

[image: A Commentary on Salmonella From a Pre-Harvest Perspective]
A Commentary on Salmonella From a Pre-Harvest Perspective





REVIEW

published: 02 June 2022

doi: 10.3389/fanim.2022.877392

[image: image2]


A Commentary on Salmonella From a Pre-Harvest Perspective


Tom S. Edrington 1* and Tyson R. Brown 2


1 Diamond V Mills, Cedar Rapids, IA, United States, 2 Cargill Inc., Wichita, KS, United States




Edited by: 

Jeferson Menezes Lourenco, University of Georgia, United States

Reviewed by: 

Christi Swaggerty, United States Department of Agriculture (USDA), United States

Raul Carlos Mainar-Jaime, University of Zaragoza, Spain

Evelyn Madoroba, University of Zululand, South Africa

*Correspondence: 

Tom S. Edrington
 tedrington@diamondv.com

Specialty section: 
 This article was submitted to Animal Nutrition, a section of the journal Frontiers in Animal Science


Received: 16 February 2022

Accepted: 04 May 2022

Published: 02 June 2022

Citation:
Edrington TS and Brown TR (2022) A Commentary on Salmonella From a Pre-Harvest Perspective. Front. Anim. Sci. 3:877392. doi: 10.3389/fanim.2022.877392



Salmonella occurs in all the major meat producing livestock species (ruminants, swine and poultry), most often residing within the gastrointestinal tract asymptomatically. While considerable success has been achieved post-harvest, the design of effective pre-harvest interventions to control Salmonella has lagged. A simplistic view of the extremely complex host/pathogen interaction suggests that the pathogen has a vested interest in not causing illness or death to the host. The former would initiate an immune response from the host and/or the application of therapeutic antibacterial agents, while the latter would require finding another suitable host. Due to the widespread prevalence of Salmonella within livestock and poultry, and the relatively few salmonellosis cases in comparison, it appears, and is supported by new research, that Salmonella has developed methods to avoid detection by the animal’s immune system and live essentially as a commensal organism within the gastrointestinal tract of the animal. Yet, for reasons that are not fully understood, this “commensal” Salmonella does on occasion become virulent, in young and mature animals alike. Indeed, these researchers have documented Salmonella carriage throughout the year in cattle, but only rarely, if at all, was salmonellosis observed. Further, evaluation of Salmonella isolates (serotype and antimicrobial resistance patterns) from sick and healthy cattle failed to explain that while Salmonella was present in the majority of cattle sampled on that farm, only a few developed salmonellosis. Virulence, as well as multi-drug resistance, in both livestock and humans appears to cluster within a few serotypes. As a result, petitions are circulating calling for the labeling of some Salmonella serotypes as adulterants, as was done with Escherichia coli O157:H7 and other enterohemorrhagic E. coli strains. Regulators are considering approaching the Salmonella problem by serotype, such as focusing specifically on the top 10 reported serotypes causing human illness. Herein, the authors will discuss the many challenges of controlling Salmonella pre-harvest, reflecting on the significant research portfolio that has been generated over the last 25 years, as well as challenging existing paradigms surrounding this pathogen and the experimental methods used to further our understanding of Salmonella and/or evaluate methods of control.
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Introduction

Salmonella, a foodborne pathogen of concern from a human health standpoint, commonly infects most all livestock and poultry species. Indeed, the presence of Salmonella within beef and dairy cattle, poultry (broilers, layers and turkeys) as well as swine, at most every stage of production is well documented (Chlebicz and Slizewska, 2018). That said, many outbreaks are also a result of eating contaminated vegetables and other non-meat foods (McEntire et al., 2014). Recently, due to the number of human outbreaks of salmonellosis linked to the consumption of meat protein, a petition has been produced calling for the labeling of Salmonella as an adulterant, with a zero-tolerance policy, as has been implemented to reduce E. coli O157:H7 and the other “Big Six” enterohemorrhagic E. coli strains. Whether or not this petition will provide impetus that leads to the labeling of Salmonella as an adulterant remains to be seen, however, many expect Salmonella to be declared an adulterant in some form or another, at some point. Considering the widespread prevalence of Salmonella within meat-producing animals, if labeling of Salmonella as an adulterant in some form or fashion does happen, it will present a significant challenge for the meat industry.

To address this challenge, considerable research effort has been expended to further our understanding of Salmonella within the livestock production environments and within and among animals, as well as toward the development and testing of novel pre-harvest intervention strategies. At slaughter, significant progress has been made in post-harvest interventions that limit the transfer of pathogens from the hide to the surface of the carcass (Koohmaraie et al., 2005; Wheeler et al., 2014). However, despite the progress that has been made on the control of pathogens on the surface of the carcass, progress towards achieving Healthy People 2010 and 2020 Salmonella objectives have fallen short (Healthy People, 2020). To add to the challenge of controlling Salmonella in beef products, it was discovered about a decade ago that this pathogen often resides within the peripheral lymph nodes (PLN) (Arthur et al., 2008). These nodes, encased within adipose tissue are impervious to in-plant interventions, and unless removed by trimming, constitute a source of Salmonella contamination in trim and ground beef (Arthur et al., 2008; Li et al., 2015). Hence, the development of effective pre-harvest interventions is imperative to addressing Salmonella in the animal protein sector.

Ten to 15 years ago, food safety sessions were held at most scientific meetings related to animal agriculture and the number of scientists engaging in pre-harvest food safety research was substantial, with significant competition for extramural funding. Fast forward to today, the number of researchers has declined dramatically, and the efforts of many having been partially or wholly redirected to new areas of research. Why? The lack of novel hypotheses could be one explanation. Frustration with the pathogen itself, that once appeared to follow certain paradigms, but more recently does not, could be another. Most that have conducted considerable research with Salmonella will likely attest to its ability to be unpredictable. The inability to quickly make a splash and develop that successful intervention could account for some fallout. Fortunately, there remain many quality researchers that have not been deterred by the challenge Salmonella poses and these authors are confident that successful pre-harvest interventions will be developed.

In the book “The Art of War”, it is said: “If you know the enemy and know yourself, you need not fear the result of a hundred battles. If you know yourself but not the enemy, for every victory gained you will also suffer a defeat. If you know neither the enemy nor yourself, you will succumb in every battle.” Could this explain, at least partially, the lack of success in the development of effective pre-harvest intervention strategies for Salmonella? How well do we know this enemy called Salmonella?



Salmonella – What Do We Really Know?

The purpose of this discussion is not to present a thorough literature review of all that has been done in livestock and poultry, but rather, it is a synopsis of what, in the author’s opinions, are key findings and a discussion around where Salmonella research has been (primarily cattle focused) and more importantly where it could, or should, progress. Salmonella is a gram-negative bacterium, with 2,800 plus variations, or serotypes, found in the gastrointestinal tract (GIT) of livestock and poultry, to such a degree that they are considered reservoirs for this pathogen. In general, Salmonella is more prevalent in the summer and early fall months compared to winter and spring. Research has indicated it is more often found in southern versus northern latitudes (Webb et al., 2017; Nickelson et al., 2019). Yet, with increasing frequency, observations are being reported that challenge these generally accepted paradigms. Is Salmonella adapting to new environments once thought less than ideal? The progression of Salmonella northward in livestock operations in the United States and Canada would suggest this may be the case.

Salmonella can and does cause salmonellosis, however more often than not, it resides asymptomatically in the GIT without causing any apparent negative effects to the host. Indeed, if one considers the host-pathogen relationship, the pathogen has a vested interest in keeping its host alive. Causing illness or death results in activation of the immune system, possible administration of antimicrobials, and ultimately the loss of a suitable host, thereby threatening the survival of the pathogen. Considering the widespread abundance of Salmonella and the relatively few cases of salmonellosis, it appears as though Salmonella has found a way to live harmoniously within livestock and poultry hosts.

Why doesn’t the host’s immune system recognize Salmonella as a pathogen and seek to rid the body of it? Dairy cattle in the southwestern United States have been reported to carry a significant load of Salmonella within their GIT and shed the pathogen in their feces (Fitzgerald et al., 2003; Edrington et al., 2004; Edrington et al., 2008a; Edrington et al., 2008b). In dairy cattle, young calves are the most susceptible to salmonellosis, while most of the older animals appear relatively immune, yet Salmonella resides with the GIT, often year-round. There are exceptions of course, which will be discussed below. Research seeking to understand when a young dairy calf first acquires Salmonella reported fecal shedding in dairy calves at one week of age (Edrington et al., 2012) and subsequent research (unpublished data) found Salmonella in the feces of calves at one day of age. Researchers hypothesized that while these young calves could have acquired Salmonella during the birthing process or shortly thereafter, the data suggested that calves may in fact be born with Salmonella. Research testing this hypothesis (Hanson et al., 2015) demonstrated vertical transmission of Salmonella from dam to calf, finding Salmonella not only in several segments of the GIT, but also in peripheral and mesenteric lymph nodes. This then begs the questions, if a calf is infected with Salmonella from its dam, will its immune system recognize it as a threat upon subsequent, repeated exposure? Is the calf’s immune system adequately developed, such that it is capable of pathogen memory and recognition at this stage of its life? Is this why salmonellosis in young calves 1-2 weeks of age can be particularly severe? Does previous exposure from the dam result in partial or no immune response? Could this continuum of exposure (dam to calf) help explain, at least in part, why Salmonella appears to thrive in the dairy environment?

In these same dairies, salmonellosis does occur in mature lactating animals, generally in the fall of the year. Specifically, when large temperature swings are observed (observational data shared by dairymen in the SW U.S.). Research seeking to better understand the dynamics of these outbreaks first examined Salmonella isolates from sick and healthy cows on a dairy experiencing a salmonellosis outbreak, and second evaluated Salmonella monthly in the same set of lactating dairy cows over a year’s time (Edrington et al., 2008b). No differences were noted in Salmonella serogroup, serotype, genetics, or antimicrobial resistance (AMR) patterns between isolates obtained from sick and healthy cows. During the second year of the study, 30 cows were sampled monthly and while Salmonella was routinely cultured, and highly variable from month to month, from both the cows and the environment, no salmonellosis outbreak occurred. Good news for the farmer, but potentially unfortunate for science that seeks to understand these outbreaks. So why does a mature animal that carries Salmonella within its GIT all year, break with salmonellosis on some occasions, but not others? Why do only some animals within a pen on a dairy experience salmonellosis, while other pen mates do not? Virulence has often been associated, with a few serotypes (Typhimurium, Dublin, Newport, Infantis, and others) that are often multi-drug resistant (MDR). Yet in the study above, no differences in serotype or AMR profiles were noted among sick and healthy animals (Edrington et al., 2008b). Does concentration play a role? Logically, this makes sense. Unfortunately, concentrations of Salmonella were not determined in the above work nor are there any reports to the author’s knowledge that support the idea of a concentration threshold being exceeded that initiates disease. What about MDR mentioned above? Strains associated with animal salmonellosis outbreaks are typically MDR, with the exception noted above (Edrington et al., 2008b). Does acquisition of resistance also convey virulence? Research that examined the incidence of MDR Salmonella on dairies in the southwestern US, reported that MDR Salmonella strains were most often found in young calves, pre-weaning, and cows in the hospital pen and their prevalence was low, in comparison to overall Salmonella prevalence (Edrington et al., 2008a). The researchers hypothesized that the MDR strains were only able to thrive in an animal with either an immature (calves) or an altered (sick pen cows) gut microflora that allowed for the MDR strains to thrive, whereas in a normal, healthy microflora, they do not compete well due to the physical burden of carrying MDR. That said, young calves and animals in the hospital pen are those most likely to receive antimicrobial therapy, which could explain in part the reported observations. If virulence is associated with MDR, and taking the observations discussed above in which MDR Salmonella were most often found in animals with a disturbed or immature GIT microbiome, quite possibly the key to preventing salmonellosis lies in simply maintaining a healthy gut. Unfortunately, the salmonellosis “trigger” remains to be elucidated. What then causes asymptomatic carriage to progress to salmonellosis? And why if examining Salmonella from a pre-harvest perspective, does this even matter?


Stress and Salmonella

Stress has long been associated with, or implied to cause, an increased pathogen carriage and/or fecal shedding. In theory, this makes considerable sense. Stress may disrupt normal eating patterns and subsequently, the GIT microflora. Further, hormones often associated with stress, catecholamines, are reported to be integral in bacterial quorum sensing utilized by gram negative bacteria to regulate populations (Lyte et al., 1996; Sperandio et al., 2003). Stress may open the tight junctions within the gut, allowing bacteria to escape the gut lumen and cause other disruptions to the intestinal epithelium, allowing for the progression from asymptomatic carriage to disease state. The research above citing a seasonality to salmonellosis outbreaks that consisted of unusual temperature increases following cooler weather, suggests that disruptions in feed intake (due to heat stress) that subsequently negatively impact GIT homeostasis could trigger the event. Do then, stressful events of the same or lesser magnitude influence the Salmonella burden within an animal? Perhaps stress increases the incidence of super-shedders, those animals shedding at levels of 3 log or greater, through the catecholamine quorum sensing mentioned above. Could the stress event open tight junctions and thereby allow for the escape of Salmonella from the GIT, leading to its subsequent uptake by PLNs? All of these scenarios could play a role in Salmonella carriage and some are currently being investigated.



The Immune System

As Salmonella can and does cause disease, could an intervention that supports an animal’s immune system provide a pre-harvest benefit as indicated by a reduced Salmonella burden? In theory it should. Considerable research has explored the use of vaccines as a pre-harvest mitigation tool with mixed results. A comparison of dairy cow herds utilizing a Salmonella vaccine found lower fecal prevalence compared to herds that did not vaccinate (Loneragan et al., 2012) while others reported no vaccine effect on the fecal shedding of Salmonella in sub-clinically infected dairy cows (Heider et al., 2008; Hermesch et al., 2008). Research examining the effect of vaccination on Salmonella carriage in the PLN, reported limited reductions in experimentally-infected animals (Edrington et al., 2013a; Edrington et al., 2020) and no benefit in naturally-infected feedlot cattle in a commercial feedlot (Cernicchiaro et al., 2016).

As stated above, the vast majority of livestock and poultry carry Salmonella asymptomatically, or what appears to be asymptomatically, as there are no visibly negative impacts to health or production. That being the case, it would appear that Salmonella has either learned how to avoid detection by the immune system, disguising itself as a non-threatening commensal, or is simply recognized as a commensal organism. Interesting new research is exploring this scenario in poultry and supports the idea that Salmonella has learned how to circumvent the immune system (Redweik et al., 2021). Specifically, this research suggests that Salmonella manipulates the gut-brain axis to alter the immunometabolic/neuroimmune phenotype in the cecum, allowing for its persistence. Further, enteric pathogens have developed strategies to sense neurochemical molecules to regulate their virulence in the GIT and specific to poultry, Salmonella has a selection of traits that act as anti-virulence strategies (Mike Kogut, personal communication; Redweik et al., 2021). Fascinating research helping to explain why this bacterium can reside successfully in poultry, and potentially why Salmonella can alternate between a commensal and a pathogen in cattle.

Alternately, consider the vertical transmission discussed above from dam to calf. Does early exposure to Salmonella, in utero, prevent its recognition as a pathogen when that animal is exposed later in life? What about the environment? Salmonella is found throughout livestock and poultry production facilities. Does the constant infection and reinfection pressure, without causing disease, desensitize the immune system over time? That said, if the GIT of livestock and poultry is a preferred location for Salmonella, and the environmental exposure and potential for continual reinfection so high, why don’t all of the animals within a farm, or pen, or poultry barn have Salmonella? Perhaps they do, but sampling procedures or culture techniques fail to detect Salmonella with complete accuracy. While these researchers have seen the incidence of fecal shedding of Salmonella in cattle reach near 100% on many occasions, more often than not, prevalence is far less. Repeated sampling of the same individual animals has demonstrated significant variation in shedding. Naturally this could be a function of the sample collected, timing of the collection or other factors, and consider fecal collections alone are insufficient to determine if an animal is truly Salmonella negative. The data certainly suggests that no two animals are equal in their susceptibility to Salmonella colonization. If in fact true, and not an artifact of sample collection bias, then could this be due to immune system recognition in those Salmonella “negative” animals. Activation of the immune system requires energy. Continual reinfection with Salmonella, if followed by a subsequent immune response, would be expected over time to divert energy from gain, which then may be reflected in performance of those animals. Yet there is nothing to indicate that this is the case. Perhaps immune enhancement would be of benefit. Or quite possibly there are other explanations yet to be uncovered. Perhaps the GIT microbiome is less hospitable in those animals that appear to be Salmonella negative.



Gut Health

Interesting how research efforts/ideas cycle and once again gut health is at the forefront, and with good reason. Research into the GIT and in particular, the microflora, has accelerated over the past few years with new technology allowing for new discoveries. Intriguing data is demonstrating the vast role the microflora plays in maintaining homeostasis, not only in the GIT tract, but throughout the body, and the disruptions that occur when that homeostasis is challenged. Should this be the new frontier for pathogen research?

The evolution of livestock and poultry nutrition has been tremendous, with diets fine-tuned for maximum growth and/or production while maintaining animal health and well-being. Coupled with genetic improvements and broilers reaching market age earlier, egg and milk production has increased and time to slaughter for feedlot cattle has decreased. Has this impacted Salmonella and its prevalence in livestock and poultry? Quite possibly, however there is insignificant data to verify accurately. That said there is research that may provide a clue.

Salmonella is found at a much lower rate in beef and dairy cattle on pasture than in confinement feeding operations. Likewise, Salmonella prevalence was lower in growing heifers and dry cows than lactating dairy cows within a dairy (Edrington et al., 2008a). As environment and animal density are the same for these different classes of dairy cattle, perhaps the different rations provide an explanation. Or revisiting the stress hypothesis, perhaps the stress of parturition, initiating lactation and the negative energy balance experienced by cows in early lactation offer answers. Comparisons were made to determine the effect of heat stress, parity, lactation status, and stage of lactation (Fitzgerald et al., 2003). In that research, no effects of factors were observed for Salmonella prevalence with the exception of stage of lactation, where significantly more cows < 60 days in milk (DIM) shed Salmonella than those > 60 DIM (Fitzgerald et al., 2003). A second study examining the effect of heat stress and stage of lactation (<60 or >150 DIM) reported no difference in fecal Salmonella prevalence due to heat stress with nearly 100% of the cows positive, while shedding tended to be higher in the early lactation cows in the first replicate and in the second replicate higher in the late lactation animals. Perhaps dairy cows in early lactation and in negative energy balance shed more Salmonella, however research results are inconclusive and largely highlight the variability in Salmonella shedding among animals and the difficulty in teasing out meaningful information.

Has the evolution of livestock and poultry diets modified the GIT such that Salmonella now finds it much more hospitable? Even subtle dietary changes can impact the gut microflora, eliminating or creating competition among species. Beyond the microflora, what role does the health and integrity of the gastrointestinal epithelium play in pathogen prevalence. Liver abscesses in feedlot cattle are generally attributed to bacteria escaping the rumen due to damage to the epithelium, a result of high concentrate inclusion in the diet. There is now interest in the hindgut and what role that may play in the etiology of liver abscesses. Conventional wisdom suggests that Salmonella within the PLN is of gut origin, as the bovine GIT is a reservoir for the bacterium. Research has clearly demonstrated that Salmonella on the hide of the animal can enter through a wound, such as a fly bite, and will be acquired by the PLN (Edrington et al., 2013b; Edrington et al., 2016; Olafson et al., 2016). That said, the importance of GIT Salmonella to the overall contribution to Salmonella within these PLNs cannot be dismissed and likely is a large contributor. Recent work, published in this journal issue, examined Salmonella with the PLN by different cattle type and reported that cull dairy cows and feedlot animals had the greatest prevalence of Salmonella positive PLN, while cull beef cows and grass-fed beef had much lower prevalence (Wottlin et al., 2022). Results suggest either a correlation to animal density, feedstuffs, or both. Not surprisingly, gut health appears to play a significant role in relation to carriage of Salmonella within the gut of livestock and poultry, delineating those exact mechanisms will be a challenge.




Where Do We Go From Here?


Design and Evaluation of Interventions

The discovery and implementation of effective pre-harvest interventions has the potential to dramatically impact the safety of animal protein products. Many potential interventions have been examined, most showing limited to no success in reducing Salmonella in the live animal. In general, interventions are examined in vitro, and if results are promising, small scale animal studies are conducted, most often utilizing experimental challenge models. Success there will then direct the research to larger scale studies, often in commercial production settings. There are problems with this general approach that may potentially exclude promising interventions, or not provide for their proper evaluation.

First, the type of experimentation should match the hypothesized mode of action (MOA) of the intervention. A one size fits all approach like mentioned above will not allow for adequate evaluation of that intervention. For example, if the MOA is a direct killing effect, then in vitro screening followed by experimental challenge studies may be a proper evaluation. However, if the MOA involves manipulation of the gut microbiome, such as a direct fed microbial, then in vitro methods, even with mixed cultures that do not allow for the complexity of the gut to be included are unlikely to provide proper evaluation. Experimental challenge studies likewise need to be carefully considered. These studies typically involve the dosing of animals with a significant concentration of Salmonella, followed by the monitoring of fecal shedding up to a point where necropsy of the animal may be conducted. Large doses are required as small, “more real-world” doses typically are hard to detect following challenge. The result is a measure of how fast the challenge strain washes out of the GIT, unless sufficient time is allowed for the challenge strain to establish with the competing microflora, which more often than not, fails to occur. Another issue with challenge studies involves the animal’s response to the challenge itself. Does the administration of millions of Salmonella, in a single dose initiate an immune response? This is likely to occur. Does natural exposure to small amounts of Salmonella over time produce an immune response? This is unlikely, or at least to a different degree. Recent research reported significant differences in the phosphorylation state of the immune response peptides between naturally- and experimentally-infected cattle, suggesting that the immune system is activated in a significantly different manner (Arsenault et al., 2022). Hence, the use of experimental challenge studies and the interpretation of the data generated must be done carefully with consideration of the protocol itself and the animal response. The optimum test of any intervention will be in a commercial production setting, with naturally-infected animals. Therefore, starting there and eliminating the pre-testing that may or may not be of value may be the correct, or more practical, approach.



Chasing Serotypes and Other Follies

Considerable effort and expense have been devoted to examination of Salmonella serotype to include research conducted by these authors. With some 2,800 serotypes identified and the significant prevalence of Salmonella, this can be a tedious, sometimes complex, and costly process. After characterization of thousands upon thousands of isolates, has this data improved our ability to reduce Salmonella in the animal? Yes, there are serotype specific interventions that have shown benefit against a particular serotype (Newport for example). But overall, the benefit to the overall Salmonella problem is negligible at best. The challenge is serotypes shift, and they are often found in multiples. While common serotypes may be dominant, research has demonstrated that serotypes change over time within populations of animals. Examination of Salmonella isolates in dairy cattle on four neighboring farms reported that serotype and serotype prevalence changed by season on three of the four farms with a total of 22 different serotypes identified (Edrington et al., 2004). Further research demonstrated serotypes change from month to month within individual dairy cows and further documented five different serotypes within a single fecal sample, in which five isolates were examined (Edrington et al., 2008b). How many isolates must be examined to accurately determine serotype prevalence in an animal, or on a farm? Similar data has been generated in other species and highlight the challenge of addressing the Salmonella problem by serotype. Furthermore, culture methodology may influence serotype recovery and this should be taken into consideration.



Further Characterization of Isolates and Whole Genome Sequencing

Considerable research has sought to further examine Salmonella isolates obtained from clinical cases of salmonellosis as well as healthy animals, the value of which has largely yet to be determined. Are some species of Salmonella more virulent, more likely to escape the GIT and become systemic, or end up in a PLN? It appears so.

Whole-genome sequencing has been employed extensively over the past decade and while useful in source tracking and the identification of the source of outbreaks, the remaining value seems largely tied to the support of litigation efforts. The challenge then becomes, can a specific pre-harvest intervention be designed around this knowledge, and if so, is this a worthwhile endeavor? Based on the diversity of Salmonella serotypes discussed briefly above and the generally accepted idea that if you remove one, another will take its place, then does further characterization of one particular isolate, or isolates, help with the design of interventions that need to target all Salmonella strains?




Conclusion

Where do we go from here? A thorough review of the literature regarding pre-harvest food safety research for those entering this research arena, as well as continual monitoring of new research is certainly required. Unfortunately, this does not always happen as some current research has reported old findings as new. With a solid foundation of what has been done, then the identification of the key knowledge gaps will drive the subsequent research ideas. For instance, ceca Salmonella is not the appropriate metric for evaluation of pre-harvest interventions designed to address Salmonella in ground turkey. What is? Another example: does fecal shedding of Salmonella correlate strongly enough to the carriage of Salmonella within the PLN of cattle, such that it can be used as an indicator for the latter? Answering both of these questions will further facilitate the evaluation of potential preharvest interventions. The development of interventions strategies will require novel ideas, outside of the box thinking, and a willingness to step away from the attraction of putting a new spin on an old idea. Vaccines, bacteriophage, DFMs may yet produce the answer to Salmonella control pre-harvest, but the lack of results considering the efforts expended on these to date, suggest alternatives may win the day.
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