the outbreak 

strain were reported in Canada (CDC, 2008a). 

 

 

Multistate Outbreak of S. Saintpaul Infections Linked to Raw Produce, 2008 
 

On 22
nd 

May 2008, the New Mexico Department of Health notified CDC that 4 people 

were infected by S. Saintpaul and that15 other people had Salmonella infection whose isolates 

had not yet been characterized.  

The cases of illness caused by the outbreak strain continued to be reported and the 

outbreak expanded in 43 states, the District of Columbia and Canada. Five ill people were 

reported in Canada, 4 appeared to have been infected while traveling in the United States 

while the travel status of the fifth ill person was unknown. The number of ill people identified 

in each state was: Alabama (8), Arkansas (21), Arizona (59), California (16), Colorado (17), 

Connecticut (5), Florida (4), Georgia (42), Idaho (6), Illinois (120), Indiana (21), Iowa (2), 

Kansas (21), Kentucky (2), Louisiana (3), Maine (1), Maryland (39), Massachusetts (31), 

Michigan (28), Minnesota (31), Mississippi (2), Missouri (20), Montana (1), New Hampshire 

(6), Nevada (14), New Jersey (16), New Mexico (115), New York (41), North Carolina (28), 

Ohio (10), Oklahoma (38), Oregon (11), Pennsylvania (15), Rhode Island (3), South Carolina 

(2), Tennessee (10), Texas (559), Utah (3), Virginia (31), Vermont (2), Washington (18), 

West Virginia (1), Wisconsin (13), and the District of Columbia (1). The investigation held 

by the public health authorities in several states with the assistance of CDC, showed that 

jalapeno peppers were a major source of contamination and that serrano peppers were also 

source of the outbreak. In addition, tomatoes were possibly a source, particularly early in the 

outbreak. Jalapeno peppers were traced to be grown and packed in Mexico and then be 

distributed in the United States. The outbreak strains were isolated from jalapeno peppers in a 

U.S. warehouse and a patient's home and from serrano peppers and water that was collected 

from a farm in Mexico. S. Saintpaul had caused the infection of 1442 people by the end of the 

outbreak. 

Based on the 1414 patients with clinical information available, illnesses began between 

16
th
 April and 11

th
 August, 2008 with the most people becoming ill during May or June; 119 

became ill on 1
st 

July or later.  

The latest onset day was reported to be 11
th

 August 2008. Patients ranged in age from < 1 

to 99 years old with a median age of 33 years old. The rate of illness was highest among 

young people from 20 to 29 years old.  

At least 286 people were hospitalized, and the infection might have contributed to two 

deaths. The previous rarity of this strain and the distribution of illnesses in all U.S. regions 

suggested that the implicated food had been distributed throughout much of the country. In 

addition, the fact that a lot of people with Salmonella illness do not have a stool specimen 

tested makes it likely that many more illnesses had occurred than those that were reported 

(CDC, 2008b). 
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Multistate Outbreak of Salmonella Infections Linked to Pistachio Nuts, 2009 
 

On 26
th

 of March, 2009 the US Food Administration (FDA) informed CDC that multiple 

samples of pistachio nuts and pistachio-containing products were contaminated with several 

serotypes of Salmonella, including Montevideo, Newport, and Senftenberg. The products had 

been collected and tested over several months from a single company called ―Setton Pistachio 

of Terra Bella Inc, California‖. The company stopped the distribution of the raw shelled, 

roasted shelled and roasted-in-shell pistachios from its 2008 crop and issued a voluntary 

recall of these products. In addition, the companies that were supplied with pistachios by 

Setton Pistachio recalled also their products. It is also likely that contaminated pistachios had 

been used in a wide range of foods, including cakes, cookies, puddings, trail mix, snack bars, 

and ice cream (CDC, 2009a). 

 

 

Multistate Outbreak of Human S. Saintpaul Infections Linked to Raw 

Alfalfa Sprouts, 2009 
 

In February 2009, the Nebraska Department of Health Human Services identified a 

higher than expected number of Salmonella serotype Saintpaul isolates from sick people. This 

led to a series of epidemiologic investigations by state and local health officials. The cases 

were divided into two groups, the confirmed and the probable ones. As confirmed cases were 

defined the patients whose stool culture on or after February 1
st
, 2009 was positive for the 

presence of S. Saintpaul with the outbreak strain PFGE patterns. On the other hand, probable 

cases were characterized from the patients whose stool culture was positive for the presence 

of S. Saintpaul with a pending PFGE pattern. On 26
th
 February, 2009 a notification about a 

group of case-patients infected by S. Saintpaul among residents of Nebraska was distributed 

to US State public health officials. Additional cases were then reported from health 

departments in Iowa, South Dakota, Minnesota, Kansas and Missouri. Five of the 14 

Nebraska case-patients stated the same restaurant chain (Chain A) and 9 of them had recently 

consumed alfalfa sprouts, while from the first 7 Iowa case- patients 1 had visited Chain A and 

6 had consumed alfalfa sprouts. Alfalfa sprouts was the most common food that case patients 

had previously consumed and no other food was significantly associated with the illness. In 

addition, study of the patients from Nevada and Iowa showed that the case-patients were 

more likely to have consumed alfalfa sprouts than controls (27/32 vs 5/32) and that case 

patients were significantly more likely to have eaten at Chain A than controls (24/32 vs 

10/32). By 19
th

 March, 2009, 186 cases had been identified and of the 156 patients with the 

available medical information, 114 (73%) reported alfalfa sprout consumption. Further 

interviews and studies indicated that although there was a variety of companies distributing 

the restaurants and stores reported by the patients, alfalfa sprouts originated from the same 

sprouting facility (Facility A) in Omaha, Nebraska. One hundred twelve patients out of the 

114 (98%) with sprout exposure were linked to a restaurant or a retail outlet that had received 

the sprouts from Facility A. On 3
rd 

March, 2009, Facility A voluntarily recalled the products. 

Assessment of the shipment, production and distribution dates suggested that the outbreak 

was correlated with the distribution of sprouts from a seed shipment that arrived as Facility A 

on 13
th 

January, 2009 and was last sprouted on 13
th
, 2009. Due to the fact that during the 

period of the outbreak multiple lots of seed were purchased only from one seed company 
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―Seed Company B‖ for the production of alfalfa sprouts, all the lots of seeds originated from 

the same seed grower (Grower C) were identified with the prefix ―032‖. FDA‘s investigation 

showed that the lots of seeds identified with the prefix ―032‖ were sold by Seed Company B 

in many states and in many facilities. For this reason and due to the fact that cases of illness 

were spread across multiple states, on 26
th 

April, 2009, FDA and CDC recommended that 

consumers should not eat raw alfalfa sprouts, including sprout blends containing alfalfa 

sprouts, until further notice, while on 1
st
 May, 2009 Seed Company B voluntarily withdrew 

all alfalfa seeds bearing six digit lot numbers that started with ―032‖.  

Until 7
th

 May, 2009, 235 people from 14 states had been reported to be infected with the 

outbreak strain of S. Saintpaul. The number of patients identified in each state is as follows: 

Nebraska (111), Iowa (35), South Dakota (38), Michigan (19), Kansas (8), Pennsylvania (7), 

Minnesota (5), Ohio (3), Illinois (2), Virginia (2), West Virginia (2), Florida (1), North 

Carolina (1), and Utah (1). Among the 234 persons with known illness onset dates, illnesses 

began between 1
st
 February and 15

th
 April, 2009. Patients aged from < 1 to 85 years old and 

68% were female. No deaths were reported and according to the patients with available 

medical information 3% were hospitalized (CDC, 2009b). 

 

 

Multistate Outbreak of Human S. Montevideo Infections Linked to Black 

and Red Pepper, 2010 
 

Salmonella has over 2,500 serotypes. Serotype Montevideo is in the top 10 of the most 

common Salmonella serotypes.  

The fact that the outbreak strain of S. Montevideo is the most common pattern of 

Montevideo serotype makes the detection of an outbreak challenging. CDC in collaboration 

with the public health officials in many states, the U.S. Department of Agriculture's Food 

Safety and Inspection Service (FSIS), the U.S. Food and Drug Administration (FDA), and the 

State of Rhode Island investigated a multistate outbreak caused by S. Montevideo in 2009-

2010. 

Initial studies that took place between the 16
th
 -21

st
 January, 2010, comparing foods eaten 

by 41 ill and 41 healthy people suggested that salami was the possible source of the illness. 

Fifty eight percent of the ill people reported having consumed salami. Sixteen ill people 

stated that they had purchased the same type of sliced salami variety pack from different 

grocery store locations before becoming ill.  

In addition, 3 ill people who had purchased a similar type of sliced salami deli tray before 

becoming ill were identified.  

All these variety packs and deli trays contained salami made with black pepper, which 

was added after the lethality step. After the suggestion that these products are responsible for 

the outbreak, the company Daniele International Inc. recalled the sliced variety pack and the 

sliced salami deli trays. Audits conducted by the Rhode Island Department of Public Health 

in the company Daniele International Inc. showed that black and red pepper, intended for the 

production of Italian-style meats, were positive for the presence of the pathogen S. 

Montevideo. Since then, several recalls had been issued.  

During the multistate outbreak, Illinois Department of Public Health carried out product 

checks that resulted in positive findings, as far the presence of the microorganism was 

concerned. As a result of the finding of S. Montevideo in an unopened salami product the 
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recalls were expanded. Subsequent testing revealed that the product contained also the S. 

Senftenberg strain.  

The company stated that black pepper was a possible source of Salmonella 

contamination. On 28
th
 of January, 2010, the Rhode Island Department of Health announced 

that an opened container of black pepper used in the manufacturing of at least some of the 

recalled products were positive for S. Montevideo and that the DNA fingerprint matched the 

outbreak strain. On 16
th

 February, 2010, Salame Panino products, that contained crushed red 

pepper, were found to be positive for the presence of the pathogen. This finding identified 

that crush red pepper was another source of contamination at Daniele International Inc.  

The onset day of the infection was reported to be the 1
st
 July, 2009. As of 28

th
 April, 

2010, 272 people from 44 states and the District of Columbia were infected with the outbreak 

strain. The number of ill people identified in each state was: Alaska (1), Alabama (2), Arizona 

(9), California (32), Colorado (5), Connecticut (5), District of Columbia (1), Delaware (3), 

Florida (7), Georgia (3), Iowa (1), Idaho (4), Illinois (28), Indiana (4), Kansas (5), Louisiana 

(2), Massachusetts (16), Maryland (1), Maine (1), Michigan (4), Minnesota (7), Missouri (3), 

Mississippi (1), North Carolina (11), North Dakota (1), Nebraska (3), New Hampshire (2), 

New Jersey (9), New Mexico (2), New York (20), Ohio (9), Oklahoma (1), Oregon (10), 

Pennsylvania(7), Rhode Island (2), South Carolina (1), South Dakota (4), Tennessee (5), 

Texas (7), Utah (9), Virginia (1), Washington (19), Wisconsin (1), West Virginia (1), and 

Wyoming (2). According to the people with reported dates available, illness began on 1
st
 of 

July, 2009 and the most recent reported onset date was on 14
th
 of April, 2010. Patients‘ age 

ranged from <1 year old to 93 years old and the median age was 37 years old. 

Fifty-three percent of the patients were male and from the 203 patients with available 

clinical information, 52 (26%) were hospitalized with no reported death (CDC, 2010a). 

 

 

Multistate Outbreak of Human S. Newport Infections Linked to Raw Alfalfa 

Sprouts, 2010 
 

An outbreak of S. Newport that was connected with the consumption of alfalfa sprouts 

was reported in 11 states in 2010. From 1
st
 March, 2010, until 24

th
 June, 2010, a total of 44 

infected people was reported. Analytically, the number of people reported in each state was: 

Arizona (4), California (19), Colorado (1), Idaho (6), Illinois (1), Missouri (2), New Mexico 

(2), Nevada (4), Oregon (2), Pennsylvania (1), and Wisconsin (2). According to patients‘ 

available information the symptoms started to occur between 1
st
 March and 1

st
 June, 2010, 

and 7 of them (19%) were hospitalized. No deaths were reported. Patients ranged in age from 

<1 to 85 years old with the median age of 38 years old. Sixty-eight percent of patients were 

female. Interviews of the patients showed that most of them reported eating raw alfalfa 

sprouts before becoming ill. Some of them had consumed the sprouts at restaurants and others 

reported purchasing the sprouts from grocery stores.  

The implicated sprouts were finally traced in a single sprout processor in California. On 

21
st
 May, 2010, J.H. Caldwell and Sons Inc. of Maywood, CA, voluntarily recalled several 

brands of alfalfa sprouts distributed to wholesale distributors, restaurants, delicatessens, and 

grocery stores (CDC, 2010b). 
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Multistate Outbreak of Human Salmonella I 4,[5],12:i:- Infections Linked 

to Alfalfa Sprouts, 2010 
 

Since 1996, there have been at least 30 reported outbreaks of foodborne illness associated 

with different types of raw and lightly cooked sprouts. Most of these outbreaks were caused 

by Salmonella and E. coli infections. From 1
st
 November, 2010, through 9

th
 February, 2011, 

140 people from 26 states and the District of Columbia were infected by the outbreak strain of 

Salmonella I 4,[5],12:i:-. The number of ill people identified in each state was: Arkansas (1), 

California (1), Colorado (1), Connecticut (1), District of Columbia (1), Georgia (1), Hawaii 

(1), Iowa (1), Illinois (70), Indiana (13), Kentucky (1), Louisiana (1), Massachusetts (2), 

Maryland (1), Missouri (23), Nebraska (1), Nevada (1), New Jersey (1), New York (2), North 

Carolina (1), Oregon (1), Pennsylvania (4), South Carolina (1), South Dakota (1), Tennessee 

(2), Virginia (2), and Wisconsin (4). From the 138 people for whom clinical information was 

available, the onset dates of the illness ranged from 1
st
 November, 2010, to 18

th
 January, 

2011. Twenty-four percent of the patients were hospitalized and no deaths were reported. 

Patients‘ age ranged from 1 to 85 years-old, with the median age of 28 years-old. Eighty-

seven patients (63%) were female. Nevertheless, some of the cases identified might not be 

related to this outbreak, due to the fact that the pulsed-field gel electrophoresis (PFGE) 

pattern associated with this particular Salmonella serotype commonly occurs in the United 

States.  

Results of the investigation indicated a link between the infection and the consumption of 

Tiny Greens Alfalfa Sprouts or Spicy Sprouts (which contained alfalfa sprouts mixed with 

radish and clover sprouts). The sprouts were distributed to various customers, including 

farmers‘ markets, restaurants, and groceries in Illinois, Indiana, Iowa, and Missouri. Sprouts 

might have also been distributed to other Midwestern states. Half of the illnesses occurred in 

Illinois, where many of the patients had previously consumed sandwiches containing sprouts 

at various Jimmy John‘s outlets. On 29
th

 December, 2010, Tiny Greens Organic Farm of 

Urbana, Illinois, announced a recall of specific lots of Alfalfa Sprouts and Spicy Sprouts, 

because they were likely to be contaminated with Salmonella. The products were distributed 

in Illinois, Indiana and Missouri and they would have ended up in restaurants, groceries and 

supermarkets near those areas (CDC, 2010c).  

 

 

Multistate Outbreak of S. Panama Infections Linked to Cantaloupe, 2011 
 

In 2011, CDC in collaboration with the U.S. Food and Drug Administration (FDA) and 

with public health officials in a number of states, including California, Maryland, Oregon, 

and Washington, investigated and identified the likely source of a multistate outbreak caused 

by the pathogen S. Panama. As of 20
th
 June, 2011, a total of 20 people from Arizona (1), 

California (2), Colorado (1), Maryland (1), Montana (1), Nevada (1), Oregon (6), 

Pennsylvania (1), Utah (1) and Washington (5) were reported to be infected with the outbreak 

strain. Ill people‘s age ranged from <1 year old to 68 years old, with the median age of 13 

years old. Sixty-five percent were male. Three of the patients were hospitalized and no deaths 

were reported. Information gathered from patients connected the outbreak with the 

consumption of cantaloupes. Twelve of 16 ill people reported that they had eaten cantaloupe 

one week before illness and 11 of these 12 people had consumed cantaloupes purchased from 
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8 different locations of a national warehouse club. Investigation and produce trace back led to 

the conclusion that ill people had purchased cantaloupes harvested from a single farm in 

Guatemala. The last case of this outbreak was reported on 22
nd

 April, 2011 (CDC, 2011a).  

 

 

Multistate Outbreak of Human S. Enteritidis Infections Linked to Alfalfa 

Sprouts and Spicy Sprouts, 2011 
 

From 12
th

 April until 5
th

 July, 2011, a total of 25 people infected with the strain of S. 

Enteritidis were reported. Ill people were from 5 states: Idaho (3), Montana (10), New Jersey 

(1), North Dakota (1) and Washington (10). According to patients‘ available information, 

illness began between 12
th
 April and 15

th
 June, 2011. Patients‘ age ranged from 12 years old 

to 77 years old and the median age was 35 years old. Seventy-six percent of them were 

female. From the 10 patients with the available information, 3 (30%) were hospitalized and 

no deaths were reported.  

Collaborative investigations between local, state and federal public health and regulatory 

agencies linked the outbreak to Evergreen Fresh Sprouts, LLC Alfalfa Sprouts and Spicy 

Sprouts. On 1
st 

July, 2011, Evergreen Fresh Sprouts, LLC of Moyie Springs, Idaho announced 

a recall of specific lots of alfalfa sprouts and spicy sprouts because these products had the 

potential to be contaminated with Salmonella spp. The products were distributed in 

Washington and Idaho by direct delivery to four distributors and three retail stores and could 

have ended up in restaurants and supermarkets in those areas and neighboring  

states (CDC, 2011b). 

 

 

Multistate Outbreak of Human S. Agona Infections Linked to Whole, Fresh 

Imported Papayas, 2011 
 

In the time period between 1
st 

January and 25
th

 August, 2011, 106 people were reported 

to be infected by S. Agona. The patients were identified in 25 states: Arkansas (1), Arizona 

(4), California (8), Colorado (1), Georgia (8), Illinois (18), Indiana (1), Kentucky (1), 

Louisiana (2), Massachusetts (1), Minnesota (3), Missouri (3), Nebraska (2), Nevada (1), New 

Jersey (1), New Mexico (3), New York (9), Ohio (1), Oklahoma (1), Pennsylvania (2), 

Tennessee (1), Texas (25), Virginia (2), Washington (5), and Wisconsin (2). Among the 

persons with available clinical information, illness began on or after 17
th

 January, 2011. Ill 

people‘s age ranged between <1 year old and 91 years old, with the median age of 21 years 

old. Fifty-six percent were female and 11 people stated having travelled to Mexico one week 

before they became ill. Ten patients were hospitalized and no deaths were reported.  

The outbreak was connected to the consumption of whole papayas. From the 56 ill people 

for whom information was available, 57% had consumed papayas one week before the illness 

onset. Product information reported from the patients showed that the company ―Agromod 

Produce, Inc.‖ of McAllen, Texas, was the common supplier of papayas purchased by the ill 

people. On 23
rd

 July, 2011, Agromod Produce, Inc. voluntarily recalled fresh whole papayas 

because they had the potential to be contaminated with Salmonella spp. The products were 

imported from Mexico and distributed nationwide and also to Canada through retail stores 
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and wholesalers. The recall included all Blondie, Yaya, Mañanita, and Tastylicious Brand 

papayas sold before the 23
rd

 July, 2011. 

On 25
th

 August, 2011, an FDA Import Alert was issued denying the admission of papayas 

from Mexico into the United States, unless the importer proved that the products were not 

contaminated with Salmonella. The reason for this action was the fact that from 12
th
 May, 

2011 until 18
th
 August, 2011, FDA analysis found 15.6% Salmonella contamination rate in 

papaya samples. The positive samples were from 28 different firms and included nearly all 

the major papaya producing regions in Mexico (CDC, 2011c).  

 

 

Multistate Outbreak of S. Typhimurium and S. Newport Infections Linked 

to Cantaloupe, 2012 
 

In 2012, a multistate outbreak of S. Typhimurium and S. Newport infected 261 people 

from 24 states: Alabama (25), Arkansas (6), Florida (1), Georgia (13), Illinois (36), Indiana 

(30), Iowa (9), Kentucky (66), Maryland (1), Michigan (8), Minnesota (2), Mississippi (7), 

Missouri (17), Montana (1), New Jersey (2), North Carolina (5), Ohio (5), Oklahoma (1), 

Pennsylvania (2), South Carolina (4), Tennessee (8), Texas (2), Virginia (1),  

and Wisconsin (9).  

Two hundred twenty eight people were infected by S. Typhimurium and 33 by S. 

Newport. Clinical information was available for the 257 patients, according to which onset 

dates of the illness ranged from 6
th

 July to 16
th
 September, 2012. Fifty-five percent of the ill 

people were female. Patients‘ age ranged from <1 year old to 100 years old, with the median 

age of 47 years old. Ninety-four patients were hospitalized and three deaths were reported in 

Kentucky.  

The investigation of the outbreak linked the multistate infections to cantaloupes 

originating from the company ―Chamberlain Farms Produce, Inc.‖ of Owensville, Indiana. 

The strain of S. Typhimurium was isolated and thought to be responsible for the outbreak 

at first. The initial interviews of the first 24 patients reported that 18 (75%) of them had 

consumed cantaloupe during the week before their illness began. By the end of the outbreak 

81 (65%) of the 123 patients interviewed reported having consumed cantaloupe one week 

before their illness.  

Kentucky Division of Laboratory Services isolated the strain of S. Typhimurium from 

two cantaloupes collected from a retail location in Kentucky. Trace back investigations 

indicated that these cantaloupes originated from Chamberlain Farms. During August 2012, 

multistate outbreak of 33 S. Newport infections appeared. Investigation occurred by CDC, 

U.S. FDA and public health officials in several states suggested a possible connection 

between the S. Newport outbreak and the S. Typhimurium outbreak. According to the 

geographic distribution, dates of illness onset, and initial interview information the outbreak 

was linked to Chamberlain farms. Furthermore 13 (61%) of the 21 ill people reported eating 

cantaloupe during the week before illness.  

On 22
nd

 August, 2012, Chamberlain Farms, Inc. voluntarily recalled cantaloupes grown 

on its farm. Records available indicated that the product was initially shipped to Indiana, 

Kentucky, Missouri, Tennessee, Ohio, Illinois, and Wisconsin, although further shipment was 

likely (CDC, 2012a).  
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Multistate Outbreak of S. Braenderup Infections Linked to Mangoes, 2012 
 

CDC in collaboration with the public health officials in several states and the U.S. FDA 

investigated a multistate outbreak of S. Braenderup infections linked to mangoes originating 

from a company in Mexico. A total of 127 people were reported to be infected with the 

outbreak strain. The reported states were: California (99), Delaware (1), Hawaii (4), Idaho 

(1), Illinois (2), Maine (1), Michigan (1), Montana (1), Nebraska (1), New Jersey (1), New 

York (3), Oregon (1), Texas (2), Washington (8), and Wisconsin (1). Clinical information 

were collected by 101 people from whom 33 (33%) reported being hospitalized. The illness 

onset dates ranged from 3
rd 

July to 1
st
 September, 2012, and no deaths were reported by the 

end of the outbreak. Patients ranged in age from <1 year old to 86 years old, with the median 

age of 33 years old and 56% of them were female. Fifty-one (63%) of 81 infected people 

reported having consumed mangoes one week before becoming ill.  

California Department of Public Health (CDPH) and FDA conducted trace back 

investigations and identified the common source of contamination. Trace back analysis 

determined that mangoes purchased by ill people originated from ―Agricola Daniella‖ a 

mango supplier with multiple plantations and a single packing house located in Sinaloa, 

Mexico. FDA conducted tests and isolated Salmonella from four mangoes originated from 

warehouse locations in the United States. These mangoes originated from Agricola Daniella. 

During July and August, 2012, a similar strain of S. Braenderup caused 21 illnesses in 

Canada. These illnesses were linked to mangoes and this fact lead to a recall of specific 

Daniella brand mangoes. On 29
th

 August, 2012, Splendid Products of Burlingame, California, 

voluntarily recalled certain lots of Daniella brand mangoes and on 13
th
 September, 2012, 

FDA placed Agricola Daniella on import alert, denying admission into the United States 

unless the importer proved that the products were not contaminated with Salmonella. 

During August 2012, a multistate outbreak of 16 S. Worthington infections from 3 states: 

California (12), New Mexico (1), and Washington (3) occurred. Eight of the nine patients 

infected by S. Worthington reported that they had consumed mangoes during the week before 

their illness began. Furthermore, the fact that ill people were reported from similar states and 

during the same time period as S. Braenderup outbreak appeared, suggested a possible 

connection between the two outbreaks. Finally, one ill person in the S. Braenderup outbreak 

was also infected with S. Worthington. Nevertheless, no trace back investigations were 

conducted to determine the source of mangoes for these ill people. Onset dates of S. 

Worthington ranged between 19
th
 July, 2012, and 12

th
 September, 2012. Patients‘ age ranged 

from <1 year old to 86 years old and the median age was 65 years old. Sixty-three percent of 

the patients were female and among the 13 patients with available information, 3 (23%) were 

hospitalized. No deaths were reported (CDC, 2012b).  

 

 

Multistate Outbreak of Salmonella Saintpaul Infections Linked to Imported 

Cucumbers, 2013 
 

In April 2013, CDC in collaboration with the public health officials in many states and 

U.S. FDA started investigating an outbreak caused by Salmonella Saintpaul. Eighty-four 

people from 18 states were infected by the outbreak strain. The states with the reported ill 

people were: Arizona (11), California (29), Colorado (2), Idaho (2), Illinois (3), Louisiana (1), 
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Maryland (1), Massachusetts (1), Minnesota (9), Nevada (1), New Mexico (2), North 

Carolina (3), Ohio (3), Oregon (2), South Dakota (2), Texas (7), Virginia (3), and Wisconsin 

(2). According to the people with available clinical information, illness onset dates were from 

12
th
 January, 2013,until 28

th
 April, 2013.Sixty-two percent of the ill people were female and 

their ages ranged from <1 year old to 89 years old, with the median age of 27 years old. 

Seventeen (28%) from the 60 patients with available information were hospitalized and no 

deaths were reported. Forty- nine ill people were interviewed and 34 (69%) of them reported 

having consumed various types of cucumbers purchased or consumed at multiple locations or 

restaurants. FDA traced cucumbers consumed by 6 ill people to the distributer ―Tricar Sales, 

Inc.‖ and to the suppliers ―Daniel Cardenas Izabal‖ and ―Miracle Greenhouse‖. On 24
th
 April, 

2013, the two suppliers were placed on import alert and cucumbers from these firms were 

denied admission in the United States unless the suppliers showed that the products were not 

contaminated with Salmonella (CDC, 2013).  

 

 

MAJOR OUTBREAKS OF SALMONELLA SPP. IN EUROPE  
 

Outbreak of S. Thompson Linked to Rucola Salad, 2004  
 

In 2004 Nygard et al., reported an outbreak caused by S. Thompson. The outbreak was 

connected to the consumption of rucola lettuce (Eruca sativa, also known as rocket salad or 

arugula) and mixed salad in Norway. By 31
st
 December, 2004, 21 cases had been reported 

and the onset date of illness stated to be on 24
th

 October, 2004 (Nygard et al., 2008).On 25
th
 

November, 2004, Norwegian Food Safety Authority temporarily withdrew the implicated 

products from the market and on 26
th
 November, 2004, the Swedish National Food 

Administration sent an alert through the EU Rapid Alert System for Food and Feed about 

finding S. Thompson in rucola lettuce (Nygard et al., 2004; 2008). The products in both 

Norway and Sweden came from the same producer in Italy. Furthermore, Salmonella serovars 

and Cambypobacter were also isolated from Italian produced rucola, in several countries. In 

order to control the outbreak, the Norwegian Food Safety Authority and the distributors of the 

implicated salad implemented measures that led to the lift of the ban on 14
th
 December, 2004 

(Nygard et al., 2004). At the same time period of the outbreak Sweden, England and Wales 

reported possible increases of the cases of S. Thompson since August 2004.  

Despite the fact that only a few countries reported cases related to the outbreak of S. 

Thompson infections, the outbreak was thought to reflect a larger international outbreak 

caused by rucola, because a lot of different Salmonella serovars were detected in different 

countries. Salmonella was detected in rucola that was imported from Italy in Denmark (not 

specified type) and in Slovenia (S. Napoli) while in Norway S. Braenderup was isolated from 

a sample with mixed salad containing rucola (Nygard et al., 2004; 2008). 

 

 

Oubreak of Salmonellosis Linked to Mug Beans, 2006 
 

On 18
th 

October, 2006, Environment and Health Administration (EHA) in Stockholm 

City informed the Department of Communicable Disease Control and Prevention (DCDC) in 
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Stockholm County about a suspected food poisoning at an Indian style restaurant located in 

the center of Stockholm. Initially 12 people contacted the restaurant and claimed suffering 

from food poisoning after having visited the restaurant. The manager of the restaurant 

informed the EHA after questioning the customers about the consumed menu and concluding 

that mug beans were the only common ingredient in the dishes of the patients. Finally, a total 

of 97 people contacted directly the restaurant to complain about food poisoning. 

The mung beans, served in the restaurant, were bought from a wholesale trader that had 

imported them from Canada. Beans were put in lukewarm water and left over for 24 hours in 

room temperature and then they were rinsed and served. Considering that the mung beans 

were the source of the infection, the restaurant manager excluded them from the menu after 

17
th
 October, 2006. After omitting the beans from the menu, no cases were reported, a fact 

that strongly suggested that mug beans were the vehicle for the food borne disease.  

Laboratory tests indicated that patients who ate at the restaurant between the end of 

September and 4
th
 October were infected by S. Bareilly, whereas those who ate at the 

restaurant from 6
th

 October until 16
th
 October were infected by S. Virchow. Interestingly, 

none of them displayed both of the serotypes.  

By the end of the outbreak, a total of 115 cases of salmonellosis were notified. Eighty- 

six of the patients were women and 29 were men. Ages of the patients ranged from 12 years 

old to 67 years old and the median ages were 34 and 35 years old for the females and males 

respectively. Thirteen people were hospitalized and 7 of them developed sepsis but no deaths 

were occurred. The number of the people affected by this outbreak was possible to have been 

higher considering the facts that restaurant served at about 300 portions each day and that 

only 72 of the 97 people who had initially contacted the restaurant to complain about food 

poisoning were found in the official reports (De Jong et al., 2007).  

 

 

Outbreak of S. Seftenberg Linked to fresh Basil, 2007 
 

In 2007, the Health Protection Agency (HPA) Laboratory of Enteric Pathogens (LEP) 

reported 51 human infections of S. Senftenberg in England and Wales. The reports started in 

the beginning of the year and were significantly higher than those of the previous years that 

were less than 10 in the same time period in 2005 and 2006. Onset date of illnesses was 

available for 23 patients ranging from 5
th

 March to 12
th
 May, 2007. From the 30 primary 

cases 60% were female and most of the patients were adults. Twenty of the 30 cases were 

interviewed and 30% of them reported having consumed fresh herbs three days before the 

onset of the illness, while 40% reported consumption of bagged salad. 

As a part of a wide survey of fresh herbs on retail sale in the United Kingdom, samples of 

fresh basil were positive for the presence of S. Senftenberg. Seven samples of pre-packed 

fresh basil, grown in Israel, were also found to be contaminated with the outbreak strain. 

Additionally, after the complaint of a supermarket‘s customer in the Shetland Islands, fresh 

basil was tested and found to be contaminated with the outbreak strain of S. Senftenberg.  

In April, 2007, 3 cases were reported from Scotland, and all of them matched with the 

outbreak profile according to the PFGE profiles. One of these patients stated having travelled 

to Tenerife. An increase in cases of S. Senftenberg was also reported from Denmark in 2007; 

a total of 11 cases were reported whilst none cases had been reported in the first six months of 

2006. Three of the cases matched the outbreak strains‘ PFGE profiles from the U.K. Two of 
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them reported that their exposure probably occurred during their visit in the U.S.A., Poland or 

the U.K. Five cases of S. Senftenberg infection were also reported in the Netherlands in 

January (2) and in May, 2007 (3). Two of the cases matched with the outbreak profile and one 

patient, who was diagnosed in May, reported having consumed a mixed pasta salad, possibly 

mixed with fresh basil one week before the symptoms started. In addition, the United States 

and Israel reported human isolates of S. Senftenberg.  

On 25
th
 May, 2007, the U.K. Food Standards Agency (FSA) issued a public statement, 

warning the consumers about the contaminated batches of the basil. In parallel a withdrawal 

of products took place in three U.K. supermarket chains. Specifically, ASDA, Sainsbury‘s 

and Somerfield stores withdrawal all the potentially affected products from their shelves. A 

notice was also issued on the Alert System for Food and Feed (RASFF) by the European 

Commission on 25
th
May, 2007. In 2007, Pezzoli et al. reported that their investigations 

confirmed that the outbreak strain of S. Senftenberg had been identified in fresh basil grown 

in Israel, in the U.K, in Scotland, Denmark, the Netherlands and the United States of America 

as well as in patients who reported travelling to Tenerife and Morocco. 

 

 

Outbreak of S. Weltevreden Linked to Alfalfa Sprouts, 2007 
 

Between 10
th

 and 15
th
 October, 2007, the Norwegian Institute of Public Health (FHI) 

isolated S. Weltevreden from four patients with gastroenteritis. Patients were living in south-

eastern Norway and reported not travelling abroad for the time period of one month before 

the onset of the illness. On 19
th

 October, 2007, FHI in collaboration with the municipal 

medical officers and the Norwegian Food Safety Authority (NFSA) started investigating the 

outbreak in order to identify the source of the outbreak. On 22
nd

 October, 2007, an urgent 

notice was sent out through the European Centre for Disease Prevention and Control (ECDC) 

and Denmark responded that at that time 18 cases of S. Weltevreden were under investigation. 

The onset date of illness was in the end of July. On 26
th
 October, Finland reported 7 cases that 

had occurred between 1
st
August and 1

st
October, 2007. 

Based on the investigations and the available information, it was concluded that alfalfa 

sprouts grown from contaminated seeds were the source of the outbreak in all three 

countries.On 23
rd

 October, 2007, S. Weltevreden was isolated by a major Danish alfalfa 

sprout producer and on the same day the Danish authorities issued a warning through the 

Rapid Alert System for Food and Feed (RASFF). In addition, S. Weltevreden was also 

isolated by sprouts sold in Finland.  

Seeds used for the grown of alfalfa sprouts were probably Italian and they had been 

imported to Denmark in July and August 2007. On 19
th
 September, 2007, the Danish 

producer exported part of the batch of the seeds to a Norwegian alfalfa sprout producer. 

According to invoices, the batch of seeds used in Denmark and Norway was traded via 

retailers in Netherlands and Germany to Denmark. As far as Finland was concerned, except 

for the fact that seeds used there came from a Dutch supplier no further connections were 

found, since the batch of the sprouts was imported to Finland in June but it was not on the 

market before August. On 18
th
, 23

rd
 and 28

th
 October, 2007, the alfalfa sprouts were recalled 

and withdrawn in Denmark, Norway and Finland, respectively.  

Until 19
th
November, 19 cases had been reported in Norway, 19 in Denmark, and 7 in 

Finland. The onset dates of illnesses for the 17 Norwegian patients, for who clinical 
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information was available, ranged from 28
th
 September to 15

th 
October. For the 14 Danish 

patients the onset dates were between 23
rd 

July and 20
th
 October and for the 5 Finnish patients 

the onset dates of illness were between 11
th
 August and 30

th
 September.The patients‘ ages 

ranged from 18 to 83 years old with the median age of 34 years old (Emberland et al., 2007).  

 

 

Outbreak of S. Newport Linked to Mung Sprouts, 2011 
 

The largest S. Newport outbreak reported in Germany occurred in October and 

November, 2011. At the same time period cases related to the outbreak S. Newport were 

reported in the Netherlands.  

Mung beans were suspected as the source of the outbreak because S. Newport had been 

isolated from mung beans of a sprout distributor in Germany on 19
th

 October, 2011, during a 

routine sampling and also because an unspecified serovar of Salmonella had been detected in 

a sprout producer A in the Netherlands on 18
th
 and 21

st
 October, 2001, during a sampling of 

the company in its own production batches. Trace back of the products showed that the mung 

bean sprouts originated from one of the lots, were produced in the Netherlands. The 

distributor had received the sprouts from the producer A on 18
th 

October, 2011. The above 

findings were notified to the European food safety and public health authorities through the 

Rapid Alert System for Food and Feed (RASFF) of the European Commission on 17
th
 

November, 2011.  

One hundred six infections in Germany and 20 infections in the Netherlands were finally 

associated with this outbreak that was caused by a single strain of S. Newport. The onset of 

illness in Germany was between 20
th
 October and 8

th
 November, 2011, while in the 

Netherlands was between 13
th
 October and 1

st
 November, according to 15 of the Dutch 

patients for whom information was available.  

In Germany, patients‘ age ranged from <1 year old to 91 years old and the median age 

was 38 years old. Fifty-two percent of the patients were female. Twenty-eight percent of the 

cases were reported to be hospitalized but no fatal cases were reported. In the Netherlands 

patient‘s age ranged from 1o years old to 89 years old, with the median age of 37 years old. 

Fifteen of the patients were female. Fifteen people were hospitalized, 2 were under 

hospitalization when their infection occurred and for the remaining 3 patients no clinical 

information was available. Fifteen of the 20 Dutch patients were interviewed about the 

outbreak. Four of them reported having or possibly having consumed sprouts during the week 

before the onset of the illness, 9 reported having eaten meals in which sprouts are usually 

used or could be used and for the 2 remaining no connection to sprout consumption was 

found.  

A distributor of the rehabilitation clinic in Northern Germany traced back his sprouts to 

the producer A in the Netherlands. In addition, six Asian restaurants, visited by patients 

before their illness, had received mung sprouts from the sprout producer A, through several 

distributors. In the Netherlands, sprouts served in the affected hospital, were traced back via 

several distributors to producer A. The restaurants reported that served sprouts were either 

briefly heated (when sprouts were added in the dish shortly before serving it) or well cooked 

(when spouts were cooked with the dish). On the contrary, the sprouts served at the salad bar 

of the rehabilitation clinic in the Northern Germany were uncooked. By the end of the 

investigation, the implicated lots of the mung bean sprouts had already expired so it was 
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considered that the products had already been consumed or discarded. In addition, the 

implicated seed lots of the producer A that were positive for Salmonella were blocked from 

the market (Bayer et al., 2014). 

 

 

SALMONELLA SEROVARS იN HUMANS 
 

In 2012, European Food Safety Authority (EFSA) and European Centre for Disease 

Prevention and Control (ECDC) reported the distribution of the 10 most common Salmonella 

serovars in humans, in an E.U. summary on zoonoses, zoonotic agents and food-borne 

outbreaks during 2010. Data sourced from 96,745 cases in the 26 E.U. member states: 

Austria, Belgium, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, 

Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, 

Portugal, Romania, Slovakia, Slovenia, Spain, Sweden and United Kingdom. The two most 

frequently reported serovars in humans during 2010 were S. Enteritidis (45%) and S. 

Typhimurium (22.4%). S. Infantis was the third most commonly reported serovar (1.8%) 

followed by S. Typhimurium, monophasic1,4,[5],12:i:- (1.5%), S. Newport (0.9%), S. 

Kentucky (0.8%), S. Virchow (0.7%), S. Derby (0.7%), S. Mbandaka (0.5%), S. Agona 

(0.5%) and other serovars (25.3%).  

Based on the major outbreaks that have been reported from 1989 until today and have 

been linked to the consumption of fresh fruits and vegetables, the two most commonly 

reported Salmonella serovars are S. Saintpaul (31.2%) and S. Typhimurium (18.6%). S. Poona 

(7.1%), S. Montevideo (6.3%) and S. Javiana (3.8%) were also frequently reported, as well as 

a lot of other serovars, such as S. Newport (3.6%), S. Enteritidis (1.6%) and serovar 

1,4,[5],12:i:-(Figure 1).  

 

 

Figure 1. Distribution of the Salmonella serovars in the major reported outbreaks linked to fresh 

products, (1898-2013). 
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ABSTRACT 
 

The ability of various microorganisms to attach to surfaces and create biofilms on 

them is rather a cause of concern for many industries, including for those occupied with 

food production and processing. Thus, the attachment of bacterial pathogens to food 

processing equipment is considered as an essential contributing factor in foodborne 

disease outbreaks, since this may ultimately lead to the contamination of food products. 

Improperly cleaned surfaces promote soil build-up, and, in the presence of water, 

contribute to the development of microbial biofilms which may contain pathogenic 

bacteria, such as Salmonella. It is well recognized that biofilm cells differ physiologically 

from their planktonic counterparts, presenting a modified and heterogeneous gene 

expression profile. Additionally, it has been observed that the resistance of sessile cells to 

antimicrobials and other environmental stresses is significantly increased compared to 

what is normally seen with the same cells being planktonic. Noteworthily, salmonellae 

have been shown to survive for years in non-enteric habitats, including sessile 

communities on food contact and product surfaces. Indeed, several reports have 

demonstrated the ability of Salmonella to attach and form biofilms on abiotic surfaces, 

such as stainless steel, plastic, rubber, glass, marble and cement. Salmonella is also able 

to strongly attach and persist on both animal and plant (produce) surfaces. It is believed 

that the attachment to all these surfaces and the subsequent biofilm formation on them 

enhance the capacity of pathogenic Salmonella bacteria to successfully cope with hurdles 

that are commonly encountered outside the host and within food processing. The purpose 
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of this chapter is to review the current available knowledge related to the attachment of 

Salmonella to food contact and product surfaces and the possible subsequent sessile 

development on them in view of the strong impact of these two interrelated capabilities 

on the enhancement of its survival outside the host, its environmental persistence and 

spread. Undoubtedly, the ability to recognize why and how Salmonella attach to such 

surfaces is an important area of focus, since this may provide valuable ways towards the 

elimination of this important pathogen from food processing environments and eventually 

lead to reduced Salmonella-associated human illness. 

 

Keywords: Salmonella enterica, attachment, biofilm, food, surfaces, stress, adaptation, 

survival 

 

 

1. INTRODUCTION 
 

Salmonella enterica is one of the most significant enteric foodborne bacterial pathogens, 

with host-adapted strains able to cause systemic human infections and persist for long time 

periods, posing therefore significant public-health problems (Ruby et al., 2012). Non-

typhoidal Salmonella strains are classified by serological characteristics into more than 2500 

serovars of which the serovars Typhimurium and Enteritidis are the most prevalent (Foley et 

al., 2013). S. enterica encounter a variety of unfavorable environmental conditions, while 

passing between numerous natural, industrial and host environments, ranging from 

temperature fluctuations, nutrient availability and changes in osmolarity, to the presence of 

preservatives, antimicrobial peptides and reactive oxygen/nitrogen species (Runkel et al., 

2013). Such fluctuating conditions impact on various areas of its cellular physiology, 

including virulence, growth and antimicrobial resistance. Amazingly, these bacteria have 

evolved multiple, complex, often interconnected systems of stress management, as part of 

their survival strategies, making them incredibly adept and versatile (Foster and Spector, 

1995; Audia et al., 2001). The successfully control of all these overlapping stress response 

networks is achieved by a coordinated and complex programme of gene expression and 

protein activity, involving a range of transcriptional regulators, sigma factors and two 

component regulatory systems (Dorman, 2009). Integrating the various stress responses into a 

multi-defense strategy allows the organism to anticipate, survive and persist in the various 

non-host and host environments it encounters (Shen and Fang, 2012; Spector  

and Kenyon, 2012).  

Besides Salmonella‘s tremendous ability to sense, adapt and respond to a diverse range of 

adverse environmental conditions, these bacteria are well known to attach to various both 

abiotic and biotic surfaces, such as those of plants, the eukaryotic host, industrial facilities, 

and medical supplies, and create biofilms (Giaouris et al., 2012; Steenackers et al., 2012). 

These are assemblages of microorganisms adherent to each other and/or to a surface and 

embedded in a matrix of self-produced extracellular polymeric substances (EPS) (Stoodley  

et al., 2002; Hall-Stoodley et al., 2004). Interestingly, the adhesive properties of fimbriae 

salmonellae to animal, plant and fungal cells have been early described (Duguid et al., 1966). 

Last decades, biofilm formation by bacterial pathogens, such as Salmonella, has attracted 

much attention, mainly in the medical and food processing fields, due to its potential risks, 

including antimicrobial resistance and virulence factor production (Stewart and Costerton, 



Attachment of Salmonella spp. to Food Contact and Product Surfaces … 113 

2001; Chmielewski and Frank, 2003). Thus, the persistence of Salmonella inside biofilms 

within the food chain constitutes a major health concern, as it is believed that biofilm 

formation enhances the capacity of pathogenic Salmonella bacteria to survive stresses that are 

commonly encountered within food processing (Vestby et al., 2009b). There is strong 

evidence of Salmonella survival in food processing environments, with these bacteria to be 

routinely isolated from filters, floors, tables, mixers, mincing machines and other processing 

equipment, even over long time periods (Nesse et al., 2003; Gounadaki et al., 2008). Indeed, 

it has been reported that once a production line is contaminated with Salmonella, the 

microorganism will establish itself on the equipment and facility surfaces (Margas et al., 

2014).  

While the molecular mechanisms required for the survival of bacteria on surfaces are not 

fully understood, transcriptional studies have demonstrated that biofilm growth triggers the 

expression of specific sets of genes (Puttamreddy et al., 2008). Thus, it has become clear that 

biofilm cells express properties distinct from planktonic cells, one of which is an increased 

resistance to antimicrobial agents (Anderson and O'Toole, 2008; Coenye, 2010). Recent 

research has begun to shed light on how and why surface-attached microbial communities 

develop such resistance, with several mechanisms presumably involved in this, including: (i) 

limitations to the free diffusion of antimicrobial agents through the biofilm matrix, (ii) 

variability in the physical and chemical microenvironments within the biofilm (e.g., varied 

conditions of pH, osmotic strength, or nutrients), leading to varied levels of metabolic activity 

within the biofilm milieu and also to alteration of sanitizer‘s efficiency, (iii) adaptive stress 

responses, resulting from mutations, stochastic gene expression and also through possible 

horizontal transfer of genes coding for resistance mechanisms (e.g. detoxifying membrane 

transporters), and (iv) the differentiation of bacterial cells into physiological states less 

susceptible to treatments (e.g. dormant, viable but not culturable, VBNC), together with the 

presence of extremely resistant ―persister‖ cells (Mah and O‘Toole, 2001; Gilbert et al., 

2002a,b; Fux et al., 2005). Noteworthily, cells in shearable and nonshearable regions of S. 

Enteritidis biofilms have been found to be morphologically and physiologically distinct 

(Mangalappalli-Illathu et al., 2009). These stratified patterns of cell metabolism and 

morphology in biofilms may yield important information of how cells of deeply embedded 

biofilm bacteria survive imposed conditions of stress, such as treatment with antimicrobial 

agents or antibiotics. Importantly, owing to the heterogeneous nature of a biofilm, it is likely 

that multiple resistance mechanisms work in parallel within a single community. 

Regarding S. enterica, there are a number of interesting studies occupied with its cellular 

physiology inside a biofilm (Kim and Wei, 2009; White et al., 2010; Steenackers et al., 2012). 

In this bacterium, the expression of the main extracellular matrix components stabilizing the 

biofilm structure is dependent on the transcriptional regulator CsgD, whose expression 

integrates many environmental signals, such as starvation, oxygen tension, temperature, pH 

and osmolarity (Gerstel et al., 2003; Gerstel and Römling, 2001, 2003; Römling, 2005). In 

most wild type Salmonella strains, this is maximum at temperatures below 30 
o
C, but 

mutations in the csgD promoter can lead to its expression independently of temperature 

(Romling et al., 1998). CsgD is the major regulator of the rdar colony morphotype which S. 

enterica biofilm forming strains present when these are cultured on Congo red agar plates, 

due to the red dry and rough colony appearance. Interestingly, White et al. (2010) showed by 

comparing extracellular matrix-embedded, wild-type S. Typhimurium and the matrix-

deficient csgD mutant that the two populations present distinct metabolite and gene 
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expression patterns, with wild-type cells expressing genes mainly involved in 

gluconeogenesis and stress-resistance pathways. CsgD positively regulates the transcription 

of the csgBAC operon, which encodes the structural subunits for curli fimbriae (Hammar et 

al., 1995), and contributes indirectly to cellulose production by activating the transcription of 

adrA (Gerstel and Römling, 2003). AdrA is a diguanylate cyclase that synthesizes the second 

messenger signaling molecule bis-(3'-5')-cyclic dimeric guanosine monophosphate (cyclic-di-

GMP), the effector molecule that binds to and allosterically activates cellulose synthase 

(Simm et al., 2004). c-di-GMP is widespread throughout the bacterial domain and plays a 

vital role in regulating the transition between the motile planktonic lifestyle and the sessile 

biofilm forming state (Cotter and Stibitz, 2007; Ahmad et al., 2011; Le Guyon et al., 2014). 

GGDEF and EAL domain proteins, acting as phosphodiesterases, are involved in turnover of 

this secondary messenger and play a determinative role in the expression level of 

multicellular behavior in S. Typhimurium (Simm et al., 2007).  

Thus, compared to planktonic growth, gene expression profile is different in biofilm cells 

and, most importantly, it not only depends on the temporal stage of biofilm development, but 

also on the spatial localization of the bacteria within the biofilm (Stewart and Franklin, 2008). 

Like in other bacteria, biofilm growth of S. Typhimurium has been shown to up-regulate 

genes involved in global regulation and tolerance to stress (Hamilton et al., 2009). Similarly, 

and under surface-associated growth, S. Enteritidis over-produces proteins mainly related to 

stress management (Giaouris et al., 2013). In another study, He and Ahn (2011) 

demonstrated, following culture of planktonic and biofilm cells of S. Typhimurium in 

tryptone soya broth (TSB), adjusted to pH 5.5 and pH 7.3, and gene expression evaluation, 

that the biofilm cells were more resistant to acidic stress compared with the planktonic cells; 

and the relative expression of toxin-, virulence-, efflux pump-related genes in the biofilm 

cells was distinct from that in the planktonic cells. Noteworthily, a number of S. enterica 

proteins have been recognized to be simultaneously implicated in stress response events, 

regulation of virulence, attachment processes and biofilm formation (deLivron and Robinson, 

2008; Wang et al., 2010; Jennings et al., 2011; Salazar et al., 2013). Typical example is the 

alternative sigma factor sigma(S) (RpoS), which is required for virulence, stress resistance, 

biofilm formation, and development of the rdar morphotype (Ibanez-Ruiz et al., 2000; Robbe-

Saule et al., 2006). Additionally, several diverse proteins can bind to the csgD promoter, 

including RpoS and the response regulator OmpR (Gerstel and Römling, 2003). CsgD is also 

regulated by the second messenger c-di-GMP at both transcriptional and post-transcriptional 

levels (Kader et al., 2006), while small non-coding RNAs have recently been shown to also 

be involved in its regulation (Van Puyvelde et al., 2013; Bordeau and Felden, 2014). From all 

the previous, it is obvious that the regulation of the rdar morphotype integrates a variety of 

complex regulatory systems which, obviously, should act in well organized hierarchical 

cascades.  

A number of previous studies have revealed that the ability of Salmonella to attach to 

surfaces and create biofilms on them represent survival strategies leading to increased 

resistance to heat, acid, low relative humidity (RH), antibiotics and biocides (Joseph et al., 

2001; Papavasileiou et al., 2010; Wan Norhana et al., 2010; Margas et al., 2014). S. 

Typhimurium cells presenting rugose phenotype and surrounded by exopolymeric substances, 

showed resistance to low pH and hydrogen peroxide and an ability to form biofilms (Anriany 

et al., 2001). In another study, S. Typhimurium embedded in a biofilm (pellicle) formed at the 

air-liquid interface resisted sodium hypochlorite at concentrations above 500 mg/L, while 



Attachment of Salmonella spp. to Food Contact and Product Surfaces … 115 

planktonic cells were sensitive to less than 50 mg/L (Scher et al., 2005). Interestingly, 

Amarasinghe et al. (2013) demonstrated that prolonged exposure of S. Typhimurium to a 

monoclonal polymeric IgA antibody (directed against the O antigen component of 

lipopolysaccharide), resulted in measurable exopolysaccharide accumulation and biofilm 

formation on both borosilicate glass surfaces and polystyrene microtiter plates.  

Undoubtedly, from all the above it is clear that while building biofilms, cells 

physiologically adapt to sustain otherwise lethal impacts of a variety of environmental stress 

conditions. The objective of the next sections of this chapter is to provide an overview of the 

current knowledge related to the attachment and/or biofilm formation by Salmonella on both 

food contact and product surfaces in regard of the strong influence of these physical and 

inevitable phenomena on the enhancement of its survival within food processing. 

 

 

2. ATTACHMENT AND BIOFILM FORMATION BY SALMONELLA  

ON FOOD CONTACT SURFACES AND SURVIVAL 
 

Bacterial attachment to either food contact surfaces or other abiotic materials is a 

complicated process, usually involving more than one mechanism and influenced by many 

factors, including the bacterial surface properties (physicochemical characteristics, surface 

biological structures), the material surface characteristics and the environmental factors, such 

as temperature, pH and culture conditions (e.g. presence and level of nutrients and/or of 

preconditioning films, static or flow conditions) (Palmer et al., 2007; Goulter et al., 2009; 

Van Houdt and Michiels, 2010). For instance, Nesse et al. (2014) found that hydrophobicity 

influenced the attachment of potentially human-pathogenic Escherichia coli from the ovine 

reservoir to different surfaces. Noteworthily, while strong bacterial attachment constitutes the 

first step of biofilm formation, attached bacterial cells do not necessarily proceed into sessile 

development. Thus, from the initial interaction with a substratum to the subsequent sessile 

growth, significant changes in expression of many genes should occur in the bacterial cells.  

The molecular mechanisms by which bacteria are able to form biofilms in food 

processing plants are the subject of increasing interest in recent years and appear more 

complex than initially assumed (Hall-Stoodley et al., 2004; Smith et al., 2009). For instance, 

in an effort to characterize the molecular mechanism of attachment and biofilm formation of 

S. Typhimurium on food contact surfaces, Kim and Wei (2009) screened a library of random 

mutagenized clones for phenotypic analyses of their ability to form biofilm, pellicle, curli 

fimbriae and cellulose. Their findings revealed that many factors, such as production of 

extracellular polymeric substances (EPS) and their efficient transportation through outer 

membrane, expression of flagella and regulation of exo-ribonucleases and RNA binding 

proteins, could be involved in attachment and biofilm formation of this pathogen on food 

contact surfaces. Such knowledge may help develop better sanitizing procedures to be used in 

food processing. 
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2.1. Attachment by Salmonella to Food Contact Surfaces and Survival 
 

Till now, numerous in vitro trials have shown that Salmonella can easily attach to various 

food-contact surfaces (such as stainless steel, plastic and glass) and survive for long periods 

(Giaouris et al., 2012), with the resistance afforded to these bacteria, once become attached to 

surfaces, to be documented in several of these studies. For instance, Finn et al. (2013b) 

studied the transcriptional responses of S. Typhimurium to desiccation on a stainless steel 

(SS) surface (at 24°C for 4 h, at ca. 45% RH). A total of 266 genes were differentially 

expressed under desiccation stress compared with a static broth culture, with the 

osmoprotectant transporters proP, proU, and osmU to be highly upregulated during drying. 

Deletion of any one of these transport systems resulted in a reduction in the long-term 

viability of S. Typhimurium on the SS surface. In another similar work studying the 

transcriptome of an auxotrophic S. Typhimurium mutant, desiccated on a plastic surface for 

22 h, it was showed that the most highly transcribed genes were those involved in ribosomal 

structure, amino acid metabolism, energy production, ion transport, transcription, and stress 

response (Gruzdev et al., 2012). Bae et al. (2012) investigated the survival of S. Typhimurium 

in different forms (adhered cells, biofilm producing in TSB, biofilm producing at RH 100%) 

on the surface of SS and stored at various RHs, at room temperature for 5 days, and found 

that the survival varied depending on RH and attachment form. From these studies, it is clear 

that a diverse range of responses can be induced in response of attached cells to desiccation, 

depending on the precise experimental conditions involved (Finn et al., 2013a). 

Noteworthily, it has been observed that acid acid-sensitive enteric pathogens, such as 

salmonellae, are protected from killing under extremely acidic conditions (e.g. of pH 2.5) 

when they are inoculated onto certain solid surfaces (Waterman and Small, 1998). Thus, 

inoculation onto fresh-cut produce surfaces, as well as onto inert surfaces, such as 

polyethersulfone membranes and tissue paper, significantly increased the survival of 

salmonellae during otherwise lethal acid challenge (Gawande and Bhagwat, 2002a,b). This 

surface-associated acid protection, which was observed in several Salmonella strains, required 

de novo protein synthesis and was independent of stationary-phase sigma transcription factor 

(encoded by rpoS).  

Adsorption of macromolecules, such as food proteins, to solid surfaces leads to formation 

of conditioning films that may affect attachment of microorganisms and other cells. This 

adsorbed organic material can inhibit or facilitate attachment of arriving microorganisms and 

subsequently, once these succeed attachment, protect them from sanitizing procedures and, 

additionally, used as a potential source of nutrition. Biological soil (porcine serum) has been 

shown to increase the survival of Salmonella serovars attached to mortar surfaces, thus 

highlighting the need for effective cleaning to reduce harborage of these bacteria in the food 

factory environment, during otherwise lethal antimicrobial interventions (Allan et al., 2004). 

It‘s worth to be noted that starvation of S. Typhimurium cells, following their incubation in 

seawater for 3 years, has resulted in a significant decrease of the ability of starved cells to 

adhere to polystyrene, while on the other hand, this alarmingly increased the adhesion values 

to Hep2 cells (Lagha et al., 2012).  
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2.2. Biofilm Formation by Salmonella on Food Contact Surfaces and Survival 
 

Biofilm matrix components, such as fimbriae and cellulose, have been suggested to play 

an important role in the survival of Salmonella in the environment (Solano et al., 2002). 

Based on these two components, multicellular behaviour by Salmonella is often categorized 

according to colony morphology into rdar (red, dry and rough) expressing curli fimbriae and 

cellulose, bdar (brown, dry and rough) expressing only curli fimbriae and pdar (pink, dry and 

rough) expressing only cellulose. Vestby et al. (2009a) investigated the distribution of 

morphotypes among 148 Salmonella strains of feed factory, clinical and reference collection 

origins, with emphasis on potential differences between morphotypes with regards to survival 

in the feed factory environment. Interestingly, chemical analysis showed no major differences 

in polysaccharide content between bdar and rdar strains, indicating that cellulose is not a 

major component of the Salmonella biofilm matrix. Additionally, the rdar and the bdar strains 

were found to be equally tolerant to disinfectants, with rdar morphology however appearing 

to be more favourable in long term survival in biofilm in a very dry environment. In some 

agreement, Chia et al. (2011) concluded that the rdar or bdar morphotype may influence 

persistence of poultry-associated Salmonella serovars, given that cellulose synthase gene null 

mutants displayed reduced attachment to abiotic surfaces relative to their parent strains.  

Salmonella and some other Enterobacteriaceae possess the remarkable ability to survive 

in low-moisture environments for extended periods of time. Likely and as a results of this, 

many of the reported food-borne outbreaks associated with low-moisture foods involve 

Salmonella contamination. The mechanisms utilized by these bacteria to ensure their survival 

in dry conditions remain to be fully elucidated, however, in depth transcriptomic in 

combination with biofilm forming data is now beginning to emerge regarding this observation 

(Finn et al., 2013a). To this direction, Iibuchi et al. (2010) studied the survival of 17 

Salmonella strains on polypropylene discs placed in a desiccation chamber and found that the 

biofilm-forming strains survived longer on the plastic surface than did biofilm-deficient 

strains. Authors suggested that the EPS on the surface may have protected the bacterial cells 

from dryness, although the possibility of some inherent resistance to environmental stresses 

linked to biofilm formation could not be excluded. Finn et al. (2013c) analyzed the 

phenotypes related to low-moisture survival of 46 Salmonella isolates and found that most of 

the isolates could form biofilms under defined laboratory conditions, with 57% being positive 

for curli fimbriae production and 75% being positive for cellulose production. Interestingly, 

food industrial biocides were found to be most effective against planktonic cells but less so 

when the same bacteria were surface dried or present as a biofilm. Cellulose-producing 

isolates were better survivors when exposed to a biocide compared with cellulose-negative 

isolates. 

In order to figure out whether there is a correlation between biofilm forming ability of 

Salmonella and environmental persistence, Vestby et al. (2009b) investigated the abilities of 

111 strains to form biofilm on polystyrene and in the air-liquid interface of nutrient broth. 

Significant differences were found between serovars, regarding the abilities, while when the 

strains were classified according to persistence, persistent strains produced more biofilm than 

non-persistent. These results indicate a correlation between persistence and biofilm formation 

suggesting that biofilm forming ability may be an important factor for persistence of 

Salmonella in the factory environment. In agreement with this assumption, a relation between 

biofilm forming capacity of 120 Salmonella strains isolated from multiple pork processing 
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plants and survival on SS surfaces has also been revealed (Castelijn et al., 2013). 

Additionally, on such surfaces, biofilms showed greater and longer survival than planktonic 

cells, and they were also less susceptible to peracetic acid disinfection treatments. However, 

the latter effect was marginal and only observed in the presence of organic material (Castelijn 

et al., 2013). Rather contrary to these results, in another study with aim to investigate whether 

continuous contamination of light pasteurized egg products with S. Tennessee was caused by 

persistent contamination of the production facility, persistent isolates did not show a higher 

ability to form biofilm on a plastic surface than control strains (Jakočiūnė et al., 2014). In this 

study, the identified reason accounting for the persistent contamination was that the persistent 

strain had just adapted to grow in the relevant egg product. Schonewille et al. (2012) 

investigated the biofilm building capacity of different serotypes of poultry-derived S. enterica 

and concluded that this capacity is a function of adaptation to their host environment. Thus, 

the control of biofilms as a reservoir for Salmonella in the farm environment is of crucial 

importance for the overall improvement of food safety. 

The effect of physiological state (planktonic versus biofilm) and prior exposure to 

desiccation and storage in dry milk powder on Salmonella survival and gene expression after 

passage through an in vitro digestion model was studied by Aviles et al. (2013). It was found 

that both the physiological state and length of storage affected the survival and gene 

expression of Salmonella within the desiccated milk powder environment and after passage 

through the in vitro digestion system, with the biofilms cells to present greater recovery than 

the planktonic ones. Additionally, increased expression of virulence-associated genes was 

seen in biofilm cells stored in milk powder, suggesting increased virulence potential. In 

another study on Salmonella biofilm formation, survival and virulence induction, Xu et al. 

(2010) characterized the viability and potential virulence of biofilm-forming S. Typhimurium 

under different pH levels, ranging from 5 to 7. At the lower pH values, the numbers of viable 

cells estimated by using real-time reverse transcription-PCR (RT-PCR) were greater than the 

culturable counts enumerated by a plate count method. Compared to planktonic cells, the stn 

and invA genes (coding for enterotoxin production and invasive ability, respectively) of 

biofilm cells were highly overexpressed in biofilm cells grown in pH 6. This result suggests 

that a regulator of virulence gene expression in biofilm cells may be triggered by different 

environmental conditions. This is in good agreement with a previous report showing the 

biofilm cells of S. Typhimurium to present higher adhesive ability in the spleens of mice 

(Turnock et al., 2002). Rodrigues et al. (2011) evaluated the susceptibility of S. enterica 

biofilms to four common food industry disinfectants, and analyzed how those chemical agents 

influenced stress-response and virulence genes expression by surviving cells. It was found 

that disinfection surviving biofilm cells seem to develop a stress response and/or become 

more virulent, which may compromise food safety and potentiate public health risk. 

Hopefully, all these results could provide a better understanding of both the survival and the 

pathogenicity of planktonic and biofilm S. Typhimurium cells under various stress conditions 

and valuable information for microbiological risk assessment. 

Within a biofilm population, cells with diverse genotypes and phenotypes expressing 

distinct metabolic pathways, stress responses and other specific biological activities are 

juxtaposed (Stewart and Franklin, 2008). Indeed, a quite high number of studies dealt with 

and confirmed the enhancement of the survival of Salmonella biofilm cells exposed to various 

disinfectants compared to the same cells being planktonic. Tabak et al. (2007) investigated 

the susceptibility of planktonic and biofilm-associated S. Typhimurium to triclosan, a potent 
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biocide that is included in a diverse range of products, with aim to identify potential 

mechanisms of adaptation. Biofilm-associated cells were quite more tolerant than planktonic 

cells (both log and stationary phases). However, bacteria derived from disrupted biofilms 

showed sensitivity to triclosan similar to stationary-phase planktonic cells. Based on 

supplementary gene expression results, authors suggested that Salmonella within biofilms 

could experience reduced influx, increased efflux and enhanced exopolysaccharides 

production. Er et al. (2014) determined the minimum inhibitory concentrations (MIC) and 

minimum biofilm inhibitory concentrations (MBIC) of selected preservatives against 

planktonic and biofilm forms of Salmonella and found that MBIC values were greater than 

the MIC values. Similar results have also been derived by Güven and Kaynak Onurdağ 

(2014), who determined the antimicrobial effects of some preservatives used in drug, 

cosmetics and food products and also compared the MBIC against biofilms of S. 

Typhimurium and some other microorganisms, formed on glass surfaces, and MIC values of 

the planktonic forms. O'Leary et al. (2013) characterized 172 S. Typhimurium isolates taken 

from the pork chain for their ability to form biofilms on SS and plastic surfaces and to survive 

chlorine-based challenges. It was found that the majority of strains readily attached to both 

type of surfaces, possessed biofilm forming capabilities and survived high chlorine 

concentrations. Somers et al. (1994) evaluated the effectiveness of trisodium phosphate 

(TSP), an approved food additive, against planktonic and biofilm cells of S. Typhimurium 

and other foodborne pathogens on SS and buna-N rubber materials, and found that biofilm 

cells of both S. Typhimurium and L. monocytogenes were more resistant than planktonic 

cells. Acidic and osmotic treatments are part of hurdle systems to control pathogens such as 

Salmonella in food. Previous results have shown that the ability of Salmonella strains to 

survive in the presence of acetic acid and rice vinegar parallels their ability to form biofilms 

(Hasegawa et al., 2011). The data obtained from all these studies indicate, if anything, that 

common preservatives and disinfectants used to control microbial growth in food 

environments and elsewhere, are not necessarily effective against biofilm microbial forms.  

 

 

3. ATTACHMENT OF SALMONELLA TO FOOD PRODUCT  

SURFACES AND SURVIVAL 
 

Like in the case of bacterial attachment to food contact surfaces, attachment of bacteria to 

biotic food product surfaces depends on various factors, such as bacterial surface 

physicochemical properties and structures, type of food surfaces (e.g. meat, plant, tissue type 

and age, lean, fat) and environmental conditions (e.g. temperature, pH, presence of chemical 

substances, etc.). Numerous studies have attempted to explain this phenomenon as a function 

of bacterial cell surface and substratum physicochemical properties (i.e. hydrophobicity, 

charge), without however being always able to establish a strong relationship. It should not be 

neglected that bacterial surface contain proteins, polysaccharides, and other biopolymers that 

most likely affect its attachment to another surface (either biotic or abiotic), which is clearly a 

multifactorial process and further work is required to determine the full repertoire of the 

adhesive molecules involved (Jaglic et al., 2014). 
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3.1. Attachment of Salmonella to Produce Surfaces and Survival 
 

Bacteria associated with plants have been observed to form assemblages referred to as 

aggregates, microcolonies, symplasmata, or biofilms on leaves, fruits, root surfaces and 

within intercellular spaces of plant tissues (Morris and Monier, 2003; Danhorn and Fuqua, 

2007). Leaf internalization through stomata has been reported as a potential route of 

contamination, which renders food-borne pathogens protected from washing and disinfection 

by sanitizers (Golberg et al., 2011). S. enterica can rapidly adapt to environmental stresses 

and survive for long periods of time in various non-host habitats, including agricultural fields 

and the surface of fresh produce (Humphrey et al., 2004; Warriner and Namvar, 2010; 

Arthurson et al., 2011), leading, the last years, to major foodborne disease outbreaks 

(Hanning et al., 2009). Alarmingly, attachment and/or biofilm formation on plants surfaces 

have been shown to reduce the efficacy of sanitation treatments in food processing plants and 

also enhance stress resistance (Kyle et al., 2010; Niemira and Cooke, 2010). Kroupitski et al. 

(2009) investigated the interactions of S. enterica with abiotic and plant surfaces and their 

effect on the tolerance of the pathogen to various stressors. Strong biofilm producers were 

found to attach better to intact Romaine lettuce leaf tissue compared to weak producers. 

Exposure of lettuce-associated Salmonella cells to acidic conditions (pH 3.0) revealed 

increased tolerance of the attached vs planktonic bacteria. Several studies have focused on the 

survival, possible growth and/or internalization of Salmonella once inoculated onto the 

surface of fruits and vegetables and subsequently subjected to various treatments (Lang et al., 

2004; Duffy et al., 2005; Daş et al., 2006; Iturriaga et al., 2003, 2007; Shi et al., 2007; 

Beuchat and Mann, 2008; Patel et al., 2013; Zheng et al., 2013). These studies have revealed 

the important influences of storage temperature, RH, inoculum size, source and inoculation 

method, serovar, biofilm forming ability, cultivar (plant genotype) and physiological state 

(including growth stage, ripeness and surface damage) of the plant, and interactions with 

resident bacteria in the phyllosphere, on bacteria viability and persistence. Strains associated 

with plants in particular have been shown to harbor specific traits that facilitate their 

adaptation to non-host environments. Such traits include the effective utilization of carbon 

sources abundant in plant tissues, the production of extracellular matrix, and biofilm 

formation (Fatica and Schneider, 2011; Martínez-Vaz et al., 2014).  

The molecular mechanisms underlying the association of enteric pathogens with fresh 

produce are just beginning to be elucidated (Berger et al., 2010; Martínez-Vaz et al., 2014). 

Functional genomics studies have linked changes in gene expression to the bacterial 

attachment and colonization of plant structures. Thus, this research has shown that foodborne 

pathogens exhibit distinct changes in gene expression upon association with the surface of 

fresh produce. Interestingly, most genes involved in the molecular interactions of bacterial 

pathogens with produce are also implicated in cell surface structures, virulence, motility, and 

biofilm formation (Martínez-Vaz et al., 2014). Thus, the initial attachment to the plant is 

facilitated by cell surface structures important for surface attachment and biofilm formation. 

The subsequent survival in the harsh plant environment is mediated by the induction of stress 

responses, virulence factors and downregulation of genes involved in protein synthesis, 

energy, and metabolism (Figure 1).  

To this direction, Brankatschk et al. (2013) investigated the transcriptional profile of S. 

Weltevreden during alfalfa sprout colonization and compared this with the corresponding 

when cells left to multiply planktonically in M9-glucose medium. Genes that were higher 
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transcribed with sprouts were coding for proteins involved in mechanisms known to be 

important for attachment, motility and biofilm formation. Additionally, genes encoding 

structural and effector proteins of Salmonella pathogenicity island 2, involved in survival 

within macrophages during infection of animal tissue, were higher transcribed with sprouts, 

possibly as a response to environmental conditions. 

 

 

Figure 1. Molecular mechanisms mediating the colonization of leafy greens by human pathogens 

(figure obtained after permission from Martínez-Vaz et al., 2014, Enteric pathogen-plant interactions: 

molecular connections leading to colonization and growth and implications for food safety. Microbes 

Environ. 29, 123-135, Copyright © 1999- Japan Science and Technology Agency [JST]). 

Nowadays, therefore it is increasingly becoming clear that the ability to produce biofilms 

together with the differential expression of genes involved in biofilm modulation, are 

characteristics linked to the association of certain human pathogens on produce. S. enterica is 

known to utilize diverse and overlapping strategies to interact with plants and their 

microflora, and to successfully colonize its vertebrate hosts (Brandl et al., 2013). Importantly, 

research has revealed that S. enterica genes important for virulence in animal systems 

(Fàbrega and Vila, 2013) are also required for colonization of plants (Barak et al., 2005; 

Kroupitski et al., 2013). Association of Salmonella with fresh produce appears to be serovar-

specific involving flagella, curli, cellulose, and O antigen capsule (Barak et al., 2007; Lapidot 

and Yaron, 2009). These structures promote bacterial attachment to animal cells and play a 

critical role in biofilm formation and host colonization. Therefore, cellular structures used by 

Salmonella to invade animal hosts (Althouse et al., 2003; Kline et al., 2009) may also be 

important for their interaction and establishment in vegetables tissues. However, in another 

study, flagella and chemotaxis were found to be of minor importance for attachment of 

serovars Typhimurium and Dublin to plant leaves (Olsen et al., 2012). Understanding the 

interactions between Salmonella and plant surfaces might be useful in developing new 

approaches to prevent fresh produce-associated outbreaks. 
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Current industrial practice to decontaminate fresh produce involves the use of wash water 

supplemented with low concentrations of chlorine. Chlorine is an oxidative agent that is used 

to reduce the overall bacterial load on produce surface and prevent cross contamination in the 

wash water during minimal processing. However, studies have shown that S. enterica is 

capable of attaching to the produce surface and forming protective layers of biofilms (Brandl, 

2006), making it difficult to completely inactivate the attached pathogens by chlorinated 

water washes alone. Lapidot et al. (2006) compared the adhesion and persistence on parsley 

of S. Typhimurium and its biofilm-deficient isogenic mutant (unable to produce cellulose and 

curli fimbriae). After a week of storage the biofilm producing strain survived chlorination 

significantly better than the biofilm-deficient mutant. However, the recovery of the mutant 

was still elevated, indicating that although the biofilm matrix has a role in persistence of 

Salmonella on leafy vegetables, this is not the most important mechanism, and other 

mechanisms could afford more significant protection effect. Salazar et al. (2013) investigated 

the functional roles of ycfR, sirA, and yigG in the attachment and survival of S. enterica on 

fresh produce (fresh spinach leaves and grape tomatoes) during procedures related to post-

harvest minimal processing. Deletion of ycfR significantly reduced bacterial chlorine 

resistance and the attachment to the plant surfaces after chlorinated water washes. ycfR 

encodes a putative outer membrane protein in E. coli K-12 which regulates biofilm 

production via a process that involves changing surface properties of the bacterial cell and is 

also induced by several stress conditions (Zhang et al., 2007). In addition, they showed that 

both sirA which encodes a Type VI secretion protein, and yigG, which encodes a putative 

inner membrane protein, were also involved in S. enterica surface attachment and survival 

during post-harvest minimal processing of fresh produce. 

Solutions containing calcium hypochlorite or sodium hypochlorite at concentrations of 

1800 and 2000 micrograms/ml active (available) chlorine respectively, as well as 6% 

hydrogen peroxide or 80% ethanol were effective in reducing Salmonella populations on 

alfalfa seeds by more than 1000 fold (Beuchat, 1997). However, viable Salmonella cells were 

detected in seeds treated for 10 min in these solutions. The inaccessibility of Salmonella cells 

in crevices and between the cotyledon and testa of seeds to lethal concentrations of these 

chemicals are thought to be the reason for the lack of effectiveness. Jaquette et al. (1996) 

studied the efficacy of chlorine in killing S. Stanley inoculated onto alfalfa seeds and showed 

that chlorine concentrations of up to 1,040 mg/ml are not effective in eliminating the 

pathogen, although significant reduction in numbers of viable cells can be achieved. These 

results indicate that while populations of this pathogen can be greatly reduced by applying 

chlorine disinfection, elimination of this organism from alfalfa seeds may not be reliably 

achieved. This is even more worrying given the capability of survived cells to dramatically 

increase during the subsequent sprouting process and also retain their viability during 

refrigerated storage. On the contrary, although S. Typhimurium attached immediately to stone 

fruit surfaces when this was spot inoculated onto the sterile intact fructoplane of whole 

peaches and plums, attached cells were unable to survive simulated export conditions (0.5 
o
C) 

(Collignon and Korsten, 2010). 
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3.2. Attachment of Salmonella to Meat Surfaces and Survival 
 

Meat and meat products have been identified as the most important source of 

transmission of Salmonella to humans. Microbial contamination of carcass surfaces occurs 

during slaughter and post slaughter processing steps, therefore interventions are needed to 

enhance meat safety and quality (Sofos et al., 1999; Giaouris et al., 2014). The animal tissues 

are surrounded by an extracellular matrix (ECM), which primarily consists of fibrous proteins 

(i.e. collagen, fibronectin, laminin, and elastin) and proteoglycans. Due to its ubiquitous 

nature, the ECM also serves as a substrate for microbial attachment (Selgas et al., 1993). 

Although the attachment to meat surfaces has been shown to protect Salmonella cells from 

various stresses, little is known about the specific processes that influence this process. 

Morild et al. (2011) studied the attachment of S. Typhimurium, L. monocytogenes and 

Yersinia enterocolitica to pig skin and muscle tissue. Attachment properties differed between 

skin and muscle surfaces, while no significant differences in surface attachment between the 

three bacterial species were observed. Microscopy studies showed that bacteria were located 

in deep tissue structures of skin and muscle surfaces. Interestingly, a significantly higher 

number of firmly attached bacteria were found on the skin surface following decontamination 

with hot water or lactic acid, compared to the untreated skin surface. The attachment of S. 

Typhimurium to pork muscle tissue was found to increase its heat tolerance (Humphrey et al., 

1997), while the attachment to poultry skin increased its ability to resist various disinfectants 

and this efficacy was influenced by extent of attachment of bacteria to skin and method of 

disinfectant application (Tamblyn et al., 1997). Some other studies have evaluated the 

viability of S. Typhimurium inoculated onto the surface of some ready-to-eat meat products, 

without, however, concluding something alarming (Porto-Fett et al., 2008a,b; Jacob et al., 

2009). 

S. Typhimurium DT104 strain has emerged as a global human and veterinary public 

health concern because of its antibiotic resistance and extensive host range. Kinsella et al. 

(2007) investigated the influence of attachment to beef surfaces on the survival, injury and 

death of stationary phase cells of S. Typhimurium DT104, at various aw values and 

temperatures, compared to cells free in solution. They found that attachment of cells to meat 

surfaces prevented cell injury and death from hyperosmosis and low temperatures, compared 

to cells in meat juices. However, after storage of cells for 72 h, cell injury was reduced and 

viability increased in meat juices, compared to cells attached to meat surfaces. In another 

similar study aiming to investigate the survival of Salmonella on meat surfaces, Kinsella et al. 

(2009) recorded changes in S. Typhimurium DT104 and total viable count (TVC) survival on 

meat pieces (taken from different sites on beef carcasses) stored for 72 h under different 

combinations of RH (i.e. 75% or 96%) and temperature (i.e. 5
o
C or 10

o
C). Salmonella counts 

declined during storage at low RH conditions at both temperatures, while these increased 

during storage at high RH at 10
o
C only.  

 

 

CONCLUSION 
 

From an ecological point of view, food processing environments could be considered 

microbial habitats that are constantly disturbed by sanitizing procedures. Obviously, the best 
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strategy to improve food safety is the adequate hygiene together with the application of 

antimicrobial intervention technologies at all stages of the food chain. However, the complete 

elimination of unwanted bacteria from such environments is a rather difficult task, because 

these can attach to both food and processing equipment surfaces and form biofilms, where 

they persist even after cleaning and disinfection (Frank, 2001). Biofilm bacteria can cause a 

range of problems in food industry including reduced heat-cold transfer, clogging water 

pipelines, food spoilage and they may cause infections among consumers. Attached bacterial 

cells are more resilient to displacement strategies including physical and chemical procedures, 

as a result of their more resistant phenotype compared to planktonic counterparts.  

The persistence of bacterial pathogens within food environments is of great importance; 

while many contributory factors may exist that collectively determine this ability, such as 

attachment strength, biofilm forming potential, antimicrobial resistance and survival ability. 

The deep understanding of the mechanisms facilitating bacterial attachment to surfaces is 

desired by numerous industries including those occupied with food production and 

processing. Future biofilm investigations with the aim of potential control approaches should 

include a combination of bacterial genetics, systems biology, mechanical engineering and 

biological chemistry (Tan et al., 2014). 

Extra-animal survival is an important parameter for the environmental dissemination of 

zoonotic salmonellae, with the ability of these bacteria to survive in the food chain to be 

largely due to their skill to effectively respond to various environmental changes (Shen and 

Fang, 2012; Spector and Kenyon, 2012; Runkel et al., 2013). A quite high number of 

previous studies aiming to explain stress adaptation and survival mechanisms of Salmonella 

have linked these processes to the ability of bacteria to attach to surfaces and create biofilms. 

Part of these studies, related to attachment and biofilm formation on food contact and product 

surfaces, has been reviewed in this chapter. Results presented verify the recalcitrance of 

biofilm communities and highlighted a food safety subject which is not to be ignored in food 

processing. Attachment, colonization, as well as biofilm formation capacity of Salmonella on 

such surfaces may cause continuous contamination. It is now becoming clear that biofilms 

may play a crucial role in the survival of salmonellae under unfavorable environmental 

conditions, such as in animal slaughterhouses, farms and food processing plants, and could 

serve as a reservoir compromising food safety. It is unlikely that Salmonella will ever be 

eradicated from the food chain, therefore the results from laboratory research, such as 

investigations on the response of Salmonella to different stresses under surface associated 

growth, should be translated into improved intervention strategies for food producers and 

consumers. 

A greater understanding of the ability of Salmonella to survive in the environment is now 

necessary to effectively control this pathogen. Future studies should focus on the selection of 

the best strains to study survival mechanisms, investigation of different environmental 

conditions and practices and their influence on resistance and examination of Salmonella's 

molecular responses to stresses to ascertain the simultaneous roles of specific genes on both 

surface attachment and stress resistance. The uncovering of the regulatory networks and 

metabolic pathways engaged in the course of sessile growth is much promising. An improved 

understanding of the physiological responses taking place inside a Salmonella biofilm, can be 

of value to work out the relative roles of benefits and forces that drive the switch to this 

sessile mode of growth. Much work is also needed to examine the mechanisms by which 

exposure to stress and/or biofilm formation contribute to virulence, especially interactions 
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between Salmonella and the host. Bacterial biofilms generally are more resistant to stresses as 

compared with free planktonic cells. Therefore, the discovery of antimicrobial stress factors 

that have strong inhibitory effects on bacterial biofilm formation is wanted. Remarkably, in 

food processing environments, a variety of different bacteria may attach to surfaces, survive, 

grow and sometimes form multispecies sessile communities (Jahid and Ha, 2014). Survival 

and response of Salmonella in complex polymicrobial biofilms should also be examined as 

cell-to-cell interactions may influence gene expression and stress resistance (Moons et al., 

2009; Wang et al., 2013). All this research is important for more informed assessment of 

microbial risk and hopefully will lead to the development of more effective and targeted 

strategies to minimize the contamination with this pathogen in food processing, its attachment 

to surfaces and biofilm formation on them, with a great positive impact on food safety and 

public health. 
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ABSTRACT 
 

Salmonella colonize the intestinal tract of a wide variety of animals. Within the 

intestinal tract, Salmonella tend to be scavengers or secondary degraders that are 

dependent upon nutrients released by the enzymatic action of the more abundant primary 

degraders which digest intestinal glycoproteins and complex carbohydrates. Salmonella 

are catalytically robust and capable of using a wide variety of carbon and nitrogen 

sources. While a considerable amount of information is available on Salmonella 

pathogenicity genes and how they facilitate infection, we have only recently begun to 

appreciate the nutritional requirements of Salmonella within the context of the intestinal 

microbiome. Several recent studies have used –omics driven (i.e., genomics, 

transcriptomics, proteomics, metabolomics) approaches to investigate possible 

contributions of metabolic processes to Salmonella colonization and virulence. We 

review here recent research literature on the roles of metabolic genes in Salmonella 

colonization in various host systems including mice, swine, calves and poultry, as well as 

metabolic genes implicated in the persistence of Salmonella on produce. Understanding 

the nutritional requirements of Salmonella in the host intestinal tract is important for 

identifying potential targets and designing new approaches for reducing growth of 

Salmonella during the food animal production period and thereby mitigating the entry of 

Salmonella into the human food supply. 

 

 

 

 

 

 

                                                        
*
 Corresponding author: Email: trhoover@uga.edu. 



Katherine A. Miller and Timothy R. Hoover  138 

INTRODUCTION 
 

Salmonella are Gram-negative, rod-shaped, flagellated bacteria belonging to the family 

Enterobacteriaceae. There are currently two species of Salmonella, S. bongeri and S.  

enterica, with S. enterica divided into six subspecies. Salmonella are classified further by 

three distinct types of antigens which have been used to distinguish over 2500 serotypes. 

Thus, the nomenclature for Salmonella is complex and includes both the subspecies and 

serovar designations [1]. For example, the Salmonella laboratory strain commonly used for 

laboratory studies is S. enterica subspecies enterica serovar Typhimurium, which is shortened 

to Salmonella Typhimurium or S. Typhimurium. 

Salmonella is a major foodborne pathogen worldwide. A 2011 report estimated that in the 

United States alone there were approximately 1 million cases of salmonellosis, resulting in 

19,000 hospitalizations and 378 deaths [2]. In the United States costs associated with 

Salmonella are estimated to be between 2.3 and 3.6 billion dollars annually [3]. Salmonella is 

usually transmitted to humans through the food chain. Although there have been reports of 

salmonellosis cases being linked to vegetables and fruits, 95% of salmonellosis cases result 

from consumption of meat, eggs or poultry [4]. Infection of poultry with most Salmonella 

serovars results in asymptomatic intestinal colonization so reliance on birds appearing to be 

sick is an ineffective indicator of Salmonella colonization. Egg shells can be contaminated 

with Salmonella from infected laying hens, but unless bacterial numbers exceed 10
9
 colony 

forming units per egg no obvious changes in appearance or odor can be observed for eggs 

which are contaminated with Salmonella [5]. 

One of the ongoing frontiers of Salmonella control in food animals is colonization of the 

intestine. While in some food animals, invasion of the intestinal epithelial cells is essential for 

colonization, there are many Salmonella serotypes that colonize poultry and other food 

animals which appear to compete quite well within the intestinal bacterial community without 

the requirement for cellular invasion. A considerable body of work is available on Salmonella 

pathogenicity genes and the mechanisms by which they facilitate infection [6-14]. Until 

recently, however, there has been relatively little work done on defining nutritional 

requirements of Salmonella that enable them to establish a niche within the intestinal 

microbiome [10, 11, 15-18]. Studies that have examined how Salmonella’s nutritional 

requirements impact colonization have often focused on global regulators. For example, 

mutations targeting catabolite repression, specifically crp and cya, significantly attenuate 

Salmonella without affecting epithelial invasion [16, 19]. Catabolite repression is a regulatory 

mechanism used by bacteria to prioritize expression of transporters and catabolic enzymes to 

enable the hierarchical usage of different carbon sources. Salmonella crp/cya mutants are 

reduced in the ability to colonize the chicken cecum, yet we do not understand the mechanism 

by which Salmonella prioritizes the utilization of available carbohydrates enabling it to 

compete for colonization niches within the intestine. 

Successful colonization of the intestinal tract of food animals by Salmonella is a complex 

process that involves not only interactions of Salmonella with the host, but also interactions 

with the gut microbiota. We review here some of the approaches used to identify Salmonella 

genes that appear to have a role in host colonization. We focus on results from these studies 

that identify Salmonella metabolic genes that may be important for colonization of the 
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intestinal tract of various animals. In addition, we examine the research literature on 

metabolic genes implicated in the persistence of Salmonella on produce. 

 

 

USE OF –OMICS DRIVEN METHODS TO IDENTIFY SALMONELLA 

METABOLIC GENES IMPORTANT FOR COLONIZATION  

AND VIRULENCE 
 

The application of –omics driven approaches (i.e., genomics, transcriptomics, proteomics 

and metabolomics) has contributed tremendously to our understanding of metabolic processes 

that are important for Salmonella colonization and virulence. For purposes of this review, we 

will restrict the definition of metabolic processes to those which are involved in nutrient 

acquisition (e.g., carbon, nitrogen, sulfur, metal ions) and energy generation. We will 

highlight some approaches which have been used to identify Salmonella genes which have 

roles in colonization or virulence, and indicate metabolic genes that were identified in these 

studies as having such roles. 

Identification of Salmonella metabolic genes needed for colonization using signature-

tagged mutagenesis. Signature-tagged mutagenesis (STM) is a powerful negative selection 

method used to identify bacterial genes that are potentially important for the successful 

colonization of a host animal. The method was developed about twenty years ago by David 

Holden and co-workers to identify mutants in S. Typhimurium attenuated for virulence in a 

murine model of typhoid fever [20]. STM allows for the identification of attenuated mutants 

from a large pool of mutants by combining transposon-mutagenesis and negative selection 

with a detection system. Short individual DNA sequences introduced within the transposons 

(i.e., signature-tags) are used to individually mark the mutants. Pools of mutants with distinct 

signature-tags are assembled and the mutant pools are subject to a negative selection by 

inoculating them into an animal host. Mutants that survive the screen are recovered from the 

animal host (output pool) for detection of the individual signature-tags. Mutants that fail to 

survive the screen are identified from cultures of the mutant pools used to inoculate the 

animals (input pool) using the same detection system. The original STM method used 

hybridization analysis to identify signature-tags, but this detection system has since been 

supplanted by less laborious methods, including polymerase chain reaction (PCR)-

amplification, real-time PCR and DNA microarrays [21-23]. 

Roles for genes in colonization which have been identified by STM need to be verified 

by reconstructing the relevant mutations in the original parental strain and then testing the 

resulting mutants for colonization defects. A drawback of STM is that it is not possible to 

confirm colonization phenotypes for all (or even most) of the mutant alleles identified from 

screens that yield large numbers of potential colonization mutants. The colonization 

phenotype of a reconstructed mutant strain can be examined by inoculating the host animal 

with a pure culture of the strain or by using a competitive index (CI) assay in which a mixture 

of the mutant and parental strain is used to inoculate the host animal. In the CI assay, a mutant 

strain is typically mixed in a 1:1 ratio with its parental strain and the resulting mixture is used 

to inoculate the host animal. Bacteria recovered from the host post-inoculation are analyzed to 

determine the ratio of mutant to wild type. Mutations which decrease fitness for colonization 

result in the recovery of substantially fewer mutants compared to wild type. 
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Several studies have used STM to identify Salmonella genes which have potential roles 

in colonization or virulence in a variety of animal hosts, including mice, chicks, pigs and 

calves [8, 14, 20, 24-35]. While most of the work in these studies focused on virulence genes 

within Salmonella pathogenicity islands (SPI), in some cases metabolic genes were identified 

as having potential roles in colonization. Two of the most comprehensive STM-based studies 

to identify Salmonella genes important for colonization of food animals were done by 

Morgan et al. [14] and Carnell et al. [8]. Morgan and co-workers identified approximately 

150 S. Typhimurium genes that appeared to be important for colonization of the intestinal 

tracts of calves, 2-week-old chicks, or both animal species [14]; while Carnell and colleagues 

identified 95 S. Typhimurium genes which appear to be needed for intestinal colonization of 

the pig [8]. Several of the genes identified in these studies are involved in carbohydrate 

catabolism, sulfur metabolism, amino acid degradation or nutrient transport (Table 1), 

although the colonization phenotypes were not confirmed for any of these mutants. 

Given the caveat that not all of the genes listed in Table 1 may ultimately prove to be 

important for colonization, a couple of observations are notable. First, some genes appear to 

be specifically required in one animal host but not others. For example, the carnitine/-

butyrobetaine antiporter CaiT is required for efficient intestinal colonization of the chick, but 

not for colonization of the calf or pig. L-carnitine is a commonly found trimethylammonium 

compound which Salmonella and other members of the Enterobacteriaceae are able to reduce 

to -butyrobetaine under anaerobic conditions [36]. The reduction of L-carnitine stimulates 

fermentative growth of S. Typhimurium by allowing the bacterium to regenerate NAD
+
 [36]. 

Given that the intestinal tract is an anaerobic environment, the ability of S. Typhimurium to 

utilize L-carnitine might be expected to be an important colonization factor. That L-carnitine 

utilization does not appear to play an important role in S. Typhimurium colonization of the 

pig or calf suggests that other electron acceptors are available to S. Typhimurium for 

fermentative growth or anaerobic respiration in these host animals.  

 

Table 1. S. Typhimurium metabolic genes identified from STM studies as having 

possible roles in intestinal colonization of the chick, calf or pig 

 

Classification 
Gene 

name 
Known or predicted function 

a
chick 

b
calf 

c
pig 

Carbon 

compound 

degradation / 

central 

metabolism 

kduD 

STM3600 

STM3793 

rbsK 

citC 

celF 

kduI 

pflA 

2-deoxy-D-gluconate 3-

dehydrogenase 

putative sugar kinase 

putative carbohydrate kinase 

ribokinase 

citrate lyase synthetase 

cellobiose-6-phosphate hydrolase 

5-keto-4-deoxyuronate isomerase 

pyruvate formate lyase activating 

enzyme I 

- (50) 

 

- (50) 

wt 

- (33) 

- (50) 

n.d. 

n.d. 

n.d. 

wt 

wt 

- 

wt 

- 

n.d. 

n.d. 

n.d 

wt 

wt 

wt 

wt 

- 

- 

- 

- 

Sulfur 

metabolism 

STM0036 

STM0084 

putative arylsulfatase regulator 

putative sulfatase 

- (100) 

- (100) 

wt 

wt 

- 

wt 

Amino acid 

degradation 

STM2196 putative L-serine dehydratase - (100) wt wt 
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Classification 
Gene 

name 
Known or predicted function 

a
chick 

b
calf 

c
pig 

Transport/ 

binding 

caiT 

STM0328 

sfbB 

fepA 

entF 

STM0765 

potH 

focA 

hpaX 

chaA 

hisM 

gabP 

yneA 

cadB 

STM2574 

carnitine transport 

putative permease 

ABC transporter 

ferric enterobactin receptor 

enterobactin synthetase 

putative cation transporter 

putrescine transporter 

probable formate transporter 

4-hydroxyphenylacetate permease 

sodium-calcium/proton antiporter 

histidine transport system permease 

gamma-aminobutyrate permease 

ABC transporter 

cadaverine-lysine antiporter 

putative permease 

- (100) 

- (100) 

- (100) 

- (50) 

- (100) 

- (100) 

wt 

- (100) 

- (100) 

- (50) 

- (50) 

- (50) 

- (50) 

n.d. 

n.d. 

wt 

- 

wt 

- 

- 

- 

- 

wt 

- 

wt 

- 

wt 

- 

n.d. 

n.d. 

wt 

- 

wt 

- 

wt 

- 

wt 

wt 

wt 

wt 

wt 

wt 

wt 

- 

- 
a 
Data from Morgan et al. [14]. The ‗-‗ denotes mutant showing attenuated colonization; ‗wt‘ indicates 

wild-type colonization phenotype for the mutant; and ‗n.d.‘ indicates the colonization phenotype 

for the mutant was not determined. Number in parentheses indicates the percent of birds in which 

the mutant was attenuated. 
b 
Data from Morgan et al. [14]. 

c 
Data from Carnell et al. [8]. 

 

Another notable observation regarding the data presented in Table 1 is that many of the 

metabolic genes appear to be required for efficient colonization of a range of animal hosts. 

For example, the ferric enterobactin receptor FepA was found to be an important colonization 

factor in all three host animals. During iron starvation, bacteria often utilize high-affinity iron 

chelators known as siderophores to scavenge Fe
2+

 from the surrounding medium. 

Enterobactin is a siderophore produced by S. Typhimurium which it uses for iron acquisition. 

Enterobactin synthetase (EntF) appears to be important for intestinal colonization of the chick 

and calf, but not the pig intestinal tract. This observation does not necessarily indicate that 

enterobactin is not required for iron acquisition by S. Typhimurium in pigs as the entF mutant 

could have utilized enterobactin produced by other S. Typhimurium mutants or other bacteria 

in the pig intestinal microbiota. 

Despite the wealth of available information on Salmonella physiology, functions for 

several of the genes listed in Table 1 are unknown. Identifying functions for these genes will 

lead to a better understanding of Salmonella physiology. Moreover, it seems reasonable to 

assume that Salmonella encounters a different array of nutrients in the various host animals 

which it colonizes, and identifying activities for these genes of unknown function will provide 

valuable information on the variety of nutrients Salmonella encounters and is able to utilize 

within various host animals. 

Use of transposon-directed insertion-site sequencing to identify Salmonella metabolic 

genes needed for colonization. While STM has proven to be a powerful method for 

identifying genes with potential roles in colonization, the task of assigning genotypes with  

colonization phenotypes is somewhat time consuming. Transposon-directed insertion-site 

sequencing (TraDIS) circumvents this problem by simultaneously identifying the location of 

the transposon within a mutant and the relative fitness of the mutant. As with STM, a 
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negative selection method is used in TraDIS to identify bacterial genes important for 

colonization by inoculating pools of transposon-insertion mutants in a host animal and then 

recovering colonization-proficient bacteria from the animal. The locations of transposons in 

the mutants are identified by parallel sequencing of transposon-flanking regions using DNA 

isolated from the input and output pools. DNA sequences from transposon insertions that 

result in colonization attenuation are underrepresented in the output pool relative to the input 

pool. Chaudhuri and co-workers used the TraDIS method to screen pools of random insertion 

mutants of S. Typhimurium in chicks, pigs, and calves [37]. Over 7,700 transposon-insertion 

mutants were mapped and assigned colonization phenotypes to 2,715 different genes in the 

study. Fitness scores were defined as the log2-fold change in the number of sequence reads 

obtained across the boundaries of each transposon insertion between the input and output 

pools. The researchers estimated P values using biological replicates (duplicates or triplicates 

of each mutant pool), and defined attenuated mutants as those with a negative fitness score 

and P≤0.05 [37]. Colonization phenotypes for twelve of the mutants identified from the 

TraDIS assay were tested by creating null mutants with defined deletions and using a CI 

assay in chicks to verify the predicted colonization defect. At day 4 post-inoculation, which 

corresponded to the time at which mutants were recovered for the TraDIS analysis, 

statistically significant differences in the ratio of mutant to wild-type strains recovered from 

the chicks compared to the ratio in the inocula were observed for eight of the null mutants, 

while significant differences were detected at later time points for two additional mutants 

[37]. These data suggest that the reliability of the TraDIS assay in predicting colonization 

phenotypes of individual mutants within a large mutant pool is fairly good. Further evidence 

supporting the reliability of TraDIS assay in predicting colonization phenotypes was the 

observation that multiple independent mutations for a given gene or pathway often resulted in 

attenuation (see Table 2 and reference [37]). 

A somewhat unexpected result from the study by Chaudhuri et al. [37] was the seemingly 

high number of transposon-insertion mutants which were attenuated. Of the 7,700 transposon-

insertion mutants that were screened and mapped in the TraDIS assays in the food-producing 

animals, 25%, 28% and 36% were identified as being attenuated in chicks, pigs and calves, 

respectively. Most of the genes identified as being potentially involved in colonization were 

required in all three animals, but smaller subsets of genes appeared to be host-specific. Many 

of the transposon insertions were in SPI genes or other genes which were known previously 

to be important for colonization. Many of the mutations, however, were in genes involved in 

nutrient acquisition or energy generation and had not been shown previously to be important 

for colonization. Examples of genes involved in catabolism, nutrient acquisition or energy 

generation that appear to be highly relevant for colonization of chicks, pigs or calves are 

listed in Table 2. To generate the gene list, we picked a set of 30 mutants (within unique 

genes) with the lowest P-values from the statistical analysis of the TraDIS data for each 

animal host, reasoning that these should be some of the most highly attenuated mutants. 

As seen in Table 2, mutations within a given gene did not always result in the same 

colonization phenotype in the TraDIS assay. These variances might result from the location or 

orientation of the transposon within the gene. The location of the transposon could affect the  

degree to which the insertion exerts polar effects on downstream genes. Alternatively, some 

transposon insertions within a given gene could result in the complete loss of activity of the 

product of the gene while other insertions might result in the expression of truncated proteins 
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that retain most or all of their function. It is possible that some such truncated proteins have 

unregulated activities that are deleterious. 

From the information presented in Table 2, we can make some generalizations which 

have been noted already. For instance, while most of the genes listed in Table 2 appear to be 

important for efficient colonization in all three of the food-producing animals there do appear 

to be some genes which are host specific. Two such examples of host-specific genes are pgi 

and pfkA, which encode the glycolytic enzymes glucose-6-phosphate isomerase (catalyzes the 

reversible isomerization of glucose-6-phosphate to fructose-6-phosphate) and 6-

phosphofructokinase (catalyzes the irreversible phosphorylation of fructose-6-phosphate to 

fructose-1,6-bisphosphate). These glycolytic enzymes appear to be important for efficient 

colonization in the chick (and pig to a lesser degree), but not in the calf. Since glucose levels 

are presumably quite low in the chick cecum [12], S. Typhimurium most likely needs 

glycolysis for chick colonization in order to generate precursor metabolites for biosynthesis 

rather than energy generation. Consistent with this hypothesis, mutants with transposon-

insertions in genes required for the biosynthesis of branched chain amino acids (isoleucine, 

leucine and valine) or histidine tended to be more attenuated for chick colonization than calf 

colonization in the TraDIS assays [37]. Biosynthesis of these amino acids requires precursor 

metabolites derived from glycolysis, pyruvate for branched chain amino acids and fructose-6-

phosphate for histidine. This suggests that branched chain amino acids and histidine are 

limiting in the chick cecum (but not the calf intestinal tract), and that Salmonella must be able 

to synthesize these amino acids to colonize the chick cecum. Such differences in the 

availability of these amino acids could be attributed to differences in the hosts‘ diets, 

physiologies or microbiota. 

As noted for the data presented in Table 1, functions are not known for many of the genes 

listed in Table 2. There are a couple of possible reasons for failure to assign known or 

predicted functions to these genes. The most obvious reason is that the products of the genes 

have not been analyzed biochemically. A second reason is that the genes were not carefully 

annotated in the genome sequence databases. Examples of potential gene assignments which 

have gone unnoticed in automated gene annotations are found in the genes gfrC 

(SL1344_4468), gfrE (SL1344_4470) and grfF (SL1344_4471) in Table 2. In 2005, Wiame 

and co-workers reported that the Enterococcus faecium grfABCDEF operon encode a novel 

phosphotransferase system (PTS) permease and two deglycases involved in fructoselysine 

and glucoselysine catabolism [38]. These researchers identified a homologous operon in S. 

Typhimurium and predicted that it was similarly involved in fructoselysine and glucoselyine 

catabolism [38]. We constructed null mutants for homologs of gfrAB, gfrE and gfrF in S. 

Typhimurium and confirmed that these genes are indeed required for utilization of 

fructoselysine and glucoselyine (K. A. Miller, unpublished data). Fructoselysine is formed by 

the reaction of glucose with the -amine of lysine followed by a spontaneous isomerization 

reaction (Amadori rearrangement) [39]. Glucoselysine is similarly formed from the reaction 

of fructose with the -amine of lysine, but the resulting product can undergo a couple of 

possible rearrangements, one of which is the 2-amino-aldose derivative with either a 

glucosamine (i.e., glucoselysine) or a mannosamine (i.e., mannoselysine) configuration [40]. 

The spontaneous reactions of amines with glucose or fructose are designated as glycation and 

fructation, respectively. We postulate that Salmonella encounters fructoselysine and 

glucoselysine in the intestinal tracts of food-producing animals when proteins modified by 
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glycation or fructation are degraded by proteases derived from the host or primary degraders 

in the gut microbiota. These modified proteins could come from feed, the host or members of 

the microbiota. 

 

Table 2. Examples of S. Typhimurium metabolic genes that appear to have roles in 

intestinal colonization of the chick, pig or calf 

 

Classification Gene name Known or predicted function 

d
Number of 

attenuated mutants 

versus total number 

of mutants 

chick pig calf 

Carbohydrate 

metabolism 

a
mtlD 

a
tktA 

a
pgi 

a
pfkA 

a,c
gfrE 

a,b
aceF 

 

a
SL1344_3746 

 
a
rpe 

a
pflB 

a
SL1344_3565 

b
nagA 

 
b,c

SL1344_3106 
b
eda 

b
SL1344_3059 

b
gfrF 

c
idnD 

c
SL1344_2738 

 
c
iolG2 

c
SL1344_2242 

c
SL1344_1471 

c
iolG1 

mannitol-1-phosphate dehydrogenase 

transketolase 

glucose-6-phosphate isomerase 

6-phosphofructokinase 

glucoselysine-6-phosphate deglycase 

E2 component of pyruvate 

dehydrogenase 

hypothetical fructose-1,6-

bisphosphate aldolase 

ribulose-phosphate-3-epimerase 

formate acetyltransferase 1 

hypothetical carbohydrate kinase 

N-acetylglucosamine-6-phosphate 

deacetylase 

putative xylanase/chitin deacetylase 

KHG/KDPG aldolase 

putative mannitol dehydrogenase 

fructoselysine-6-phosphate deglycase 

L-idonate 5-dehydrogenase 

hypothetical hexulose 6- phosphate 

synthase 

myo-inositol 2-dehydrogenase 

putative dehydratase 

putative zinc-binding dehydrogenase 

myo-inositol 1-dehydrogenase 

5/5 

5/5 

2/2 

2/2 

2/3 

2/2 

 

2/2 

 

3/3 

5/6 

3/4 

2/2 

 

3/6 

1/1 

1/3 

5/6 

3/4 

3/3 

 

1/2 

4/4 

2/2 

1/8 

5/5 

5/5 

1/2 

2/2 

2/3 

2/2 

 

2/2 

 

3/3 

2/6 

3/3 

2/2 

 

4/5 

1/1 

1/3 

5/6 

3/4 

3/3 

 

1/1 

3/3 

2/2 

2/6 

4/5 

5/5 

0/2 

0/2 

2/2 

2/2 

 

2/2 

 

3/3 

2/6 

4/4 

2/2 

 

4/4 

0/0 

1/3 

5/5 

4/4 

3/3 

 

2/2 

4/4 

2/2 

4/6 

Nitrogen 

metabolism 

a,b
SL1344_3563 

a,b
tdcB 

b
tdcD 

L-asparaginase 

catabolic threonine dehydratase 

proprionate kinase 

3/7 

6/6 

1/3 

5/6 

6/6 

2/3 

3/7 

4/4 

3/3 

Sulfur 

metabolism 

a
trmE 

a
SL1344_0084 

a
SL1344_3959 

a
yejM 

a
yheM 

 

a
SL1344_0033 

b
assT 

thiophene/furan oxidation 

hypothetical sulfatase 

possible sulfatase 

hypothetical sulfatase 

putative oxidation of intracellular 

sulfur 

possible sulfatase 

probable arylsulfate sulfotransferase 

3/3 

6/7 

9/13 

2/2 

2/2 

 

2/2 

1/4 

3/3 

7/7 

11/12 

2/2 

2/2 

 

1/1 

2/2 

3/3 

7/7 

11/12 

2/2 

2/2 

 

2/2 

3/3 
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Classification Gene name Known or predicted function 

d
Number of 

attenuated mutants 

versus total number 

of mutants 

chick pig calf 

 
c
SL1344_4047 

 
c
asrA 

hypothetical arylsulfate  

sulfotransferase 

anaerobic sulfite reductase subunit A 

5/9 

 

2/3 

7/9 

 

2/3 

7/8 

 

2/3 

Transport/ 

binding 

a
pstC 

a
pstB 

a,c
yjeM 

a,c
ycaM 

a
SL1344_3748 

 
a,c

SL1344_3799 
a
znuB 

 
a,c

mgtC 

 
a
focA 

a
ydeZ 

b
gfrC 

 
b
yrbF 

 
b,c

ptsI 

 
b
SL1344_0860 

b
pstA 

 
b
iroN 

 
b
ybbL 

b
fepG 

 

b
fepC 

 
b
SL1344_3750 

b
SL1344_2536 

b
mglB 

 
c
SL1344_4000 

 
c
yiaM 

 
c
yhjV 

c
SL1344_4001 

 
c
SL1344_0940 

 
c
SL1344_3100 

c
ybbY 

c
SL1344_3000 

phosphate transport 

phosphate transport 

putative amino acid transporter 

putative amino acid transporter 

IIC component of sugar-PTS 

permease 

hypothetical transporter 

high-affinity zinc transporter, 

membrane protein 

magnesium transporter, ATPase 

protein C 

probable formate transporter 

putative sugar transport protein 

IIC component of fructose-

/glucoselysine PTS permease 

putative ABC transporter, ATP-

binding protein 

phosphotransferase system (PTS), 

enzyme I 

possible transport protein 

phosphate transport system permease 

protein 

TonB-dependent siderophore 

receptor protein 

putative ABC transporter, ATP-

binding protein 

ferric enterobactin transport protein 

ferric enterobactin transport ATP-

binding protein 

EIIA component of PTS permease 

putative permease 

D-galactose-binding periplasmic 

protein precursor 

oligogalacturonate-specific 

porin(KdgM) family member 

TRAP-type transporter, small 

permease protein 

hypothetical amino acid permease 

TRAP-type transporter, large 

permease component 

hypothetical ion:amino acid 

symporter 

possible amino acid transport protein 

putative purine permease 

magnesium transporter, ATPase 

protein C 

3/3 

3/3 

4/8 

4/5 

5/7 

 

8/12 

1/1 

 

1/2 

 

3/3 

3/6 

1/1 

 

1/1 

 

3/3 

 

1/2 

3/3 

 

4/7 

 

1/1 

1/1 

 

1/1 

 

4/4 

1/1 

1/4 

 

1/2 

 

1/1 

 

5/9 

2/4 

 

2/2 

 

2/6 

3/4 

6/12 

3/3 

3/3 

3/7 

4/4 

6/6 

 

10/12 

1/1 

 

2/2 

 

2/3 

5/6 

1/1 

 

1/1 

 

3/3 

 

1/2 

2/3 

 

5/7 

 

1/1 

1/1 

 

1/1 

 

4/4 

1/1 

2/3 

 

1/2 

 

1/1 

 

7/7 

1/2 

 

2/2 

 

2/6 

4/4 

5/9 

2/3 

2/2 

6/8 

5/5 

6/6 

 

9/11 

1/1 

 

2/2 

 

2/3 

6/6 

1/1 

 

1/1 

 

3/3 

 

2/2 

2/3 

 

3/6 

 

1/1 

1/1 

 

1/1 

 

3/3 

1/1 

1/2 

 

2/2 

 

1/1 

 

9/9 

2/4 

 

2/2 

 

5/6 

4/4 

9/12 
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Table 2. (Continued) 
 

Classification Gene name Known or predicted function 

d
Number of 

attenuated mutants 

versus total number 

of mutants 

chick pig calf 

 
c
proV 

 
c
SL1344_3758 

glycine betaine/l-proline transport 

ATP-binding protein 

probable permease 

1/5 

 

1/3 

5/5 

 

1/3 

5/5 

 

2/3 

Regulatory 

protein for 

catabolic 

pathway(s) or 

nutrient 

acquisition 

a,b,c
fruR 

b
crp 

b
cyaA 

b
phoU 

 
b
citC 

fructose repressor 

cyclic AMP receptor protein 

adenylate cyclase 

phosphate transport system 

regulatory protein 

activates citrate lyase by acetylation 

4/4 

2/2 

2/2 

2/2 

 

0/4 

4/4 

2/2 

2/2 

2/2 

 

1/2 

4/4 

1/1 

2/2 

1/1 

 

4/4 

Energy 

generation  

a
hybD 

b
nuoC 

b
nuoA 

b
atpD 

c
cydA 

 
c
atpA 

c
nuoJ 

c
hypO 

hydrogenase-2 component 

NADH dehydrogenase I,  chain C 

NADH dehydrogenase I, chain A 

ATP synthase beta subunit 

cytochrome d ubiquinol oxidase 

subunit I 

ATP synthase alpha subunit 

NADH dehydrogenase I,  chain J 

hydrogenase-2 small chain protein 

2/2 

5/7 

2/2 

3/3 

1/1 

 

5/5 

0/2 

4/5 

0/2 

5/5 

1/1 

1/3 

1/1 

 

3/3 

2/2 

1/5 

0/1 

5/5 

2/2 

3/3 

1/1 

 

4/4 

2/2 

2/5 
a 
Transposon insertions in S. Typhimurium SL1344 metabolic genes that displayed the most statistically 

significant colonization defect (i.e., lowest E value) in the chick colonization model. The top 30 

genes are indicated. 
b
 Transposon insertions in S. Typhimurium SL1344 metabolic genes that displayed the most statistically 

significant colonization defect (i.e., lowest E value) in the pig colonization model. The top 30 

genes are indicated.  
c
 Transposon insertions in S. Typhimurium SL1344 metabolic genes that displayed the most statistically 

significant colonization defect (i.e., lowest E value) in the calf colonization model. The top 30 

genes are indicated.  
d 
Number of different insertion mutations in gene which displayed a statistically significant colonization 

defect (E<0.05) versus total number of insertion mutations for gene. Data presented in table are 

from Chaudhuri et al. [37]. 

 

Once a metabolic gene has been identified as having a potential role in colonization using 

a transposon-based screening method such as STM or TraDIS, one still has the tasks of first 

verifying that it is disruption of the gene containing the transposon insertion which is 

responsible for the colonization phenotype, and second, determining why inactivation of the 

gene interferes with colonization. With regard to verifying genotype-phenotype assignments, 

it is important to rule out polar effects on genes located downstream of the transposon 

insertion as being responsible for the colonization defect. This is typically done by 

constructing an unmarked deletion of the gene using the lambda Red recombination (referred 

to as recombineering) system [41] and then determining the colonization phenotype of the 

resulting null mutant. With regard to understanding of how a mutation affects colonization,  

there are a couple of scenarios which could account for how loss of a metabolic gene 

interferes with colonization. First, the mutation might directly block a pathway or process that 
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is necessary for growth of the bacterium in the animal host. The colonization defects of 

strains with mutations in the genes listed under the classification of ‗Energy generation‘ in 

Table 2 are most likely explained by this scenario. A second scenario is the mutation prevents 

the synthesis of an essential building block (e.g., amino acid, nucleotide, sugar) by preventing 

formation of a precursor metabolite. As discussed previously, we postulate that this scenario 

may account for the colonization defects for S. Typhimurium strains with mutations in pgi 

and pfkA. A third scenario is the mutation results in an accumulation of a toxic metabolic 

intermediate. Precedence for this hypothesis comes from the observation that elevated levels 

of sugar phosphates in E. coli can lead to the cessation of cell growth or even cell death [42-

44]. Disruption of mtlD, which encodes mannitol-1-phosphate-5-dehydrogenase, resulted in 

attenuation for colonization of S. Typhimurium in the chick, pig and calf in the TraDIS assay 

[37]. We postulate that the mtlD mutants are attenuated due to the accumulation of mannitol-

1-phosphate since strains with transpospon insertions in mtlA, which encodes a mannitol-

specific PTS permease, display wild-type levels of colonization in all three animal hosts. 

MtlA phosphorylates mannitol as it is transported across the membrane, and MtlD 

subsequently converts mannitol-1-phosphate to fructose-6-phosphate. Thus, knocking out 

mtlD would be expected to result in an intracellular accumulation of mannitol-1-phosphate 

when mannitol is available extracellularly.  

Transcriptome analysis to identify Salmonella metabolic genes involved in colonization. 

Transcriptomics, also referred to as expression profiling, examines the expression levels of 

mRNAs in a cell population using high-throughput methods such as DNA microarrays or 

next-generation sequencing technology (RNA-Seq). Harvey and co-workers used a whole-

genome DNA microarray to examine gene expression of S. Typhimurium harvested from 

chick ceca, comparing the expression pattern with that of bacteria grown in broth culture [12]. 

The researchers identified 282 S. Typhimurium genes which were up-regulated >2-fold in 

bacteria recovered from the luminal contents of the chick ceca compared to bacteria grown in 

broth culture [12]. Genes required for utilization of propionate (prp operon), ethanolamine  

(eut operon), 1,2-propanediol (pdu operon), melibiose (melA) and L-ascorbate (yiaM, yiaN, 

lyxK and sbgH) were all up-regulated in S. Typhimurium from the chick ceca, suggesting that 

these are carbohydrates that are utilized by Salmonella in the chick cecum. Other metabolic 

genes which were up-regulated in S. Typhimurium isolated from the chick ceca included 

genes required for the transport or catabolism of putrescine (potFG) and arginine (artJ, speA,  

adi, argA), again suggesting that S. Typhimurium encounters and utilizes these compounds in 

the chick ceca. 

Harvey and co-workers‘ identification of propionate, enthanolamine and 1,2-propanediol 

as carbon sources for S. Typhimurium in the chick cecum is an important observation and is 

consistent with results from similar studies in other host animals. Their results, however, 

represent only a brief snapshot of the metabolic processes Salmonella uses for efficient and 

long-term colonization of the intestinal tract. In their study, Harvey and co-workers 

inoculated chicks which were less than one-day old and sacrificed the chicks 16 hours post-

inoculation. In addition, the chicks were given sterile water but were not fed during this  

period, with their only nourishment coming from the unabsorbed yolk sac. Under such 

conditions, the chicks would not have developed the normal intestinal microflora and the 

bacteria within the intestinal tract would not receive the variety of nutrients derived from the 

feed. Thus, based on the results from the study by Harvey et al. [12] it is impossible to rule 
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out roles for metabolic pathways in S. Typhimurium that might be needed for colonization in 

the presence of the normal intestinal microflora or as the birds mature. 

Jay Hinton and co-workers recently published an extensive analysis of the S. 

Typhimurium transcriptome using RNA-Seq based technology [45]. While this study did not 

examine the S. Typhimurium transcriptional profile in an animal host, the researchers did use 

22 distinct growth conditions which mimicked environmental conditions relevant to infection. 

Some of the conditions were anaerobic growth, growth at 25
o
C, and shock to a variety of 

insults, including acid, bile, NaCl, low iron, nitric oxide, and peroxide. As expected, the 

various conditions resulted in characteristic transcription profiles, and 86% of all of the S. 

Typhimurium genes were induced under one or more of the conditions [45]. The study is a 

valuable resource for the Salmonella research community as it provides a comprehensive 

report on how infection-relevant environment conditions affect global transcription in S. 

Typhimurium. In addition, the Hinton lab has provided a web-based site where the expression 

profile data can be easily browsed (http://bioinf.gen.tcd.ie/cgi-bin/salcom.pl). 

Identification of Salmonella metabolic genes involved in colonization using proteomic 

approaches. Proteomics is the large-scale study of proteins and it generally involves the 

identification, and sometimes the quantification, of the entire set of proteins produced by an 

organism.  

A common proteomic procedure is liquid chromatograph-tandem mass spectrometry 

(LC-MS/MS). In LC-MS/MS, protein samples from an organism are digested with trypsin. 

The resulting peptides are separated by liquid chromatography and then analyzed by tandem 

mass spectrometry to identify the peptides based on their predicted atomic masses. We are 

unaware of any reports of proteomic approaches used to examine the Salmonella proteome 

for bacteria isolated from the intestinal tract of any host animal. Steeb and co-workers [46], 

however, used proteomics to examine the Salmonella proteome in a mouse systemic infection 

model that mimics human enteric fever. For these studies, the researchers used a cell sorter to 

isolate S. Typhimurium from infected mouse spleen. The S. Typhimurium strain used to infect 

the mice expressed a green fluorescent protein which facilitated the sorting.  

The researchers were able to estimate copy numbers for 477 metabolic enzymes, which 

included 102 transporters and enzymes involved in the 24 pathways for the catabolism of 

various carbohydrates, amino acids, nucleosides and lipids [46]. To determine which of these 

pathways were important for intracellular growth and survival of Salmonella in host tissue, 

Steeb and co-workers used a CI assay to analyze a panel of mutants disrupted  

in the various pathways. Transport proteins were preferentially targeted for deletion rather 

than enzymes in catabolic pathways to avoid the potential for the accumulation of toxic 

metabolic intermediates.  

The researchers found that Salmonella colonization of the mouse spleen was dependent 

on the ability of the bacterium to utilize glycerol, fatty acids, N-acetylglucosamine, gluconate, 

glucose, lactate and arginine [46]. These findings indicate that in systemic infections, 

Salmonella is dependent on a complex diet with a variety of nutrients which appear to be 

available in only scarce amounts. 
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ACQUISITION OF DIVALENT METAL IONS BY SALMONELLA  

IN THE INTESTINAL TRACT 
 

In addition to –omics driven approaches to identify genes with potential roles in host 

colonization, researchers have often examined how inactivation of specific metabolic 

processes or genes impacts colonization. Researchers have used this later approach to 

determine potential roles for Salmonella metal acquisition in host colonization. To establish a 

niche within the gut microbial community, Salmonella must be able to scavenge essential 

metal ions from the surrounding environment. S. Typhimurium uses a variety of specialized 

transporters to acquire essential metals in the metal-limited environment of the gut.  

One of the most important metals that Salmonella requires is iron. Iron is limited in the 

gut because of sequestration of iron by host proteins like heme, ferretin, transferrin, and 

lactoferrin [47]. All Enterbacteriaceae, including Salmonella and commensal Eschericia coli, 

secrete enterochelin, a siderophore which allows the bacteria to scavenge iron in a non-

inflamed host [48]. During an inflammatory response induced by Salmonella during infection, 

however, the host secretes lipocalin-2, an antimicrobial peptide that sequesters ferric 

enterochelin which can limit growth of bacteria that only use enterochelin for iron acquisition 

[49, 50]. To circumvent the iron limitation during inflammation, Salmonella produces 

salmochelin, a C-glycosylated derivative of enterochelin that is too large to be bound by 

lipocalin-2 [51, 52].  Thus, salmochelin enhances Salmonella colonization in the inflamed 

intestine [53]. E. coli Nissle 1917 is a commensal bacterium that can establish a persistent 

colonization of the murine intestinal tract and has been used to treat acute enteritis [54].  

Interestingly, the E. coli Nissle 1917 genome encodes for multiple iron uptake systems 

including one for salmochelin [55].  This probiotic bacterium reduces S. Typhimurium‘s 

ability to colonize the intestinal tract by competing for iron [56]. When Escherichia coli strain 

Nissle 1917 is co-inoculated with S. Typhimurium, it is able to outcompete and reduce S. 

Typhimurium colonization in the mouse models of acute colitis and chronic persistent 

infection [56].  

Salmonella induces inflammation through its interactions with host cells including 

epithelial cells and antigen-presenting cells such as macrophages and dendritic cells. Antigen-

presenting cells infected by S. Typhimurium secrete cytokines that induce a tissue response 

leading to an influx of neutrophils to the gut mucosa. Neutrophil protein calprotectin is 

induced during infection with S. Typhimurium. Calprotectin, which is the most abundant 

antimicrobial protein secreted by neutrophils, chelates zinc and inhibits microbial growth by 

limiting zinc availability [57]. Although calprotectin has antimicrobial properties against 

many bacteria, it does not inhibit growth of S. Typhimurium as the bacterium is able to 

acquire zinc by expressing a high-affinity zinc transporter (ZnuABC). Mutants that lack 

ZnuABC are impaired in colonization of the intestinal tract suggesting that the zinc transport 

system is required for Salmonella to compete effectively with the resident microbiota [58]. 
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SALMONELLA UTILIZES LIBERATED HOST SUGARS  

TO PROMOTE EXPANSION  
 

The gut microbiota is made up of primary and secondary degraders like Bacteroides and 

Firmicutes [59]. The primary degraders break down polysaccharides, oligosaccharides and 

glycoproteins ingested by the host as well as host mucin to release sugars which they, as well 

as other bacteria in the gut, can utilize. During normal conditions, where the host is not 

challenged by a pathogen or treated with antibiotics, most of the nutrients that are released are 

utilized by the normal microflora, making it difficult for an invading pathogen to find the 

nutrients it needs to successfully colonize the host. Treatment of the host with antibiotics 

disrupts the normal intestinal microflora which allows pathogens such as Salmonella to 

establish a niche within the host. Sialic acid and fucose commonly occur as terminal sugars of 

the oligosaccharides attached to mucin. Although Salmonella lacks extracellular enzymes for 

removing sialic acid and fucose from host glycoproteins, it does possess genes encoding 

enzymes that enable it to utilize sialic acid (nan genes) and fucose (fuc genes) freed by 

primary degraders.  

Ng and co-workers [60] explored the interaction that S. Typhimurium has with a 

representative member of the intestinal microflora and primary degrader, Bacteroides 

thetaiotaomicron. B. thetaiotaomicron is a common colonizer of the human gut which 

produces extracellular enzymes to degrade both dietary and mucin-derived polysaccharides. 

Ng et al. [60] observed that levels of free sialic acid were increased in mice inoculated with B. 

thetaiotaomicron 6-fold compared to germ-free mice or mice that were colonized with a 

sialidase-deficient mutant of B. thetaiotaomicron. B. thetaiotaomicron does not use the 

liberated sialic acid, but does release and utilize the sugars that are interior to the terminal 

sialic acid. In a mouse colitis model, S. Typhimurium nan and fuc genes were shown to be 

upregulated in a B. thetaiotaomicron-dependent manner [60]. Removing the pathways for 

fucose and sialic acid utilization reduced the competitiveness of S. Typhimurium in mice in 

the presence of B. thetaiotaomicron showing that these systems are important for Salmonella 

to grow during infection.  

To determine the role of sialic acid in mice containing a complex microflora, Ng et al. 

treated conventional mice with antibiotics. Before antibiotic treatment, the levels of free sialic 

acid were low suggesting that the sialic acid that is present is quickly used up by the resident 

bacteria. After antibiotic treatment, however, there was a spike in the amount of free sialic 

acid, presumably due to the disruption of the microbiota [60]. It should be noted that high 

doses of streptomycin treatment results in a mild inflammatory response in mice [61], and 

Salmonella presumably takes advantage of both the disruption of the microflora as well as the 

host inflammatory response.  

 

 

HOST INFLAMMATION CAN PROMOTE GROWTH OF SALMONELLA 
 

Studies of S. Typhimurium in the streptomycin-treated mouse colitis model have shown 

that certain virulence factors induce inflammation resulting in the production of compounds  

that can serve as terminal electron receptors to support anaerobic respiration in Salmonella 

during infection [61]. In the 1980s, a multidrug-resistent S. Typhimurium strain that 
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contained a phage encoding type III effector SopE caused an epidemic among cattle and 

humans [62, 63].  

SopE induces intestinal inflammation in the host [64]. S. Typhimurium strains that 

possess the phage-encoded SopE stimulate the host to produce nitric oxide synthetase (iNOS) 

in the intestine. Nitric oxide generated under these conditions can be converted to nitrate 

which is a desirable electron acceptor for Salmonella and results in an outgrowth of 

Salmonella in the intestinal lumen [65]. In addition to stimulating nitric oxide production in 

the host, SopE also suppresses the expression of S. Typhimurium genes involved in the 

utilization of less favorable electron acceptors such as tetrathionate [65]. 

Tetrathionate utilization is common in Salmonella and is used to differentiate it from 

other Enterobacteriaceae.  The ttrSR ttrBCA gene cluster in Salmonella is required for 

utilization of tetrathionate as a terminal electron acceptor. Colonic bacteria produce high 

amounts of hydrogen sulfide (H2S), which is extremely toxic. To circumvent this toxicity, the 

cecal mucosa converts hydrogen sulfide to thiosulfate (S2O3
2-

) [66].  Thiosulfate cannot be 

used as an electron receptor by the ttrSR ttrBCA gene cluster [67]. However, thiosulfate can 

be oxidized during intestinal inflammation to tetrathionate (S4O6
2-

) [68], which can be used as 

a respiratory electron acceptor for Salmonella. Under the anaerobic conditions of the 

intestinal lumen, bacteria compete for high-energy nutrients for fermentation. Using 

tetrathionate as an electron acceptor for anaerobic respiration allows Salmonella to use 

products that can only be respired, which provides the bacterium with a growth advantage. 

Using the mouse colitis model, Winter et al. showed that a ttrA mutant, which is defective in 

tetrathionate utilization, is attenuated for colonization of the mouse intestinal tract [68]. By 

analyzing the microbiota composition, it was shown that the wild-type strain, but not the ttrA 

mutant, was able to out-compete the resident microbiota in the cecum [68]. Ethanolamine is a 

major non-fermentable carbon source found in the intestinal tract. S. Typhimurium‘s ability to 

respire ethanolamine in the presence of tetrathionate gives it an advantage to successfully 

colonize the inflamed gut [69]. 

Although inflammation from the host allows Salmonella to thrive, too much 

inflammation can result in tissue damage which can trigger a severe immune response. To 

overcome this, Salmonella keeps host inflammation in check through GogB. Host 

ubiquitiniation systems regulate the host inflammatory response [70]. GogB is an effector 

protein in Salmonella that targets the host SCF E3 type ubiquitin ligase via an interaction with 

Skp1 and the human F-box only 22 (FBXO22) protein. SCF complexes of E3 ubiquitin ligase 

catalyze the ubiquination of proteins for degradation. The E3-type SCF ligase complex 

regulates the NFΚB (nuclear transcription factor ΚB) pathway [71]. It has been shown that 

Salmonella lacking a functional GogB are unable to limit NFΚB activation which causes an 

increase in the proinflammatory response in mice. This proinflammatory response is 

accompanied by extensive tissue damage and enhanced colonization of the gut in long-term  

chronic infection models [72]. GogB, then, is able to regulate the amount of inflammation-

enhanced colonization by limiting the amount of tissue damage during infection [72]. 
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METABOLIC GENES INVOLVED IN SALMONELLA  

PLANT COLONIZATION 
 

In addition to being a problematic contaminant in meat and eggs, Salmonella 

contamination has also been an issue in produce where it has been linked to the presence of 

soft rot disease. Goudeau et al. showed that the population of S. Typhimurium increases 56-

fold when inoculated by itself on to cilantro leaves, compared to a 2,884-fold increase in 

population size when co-inoculated with Dickeya dadantii, a pathogen that causes soft rot 

lesions in plants by macerating the plant tissue [73]. Transcriptome analysis of D. dadantii 

and S. Typhimurium indicate that S. Typhimurium uses anaerobic metabolism while infecting 

lettuce and cilantro and that it catabolizes substrates that are made available by the plant 

tissue degradation. Twenty-nine percent of the genes that were up-regulated in S. 

Typhimurium upon plant tissue infection had previously been shown to be involved in the 

colonization of the chick intestine [73]. Many of the genes identified in these studies were 

also shown to be involved in the colonization of mice, pigs, and cattle. The transcriptome data 

revealed that some of the most highly expressed genes in S. Typhimurium were genes 

involved in the utilization of 1,2-propanediol (pdu operon) and ethanolamine (eut operon) in 

both lettuce and cilantro [73]. Utilization of 1,2-propanediol and ethanolamine are dependent 

on cobalamin, and expression of genes involved in cobalamin synthesis are also highly 

expressed in S. Typhimurium upon colonization of produce. A S. Typhimurium mutant which 

was unable to utilize 1,2-propanediol or ethanolamine did not colonize lettuce and cilantro as 

efficiently as wild type indicating that these compounds represent significant carbon and 

energy sources for the bacterium when it colonizes produce [73].  

It has also been shown that siderophore biosynthesis is required for efficient colonization 

of alfalfa by Salmonella [74]. Through screening deletion mutants, Hao et al. found that an 

aroA mutant was defective in alfalfa root colonization [74]. AroA is part of the chorismic acid 

biosynthesis pathway which is a metabolic part of aromatic amino acid and siderophore 

production. This growth defect was not complemented with the addition of tryptophan or 

phenylalanine, but growth and alfalfa colonization were restored with the addition of ferrous 

sulfate indicating that siderophore biosynthesis is important in the colonization of alfalfa 

roots.  In support of this hypothesis, loss of entB, which is required for siderophore 

biosynthesis, interfered with the ability of S. Typhimurium to colonize alfalfa [74].  

 

 

FUTURE DIRECTIONS 
 

Salmonella continues to be a major foodborne pathogen and is transmitted primarily to 

humans through the consumption of meat, eggs or poultry. Infection of poultry and other 

food-producing animals with most Salmonella serovars generally results in asymptomatic 

intestinal colonization that leads to carcass contamination and entry into the food supply. If 

we are to begin to make progress on reducing the prevalence of Salmonella in food-producing 

animals and thereby reduce the incidence of salmonellosis in humans, we need to develop a 

better understanding of the metabolic processes in Salmonella which promote intestinal 

colonization of food animals by the pathogen. Results from recent –omics driven approaches 

have begun to close this critical gap in our knowledge by identifying a number of metabolic 
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genes as having possible roles in Salmonella colonization of the chick, pig and calf. While 

roles for these metabolic genes in colonization will need to be verified, it seems likely that a 

significant number of these genes will prove to be important for efficient intestinal 

colonization of food-producing animals. Studies on how specific metabolic processes in 

Salmonella impact intestinal colonization have already yielded exciting discoveries, such as 

how Salmonella exploits the host‘s inflammation response to gain access to electron acceptors 

(e.g., nitrate and tetrathionate) which it can use for anaerobic respiration [65, 68]. We 

anticipate that future studies to characterize metabolic genes and their roles in colonization 

will similarly lead to exciting new discoveries regarding Salmonella physiology within the 

intestinal tract.  
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ABSTRACT 
 

Salmonella is the confirmed causative agent of numerous foodborne outbreaks 

throughout the world. Successful monitoring of the outbreaks and effective 

implementation of control programs essentially requires the accurate identification of the 

infection source and the transmission pathways throughout the food chain. Traditional 

typing relied on phenotypic characteristics such as serotyping, phage typing and 

antimicrobial susceptibility testing. More recently a wide range of methods relying on 

differences at genome level, such as Pulsed-Field Gel Electrophoresis (PFGE), Multi-

Locus Variable number of tandem repeats Analysis (MLVA), Multi Locus Sequence 

Typing (MLST), Single Nucleotide Polymorphisms (SNPs) of Whole Genome Sequences 

(WGS) and Clustered Regularly Interspaced Palindromic Repeats (CRISPR) have been 

introduced, thoroughly studied and extensively applied. All these techniques are 

characterized by certain advantages and drawbacks that should be taken into 

consideration before any conclusion of epidemiological nature is drawn. In this chapter 

all information relevant to current typing schemes of food-associated salmonellae is 

integrated and critically reviewed. 

 

 

INTRODUCTION 
 

Salmonella is the causative agent of hundreds of millions of human illnesses and 

hundreds of thousands of deaths annually worldwide. In the U.S. a number of approx. 1.0 
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million salmonellosis cases are reported annually; it is the second most frequent causative 

agent of foodborne illness with Norovirus being the most frequent. The estimated annual 

hospitalizations account for approx. 19.000 with approx. 380 deaths. Regarding the latter, 

salmonellosis is responsible for more deaths than any other foodborne illness, on an annual 

base. The non-typhoidal serotypes Typhimurium, Enteritidis, Newport, Heidelberg and 

Javiana were the 5 most frequently reported serotypes isolated from human sources from 

1999 to 2009; the typhoidal serotypes Paratyphi B var. L(+) tartrate+ and Typhi were in the 

20 most frequently reported serotypes isolated from human sources during the same decade 

(CDC, 2012). Salmonella in food was mainly associated with meat and meat product; 

however presence on fruits and vegetables is increasingly reported as well as the respective 

outbreaks. 

A plethora of subtyping techniques currently exists. Epidemiological surveillance 

involves the identification of the source(s) of contamination as well as the route of 

transmission. In that context, subtyping is needed to assist, integrate and verify 

epidemiological data. In the absence of such data, great caution should be given to the 

interpretation of subtyping as it is very likely to lead to erroneous conclusions. A genetic 

marker is selected in order to provide with the above mentioned support. Therefore, the 

selection of the genetic marker is of paramount importance. First of all, it should be stable 

during the study period. This means that selection of different markers may be necessary for 

short-term and long-term studies. Moreover, the genetic marker should be able to separate the 

isolates and at the same time remain concordant with the epidemiological data. Regarding the 

technique selected to assess this genetic marker; it should lead to reproducible results 

irrespective operator, place and time and therefore facilitate data exchange (van Belkum et al., 

2007). 

The typing schemes that have been used for Salmonella include both phenotypic and 

genotypic approaches. Serotyping, phage-typing and antimicrobial resistance typing belong to 

the former. The latter may be further subdivided according to the type of the data that is 

compared to profile-based analysis and sequence-based analysis. Ribotyping, plasmid profile 

analysis, Pulsed-Field Gel Electrophoresis (PFGE) and Multi-Locus Variable-Number 

Tandem Repeat Analysis (MLVA) belong to the former while Multi-Locus Sequence Typing 

(MLST), Single Nucleotide Polymorphisms (SNPs) analysis, Whole Genome Sequence 

(WGS) analysis and Clustered Regularly Interspaced Short Palindrome Repeats (CRISPRs) 

analysis belong to the latter. Serotyping has been the most widely used subtyping method. It 

is used to study the antigenic variability in the outer membrane lipopolysaccharides (O 

antigens), flagellar proteins (H1 and H2 antigens) and capsular polysaccharide (Vi antigens). 

This scheme has created a reference discrimination for Salmonella to over 2500 serovars. Due 

to the technical limitations of traditional serotyping, PCR-based protocols have been proposed 

(Kim et al., 2006; Malorny et al., 2009; Leader et al., 2009; Liu et al., 2011a; Beaubrun et al., 

2012) assessing the most common serotypes. From an epidemiological perspective, 

serotyping is of limited usefulness since the serotypes associated with human disease are very 

few. Phage typing is another typing scheme in which the strains are characterized by their 

reactivity against a set of phages. Although it is not technically demanding, it is prone to 

interpretation errors and not fully reproducible. However, it is useful for an initial 

characterization of isolates and of similar usefulness to the serotyping scheme regarding 

epidemiological surveillance. Antimicrobial resistance typing determines the resistance 

profile of a strain to a set of antimicrobials. It has also been extensively used in the past and is 
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still employed in some studies. It is not technically demanding and of similar usefulness with 

the previous phenotypic methods. 

Regarding the genotyping approaches that have been used for Salmonella subtyping, 

PFGE is the preferred one by the majority of the laboratories that study Salmonella from an 

epidemiological perspective. PFGE is currently recognized as one of the most effective typing 

techniques for clustering and differentiation generally of foodborne pathogens. In the case of 

Salmonella, numerous studies employing this technique in epidemiological surveillance have 

been published. However, typing with PFGE is not effective in all cases and assistance by 

other techniques is sometimes required and is currently available, as will be presented in the 

following paragraphs. 

 

 

PROFILE-BASED COMPARISONS 
 

In profile-based comparisons the isolates are subjected to a genotypic profile-generating 

procedure, either PCR mediated (e.g. MLVA) or not (e.g. PFGE). Differences in the 

sequences between the isolates are detected and visualized through the resulting genotypic 

profile. Two isolates are considered identical when the number and the apparent sizes of the 

fragments are identical. In the case of PFGE, isolates are classified as closely related or 

possibly related when the observed number of fragment differences are 2-3 and 4-6, 

respectively. On the other hand, when that number is more than seven, the isolates are 

characterized as unrelated (Tenover et al., 1995).  

The most effective profile-based techniques, from an epidemiological perspective are 

PFGE and MLVA that are further discussed.  

 

 

Pulsed-Field Gel Electrophoresis (PFGE) 
 

The Pulsed-Field Gel Electrophoresis includes the use of restriction enzymes to cleave 

DNA into large fragments that are subsequently separated with gel electrophoresis in a pulsed 

field. It has been extensively used for the assessment of genetic diversity among various 

isolates from a wide range of isolation sources (Paramithiotis et al., 2008; Doulgeraki et al., 

2010; 2011) as well as for subtyping of bacterial pathogens. Regarding the latter, it is 

currently considered as the ‗gold standard‘ due to its high discriminating power and good 

epidemiological concordance. Therefore, an internet-based platform, namely PulseNet, has 

been created to enable public health laboratories to share PFGE data and thus identify 

outbreaks (Swaminathan et al., 2001). 

The discriminatory power of PFGE may be adjusted by selecting the appropriate type and 

number of endonucleases. In cases in which application of an enzyme results in 

epidemiologically meaningless clusters or fails to separate unrelated isolates, then additional 

enzymes should be employed, e.g. PulseNet recommends primarily the use of AscI for L. 

monocytogenes surveillance and secondarily the use of ApaI. On the contrary, cases in which 

PFGE is too discriminatory, i.e. fails to cluster epidemiologically related isolates, are not very 

often reported and may occur in long-term studies that include isolates that share a very 

recent common ancestor.  
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Regarding subtyping of Salmonella isolates, PulseNet recommends primarily the use of 

XbaI, secondarily of BlnI/AvrII and tertiary of SpeI. Many outbreaks have been identified by 

PFGE but there are also many cases in which assistance by another technique was necessary 

in order to separate indistinguishable by PFGE isolates; some of the proposed technique 

combinations are discussed further in the text. 

PFGE is also characterized by certain disadvantages; it is slow, labor-intensive, requires 

appropriately trained personnel and the results are often prone to misinterpretation. Especially 

regarding the latter, much effort has been made to reach a consensus. The first effective 

attempt was made by Tenover et al. (1995); a glossary of terms as well as the categories of 

genetic and epidemiologic relatedness was set. Moreover, guidelines were given for the 

interpretation of the PFGE patterns within the context of epidemiological studies of outbreaks 

spanning relatively short periods. The latter has been proved very important since the 

interpretation in the context of organism diversity must also take into consideration the 

clonality of the particular microorganism under study and therefore may be totally different. 

An update to these recommendations for interpreting PFGE results was provided by Barrett et 

al. (2006) in an attempt to address the inconsistencies after years of application.  

 

 

Multi-Locus Variable-Number Tandem Repeat Analysis (MLVA) 
 

The Multi-Locus Variable-Number Tandem Repeat Analysis (MLVA) involves the 

comparison of multiple variable-number tandem-repeat sequences (VNTRs) of DNA between 

strains. Clustering capacity can be adjusted by varying the number and the type of the loci 

that are studied; rapidly evolving VNTRs are useful for the discrimination of closely related 

isolates and in short-term epidemiological studies whereas slowly evolving VNTRs may be 

used to assess genetic relatedness among isolates with different evolutionary distances and in 

long-term epidemiological assessment. MLVA generally exhibits both relative stability and 

concordance with PFGE. Moreover, it has important advantages: the protocol is less labor-

intensive, faster and much cheaper than PFGE. Furthermore, it is characterized by higher 

processing capacity, it can be completely automated and the generated data are more easily 

analyzed and shared between laboratories. Therefore several MLVA protocols have been 

developed and successfully used for subtyping of many bacteria such as Bacillus anthracis 

(Keim et al., 2000), Borderella pertussis (Schouls et al., 2004), Coxiella burnetti (Svraka et 

al., 2006), Enterococcus faecalis (Titze-de-Almeida et al., 2004), Escherichia coli O157:H7 

(Lindstedt et al., 2003b; Noller et al., 2003), Francisella tularensis (Farlow et al., 2001; 

Johansson et al., 2004), Haemophilus influenzae (Schouls et al., 2005), Mycobacterium 

tuberculosis (Allix et al., 2004), M. paratuberculosis (Overduin et al., 2004), Neisseria 

meningitidis (Yazdankhah et al., 2005), Pseudomonas aeruginosa (Outeniente et al., 2003), 

Shigella sonnei (Liang et al., 2007) and Yersinia pestis (Klevytska et al., 2001).  

As far as Salmonella is concerned, MLVA is serotype specific; therefore each serotype 

requires the evaluation of new loci. For that purpose many schemes targeting at various 

VNTRs have been developed over the years. 

Salmonella Typhimurium has been the epicenter of intensive study regarding the 

development of an effective MLVA protocol due to the significance of this serotype in 

foodborne salmonellosis as well as the inability of PFGE to discriminate between certain 

closely related strains, particularly DT104 isolates. Lindstedt et al. (2003a) developed a 
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VNTR-based typing assay using 78 isolates. The use of loci designated as STTR1 to STTR8 

provided with better resolution than PFGE with XbaI. This protocol was further improved by 

Lindstedt et al. (2004). A better adaptation to capillary electrophoresis was performed in that 

study by excluding STTR1, STTR2, STTR4, STTR7 and STTR8, retaining STTR3, STTR5 

and STTR6 and adding two new loci designated as STTR9 and STTR10 with more 

appropriate size ranges for capillary electrophoresis. The improved protocol was effectively 

applied in the subtyping of 106 S. Typhimurium isolates of various phage types. Furthermore, 

it was successfully applied by Hopkins et al. (2007) to analyze 190 isolates from 8 

epidemiologically distinct outbreaks. It was concluded that MLVA provided with better 

discrimination than PFGE with XbaI for some phage types. More accurately, isolates from 

three outbreaks belonging to phage types 104 and 104b that were indistinguishable by PFGE 

were successfully allocated to the outbreaks with MLVA. Moreover, the results suggested the 

possibility of small changes within certain loci during the course of an outbreak. Ross et al. 

(2009) assayed 78 S. Typhimurium isolates, from which 37 were DT126 and 41 non-DT126. 

MLVA was performed on 10 loci; STTR2, STTR3, STTR5, STTR6, STTR7, STTR9 and 

STTR10 according to the studies by Lindstedt et al. (2003a; 2004) and TR1, TR2 and TR3 

according to the study by Liu et al. (2003) on S. Typhi. Generally, loci STTR5 and STTR6 

were reported as the most variable. However, the variability of locus STTR5 was only 

observed for the 41 non-DT126 isolates. On the contrary, no variation in fragment length was 

observed regarding DT126 isolates. These differences were assigned to variation in the 

genetic make-up of different phage types regarding the evolution of the loci used for the 

MLVA as well as to the origin of the isolates. As far as the loci that were derived from the 

studies on S. Typhi were concerned, they failed to provide any discrimination between the S. 

Typhimurium isolates. A total of 440 S. Typhimurium isolates collected from a variety of 

sources over a period of 15 years were used for the development and evaluation of a MLVA 

protocol by Chiou et al. (2010). A number of 16 VNTRs, designated as ST01 (STTR7), ST06 

(STTR3), ST16, ST17, ST19 (STTR6), ST20, ST22, ST23, ST25 (STTR5), ST26 (STTR9), 

ST28, ST30, ST35, ST36, ST38 and ST40 (STTR10) were tested for their ability to cluster 

and differentiate the isolates. STTR5, STTR10, STTR6 and STTR3 were reported to be the 

most diverse loci while ST35, ST36, ST38 and ST30 were the less diverse. MLVA based on 

the 4 most variable VNTRs (MLVA4) exhibited better resolving power than PFGE with XbaI 

whereas MLVA8 resulted in additional discriminatory power. The clonal relationships 

between the isolates were better displayed by the MLVA based on all 16 VNTRs. 

Salmonella Enteritidis is reported as the second most common Salmonella serotype in the 

U.S. Moreover, PFGE has only limited usefulness in epidemiological surveillance of this 

serotype due to the fact that this is one of the most genetically homogeneous serotypes. 

Therefore, the need for the development of an MLVA protocol was imperative. Boxrud et al. 

(2007) selected 10 loci, designated as SE1 to SE10 and assayed one hundred fifty-three 

isolates, forty of which from four separate outbreaks and the rest without any known 

epidemiological link. MLVA provided with better discrimination than PFGE with XbaI and 

BlnI, as indicated by the Simpson‘s index. Regarding epidemiological concordance, both 

MLVA and PFGE correctly clustered the isolates within the respective outbreaks. However, 

MLVA allowed better discrimination of isolates between outbreaks as well as between 

outbreak-related and unrelated ones. A multiplex PCR targeting seven VNTRs, namely SE1, 

SE2, SE3, SE5, SE7, SE8 and SE9 coupled with capillary electrophoresis was developed by 

Cho et al. (2007). A total of 34 S. Enteritidis isolates from various sources was assayed. It 
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was reported that MLVA had better discriminatory power than PFGE with XbaI and BlnI. 

Moreover, the clonal groups based on MLVA were largely associated with the origin of the 

isolates. Cho et al. (2008) studied the allele distribution and the genetic diversity of nine 

VNTR loci between 145 isolates from different sources including humans, chickens and eggs. 

The loci described by Boxrud et al. (2007) were selected except for SE4. It was revealed that 

the genetic diversity, as defined by Nei‘s index, was higher in human isolates (0.41) than 

chicken (0.30) and egg ones (0.16). Especially regarding loci SE3, SE7 and SE9, human 

isolates displayed significantly higher diversity than the isolates from the other sources. On 

the contrary, chicken isolates exhibited significantly higher diversity in loci SE5 and SE10 

than the isolates from the other sources. A new MLVA method with emphasis on the most 

predominant phage types PT4 and PT8 was reported by Malorny et al. (2008). A set of nine 

loci was amplified by multiplex PCR; fragment size analysis was performed automatically 

using a multicolor capillary electrophoresis instrument. The loci selected were SE1, SE2, 

SE3, SE5, SE7, SE9 and SE10 according to Boxrud et al. (2007), STTR7 according to 

Lindstedt et al. (2003a) and the newly selected SENTR3. A total of 240 isolates including 23 

definite phage types were assayed and excellent epidemiological concordance was exhibited. 

A simplified subtyping protocol based on three hypervariable VNTR loci was reported by 

Beranek et al. (2009). The loci selected were SE1 and SE2 according to Boxrud et al. (2007), 

STTR5 according to Lindstedt et al. (2003a) and ENTR6. One hundred twelve random 

isolates were included in the study. The MLVA provided with improved discrimination 

power than PFGE with XbaI, the former resulted in a Simpson‘s index of 0.91 while the latter 

in only 0.41. 

S. Typhi and Paratyphi A are highly monomorphic and genetically related serovars 

(McClelland et al., 2004). Therefore PFGE may not be discriminatory enough to differentiate 

between outbreak related and unrelated strains and thus the development of an MLVA 

protocol was necessary. The development of an MLVA protocol for typing of S. Paratyphi A 

was reported by Tien et al. (2011). A total of 55 isolates were included in the study, collected 

in 10 years from at least 6 countries of South and Southeast Asia. The MLVA protocol was 

based on the study of 6 loci, namely Sal02 (Ramisse et al., 2004) and STTR5 (Lindstedt et al., 

2004) and Sty14, Sty16, Sty19 and Sty26, and revealed the high clonality of the isolates. 

Moreover, it provided with higher discrimination level that PFGE with XbaI and BlnI. 

However, the level of discrimination was not sufficient enough to separate all 

epidemiologically unrelated isolates; situation was improved when the two methods were 

combined. Regarding S. Typhi, Liu et al. (2003) published a protocol based on a multiplex 

PCR of three VNTRs designated as TR1, TR2 and TR3. A total of 59 isolates were assayed 

revealing a high level of profile heterogeneity. Octavia and Lan (2009) reported the 

development of an MLVA assay employing nine VNTRs and coupled with capillary 

electrophoresis. The loci studied were the newly selected TR4500 and TR4699, TR1 and TR2 

according to Liu et al. (2003) and the SAL02, SAL06, SAL10, SAL16 and SAL20 according 

to Remisse et al. (2004). A total of 73 isolates were assayed and a nearly complete 

discrimination was achieved. Although typing of the five most variable VNTRs, namely TR2, 

TR4699, SAL02, TR1 and SAL20 was sufficient to achieve maximum differentiation of the 

isolates included in the study, the addition of TR4500 and SAL16 was suggested to gain extra 

discriminatory power for outbreak investigations. The evolutionary relationships revealed by 

MLVA were in conflict with the ones obtained using SNP analysis (Octavia and Lan, 2007) 

most probably due to the increased speed with which VNTRs seem to have evolved and 
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therefore the insufficient phylogenetic information that has been retained for the accurate 

depiction of the evolutionary relationships suggesting that VNTRs could be used to determine 

the relationships of only closely related isolates. The subtyping of 125 S. Typhi isolates 

collected in 14 years by MLST using 11 VNTRs, namely the newly selected Sty2 and Sty3, 

TR1, TR2 and TR5 (Liu et al., 2003), STTR5 (Lindstedt et al., 2003a), Sal02, Sal06 and 

Sal20 (Ramisse et al., 2004) and TR4500 and TR4699 (Octavia & Lan, 2009) was reported by 

Tien et al. (2012). Seven of the eleven VNTPs were highly variable and therefore MLVA8 

displayed a high level of discrimination between the isolates without any epidemiological 

connection; the discrimination index was even higher than the respective obtained by PFGE 

with XbaI and BlnI. Moreover, establishment of accurate genetic relationships between very 

closely related S. Typhi isolates could be performed by using the whole set of VNTRs.  

The development and application of an MLVA protocol for S. Newport, a clinically and 

epidemiologically important serovar that is also characterized by multidrug resistance, was 

reported by Davis et al. (2009). A set of 132 isolates was assayed by six VNTPs, four of 

which were specifically selected for S. Newport and two, namely STTR5 and STTR6 were 

derived from S. Typhimurium experiments (Lindstedt et al., 2003a). It was reported that the 

protocol demonstrated excellent repeatability and close congruence with PFGE with XbaI as 

well as strong correspondence with epidemiological data.  

Bergamini et al. (2011) reported the development of an MLVA protocol for S. 

Gallinarum, the causative agent of fowl typhoid, a severe systemic disease of chicken that 

may cause heavy economic losses to the poultry industry. Six loci were used, four of which 

were specifically selected for S. Gallinarum, locus STTR10pl was derived from studies on S. 

Typhimurium (Lindstedt et al., 2004) and locus SE1 that was reported for S. Enteritidis (Cho 

et al. 2007). A total of 50 isolates were assayed and compared with the discrimination 

obtained by PFGE using XbaI, SpeI and NotI. The discrimination index obtained by MLVA 

was higher than the respective of PFGE that occurred from the combination of the three 

enzymes. Interestingly, XbaI provided with less discrimination than the other enzymes.  

A combination of MLVA with multiple amplification of prophage locus typing (MAPLT) 

was proposed by Young et al. (2012) for differentiation and typing of closely related S. 

Heidelberg isolates. A set of 7 loci were selected for MAPLT and three for MLVA, namely 

STTR3, STTR5 and Sal20. Application of PFGE with XbaΙ on 64 isolates resulted in very 

poor differentiation, especially of the predominant PT1 phenotype. On the contrary, PT1 

isolates were effectively separated by the proposed combination. Lettini et al. (2014) reported 

on the genetic relationship between S. Typhimurium and S. 4,[5],12,i:− belonging to the 

DT7a. A total of 74 isolates were analyzed, 24 of which were of human, food and animal 

origin and were collected during an outbreak in 2011while the rest were unrelated to the 

outbreak. MLVA was performed according to Lindstedt et al. (2004). PFGE with XbaI was 

not capable to distinguish 80% of the isolates. On the contrary, MLVA provided with better 

discrimination power separating nearly all outbreak related isolates from unrelated ones.  

 

 

SEQUENCE-BASED COMPARISONS 
 

The rationale behind the sequence-based comparisons is not much different from the 

respective of profile-based comparisons. Generally, the differences in the genome between 
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isolates are assessed directly through sequencing of either specific loci or the whole genome. 

However, in some cases, such as the detection of some SNPs, there is hardly a difference in 

the methodological approach between the two types of comparison.  

Sequencing-based comparisons have the potential to become the ultimate approach for 

epidemiological studies due to the apparent discriminatory power and portability of the 

results. However, there are many drawbacks that limit the use of this approach. The most 

important is the need for detection of polymorphic sequences with the appropriate 

discriminatory power. This task is still very expensive, labor-intensive and slow. 

 

 

Multi-Locus Sequence Typing (MLST) 
 

Multi-locus sequence typing (MLST) is an improved version of a previously commonly 

applied method called Multi-Locus Enzyme Electrophoresis (MLEE). In the latter, 

differences between isolates were assessed on the basis of enzyme polymorphisms detected 

through different electrophoretic mobilities. In MLST these differences are assessed directly 

in the nucleotide sequence. Selection of proper number and type of genes as markers allows 

the adjustment of the discriminatory power.  

MLST schemes have been created for many organisms, including Bartonella henselae 

(Iredell et al., 2003), Bordetella pertussis (van Loo et al., 2002), Campylobacter jejuni 

(McTavish et al., 2009), Edwardsiella tarda (Yang et al., 2013), Listeria monocytogenes 

(Revazishvili et al., 2004; Parisi et al., 2010), Mycobacterium abscessus (Jeon et al., 2014), 

Neisserria meningitidis (Maiden et al., 1988), Staphylococcus aureus (Feil et al., 2003), 

Vibrio cholerae (Kotetishvili et al., 2003) and Streptococcus suis (King et al., 2002). 

Regarding Salmonella, evaluation of some schemes has taken place and the 

discriminatory power is close to the respective of classical serotyping, which in no case is 

adequate for outbreak analysis. However, it may accurately depict the genetic relatedness in 

long-term epidemiological studies. 

A total of 243 Salmonella isolates were characterized by MLST of 16S rRNA gene, 

manB, glnA and pduF by Kotetishvili et al. (2002). The most polymorphic gene was manB 

(5.6%) and the less was 16S rRNA (0.6%). It was reported that MLST provided with better 

discriminatory ability than PFGE and successfully differentiated isolates that were grouped in 

a single PFGE cluster. Topdahl et al. (2005) compared the effectiveness of MLST, PFGE and 

AFLP in subtyping of 110 S. enterica isolates of 25 serotypes from human and veterinary 

sources. MLST was based on aroC, dnaN, hemD, hisD, purE, sucA and thrA, PFGE was 

performed with XbaI and AFLP with BglII and BspDI. In general, all methods were 

successful in differentiating the isolates between the serotypes and to a lesser extend within 

the serotypes. However, MLST resulted in a lower discriminatory power compared to both 

AFLP and PFGE due to the low level of diversity exhibited by the genes, i.e. each gene 

contained between 3.6% and 6.4% polymorphic sites. By comparing this study with the one 

by Kotetishvili et al. (2002), although similar level of polymorphism was reported for the 

genes selected, the final outcome, in terms of discrimination was rather opposite, most 

probably due to differences in the PFGE protocol and the set of isolates included in the two 

studies.  

An alternative MLST scheme was developed by Sukhnanand et al. (2005). The target 

genes were panB, fimA, icdA, manB, spaN, mdh and aceK and the scheme was evaluated on 
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66 isolates belonging to 12 serotypes. The highest subtype discrimination was obtained by 

manB, fimA and mdh; this set of genes separated the 66 isolates into 25 sequence types that 

correlated well with serotypes and additionally allowed the differentiation within the 9 of the 

12 serotypes. On the contrary, Fakhr et al. (2005) highlighted the uselessness of manB, pduF, 

glnA, and spaM for the discrimination of S. Typhimurium clinical isolates. A total of 85 

isolates were included in this study; the isolates were affectively separated by PFGE with 

XbaI into fifty clusters. On the contrary, sequencing of these four genes revealed no genetic 

diversity, i.e. 100% identity, and therefore no discrimination power was obtained.  

The gene set used by Topdahl et al. (2005) has prevailed among the laboratories that are 

using MLST. The diversity of 121 isolates collected from food, feed and live chicken 

samples, from 13 regions or countries, was evaluated by Liu et al. (2011d). The highest level 

of diversity was revealed for hisD. Based on the Simpson‘s index, the discriminatory power 

of MLST was close to the one of serotyping, which exhibited an association between the two 

techniques but on the other hand failed to associate the isolates with the source of isolation or 

antimicrobial resistance. Almeida et al. (2013) studied a total of 35 S. Infantis isolates 

collected from human feces and food items from various cities in the Sao Paulo State, using 

the MLST scheme as well as ERIC-PCR and PFGE. The high clonality among the isolates 

was best exhibited by MLST and all isolates presented the same ST32. Application of ERIC-

PCR and PFGE revealed a discrimination index of 0.71 and 0.96, respectively. Similar results 

were reported during the molecular epidemiology assessment of 95 S. Kottbus isolates 

collected from humans, food and animals in Germany (Toboldt et al., 2014). MLST revealed 

the high clonality among the isolates by identifying four sequence types. PFGE with XbaI and 

BlnI separated the isolates into 15 and 22 clusters, respectively. Conclusions of 

epidemiological nature, such as the possible sources of human infection could only be drawn 

by combining these results. Forty-two strains of S. Livingstone mostly of human origin (31 

isolates from Tunisia and 9 from Belgium) were subtyped by MLST (Guedda et al., 2014). 

The majority of the isolates exhibited identical allelic profile and belonged to the ST543 

sequence type. This could be attributed to the persistence of this clone to the given 

environment. Indeed, previous studies by Ktari et al. (2006; 2009) revealed that a single clone 

of S. Livingstone was responsible for inter-hospital outbreaks in different hospitals in Tunisia 

and therefore this sequence type may reflect this persistence. Strains from different origins 

(i.e. human origin and food products) were effectively separated by MLST in this study. 

Harbottle et al. (2006) compared MLST and PFGE typing for the characterization of 81 S. 

Newport isolates collected from various sources. PFGE with XbaI generated 43 patterns, 

whereas MLST resulted in 12 sequence types, one of which contained the 62% of the isolates 

under study. Although there was a general agreement between the two techniques, i.e. isolates 

clustered in closely related PFGE patterns were clustered in the major MLST sequence type 

while distantly related isolates were also separated by PFGE, accurate differentiation between 

them was only achieved by combining these two techniques. This moderate differentiation 

capacity of MLST was attributed to the selection of the housekeeping genes used and the 

probable slow accumulation of mutations within them. The phylogenetic utility of the MLST 

approach to discriminate between members of a closely related collection of salmonellae, 

namely the Salmonella reference collection A (SARA) that consists of 72 strains, referred to 

as the Typhimurium complex, belonging to S. Typhimurium and its four closest serological 

relatives, was assessed by Bell et al. (2011). It was concluded that current MLST scheme was 

capable of partitioning this group. More accurately, phylogenetic analysis revealed seven 
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distinct evolutionary clades that assorted the strains largely along the serological lines. 

However, study of additional gene sets seem to be necessary in order to reveal more details 

regarding their evolution. 

An alternative to classic MLST was proposed by Tankouo-Sandjong et al. (2007). The 

proposed scheme consisted of two housekeeping genes, gyrB and atpD, in combination with 

the flagellin genes fliC and fljB. This approach was termed MLST-v, for multilocus sequence 

typing based on virulence genes, to distinguish it from MLST based solely on housekeeping 

genes. This scheme was evaluated on multiple isolates belonging to 22 serotypes. The results 

obtained indicated that this approach allowed efficient molecular subtyping for at least the 

more common serotypes. Inclusion of fliC gene in the MLST scheme was of particular 

importance since it allowed detection of the emergence of new serotypes and an accurate 

assessment of the genetic relationship with their immediate predecessor that is not recognized 

by classical serotyping.  

An advancement of MLST, termed MLST-seq was presented by Singh et al. (2012). The 

increased sequencing capacity of NGS was utilized in order to increase the target genes of 

MLST and therefore increase the discrimination power. For that purpose, a hairpin-primed 

multiplex amplification protocol was developed and used to analyze 20 target loci including 

housekeeping genes and virulence genes from 41 S. enterica isolates belonging to 9 

serotypes. Analysis of the sequence data revealed that in each strain the consensus target 

sequence was missing for 2–14 target genes. More accurately, for the genes thrA, fliC and 

icdA, no assembled target sequence was obtained for the majority of the strains, whereas the 

only target genes for which the consensus sequences were obtained for all 41 strains were 

sucA and atpD. Despite that, advances in NGS may allow MLST-seq analysis to become a 

more practical and economically feasible way for strain subtyping.  

A novel MLST approach for subtyping of the nine major Salmonella serovars employing 

two virulence genes, namely fimH and sseL and 2 CRISPR loci was proposed by Liu et al. 

(2011b; 2011c). Addition of CRISPRs significantly increased discriminatory power compared 

to previously published MLST schemes, especially regarding the highly clonal S. Enteritidis. 

The proposed MLST scheme exhibited high epidemiologic concordance for subtyping the 

major serovars of Salmonella, except for S. Muenchen, most probably due to the increased 

evolving speed of the CRISPRs of S. Muenchen that renders them inapplicable for outbreak 

investigation. The same approach was effectively used for subtyping of S. Typhimurium and 

S. Heidelberg (Shariat et al., 2013a), S. Newport (Shariat et al., 2013b) as well as S. 

Enteritidis (Shariat et al., 2013c) and its applicability and complementarity to PFGE has been 

demonstrated.  

The replacement of classical phenotypic serotyping by MLST was argued by Achtman et 

al. (2012). The driving force to that replacement would be the level of information gained by 

both techniques and their possible utilization for epidemiological purposes. For that purpose, 

a total of 4257 isolates from 554 serovars were studied by MLST and effectively separated 

into 1092 sequence types. Between these sequence types a gradient of genetic relatedness has 

been recognized. Many of these closely related clusters corresponded to a particular serovar, 

such as most Typhimurium and most Enteritidis that were assigned to specific clusters, but 

many clusters contained more than one serovar. Furthermore, most serovars were 

polyphyletic and thus distributed across multiple genetically unrelated groups. Thus, classical 

serovar designations confounded genetically unrelated isolates and failed to recognize natural 

evolutionary groupings.  
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Single Nucleotide Polymorphisms (SNPs) 
 

Single Nucleotide Polymorphisms are DNA sequences that differ at a single base 

between isolates. Identification of the SNPs that will offer the appropriate separation level, 

either in studies of epidemiological nature or in the assessment of evolutionary relationships, 

is a real challenge. The discrimination power may be adjusted by the selection of the 

appropriate type and number of SNPs.  

SNP typing has been successfully applied for the characterization of E. coli O157:H7 

(Manning et al., 2008; Zhang et al., 2006) and L. monocytogenes (Ducey et al., 2007; Ward et 

al., 2008). Regarding Salmonella it has been effectively applied to study the genetic 

relationships between S. Typhi isolates (Octavia and Lan, 2007). Moreover, based on these 

results, a SNP typing method using restriction enzyme digestion to detect 38 genome-wide 

SNPs as markers was developed that could potentially assist in epidemiological studies of this 

serovar. Furthermore, the same authors developed a hairpin primer real-time assay for SNP 

typing of S. Typhi isolates. A set of 42 SNPs was selected in order to classify the 71 isolates 

used in the study into 25 SNP profiles. A minimum set of 5 SNPs was required to allocate the 

isolates into the six major clusters but the full set is required in the case of other S. Typhi 

populations (Octavia and Lan, 2008).  

Pang et al. (2012) argued on the capacity of SNP typing to replace the traditional phage 

typing scheme for S. Typhimurium isolates due to the improved level of information that 

application of this technique offers. In that study, a total of 221 S. Typhimurium from 45 

phage types were assayed using 44 SNPs and separated into 33 SNP profiles and four distinct 

phylogenetic groups. Moreover, SNP typing provided with phylogenetic information and thus 

the possible origin of 14 phage types could be assessed. Although it was not possible to 

differentiate between all phage types that were employed, the capacity of the approach has 

been exhibited.  

 

 

Whole Genome Sequencing (WGS) 
 

Whole Genome Sequencing (WGS) is a quite promising typing tool regarding 

epidemiological surveillance. However, current sequencing technology makes it at least 

unpractical.  

WGS as a typing method for outbreak investigation of S. enterica strains was evaluated 

by Leekitcharoenphon et al. (2014). A collection of S. Typhimurium, S. Enteritidis and S. 

Derby isolates, collected from six different outbreaks, were sequenced and analyzed by a 

number of different bioinformatics approaches. The pan-genome approach, i.e. the approach 

based on the presence or absence of genes across the entire genomes was only successful in 

clustering strains according to their phage type and not according to the outbreak sources. The 

k-mer approach, i.e. the approach based on the frequency of defined k-mers across the 

genomes, although improved the concordance, i.e. the clustering of the strains according to 

the outbreak, when k was equal or bigger that 30, it failed to provide with complete outbreak 

typing. The latter was obtained for S. Typhimurium strains when they were clustered 

according to the nucleotide differences compared to a reference genome. This led to the 

conclusion that SNP distance within outbreak strains was less than between outbreaks. This 

conclusion was supported when strains of S. Montevideo from other outbreaks were analyzed. 
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However, this was not the case for S. Agona strains in which the number of SNPs within 

outbreak strains was higher than the respective between them. Moreover, the importance of 

the reference genome selection was also highlighted since it failed to classify the S. 

Enteriditis and S. Derby strains according to their outbreak source.  

 

 

Clustered Regularly Interspaced Short Palindrome Repeats (CRISPRs) 
 

The presence of short palindromic repeats of 25-50 nucleotides long that are interspaced 

by unique sequences of similar size has been recognized in both bacterial and archaeal 

genomes (van Belkum et al., 1998). These arrays of repeats are formed by embedding 

exogenously acquired nucleic acids into endogenous ones. CRISPR-associated proteins (Cas) 

identify these foreign molecules and incorporate them into the CRISPR locus. The biological 

significance of this mechanism has not yet elucidated, however the gain of some degree of 

immunity to the harmful foreign elements seems to be a reasonable explanation (Barrangou et 

al., 2007; Marraffini and Sontheimer, 2010; Bhaya et al., 2011; Horvath and Barrangou, 

2010; van der Oost, 2009). The applicability of these arrays for microbial subtyping has been 

evaluated for several lactic acid bacteria (Horvath et al., 2009), Yersinia pestis (Pourcel et al., 

2005), Campylobacter jejuni (Schouls et al., 2003), Streptococcus pyogenes (Hoe et al., 1999) 

As far as foodbone Salmonella was concerned, a few studies have evaluated the utility of 

CRISPRs as a subtyping technique.  

The genome analysis and CRISPR typing of S. Virchow isolates was reported by 

Bachmann et al. (2014). A total of 15 isolates from 7 different outbreaks had their CRISPR-1 

region sequenced; they were separated into three allelic types failing thus to allocate the 

isolates according to the outbreaks. 

The genetic diversity and evolutionary history of CRIPSR loci and Cas genes of a total of 

427 S. enterica isolates belonging to 64 serovars was assessed by Pettengill et al. (2014). 

Moreover, the performance of CRISPR loci for Salmonella subtyping compared to whole 

genome and MLST typing schemes was evaluated. It was concluded that WGS provided with 

better discriminatory power than MLST and CRISPR assays. Regarding the latter, although 

allocated correctly a significant number of isolates within the respective serovar cluster, it 

failed to differentiate between outbreak related and unrelated isolates of S. Montevideo and S. 

Agona.  

On the contrary, Fabre et al. (2012) studied the CRISPR polymorphisms in 783 reference 

strains and isolates from 130 different serotypes and concluded that the level of variation was 

adequate to differentiate between the most common serotypes involved in human infections 

and even between MLST groups within polyphyletic serotypes. These spacers variations 

increased the discrimination capacity to the level of PFGE.  
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ABSTRACT 
 

Salmonella is a gram-negative microorganism, generally dispersed in nature and 

habitually found in the intestinal tract of animals and humans. Salmonella reveals a 

considerable aptitude to adapt to physical and chemical stresses in the environment. 

Survival mechanisms are stimulated following the detection of environmental signals and 

provoke a complicated adaptive response that guides to a state of tolerance and thus 

survival below sub-optimal or even sub-lethal conditions. This microorganism can persist 

for long periods in the environment in a heavily stressed state known variously, and often 

contentiously, as viable but nonculturable. 

Salmonella as many other bacteria resist to environmental stress by adopting the 

viable but nonculturable phenotype (VBNC). VBNC bacteria have been exemplified as 

organisms that fail to grow and develop colonies on routine bacteriological media, but 

which accrue to be considered alive since of their aptitude of metabolic activity and 

preserve virulence.  

Is it convincing that the VBNC phenotype can revert to a culturable state, and vice 

versa. 

This chapter presents and evaluates the hypotheses concerning the resistance of 

VBNC forms of Salmonella under extended period of time of stressful conditions.  

 

Keywords: Salmonella, extremely stressing conditions, viable but non culturable state, 

resuscitation, many years 
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INTRODUCTION 
 

Salmonella is a gram-negative microorganism, considered the second mostly major 

bacterial cause of foodborne gastroenteritis worldwide. Salmonella pathogens may frequently 

spread through the feces of wildlife and domestic animals, infected water, poor fertilization 

methods, and additional agricultural practices. Salmonella can develop and endure in many 

different foods. (Andrews and Baumler 2005). Once the environmental conditions menace 

their survival or stop them from living in finest conditions, the cells are expressed as stressed 

(Dhiaf and Bakhrouf 2007). This concept of stress plays an essential role in the survival of 

microorganisms in the environment. Nevertheless, between the unstressed state and death, 

diverse physiological states have been described (Steinert et al., 1997, Votyakova et al., 

1995). Bacteria in the VBNC state fail to grow on the routine bacteriological media on which 

they would normally grow and develop into colonies, but are alive and capable of renewed 

metabolic activity (Oliver 1995).  

Salmonella enter the viable but nonculturable state (VBNC) when they encounter 

environmental stresses, such as low temperatures, oligotrophic conditions, and biocides 

including heavy metals and ultraviolet radiation (Oliver 1995, Lindbäck et al., 2010). VBNC 

bacteria are organisms that fail to grow and develop colonies on media, but their metabolic 

activity capabilities indicate that they are still alive (Roszak, and Colwell 1987). Bacteria in 

the VBNC state show changes in cell physiology and morphology (Hammouda 2012).  

Numerous bacteria persist for long period under environmental conditions appreciation to 

chronological modification in cellular physiology and morphology changes (Morita, 1993). 

Several studies proved that viable but not culturable VBNC state is an adaptive advance 

developed by microorganisms in response to stressful conditions. The VBNC state is definite 

as a form of dormancy of bacteria generated by hard environmental conditions (Olivier 2010). 

Bacteria that do not cultivated in solid culture media, but are still metabolically vigorous and 

able of causing infections, are assumed to be in a VBNC state. Habitual laboratory culture 

conditions and methods cannot assemble the requirements of VBNC organisms to 

recommence growth (Mizunoe et al., 2000). The VBNC state is defined as a state of 

dormancy triggered by harsh environmental conditions (Oliver 1993). This state is a extensive 

way of adaptation survival of stressed bacteria. VBNC bacteria show metabolic activity and 

respiration, but cannot be revealed as colony forming units by the usual plate counts and 

therefore continue concealed (Colwell et al., 1996). In fact, the cells can get their initial shape 

when the good conditions are returned (Dhiaf et al., 2004, 2008, 2010). While numerous 

investigations have reported on this aspect of the VBNC state, resuscitation has been most 

extensively studied (Oliver 1995).  

 

 

RESISTANCE OF VBNC SALMONELLA FOR MANY YEARS 

IN ENVIRONMENTAL CONDITIONS 
 

It had long been understood that a bacterial cell was dead when it was no longer able to 

grow on routine culture media. We currently discern that this supposition is crude, and that 

there are many circumstances where a cell loses culturability but remains viable and 

potentially able to resuscitate. Great amount of research has investigated the ability of VBNC 
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forms to resist for many years in very hard environmental conditions and the ability of 

resuscitation, many reports investigated the fitness of VBNC resuscitation after many years of 

starvation in environmental microcosms. (Dhiaf et al., 2004, 2008, 2010, Ben Kahla-Nakbi et 

al., 2007, Elabid et al., 2012). Indeed, Dhiaf et al., (2007) observed that Salmonella 

Typhimurium persisted for an extended period of time (203 to 231 days), and could be 

detected on infected vegetative parts of the rosemary and barley plants even after desiccation. 

Colony morphology displayed a mucoid and rugose phenotype. Besides, Dhiaf et al., 

confirmed that VBNC Salmonella Typhimurium resisted in soil microcosms for 20 years, 

recovery was obtained after two months of incubation in nutrient broth and buffered peptone 

water. Dhiaf et al., (2001) also reported that 5 years seawater stressed Salmonella 

Typhimurium were recovered in nutrient broth and recuperate most of their biochemical 

characters after 5 months of incubation. In addition, following 13 years of starvation in 

natural soil microcosm, cells of Salmonella returned to cultivable state on TSA after 24 h of 

incubation in TSB. These cells showed a biochemical profile completely inactive on API 20E 

system. After 6 months of reviviscence in TSB, cells recuperated their initial characters 

(Bakhrouf et al., 2008). 

Moreover, Dhiaf et al., intended the providence of Salmonella Typhimurium starved in 

seawater microcosms for seventeen years. The microcosms were prepared in such a way as to 

allow progressive evaporation of the water. Despite being introduced into the sterile seawater 

at very high concentrations, the Salmonella rapidly declined to levels undetectable by plate 

counts on nutrient agar.  

After two years of starvation, about half of the seawater volume had evaporated from 

each microcosm, and salt crystals appeared.  

Inoculation of the salty suspension did not result in any culturable strains in selective and 

non-selective media. Nevertheless, incubation of samples in nutrient-rich broth, without 

supplemental growth factors, allowed resuscitation of stressed cells, yielding colonies that 

remained viable for extended periods of time. After seventeen years no water remained in the 

microcosms, and only salt crystals were visible. Inoculation of salt in nutrient broth led to the 

formation of biofilms on the upper surfaces of culture tube walls after 48 hours. Colony 

morphology and biochemical profile of Api 20 E were acquired after three months of 

resuscitation in nutrient broth. Recovery of seventeen year stressed Salmonella was observed 

in mice model orally administrated by VBNC Salmonella. Resuscitated germ appeared in 

mice feces and organs (stomach, large and small intestines, liver and lungs) after only 24 

hours of administration. However recovery was not observed following intraperitoneal 

injection into mice. 

As well, Dhiaf et al., (2004) studied the fate of Salmonella Typhimurium and Salmonella 

paratyphi B strains exposed to sterile seawater respectively for 12 and 6 years. After 

starvation periods, no colonies were observed in selective and non-selective media. Following 

resuscitation in nutrient broth, starved cells developed rough colonies on nutrient agar 

medium.  

Recovery was not obtained in non-embryonated eggs; however it was successfully 

acquired in yolk sac of embryonated chicken eggs.  

Looking upon the literature cited above, we could consider that VBNC state of 

Salmonella could persist in environmental conditions for many years; resuscitation is 

obtained when the good conditions return.  
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Pathogenicity of Long Term Stressed Salmonella 
 

Dhiaf et al., (2004a) revealed gastroenteritis infections due to Salmonella species origin 

of significant morbidity and mortality at three Tunisian hospitals from February through July 

2000. VBNC forms of Salmonella existing in pasteurized powder milk were the main cause 

of this epidemiology. Dhiaf et al., (2004a) analyzed baby powder milk given for hospitalized 

baby; they confirmed the recovery of VBNC Salmonella in gastrointestinal tracts. Within one 

day, Salmonella infection cause septicemia and the germ appeared in several organs 

(stomach, intestines, liver and lungs). Dhiaf et al., (2004a) confirmed that babies‘ infections 

appeared from the first days of their feed by powder milk which confirm the rapid 

resuscitation and infective effect of VBNC forms in animal models. Two serotypes of 

Salmonella were isolated Salmonella spp. and Salmonella arizona. In addition, the study of 

Oliver and Bockian (1995) showed that injections of VBNC Vibrio vulnificus cells into mice 

killed the animals and concluded that VBNC V.vulnificus cells remain virulent, at least for 

some time after entry into the VBNC state, and are capable of causing fatal infection after 

recovery in vivo. Other authors have shown that VBNC E. coli cells retain pathogenicity, 

with cells being able to produce enterotoxin and maintain virulence plasmids (Pommepuy  

et al., 1996). 

Dhiaf et al., (2004b) furthermore in other study proved the recovery of 12 years seawater 

starved Salmonella VBNC cells in embryonated eggs. The embryonated-egg model has been 

successfully used to recover VBNC Legionella pneumophilacells Hussong et al., 1987. This 

agree with the experimental results of Cappelier et al., (1999), in which passage in 

embryonated eggs is the preferable model for recovery of the VBNC stage of Campylobacter. 

The embryonated- egg model can be consideredan animal model in which the animals have 

reduced defences. Dhiaf et al., exhibited the resuscitation of Salmonella Typhimurium in 

mice model after seventeen years of starvation in seawater microcosms. Recovery of VBNC 

cells was not observed by intra-peritoneal injection into mice however it was successfully 

obtained when mice were orally ingested by resistant cells. Recovered Salmonella cells were 

clearly observed in different organs.  

 

 

Morphological Alterations of Long Term Stressed Salmonella 
 

The long-term survival of Salmonella in stressful conditions is accompanied by many 

morphological and metabolic modifications, among which the reduction of the cells size and 

the evolution to coccoid-shapes (Bakhrouf et al., Dhiaf et al.). According to Bakhrouf et al., 

(1989), P. aeruginosa, when incubated in sterile nutrient-free seawater, is able to modify 

some of its biochemical characters, such as gelatinase or urease activity. Numerous starved 

Gram negative bacteria generally recognized to have coccoid-shaped cells (Van Overbeek et 

al., 1995). The decrease of bacterial size through is a strategy of adaptation to minimize the 

requisition for the cells (Jiang and Chai, 1996). The reduction of cells size is the result of 

cytoplasmic retrenchment and volume (Huisman et al., 1996). Morphological changes of  

E. coli O157:H7 and S. typhimurium, when exposed to hydrostatic pressure and bacteriocin 

mixture, were observed by Kalchayanand et al. (2004) observed. Starved Vibrionaceae and 

Pseudomonadaceae represented many morphological and physiological changes (Roszak and 

Colwell, 1987). During stressful conditions, large alteration in membrane structure, protein 
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composition, ribosomal content and possibly even DNA arrangement arise (Oliver 1995).  

In fact, decrease of cell size is a strategy of adaptation against hard conditions (Jiang and Chai 

1996). The evolution towards this state make the bacterium resist for long period under 

starvation conditions. 

Dhiaf et al., (2001) reported that strains of Salmonella typhimurium incubated during 5 

years in seawater microcosms were cultivable after 24 h of incubation in nutrient broth and 

recuperated most of their biochemical characters after 5 months of resuscitation. 

Villarino et al., (2000) showed that VBNC state could be metabolically reactivated. Ben 

Abdallah et al., (2007) reported that Salmonella Typhimurium losed some morphological 

characters after its incubation in seawater, indeed it can besides recover them when the 

favorable conditions are restored (Dhief et al., 2001). 

Dhiaf et al., showed that long-term stressed Salmonella was revived after 24 hours of in 

nutrient broth, biofilm was clearly observed in the upper surface of tube walls. In fact 

bacterial biofilms are complex communities of microorganisms implanted in a self-produced 

matrix and sticked to inert or living surfaces (Costerton et al., 1999). Biofilms have been 

observed on a variety of surfaces and were considered to be the prevailing microbial lifestyle 

in most environments (Van Houdt et al., 2004). Biofilm is formed by polysaccharidic 

materials, while other polymers may be present. They are concerned in the defense of 

microbial cells. As well microorganisms which produce these exopolymers are more resistant 

to desiccation, predation and toxic chemicals (Ophir and Gutnick 1994). The attachment of 

bacteria, to glace, polystyrene or other surfaces is affected by various physicochemical and 

biological factors including bacterial surface hydrophobicity (Marshall 1971), surface 

appendages, extracellular polymeric substances (Characklis 1990), bacterial physiological 

state, electrolyte concentration in the medium (Marshall 1971) surface charge and swimming 

speed.  

 

 

CONCLUSION 
 

The present work showed that VBNC forms of Salmonella germ persists in 

environmental conditions for many years; resuscitation could be observed. The identification 

of stressed Salmonella by habitual laboratory technique is hard when the large morphological 

and/or biochemical characters have been lost. In fact, molecular biology methods are required 

for the identification Salmonella stressed for long-term in hostile environments. 
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