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ABSTRACT 

 

This project consisted of three studies: the first study investigated whether plant-based 

antimicrobials inactivate foodborne pathogens or induce them to go into the VBNC state in vitro 

and on romaine lettuce; the second study focused on sensory analysis of organic leafy greens 

treated with plant antimicrobials in the wash water; and the third study examined the novel 

concept of applying antimicrobials via edible films. 

The inert metabolic state of Viable but Non-Culturable (VBNC) that some pathogens can 

go into is gaining importance in the food and health industries. It is a state in which bacteria do 

not grow on lab based media but can cause disease in a human host. Foodborne pathogens that 

can go into VBNC are of immense concern since they can result in false negatives, leading to an 

outbreak if consumed by the public. The state of VBNC can be triggered by the presence of 

stress factors that includes chemicals such as sanitizers and antimicrobials. The objective of the 

first study was to determine whether plant-based antimicrobials inactivate the foodborne 

pathogens Salmonella enterica serovar Newport, Escherichia coli O157:H7 and Listeria 

monocytogenes or induce them to go into the VBNC state in vitro and on romaine lettuce.  

This was done by using selective media and fluorescence microscopy to confirm the 

viability of the pathogens. Organic iceberg lettuce inoculated with S. enterica, E. coli O157:H7 

or L. monocytogenes was dip-treated in one of the following solutions: 0.1%, 0.3%, and 0.5% of 

essential oils or their active components; 3 and 5% of one of the plant extracts, hydrogen 

peroxide or chlorine for 2 min and stored at refrigeration temperature (4°C). Samples were taken 

on days 0, 1, and 3, for enumeration of survivors. The reductions in bacterial populations ranged 

from 2-6 log CFU/g. Oregano oil and its active component carvacrol were seen to be most 
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effective in reducing the bacterial populations to below detectable limits on day 0. All the 

treatments reduced Listeria populations to below detectable limits by day 1. It was generally 

seen that citral showed more potent antimicrobial activity as compared to lemongrass oil against 

Listeria. The fluorescence microscopy results also correlate with the plating results. The dead 

cells fluoresced orange/red and the viable cells fluoresced green. 

 The second study focused on sensory analysis of organic leafy greens treated with plant 

antimicrobials in the wash water. The objective of the second study was to a) evaluate panelists’ 

responses to changes in the sensory attributes of romaine lettuce treated with plant antimicrobials 

added to the wash water b) identify preference liking of the panelists to leafy greens washed with 

various essential oils and plant extracts and c) identify and evaluate the effects of these 

antimicrobials on the color and texture of the treated leafy greens. 

Organic romaine lettuce was washed with various plant antimicrobials in tap water for 2 

min and stored at 4°C for 20-24 h before performing sensory evaluation and measuring changes 

in physical properties (color and texture) of leafy greens. A randomized block design was used 

with 75 panelists. The sensory attributes of the samples, which included pungency, browning, 

bitterness, off-odor, and sourness were evaluated using a 5 point hedonic scale. The preference 

liking was evaluated for aroma, color, freshness, mouthfeel, flavor, and overall acceptability 

using a 9-point hedonic scale where 9 was extremely liked and 1 not liked at all. The color 

analysis was done using the CIE L*a*b* coordinates and the texture was analyzed using a 

texture analyzer. Lettuce treated with 7% olive extract and 3% apple extract had a higher 

likelihood of being purchased and the least likely to be purchased treatments were oregano oil 

and a combination of oregano oil and grapeseed extract. As per the preference liking, lettuce 

treated with 7% olive extract and 0.1% citral had a higher overall acceptability. The least 
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acceptable treatments were those of oregano oil and clove bud oil. The color of the samples was 

affected the least by olive extract and lemongrass oil, with oregano oil and carvacrol showing 

changes in the color. Similarly, for the texture analysis, it was seen that lettuce treated with 0.1% 

citral (890.0±79.5 N) was the least affected and 0.1% oregano treated samples were the most 

affected requiring less force (635 N) to crush the samples. 

We know that essential oils are well known for their potent fragrances and flavor 

imparting properties. The second study also indicated that the direct exposure of leafy greens to 

the antimicrobials may be less preferred and so the novel concept of applying antimicrobials via 

edible films was experimented with in the third study. Edible films are thin layer films made 

using the pulp of edible plant parts or biopolymers such as chitosan. Our films were made of fruit 

and vegetable pulp and contained the active components of plant antimicrobials. The objective of 

the third study was to a) evaluate panelists’ responses to changes in the sensory attributes of 

romaine lettuce treated with plant antimicrobials added to edible films b) identify preference 

liking of the panelists to leafy greens treated with various edible films and c) identify and 

evaluate the effects of these edible films on the color and texture of the treated leafy greens. 

The edible films were added to bagged lettuce. Edible films were made from tomato, 

apple, or carrot pulp which included 0.5%, and 1.5% of carvacrol or cinnamaldehyde. Similar 

parameters were evaluated with these samples. Romaine lettuce treated with apple films had a 

higher likelihood of being purchased in comparison to other films, with lettuce treated with films 

containing 1.5% cinnamaldehyde and the control films being the most to be purchased. The least 

likely to be purchased treatments were those of the tomato films, specifically the films 

containing 1.5% cinnamaldehyde. The lettuce treated with carrot films had a higher acceptance 

rating as compared to other films, with films containing 1.5% cinnamaldehyde and the control 
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films being the highest. The color analysis results indicate that the films containing 

cinnamaldehyde had the least adverse effects. The cinnamaldehyde containing films also needed 

lower force to crush the leaves, indicating more firmness or crispiness as compared to those 

containing carvacrol. 

The results from the three studies are useful in not only helping to decide which plant 

antimicrobials can be used as potential sanitizers in the organic industry but also provide insight 

into which treatments are preferred by consumers and will not affect the marketability of the 

leafy greens. 
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Literature Review 

Salmonella enterica 

A member of the Enterobacteriaceae family, Salmonella is a genus consisting of species of 

bacteria that are Gram negative, facultatively anaerobic rods with peritrichous flagella. The 

growth conditions of this pathogen include temperatures between 7 and 48°C with optimum 

growth seen at 37°C and survival observed at pH levels between 4 and 8 (Ananthnarayan & 

Paniker, 2005). Salmonellae are chemoorgantrophic bacteria that carry out fermentation and 

oxidative respiration as their primary energy metabolism. Resistant to both freezing and drying, 

these bacteria can survive in foods that have a water activity or Aw of 0.93 and greater. Though 

resistant to many processing treatments, the bacteria can be heat-killed at temperatures of 

~71.7°C for 15 seconds or more as well as by certain chemicals such as 1.4% acetic acid among 

others (Baird-Parker, 1990).  

Classification of Salmonella 

The genus Salmonella comprises of two species, namely, Salmonella enterica and Salmonella 

bongori. Salmonella enterica is further divided into six subspecies which include S. enterica sub 

species enterica, S. enterica sub species arizonae, S. enterica sub species diarizonae, S. enterica 

sub species salamae, S. enterica sub species indica, and S. enterica sub species houtenae. The 

relationships between species and subspecies are determined by biochemical tests and genomic 

relatedness (Bergey’s Manual of Determinative Bacteriology, 1994).  
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Fig.1: Chemical composition of the O antigen of different 

Salmonella serotypes (Baumler et al, 2000) 

 

 

Structure of the antigens 

There are over 2,500 serovars between the two species with the majority of them belonging to S. 

enterica sub species enterica. The other serovars are grouped among the other sub species of S. 

enterica and S. bongori. Serotyping is done based on the presence of surface antigens. The 

antigens that are assessed for serotyping the bacteria are the somatic (O) antigen found in the 

polysaccharide portion of the lipopolysaccharide layer on the cell surface, the (H) antigen 

encoded in the flagella, and occasionally capsule derived antigens (Yan et al., 2004). The O 

antigen is divided into several types based on the chemical composition, especially of the sugars 

and their linkages as seen in Figure 1. For example, the O antigens of some of the serotypes such 

as S. enteritidis, S. gallinarum, and S. pullorum consist of an O9 tyvelose branching sugar apart 

from the recurring O12 sugar repeats that constitute the backbone. The O antigen of S. 

Typhimurium has the same O12 

backbone but different O4 (abequose) 

and O5 (acetyl) branched sugar chains 

(Baumler et al, 2000). 

Some species of Salmonella such as S. 

enteritidis can colonize animal hosts 

such as chickens without any symptoms; 

hence, resulting in low antibody titers and 

escaping detection by conventional methods of testing such as the whole-blood agglutination 

assay (Cooper et al, 1989).  
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All salmonellae are considered to be pathogenic and are found ubiquitously in all animals and 

birds as well as reptiles. Salmonellae are zoonotic microorganisms that asymptomatically 

colonize both domestic and wild animal hosts in the intestinal tract, are shed in large numbers 

through the feces, cause diseases in humans, and spread predominantly through the oral-fecal 

route. Some serovars may be virulent enough to cause mild forms of disease in the host but most 

virulent forms cause moderate to severe forms of disease in the infected human host (Baird-

Parker 1990).   

 

Disease progression 

Salmonellae are implicated as the causative organisms in two different kinds of infections with 

some types causing gastroenteritis and some causing enteric fever, otherwise known as typhoid 

fever. The first type, referred to as non-typhoidal salmonellosis, commonly manifests in humans 

with gastrointestinal symptoms such as abdominal cramping, fever, moderate to severe diarrhea 

and vomiting 3-72 hours post infection. Systemic salmonellosis or typhoidal salmonellosis is 

predominantly caused by the serovars Typhi and Paratyphi types A and B and manifest as 

elevated temperatures and headache with lasting weakness (Wilson et al, 2011). Gastrointestinal 

salmonellosis or food poisoning is often self-limiting with symptoms lasting between 3 and 7 

days. Some of the patients may go on to develop complications such as bacteremia or septicemia 

leading to other localized infections which may need to be treated with antibiotics such as third 

generation cephalosporins, ampicillin and quinolones including fluoroquinolones. 

According to Doyle, 2013, Salmonella is the leading cause of foodborne illnesses and is 

responsible for a large number of hospitalizations and deaths each year. Depending on the food 

through which it is transmitted, the infective dose for humans is minimal and can range from 1 
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Fig.2: Sources and routes of Salmonella transmission (Baird-Parker, 1990) 

 

cell/g or higher. Other factors include the strain responsible as well as the immune status of the 

patient. Very young, very old and immunocompromised individuals are at a higher risk with a 

lower infectious dose in comparison to healthy individuals. Certain metabolic conditions such as 

Irritable Bowel Syndrome 

and achlorhydria (removal 

of hydrochloric acid from 

gastric secretions) render 

patients more vulnerable 

to the disease (Coburn et 

al, 2007). Foods with a high 

fat content are more likely 

responsible for the disease manifesting from a lower dose and can include chocolate, peanut 

butter, salami, mayonnaise and cheese among other foods. However, some Salmonella are 

transmitted in geriatric and pediatric wards of hospitals, causing these to be termed as 

nosocomial. According to Scallan et al, 2011, transmission can occur by contact with infected 

animals as well as consumption of contaminated water, due to the ubiquitous presence and varied 

survival strategies employed by the pathogen. Generally, water contaminated with fecal matter is 

responsible for the spread of salmonellosis as compared to other sources of contamination.  

Figure 2 as illustrated in the Baird-Parker study (1990), adequately connects the most common 

sources of Salmonella and the modes of transmission to various hosts. Apart from the immune 

status of a person and other metabolic conditions, several other factors influence the possibility 

of contracting salmonellosis; demographics such as race-influenced diets as well as age and 

living environments, and exposure to certain therapeutics such as corticosteroids and other 
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antibiotics. The actual infection itself may not be difficult to contain but the complications that 

are associated with the infection which include endovascular conditions, bone related symptoms 

and visceral abscesses, among others, may be detrimental (Coburn et al, 2007). These factors as 

well as the site of infection generally aid in the decision of treatment choices that may be 

available to a medical practitioner.  

 

Pathogenicity and Virulence Factors 

The cellular and molecular aspects that result in the clinical manifestations of salmonellosis have 

recently been emphasized and studied to design more target specific treatment options. 

Salmonella attaches to the host gut lining, specifically, the small intestinal mucosa and causes 

effacing lesions which destroy the brush border microvilli, resulting in the intimate attachment of 

the bacterial cell to the apical membrane (Kaur and Jain, 2012) 

Salmonella causes 

membrane ruffling which 

allows it to modify the 

host cell membrane and 

cytoplasm in such a 

manner that ensures internalization of the pathogen (Goosney et al, 1999). Once the pathogen is 

internalized, it fuses into a vacuole and is then transmitted through the basal membrane into the 

blood stream (Lahiri et al, 2010). Salmonellosis is a disease that exhibits the two clinical 

variations. Gastric salmonellosis requires the pathogen to invade the gut epithelium by 

destroying the microvilli. A systemic infection requires the pathogen to be internalized into the 

phagocyte by means of fusing into the vacuole. This allows the pathogen to be transported 

Fig.3: Schematic of Salmonella infection (Lahiri et al, 2010) 
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through the blood to various other sites leading to septicemia and subsequently, multi organ 

infection (Abrahams et al, 2006). 

Most of the enteric pathogens generally cause disease via the type III secretion system (T3SS). 

The T3SS resembles a syringe through which the bacterial cell injects effector proteins into the 

host cell. The effector proteins that are generally responsible for the virulence include 

Salmonella invasion proteins belonging to the Sip family and are classified as A, B, C, D and E, 

with the mode of action being the induction of apoptosis in macrophages (Coburn et al, 2007). 

Apart from the virulence and pathogenesis genes, it is also imperative for the pathogen to have 

survival strategies that allow it to not only survive but also thrive despite the hostile conditions 

presented by the host. Lahiri et al. (2010) demonstrated that Salmonella possesses a two 

component regulatory system that helps detect environmental differences such as pH, 

temperature and the nutrient content of the host milieu.  

The gastric colonization by the bacteria is predominantly characterized as the primary form of 

salmonellosis. The secondary form which results in the survival of the pathogen and subsequent 

distribution leading up to systemic disease is immune system mediated. Salmonellae have 

pathogenicity island encoded genes that allow replication and survival in the host cells and this 

dual virulence trait is often linked to the ability to cause systemic diseases (Fields et al, 1986, 

Galan, 1999).  Post GI tract infection, the host macrophages and leucocytes act as carriers to 

spread the pathogens throughout the body. The survival of the pathogen as well as replication is 

directly attributed to the ability to form modified phagosomes in the cells. These modified 

vacuoles are called Salmonella containing vacuole (SCV), which can survive phagocytosis on 

fusing with the lysosomes (Lahiri et al, 2010).  
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Salmonella relies on two mechanisms to cause gastrointestinal diseases. Coburn et al. (2007) 

explained the pro-inflammatory immune reaction that is produced in response to two stimuli, 

namely, pathogen associated molecular patterns (PAMPs) such as cell wall components as well 

as genome encoded virulence factors that interrupt host cell processes such as the T3SS effector 

proteins. Salmonella has a vast array of effector proteins. Thirteen of these proteins are 

associated with the T3SS I and largely constitute the Sip family of effectors among others. These 

proteins are responsible for causing membrane ruffling. An innate immune response is triggered 

with the release of cytokines such as Interleukin or IL-1B and 18, ultimately leading to cellular 

damage caused by the release of NF-κB. 

 

Media based Detection of Salmonella 

Salmonella from food samples can be recovered by culturing the sample in buffered peptone 

water (BPW), Rappaport Vassiliadis (RV) or Tetrathionate (TTB) broth. Enumeration is done on 

selective media such as Xylose-Lysine-Desoxycholate (XLD) agar, Xylose-Lysine-Tergitol-4 

(XLT4) agar and Rainbow® agar among others. 

 

Outbreaks associated with Salmonella 

Salmonella is the leading bacterial pathogen causing foodborne associated diarrhea worldwide. 

According to the CDC (2011), in the United States alone, Salmonella is responsible for around 

1.2 million foodborne illnesses with 19,000 hospitalizations and around 450 deaths. The 

symptoms usually manifest within 12 to 72 hours post infection and include fever, diarrhea and 

moderate to severe abdominal cramping. It is usually a self-containing disease lasting for 4-7 
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days. However, in extreme cases, patients do have be hospitalized to assist with related 

complications such as dehydration and ultimately, bacteremia. 

Sources of contamination: Salmonellosis is often associated with contaminated food and water. 

The most common foods that are linked to outbreaks are of animal origin and include 

undercooked beef, poultry, fish, dairy and eggs. However, there have been increasing incidences 

of produce related outbreaks as well. Contaminated fruits and vegetables that include leafy 

greens and chiefly salad vegetables have been the vehicles in outbreaks. Processed or pre-

prepared foods such as potato salad, chocolates and various nut butters such as almond and 

peanut butters also have been linked to many outbreaks with risks attributed to cross 

contamination, improper hygiene and unhealthy storage conditions. Cross contamination 

between kitchen equipment used for meats and produce have been responsible for several 

outbreaks. 

Outbreaks: The table below enlists the outbreaks caused by various serovars of Salmonella 

through foods as well as other sources. 

 

Year Outbreaks 

2016 Dairy Bull Calves – Salmonella Heidelberg 

Shell Eggs – Salmonella Oranienburg 

Alfalfa Sprouts – Salmonella Reading and Salmonella Abony 

Live Poultry – Salmonella Infections 

Pistachios – Salmonella Montevideo 

Alfalfa Sprouts – Salmonella Muenchen and Salmonella Kentucky 

Organic Shake & Meal Products – Salmonella Virchow 

2015 Raw Sprouted Nut Butter Spreads – Salmonella Paratyphi B variant L(+) tartrate(+) 

Small Turtles – Salmonella Sandiego and Salmonella Poona 

Cucumbers – Salmonella Poona 

Pork – Salmonella I 4,[5],12 and Salmonella Infantis 

Raw, Frozen, Stuffed Chicken Entrees – Salmonella Enteritidis 

Raw, Frozen, Stuffed Chicken Entrees – Salmonella Enteritidis 

Live Poultry – Salmonella Enteritidis, Salmonella Hadar, Salmonella Indiana, 

Table 1: Salmonella associated foodborne outbreaks over the last three years (CDC, 2016) 
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and Salmonella Muenchen 

Frozen Raw Tuna – Salmonella Paratyphi B variant L(+) tartrate(+) 

and Salmonella Weltevreden 

Pet Crested Geckos – Salmonella Muenchen 

2014 Cucumbers – Salmonella Newport 

Bean Sprouts – Salmonella Enteritidis 

Nut Butter – Salmonella Braenderup 

Clinical and Teaching Microbiology Laboratory Exposure –

 Salmonella Typhimurium 

Organic Sprouted Chia Powder – Salmonella Newport, Salmonella Hartford, 

and Salmonella Oranienburg 

Frozen Feeder Rodents – Salmonella Typhimurium 

Live Poultry – Salmonella Infantis, Salmonella Newport, and Salmonella Hadar 

Pet Bearded Dragons – Salmonella Cotham and Salmonella Kisarawe 

Chicken – Salmonella Heidelberg 

Raw Cashew Cheese – Salmonella Stanley 

 

Escherichia coli O157:H7 

Escherichia coli is a Gram negative bacterium that is of importance to the medical, food and 

biotechnological industries among others. The spotlight has been cast on the strain O157:H7 

after the occurrence of outbreaks linking this organism to hemolytic uremic syndrome, 

specifically leading to the deaths of infants and young children. 

E.coli O157:H7 does not ferment sorbitol and forms colorless colonies on sorbitol MacConkey 

agar, E. coli O157:H7 are facultatively anaerobic rods with the presence of peritrichous flagella 

in certain strains. The growth conditions of this pathogen include temperatures between 7 and 

48°C with optimum growth seen at 37°C and 25°C, depending on the host organism and survival 

has been seen at a pH range between 4 and 8 (Ananthnarayan & Paniker, 2005). Most strains of 

this pathogen are harmless but some strains can cause moderate to deadly diseases. The pathogen 

has the ability to survive various temperatures and pH ranges, including highly acidic 

environments. 
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Classification of Escherichia coli 

Pathogenic E.coli are divided into various categories depending on their mode of infection. The 

pathogenicity of these organisms as well as their antigenic character are used to classify them. 

Individual serotypes are then further added to each group based on their antigenic structures, 

presence of pathogenicity islands and their molecular mechanisms in the host model 

(Ananthnarayan & Paniker, 2005). 

Based on the pathogenicity mechanism, E. coli may be classified into the following categories. 

Among the intestinal pathogens, the most commonly occurring types include enterotoxigenic E. 

coli or ETEC, entero-aggregative E. coli or EAEC, Diffusely-adhering E. coli or DAEC, which 

cause cholera like watery diarrhea, Entero-pathogenic E. coli or EPEC, Entero-haemorrhagic E. 

coli or EHEC, which cause colitis or haemorrhagic colitis and Entero-invasive E. coli or EIEC, 

which is responsible for moderate to severe dysentery. These groups further have various 

serotypes that may have been isolated from certain outbreaks or patients and classified by the 

CDC. Among the extra-intestinal pathogens, the group includes Uropathogenic E. coli or UPEC 

that causes urinary tract infections or pyelonephritis as well as the E. coli strains that cause 

septicemia and meningitis. E. coli, along with other facultative anaerobes in the gut flora, are 

generally transmitted by the fecal-oral transmission route. These bacteria are able to survive 

varieties of environments and are thus considered environmental indicators, but also are able to 

cause diseases through a variety of foods (CDC, 2012). 

 

Structure of the antigens 

Escherichia coli O157: H7 is a zoonotic pathogen that has been associated with diarrhea 

globally. The pathogen belongs to a subset of the Shiga toxigenic Escherichia coli and causes the 
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disease by the secretion of the shiga-toxin (Gally and Stevens, 2017). Shiga-like toxins are 

chemically and functionally similar to that of the true shiga toxins but differ only in certain base 

pair configurations (Friedman and Court, 2001).  
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The terms used to differentiate between the true toxins and the analogs produced by other genera 

are often used interchangeably. Shiga toxin is a term used to define the true form of the toxin 

produced by Shigella dysenteriae and is denoted by Stx. Shiga-like toxins 1 and 2 are produced 

by some E. coli strains and is denoted by SLT-1 and 2 or Stx-1 and 2. Stx-1 is similar to the true 

toxin and differs only by a single amino acid. However, stx-2 has a 55% and higher sequence 

identity, but has the same mode of action as Stx-1. The terms cytotoxin, verocytotoxin and 

verotoxin are used broadly when the hypersensitivity of Vero cells to the Stx toxin is seen as a 

response to the infection (Kaper and O’Brien, 2014). The toxin chiefly is made up of two 

subunits, A (293 amino acids, 32 kD) and B (297 amino acids, 7700 kD), with an active site at 

the glutamic acid residue at position 167 (Hovde et al, 1988). The toxin is said to be an AB5 type. 

The B subunit is a pentamer that binds to specific targets such as globotriaosylceramide (Gb3) 

residues in the host cell wall. Post binding, the A subunit is internalized into the cell and cleaved 

into two peptide chains. One chain binds to ribosomes and disrupts protein synthesis. Dosage 

studies have determined that the potency of the Stx-2 is about 400 times more than Stx-1. The 

target cells need to have highly conserved receptors for the toxin to bind to and be internalized. 

However, the target cells present in other species such as ruminants (cattle, deer and swine) do 

not have these surface receptors and so will harbor these toxigenic bacteria asymptomatically. 

The bacteria are shed through the fecal route and spread to humans via contaminated food and 
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Fig.4: Antigens of a typical E. coli (Microbewiki) 

 

water (Kaper and O’Brien, 2014). 

Apart from the shiga toxin itself, 

other serotypes of E. coli have the 

flagellar (H), somatic (O), 

capsular (K) and fimbrial (F) 

antigens. These antigens classify 

the bacterium into 150-200 

serotypes or serogroups. 

 

Disease progression 

E. coli O157: H7 is a zoonotic pathogen that has been associated with diarrheal illnesses globally 

(Scallan et al, 2011). Transmitted through contaminated foods and water, this bacterium causes 

73,000 illnesses annually in the United States alone and is the causative agent of the Hemolytic 

Uremic Syndrome (HUS), among other symptoms. The pathogen has been responsible for 

diseases and hospitalizations since 1982 but gained importance in 1993, with the Jack in the Box 

outbreak. Promotional offers led to increased demand and loss in cook times, leading to 

undercooked hamburger patties. Undercooking led to the survival of the pathogen in the already 

contaminated patties and consumption of these patties led to one of the most deadly outbreaks in 

the history of the US. It mainly gained importance since 4 children died, 732 people were 

infected and 178 people were left with permanent effects such as brain and kidney damage 

(CDC, 2011). 

The pathogen typically colonizes the human gut epithelium and causes disease either by 

disrupting the membrane potential or by secreting toxins into the blood stream. E.coli O157:H7 
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Fig.5: Transmission of E. coli O157:H7 (CDC, 2011) 

 

is often transmitted through 

food and water that is 

contaminated by fecal 

matter from animals that can 

asymptomatically harbor the 

bacterium. These include 

ruminants such as cattle, 

swine, deer and chicken. 

Food and water sources can 

be contaminated by run offs from food industries such as slaughterhouses, processing facilities 

and farms. Figure 5 depicts the transmission route of the pathogen from farm to humans.   

Based on the infectious dose received, the severity of the infection can be moderate to severe. 

The general symptoms of infection include diarrhea, abdominal cramping and brief periods of 

elevated temperatures. This may be accompanied by severe, acute hemorrhagic diarrhea. In rare 

cases, the infection may also be asymptomatic, depending on the immune status of the host 

human, as well as other underlying factors such as gut microbial health and diversity (Nataro and 

Kaper, 1998). A more severe symptom associated with this pathogen, HUS, is characterized by 

the presence of blood in the urine, acute renal failure and eventually death. The toxins secreted 

by the pathogen cause the destruction of the red blood cells in kidney, leading to blood in the 

urine. This causes renal failure, which eventually leads to death. The treatment of HUS is 

generally supportive and includes dialysis. Plasmapheresis and platelet transfusion is 

discouraged since it can worsen the situation, causing the immune system to go into overdrive 

(Noris and Remuzzi, 2005).  



 25 

Fig.6: Pathogenesis of E. coli O157:H7 among other types 

(Wilson et al, 2011) 

 

Pathogenicity and Virulence Factors 

E. coli O157:H7 is a zoonotic, intestinal pathogen that belongs to a subset of Shiga toxigenic E. 

coli. In order to effectively understand 

the disease progression, the underlying 

molecular mechanisms must be 

elucidated. The pathogen is considered 

an Attaching/Effacing (A/E) pathogen, 

since it intimately attaches to the host 

gut epithelium in the small intestinal 

mucosa. Upon attachment, lesions are  

formed that destroy the brush border microvilli (Kaur and Jain, 2012). 

E. coli O157:H7 causes the disease due to the expression of several proteins that are all encoded 

on a pathogenicity island called the locus of enterocyte effacement (LEE). The pathogen uses a 

type three secretion system, which mimics a syringe to insert virulence proteins into the host cell. 

These virulence factors reorganize the actin cytoskeleton of the host cell. One of these proteins is 

or the translocated intimin receptor (Tir), which acts as a receptor for the intimin surface protein 

which facilitates attachment by means of the Tir-intimin complex. Once the bacteria have 

effectively attached to the epithelial cells, the T3SS facilitates the secretion of the virulence 

proteins such as the shiga-toxin into the cells of the gut lining. The toxin is then internalized, 

vacuolized and transported through the basal membrane into the bloodstream.  This toxin not 

only exhibits hemolytic activity but also has neuro and cytotoxicity (Wilson et al, 2011). Figure 

6 shows the various types of E. coli and the pathogenesis of these organisms. The immune 
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response to an E. coli infection has not been well characterized but involves the typical activation 

of the complement system, PAMP motif and antigen presentation 

 

Detection of E.coli O157:H7 

For specialized metabolic and identity tests, the media used for the identification is the eosin 

methylene blue agar (EMB), Mac Conkey agar with or without sorbitol (MAC/SMAC) and 

Hektoen Enteric agar (HE). Also used is the CHROMagar E.coli, on which colonies of E.coli 

develop with an intense blue color. Depending upon the source of the contamination, the media 

used are specific and will generate various differentiating colony results (Prescott’s 

Microbiology, 2013) 

 

Outbreaks associated with E. coli O157:H7 

According to the CDC, in the United States alone, E. coli O157:H7 is responsible for 63,153 

foodborne illnesses, 2100 hospitalizations and 20 deaths, annually. The symptoms usually range 

from moderate to severe diarrhea, nausea, fever, acute hemorrhagic colitis, and HUS.  

Sources of contamination: Disease caused by this pathogen is often associated with contaminated 

food and water. The most common foods that are linked to outbreaks include ground beef, 

especially, undercooked beef patties, unpasteurized juices and dairy beverages as well as fresh 

produce including leafy greens and other fruits and vegetables. Since the pathogen is primarily 

transmitted by fecal contamination, any irrigation water that is contaminated could becapable of 

transferring the pathogen to the produce growing in the fields. 

Outbreaks: Table 2 enlists the outbreaks that have been caused by various serovars of E. coli 

through foods as well as other sources that may act as reservoirs for the contamination of foods. 
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Year Outbreaks 

2016 Beef Products – E. coli O157:H7 

Flour – E. coli O121 and O26 

Alfalfa Sprouts – E. coli O157:H7 

 

2015 Costco Rotisserie Chicken Salad – E. coli O157:H7 

Chipotle Mexican Grill – E. coli O26 

 

2014 Raw Clover Sprouts – E. coli O121 

Ground Beef – E. coli O157:H7 

 

 

 

Foodborne outbreaks are a growing concern globally. With the increase in import and export of 

foods across the world, the regulatory agencies need to come up with measures that define 

standards that can be applied to all production and processing systems. Control measures need to 

be developed to specifically target contamination sources, while considering factors such as 

target demographics, which include the host age, immune status, as well as locations and 

infectious doses required.  

 

Listeria monocytogenes 

Listeria monocytogenes is a Gram positive facultatively anaerobic bacterium that is responsible 

for the disease listeriosis. This pathogen is considered one of the dangerous pathogens due to its 

hardy nature, which includes acid tolerance, ability to survive at low temperatures and 

desiccation despite being a non-spore forming organism (Ananthnarayan and Paniker, 2005). 

The CDC considers it to be one of the most virulent foodborne pathogens, since 20-30% of 

listeriosis transmitted through foods is found to be fatal in high risk individuals. According to the 

Table 2: E. coli O157:H7 associated foodborne outbreaks over the last three years (CDC, 2016) 
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CDC, the pathogen is responsible for an estimated 1600 illnesses and 260 deaths annually, in the 

US. The ability of L. monocytogenes to grow and multiply at below refrigeration temperatures 

affects its survival in ready to eat foods that have implemented control measures (Ramaswamy et 

al, 2007). The pathogen exhibits motility at 27°C but not at 37°C; however, L. monocytogenes 

displays comet tail or actin rocket type of motility in the eukaryotic cells, due  to the explosive 

polymerization of actin filaments. L. monocytogenes is differentiated from other species of 

Listeria by the production of a beta hemolysin with both S. aureus and R. equii as well as its 

tumbling motility when viewed under a light microscope (Hardy diagnostics).  

 

Classification of Listeria 

Listeria as a genus comprises of many species, some of which are pathogenic while others are 

harmless. The ten most commonly studied species include L. fleischmannii, L. grayi, L. innocua, 

L. ivanovii, L. marthii, L. monocytogenes, L. rocourtiae, L. seeligeri, L. 

weihenstephanensis and L. welshimeri (Farber et al, 1991).  Among these, L. monocytogenes is 

commonly associated with human diseases and consists of 13 serotypes. Most of the human 

outbreak isolates are identified as belonging to the three serotypes, 1/2a, 1/2b and 4b (Bergey’s 

Manual of Determinative Bacteriology, 1994).  

 

Disease and Symptoms 

Listeria monocytogenes causes a non-invasive infection called febrile gastroenteritis that is 

characterized by diarrhea, vomiting, fever and chills. The pathogen also causes an invasive 

infection that involves bacteremia in which the bacteria are present in the blood stream. The 
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hardy nature of the pathogen allows it to mask its surface antigens and cross most barriers in the 

human host, including the blood brain barrier and the placental barrier (Kathariou, 2002). 

Depending on the health status of the target individual, listeriosis can be a serious infection or a 

self-limiting infection. Listeriosis affects pregnant women, with consequences being 

miscarriages, premature delivery 

and even still birth. Babies can 

even be born with the disease if 

the pregnant mothers consume 

contaminated food and can 

develop complications such as 

bacteremia and meningitis if not 

treated correctly. The disease 

also can be detrimental for the elderly and adults with impaired immune systems. Healthy 

individuals that consume contaminated foods, can develop mild to moderate symptoms, as seen 

in Figure 7 that are usually self-limiting. Most often, the infection can be treated with a course of 

antibiotics, usually used in combination, depending on the severity.  

Invasive listeriosis has several clinical manifestations. Depending on the target site, the 

symptoms can include septicemia, meningoencephalitis, corneal ulcers, pneumonia, encephalitis 

and cervical or intrauterine infections in pregnant women. These infections can cause still birth 

or spontaneous abortions and surviving neonates develop certain types of cancer such as 

granulomas and melanomas, physical stunting and mental retardation (Gray et al, 1966, 

Armstrong et al, 1993). 

Fig 7: Spread of listeriosis 
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The most commonly seen symptom that precedes the more complex signs of listeriosis include 

flu like symptoms with persistent fever (Ryser and Marth, 1999). For febrile gastroenteritis, the 

onset time is about 12 hours and above. However, for more serious forms of listeriosis to 

manifest, it can take from three days to three weeks. 

 

Pathogenicity and Virulence Factors 

L. monocytogenes is an enteric pathogen that colonizes the intestinal epithelium of the host. The 

target cells are usually the M cells and the Peyer’s patches in the intestinal mucosa. The bacterial 

cells adhere to the target cells by means of cellular receptors which may be present in the target 

cell membranes. The attached bacteria then either secrete endotoxins or hemolysins to cause 

damage to the epithelial lining, leading to gastritis and other related complications (Farber et al, 

1991). 

L. monocytogenes has membrane residues of lipoteichoic acids, with a majority of galactosyl-

glucosyl-diglycerides, linked to teichoic acids. The cell membranes contain residues of D-

galactose, which are identified by receptors for the molecule on host gut epithelial lining. 

Through the phenomenon of ligand binding, the bacterial cells attach to the intestinal lining. 

Once attached, the bacterial cells can either translocate past the mucosa into the systemic blood 

flow or secrete an endotoxin called listeriolysin O. As the name suggests, the lysin, along with 

other protein complexes, causes the mucosal cells to lose their integrity by interfering with the 

actin cytoskeleton of the host cells. Some of the bacterial proteins that this pathogen uses as 

virulence factors include protein regulatory factor (prfA), Internalin A and Internalin B, 

Virulence invasion protein, Autolysin amidase, Listeriolysin, Actin polymerization protein A and 

phospholipase (Ray and Bhunia, 2008; Mengaud et al, 1991; Kathariou, 2002). 
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Detection of Listeria monocytogenes 

One of the most common tests used to identify L. monocytogenes from a given sample is the 

Christie-Atkins-Munch-Peterson (CAMP) test. CAMP test detects the production of diffusible, 

thermostable, extracellular protein known as CAMP factor. The CAMP factor acts 

synergistically with the beta lysins produced by Staphylococcus aureus and Rhodococcus equi, 

to produce a zone of enhanced lysis of sheep or bovine erythrocytes. The standard CAMP test 

depend on the elaboration of two toxins during growth to form a typical arrowhead or flame-

shaped clearing at the junction of the two organisms when they are placed perpendicular to each 

other. Among commonly used lab based media, Frazer medium and broth is used for the 

isolation and enrichment of Listeria species from food and clinical samples. Ottaviani & Agosti 

Listeria monocytogenes Differential Agar and Confirmatory Agar are used for the confirmation 

of the pathogen from isolated samples. Modified Oxford Medium is used for the growth and 

cultivation of the bacterial pathogen. Polymyxin acriflavine lithium chloride ceftazidime aesculin 

mannitol (PALCAM) Listeria Selective Agar can be used as a selective agar for differential 

diagnosis, for the isolation and detection of Listeria monocytogenes from fecal and biological 

material, food and heavily contaminated environmental specimens (Prescott’s Microbiology, 

2013). The US FDA has a set of procedures in the Bacterial Analytical Manual (BAM) that can 

rapidly isolate and enumerate the pathogen from food samples. Some of the techniques include-  

 Colorimetric deoxyribonucleic acid hybridization method (GENE-

TRAK Listeria Assay)- applicable to dairy products, meats, and seafoods 

 Colorimetric polyclonal enzyme immunoassay screening method 

(TECRA Listeria Visual Immunoassay)- applicable to dairy foods, seafoods, poultry, 

meats (not raw ground chuck), leafy vegetables 
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 Enzyme Linked Immunofluorescent Assay (ELFA) VIDAS LIS Assay Screening Method 

Applicable to dairy products, vegetables, seafoods, raw meats and poultry, and processed 

meats and poultry) 

 

Outbreaks associated with Listeria 

L. monocytogenes was identified as a foodborne pathogen only in 1981, when in Halifax, Nova 

Scotia, a large number of pregnant women were affected by listeriosis after consuming 

contaminated coleslaw (CDC, 2011). The cabbages that went into making the coleslaw were 

grown using manure sourced from sheep that had listeriosis. The hardy and psychrotrophic 

nature of the pathogen allowed it to survive any chilling step, thereby contaminating the 

coleslaw. Since then, a number of listeriosis outbreaks have been reported, making the pathogen 

one of immense concerns to the food industry. The 2011 United States listeriosis outbreak was a 

widespread outbreak of Listeria monocytogenes food poisoning across 28 US states that resulted 

from contaminated cantaloupes. There were 30 deaths and 147 total confirmed cases. The 1998 

outbreak that was linked to ready to eat meats, lunch meats, sausages and deli meats, spanned 24 

states in the USA and left 101 people hospitalized and 21 people dead, also resulting in massive 

recalls across the nation. 

 Due to its survival not only in foods but as biofilms in small crevices and niches, this pathogen 

is considered a hazard, since its eradication seems to be difficult. Most processing plants have 

reported that if found positive for the pathogen, Listeria is often seen to colonize the rubber in 

tubing or on conveyor belts by means of biofilms (CDC, 2011).  
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Commonly contaminated foods include dairy products such as soft cheeses, unpasteurized milk 

and other dairy products such as ice creams, ready to eat foods including meat and fresh produce, 

nut butters and frozen vegetables (CDC, 2011). 

Outbreaks: Some of the outbreaks caused by L. monocytogenes between 2014 and 2016 are listed 

in Table 3. 

Year Outbreaks 

2016  Frozen Vegetables – Listeriosis 

 Raw Milk – Listeriosis 

 Packaged Salads – Listeriosis 

 

2015  Soft Cheeses – Listeriosis 

 Ice Cream – Listeriosis 

 

2014  Commercially Produced, Prepackaged Caramel Apples – Listeriosis 

 Bean Sprouts – Listeriosis 

 Cheese – Listeriosis 

 Dairy Products – Listeriosis 

 

 

 

Zero tolerance policy for L. monocytogenes 

Since the pathogen is hardy and can survive in most production environments, it is often found in 

hard to reach nooks and crevices. Its ability to form biofilms also causes it to adhere to surfaces 

such as conveyer belts made of Bu-Na rubber. The USDA-FSIS has a zero tolerance policy for L. 

monocytogenes when it comes to ready to eat (RTE) foods in the US. A ‘zero-tolerance’ policy 

does not permit any amount of Listeria to be present in ready-to-eat foods at any point (IFT.org). 

In reality a ‘zero tolerance’ policy dictates that Listeria be eliminated from processing areas to 

prevent contamination from occurring, but such a goal is almost impossible to achieve. 

Table 3: Listeria associated foodborne outbreaks over the last three years (CDC, 2016) 

 
 
 

https://www.cdc.gov/listeria/outbreaks/frozen-vegetables-05-16/index.html
https://www.cdc.gov/listeria/outbreaks/raw-milk-03-16/index.html
https://www.cdc.gov/listeria/outbreaks/bagged-salads-01-16/index.html
https://www.cdc.gov/listeria/outbreaks/soft-cheeses-09-15/index.html
https://www.cdc.gov/listeria/outbreaks/ice-cream-03-15/index.html
https://www.cdc.gov/listeria/outbreaks/caramel-apples-12-14/index.html
https://www.cdc.gov/listeria/outbreaks/bean-sprouts-11-14/index.html
https://www.cdc.gov/listeria/outbreaks/cheese-10-14/index.html
https://www.cdc.gov/listeria/outbreaks/cheese-02-14/index.html
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Once Listeria is established in a food processing plant, it can be controlled, but probably not 

completely eliminated. The need to ensure that the processing areas and raw materials as well as 

finished products are free from contamination demands frequent sampling and testing, and any 

positive result requires action, with which is associated large number of product recalls. 

 

The USDA-FSIS has put forward three alternative strategies for controlling L. monocytogenes in 

RTE foods. The first step is to make use of both a growth inhibitor as well as a mode of post 

lethality treatment. The second alternative is to use either one, a post lethal mode of treatment or 

a growth inhibitor. The third strategy involves the use of sanitation measures only. The FSIS 

compliance guidelines state that the organizations that make use of the first strategy will be 

subject to least frequency of sampling as compared to those that use the second and those 

organizations that use the third strategy will be subjected to maximum frequency of inspections 

(USDA-FSIS, 2014). 

 

Control Measures for Foodborne Pathogens 

Foodborne pathogens are able to survive in production environments including both pre- and 

post-harvest conditions and this poses a serious problem for the quality control and regulatory 

authorities (CDC, USDA). The physiological state of the pathogens needs to be thoroughly 

understood in order to design target specific control methods that have a high efficacy rate. 

Consumers today prefer natural and effective antimicrobials that are plant derived and have 

lower side effects associated with them. Also, sanitizers that are recyclable and don’t lose 

efficacy on doing so are preferred to keep production costs in check. Control measures that are 
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accurate in targeting pathogens as well as ensuring that false positives or negatives are not 

achieved are desired by the food industry.  

Industrial sanitizers 

Chlorine 

The use of chlorine as a sanitizer in the produce industry is attributed to its high efficacy as an 

antimicrobial agent. According to Beuchat et al (1997), chlorine has been used as a sanitizer for 

fresh produce, at various stages to achieve maximum efficacy. Pre-harvest, chlorine can be 

sprayed on to the leafy greens to prevent the attachment of potential foodborne pathogens. 

During the harvest and post-harvest stages, chlorine may be used in the wash water that is used 

to clean and process fresh fruits and vegetables. The common parameters that affect the efficacy 

of chlorine include concentration of free chlorine, pH of the target and surrounding environment 

as well as presence and amounts of organic matter in the water. The efficacy of chlorine is the 

highest at a neutral pH with minimum to none residual organic load, and in the produce industry, 

generally 50-200 ppm of the sanitizer is used (FDA, USDA, 2014). The oxidative capacity of the 

chemical allows for bacterial membrane disruption which then allows easy penetration of the 

chemical into the bacterial cells, which in turn interferes with the internal cellular processes such 

as redox reactions and component regulated systems such as heat shock proteins and free radical 

regulons (Lee et al, 2004). However, with chlorine, it must be considered that sub-lethal 

concentrations of these chemicals could actually trigger repair mechanisms in bacteria which can 

lead to resistance to this chemical based sanitizer. 
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Hydrogen peroxide 

Hydrogen peroxide is a sanitizer that is used not only in industrial setting but also in grocery 

stores and consumer households, making it a popular choice of sanitizer. A potent reducing and 

oxidizing agent as per substrate and reaction, the mode of action of hydrogen peroxide is to 

interfere with the redox reactions in the bacterial cell. The reactive oxygen species (ROS) 

generated by an enzyme catalyzed reaction affect the basic biomolecules in cells which include 

the nucleic acids, proteins and sugar and lipid moieties in a cell (DeQueiroz et al, 2007).   

Hydrogen peroxide is used to sanitize produce at different concentrations in the field. There are 

usually no side effects associated with the use of this sanitizer as none of the sensory attributes 

are influenced. However, Lukasik et al (2003) have shown that there have been noticeable effects 

such as browning and discoloration of the fruits such as strawberries and raspberries with 0.5% 

hydrogen peroxide. These authors concluded that even at low concentrations, the possible 

availability of free radicals may be high enough to enable antimicrobial activity as well as excess 

oxidative activity. However, this trait could be considered undesirable in the produce industry, 

which relies on sensory attributes and aesthetic appeal as marketing strategies. Also, the presence 

of organic matter has to be taken into consideration while evaluating the efficacy of H2O2 as a 

sanitizer. 

Natural plant based antimicrobials 

Natural antimicrobials have been gaining popularity in the recent years due to consumer 

preferences and demands for their use in place of chemical and synthetic antimicrobials and 

preservatives that have been associated with several health issues including cancer (Gould, 

1996). 



 37 

Phytoantimicrobials have proved to be strong bactericidal compounds in small concentrations as 

shown in several studies (Ravishankar et al, 2008, Zhu et al, 2014). However, the main drawback 

of phytocompounds is that they can offset the flavor profile of the food product. These 

compounds are good candidates for application in a multiple hurdle approach and can be used in 

small quantities. As an added advantage, these compounds have residual activity and do not lose 

efficacy in the presence of organic matter (Nazer et al, 2005). 

 

Essential oils and their active components 

Essential oils are plant based extractions that comprise of organic, aromatic compounds which 

include polyphenols, aldehydes and alcohols. These compounds are extracted from various parts 

of the plants such as leaves, bark, flowers, fruits and seeds among others. Already popular for 

their flavors and fragrances, these extractions are used extensively in the food and cosmetic 

industry (Bakkali et al, 2008). Ravishankar et al, (2008) showed that the active components of 

cinnamon and oregano oil, namely, cinnamaldehyde and carvacrol are effective in reducing 

Campylobacter jejuni and also were effective against multidrug resistant Salmonella serotypes 

on both celery and oysters (Ravishankar et al, 2010). Tzortzakis et al (2007) showed that 

lemongrass oil had antifungal and antibacterial properties against many post-harvest pathogens. 

Naik et al (2010) investigated the effects of lemongrass oil and its active component, citral 

against common foodborne pathogens such as Staphylococcus sp, Bacillus sp, Salmonella sp and 

E. coli and found that significant reductions were achieved even with MDR strains of the 

pathogens. 

Essential oils and their active components are preferred natural substitutes to chemical 

antimicrobials. However, little is known about their mode of action and therefore, it is difficult to 
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predict if and when resistance patterns will emerge in foodborne bacteria. Also, flavor profiles 

need to be determined before implementation at the field level, to identify consumer preferences 

and responses. 

 

Plant extracts  

Plant extracts are powders or liquids sourced from parts of the plants that include flowers, fruits 

leaves and roots. The juice of these plant parts can be lyophilized and powdered or manufactured 

in liquid form by just purifying the juice or pulp (Bakkali et al, 2008). Plant extracts have been 

evaluated for antimicrobial activity and many studies have proven the efficacy of these 

compounds against foodborne pathogens. 

Jaroni and Ravishankar (2012) evaluated the effects of hibiscus extracts against Escherichia coli 

O157:H7, Salmonella enterica and Listeria monocytogenes.  No survivors were detected at 24 

hours on lettuce, alfalfa sprouts or in the extract itself for Escherichia coli O157:H7 and 

Salmonella enterica and reductions were seen in the population of Listeria. Moore et al (2012) 

demonstrated the efficacy of olive, apple and hibiscus extracts against background flora and S. 

Newport on organic leafy greens, including romaine and iceberg lettuces and mature and baby 

spinach, in a concentration and storage time dependent manner. This study also established that 

the plant extracts showed residual activity and retained their antimicrobial activity upon storage 

at refrigeration temperatures.  

Rojas et al (2012) evaluated the antimicrobial activity of green tea, grapeseed and clove extracts 

against antibiotic resistant strains of S. Newport on organic lettuces and packaged mature and 

baby spinach. Reductions of up to 2.3 log CFU/g were observed.  
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Plant based antimicrobials such as essential oils, there active components as well as plant 

extracts have not only demonstrated antimicrobial activity in a concentration and time dependent 

manner, but studies discussed above have also confirmed residual activity. Some of these 

compounds have also displayed anti-oxidative activity. Rounds et al (2012: 2013) evaluated the 

effects of essential oils, spice powders and plant extracts against E.coli O157:H7 in grilled meat 

patties. The temperatures required to eliminate the pathogen are high and this causes the amino 

acids in the muscle meats to react with sugars, forming carcinogenic compounds called 

heterocyclic amines. Plant antimicrobials not only reduced the populations of E. coli O157:H7, 

but also decreased the formation of heterocyclic amines by 50-94% depending on the 

antimicrobial and the target heterocyclic amine. This approach is called a multiple hurdle 

approach and the use of natural antimicrobials coupled with another method of elimination 

would be ideal for use in the food industry.  

 

Viable But Non-Culturable Bacteria (VBNC) 

Several pathogenic bacteria enter into a metabolically dormant state on exposure to adverse 

conditions. Stress conditions such as pH and temperature changes, presence of chemicals and 

other conditions that hinder growth often can trigger the induction into the Viable But Non-

Culturable (VBNC) state. Bacteria in the VBNC state are of immense concern to health 

professionals since they cannot be cultured on routine laboratory media but can cause moderate 

to severe disease in a human host since their virulence properties are retained. The induction of 

VBNC is considered a unique survival strategy adopted by certain bacteria as a protective 

response against adverse stress and environmental conditions (Ramamurthy et al, 2014). This 

state is often thought of as a temporarily inactive state that can undergo reversal once favorable 
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conditions return. When the cells lose culturability, they are not detected on media and this leads 

to an underestimation of their populations, thus leading to false negatives. This poses a problem 

as far as traceability is concerned (Ramamurthy et al, 2014). Apart from the physiological and 

biochemical changes, some bacteria undergo morphological changes as well. Vibrio sp. tend to 

form coccoid shaped cells when exposed to temperature stresses (Chaiyanan et al, 2007). 

A number of studies have been conducted to determine suitable markers that indicate that the 

cells are alive in the VBNC state. Some of the markers that have conclusively shown that the 

cells are in fact viable include mechanisms that protect genomic DNA, cellular membrane 

integrity and uptake of labeled bio molecules such as amino acids (Pawlowski et al, 2011). 

Additionally, Asakura et al (2007) determined that cellular membrane integrity and the ability to 

colonize the gut of iron-dextran treated mice were factors that determined the viability of VBNC 

cells of V.cholerae. 

Rahman et al (1996) found that VBNC Shigella dysenteriae, retained the stx gene and produced a 

biologically active toxin at amounts equal to that of the normal cells.  

 

Proteomics and Transcriptomics of VBNC cells 

Upon transition into the VBNC state, a bacterial cell undergoes a number of cellular changes as 

seen in Figure 8. These changes may include leakage of cell contents, lowering of metabolic 

energy pools, increased or suppressed gene expression and DNA replication rates and limits. 

These metabolic changes may be due to impaired nutrient uptake or availability as well as 

differences in pH levels, temperature and changes in oxygen tension in the VBNC state. 
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Fig.8: The state of VBNC in bacterial cells (Pienaar et al, 2016) 

 

Certain metabolic pathways may also be severely impaired in the VBNC state (Trevors et al, 

2012). Helicobacter pylori tends to become coccoid and also upregulates certain enzyme systems 

such as alkaline phosphatases while downregulating urease, leucine arylamidase and naphthol-

AS-beta-1-phosphohydrolase (Hua et al, 1996). The viability of E. coli O157:H7 in the VBNC 

sta te was established by the presence of equivalent levels of mRNAs of its virulence factors 

such as the O-antigen and the flagellar antigen in comparison to those present in normal cells 

(Arana et al, 2004, Liu et al, 2009).  

Ribosomal activity, an integral part of a viable cell is also downregulated in VBNC cells. 

Associated proteins such as ribosomal associated inhibitors (RaiA), 40S ribosomal subunit 

proteins (S6) and bacterioferritin co-migratory protein (Bcp) have all been lower in VBNC cells 

as compared to viable cells (Pienaar et al, 2016). 

.Salmonella enterica serovars require the complete disruption of certain DNA replication 
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machinery such as the alternative sigma factor, RpoS σ to facilitate rapid induction into the 

VBNC state. However, mutations in some regulatory proteins delayed the entry of other 

Salmonella serovars into VBNC (Kusumoto et al, 2012, Kusumoto et al, 2013). 

Some Gram positive cocci such as Enterococcus fecalis showed variances in the cell wall 

composition in the VBNC state. The peptidoglycan showed an increase in the presence of 

oligomers consisting of trimers, tetramers and pentamers as compared to those cells in the 

normal state (Signoretto et al, 2000). Even though most bacteria experience genetic changes on 

transitioning into the VBNC state, certain strains do not alter their genetic material. The genetic 

background of the parental cells is unaffected in the VBNC state. The preservation of genetic 

material is indicative of the fact that even though the bacterial cells undergo biochemical and 

morphological changes, their genetic material does not undergo any radical changes (Oliver, 

2005). 

 

Conditions that affect the VBNC state 

Induction of VBNC state 

Bacteria have been known to go into the VBNC state due to several changes in both physical and 

chemical factors. The most commonly studied factors include those of selective pressures such as 

antibiotics and antimicrobials including chlorination, changes in physical factors such as 

temperature, pH and oxygen tensions as well as induced conditions such as starvation or nutrient 

depletion. These generic factors have been known to induce the state of VBNC in any bacteria 

(Signoretto et al, 2000, Patrone et al, 2013). In some cases, it has been shown that the presence 

of certain protozoans can cause some bacteria to go into the VBNC state. This has been 

attributed to certain biomolecules being produced by the protozoans that may induce the state of 
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VBNC in bacteria that may be present with the protozoans. A study by Buse et al in 2013, 

indicated that the presence of the amoeba Hartmannella vermiformis induced the bacterium 

Legionella pneumophila to go into VBNC. The supernatant of the amoeba culture may have 

contained certain secretions that may have caused the bacteria to go into VBNC or the state may 

have been induced due to the nutrient depletion caused by the growth of the amoeba along with 

the bacterium. 

 

Resuscitation from VBNC 

The resuscitation of bacteria to the normal state from the VBNC state requires replenishment of 

nutrient levels with the correct source of energy and a balanced stoichiometric ratio of carbon 

based nutrients to inorganic elements in the culture medium. Also certain environmental factors 

are responsible for the delay of entry into VBNC for certain pathogenic bacteria. A study 

conducted by Davies et al (1991) indicated that under conditions of low salinity, the presence of 

certain organic acids such as humic acid significantly delayed the induction of the VBNC state in 

several enteric pathogens. 

Some human pathogens are known to be resuscitated by using some of their own auto inducers 

that may be produced by the bacteria themselves in response to certain conditions such as 

biofilm formation or growth in a serum rich medium. The addition of certain amino acids to 

minimal media in which certain pathogens are being cultured also prevents or delays the 

induction of VBNC in the cells. These amino acids include methionine, glutamine, threonine, 

serine and asparagine among others (Pinto et al, 2011). Ducret et al (2014) found that the 

presence of certain amoebae such as Amoebae castellanii as well as oxygen scavengers such as 

sodium pyruvate and glutamate in supporting media, resuscitated Legionella pneumophila. It was 
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also established that sodium pyruvate revives the biosynthesis of certain biomolecules including 

DNA, sugars and proteins and resuscitates VBNC cells back into the culturable normal state.  

Certain pathogens may require the presence of enriched culture conditions to resuscitate them 

from VBNC and restore a state of normalcy. Listeria monocytogenes and Campylobacter jejuni 

both have demonstrated the need for culture in embryonated eggs in order to be restored to 

culturable cells (Cappelier et al, 2007).  

Certain strains of E. coli, specifically, the enteroaggregative O104:H4 serotype were isolated 

from water after addition of copper and iron ion chelating agents, indicating that they might play 

an important role in the resuscitation of these pathogens. Also, the pathogenic strains of 

Pseudomonas aeruginosa were found to be resuscitated by the addition of chelators such as 

diethyldithiocarbamate and regained cytotoxicity to CHO cells (Aurass et al, 2011, 

Dwidjosiswojo et al, 2011). Zheng et al (2012) studied VBNC Salmonella and found that the 

addition of Tween 20 (3%) or catalase (1%) to the sample or media allowed the coccoid cells to 

come out of VBNC and become culturable. 

 

Detection methods of VBNC cells- 

The lack of accurate detection methods for VBNC state pathogens increases the risk of human 

exposure to such pathogens, especially via contaminated food and water sources. To establish the 

microbial quality of food or water, it is important to have proper techniques that can detect 

VBNC bacteria Whether bacteria are alive during the state of VBNC or not can be established 

with many parameters such as membrane integrity or uptake of labelled components such as 

DNA, amino acids etc.. The inability of VBNC cells to grow on agar surfaces has been attributed 

to the presence of furans and carboxylic acids in the agar media (Ramamurthy et al, 2014). Some 
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of the bacteria have been known to regain their viability when plated on media matrices other 

than agar surfaces (Ramamurthy et al, 2014). 

 

 

The initial detection methods for VBNC cells predominantly focused  on using modified staining 

procedures such as double staining with dyes such as DAPI (4,6- diamino- 2 phenylindole) along 

with CTC (5-cyano-2,3-ditolyl tetrazolium chloride). This staining procedure allows cells to 

fluoresce blue with a single filter, thus making enumeration and differentiation easy. Acridine 
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orange is used in the presence of DNA-gyrase inhibitors such as nalidixic acid. However, due to 

the emergence of resistance among bacteria to this antibiotic, a modified version of this 

technique makes use of the antibiotic, ciprofloxacin, combined with a direct fluorescent antibody 

to be used for a direct viable count. This technique is especially used for the detection of resistant 

pathogens such as Vibrio cholerae (Kogure et al, 1979, Mishra et al, 2011).  LIVE/DEAD 

BacLight bacteria viability kits contain two dyes, specifically, SYTO® 9, responsible for the 

green coloration of live cells and the red fluorescent propidium iodide which is responsible for 

the red colored dead cells. These stains differ in the ability to penetrate bacteria based on their 

membrane chemistry. SYTO® 9 penetrates both live and dead cells and thus, the live cells 

appear green. However, the dead or damaged cells appear red since the damaged membranes 

allow the penetration of propidium iodide, which reduces the green fluorescence of SYTO® 9, 

making them appear red. The two stains are used in combination to differentiate between live 

and dead cells under the fluorescence microscope. Quantitative assays such as a fluorescence 

microplate readers and flow cytometers/fluorometers make use of these kits as well 

(Ramamurthy et al, 2014). 

Since the bacteria that go into VBNC cannot be cultured on routine media, a commonly used 

method to identify or establish the presence of these bacteria is to use PCR with species specific 

primers such as the 16s rRNA directed primers. The DNA extracted is initially purified by 

methods such as DGGE or denaturant gradient gel electrophoresis and then subjected to qPCR 

for quantitative analyses. This method is commonly used for bacteria such as Vibrio cholerae 

and V. vulnificus (Eiler et al, 2006). However, with PCR, DNA is detected and it does not 

differentiate between live and dead cells. Studies have shown that VBNC cells have an increased 

amount of rRNA and so quantifying the RNA levels in the absence of colonies on an agar plate 
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may be a helpful technique in identifying cells that have gone into VBNC for bacteria such as 

Salmonella and several species of  Vibrio (Dunaev et al, 2008, González‐Escalona et al, 2006). 

Molecular techniques such as FISH (Fluorescent In-Situ Hybridization) combined with the use of 

DNA gyrase inhibitors have been successfully used to detect H. pylori in the VBNC state. 

Enterococci have been detected by the use of matrix assisted laser desorption ionization time-of-

flight mass spectrometry (MALDI-ToF/MS). Biosensors are being developed to detect modified 

strains of Moraxella, which will involve the use of carbon electrodes and flow cytometry. Apart 

from these techniques, recent studies are also exploring the use of bacteriophages in the detection 

of VBNC bacteria (Ramamurthy et al, 2014). 

 

Effects of antibiotics on VBNC cells 

The VBNC state in several pathogens confers resistance to various antimicrobials such as 

antibiotics. Oliver et al (2010), found that the most common antibiotics that can interfere with 

important cell maintenance procedures such as peptidoglycan and protein synthesis include 

benzylpenicillin, piperacillin and gentamycin. This property is detrimental for most pathogens 

since it has been seen consistently in the literature that resistance arises to the same antibiotics 

that are used for treatment of human infections. Staphylococci form biofilms and enter into 

VBNC in the presence of antibiotics such as vancomycin and quinupristin. The resistance to 

these drugs is generally what results in failure of treatment for these pathogens. A common 

example of this is the multi drug resistant strain of unculturable Mycobacteria (Ramamurty et al, 

2014). 

A clear understanding of the VBNC state of bacteria is required not only from a medical 

perspective but also for the food and beverage industry. There is not only a need for an insight 
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into the mechanisms of how cells enter VBNC but also for the development of methods that will 

help identify cells that have gone into VBNC state before infections are caused. 

 

Sensory analysis 

Sensory evaluation was defined in 2004 by Stone and Sidel as a scientific method used to evoke, 

measure, analyze and interpret responses to specific products as perceived through the senses of 

sight, smell, touch, taste and hearing. This definition has been endorsed and accepted by various 

organizations that contain sensory evaluation committees such as the Institute of Food 

Technologists and the American Society for Testing and Materials. The results obtained from a 

sensory analysis experiment are combined results of all the tested attributes as mentioned above 

to yield a whole understanding of human perception to differences in products. The way the 

study is done is to minimize any possibility of bias so as to achieve almost accurate accounts of 

individual perception. 

In order to evoke a response that is based on sensory experiences and not on label preferences, 

the participants are given samples in a randomized manner. Not only are numbers assigned to 

each sample but each participant gets the samples in a different order to eliminate any influences 

in the decision making process so that the effects of evaluating the same sequence of products 

are not felt while making a decision.  

Sensory perception is influenced by many factors such as the mood and motivation of the 

participants, their physiological and psychological sensitivity towards sensory stimuli. 
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Types of Sensory analysis 

There are three basic types of tests for sensory evaluation: difference test, quantitative 

descriptive analysis (QDA), and the affective test. Difference test is a type of differentiating test 

where simply the difference between two or three similar products will be identified (Lawless 

and Heymann, 2010). Generally, it is conducted with 25-40 individuals who have been screened 

based on their sensory perception to samples being evaluated. The QDA test quantifies the 

intensities of sensory characteristics of a product (Lawless and Heymann, 2010). The QDA test 

is widely used and requires 10-20 highly trained panelists to judge specific characteristics and 

thus reduces variability in the data that is generated. The third type of test is known as affective 

test, this test quantifies the degree of liking or disliking of a particular sample (Lawless and 

Heymann, 2010). In an affective test, untrained panelists are used, therefore, sample size is much 

higher- anywhere from 75-150 panelists may be required to test one product (Lawless and 

Heymann, 2010). Affective test is generally used when quantification of product is required 

based on preference liking.  From affective testing, segments of people who preferred one 

sample over the other could be identified based on various parameters such as gender, age and 

ethnicity. The measured responses are converted to numbers using statistics to quantify human 

responses, thereby, mimicking a human model. 

Sensory attributes and preference liking are quantified based on human responses to certain 

specific characteristics. Aesthetic appeal is equally important for increased marketability of 

novel products. The color measurements taken with a chromameter make use of the CIE L* a* 

b* system. L* is the measurement of lightness where L values range from 0-100, with values 

close to 100 indicating light color and values close to 0 indicating dark color. a* is the 

measurement of green-red which ranges from negative to positive values. b* values are 
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measurements of blue-yellow which also range from negative to positive values (Gutierrez et al., 

2009). Physical attributes in terms of changes to texture are measured by the amount of force 

required to crush the food sample. Different probes are designed based on the food product and 

the shear cell load is also determined based on the target product. 

Numerous studies have shown antimicrobial properties of plant compounds on leafy greens 

against foodborne pathogens. Sensory studies carried out with these compounds however, are 

limited. Studies have been conducted to study the effects of sanitizers on the sensory attributes of 

fresh fruits and vegetables. Lukasik (2003) evaluated the effects of hydrogen peroxide on fresh 

berries and observed browning and discoloration of the fruits such as strawberries and 

raspberries, despite using low concentrations of the sanitizer. Roller and Seedhar (2002) 

observed no significant differences in the physical attributes of melons and kiwi fruits when 

treated with 1mM cinnamic acid or carvacrol. Karabagias et al (2011), studied the effects of 

oregano and thyme oil on lamb meat samples and actually found that these oils imparted 

desirable characteristics to the meat. Holley and Patel (2005) also observed an increase in the 

shelf life and safety of perishable foods upon the addition of smoke antimicrobials and natural 

phytoantimicrobials. Smith-Palmer et al in 2001, evaluated the use of clove oil in soft cheeses 

after they saw antimicrobial activity against L. monocytogenes and found no adverse effects as 

far as preference liking by a set of trained panelists was analyzed. Joshi et al (2016) evaluated the 

effects of the addition of antimicrobials to organic leafy greens such as iceberg lettuce and baby 

spinach via the wash water and edible films. The sensory attributes, preference liking and 

physical parameters such as color and texture were analyzed. With the addition of edible films, 

no significant changes were seen in the organoleptic properties of the leafy greens but with the 
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antimicrobial washes, the leafy greens did show changes in the sensory profile as well as 

physical attributes. 

No scientific experiment can accurately mimic the human sensory/nervous system. Sensory 

studies connect human brain based thinking to responses given on a numerical scale. Apart from 

academic advantages, the industrial advantages of such studies include development of new 

products through flavor combinations and preference liking, lot to lot variation and modification 

and increased marketing strategy development (Boyle et al, 2006). Sensory studies assist in 

gauging consumer perception before marketing a novel product. 
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CHAPTER 2 

EFFECT OF ESSENTIAL OILS, THEIR ACTIVE COMPONENTS AND PLANT 

EXTRACTS ON SALMONELLA ENTERICA SEROVAR NEWPORT, LISTERIA 

MONOCYTOGENES AND ESCHERICHIA COLI O157:H7 - INACTIVATION OR 

INDUCTION INTO THE VIABLE BUT NON-CULTURABLE (VBNC) STATE? 
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Abstract 

 Salmonella enterica, Escherichia coli O157:H7 and Listeria monocytogenes are 

foodborne pathogens are associated with moderate to severe illnesses due to consumption of 

contaminated fresh fruits and vegetables. These pathogens are affected by changes in 

environmental conditions and can go into the viable but non-culturable (VBNC) state, wherein 

they remain undetected on laboratory media but can cause moderate to severe disease in a human 

host. It is known that some chemical sanitizers can induce bacteria to enter into the VBNC state. 

Plant based essential oils, their active components and plant extracts have demonstrated broad-

spectrum antimicrobial activity against many foodborne pathogens and may provide the organic 

produce industry with effective and natural alternative sanitizers. The objective of this study was 

to evaluate whether these phytoantimicrobials achieve complete inactivation of the pathogens or 

induce them to go into VBNC in vitro and on produce. Organic iceberg lettuce inoculated with S. 

enterica, E. coli O157:H7 or L. monocytogenes was dip-treated in one of the following solutions: 

0.1%, 0.3%, and 0.5% of one of the essential oils and their active components; 3 and 5% of one 

of the plant extracts, hydrogen peroxide or chlorine for 2 min and stored at refrigeration 

temperature (4°C). Samples were taken on days 0, 1, and 3, for enumeration of survivors and for 

performing fluorescence microscopy to determine cell viability. With antimicrobial treatments, 

reductions in bacterial populations ranged from 2-6 log CFU/g. Most antimicrobials showed no 

detectable survivors by day 3. The fluorescence microscopy results also indicated that there was 

no induction into the VBNC state for all three pathogens. The antimicrobial activity appeared to 

be concentration- and storage-time dependent. Both essential oils and their active components 

exhibited similar antimicrobial effects. The most effective antimicrobial compound was oregano 

oil, with its active component carvacrol, displaying similar activity at all concentrations tested. 
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These results demonstrate the potential of essential oils or their active components to be used as 

alternative sanitizers for the organic fresh produce industry. 

 

Introduction 

Salmonella enterica, Escherichia coli O157:H7 and Listeria monocytogenes are the three 

predominant foodborne pathogens of concern to the food industry, regulatory agencies and 

health professionals. Annually, 48 million people get sick, 128,000 are hospitalized, and 3,000 

die from foodborne illnesses in the United States (CDC, 2011). Emergence of antibiotic 

resistance and stress tolerance among foodborne bacteria coupled with the increase in the overall 

supply and demand ratio of food globally, requires stringent standards to ensure prevention of 

foodborne diseases. The rise in contamination routes due to multiple stages of food processing 

warrants the development of newer sanitation techniques and control measures (Olaimat and 

Holley, 2012). 

A common route of transmission of foodborne pathogens is via the production environments in 

the pre-and post-harvest stages. Even though these environmental conditions are tested for the 

presence of foodborne pathogens, a new metabolic state of these pathogens has emerged that is 

of concern, since it can result in false negatives, leading to a foodborne outbreak. This state is 

referred to as the Viable But Non-Culturable (VBNC) state and results in the bacteria not 

growing on laboratory media during testing, but can cause moderate to severe disease in a human 

host, when contaminated food is consumed. The VBNC state of these pathogens is a 

metabolically inert state that is induced by the change in cultural conditions (Ramamurthy et al, 

2014; Pienaar et al, 2016). Environmental factors including UV radiation, changes in 

temperature, pH and chemical constituents of the surroundings can induce the state of VBNC. 
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Chemical stresses by means of sanitizers, acids and alkalis, antimicrobials and even possibly 

antibiotics can trigger the pathogens to go into the VBNC state (Pienaar et al, 2016).  

Essential oils, their active components and plant extracts are phytoantimicrobials known to have 

antibacterial and antifungal activity. Already popular for their flavors and fragrances, these 

compounds are used extensively in the food and cosmetic industry (Bakkali et al, 2008). 

Ravishankar et al (2008) showed that the active components of cinnamon and oregano oil, 

cinnamaldehyde and carvacrol, respectively, were effective in reducing Campylobacter jejuni. 

Tzortzakis et al (2007) showed that lemongrass oil had antifungal and antibacterial properties 

against many post-harvest pathogens. Naik et al (2010) investigated the effects of lemongrass oil 

and its active component, citral against Staphylococcus spp., Bacillus spp., Salmonella spp., and 

E. coli. Other essential oils such as oregano, sage, thyme and rosemary extracts as well as their 

active components carvacrol, geraniol and thymol among others, have shown antimicrobial 

activity against a variety of foodborne pathogens such as E. coli O157:H7, S. enterica, B. cereus, 

S. aureus, L. monocytogenes, C. jejuni, and Shigella dysenteriae (Friedman et al., 2002, 

Ravishankar et al., 2009; Ravishankar et al., 2010). 

The essential oils, their active components as well as the plant extracts used in the present study 

are Generally Recognized as Safe (GRAS) by the FDA. Also, these compounds have been 

known to show residual activity and are not affected by the presence of organic matter in the 

environment (Gould, 1996), making these compounds a safe and natural alternative to chemical 

sanitizers for the fresh produce industry, including the organic produce industry. Even though 

numerous studies have investigated their antimicrobial activity, it is not clear if plant 

antimicrobials can induce foodborne bacteria to enter into a VBNC state and studies by 

Turovskiy et al (2012) and Ramamurthy et al (2014) have hypothesized this. The objective of 
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this study was to evaluate if plant essential oils, their active components and plant extracts can 

actually inactivate foodborne pathogens or induce them to enter into a VBNC state in vitro and 

on organic iceberg lettuce when applied in the wash water.  

 

Materials and Methods 

Bacterial culture preparation and media used 

The foodborne pathogens evaluated in this study included Salmonella enterica serovar Newport 

strain JJPX, Escherichia coli O157:H7 and Listeria monocytogenes.  All three pathogens were 

grown in tryptic soy broth (TSB, Hardy Diagnostics, CA) overnight for 22, 18 and 21 hours at 

37°C, respectively. For each experiment, an overnight culture of each pathogen was prepared by 

inoculating 300 µL of the bacterial culture into30 mL of TSB in a centrifuge tube and incubating 

overnight in a stationary incubator. When the cultures were ready to be used, the cells were 

washed with 30 mL Phosphate buffered saline (PBS, Hardy Diagnostics, CA) and centrifuged 

three times in an Eppendorf (Hamburg, Germany) centrifuge at 4000 rpm for 10 minutes. The 

resulting pellet was resuspended in 30 mL PBS and used to inoculate the lettuce discs. The 

enumeration of the pathogens was done by serial dilutions in 0.1% peptone water and plating on 

selective media specific to each bacterium. Xylose-Lysine-Desoxycholate (XLD, Hardy 

Diagnostics, CA) agar was used for Salmonella, Modified Oxford formulation (MOX, Becton, 

Dickinson and Co, MD) agar for Listeria and Sorbitol MacConkey (SMAC, Hardy Diagnostics, 

CA) agar was used for E. coli. 

 

 

 



 57 

Preparation of iceberg lettuce 

Organic iceberg lettuce was purchased from the local grocery stores in Tucson, AZ, USA. The 

leaves were separated and washed three times each with tap water and then deionized water. The 

leaves were then air dried and exposed to UV radiation for 15 minutes on each side under a 

biohood to reduce the interference from background microflora. The lettuce leaves were then cut 

into discs with a flame sterilized cork borer. Discs weighing 1±0.25 g were collected for each 

sample. 

 

Acquisition of antimicrobials 

Cinnamon oil (100% pure) extracted from Cinnamomum cassia, Oregano oil (100% pure) 

extracted from Origanum vulgare and Lemongrass oil (100% pure) extracted from Cymbopogon 

flexuosus were obtained from the Lhasa Karnak Herb Company (Berkeley, CA). The active 

components of the essential oils were obtained as natural Cinnamaldehyde (99% pure), 

Carvacrol (99% pure) and Citral (96% pure) from Sigma Aldrich® (St. Louis, MO, USA). 

Among the plant extracts, Grapeseed extract (500mg) from Vitis vinifera was purchased from a 

local supplement store supplied by Swanson Health Products (Fargo, ND); Organic Olive juice 

extract (12%) from Olea europaea was supplied by CreAgri Inc. (Hayward, CA); and Apple 

extract obtained from Pyrus malus was purchased from Apple Poly LLC (Morrill, NE). 

 

Preparation of treatment and control solutions 

The antimicrobials were weighed or measured and added to 50 mL centrifuge tubes containing 

20 mL of PBS and vortexed for 10 seconds until the powders were homogenously suspended in 

the PBS or the liquids were dissolved. The concentrations prepared are as shown in Table 1.0 
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Table 1.0: Concentrations of essential oils, their active components and plant extracts evaluated  

on iceberg lettuce against the three foodborne pathogens.  

SANITIZERS CONCENTRATIONS 

Controls  

Phosphate Buffered Saline (PBS) 1X 

Industrial Sanitizers   

Chlorine 50 ppm 

Hydrogen Peroxide (H2O2) 3% (commercially available) 

Plant Essential Oils  

Oregano Oil 0.1, 0.3, 0.5% 

Lemongrass Oil 0.1, 0.3, 0.5% 

Cinnamon Oil 0.1, 0.3, 0.5% 

Active Components   

Carvacrol 0.1, 0.3, 0.5% 

Citral 0.1, 0.3, 0.5% 

Cinnamaldehyde 0.1, 0.3, 0.5% 

Plant Extracts  

Olive Extract 3, 5% 

Grapeseed Extract 3, 5% 

Apple Extract 3, 5% 
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In-vitro analysis 

An overnight culture of each bacterium was prepared as described earlier. The cells were washed 

three times in PBS and the pellet was re-suspended in 2 mL PBS. An inoculum of 1 mL was 

added to 20 mL of one of the treatment or control solutions as per the LIVE/DEAD® 

BacLight™ Bacterial Viability Kit (ThermoFisher Inc., CA, USA) protocol. A sample of 1 mL 

was then taken and added to a microfuge tube containing the dyes for fluorescence microscopy. 

A loopful of culture was streaked onto respective agar plates of selective media for each 

pathogen and incubated for the qualitative assessment of growth. This procedure was performed 

at two 0 and 3 hours after inoculation. The samples were kept at room temperature in between 

time points. 

 

Inoculation of lettuce discs with bacteria 

To 3 separate petri dishes containing 25 mL of phosphate buffered saline (PBS), 25 µL of one of 

the overnight cultures of either Salmonella Newport, Escherichia coli or Listeria monocytogenes 

was added and mixed thoroughly. The lettuce discs were immersed in the bacterial inoculum for 

2 min. The discs were then removed and stored in a covered and labelled 6-well tissue culture 

plate. The discs were left undisturbed on the bench top for 30 minutes to allow the bacteria to 

attach to the surface of the lettuce discs. 

 

Treatment of the inoculated discs 

The inoculated discs were dip treated in the control or treatment solutions, which were prepared 

as described earlier. The discs were exposed to the treatment solutions for 2 min with gentle 

agitation. 
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Release of the attached pathogens 

The treated discs were either moved to centrifuge tubes containing 25 mL of PBS for analysis of 

the Day 0 samples or stored in the refrigerator for analysis on Days 1 and 3. The tubes containing 

the discs were then vortexed on the highest speed (setting 10) on the vortex mixer for 15 seconds 

for Salmonella and E. coli and for 30 seconds for Listeria monocytogenes. The lettuce discs were 

then removed and the tubes were centrifuged to obtain a pellet of the released bacteria. The 

supernatant was discarded and the pellet was resuspended in 2 mL PBS; 1 mL was used for serial 

dilutions and 1 mL for fluorescence microscopy. 

 

Analysis of viability of the pathogens- 

The analysis of viability of the pathogen was done using enumeration (serial dilutions and 

plating on selective media) and fluorescence microscopy. 

 Serial Dilution and Plating- Each sample (1 ml) was serially diluted ten-fold in 0.1% 

peptone water (Hardy Diagnostics, CA) and appropriate dilutions were drop-plated on the 

respective selective media for each bacterium. 

 Fluorescence microscopy: Fluorescence microscopy was carried out to distinguish 

between live and dead cells. The fluorescence dye was prepared according to the 

manufacturer’s instructions provided in the LIVE/DEAD® BacLight™ Bacterial 

Viability Kit (ThermoFisher Inc., CA, USA). The cell suspensions were mixed with the 

dye and incubated in the dark for 15 min. The samples were then kept on ice and 

prepared for microscopy. A sample of 3µL from the tube containing the dye and cell 

suspensions was added to Teflon coated, 10- well slides used for fluorescence 

microscopy. The coverslip was gently placed over the slide and observations were made 
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using a fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 40X 

magnification. 

 

Statistical analysis 

Each experiment was repeated three times and log values of survivors were calculated. The mean 

and standard deviation of survivors for each time point were calculated.  

 

 

Results 

Determination of Salmonella enterica serovar Newport, Escherichia coli and Listeria 

monocytogenes viability in vitro 

The pathogens were exposed to the treatment solutions in vitro. With PBS exposure, all the cells 

appeared green and alive under the microscope with isolated colonies on agar plates. The 

analysis of the growth on media was done qualitatively as was the microscopy. None of the 

essential oils, their active components or plant extracts induced the state of VBNC in the 

pathogen. All plant antimicrobials tested had no survivors detected by the 3 hours of exposure. 

All the bacterial cells in a focused field fluoresced red, indicating inactivation, with no growth on 

the agar plates. 

 

Viability of Salmonella enterica serovar Newport on iceberg lettuce after antimicrobial 

treatments 

The number of bacterial survivors were enumerated on Days 0, 1 and 3 and the results obtained 

are shown in Table 1.0. When the inoculated iceberg lettuce discs were treated with PBS, the 
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population of Salmonella recovered from the discs ranged from 9-9.5 log CFU/g with no 

reductions seen upon storage at refrigeration temperatures over 3 days. When chlorine was used 

as a sanitizer, the population recovered reduced by 2 log CFU/g and the surviving population 

after 3 days of storage was similar to that of day 0. Hydrogen peroxide caused a reduction in the 

surviving population by 2-4 log CFU/g as compared to PBS by days 1 and 3, respectively.  

Among the essential oils and their active components tested, 0.1, 0.3 and 0.5% oregano oil 

reduced the surviving population of Salmonella to lower than detectable limits (<1 log CFU/g) 

on day 0 and maintained antimicrobial activity through the 3 days of storage. Similar results 

were observed with carvacrol. Lemongrass oil at 0.1, 0.3 and 0.5% concentrations showed 

reductions of 2, 3 and 4 log CFU/g, respectively, at day 0, while no survivors were detected by 

day 3 for all 3 concentrations. The reduction were similar for the active component citral. The 

treatment with 0.1, 0.3 and 0.5% cinnamon oil showed reductions of 3-4 log CFU/g on day 0. 

The reductions seen on day 1 were 1-3 log CFU/g, with 4.5-6 log CFU/g for 0.1 and 0.3% 

respectively on day 1 and day 3 respectively. However, no survivors were detected for 0.5% by 

day 3. The active component cinnamaldehyde showed no survivors by day 3 with similar 

reductions on days 0 and 1 as cinnamon oil. 

The plant extracts tested also showed antimicrobial activity against Salmonella. Upon treatment 

with apple extract, reductions of 2-3 log CFU/g were seen with 3 and 5%, respectively, on day 0, 

4 log CFU/g reduction by day 1 and up to 6 log CFU/g reductions were seen by day 3. With 

olive extract, 4-6 log CFU/g reductions were seen on day 0 with 3 and 5%, respectively. 

However, both concentrations had no survivors by day 3. Grapeseed extract demonstrated a 3-6 

log reduction in Salmonella population with 3 and 5% concentrations during the 3 days of 

storage.  
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Fluorescence microscopy, as seen in figure 1.0 indicated that none of these treatments had 

induced the pathogen to go into VBNC state since the qualitative assessment determined that the 

number of green or live cells correlated with the number of colonies recovered on selective agar 

media. 

Table 1.0: Survival of Salmonella enterica serovar Newport on iceberg lettuce treated with 0.1, 

0.3 and  0.5% plant essential oils, their active components, and 3 and 5% plant extracts and 

stored at 4°C for up to 3 days 

Antimicrobial 

treatment 

Concentration Survivors on 

Day 0 

(Log CFU/g) 

± SD 

Survivors on 

Day 1 

(Log CFU/g) 

± SD 

Survivors on 

Day 3 

(Log CFU/g) 

± SD 

PBS Control 9.48 ± 0.05 9.36±0.06 9.02±0.01 

Hydrogen 

peroxide 

3% 7.32 ± 0.06 7.11±0.09 5.34±0.06 

Chlorine 50ppm 8.87±0.02 8.672±0.05 8.80±0.03 

Oregano oil 0.1% <1 <1 <1 

 0.3% <1 <1 <1 

 0.5% <1 <1 <1 

Lemongrass oil 0.1% 7.44±0.08 5.35±0.08 <1 

 0.3% 6.49±0.07 5.63±0.04 <1 

 0.5% 5.69±0.07 3.90±0.04 <1 

Cinnamon oil 0.1% 8.79±0.01 7.71±0.16 5.51±0.05 

 0.3% 6.55±0.10 5.86±0.02 3.9±0.04 
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 0.5% 6.35±0.08 3.51±0.05 <1 

Carvacrol 0.1% <1 <1 <1 

 0.3% <1 <1 <1 

 0.5% <1 <1 <1 

Citral 0.1% 7.99±0.07 5.71±0.10 <1 

 0.3% 6.90±0.04 5.41±0.08 <1 

 0.5% 5.34±0.06 5.63±0.04 <1 

Cinnamaldehyde 0.1% 8.80±0.02 6.66±0.04 <1 

 0.3% 5.35±0.08 3.41±0.08 <1 

 0.5% 4.75±0.03 <1 <1 

Apple extract 3% 7.35±0.08 5.81±0.02 3.66±0.04 

 5% 6.9±0.04 5.46±0.12 3.25±0.19 

Olive extract 3% 4.77±0.06 <1 <1 

 5% 6.9±0.04 <1 <1 

Grapeseed 

extract 

3% 6.69±0.07 5.86±0.02 3.42±0.08 

 5% 6.41±0.08 5.69±0.07 3.20±0.14 
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Figure 1.0 Results of fluorescence microscopy done to determine viability of Salmonella on 

iceberg lettuce treated with 0.5% plant antimicrobials on Day 3. 

[ Legend: 1-PBS, 2- Chlorine, 3- H2O2 , 4-Oregano Oil, 5-Carvacrol, 6-Lemongrass oil, 7-Citral, 

8-Cinnamaldehyde, 9- Cinnamon oil, 10- Apple extract, 11- Olive extract, 12- Grapeseed 

extract] 

 

Viability of Escherichia coli O157:H7 on iceberg lettuce after antimicrobial treatments 

 

When the iceberg lettuce discs were treated with PBS, the population of E. coli O157:H7 

recovered from the discs ranged from 7-7.4 log CFU/g with no reductions seen upon storage at 

refrigeration temperatures over 3 days as seen in Table 1.1. With chlorine, E. coli O157:H7 

population recovered ranged from 6.4-5.6 log CFU/g over the three day storage period. Chlorine 

yielded a 1 log reduction in the number of survivors recovered on days 0, 1 and 3. Hydrogen 
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peroxide caused the surviving population to decline by 1 log CFU/g on day 0 to 3 log CFU/g on 

day 1, yielding no detectable survivors by day 3.  

Oregano oil at 0.1 and 0.3% concentrations reduced the surviving population of E. coli O157:H7 

by 2 log CFU/g on day 0 and continued to maintain residual antimicrobial activity through all 3 

days of storage, achieving complete inactivation by day 1. Oregano oil at 0.5% however showed 

no detectable survivors on day 0. Similar results were observed with carvacrol.  Treatment with 

lemongrass oil at 0.1, 0.3 and 0.5% showed reductions of 1, 1.5 and 2 log CFU/g, respectively at 

day 0.  No survivors were detected by day 3 for all three concentrations of lemongrass oil. The 

active component citral showed similar reductions with no survivors detected by day 3. The 

treatment with cinnamon oil demonstrated reductions of 1-2 log CFU/g with 0.1, 0.3 and 0.5% 

concentrations on day 0 which increased to no survivors by day 1. The active component 

cinnamaldehyde had no survivors detected by day 1 for 0.1 and 0.3% concentrations, with 0.5% 

showing no detectable survivors at day 0.  

The plant extracts tested also showed antimicrobial activity against E. coli O157:H7. Upon 

treatment with apple extract, reductions of 1-1.2 log CFU/g were seen with 3 and 5% 

concentrations on day 0, 2-2.4 log CFU/g reductions by day 1 and up to 3 log CFU/g reductions 

were observed by day 3. With olive extract, both 3 and 5% concentrations showed reductions of 

2-3 log CFU/g on day 0 and no survivors were detected by day 1. Grapeseed extract exhibited 2-

4 log CFU/g reductions by both 3 and 5% concentrations during 3 days of storage. 

Fluorescence microscopy as seen in Figure 1.1 indicated that none of the treatments evaluated 

induced E. coli O157:H7 to go into a VBNC state since the qualitative assessment determined 

that the number of green or live cells correlated well with the number of colonies recovered on 

agar plates. 
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Table 1.1: Survival of E. coli O157:H7 on iceberg lettuce treated with: 0.1, 0.3, and 0.5% plant 

essential oils; their active components; and 3 and 5% plant extracts during storage at 4°C for up 

to 3 days 

Antimicrobial treatment Concentration Survivors 

on Day 0 

(Log 

CFU/g) 

± SD 

Survivors 

on Day 1 

(Log 

CFU/g) 

± SD 

Survivors 

on Day 3 

(Log 

CFU/g) 

± SD 

PBS Control 7.46 ± 0.12 7.05±0.04 6.93±0.02 

Hydrogen peroxide 3% 6.07 ± 0.02 3.38±0.23 <1 

Chlorine 50ppm 6.40±0.14 5.56±0.05 5.66±0.04 

Oregano oil 0.1% 5.8±0.03 <1 <1 

 0.3% 5.2±0.14 <1 <1 

 0.5% <1 <1 <1 

Lemongrass oil 0.1% 6.56±0.05 2.1±0.14 <1 

 0.3% 6.41±0.08 2.69±0.07 <1 

 0.5% 5.82±0.03 <1 <1 

Cinnamon oil 0.1% 6.41±0.08 3.35±0.08 <1 

 0.3% 6.35±0.08 <1 <1 

 0.5% 5.51±0.05 <1 <1 

Carvacrol 0.1% <1 <1 <1 

 0.3% <1 <1 <1 

 0.5% <1 <1 <1 
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Citral 0.1% 5.39±0.06 2.14±0.21 <1 

 0.3% 5.45±0.12 2.10±0.14 <1 

 0.5% <1 <1 <1 

Cinnamaldehyde 0.1% 6.1±0.14 <1 <1 

 0.3% 6.39±0.06 <1 <1 

 0.5% <1 <1 <1 

Apple extract 3% 6.46±0.12 5.602 5.35±0.08 

 5% 6.69±0.07 5.1±0.14 3.0 

Olive extract 3% 6.05±0.04 <1 <1 

 5% 5.9±0.04 <1 <1 

Grapeseed 

extract 

3% 5.69±0.07 5.63±0.04 3.34±0.06 

 5% 5.51±0.05 5.301 3.10±0.14 
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Figure 1.1 Results of fluorescence microscopy done to determine viability of E. coli on iceberg 

lettuce treated with 0.5% plant antimicrobials on Day 3. 

[ Legend: 1-PBS, 2- Chlorine, 3- H2O2 , 4-Oregano Oil, 5-Carvacrol, 6-Lemongrass oil, 7-Citral, 

8-Cinnamaldehyde, 9- Cinnamon oil, 10- Apple extract, 11- Olive extract, 12- Grapeseed 

extract] 

 

Viability of Listeria monocytogenes on iceberg lettuce treated with plant antimicrobials 

The population of L. monocytogenes recovered from the discs, post PBS treatment, ranged from 

6-6.8 log CFU/g over the 3 days of storage (Table 1.2). For the leaves treated with chlorine, the 

population recovered was 5.6 log CFU/g on day 0, with no survivors detected by day 1. 

Hydrogen peroxide reduced the bacterial survivors to 4 log CFU/g on day 0, yielding no 

survivors by day 1.  
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Among the essential oils and their active components tested, 0.1, 0.3 and 0.5% oregano oil 

reduced the surviving population of L. monocytogenes  to lower than detectable limits (<1 log 

CFU/g) on day 0 continuing to day 3 (Table 1.2). Similar results were observed with all 

concentrations of carvacrol. With lemongrass oil, 0.1% showed a reduction of 2 log CFU/g, 

0.3% showed a reduction of 1.5 log CFU/g and 0.5% showed a reduction of 1.5 log CFU/g on 

day 0. No survivors were detected by day 1 for all three concentrations. The active component 

citral showed similar reductions but achieved complete inactivation by day 0 with 0.5%. The 0.1 

and 0.3% treatments achieved complete reduction by day 1. The treatment with cinnamon oil, 

however, showed reductions of 2-3 log CFU/g with 0.1, 0.3 and 0.5% on day 0, with no 

survivors detected by day 1 for all concentrations. The active component cinnamaldehyde 

showed similar reductions by day 0 and no detectable survivors by day 1 and 0.5% achieving no 

detectable survivors by day 0. 

Apple extract caused reductions of 1 log CFU/g with both 3 and 5% on day 0 and complete 

inactivation by day 1. With olive extract, both concentrations showed no detectable survivors by 

day 1, with reductions of 2-3 log CFU/g on day 0. Grapeseed extract showed a considerable 

reduction in the population of the pathogen by 2-4 log CFU/g by both concentrations on day 0 

and achieved complete inactivation by day 1. 

Fluorescence microscopy as seen in Figure 1.3 indicated that none of these treatments had 

induced the pathogen to go into VBNC as plating and microscopy results were consistent with 

each other. 

Table 1.2: Survival of Listeria monocytogenes on iceberg lettuce treated with 0.1, 0.3, and 0.5% 

plant essential oils; their active components;   3 and 5% plant extracts, and stored at 4°C for up 

to 3 days 
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Antimicrobial 

treatment 

Concentration Survivors on 

Day 0 

(Log CFU/g) 

± SD 

Survivors on 

Day 1 

(Log CFU/g) 

± SD 

Survivors on 

Day 3 

(Log CFU/g) 

± SD 

PBS Control 6.8 ± 0.05 6.5 ± 0.03 6.0 ± 0.02 

Hydrogen 

peroxide 

3% 4.2 ± 0.03 <1 <1 

Chlorine 50ppm 5.6±0.01 <1 <1 

Oregano oil 0.1% <1 <1 <1 

 0.3% <1 <1 <1 

 0.5% <1 <1 <1 

Lemongrass oil 0.1% 4.48±0.08 <1 <1 

 0.3% 5.0±0.07 <1 <1 

 0.5% 5.15±0.07 <1 <1 

Cinnamon oil 0.1% 4.23±0.01 <1 <1 

 0.3% 4.0±0.10 <1 <1 

 0.5% 3.56±0.02 <1 <1 

Carvacrol 0.1% <1 <1 <1 

 0.3% <1 <1 <1 

 0.5% <1 <1 <1 

Citral 0.1% 4.25±0.07 <1 <1 

 0.3% 5.12±0.04 <1 <1 

 0.5% <1 <1 <1 
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Cinnamaldehyde 0.1% 4.96±0.02 <1 <1 

 0.3% 3.15±0.05 <1 <1 

 0.5% <1 <1 <1 

Apple extract 3% 5.21±0.06 <1 <1 

 5% 4.98±0.03 <1 <1 

Olive extract 3% 4.39±0.05 <1 <1 

 5% 3.54±0.10 <1 <1 

Grapeseed 

extract 

3% 4.05±0.08 <1 <1 

 5% 2.39±0.10 <1 <1 

Figure 1.3: Results of fluorescence microscopy done to determine viability of L. monocytogenes 

on iceberg lettuce treated with 0.5% plant antimicrobials on Day 3. 
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[ Legend: 1-PBS, 2- Chlorine, 3- H2O2 , 4-Oregano Oil, 5-Carvacrol, 6-Lemongrass oil, 7-Citral, 

8-Cinnamaldehyde, 9- Cinnamon oil, 10- Apple extract, 11- Olive extract, 12- Grapeseed 

extract] 

 

Discussion 

Most studies that have evaluated the antimicrobial properties of plant based compounds have 

determined the killing efficiency of the compound without actually confirming as to whether 

inactivation is being achieved or not. This study aims to establish as to whether the 

phytoantimicrobials are inactivating the pathogens or inducing them to go into the VBNC state. 

Ravishankar et al (2008:; 2009; 2010), Moore et al (2011; 2012; 2013), and Naik et al  (2010) 

have demonstrated  the broad spectrum antibacterial activity of various essential oils, their active 

components and plant extracts on a variety of foodborne pathogens.  

The use of natural antimicrobials that will not only ensure the complete inactivation of these 

pathogens but also retain residual activity to protect the produce from contamination is an 

attractive prospect for the organic and conventional produce industry (Olaimat and Holley, 

2012). 

The Viable But Non Culturable state of foodborne pathogens is a metabolically inert state during 

which, most cellular processes are suspended. However, since virulence and pathogenicity are 

retained as active, they can cause moderate to severe disease, once inside a human host. This trait 

is particularly hazardous for the food industry, specifically the fresh produce industry (Pienaar et 

al, 2016). This condition is a stress response mechanism and the stresses that induce the state are 

changes in pH, temperature as well as presence of antimicrobial substances such as sanitizers and 

heavy metals (Ramamurthy et al, 2014).  
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Bacteria that enter into the VBNC state can be detrimental during testing and sampling of 

environmental parameters since they can result in false negatives. The Food Safety 

Modernization Act (FSMA) states that the permissible limit of generic E. coli in water samples is 

126 CFU/100mL of irrigation water. Anything below this limit can indicate either a safe to use 

sample or a sample that has VBNC bacteria. If the bacteria present are in VBNC, it can lead to 

an outbreak when contaminated food is consumed by the public. It is imperative while choosing 

a sanitizer that complete inactivation is achieved and this is done by using sub lethal 

concentrations of the sanitizer (Pienaar et al, 2016).  

Oregano oil and its active component, carvacrol proved to be the most effective in reducing the 

pathogen population to below detectable limits immediately upon exposure. This is in 

accordance with other studies conducted (Ravishankar et al, 2010). The other essential oils and 

their active components have shown antimicrobial activity against these pathogens. The plant 

extracts are also successful in reducing the surviving populations of the pathogens on the surface 

of leafy greens. From the present study, it is evident that these compounds have residual 

antimicrobial activity. 

Fluorescence microscopy coupled with the use of the LIVE/DEAD® BacLight™ Bacterial 

Viability Kit is a valuable tool to study the viability of bacterial cells that have been exposed to 

antimicrobial treatments. The dye consists of two components, SYTO9 and Propidium Iodide 

(PI). If the cells are alive, the membranes are intact, allowing only the SYTO9 to penetrate the 

cells, making them fluoresce green. However, with dead cells, due to the loss of membrane 

integrity, both components penetrate the cells. The excitation potential of PI overshadows 

SYTO9 and the cells appear red (Invitrogen). If the cells fluoresced green and did not show 

CFUs on agar media, they were alive but not culturable, hence indicating the state of VBNC. For 
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all three pathogens, when the antimicrobial treatments showed no detectable suvivors, the 

fluorescence microscopy results showed red cells, indicating no VBNC cells.  

The produce industry needs antimicrobials that can eliminate pathogens at the field level. Since 

there is no ‘kill-step’ associated with salad vegetables, such as cooking or heating, it is beneficial 

to have sanitizers that can inactivate the foodborne pathogens at the sanitation step. Most of the 

plant antimicrobials tested in the present study have demonstrated this potential. 

 

Conclusions 

The plant antimicrobials tested in this study were effective in inactivating the foodborne 

pathogens. None of the antimicrobials evaluated induced the bacteria to go into a VBNC state 

which ensures the minimization of false negatives. Some of the antimicrobials also showed 

residual activity over three days of storage at refrigeration temperature.  

Oregano oil and its active component carvacrol was the most effective against the three 

pathogens.  Citral showed more potent antimicrobial activity as compared to lemongrass oil 

against Listeria. indicating that active components may show better activity. 

In future, the inactivation potential of these antimicrobials on other salad vegetables and against 

other pathogens could be evaluated. Also, genomics and whole cell proteomics would give us a 

clear idea into levels of gene expression before and after exposure to antimicrobials. Sensory 

studies to check consumer preference liking before suggesting large scale implementation would 

also be beneficial in the future. 
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CHAPTER 3 

 

EFFECT OF PLANT ANTIMICROBIAL WASHES ON THE SENSORY 

AND PHYSICAL ATTRIBUTES OF ORGANIC ROMAINE LETTUCE 
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Abstract 

Fresh-cut organic romaine lettuce was treated with plant-based antimicrobials added to the wash 

water and the effects of these compounds on the sensory properties and physical attributes of the 

treated leaves were evaluated. The antimicrobials included plant essential oils and their active 

components as well as plant extracts in different concentrations. The lettuce was cut into pieces, 

washed with water containing different concentrations of the antimicrobials and packed into 

salad bags. The prepared samples were stored at 4°C for 24 h and sensory analysis was carried 

out with 75 untrained panelists. The demographic information of the panelists was obtained 

along with general survey information. For the sensory analysis, the sensory attributes of the 

samples, which included pungency, browning, bitterness, off-odor, and sourness were evaluated 

using a 5-point hedonic scale.  The preference liking was evaluated for aroma, color, freshness, 

mouthfeel, flavor, and overall acceptability, using a 9-point hedonic scale. The treated samples 

were also analyzed for changes in physical properties such as color and texture. The color 

analysis was done using a chromameter, making use of the CIE L*a*b* coordinates and the 

texture was analyzed using a texture analyzer with a leafy greens specific probe and force cell. 

Demographically, Asian/Pacific Islander and White were the major ethnicities of the panelists, 

with the percentage of females that participated in the study being higher than the males. 

Participants ranged between 18-85 years of age with majority being in the 18-30 year category. 

Organic romaine lettuce treated with 7% olive extract and 3% apple extract were more likely to 

be purchased by the panelists in comparison to other treatments. As per the preference liking 

indicated by the panelists, lettuce treated with 7% olive extract and 0.1% citral had a higher 

overall acceptability. The color of the samples was affected the least by the addition of olive 

extract and lemongrass oil, while oregano oil and carvacrol showed adverse effects. Similarly, 
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for the texture analysis, samples treated with t 0.1% citral were affected the least while, 0.1% 

oregano oil treated samples were the most affected. 

 

Introduction 

Plant derived compounds such as essential oils, their active components and plant extracts are 

known for their antimicrobial activities against foodborne pathogenic bacteria.  Certified as 

Generally Recognized as Safe (GRAS) by the FDA, these phytoantimicrobials are appealing to 

consumers, who prefer a natural alternative to chemical sanitizers.  

According to Gould (1996), plant antimicrobials have residual activity and are recyclable in the 

environment. The additional property of their efficacy not being affected in the presence of 

organic matter makes these compounds desirable sanitizers in the fresh produce industry.  

However, if these compounds are to be accepted as sanitizers, their effects on the sensory, 

physical and aesthetic properties of the treated produce must be taken into consideration, 

especially since their use can alter these properties as well as exceed acceptable threshold levels, 

affecting marketability (Hsieh et al, 2001; Nazer et al, 2005).  

Gutierrez et al. (2009) evaluated the microbiological, organoleptic and quality markers of 

minimally processed (either washed with water or minimal concentrations of sanitizers such as 

chlorine) vegetables and found that the effects were not so pronounced on carrots as they were 

on lettuce. Lukasik (2003) found that fresh berries exposed to sanitizers such as hydrogen 

peroxide displayed more browning and discoloration than those that were washed with water, 

even though the concentration of the sanitizer used was 0.5%. Kiwi fruits and melons showed no 

changes in their physical properties and acceptability when washed with 1mM concentrations of 

cinnamic acid or carvacrol (Roller et al, 2002).  
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Sensory analysis, combined with the analysis of changes to physical and aesthetic attributes such 

as texture and color are imperative to understanding the possible impacts of plant compounds on 

the marketability of a product. Consumers may have specific preferences which could pre-

determine how the society may perceive any changes implemented on a large scale. Sensory 

studies make use of statistics and human sensory perceptions to analyze preferences to changes 

in the organoleptic attributes of food products (Stone and Sidel, 2004). The use of clove oil in 

soft cheeses was evaluated and the authors found no adverse effects as far as preference liking by 

a set of trained panelists was analyzed (Smith-Palmer, 2001). Joshi et al (2016) found that 

iceberg lettuce and spinach treated with various essential oils, their active components and plant 

extracts displayed different sensory profiles as well. The leafy greens treated with 0.1% 

cinnamon oil had the highest preference liking (Joshi et al, 2016). These authors concluded that 

since this treatment also had the least impact on the sensory properties of both spinach and 

lettuce; it may be a good alternative to chemical sanitizers. Treatments with essential oils were 

rated high for pungency and off-odor, whereas treatments with plant extracts were rated high for 

browning (Joshi et al, 2016). The present study aims to investigate the preference liking, effects 

on sensory attributes as well as changes to color and texture of organic romaine lettuce washed 

with varying concentrations of plant antimicrobials.  

 

Materials and Methods 

Preparation of romaine lettuce 

Organic romaine lettuce was purchased from a local grocery store in Tucson, AZ, USA.. The 

leaves were separated and cut into small squares. Depending on the number of participants for 

each trial and treatment, an appropriate amount of cut lettuce was weighed.  
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Purchase of antimicrobials 

Cinnamon oil (100% pure) extracted from Cinnamomum cassia, Oregano oil (100% pure) 

extracted from Origanum vulgare, Clove bud oil (100% pure) extracted from Syzygium 

aromaticum and Lemongrass oil (100% pure) extracted from Cymbopogon flexuosus were 

obtained from the Lhasa Karnak Herb Company (Berkeley, CA). The active components of the 

essential oils were obtained as natural Cinnamaldehyde (99% pure), Carvacrol (99% pure) and 

Citral (96% pure) from Sigma Aldrich® (St. Louis, MO, USA). Olive extract (Olea europaea) 

HIDROX® 10x in liquid concentrate was obtained from CreAgri, Inc. (Hayward, CA, USA). 

Grapeseed extract from Vitis vinifera was obtained from Swanson Health products (Fargo, ND, 

USA). Apple skin extract from Malus pumila was obtained from Apple Poly LLC. (Morrill, NE). 

H2O2 (3%) was purchased from the local retail stores in Tucson, AZ.  

 

Preparation of treatment and control solutions 

The antimicrobials were weighed or measured, added to a large mixing bowl containing 300 mL 

of water and mixed thoroughly using a hand-held beater. The treatments and control solutions 

were formulated as shown in the Table 1. 

Table1: Antimicrobial treatments added to wash water for sensory analysis of romaine lettuce   

TREATMENTS 

 

Control 

3% H2O2 

0.1% Cinnamon oil 

0.1% Clove bud oil 

0.1% Oregano Oil 
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0.1% Lemongrass oil 

0.1% Citral 

0.1% Carvacrol 

3% Apple Extract 

3% Grapeseed Extract 

0.1% Oregano oil+1% Grape Extract 

0.1% Clovebud oil +3% Apple Extract 

7% Olive extract 

10% Olive Extract 

0.1%Oregano oiil+10%Olive Extract 

  

Sensory analysis 

Seventy five untrained panelists analyzed samples of organic romaine lettuce that had been 

treated with essential oils, their active components and plant extracts, added into the wash water.  

Sensory analysis was conducted in sensory booths with constant yellow light in the kitchen 

facility of the Department of Nutritional Sciences at the University of Arizona. Each panelist was 

given 1 g of each sample, with a total of 6 samples per session. Panelists were asked to drink 

water and wait for up to 2 minutes between each sample. 

Panelists answered questions about demographics such as age, gender, ethnicity, frequency of 

consumption of organic/conventionally grown leafy greens, and types of leafy greens purchased 

most, prior to treatment (iceberg, romaine, spinach, or mixed greens). A sensory questionnaire 

was designed to evaluate panelists’ opinions on each sample based on a 9-point hedonic scale 

where, 9=like extremely, 8=like very much, 7=like moderately, 6=like slightly, 5=neither like 
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nor dislike, 4=dislike slightly, 3=dislike moderately, 2=dislike very much, 1=dislike extremely. 

Sensory parameters were evaluated based on preference liking for aroma, color, freshness, 

mouthfeel, flavor, and overall acceptability. Panelists quantified each sample for sensory 

attributes such as pungency, browning, bitterness, off-odor, and sourness and these were 

evaluated using a 5-point hedonic scale, where 1 would be rated the lowest and 5 would be rated 

the highest (1=not pungent, 2=slightly pungent, 3=moderately pungent, 4=very pungent 

5=extremely pungent).  

 

Color analysis 

Color measurements were taken using a Minolta Chroma Meter (Model CR-400, Minolta, Inc., 

Tokyo, Japan). The measurements reflected CIE L*, a*, and b* coordinates. The instrument was 

calibrated according to the manufacturer instructions and color measurements of plant 

antimicrobial treated romaine lettuce as well as controls were taken. Three different lettuce heads 

were used for three different repeats and each reading was taken in triplicates, yielding a total of 

9 readings for each sample. 

 

Texture analysis 

The changes in texture of each treated sample were measured using a Texture Lab Pro setup 

from Food Technology Corporation (Sterling, VA, USA). A 1000 N load cell combined with a 

shear cell with an 8-blade probe was used to crush the lettuce samples. A sample of 10 g of 

treated lettuce was placed in the box and the probe was lowered using a Lettuce Library program 

(Food Tech Corporation, VA, USA). The lettuce was crushed by the probe and the average of the 

highest peak force was indicated as the crispiness value for each sample evaluated.  
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Statistical analysis 

The statistical analysis was done using Microsoft Excel’s inbuilt algorithm and commands. The 

PCA plots were constructed using XLSTAT, an extension of Excel created by the company 

Addinsoft, PA, USA.  

 

Results and Discussion 

Organic romaine lettuce washed with various plant antimicrobials was subjected to sensory 

analysis. To improve the marketability of leafy greens treated with non-traditional or novel 

sanitizers, it is necessary to understand how consumers perceive these changes. This study was 

done to understand the consumer acceptability to changes in the sensory attributes as well as 

preference liking of organic romaine lettuce treated with plant antimicrobials in the wash water.  

 

Demographic Information 

The panelists were required to be able to distinguish between colors as well as be non-smokers 

and over the age of 18 years. The ages, genders and ethnicity of the panelists are depicted in 

Figure 3.1. Each sample was analyzed by 75 panelists. Majority of the panelists were female 

(67%), with 29% male and 4% others. Majority of the panelists were between 18 and 30 years of 

age. This was attributed to the target demographics that chiefly consisted of University students. 

Joshi et al (2016) carried out a similar survey with iceberg lettuce and baby spinach. Of the 

panelists, 75% were female, and 25% were male (Joshi et al, 2016). The age of the panelists 

ranged from 18 to 78 years, with majority of them (65%) in the 18-25 years range (Joshi et al, 

2016). The panelists in this study were 18 to 85 years of age with majority (88%) being in the 
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18-30 years range. With regard to the ethnicity of the panelists, 32% were Asian/Pacific Islander, 

43% were White and 18% were Hispanic/Latino (figure 3.1). About 2% were African/American 

and 5% reported as others.  Joshi et al (2016) had panelists that comprised of 47% white, 24% 

Hispanic or Latino, 22% Asian, and 3% African American. The information collected regarding 

consumption of types of leafy greens also differed between the two studies. Joshi et al (2016) 

reported that the most consumed leafy greens were mixed greens (34%), with 32 % for spinach, 

22% for romaine and 11% for iceberg lettuce. The panelists in the present study reported 

consumption/likelihood of purchase of romaine lettuce as 37%, spinach as 29%, mixed greens as 

21% and iceberg lettuce as 13%. This difference could be due to the differences in ethnicities of 

panelists that participated in the two studies as well as the percentage of health.  The present 

study also reported a higher consumption of conventional leafy greens (58%) twice a week as 

compared to organic leafy greens (42%). 



 87 

Figure 3.1: Demographic and consumption information of panelists who participated in the 

sensory analysis of romaine lettuce washed with plant antimicrobials. 

Sensory analysis 

The sensory characteristics of the treated romaine lettuce were evaluated using 75 untrained 

panelists. The characteristics studied included pungency, browning, bitterness, off-odor, and 

sourness and these were evaluated using a 5-point hedonic scale. All controls were within the 

acceptable threshold. From Table 3.1 and Figures 3.2 and 3.3, it is evident that some treatments 

were more accepted than others by the panelists. Since the values for all the characteristics 

ranged between 1 (not adversely affected at all) and 4 (very affected), it was determined that the 

some of the treatments may have affected the sensory profiles of the lettuce samples. When the 

effects of the antimicrobial washes were assessed on pungency, it was seen that apart from the 

control, 7% Olive extract (1.5±0.8), 0.1% citral (2.7±1.3) and 0.1% Oregano oil+10% Olive 

Extract (2.01±1.2) were perceived to be the least pungent, whereas 0.1% oregano oil was the 

most pungent (3.36±1.18). It was observed that the control had the least browning along with 

0.1% Clove bud oil (1.53±0.7), and 3% Apple Extract (1.4±0.5), with the combination of 0.1% 

Oregano oil+10% Olive Extract (2.4±1.3) causing the most browning.  

The effects of the antimicrobial washes on bitterness and sourness were evaluated. In both the 

cases, the control was the least affected. Leafy greens treated with lemongrass oil (2.14±1.1) and 

clove bud oil (1.43±0.7) were the least bitter and sour, respectively. Among the active 

components, citral caused the least amount of bitterness (2.06±1.0) and sourness (1.86±1.1), 

respectively. Among the plant extracts, 3% apple extract had low ratings for bitterness 

(1.83±0.9) and sourness (1.34±0.6), indicating no adverse effects. A concentration dependent 

effect was seen on the two attributes for leaves washed with olive extract. 7% olive extract 
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showed lower bitterness (1.6±0.7) and sourness (1.39±0.6) profiles than the 10% wash. The most 

adversely affected treatment for both attributes was 0.1% oregano oil (3.1±1.3). The treatment 

that contributed the least to any off odors, was 7% olive extract (1.27±0.6), 3% apple extract 

(1.62±0.9) and the controls. This may be attributed to the strong smell that the essential oils and 

their active components possess. 

All these attributes helped panelists make a choice of purchase of the treated leafy greens. The 

lettuce treated with 7% olive extract (3.37±1.1) and 3% apple extract (3.09±1.2) had a higher 

likelihood of being purchased. The least likely to be purchased treatments were those of oregano 

oil (1.62±0.8) and a combination of oregano oil and grapeseed extract (1.78±1.1).  Joshi et al 

(2016) evaluated the effects of similar treatments on iceberg lettuce and baby spinach. The 

treatments that were preferred by panelists included 0.1% clove bud oil, 0.1% citral, and 0.1% 

oregano oil (Joshi et al, 2016). Treatment of organic iceberg lettuce with 0.1% cinnamon oil had 

the least impact on pungency, browning, bitterness, off-odor, and sourness of lettuce. For the 

spinach samples, they reported that 0.1% clove bud oil, 3% apple extract, 3% grapeseed extract, 

and a combination of 0.1% clove bud oil+3% apple extract did not adversely affect the browning 

or bitterness (Joshi et al, 2016). The treatments that impacted the sourness of spinach were 0.1% 

citral, 0.1% lemongrass oil+1% apple extract, 0.1% oregano oil, 7% olive extract, 0.1% 

carvacrol, and combination of 0.1% oregano+7% olive extract (Joshi et al, 2016). 

Table 3.1: Evaluation of sensory characteristics by panelists who participated in the sensory 

analysis of romaine lettuce washed with plant antimicrobials. 

Treatments 
 

Pungency Browning Bitterness Off-odor Sournes

s 

Likeliho

od of 

purchase 

Control 1.13±0.3 1.28±0.5 1.31±0.5 1.10±0.2 1.18±0.4 3.81±1.1 

3% H2O2 1.44±0.7 1.69±0.7 1.70±1.0 1.44±0.7 1.33±0.8 3.31±1.1 

0.1% cinnamon 3.34±1.2 1.66±0.7 2.24±1.1 3.21±1.3 1.55±0.8 2.05±1.1 



 89 

oil 

0.1% Clove bud 
oil 

3.2±1.2 1.53±0.7 2.29±1.3 3.07±1.3 1.43±0.7 2.05±1.1 

0.1% Oregano 
Oil 

3.36±1.18 2.24±1.1 3.1±1.3 3.23±1.2 2.17±1.3 1.62±0.8 

0.1%Lemongrass 
oil 

3.3±1.2 1.88±1.0 2.14±1.1 2.89±1.3 1.91±0.9 2.34±1.2 

0.1% Citral 2.7±1.3 1.84±1.1 2.06±1.0 2.44±1.2 1.86±1.1 2.85±1.2 

0.1% Carvacrol 2.82±1.4 2.33±1.2 2.65±1.5 2.71±1.3 2.08±1.3 2.32±1.3 

3% Apple 
Extract 

1.72±1.0 1.4±0.5 1.83±0.9 1.62±0.9 1.34±0.6 3.09±1.2 

3% Grapeseed 
Extract 

2.12±1.1 2.08±1.0 2.31±1.3 2.1±1.1 1.66±0.9 2.34±1.3 

0.1% OO+1% 
Grape Extract 

2.82±1.3 2.29±1.2 3.1±1.2 2.6±1.3 2.14±1.3 1.78±1.1 

0.1% Clove+3% 
Apple Extract 

2.97±1.3 2.32±1.2 2.38±1.1 2.75±1.3 1.86±1.1 2.33±1.2 

7% Olive extract 1.5±0.8 1.58±0.7 1.6±0.7 1.27±0.6 1.39±0.6 3.37±1.1 

10% Olive 
Extract 

1.7±0.9 1.55±0.8 1.65±0.7 1.45±0.7 1.51±0.8 3.1±1.2 

0.1%OO+10%Oli
ve Extract 

2.01±1.2 2.4±1.3 2±0.9 1.81±1.1 1.66±0.8 2.67±1.2 
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Figure 3.2: PCA plot distribution of sensory characteristics evaluated by panelists who 

participated in the sensory analysis of romaine lettuce washed with plant antimicrobials. 
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Figure 3.3: Spider plot distribution of sensory characteristics evaluated by panelists who 

participated in the sensory analysis of romaine lettuce washed with plant antimicrobials. 

 

The preference liking parameters evaluated were aroma, color, freshness, mouthfeel, flavor and 

overall acceptability and this was done using a 9-point hedonic scale. From Table 4.2 and 

Figures 4.4 and 4.5 it was observed that the leaves treated with plant antimicrobials showed 

differences in the preference liking parameters as compared to the controls. When the effects of 

the antimicrobial washes were assessed on aroma, it was seen that apart from the controls, 

treatments with 7% olive extract (6.51±2.0), 0.1% lemongrass oil (6.93±2.0), 0.1% citral 

(6.44±2.1) and 0.1% cinnamon oil (6.55±2.3) were preferred by the panelists, whereas 0.1% 

oregano oil and 0.1% carvacrol were the least preferred (5.33±2.4, 5.33±2.4). The color of the 
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lettuce leaves was the least affected by 0.1% clove bud oil (7.14±1.8) and 10% olive extract 

(7.08±1.8) with the combination of 0.1% oregano oil +1% grapeseed extract (5.89±2.5) being the 

most affected.  

The effects of the antimicrobial washes on mouthfeel and flavor were evaluated. In both the 

cases, the control was the least affected. Leafy greens treated with lemongrass oil (4.98±2.7) and 

clove bud oil (6.64±1.9) had the best flavor and mouthfeel, respectively. Among the active 

components, citral was preferred for both parameters (6.42±2.0, 6.04±2.2), respectively. Among 

the plant extracts, 3% apple extract was the preferred treatment (6.37±2.3, 5.84±2.4), indicating 

no adverse effects. The most adversely affected treatment was 0.1% oregano oil for both the 

attributes. When assessed for freshness, among the plant antimicrobials, 0.1% clove bud oil was 

perceived to be the least affected (6.95±1.8) and 0.1% carvacrol the most affected (5.63±2.8). 

The lettuce treated with 7% olive extract (6.13±2.0) and 0.1% citral (6.16±2.1) had a higher 

overall acceptability. The least acceptable treatments were those of oregano oil (4.4±2.1) and 

clove bud oil (4.92±2.3).  Joshi et al (2016) studied the preference liking of panelists to similar 

antimicrobials on iceberg lettuce and baby spinach. They observed that for aroma, color, 

freshness, mouthfeel, flavor, and overall acceptability, there were no significant differences 

(p≤0.05) between the controls, and 0.1% cinnamon oil treatments for iceberg lettuce samples 

(Joshi et al, 2016). With baby spinach, they determined that the combination of olive extract with 

oregano oil was the least preferred based on overall acceptability but was ranked the highest for 

pungency, browning, and bitterness (Joshi et al., 2016).  
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Table 3.2: Evaluation of preference liking by panelists who participated in the sensory analysis 

of romaine lettuce washed with plant antimicrobials. 

Treatments 

 
Aroma Color Freshness Mouthfeel Flavor Overall 

acceptabi
lity 

Control 6.8±2.0 7.95±1.3 7.82±1.4 7.68±1.6 7.41±1.8 7.68±1.4 

3% H2O2 6.74±1.9 6.92±1.9 6.95±1.9 7.14±1.8 6.85±2.0 7.02±1.7 

0.1% cinnamon 
oil 

6.55±2.3 7.17±1.8 6.64±2.1 6.28±2.3 4.37±2.7 5.2±2.5 

0.1% Clove bud 
oil 

5.71±2.5 7.14±1.8 6.95±1.8 6.64±1.9 4.22±2.3 4.92±2.3 

0.1% Oregano 
Oil 

5.33±2.4 5.93±2.2 5.64±2.2 5.44±2.3 3.83±2.3 4.4±2.1 

0.1%Lemongrass 
oil 

6.93±2.0 6.38±2.1 6.41±1.9 6.38±2.1 4.98±2.7 5.56±2.4 

0.1% Citral 6.44±2.1 6.86±2.3 6.74±2.2 6.42±2.0 6.04±2.2 6.16±2.1 

0.1% Carvacrol 5.33±2.4 6.01±2.7 5.63±2.8 5.45±2.8 4.82±2.7 5.14±2.8 

3% Apple 
Extract 

5.9±2.2 6.64±1.9 6.6±2.4 6.37±2.3 5.84±2.4 5.87±2.4 

3% Grapeseed 
Extract 

5.89±2.1 6.53±2.1 6.57±1.9 6.14±2.3 5.37±2.6 5.79±2.3 

0.1% OO+1% 
Grape Extract 

5.58±2.4 5.89±2.5 6.04±2.4 5.5±2.5 4.85±2.8 5.25±2.6 

0.1% Clove+3% 
Apple Extract 

5.62±2.3 5.9±2.6 5.84±2.5 5.65±2.4 5.12±2.5 5.35±2.5 

7% Olive extract 6.51±2.0 6.93±1.8 6.64±1.8 6.29±2.0 5.74±2.1 6.13±2.0 

10% Olive 
Extract 

6.46±2.1 7.08±1.8 6.7±1.8 6.21±2.2 5.55±2.1 5.94±2.2 

0.1%OO+10%Oli
ve Extract 

6.2±2.2 6.47±2.3 6.1±2.3 5.77±2.4 5.24±2.3 5.44±2.4 
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Figure 3.4: PCA plot distribution of preference liking evaluated by panelists who participated in 

the sensory analysis of romaine lettuce washed with plant antimicrobials. 
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Figure 3.5: Spider plot distribution of preference liking evaluated by panelists who participated 

in the sensory analysis of romaine lettuce washed with plant antimicrobials. 

 

 

 

 

 

 

 

 

 

 

 

 

Color analysis 

The color of the treated samples was analyzed to determine any adverse effects caused by the 

addition of the antimicrobials to the wash water. The results indicated that the color properties of 

the treated romaine lettuce were not adversely affected, but the treated samples showed 

differences when compared to the water washed controls. Romaine lettuce leaves generally vary 

in colors based on the position of the leaves as well as the abaxial and adaxial surfaces. In order 

to minimize any variability, the samples were taken from the same position on the leaf of three 

different lettuce heads throughout the trials and care was taken to ensure that the entire surface of 

the leaf samples was exposed to the water containing the antimicrobial. The L* value (light vs. 
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dark) is the major value which may influence consumers’ preferences. From the Table 3.3, it was 

observed that the L* values of the treated lettuce leaves were not different from the control 

(42.76±3.1). The lowest value (37.31) was seen for 10% olive extract treated lettuce and the 

highest was seen for 0.1% clove bud oil treated samples (50.48). The a* values were also not 

very different from the control (-17.0±1.1) except for the samples treated with 0.1% carvacrol, 

which had the highest value (-7.29). The lowest a* value was seen for lettuce treated with 0.1% 

lemongrass oil (-17.3). As far as the b* values were taken into consideration, there were minimal 

differences observed between treatments, except for the samples treated with 0.1% lemongrass 

oil (32.42±4.1) for the romaine lettuce samples tested in this study.  

Joshi et al (2016) observed  that in case of iceberg lettuce treated with the same antimicrobials, 

the leaves treated with a combination of 0.1% oregano oil and 10% olive extract had the highest 

L* value (44.5±6.2 ).  In case of baby spinach leaves treated with the same antimicrobials, the 

highest L* value was seen for 7% olive extract and the lowest was seen for 0.1% oregano oil 

(Joshi et al., 2016). Iceberg lettuce leaves treated with a combination of cinnamon oil and 

grapeseed extract had the lowest a* value, while leaves treated with hydrogen peroxide had the 

highest a* value (Joshi et al., 2016).  No significant difference between the treatments were 

observed for baby spinach. The b* values were not significantly different between treatments 

except for a low value obtained for iceberg lettuce treated with 0.1% cinnamon oil. From the 

results of both studies, it can be seen that the color of organic leafy greens treated with olive 

extract was the least affected. Among the essential oils, Joshi et al (2016) observed that 

cinnamon oil was the preferred treatment, but for romaine lettuce, 0.1% lemongrass oil seemed 

to be the least affected. Based on the results of the two studies, it can be concluded that apart 



 97 

from the antimicrobial being used, the nature of the leafy green being evaluated also has to be 

taken into consideration. 

 

Table 3.3: Color analysis of romaine lettuce treated with antimicrobial washes. CIE L*, a*, b* 

coordinates measured using a Chroma meter for romaine lettuce leaves treated with edible films 

containing plant antimicrobials and stored at 4°C for 24 h. 

Treatments 

 

L* a* b* 

Control 42.76±3.1 -17.0±1.1 26.62±4.0 

3% H2O2 47.35±1.4 -15.8±0.7 23.59±1.5 

0.1% cinnamon oil 48.01±2.8 -14.7±0.4 24.25±0.7 

0.1% Clove bud oil 50.48±1.8 -16.1±1.1 29.26±1.9 

0.1% Oregano Oil 41.61±1.0 -14.2±1.4 24.29±1.3 

0.1%Lemongrass oil 47.21±2.1 -17.3±0.5 32.42±4.1 

0.1% Citral 48.63±2.6 -12.2±3.2 28.19±1.3 

0.1% Carvacrol 40.93±3.6 -7.29±1.8 22.9±3.1 

3% Apple Extract 42.21±0.9 -15.5±1.7 23.97±5.1 

3% Grapeseed 
Extract 

41.82±0.5 -14.9±0.8 
 

23.05±3.1 

0.1% OO+1% Grape 
Extract 

42.24±1.4 -15.6±0.2 24.55±1.2 

0.1% Clove+3% 
Apple Extract 

40.12±1.6 -12.8±0.8 23.58±1.8 

7% Olive extract 47.92±1.0 -13.5±1.4 23.92±2.8 

10% Olive Extract 37.31±1.8 -14.6±1.0 25.14±2.4 

0.1%OO+10%Olive 
Extract 

45.16±2.4 -14.0±0.7 23.0±0.4 

 

Texture analysis 

The crispiness of romaine lettuce samples that were washed with plant antimicrobials was 

analyzed. Three trials were carried out for each treatment and the average of the highest peak 

force was taken as the amount of shear needed to crush the lettuce samples. This is indicative of 

the measure of crispiness or firmness of the lettuce samples. 
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As represented in the Table 4.4, the highest force required to crush the romaine lettuce was for 

the control sample (898.7±64.5). This indicates that this was the firmest sample. All the treated 

samples needed much lower force (~200N less) to crush the leaves. The leaves treated with 0.1% 

citral needed 890.0±79.5 N indicating, that this sample was the least affected for 

texture/crispiness. The sample that needed the least amount of force (635N) was the one treated 

with 0.1% oregano oil. However, the leaves washed in olive extract showed a concentration 

dependent effect with 7% needing 777.7±34.7 N and 10% needing 684.3±46.5 N. As seen from 

other studies (Joshi et al, 2016), for iceberg lettuce, the combination treatment of 0.1% oregano 

oil and 10% olive extract needed the maximum force, indicating maximum crispiness. Joshi et al 

(2016) also observed that for baby spinach, the treated samples were less crisp, except for the 

leaves treated with 0.1% cinnamon oil, in comparison to the water washed controls. Also, for  

baby spinach, the samples treated with the plant extracts such as grapeseed and apple extract 

were better than the control, indicating more firmness in the leaves (Joshi et al., 2016). Romaine 

lettuce has a variable moisture content which can affect the firmness of the samples upon storing 

(Mou, 2009). Hence, firmness in case of romaine lettuce may not be the best parameter to rely 

upon in deciding the applications of plant antimicrobials. 

Table 3.4: Firmness values of romaine lettuce washed with plant antimicrobials. 

Treatments 

 

Peak force (N) 

Control 898.7±64.5 

3% H2O2 835.0±22.7 

0.1% cinnamon oil 751.0±31.1 

0.1% Clove bud oil 777.13±32.1 

0.1% Oregano Oil 635.0±52.0 

0.1%Lemongrass oil 664.6±17.0 

0.1% Citral 890.0±79.5 

0.1% Carvacrol 663.4±37.1 

3% Apple Extract 740.5±28.9 
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3% Grapeseed Extract 740.5±49.7 

0.1% OO+1% Grape Extract 756.8±21.5 

0.1% Clove+3% Apple Extract 712.8±47.1 

7% Olive extract 777.7±34.7 

10% Olive Extract 684.3±46.5 

0.1%OO+10%Olive Extract 650.0±19.4 
 

Conclusions 

The sensory analysis of organic romaine lettuce was carried out with 75 panelists, out of which, 

32% were Asian/Pacific Islander, 43% were White and 18% were Hispanic/Latino as major 

ethnicities. The percentage of females was higher as compared to males. Most of the panelists 

were between 18 and 30 years of age, given that the testing was done on a University campus.. 

Based on the panelists’ responses to sensory attributes, lettuce treated with 7% olive extract and 

3% apple extract had a higher likelihood of being purchased. The least likely to be purchased 

treatments were those of oregano oil and a combination of oregano oil and grapeseed extract. 

Lettuce treated with 7% olive extract and 0.1% citral had a higher overall acceptability.. In 

general, among the essential oils, lemongrass was perceived to be widely accepted. In general, 

the plant extract treatments were preferred over the essential oil or active component treatments, 

due to their potent flavor imparting capabilities. The color of the samples was affected the least 

by the addition of olive extract and lemongrass oil, with oregano oil and carvacrol showing 

adverse effects. For the texture analysis, treatment with 0.1% citral was affected the least and 

0.1% oregano oil treated samples were the most affected. 

Future studies will focus on conducting sensory analysis of organic leafy greens with trained 

panelists to reduce the variability in sensory data.  
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CHAPTER 3 

 

EFFECT OF ANTIMICROBIAL EDIBLE FILMS ON THE SENSORY AND 

PHYSICAL ATTRIBUTES OF ORGANIC ROMAINE LETTUCE IN 

SALAD BAGS 
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Abstract 

Organic romaine lettuce in salad bags was treated with edible films containing active 

components of essential oils, and their effects on the sensory properties and physical attributes of 

romaine lettuce were evaluated. The edible films were made of carrot, apple and tomato pulp and 

incorporated with 0.5 and 1.5% cinnamaldehyde and carvacrol. Edible films without 

antimicrobials were used as controls. The lettuce was cut into pieces, washed and packed into 

salad bags with pieces of edible films added at 3% w/w. The prepared samples were stored at 

4°C for 24 h and sensory analysis was carried out with 75 untrained panelists. The demographic 

information of the panelists was obtained along with general survey information. For the sensory 

analysis, the sensory attributes of the samples, which included pungency, browning, bitterness, 

off-odor, and sourness were evaluated  using a 5-point hedonic scale, and preference liking was 

evaluated for aroma, color, freshness, mouthfeel, flavor, and overall acceptability, using a 9-

point hedonic scale. The treated samples were also analyzed for changes in physical properties 

such as color and texture. The color analysis was done using a chromameter, making use of the 

CIE L* a* b* coordinates and the texture was analyzed using a texture analyzer with a leafy 

greens specific probe and force cell. 

Demographically, the percentage of females that participated in the study was higher than the 

males, with Asian/Pacific Islander and White being the major ethnicities. Participants ranged 

between 18-85 years of age with majority (88%) being in the 18-30 year category.  

Lettuce treated with apple films had a higher likelihood of being purchased in comparison to 

other films, with 1.5% cinnamaldehyde and the control films having the highest likelihood of 

being purchased based on the sensory attributes. The least likely to be purchased were those of 

the tomato films, specifically the films containing 1.5% cinnamaldehyde. The lettuce treated 
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with carrot films had a higher acceptance rating as compared to other films, with those treated 

using films containing 1.5% cinnamaldehyde and the control films being the highest when 

preference liking was considered. The color analysis results indicate that the films containing 

cinnamaldehyde had lower L* values than carvacrol containing films, with no differences seen 

among the a* and b* values. The cinnamaldehyde containing films also needed lower force to 

crush the leaves, indicating less firmness or crispiness as compared to the carvacrol and control 

films. 

Introduction 

Essential oils are plant derived compounds that consist of aromatic and aliphatic compounds that 

have displayed antimicrobial activity. Numerous studies have demonstrated the antimicrobial 

properties of essential oils as well as their active components against commonly occurring 

foodborne pathogens (Ravishankar et al, 2008; Naik et al, 2010). Certified as Generally 

Recognized as Safe (GRAS) by the FDA, these phytoantimicrobials are appealing to consumers, 

who prefer a natural alternative to chemical preservatives. According to Bakkkali et al (2008), 

plant compounds are already extensively used in the food and cosmetic industry due to their 

fragrances and flavors. Commonly used essential oils and their active components include 

oregano (carvacrol), sage (geraniol), thyme (thymol), cinnamon (cinnamaldehyde) and clove bud 

oil (eugenol) (Friedman et al, 2002).  

Essential oils have been known to show residual activity and their efficacy is not affected in the 

presence of organic matter (Gould, 1996). However, these compounds are pungent and 

depending on the concentration used, the flavors, textures and aesthetic appeal of foods can be 

impacted favorably or unfavorably upon addition of these compounds. Roller and Seedhar 

(2002) observed no significant differences in the physical attributes of both fresh-cut and whole 
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melons and kiwi fruits when treated with 1 mM cinnamic acid or carvacrol. Karabagias et al 

(2011) studied the effects of oregano and thyme oils on lamb meat samples and found that these 

oils imparted desirable characteristics to the meat. Holley and Patel (2005) observed an increase 

in the shelf-life and safety of perishable foods upon the addition of smoke antimicrobials, which 

are antimicrobials added to foods via liquid or vaporized smoke and phytoantimicrobials such as 

thyme and rosemary oil. Smith-Palmer et al (2001) evaluated the use of clove oil in soft cheeses 

after they saw antimicrobial activity against L. monocytogenes, and found no adverse effects on 

preference liking by a set of trained panelists.  

Essential oils and their active components can be applied in foods in many ways out of which, 

using smoke antimicrobials, adding them directly to food, and incorporating them into edible 

films, are the most commonly used methods (Burt, 2004, Du et al, 2008). Edible films are 

gaining popularity due to their inert or flavor imparting nature which is attributed to the 

numerous substrates they can be manufactured from. Edible films are thin films made of bio-

degradable material such as food materials and sugar polymers. These films may enhance the 

sensory properties of the foods they come in contact with, since they may contain added 

flavorings and sweeteners. These films can be used as delivery agents for flavoring and coloring 

compounds, preservatives as well as antimicrobial compounds (Vargas et al; 2006). Xu et al 

(2001) used starch-based edible films containing antifungal agents to preserve kiwi fruits. 

Pranoto et al (2005) studied the antibacterial and sensory properties of alginate-based films 

containing garlic oil, and found significant antibacterial activity but no differences in the sensory 

properties of meat samples. Avena-Bustillos et al (1994) used edible films made from casein-

lipid emulsions to prevent fungal spoilage of minimally processed carrots. Zhu et al (2014) 

showed that apple, carrot and hibiscus based edible films containing carvacrol and 
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cinnamaldehyde can be used in salad bags containing organic leafy greens to inactivate 

Salmonella.  

Before real world applications can be suggested, the organoleptic effects as well as changes to 

the texture and aesthetic appeal of the treated foods must be evaluated. Consumer preferences 

must also be taken into consideration for marketability and long term sustainability. The 

objective of this study was to evaluate the effects of antimicrobial edible films on the sensory 

properties and physical attributes (color and texture) of organic romaine lettuce in salad bags.  

 

Materials and Methods 

Preparation of romaine lettuce 

Organic romaine lettuce was purchased from a local grocery store in Tucson, AZ, USA. All the 

leaves were separated and cut up into small pieces. Depending on the number of participants for 

each trial and treatment, an appropriate amount of cut lettuce was weighed and prepared. 

Choice of edible films 

Edible films made from apple, carrot, and tomato pulp were used in this study. The films were 

incorporated with 0.5 and 1.5% of cinnamaldehyde or carvacrol and films without antimicrobials 

were used as controls. 

 

Preparation of edible films 

Edible films made from apple, carrot, or tomato pulp were obtained from the USDA-ARS-

Western Regional Research Center, Produce Safety and Microbiology and Processed Foods 

Research, Albany, CA. The films were made from vegetable or fruit puree to which the 

following were added: high methoxy pectin (3%), vegetable glycerin, citric acid, ascorbic acid, 
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and the appropriate concentrations of antimicrobials (cinnamaldehyde and carvacrol). The 

detailed procedure for making the films has been described in Joshi et al, (2016) and 

Ravishankar et al, (2012) 

 

Preparation of samples for sensory studies 

The fresh-cut lettuce was washed in tap water and added to plastic Ziploc® bags. In each bag, 

one type of antimicrobial edible film or a control type of film cut into small pieces was added at 

3% (w/w) and mixed well with the bag contents. Salad bags containing edible films were stored 

at 4°C for 24 h prior to carrying out sensory studies with 75 untrained panelists. 

 

Sensory analysis 

Sensory analysis was conducted at the sensory booths (with constant yellow lighting) located in 

the Department of Nutritional Sciences at the University of Arizona. Each panelist was given 1 g 

of each sample, with a total of 6 samples per session. Panelists were asked to drink water to clean 

their pallet and wait for up to 2 minutes between each sample. 

Panelists answered questions about demographics such as age, gender, ethnicity, frequency of 

consumption of organic/conventionally grown leafy greens, and types of leafy greens purchased 

the most prior to treatment (iceberg, romaine, spinach, or mixed greens). A sensory questionnaire 

was designed to evaluate panelists’ opinions on each sample based on a 9-point hedonic scale 

where 9=like extremely, 8=like very much, 7=like moderately, 6=like slightly, 5=neither like nor 

dislike, 4=dislike slightly, 3=dislike moderately, 2=dislike very much, and 1=dislike extremely. 

Sensory parameters were evaluated based on preference liking for aroma, color, freshness, 

mouthfeel, flavor, and overall acceptability. Panelists quantified each sample for sensory 
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attributes such as pungency, browning, bitterness, off-odor, and sourness, and these were 

evaluated using a 5-point hedonic scale, where 1 would be rated the lowest and 5 would be rated 

the highest (1=not pungent, 2=slightly pungent, 3=moderately pungent, 4=very pungent, and  

5=extremely pungent).  

Color analysis 

Color measurements were taken using a Minolta Chroma Meter (Model CR-400, Minolta, Inc., 

Tokyo, Japan). The measurements reflected CIE L*, a*, and b* coordinates. The instrument was 

calibrated according to the manufacturer instructions and color measurements were taken of 

treated romaine lettuce samples that were prepared as described earlier for sensory analysis. 

Three different lettuce heads were used for three different repeats. Three different readings were 

taken during each repeat and each experiment was repeated three times, providing a total of 9 

readings for each sample. 

 

Texture analysis 

The change in texture of each treated sample was measured using a Texture Lab Pro setup from 

Food Technology Corporation (Sterling, VA, USA). A 1000 N load cell attached to a shear cell 

with an 8-blade probe was used to crush the lettuce samples. A sample of 10 g of treated lettuce 

was placed in the box and the probe was lowered using a specific program setting of 250 

mm/sec. The lettuce was crushed by the probe and the average of the highest peak force was 

indicated as the crispiness value for each sample evaluated.  
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Statistical analysis 

The statistical analysis was done using Microsoft Excel’s inbuilt algorithm and commands. The 

PCA plots were constructed using XLSTAT, an extension of Excel created by the company 

Addinsoft, PA, USA. 

 

 

Results and Discussion 

It is imperative to understand the preferences of a food product from a consumer’s perspective to 

be able to implement real world application strategies and this study was done to evaluate 

consumer preferences for organic romaine lettuce treated with edible films containing active 

components of plant-based antimicrobials. 

 

Demographic Information 

Certain prerequisites were required of the panelists which included being able to distinguish 

between colors as well as being non-smokers and over the age of 18 years. The ages, genders and 

ethnicity of the panelists are depicted in Figure 4.1. Each sample was analyzed by 75 panelists. 

Majority of the panelists were females (64%) and 35% were males with 1% indicated as other. 

Joshi (2016) carried out a similar survey with antimicrobial treated iceberg lettuce and baby 

spinach. The panelists in Joshi (2016) ranged between the ages of 18 and 55 years. Also, 

consistent with that of the present study, the percentage of females (88%) was significantly 

higher than the males (12%) (Joshi, 2016). The panelists in the present study were 18 to 85 years 

of age with majority (88%) being in the 18-30 years range. This was expected since the study 

was conducted in a University campus and the target demographic was predominantly college 



 111 

students. Regarding the ethnicity of the panelists, 35% of the panelists were Asian/Pacific 

Islanders, 33% were White and 22% were Hispanic or Latino. About 5% were African American 

and 5% chose others. Joshi (2016) had panelists that comprised of mostly White (47%), 29% 

Hispanic, 9% Asian and 3% African American. The purchase/consumption info also differed 

between the two studies done. Joshi (2016) reported that the most consumed leafy greens were 

mixed greens (34%), with 32, 22 and 11% for spinach, romaine and iceberg lettuce, respectively. 

The panelists in the present study reported consumption/likelihood of purchase of romaine 

lettuce (37%), and spinach (29%), followed by missed greens (21%) and iceberg lettuce (13%)  

The discrepancy in results between the present study and that of Joshi (2016) could be attributed 

to the differences in the ethnicities of the panelists. The panelists in the present study also 

reported a higher consumption of conventional leafy greens (65%) twice a week as compared to 

organic leafy greens (35%). 
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Figure 4.1: Demographic and consumption information of panelists who participated in the 

sensory analysis of romaine lettuce treated with antimicrobial edible films in salad bags. 

 

Sensory analysis 

The sensory characteristics of the treated romaine lettuce were evaluated using 75 untrained 

panelists. The characteristics studied included pungency, browning, bitterness, off-odor, and 

sourness, and these were evaluated using a 5-point hedonic scale. From Table 4.1 and Figures 

4.2 and 4.3, it is evident that there were no preferential differences between the lettuce samples 

treated with edible films made of carrot, apple and tomato across treatments as well as across 

characteristics. Since the values for all the characteristics ranged between 1 (not adversely 

affected at all) and 2 (slightly affected), it was concluded that the addition of films to the salad 
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bags did not adversely affect the lettuce samples. This could be attributed to the fact that the 

antimicrobial is incorporated into the films and does not come in contact with the leaves directly, 

thus imparting subtle differences to the sensory attributes. The apple films were the least pungent 

among all, with 0.5% carvacrol containing films being the least pungent (1.24±0.4). The most 

pungent treatments were of the carrot films of which, the lettuce treated with 0.5% 

cinnamaldehyde containing films was the most pungent (1.79±1.0). Among the tomato films, 

those containing 1.5% carvacrol were seen to be the most pungent (1.70±0.9). Among the apple 

films, the cinnamaldehyde containing films were perceived to be the most pungent while the 

control was the least pungent. It was observed that the apple films caused the least browning 

across all the films with the control (1.13±0.3) showing the least browning and 0.5% carvacrol 

and cinnamaldehyde containing films causing the most browning (1.31±0.4). The most browning 

was seen in case of treatments with tomato films of which, the lettuce with control films caused 

the least and 0.5% carvacrol containing films caused the most browning (1.71±0.7). Among the 

carrot films, those with 1.5% cinnamaldehyde caused the least browning (1.22±0.4) and 0.5% 

cinnamaldehyde containing films caused the most browning of romaine lettuce.  

The effects of the films on bitterness and sourness were evaluated. Among all films, apple films 

were seen to be the least bitter with 0.5% cinnamaldehyde treated lettuce being the least bitter 

(1.3±0.6) and 1.5% cinnamaldehyde treated samples being the most bitter (1.74±0.8), thus 

displaying a concentration dependent effect with this treatment. Among all films, the tomato 

films caused the samples to be the most bitter, especially lettuce treated with 0.5% carvacrol 

(1.76±0.9).  The addition of the apple films to the salad bags contributed to the least amount   of 

off-odor, among all films and the least off odor among the apple films was seen with the control 

films (1.12±0.3). The carrot films caused the samples to develop an off odor that was perceived 
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to be the highest, among all films, with 0.5% carvacrol having the most off odor (1.85±1.0) 1.5% 

cinnamaldehyde having the lowest off odor (1.43±0.6), among carrot films. When the effects of 

edible films on the sourness of the lettuce samples were evaluated, the least sourness was seen 

with apple films, specifically, the films containing both concentrations of carvacrol. The most 

sourness was seen in case of lettuce treated with tomato films containing both concentrations of 

carvacrol. All these parameters contributed in helping panelists make a choice of purchase of the 

treated leafy greens. The lettuce treated with apple films had a higher likelihood of being 

purchased as compared  to other films, with films containing 1.5% cinnamaldehyde and the 

control films being the highest (3.8±1.1, and 3.82±1.2), respectively. This could be attributed to 

the inherent sweetness of the apple films as compared to the other films. The least likely to be 

purchased lettuce treatments were those of the tomato films, specifically the films containing 

1.5% cinnamaldehyde. Joshi (2016) evaluated the effects of similar edible films (apple, carrot 

and hibiscus-based films) on baby spinach and found that apple films were the most preferable 

for spinach as well with control being the most preferred over 1.5% carvacrol. Films containing 

carvacrol were found to be more pungent as compared to cinnamaldehyde and browning was not 

observed with any of the films on baby spinach (Joshi, 2016). The bitterness and sourness of the 

spinach leaves were affected by the addition of apple films containing 1.5% carvacrol and 

hibiscus films containing 0.5% carvacrol (Joshi, 2016). 

Table 4.1: Evaluation of sensory characteristics by panelists who participated in the sensory 

analysis of romaine lettuce treated with antimicrobial edible films in salad bags. 

Treatments 

 

Pungency Browning Bitterness Off-odor Sournes

s 

Likelihoo

d of 

purchase 
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Carrot-0.5% 

Cinnamaldehyde 

 

1.79±1.0 1.36±0.6 1.64±0.9 1.72±0.9 1.27±0.6 3.08±1.2 

Carrot-1.5% 

Cinnamaldehyde 

 

1.37±0.6 1.22±0.4 1.48±0.7 1.43±0.6 1.32±0.7 3.31±1.1 

Carrot-0.5% 

Carvacrol 

 

1.70±0.9 1.33±0.5 1.4±0.7 1.85±1.0 1.17±0.5 3.20±1.3 

Carrot-1.5% 

Carvacrol 

 

1.39±0.6 1.29±0.5 1.58±0.7 1.59±0.7 1.28±0.8 3.4±1.2 

Carrot-Control 

 

1.66±0.7 1.28±0.5 1.58±0.7 1.59±0.7 1.28±0.8 3.2±1.1 

Apple- 0.5% 

Cinnamaldehyde 

 

1.62±0.6 1.31±0.4 1.3±0.6 1.55±0.6 1.24±0.6 3.2±1.4 

Apple- 1.5% 

Cinnamaldehyde 

 

1.29±0.5 1.21±0.4 1.74±0.8 1.13±0.3 1.25±0.7 3.8±1.1 

Apple- 0.5% 

Carvacrol 

 

1.24±0.4 1.31±0.4 1.55±0.7 1.14±0.4 1.16±0.5 3.59±1.2 
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Apple- 1.5% 

Carvacrol 

 

1.20±0.5 1.28±0.4 1.41±0.6 1.18±0.5 1.16±0.4 3.45±1.3 

Apple- Control 

 

1.25±0.4 1.13±0.3 

 

1.85±0.8 1.12±0.3 1.32±0.7 3.82±1.2 

Tomato -0.5% 

Cinnamaldehyde 

 

1.36±0.8 1.18±0.3 1.51±0.7 1.37±0.6 1.27±0.5 3.16±1.5 

Tomato -1.5% 

Cinnamaldehyde 

 

1.5±0.8 1.64±0.7 1.62±0.8 1.25±0.69 1.33±0.5 3.31±1.2 

Tomato -0.5% 

Carvacrol 

 

1.71±1.0 1.71±0.7 1.76±0.9 1.39±0.8 1.55±0.8 3.04±1.2 

Tomato -1.5% 

Carvacrol 

 

1.70±0.9 1.56±0.7 1.64±0.7 1.47±0.6 1.54±0.9 3.13±1.2 

Tomato - 

Control 

 

1.13±0.4 1.25±0.4 1.6±0.8 1.13±0.4 1.27±0.5 3.33±1.3 
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Figure 4.2: Principle Component Analysis plot distribution of sensory characteristics evaluated 

by panelists who participated in the sensory analysis of romaine lettuce treated with 

antimicrobial edible films in salad bags. 
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Figure 4.3: Spider plot distribution of sensory characteristics evaluated by panelists who 

participated in the sensory analysis of romaine lettuce treated with antimicrobial edible films in 

salad bags. 

 

The preference liking parameters evaluated using a 9-point hedonic scale included aroma, color, 

freshness, mouthfeel, flavor and overall acceptability. From Table 4.2 and Figures 4.4 and 4.5, it 

is evident that there were no preferential differences between the lettuce samples treated with 

edible films made of carrots, apples and tomatoes across treatments. Since the scale for all the 

parameters ranged between 5 (neither like nor dislike) and 8 (very much like), it was determined 

that the addition of films to the salad bags did not adversely affect romaine lettuce. The films that 
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least affected the aroma were those made of apple, with lettuce samples treated with 1.5% 

carvacrol containing films being the most liked (7.43±1.6). The least preferred treatments for 

aroma were those of carrot films of which, the lettuce treated with 0.5% carvacrol containing 

films was the least liked (5.73±2.0). Among the tomato films, lettuce treated with 1.5% carvacrol 

containing films and control did not show any preferential difference (6.39±2.0) and were 

slightly liked by the panelists. It was observed that the carrot films caused the most change in 

color of romaine letuce, among all the films with the control showing the least change in color 

and 0.5% carvacrol and cinnamaldehyde containing films causing the most change (5.73±2.0- 

5.79±1.8), respectively. The freshness of the samples ranged from 6 (slightly like) to 7 

(moderately like), for all the films, of which, the lettuce treated with 0.5% and 1.5% 

cinnamaldehyde in carrot films were perceived to be the best (7.12±1.8, 7.29±1.4), respectively.  

The effects of edible films on flavor and mouthfeel were evaluated. Lettuce treated with carrot 

films were seen to have the highest preference liking, with those treated with 1.5% 

cinnamaldehyde (7.39±1.5), being the most liked. The least liked were tomato films treated 

with0.5% carvacrol (6.05±2.2). The addition of the apple films to the salad bags contributed to 

the flavor profile as well. The highest preference liking was for lettuce treated with 0.5% 

cinnamaldehyde (7.27±1.7). All these attributes contribute to an overall acceptability profile for 

each treatment. The lettuce treated with carrot films had a higher acceptance rating as compared 

to other films, with films containing 1.5% cinnamaldehyde and the control films being the 

highest (7.17±1.5, and 7.15±1.6), respectively. The second most highly accepted treatment was 

that of lettuce treated with apple film containing 0.5% cinnamaldehyde (6.78±1.9). The least 

likely to be accepted treatment was for lettuce exposed to 0.5% carvacrol added to tomato films 

(6.0±2.2). Joshi (2016) evaluated the effects of similar edible films and also observed a higher 
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acceptance rating for films containing cinnamaldehyde in comparison to carvacrol.  Joshi (2016) 

found that spinach treated with carrot-3% carvacrol, hibiscus-1.5% carvacrol, and appple-1.5% 

carvacrol had the lowest preferences for aroma. The treatments did not have any significant 

difference (P>0.05) when the effects on freshness and color were evaluated (Joshi, 2016).  

Table 4.2: Evaluation of preference liking by panelists who participated in the sensory analysis 

of romaine lettuce treated with antimicrobial edible films in salad bags. 

Treatments 

 

Aroma Color Freshness Mouthfeel Flavor Overall 

acceptabi

lity 

Carrot-0.5% 

Cinnamaldehyde 

 

5.79±1.8 6.70±1.9 6.78±2.0 6.98±1.6 6.63±1.9 6.81±1.9 

Carrot-1.5% 

Cinnamaldehyde 

 

6.06±1.7 7.12±1.8 7.12±1.8 7.39±1.5 7.06±1.6 7.17±1.5 

Carrot-0.5% 

Carvacrol 

 

5.73±2.0 6.87±2.0 6.95±1.9 7.12±1.7 6.86±1.8 6.93±1.8 

Carrot-1.5% 

Carvacrol 

 

6.32±1.5 7.22±1.8 7.31±1.4 7.20±1.8 6.67±2.3 6.71±2.0 

Carrot-Control 

 

6.12±1.7 6.95±1.9 6.94±1.9 7.15±1.6 6.97±1.7 7.15±1.6 
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Apple- 0.5% 

Cinnamaldehyde 

 

6.24±1.5 7.29±1.7 7.29±1.4 7.27±1.7 6.66±2.1 6.37±2.2 

Apple- 1.5% 

Cinnamaldehyde 

 

6.91±2.0 7.22±1.8 6.90±1.9 6.58±2.1 6.58±2.1 6.37±2.2 

Apple- 0.5% 

Carvacrol 

 

6.79±2.1 7.12±1.9 6.87±2.0 6.60±2.2 6.02±2.3 6.43±2.1 

Apple- 1.5% 

Carvacrol 

 

7.43±1.6 7.54±1.17 7.27±1.5 7.14±1.7 6.37±2.0 6.75±1.8

9 

Apple- Control 

 

6.95±1.9 7.39±1.7 

 

7.28±1.7 6.95±1.9 6.41±2.2 6.75±1.9 

Tomato -0.5% 

Cinnamaldehyde 

 

6.91±1.9 7.78±1.5 7.32±1.6 6.86±2.0 6.16±2.2 6.48±2.1 

Tomato -1.5% 

Cinnamaldehyde 

 

6.79±1.9 7.35±1.7 7.12±1.8 6.78±2.0 6.44±2.1 6.68±2.1 

Tomato -0.5% 

Carvacrol 

 

7.0±1.7 6.74±1.8 6.72±2.0 6.05±2.2 6.16±1.9 6.29±2.1 
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Tomato -1.5% 

Carvacrol 

 

6.39±2.0 7.01±1.8 6.56±2.0 6.37±2.1 5.63±2.3 6.0±2.2 

Tomato –Control 

 

6.392±2.1 7.10±1.9 6.74±2.0 6.37±2.2 5.77±2.2 6.05±2.2 

 

Figure 4.4: PCA plot distribution of preference liking evaluated by panelists who participated in 

the sensory analysis of romaine lettuce treated with antimicrobial edible films in salad bags. 
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Figure 4.5: Spider plot distribution of preference liking evaluated by panelists who participated 

in the sensory analysis of romaine lettuce treated with antimicrobial edible films in salad bags. 

 

Color analysis 

The color analysis results indicate that the color properties of the treated romaine lettuce were 

not adversely affected. Romaine lettuce is a highly variable matrix with colors of the leaves 

being different based on the position of the leaf, even before treatment with the edible films. In 

order to minimize the variability, the samples were taken from the same position on the leaf of 

three different lettuce heads. As seen in Table 4.3, it was determined that for the leaves treated 
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with the carrot films, the L* value was the highest (53.98±0.4) for 0.5% carvacrol and the lowest 

(39.45±0.5) for 1.5% carvacrol. The a* value was the highest (-13.11±1.4) for 0.5% 

cinnamaldehyde and the lowest (-16.02±1.1) for the control film. However, the b* values 

showed no differences between any of the carrot films. The leaves treated with apple films had 

similar results, with 0.5% carvacrol and 1.5% cinnamaldehyde having the highest (50.20±1.4) 

and lowest (35.25±2.6) L* values, respectively. The a* values were the highest (-8.87±1.7) for 

1.5% cinnamaldehyde and lowest (-16.77±0.1) for control films and no differences were found 

between the b* values for various treatments with apple films. For romaine lettuce leaves treated 

with the tomato films, 0.5% carvacrol had the highest (59.08±5.1) L* value, while the control 

had the lowest (46.03±1.9), with no differences seen across the a* and b* values. The L* (light 

vs. dark) is the major value which may influence consumers’ preferences and it was generally 

observed that films containing carvacrol caused the leaves to darken in color. Joshi (2016) 

observed that the films did not have any significantly adverse effect on the color properties of the 

baby spinach leaves (p≤0.05). This was attributed to the dark color of spinach leaves as well as 

the fact that the antimicrobials were incorporated into the films and were not directly applied to 

the leafy greens. 

Table 4.3: Color analysis of romaine lettuce treated with antimicrobial edible films in salad bags. 

CIE L*, a*, b* coordinates measured using a Chroma meter for romaine lettuce leaves treated 

with edible films containing plant antimicrobials and stored at 4°C for 24 h. 

Treatments 

 

L* a* b* 

Carrot-0.5% 

Cinnamaldehyde 

40.84±5.8 -13.11±1.4 23.46±2.4 
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Carrot-1.5% 

Cinnamaldehyde 

 

47.09±0.5 -14.85±0.6 23.93±2.0 

Carrot-0.5% 

Carvacrol 

 

53.98±0.4 -15.50±0.7 25.49±1.38 

Carrot-1.5% 

Carvacrol 

 

39.45±0.5 -14.35±1.5 21.68±1.3 

Carrot-Control 

 

46.28±3.4 -16.02±1.1 25.54±3.2 

Apple- 0.5% 

Cinnamaldehyde 

 

46.62±1.4 -16.22±0.9 28.19±2.6 

Apple- 1.5% 

Cinnamaldehyde 

 

35.25±2.6 -8.87±1.7 20.21±1.79 

Apple- 0.5% 

Carvacrol 

 

50.20±1.4 -15.42±1.36 28.29±0.7 

Apple- 1.5% 

Carvacrol 

46.20±1.4 -16.07±1.0 25.92±3.8 
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Apple- Control 

 

41.07±2.3 -16.77±0.1 

 

25.21±2.5 

Tomato -0.5% 

Cinnamaldehyde 

 

49.97±2.5 -13.77±2.5 22.56±4.4 

Tomato -1.5% 

Cinnamaldehyde 

 

56.08±1.8 -14.74±0.9 29.18±0.6 

Tomato -0.5% 

Carvacrol 

 

59.08±5.1 -11.87±1.1 28.13±1.2 

Tomato -1.5% 

Carvacrol 

 

47.88±1.5 -13.91±1.1 20.39±4.0 

Tomato –Control 

 

46.03±1.9 -15.92±1.6 24.02±4.4 

 

Texture analysis 

The crispiness or firmness of the romaine lettuce leaves treated with edible films was indicated 

by the shear force needed to crush the leaves. Three trials were carried out for each treatment and 

the average of the highest peak force was taken as the amount of shear needed to crush the 

lettuce samples.  
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As represented in Table 4.4, it was determined that a larger amount of force was required to 

crush the leaves that had edible films without antimicrobials (control) as compared to the force 

needed for films containing antimicrobials. There was no difference between the samples treated 

with the edible films of each type, namely carrot, apple and tomato. The lowest amount of force 

required was 386.7±41.5 N for the leaves treated with apple films containing 0.5% carvacrol and 

the highest amount of force (984.86±17.7) was required for the apple control films. There was no 

concentration dependent effect observed in the force required to crush the leafy greens, and 

through the results obtained, it was apparent that even though the edible films themselves did not 

affect the crispiness of the lettuce, it could have been the antimicrobial that affected the texture 

of the lettuce. Joshi (2016) reported that there was no significant (p≤0.05) difference among 

carrot, apple and hibiscus films when used on baby spinach. Overall, edible films that contained 

cinnamaldehyde had a lower impact on the firmness values as compared to those containing 

carvacrol (Joshi, 2016). Our study however, established that regardless of the type of edible film, 

romaine lettuce leaves treated with cinnamaldehyde needed lower force to crush the leaves as 

compared to those treated with carvacrol. This shows that the antimicrobials could interact 

differently with different leafy greens, impacting their texture beneficially or adversely and 

hence, investigations are needed on a case by case basis.  

Table 4.4: Firmness values of organic romaine lettuce treated with edible films containing plant 

antimicrobials in salad bags  

Treatments 

 

Peak force (N) 

Carrot-0.5% Cinnamaldehyde 

 

494.3±15.8 
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Carrot-1.5% Cinnamaldehyde 

 

518.7±8.3 

Carrot-0.5% Carvacrol 

 

805.1±9.1 

Carrot-1.5% Carvacrol 

 

669.4±6.2 

Carrot-Control 

 

857.9±8.3 

Apple- 0.5% Cinnamaldehyde 

 

696.83±12.7 

Apple- 1.5% Cinnamaldehyde 

 

626.1±9.6 

Apple- 0.5% Carvacrol 

 

386.7±41.5 

Apple- 1.5% Carvacrol 

 

680.8±14.6 

Apple- Control 

 

984.86±17.7 

Tomato -0.5% Cinnamaldehyde 

 

564.3±8.9 

Tomato -1.5% Cinnamaldehyde 

 

613.5±13.5 

Tomato -0.5% Carvacrol 593.2±0.14 
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Tomato -1.5% Carvacrol 

 

470.8±15.6 

Tomato –Control 

 

845.3±26.8 

 

Conclusions 

The sensory analysis of organic romaine lettuce was carried out with 75 panelists, out of which, 

35% were Asian/pacific islanders, 33% were white and 22% were Hispanic or Latino as major 

ethnicities. The percentage of females was higher than males. Most of the panelists were between 

18 and 30 years of age, given that the testing was done on a University campus. Romaine lettuce 

treated with apple films had a higher likelihood of being purchased in comparison to other films. 

The lettuce treated with carrot films had a higher acceptance rating as compared to other films. 

The color analysis results indicate that the films containing cinnamaldehyde had lower L* values 

compared to carvacrol with no differences seen among the a* and b* values. Treatments with 

films containing cinnamaldehyde also needed lower force to crush the leaves, indicating less 

firmness or crispiness as compared to the control films or those containing carvacrol. 

. This study provides an innovative way to apply plant antimicrobials to organic leafy greens 

without adversely impacting the sensory attributes. Sensory studies on other types of leafy greens 

such as iceberg and spring mix or mixed greens treated with antimicrobial edible films merit 

further investigations, since the panelists indicated that these greens are high on the likely to be 

purchased list. 
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CONCLUSIONS  

The first study was done to determine whether the exposure to natural, plant based antimicrobials 

caused foodborne pathogens such as Salmonella Newport, Escherichia coli O157:H7 and 

Listeria monocytogenes to go into the state of VBNC or whether they were inactivated upon 

treatment. The second study was done to evaluate the effects of plant based antimicrobials added 

to the wash water on sensory attributes, consumer preference liking and on physical and aesthetic 

properties such as texture and color of romaine lettuce. The third study was done to evaluate 

consumer preference to organic romaine lettuce packed in salad bags with edible films 

containing various concentrations of plant antimicrobials. This study also made use of perceived 

changes to sensory attributes, preference liking, color and texture of romaine lettuce to gauge 

consumer acceptance. 

From the first study, it was seen that all the plant-based antimicrobials inactivated all three 

pathogens and did not induce the state of VBNC. Some of the antimicrobials not only had 

antimicrobial activity but also showed residual activity over storage at 4° C. Oregano oil and 

carvacrol at 0.1, 0.3 and 0.5% inactivated the pathogens completely on Day 0 and maintained 

antibacterial activity up to 3 days. Against S. Newport, the other treatments showed a 2-4 log 

CFU/g reduction on day 0 and reduced the population to below detectable limits by Day 3, 

except for apple and grapeseed extract and cinnamon oil treatments.  With E. coli O157:H7, 1-2 

log reductions were seen on Day 0, and only apple and grapeseed extract had survivors on Day 3. 

All the antimicrobial treatments inactivated L. monocytogenes on Day 1, reducing the population 

to below detectable limits. The colony counts and fluorescence microscopy results correlated 
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with each other and it was determined that none of the treatments induced the VBNC state. 

Overall, it was seen that the essential oils and their active components had a better antimicrobial 

effect against the pathogens in comparison to the plant extracts. 

Based on sensory analysis carried out with 75 panelists it was found that lettuce treated with 7% 

olive extract and 3% apple extract had a higher possibility of being purchased. The least likely to 

be purchased treatments were those of oregano oil and a combination of oregano oil and 

grapeseed extract. Lettuce treated with 7% olive extract and 0.1% citral had a higher overall 

acceptability. The least acceptable treatments were those of oregano oil and clove bud oil. In 

general, among the essential oils, lemongrass was preferred by the panelists for its flavor, aroma 

and mouthfeel. In general, the plant extract treatments were preferred over the essential oil or 

active component treatments. The color of the samples was affected least by the addition of olive 

extract and lemongrass oil, with oregano oil and carvacrol showing adverse effects. It was seen 

that lettuce treated with 0.1% citral was least affected and 0.1% oregano treated samples were 

the most affected as far as texture of the leaves was concerned. 

Since direct exposure to the antimicrobials caused consumers to give lower scores for preference 

liking and overall acceptability, the third study made use of edible films which contained 0.5 and 

1.5% of the active components of cinnamon oil (Cinnamaldehyde) and oregano oil (carvacrol).  

Romaine lettuce treated with apple films had a higher likelihood of being purchased as compared 

to other films, with films containing 1.5% cinnamaldehyde and the control films being the most 

purchases. The least preferred treatments were those of the tomato films, specifically the films 

containing 1.5% cinnamaldehyde. The lettuce treated with carrot films was more accepted 

compared to other films, with films containing 1.5% cinnamaldehyde and the control films being 

the highest when the sensory attributes were considered. The films containing cinnamaldehyde 
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had the least effects on both the color and texture of the treated lettuce. The leaves treated with 

cinnamaldehyde had the least darkening of leaves and also, the amount of peak force required to 

crush the samples was lesser than the leaves treated with films containing carvacrol. 

From the first study, it was determined that the plant based antimicrobials were effective in 

inactivating the pathogens and showed residual activity as well as concentration dependent 

activity. The sensory analysis of leafy greens using antimicrobials in wash water as well as 

edible films showed that were no adverse effects noticeable in the sensory attributes, preference 

liking and color and texture. These conclusions determine the fact that these antimicrobials can 

be used as sanitizers in the organic produce industry.  

Based on the results of these studies, carrying out certain other studies would yield even more 

beneficial information. Future work could be done to evaluate the efficacy of the antimicrobials 

in the presence of organic matter, changes in pH and other environmental factors. Other 

pathogens could also be studied along with those that are biofilm formers. Additionally, testing 

these antimicrobials on other leafy greens and fresh fruits could provide the organic produce 

industry with alternative sanitizers. The sensory analysis project could be furthered to assess 

consumer preference to other leafy greens as well, along with opinions of trained panelists. This 

would greatly minimize variability in the data and give a more conclusive picture. Since the 

edible films received positive preference ratings, it might be interesting to explore large scale 

implementation of these as packaging material for a variety of food products. 
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APPENDIX 

                                                                                                                                                         

Date:  

Panelist#_____________      Age__________              Gender:   Male  Female 

 

Ethnicity 

A) White     B) Hispanic or Latino    C)African American     D)Asian/Pacific Islander    

E)Others  

 

 You will be provided with a sample of leafy green which has been treated with some 

concentration of antimicrobials or control in a sample cup.  Your task will be to note down your 

preference for each sample based on its sensory attributes. You will be evaluating total of six 

sample and once finished with your first sample, turn the counter window to other side so the 

examiner know you are finished and they will provide you with the next sample.  

The FDA has claimed all ingredients being used in this study, as Generally Regarded as 

Safe (GRAS) and are approved to be used on fresh produce.  Please notify the examiner of 

any known allergies.  

Rate the following item using the scale provided below based on your preference for each of the 

sensory attributes. Please circle ONLY ONE specific digit based on your preference of 

sensory attributes and after consuming each sample drink water and wait for 2 min. prior to 

continuing onto next sample.   

 

9=like extremely       8= very much like          7= like moderately         6=slightly like           

5=neither like or dislike                             4= dislike slightly      3= dislike moderately    2= 

dislike very much     1= extremely dislike  

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 

Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 

 

2. Rate this item based on browning  
5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  

5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  
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5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  

 

5. Rate this item based on sourness  
5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 

5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

 

 

 

9=like extremely       8= very much like          7= like moderately         6=slightly like           

5=neither like or dislike                             4= dislike slightly      3= dislike moderately    2= 

dislike very much     1= extremely dislike  

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 

Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 

 

2. Rate this item based on browning  

5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  
5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  
5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  

 

5. Rate this item based on sourness  

5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 
5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 
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Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 

 

2. Rate this item based on browning  

5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  

5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  

5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  

 

5. Rate this item based on sourness  

5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 

5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

9=like extremely       8= very much like          7= like moderately         6=slightly like           

5=neither like or dislike                             4= dislike slightly      3= dislike moderately    2= 

dislike very much     1= extremely dislike  

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 

Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 

 

2. Rate this item based on browning  
5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  

5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  

5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  
 

5. Rate this item based on sourness  
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5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 
5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 

Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 

 

2. Rate this item based on browning  
5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  

5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  

5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  

 

5. Rate this item based on sourness  
5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 

5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

9=like extremely       8= very much like          7= like moderately         6=slightly like           

5=neither like or dislike                             4= dislike slightly      3= dislike moderately    2= 

dislike very much     1= extremely dislike  

Sample#  

Aroma 9 8 7 6 5 4 3 2 1 

Color  9 8 7 6 5 4 3 2 1 

Freshness  9 8 7 6 5 4 3 2 1 

Mouthfeel 9 8 7 6 5 4 3 2 1 

Flavor 9 8 7 6 5 4 3 2 1 

Overall acceptability 9 8 7 6 5 4 3 2 1 

 
1. Rate this item based on pungency (strong smell) 

5=extremely pungent   4=very pungent    3=moderately pungent     2=slightly pungent    1=not 

pungent 
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2. Rate this item based on browning  
5=extremely brown 4=very brown 3=moderately brown 2=slightly brown     1=not brown  

 

3. Rate this item based on bitterness  

5=extremely bitter      4=very bitter   3=moderately bitter     2=slightly bitter       1=not bitter at all  

 

4. Rate this item based on its off-odor (something you would not expect normally)  

5=extremely off         4=very off               3=moderately off              2=slightly off           1=not off at 

all  

 

5. Rate this item based on sourness  
5=extremely sour 4=very sour   3=moderately sour      2= slightly sour      1=not 

sour at all   

 

6. How Likely are you to purchase this product 

5=extremely likely 4=very likely   3=moderately likely      2= slightly likely      1=not 

likely at all   

 

General Questions  

How often do you consume conventionally grown leafy greens? 

A) twice a week  B) once a week  C) once a month  D)not often (never) 

How often do you consume organic leafy greens?  

A) twice a week  B) once a week  C) once a month D)not often (never) 

Which leafy greens do you consume most?  

A) Iceberg lettuce  B) Romaine lettuce  C) Spinach  D) Mixed Greens    

How often do you hear/know about foodborne outbreaks associated with leafy greens? 

A) More than often  B) Generally  C) Occasionally  D) not at all (never) 

If time allows, how likely are you willing to come back to this study.  

A) Extremely likely   B) very likely   C) moderately likely   D) not 

likely at all  

 

 

 

 

 


