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Fresh salad produce such as lettuce and spinach are an important part of a healthy diet, but are increasingly becoming associated with 
infection from foodborne pathogens such as Salmonella enterica. This review examines the incidence and origins of Salmonella fresh 
salad leaf colonization, models the behaviour of the pathogen when within a bagged salad and considers the various infection risk 
reduction strategies relevant to salad growers, distributors and consumers which can be employed to improve the microbiological safety 
of fresh salad leaves
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Introduction
Fresh salad vegetables such as lettuce, spinach and herbs, and bean sprouts are an important part of a healthy diet, providing 
vitamins, minerals, and dietary fiber. Ready to eat bagged salads are most popular with consumers, and represent an important 
economic output [1,2]. Over the last 10 years or so salad produce consumption has also become associated with food poisoning 
outbreaks through contamination with enteric pathogens such as Salmonella enterica, Listeria monocytogenes, and Escherichia coli. 
Although such outbreaks have led to development of strategies for improved prevention of pathogen contamination, their success 
is limited and salad leaves are now recognized as one of the most common source of foodborne illness [3-5]. In the USA and 
Europe fresh salad produce outbreaks have been reported for all of these pathogens, but usually the greatest health impact in terms 
of treatment requiring hospitalisation has been associated with Salmonella infections [3-5]. This review considers the prevalence of 
Salmonella contamination of fresh salad produce, explores what happens when the pathogen encounters salad leaves, and discusses 
recent strategies aimed at reducing salad leaf-associated infections.

Salad leaves have high water content and after harvesting quickly become subject to spoilage by a range of bacteria and fungi, which 
therefore requires leaves to be rapidly processed into specialist sealed containers with a low oxygen atmosphere. As a fresh produce, 
leafy salads are consumed raw, which makes them subject to an infection risk if contaminated with food poisoning microorganisms 
[3]. Salad leaves have been shown to be susceptible to colonization by enteric pathogens, one of the most problematic of which is 
Salmonella [3,6-10]. Outbreak studies over the last decade reveal there is a considerable human health burden associated with salad 
produce infections by this pathogen (Table 1). In the US in 2014 contaminated Salmonella bean sprouts infected over 100 people, a 
quarter of whom were hospitalized [11]. Salmonella enterica serovar Thompson contamination of bagged ready-to-eat rocket salad 
leaves originating from Italy caused a serious outbreak in the UK and Scandinavia in 2004 with 30 confirmed cases, but estimates 
of considerably higher numbers of people were affected [12]. In Denmark in 2009 fresh basil contaminated by Salmonella enterica 
serovar Anatum infected over 200 school students and teachers, though without fatalities [13]. In February 2016, more than 50 
people in Victoria, Australia, developed salmonellosis after eating salad leaves [14]. Such outbreaks are usually associated with 
huge economic consequences to consumers and employers due to the lost days spent for recovering from the food poisoning but 
also to the producers who usually experience massive drop of their sales after such incidents. But most importantly the producers’ 
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sector are hit massively, as in the case of the outbreak in Australia last year where a Tasmanian producer reported a 40% drop 
in sales nationwide causing him a loss of $500,000 even though the company had absolutely no link with the specific outbreak 
[15]. Due to the growing numbers of salad related outbreaks, the European Food Safety Authority (EFSA) Panel on Biological 
Hazards has now categorised leafy green salads as the second most frequent source of foodborne infection within the European 
Union, with Salmonella being implicated in around 30% of fresh produce outbreak cases [16]. Salmonella infections from fresh 
produce can be severe, particularly in children, the elderly or immunocompromised [3,17,18]. The infectious dose of Salmonella 
is generally thought to be around 10,000 cells although depending on the food origin and outbreak strain characteristic some 
reports have shown the infectious dose can be as low as 10-100 bacteria [3,17,18]. In the United States Salmonella is estimated to 
cause 1 million foodborne infections every year with 19,000 hospitalizations and nearly 400 avoidable deaths causing considerable 
damage to society and the economy of the country [19]. According to the EFSA 2016 report there were almost 100000 confirmed 
Salmonellosis cases in Europe and 126 reported deaths [20]. The increased consumption of fresh produce and ready to eat fresh 
salad produce over the last decade in the USA and Europe has contributed unavoidably to an increase of foodborne outbreaks 
associated with fresh produce [21]. 

Salad leaves (predominantly lettuces, spinach and leafy herbs) are largely water and carbohydrate in terms of composition and as a 
consequence cellular decay contributed to by spoilage microbes initiates soon after harvesting, which means salad leaves must be 
processed rapidly after picking. Salad leaves naturally acquire a diverse endogenous microflora during cultivation but this does not 
competitively exclude subsequent colonization by enteric pathogens, particularly Salmonella and E. coli O157:H7 [3,6-10]. Why 
pathogens normally associated with meat products can also infect salad leaves is not entirely clear, though the potential pathways 
to fresh produce contamination are well known [3]. It has been suggested that animal and insect contact during salad leaf growth, 
faecal contamination of soil or compost, pathogen presence within irrigation and wash waters, and contaminated equipment 
combined with poor hygiene of human salad packers are all contributory factors [3,16]. Trials have shown that when enteric 
pathogens such as Salmonella and E. coli are established in soils or compost they can internalise seeds, which could then increase 
pathogen dissemination over considerable geographical distances [3].  Additionally, a pathogen presence with seeds would aid 
later colonisation of plant tissues during germination by invading the root hairs and travelling to distant sites via the plant phloem 
and xylem [18, 22]. Salmonella displays a positive chemotactic response to fluids released from fresh produce roots and when 
inoculated into plant culture media rapidly colonized the interior tissues of tomatoes [23,24]. While these analyses are laboratory 
based and used high levels of bacterial inoculum which may not be reached in fresh produce cultivation soils, such findings are 
important as they reveal that internalization of plant tissues is a possible source of non-eradicable enteropathogen fresh produce 
contamination. Harvesting salad leaves involves cutting off of the leaf stalks, removal of damaged leaves also by cutting, washing 
the salad head in clean cold water, packaging, and finally transport to the supermarket, which means it can be several days before 
harvested plants are consumed [3]. Physical damage to salad leaves from salad cutting has been shown to promote the growth of 
Salmonella, especially at non-refrigeration temperatures [3,6,8]. Once internalized within a salad plant, Salmonella has been shown 
to grow well within salad leaf tissues as well as on the surface of leaves, particularly at cut surfaces where leaf fluids are release 

ReferenceCountryYearNumber of casesFresh Produce typeSalmonella strain

46USA20188Raw SproutsSalmonella Montevideo

47USA201626Alfalfa SproutsSalmonella Muenchen 
and Salmonella Kentucky

48USA201636Alfalfa SproutsSalmonella Reading and 
Salmonella Abony

49Australia201654LettuceSalmonella Anatum

50USA2015907CucumberSalmonella Poona

51USA2014115Bean SproutsSalmonella Enteritidis

52USA2014275CucumberSalmonella Newport

53USA201125Alfalfa Sprouts and 
Spicy SproutsSalmonella Enteritidis

54USA2010-2011140Alfalfa SproutsSalmonella Enteriditis

55USA201044Alfalfa SproutsSalmonella Newport

56USA2009235Alfalfa SproutsSalmonella Saintpaul

57Finland200942Alfalfa seedsSalmonella enterica  
Bovismorbificans

58Sweden200751Alfalfa sproutsSalmonella Stanley

59 Norway, 
Denmark, Finland200745Alfalfa SproutsSalmonella Weltevreden

Table 1: Global foodborne outbreaks connected with leafy greens, salads and sprouts Salmonella contamination between 2007 and 2018. 

Routes of Salad Leaf Contamination
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[25,26]. Practices designed to inhibit pathogen growth in fresh salad produce include refrigeration after harvesting and packaging 
in a modified atmosphere containing reduced oxygen levels [3,16]. Despite the efforts at reducing the risk of salad-associated 
infections they continue to occur, largely because most points of the path of salad leaf production has multiple opportunities for 
microbial pathogen colonization.

Although most research effort has been directed at improving the hygiene of salad cultivation, much less is known about what 
happens to pathogens such as Salmonella when they have entered the salad bag. We carried out such an investigation and examined 
aspects of Salmonella biology relevant to leaf colonization and host infectivity [27]. This study found that microliter traces of 
juices present within salad leaves, including juices leached into salad bag water films, massively increased Salmonella growth 
by over 3 logs, even at refrigeration temperatures, which is of particular relevance to salad leaf storage by consumers (Figure 1). 

Molecular Studies of Salmonella Salad Leaf Interactions

Figure 1:  Salad extracts increase Salmonella growth at refrigeration temperatures
Panel A: Typical pictures of the fluid that accumulates in bagged salads.
Panel B and C: Histograms showing growth of an inoculum of 101 CFU/ml Salmonella in sterile water supplemented with 5-20% (v/v) doses of filter-
sterilised fluids taken from a bagged spinach (panel B) or bagged mixed leaf salad (panel C). Cultures (in triplicate) were incubated statically at 4 ̊ C, and 
samples withdrawn at daily intervals and enumerated for viable bacteria by serial dilution onto Luria agar and subsequent counting of colonies; n=3. 
Key: *(p≤0.05), ** (p≤0.01), *** (p≤0.001), **** (p≤0.0001). Note: the data shown was reproduced with permission from Koukkidis et al (2016) [27]. 
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It is noteworthy that the salad bag water would have contained sanitising agents, even though it was stimulatory to growth.  Of 
concern was the finding that salad juice including that leaching into salad bag water enhanced Salmonella biofilm formation and 
salad leaf colonization (Figure 2A). Scanning electron microscopy analysis of Salmonella interaction with spinach leaves showed 
a marked preference for stomata association, which is similar to that found by other studies [10,28]. Interestingly, the endogenous 
salad microflora were not as responsive to the salad leaf juice as the Salmonella (Figure 2B), suggesting that Salmonella gains an 
advantage over the salad microbes from fluids released from leaf damage. We also found that salad leaf juice treatment increased 
pathogen motility, which is important in biofilm formation as well as attachment of the Salmonella to abiotic surfaces such as a 
salad bag plastic container (Figure 3A, 3B and 3C). Collectively, this data suggests the salad bag itself could be an unappreciated 
vehicle by which pathogens are retained within bagged fresh salad leaves.

We thank Assosa Agricultural Resaerch Center for providing us in every aspect of the research work. We also thank Awassa 
Agricultural Research Center for providing us planting materials.

Figure 2: Spinach leaf extracts increase Salmonella colonisation of salad leaves
Panel A: Images showing representative scanning electron micrographs of the attachment to salad leaves of untreated (-) and filter-
sterilised spinach (2% (v/v) juice-exposed (+) Salmonella seeded at 105 CFU/ml onto 5 mm sections of spinach leaves in sterile water 
which were then incubated statically at room temperature for 24 hours. 
Panel B: Attachment profiles of the spinach leaf microflora in the absence (-) and presence (+) of 2% (v/v) spinach juice; n=3. Scale bars 
are shown on the bottom of each set of images. Note: the data shown was reproduced with permission from Koukkidis et al. (2016) [27].
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Figure 3: Salad leaf juices enhance Salmonella motility and salad bag colonisation
Panel A: Histograms showing that 2% (v/v) additions of filter-sterilised salad extracts increase Salmonella motility in DMEM 
medium solidified with 0.3% w/v agar relative to controls (p≤0.01). Key: C, control (no additions); Cl, cos lettuce; Bo, baby green 
oak lettuce; Rr, red romaine lettuce; S, spinach; Rc, red chard; motility readings were taken after 24 hours incubation at 37 ˚C; n=5. 
Panel B: Typical pictures of the diversity of microbes transferred from 4 by 1 cm sections of the interior surface of a salad bag 
pressed onto 9cm plates of Luria agar; images shown are of microbial growth after 24 hours incubation at room temperature. 
Panel C: Blue light microscopy images (x40 magnification) of the biofilm formed by Green Fluorescent Protein-labelled Salmonella 
seeded at 103 CFU/ml onto strips of salad bag plastic that had been incubated for 18 hours at room temperature in water in the 
absence (-) and presence (+) of 2% (v/v) spinach juice; n=3. Key: *(p≤0.05), ** (p≤0.01), *** (p≤0.001), **** (p≤0.0001).  Note: data 
was reproduced with permission from Koukkidis et al (2016) [27].

It has proved difficult to eliminate Salmonella (and indeed other enteric pathogens) from the fresh produce food chain and in 
the last 15 years in spite of considerable research efforts Salmonella infections associated with fresh food have not declined in the 
United States or the UK and the rest of Europe where they continue to cause the largest number of food-related hospital admissions 
[29-32]. In response to this serious health challenge a series of contamination source identification and reduction strategies have 
been applied in order to reduce Salmonella contamination of fresh salad produce at all levels of production, distribution, and 
retail. Research by Bartz et al. (2017) examined the origins of microbial contamination in an agricultural fresh produce production 
environment [33]. They looked at the source potential for enteropathogen fresh produce contamination of farm workers’ hands, 
culture soil/compost and wash water.  The study found that contamination was most likely to come from worker’s hands rather 
than soil or water, and emphasised the importance of good hand hygiene. Other research suggests fresh produce washing methods 
and food compatible washing solutions are equally important in preventing salad leaf contamination [3]. The effectiveness of 
washing depends on the microbial content of the wash water if it is recycled, the type of sanitising agent, and the location of 

Reduction strategies 
Produce Growers 
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Despite the efforts to prevent fresh produce contamination there are as yet no food-safe treatments which can remove foodborne 
pathogens from fresh salad leaves without causing major leaf damage. The adoption of a holistic approach to the microbiological 
safety of fresh produce is key, and for distributors this would be to consistently maintain low temperatures after harvesting, and 
to avoid where possible damage to the salad leaves [3]. Within salad leaf packaging it would help limit pathogen growth if the 
salad leaves were packed without an excess of water, as leaf exudate from cut lettuce and spinach leaves is clearly able enhance 
Salmonella growth and virulence, even at refrigeration temperatures and irrespective of whether sanitizing agents were originally 
present [27]. Reducing the use by date of bagged salads would minimise the opportunity of any pathogens that might have entered 
the salad to increase in numbers during refrigerated storage.  Currently it may be as long as 6-7 days from leaf harvest to customer 
consumption [3]. 

The results of Koukkidis et al. (2016) highlighted for salad leaf growers the importance of minimising salad leaf damage during 
handling, maintaining good hygiene during production, harvest and post-harvest handling to reduce the risk of pathogen 
contamination [3,27,41]. This study suggests more frequent checks are needed of the growing medium where salad vegetables are 
cultured for the significant presence of enteric pathogens [27]. Also, the water used for fresh produce washing should be free of 
any pathogens especially if recycled as build-up of fluids from the cut ends of salad leaves has the potential to increase numbers of 
pathogens present within the leaves. Within salad leaf packaging it would limit pathogen growth if the fresh produce was without 
an excess of water, as salad bag fluid containing cut leaf exudate is clearly able enhance Salmonella growth and virulence, even at 
refrigeration temperatures.

the colonized pathogen (surface or internalized). The aim of salad growers is an effective sanitizing treatment that eradicates 
colonized pathogens without affecting the taste or texture quality of the fresh produce. Decontamination protocols for salad leaves 
therefore generally involves treatment with a topical sanitizing agent, generally food compatible acids such as sodium hypochlorite, 
chlorinated water or oxidising agents such as hydrogen peroxide, or chlorine dioxide [3]. Klintham et al. (2017) evaluated the use 
of water microbubbles with and without oxidising sanitizers (acidic electrolyte water, chlorine dioxide, and sodium hypochlorite) 
on eradication of Salmonella from salad herbs [34].  Microbubbles alone did not possess any antimicrobial activity but did improve 
the efficacy of the chlorine dioxide, and sodium hypochlorite, which resulted in a 2-3 log reduction in Salmonella viability after 
only 5 minutes treatment [34]. Irradiation has also been used to control Salmonella and other enteric pathogen numbers, though 
such treatments can negatively affect salad leaf sensory characteristics [3]. However, the effectiveness of washing with surface 
acting sanitizers is much reduced if the Salmonella have already internalized into the salad leaves [3]. Chen et al. (2018) showed 
that the combination of lactic acid bacteria along with UV-C irradiation could reduce Salmonella enterica serovar Enteritidis 
levels by 2 logs in comparison with a simple distilled water treatment wash [35]. Thung et al. (2017) showed that a bacteriophage 
specific for Salmonella Enteritidis reduced significantly Salmonella numbers by 2 logs in a variety of fresh produce products after 
incubation at 4˚C for 48 hours [36]. The bacteriophage was stable in a broad spectrum of temperature and pH conditions and so 
could be applicable for fresh cut salads [36]. Research by Jiang et al. (2017) showed that cold plasma activated peroxide aerosol 
droplet treatment reduced Salmonella numbers on Spinach leaves by 4.2 logs [37]. This treatment also reduced significantly 
naturally present spoilage microorganisms, without affecting the quality of the salad leaves [38]. In another study, Shen et al. 
(2017) attempted to limit the internalisation of S. enterica into mung bean sprouts by applying 12 different endophytic Bacillus 
subtilis strains. The results found within 5 days that 3 of the Bacillus strains were able to reduce Salmonella internalization by up 
to 1.4 log CFU/g of seed sprouts [39]. Several other studies have also looked at the salad leaf endogenous microflora as a means 
of improving the microbiological safety of salad leaves by competitive exclusion [40]. Lactic acid bacteria (which produce growth 
repressing bacteriocins) inhibited over 2 log-fold the growth of S. enterica serovar Typhimurium inoculated onto fresh-cut lettuce, 
while the combination of pathogen specific bacteriophages with antagonistic bacteria such as Enterobacter reduced the in vitro 
growth of Salmonella by 6 log orders. 

Distributors

As it has been shown pathogens can grow within bagged salads, it is advisable to always buy fresh salad leaves as far as possible 
from their use by date [27]. Do not buy bags with damaged leaves or which appear swollen like a balloon even if within their use 
by date.  Buy smaller bags which can be consumed within one sitting if possible, or use within one day of opening. Refrigerate the 
salad promptly after purchase as bacteria tend to grow faster at room temperature. When ready to serve the salad leaves remove 
all leached juices from the salad bag with a thorough wash (at least 30 seconds under the cold tap). Washing a freshly opened 
bag of salad is important even if the product is labelled as ‘washed and ready to eat’, as it would help to ensure the removal of any 
contaminated soil or loosely attached bacteria that are resident on the surface of the leaves [27]. If planning to eat the salad later, 
re-seal the bag eliminating as much air as possible which would help limit growth of any pathogens present by denying them 
access to atmospheric oxygen. Ideally, repeat this procedure with salad transferred to a fresh plastic bag as pathogenic bacteria 
such as Salmonella are able to attach and grow on the plastic inner surface of salad containers [27]. Hands should also be washed 
thoroughly before and after handling the salad leaves [42,43].

Consumers
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Food safety is a major issue within the agricultural fresh food chain. Meat products have long been recognised as a source of 
potential food poisoning, and now it is clear that because they are minimally processed after harvesting and usually eaten raw 
salad leaves have a recognised food infection risk [3,4, 7,8,10]. Much effort has therefore been invested in devising ways to prevent 
fresh salad contamination such as testing for and reducing pathogen levels at source as well as improving protocols for post-harvest 
processing and packaging, but these have had variable success and outbreaks still occur [3,44,45]. A strong holistic and integrated 
approach involving growers and distributors is therefore needed to develop well monitored agricultural systems that will ensure 
the production and delivery of safe salad vegetables. For the salad leaf consumer, improvements in food safety awareness similar 
to that associated with meat and dairy products is needed, and it is reassuring that governmental bodies such as the UK NHS and 
Food Standards Agency are now providing guidance on washing and storage of fresh salad produce.  

Conclusion

Neither of the authors have any conflict of interest in publication of this paper, nor any financial or other issues to disclose.
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