
ABSTRACT 

 

JIANG, CHEN. Postharvest Quality of Lettuce, Muskmelon, and Tomato after Application 

of Essential Oils as Innovative Disinfectants. (Under the direction of Penelope Perkins-

Veazie and Christopher Gunter.) 

 

Foodborne illness outbreaks from fresh produce contaminated with pathogens like 

Escherichia coli O157:H7, Listeria monocytogenes, and Salmonella enterica have caused 

increasing concerns. Essential oils (EOs) have been evaluated at the microbial level as 

potential disinfectant alternatives to chlorine to maintain food safety. However, EO effects on 

produce quality have not been well documented. Here, experiments were performed on 

lettuce, tomato, and muskmelon to understand their postharvest weight loss, color, firmness, 

defect, and composition in response to three types of EOs (thyme, cinnamon leaf, and clove 

bud oils).   

Individual romaine lettuce (Lactuca sativa var longifolia) leaves, either store-

purchased or field-harvested, were dipped in the three EOs emulsified at 0.05, 0.1, 0.2, or 

0.5% in semi-water soluble whey protein or gum arabic. Leaves treated with any of the EOs 

at 0.5% had more severe damage (p<0.05), than those treated with any of the EOs at lower 

concentrations or the controls, which included oil-free whey protein or gum arabic emulsion, 

deionized water, 200 µl/l chlorine (pH 7), and 0.5% Citrox. At lower concentrations (0.1 and 

0.05%), thyme oil treated leaves had minor damage (0.8-2) while cinnamon and clove bud oil 

caused no damage and were not different from the controls. Rinsing 0.5% EO treated leaves 

with deionized water immediately after dipping reduced symptom severity but did not 

eliminate damage. Cut-sections (2.5 x 5.5 cm) from top half and bottom half of leaves 

(greenish vs whitish) were not statistically different (p>0.05) in their response to EOs. 



Electrolyte leakage was higher (>10%) for leaves treated with all three EOs at the 0.5% than 

controls. Short-term EO vapors appeared to not cause visible leaf damage, offering potential 

as future produce disinfectants.   

Tomatoes ((Solanum lycopersicum, varieties ‘Mountain Magic’, and ‘Mountain 

Belle’) harvested at the “breaker” to “pink” stages were dipped in a whey protein emulsion 

containing 0.5% of one of the three EOs, with controls of deionized water, 200 µl/l free 

chlorine (pH 7), and oil-free whey protein emulsion. After treatment, fruits were stored at: 1) 

20ºC for 10 days; 2) 4ºC for 7 days followed by 20ºC for 3 days; or 3) 13ºC for 21 days. 

Weight loss, firmness, surface color, and surface defects were measured over time, and 

composition (pH, soluble solids, lycopene, and total ascorbic acid) were determined on 

subsamples throughout storage periods. Tomatoes treated with cinnamon or clove oil were 

less red as indicated by colorimeter results. Scald, pitting, and pale color was observed from 

‘Mountain Belle’ fruits in three out of four harvests, but clove and cinnamon oil treatments 

with cold storage enhanced the damage in only one harvest.  

The quality of ‘Athena’ muskmelons (Cucumis melo reticulatus) was evaluated after 

spraying freshly harvested fruits with 0.5% of three EOs emulsified in whey protein, or with 

controls of deionized water, 200 µl/l free chlorine (pH 7), or oil-free whey protein emulsion. 

Melons stored at 4°C for 14-21 days were evaluated on 7-day intervals for weight loss, 

surface color, flesh firmness, surface disorder, and composition (soluble solids, pH, β-

carotene, and total ascorbic acid). No difference on shelf-life and compositions were found 

among melons receiving different disinfectant treatments.  

This research indicates that application of EOs to leafy greens should not be advised 

due to acute toxicity, but postharvest quality of tomatoes and muskmelons are generally not 



different between standard chlorine and EOs disinfection. In all the experiments, produce 

treated with controls, including chlorine, deionized water, and oil-free emulsions (whey 

protein or gum arabic) were not significantly different from each other on any parameters, 

and leaf damage in lettuce was not found in any of these controls. The only exception was the 

elevated respiration rate from whey protein treated muskmelons (with or without EOs) 7-14 d 

after harvest comparing to those without whey protein. 
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Chapter I. Review of Literature 

 

Section 1. Introduction of Research Projects 

Research background  

Fruits and vegetables compose an important part of the human diet. As the standard 

of living improves, consumers desire produce that is fresh and of high quality. The average 

American in 2009 consumed 25% more fresh and 3% less processed fruits and vegetables 

compared to 1976 (Cook, 2011). Unfortunately, foodborne disease outbreaks from fresh 

produce have increased and are a great concern to the produce industry, regulatory agencies, 

and consumers in the U.S. (CDC, 2015). 

Pathogenic microorganisms associated with food-borne disease have been identified 

in many types of fresh produce, such as cantaloupe, spinach, cucumber, lettuce, pepper, and 

tomato (CDC, 2015). Escherichia coli O157:H7, Listeria monocytogenes, Salmonella 

enterica serovars, Clostridium spp., and hepatitis A virus are the most common pathogens 

found in fresh produce (Harris et al., 2003).  

To maintain food safety, effective washing and disinfecting protocols for fresh 

produce are necessary, which begin with effective disinfectants. Currently, the most widely 

used postharvest disinfectants are chlorine-based solutions (100-200 µl/l) are (Sela and 

Fallik, 2009). Three formulations of chlorine are commonly used: sodium hypochlorite, 

calcium hypochlorite, and chlorine dioxide. Sodium and calcium hypochlorite are low cost, 

and highly effective antimicrobials when used properly. The mechanism of action for these 

hypochlorites is through the dissolution of the salt in water, creating an active chlorine- 

hypochlorous acid (Estrela et al., 2002). Hypochlorous acid can produce oxidation, 
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hydrolysis and deamination reactions with a variety of chemical substrates, and produces 

physiological lesions that may affect several cellular processes (Au, 2004). The exact product 

of the reaction depends on chlorine concentration and pH. A dynamic balance towards the 

production of maximal hypochlorous acid and minimal toxic chlorine gas requires a narrow 

pH range (5.5-6.5). The active chlorine is readily degraded by organic matter (Sela and 

Fallik, 2009), and the high turbidity (which not only includes organic matter, but also other 

suspended matter such as clay, silt, and inorganic matter) of water also reduces the efficiency 

of chlorine disinfection (LeChevallier et al., 1981). Due to these reasons, when using 

chlorine as disinfectant, growers shall carefully monitor the quality of washing water. In 

addition, the deactivation of chlorine produces carcinogenic by-products such as 

trihalomethanes and haloacetic acids, posing concerns to public health (Singer, 1994). 

Chlorine dioxide gas is an oxidant that can directly interact with microbes that are 

otherwise hard to reach on the produce surface by aqueous disinfectants (Lee et al., 2005). 

This gas can also be dissolved in water and is less susceptible to low pH and water turbidity, 

and is inert towards ammonia to form chloramines. However, the gas must be generated on-

site, which limits it use in small-scale operations (Gómez-López et al., 2009). 

Ozonated water, hydrogen peroxide, and peroxyacetic acid are three other commonly 

used disinfectants that are approved for food use. Ozone has a high oxidation potential, and 

reacts quickly with microorganisms, resulting in high lethality. However, ozone is unstable, 

making it difficult to predict the reactions in the presence of different types of organic 

materials (Meddows-Taylor, 1947). Other major concerns of ozone are worker safety and 

negative effects on produce quality, such as loss of aroma (Nadas et al., 2003), discoloration 

(Badiani et al., 1996), and reduced nutrient content (Lewis et al., 1996). Hydrogen peroxide 
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has not been proven as effective disinfectant. Washing with 5% hydrogen peroxide for 1-2 

min at 50°C reduced generic E. coli by 2.69 log cfu/ml (Sapers et al., 2000), and 5 min of 5% 

hydrogen peroxide was less effective than 1000 µl/l  chlorine, especially if contamination 

had occurred >24 h (Ukuku and Sapers, 2001). Peroxyacetic acid (PA, 80 µl/l) is as effective 

as chlorine on the prevention of cross contamination (Wang and Ryser, 2014), and reduction 

of inoculum (Gereffi et al., 2015). When chlorine (25 µl/l) and PAA (80 µl/l) were 

compared, each reached 3.8 and >4.4, respectively, log cfu/tomato reduction of S. enterica on 

the fruit surface in the absence of organic load. As an advantage over chlorine, PAA is less 

susceptible to organic load (Baert et al., 2009), but its effect on sensory quality might be a 

concern (Rodgers et al., 2004).  

Essential oils (EOs) are a group of natural disinfectants that have shown promising 

antimicrobial activity (Burt 2004; Tajkarimi et al., 2010; Davidson et al., 2013). They are 

highly volatile oily liquids obtained from various plant materials and often have strong odors 

(Carson and Hammer, 2010). As naturally occurring substances, a single EO is a mixture of 

multiple mechanisms of bioactivity, resulting in longer efficacy and slower development of 

microbial resistance (Becerril et al., 2012). Since EOs are hydrophobic, they attach to many 

plant surfaces better than water, but their low solubility in water, with a tendency to form 

large droplets, poor dispersal and subsequently reduced chance of microbial contact limits 

their use as a washing disinfectant.  

The issue of solubility was addressed by a team of researchers from University of 

Tennessee. Several emulsion systems were evaluated to facilitate the use of EOs in 

postharvest washing (Luo et al., 2014). Whey protein and gum arabic were selected as two 

low-cost food ingredients for study as emulsifiers. A novel self-emulsification technique was 
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developed to prepare clove bud oil (CBO) emulsions: CBO was first dissolved in hot alkaline 

solutions, added at 1% v/v into neutral solutions with 1% w/v emulsifier composed of whey 

protein, gum arabic, and their equal mass mixtures, and adjusted to pH 7.0 with citric acid 

(Fig.1.1).  

The size of droplet is an indicator of the stability of an emulsion (Luo et al., 2014). 

The emulsions using whey protein had a smaller droplet size than the emulsion using gum 

arabic, and was stable for 7 d at 21°C without noticeable changes of the structural and 

antimicrobial of eugenol, the major component of the oil. The size of droplet also influences 

the dispersal of oil compound on crop surface. Previously, toxicity has been observed on 

tomato surface when EO emulsions were not complete, resulting in higher concentrations of 

oil in contact with per unit area of crop surface (Plotto et al., 2002).  

The antimicrobial properties of the emulsified oil were tested (Luo et al., 2014). The 

minimum inhibitory concentrations of these CBO emulsions for E. coli O157:H7, S. enterica 

Enteritidis, and L. monocytogenes, were 500, 500, and 750 µl/l, respectively. The minimum 

bactericidal concentrations for these three microorganisms were 500, 750, and 1250 µl/l, 

respectively. 

The development of EO emulsions with desirable antimicrobial activity allowed 

further exploration of this system on a larger scale as a next step towards commercialization. 

Postharvest quality of produce is an important component for the assessment of EO 

application. A desirable EO disinfectant should maintain, or optimize postharvest shelf-life, 

and quality of produce upon application. The research presented is a series of experiments 

performed on lettuce, tomato, and muskmelon to evaluate the changes of their quality in 

storage in relation to EO treatments.  
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Essential oils 

Each type of EO often contains 20 to 60 different chemical compounds, with a few of 

these chemicals dominating at high concentrations (20-70%), and the remainder in trace 

amounts (Carson and Hammer, 2010). These compounds are of low-molecular-weight with 

limited water solubility. Terpene is one of the predominant groups of compounds found in 

many essential oils, and includes limonene, α-, β-, γ-terpinene, caryophyllene, p-cymene, and 

its derivatives thymol and carvacrol (Langenheim, 1994). In some essential oils (such as 

cinnamon, and clove oil), phenylpropanoids, such as eugenol, hydroxycinnamic acids, and 

cinnamaldehyde, also appear in a fair amount (Friedrich, 1975). The chemical structures of 

several EO compounds are shown in Fig.1.2. The complete profiles of many EO mixtures 

have been documented utilizing gas chromatography and gas chromatography-mass 

spectrometry (Baratta et al., 1998; Pawar and Thaker; 2006; Chaieb et al., 2007). 

Essential oils are widely used as food flavorings, in perfumes and cosmetic, and as 

functional components in pharmaceuticals (Nychas et al., 2003; Bauer et al., 2008). Because 

many EOs have a wide range of bioactivity to insects, plants, and microorganisms, they have 

been studied as herbicides, insecticides, and antimicrobials (Isman et al., 2007). Products 

incorporating EOs include commercial potato sprout suppressants made from carvone or 

caraway seed EO (Hartmans et al., 1995), or insect repellents made from tea tree EO (Carson 

and Riley, 1993). More recently, EcoSMART Technologies (Atlanta, GA) commercialized 

consumer pesticides for home and garden in the U.S. with EOs as active ingredients. The 

focus of this research is to use EOs as antimicrobials in food systems. 

Essential oils used in food systems   

The activity of EOs against food-borne pathogens or spoilage agents have been 
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investigated in situ on various food matrices. Since many EOs are substances generally 

recognized as safe (GRAS) (21CFR182.20), their use as food additives are not subject to 

premarket review and approval requirement by U.S. Food and Drug Administration 

(21CFR170.3 and 21CFR170.30). Essential oils have been added to food systems as 

preservatives for a wide range of products, from meat, seafood, dairy, bakery, cereal, juice to 

fresh produce. A number of reviews have summarized applications and studies in this area 

(Burt, 2004; Holly and Patel, 2005; Rojas-Graü et al., 2009; Tajkarimi et al., 2010; Perricone 

et al., 2015).  

Several studies show promise with applications of EOs, either direct or in 

combination with other systems, to fresh produce. For instance, an alginate-based edible 

coating with 0.7% cinnamon, clove or lemongrass oils reduced the E. coli O157:H7 

population by >4 log cfu/g, and extended the microbiological shelf-life of fresh cut apples 

to >30 days (Raybaudi-Massilia et al., 2008c). Modified atmosphere packaging (MAP) with 

EOs incorporated into the atmosphere has been evaluated in a variety of fruit and vegetable 

systems (Perricone et al., 2015). Clustered grapes wrapped in MAP impregnated with a vapor 

of EO mixture (eugenol, thymol and carvacrol) dramatically decreased microbial counts 

(molds and yeasts and mesophilic bacteria) together with a lower occurrence of berry decay, 

compared to treatments where MAP and essential oils were used separately (Guillén et al., 

2007). Peaches inoculated with Bacillus amyloliquefaciens but packed with lemongrass oil in 

MAP showed an absence of disease, while the overall appearance and acceptance of the fruit 

was retained as to those non-inoculated controls (Arrebola et al., 2010). 

Essential oils as washing disinfectants   

In addition to the use as preservatives, EOs have also been applied to food products as 
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disinfectants, through immersion, spray, or fumigation of meat (Gill et al., 2002; Skandamis 

et al., 2002), fish (Mejlholm and Dalgaard, 2002), and on various types of fresh produce 

(Ponce et al., 2011; Xu et al., 2013). Since food products vary in inherent properties, 

challenges arise that limit the efficacy of EO application (Davidson et al., 2013). In 

particular, for fresh produce, non-homogenous surfaces, and the neutral pH of some 

commodities, pose the biggest challenge for disinfection. One example is cantaloupe, as its 

rough rind surface favors microbial attachment and reduces detachment, resulting in a high 

(90% or up) recovery of microorganisms after disinfection (Ukuku et al., 2001; Ukuku and 

Fett, 2004). Bacterial susceptibility to EOs also decreases with the increased pH of food. 

Lower antibacterial effectiveness of EOs was found in fresh-cut melon compared to fresh-cut 

apples, as the former had a higher pH (Raybaudi-Massilia et al., 2008 a-c). Due to the 

complexity of the decontamination process, many researchers have realized that one single 

disinfectant or sanitization method is usually not enough. Instead, combinations of several 

disinfecting methods may be necessary to achieve good antimicrobial outcomes (Burt, 2004; 

Davidson et al., 2013). An example is that of a sequential washing system with a thyme oil 

suspension followed by aqueous chlorine dioxide and ozonated water, which reduced E. coli 

O157:H7 by 3-4 log cfu/g of on lettuce and baby carrots (Singh et al., 2002). When used 

individually, the single disinfectants could only achieve a 1.5-1.9 log cfu/g reduction. 

Antimicrobial mode of actions of essential oils  

In general, the hydrophobic character of EOs is considered a primary antimicrobial 

effect, by preferentially partitioning from an aqueous phase into membrane structures of 

microorganisms (Nychas et al., 2003; Burt, 2004). Essential oils can disrupt cell walls, 

damage cell membrane and membrane proteins, thus causing ion leakage, destroying proton 

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0925521410000840#bib12
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motive force and depleting intercellular ATP, inhibiting respiration, inhibiting cytokinesis, 

and reducing toxin production, a lot of which events are related to the disruption of intra- and 

extracellular enzymes. A wide range of EOs and their specific effects on different organisms 

have been summarized by Hyldgaard et al. (2012).  

Although the terms “mode of action” or “mechanism” are frequently used to discuss 

various events in microbial cells in response to EOs, the majority of the reports should be 

considered as “responses”, instead of “mechanisms”. For example, disruption of membrane 

integrity, and leakage of cell contents are the most common damage from EOs. In one report, 

change in membrane permeability of Salmonella enterica by eugenol oil was evident by the 

uptake of the dye crystal violet, which would normally not penetrate a healthy cell’s outer 

membrane (Devi et al., 2010). It is possible that the membrane is not the only target site of 

the EO that eventually causes cell death. In other words, different target sites of EOs may be 

present together, which increases the complexity of investigation of EO’s mode of action 

(Hyldgaard et al. 2012). 

Nevertheless, a few models for EO’s mode of action have been proposed. An ion 

transporter model has been described for carvacrol (Ultee et al., 2002). The molecule inserts 

into the membrane, and the hydroxyl group allows carvacrol to act as a transmembrane 

carrier of monovalent cations by exchanging its hydroxyl proton for another ion such as the 

potassium ion. This process reduces the pH gradient across the cytoplasmic membrane, 

causes the proton motive force to collapse and depletes the ATP pool, and eventually leads to 

cell death.  

Gill and Holley (2004) explored an alternative explanation to membrane damage for 

eugenol (found in clove oils) on cell lethality. Application of bactericidal eugenol on 
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glucose- energized L. monocytogenes cells did not deplete cellular ATP. This is in contrast to 

the proposed mode of action for carvacrol (Ultee et al., 2002). Carvacrol is considered an ion 

transporter that disrupts membrane integrity and depletes cellular ATP, but eugenol may be 

involved in enzyme inhibition during glucose utilization or ATPase inhibition (Gill and 

Holley, 2004). There are other examples of enzymatic inhibition by eugenol, such as the 

inhibited production of amylase and proteases from B. cereus by a sub-lethal dose of 

eugenol, causing cell wall deterioration and a high degree of cell lysis (Thoroski et al., 1989). 

The hydroxyl group on eugenol is thought to bind to proteins and inhibit amino acid 

decarboxylase activity in Enterobacter aerogenes (Wendakoon and Sakaguchi, 1995). 

Antimicrobial activity of essential oils 

Numerous in vitro studies have documented the antimicrobial activities of EOs on 

bacterial and fungal organisms. These include foodborne bacteria that are associated with 

foodborne illness outbreaks, such as E. coli O157:H7, S. enterica serotypes, L. 

monocytogenes, Clostridium botulism, Campylobacter jejuni, and Staphylococcus aureus 

(Kim et al., 1995; Smith-Palmer, et al., 1998; Elgayyar et al., 2001), and postharvest decay 

fungi or oomycete such as Penicillium digitatum, Botrytis cinerea, Alternaria alternate, 

Rhizopus stolonifera, and Phytophthora capsici (Arras and Usai, 2001; Edris and Farrag, 

2003; Sukatta et al., 2008).  

Different EOs exhibit varying degrees of activities, and the responses depend on the 

microorganisms. To measure these effects, minimum inhibitory concentration (MIC) is the 

most common measurement. The MIC of EOs is generally defined as the lowest amount of 

EO required to inhibit the visible growth of a test organism using an in vitro system 

(Hammer and Carson, 2010), and several methods have been used throughout the literature to 
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determine MIC, such as disc diffusion, agar- and broth-dilution. When a broth-dilution 

method is used, one can use the same sample to further quantify the surviving organisms, and 

determine the minimum bactericidal concentration (MBC) or minimum fungicidal 

concentration (MFC). These values usually refer to the minimum oil concentration required 

to kill 99.9% (3 log cfu/g reduction) of the initial cells.  

The composition of each EO mixture, even when extracted from the same plant 

species and plant parts, can be significantly different by environmental conditions, seasons of 

harvest, and the extraction method (Hyldgaard et al., 2012). While an oil considered a good 

antimicrobial candidate should have a MIC <1% (v/v), the inherent differences in microbial 

species/source, EO source, and the evaluation method can cause considerable differences in 

reported antimicrobial activities (Burt, 2004; Hammer and Carson, 2010; Tajkarimi et al., 

2010; Davidson et al., 2013). Despite the variation, some EOs, especially clove, cinnamon, 

thyme, and oregano have consistently shown strong antimicrobial activity from a variety of 

studies against a range of microorganisms, usually rendering MIC <0.1%. Their strong 

activity is largely attributed to their major active ingredients of trans-cinnamaldehyde, 

eugenol, carvacrol, and thymol (Griffin et al., 1999; Inouye et al., 2001). In this research, 

clove, cinnamon leaf, and thymol oils were selected for investigation because of their proven 

antimicrobial effects in vitro and good in vivo potential (X. Zhong, F. Critzer, and Y. Zhang, 

personal communication, 2013, University of Tennessee). Their antimicrobial activity is 

discussed below. 

Clove oil is isolated from the buds of clove (Eugenia caryophyllata, synonym: 

Syzygium aromaticum) and has a relatively stable composition. The oil mixture consists of 

eugenol (47-88%), β-caryophyllene, eugenol acetate, and other components in lower amounts 
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such as α-caryophyllene (α-humelene), and benzyl alcohol (López, et al., 2005; Pawar and 

Thaker; 2006; Prashar et al., 2006; Chaieb et al., 2007; Guan et al., 2007; Ayoola et al., 

2008). The oil has been found effective against many foodborne bacteria such as E. coli, L. 

monocytogenes, S. enterica, C. jejuni, and S. aureus (Chaieb et al., 2007). The oil is also 

effective against fungi such as Aspergillus flavus, Endomyces fibuliger, Penicillium 

commune, Penicillium roqueforti, and Saccharomyces cerevisiae (Davidson et al., 2013). 

Commonly used cinnamon (Cinnamonum zeylanicum) oil could refer to either 

cinnamon leaf, or cinnamon bark oil. Cinnamon leaf oil consists 68-87% of eugenol 

(Mallavarapu et al., 1995; López et al., 2005; Singh et al., 2007; Ayala-Zavala et al., 2008), 

and small amounts of β-caryophyllene, linalool, trans-cinnamaldehyde, (E)-cinnamyl acetate, 

bicyclogermacrene as well. In contrast, cinnamon bark oil contains trans-cinnamaldehyde 

(62-68%), limonene (8-13%), and a small amount of eugenol (4-7%) (Baratta et al., 1998; 

Simić et al., 2004). Although the two oils have very different major ingredients, cinnamon 

leaf/bark oil, which is usually not clearly differentiated in the literature, has been frequently 

reported to inhibit the growth of a range of bacteria and fungi, such as E. coli, S. enterica, 

Citrobacter freundii, Bacillus subtilis, L. monocytogenes, Streptococcus, and A. flavus, A. 

niger, and P. commune (Becerril et al., 2012; Davidson et al., 2013).  

Thyme oil (Thymus vulgaris) has an active ingredient thymol (30-70%), together with 

its isomer carvacrol (<10%) (Daferera et al., 2000; Hudaib et al., 2002; Díaz-Maroto et al., 

2005; Lee et al., 2005). Moderate amounts (10-20%) of p-cymene, and γ-terpinene have also 

been identified in thyme oil. As with other EOs, oil content and profiles vary with plant age, 

species, and harvest season. In one example, the oil from a five-year old plant collected at the 

beginning of the vegetative cycle (May/June in Italy) had the highest levels of thymol, and 
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lowest level of γ-terpinene, compared to samples collected after the cease of vegetative cycle 

(December in Italy) or from a two-year-old plant (Hudaib et al., 2002).  

Synergisms, additions, and antagonisms of essential oils as antimicrobials 

The interaction between different EO compounds may be synergistic, antagonistic, 

and/or additive (Bassolé and Juliani, 2012). When the combined effect of two substances is 

higher than the sum of individual effects, there is a synergy; if a combination is less effective 

compared to the individual applications, an antagonism happens; an additive effect is 

observed when the combined effect is equal to the sum of the individual effects. Synergistic 

antimicrobial effect of EOs, as naturally occurring mixtures or EOs in combination, has 

aroused research interest. One of the main benefits for this is to prevent off-flavors.  

Throughout the literature, synergisms, additions and antagonisms have all been 

observed, depending on the combination of oils/compounds, and the targeted organisms. 

Results, some of which are contradictory, have been summarized by Bassolé and Juliani 

(2012). In general, compounds with similar structures show an additive effect, such as 

carvacrol and thymol (Lambert et al., 2001). Synergisms could come from the roles of some 

oil compounds in lipophilic/hydrophilic attraction and fixation, which affect the compound, 

or another compound’s ability to bind microbial cell wall and membrane. For example, in 

oregano oil, p-cymene cannot inhibit the growth of a range of Gram-positive and negative 

bacteria, but carvacrol, another component of oregano oil, is a strong antimicrobial (MBC 

225-900 µl/l) (Sivropoulou et al., 1996; Cosentino et al., 1999). When p-cymene is combined 

with carvacrol, p-cymene’s greater ability to be incorporated in the lipid bilayer facilitates the 

transport of carvacrol into the cell, resulting in a synergic antimicrobial effect (Ultee et al., 

2002). Antagonistic effects have been observed between oxygenated and non-oxygenated 
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monoterpene hydrocarbons, such as terpinene-4-ol (oxygenated), p-cymene ((non-

oxygenated), γ-terpinene (non-oxygenated), all of which are found in tea tree oil (Cox et al., 

2001).  

Essential oil as herbicides 

When applying EOs as antimicrobials, one of the difficulties is to overcome 

herbicidal effects. Yulia (2005) presented detailed documentation on phytotoxicity effects of 

a range of EOs on pepper (Piper nigrum) and papaya (Carica papaya) leaves, and discovered 

cinnamon and clove oils caused the most severe phytotoxicity. Amri et al. (2013) reviewed a 

wide range of herbicidal activities from EOs, and summarized the modes of action for 

monoterpene-based EOs (such as thymol, the major ingredient in thyme oil). In general, seed 

germination and seeding growth could be inhibited by EOs due to the induction of reactive 

oxygen species (ROS), disruption of membrane permeability and loss of membrane integrity, 

perturbation of mitochondrial ATP production, inhibition of photosynthesis, and DNA 

synthesis and mitosis. These phytotoxicity effects could become a main hurdle for 

application of EOs onto fresh produce. 

Essential oil effects on produce quality 

Some researchers reported that application of EOs had no significant difference on 

color, texture, and flavor of unpeeled banana (Win et al., 2007), lettuce (Kim et al, 2011; 

Yossa et al., 2013), and tomato (Mattson et al., 2011). In other cases, positive attributes 

associated with EOs were reported, and primarily were from reduced disease or increased 

microbiological shelf-life such as fresh-cut pear (reduced aerobic microbes) (Xu et al., 2013), 

peach (reduced Bacillus amyloliquefaciens) (Arrebola et al., 2010), banana and papaya 

(reduced Colletotrichum spp.) (Maqbool et al., 2011), and grape (reduced B. cinerea) 
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(Tripathi et al., 2008). These previous reports also found retained firmness, titratable acidity, 

soluble solids, color, overall appearance etc. with EOs applied on produce with natural or 

inoculated pathogens/microbes. In addition, organic acid and sugar levels were higher than 

controls in raspberry fruits treated with volatile tea tree oil (Wang, 2003), and reduction of 

chlorophyll and vitamin C during storage was slowed in sweet pepper dipped in cinnamon oil 

compared to controls (Xing et al., 2011). It is not clear how much of these changes were 

because of the improvement on microbial/pathological quality, and how much were due to 

EOs’ antioxidant activity that had a direct impact on the physiology and composition of 

produce.  

Several negative effects have been observed on produce after the use of EOs. Off-

odor is one of them. Sensory panelists can distinguish the taste of EO treated leafy greens 

right after application; however, the differences in odor were minimal once treated produce 

have been stored for at least 1 d (Ponce et al., 2004). Phytotoxicity from EOs is another 

concern (Table 1.1). Tomato experienced phytotoxicity by dipping fruits in 0.5% to 1% of 

lemongrass, thyme, and oregano EOs, the concentrations required to control Alternaria and 

Botrytis (Plotto et al., 2003). These effects were especially evident when the emulsification 

was not complete. In addition, development of Rhizopus on inoculated fruits was not 

controlled by EOs and disease incidence increased with EO concentration. The authors 

concluded that the phytotoxic effect of EOs on the wound site made the tissue softer and 

easier to be penetrated by the pathogen. Surface browning of apricots and stem browning of 

cherries are another example of phytotoxicity, caused by thyme oil fumigation (Chu et al., 

2001; Liu et al., 2002). Both authors indicated the toxic effects depended on EO 

concentration. Essential oil formulations that can thoroughly kill disease-causing pathogens 
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without phytotoxicity on these produce remained to be developed. 

Essential oils as antioxidants 

Essential oils contain terpenoid and phenolic components, which can remove or 

inactivate free radicals, and act as antioxidants. The antioxidant properties of EOs and their 

components have been verified in vitro by physical–chemical methods (Lee et al., 2005; 

Bozin et al., 2006; Özcan and Arslan, 2011; Bilenler et al., 2015), which raised interest in 

their use as natural food additives (Aeschbach et al., 1994). When applied on fresh produce, 

activities related to EO’s antioxidant property have been documented (Wang, 2003; Tanaka 

et al., 2011; Xing et al., 2011; Xu et al., 2013; Yun et al., 2013). Trans-cinnamaldehyde, a 

major component of cinnamon bark oil, could inhibit enzymatic browning of cut lettuce 

through repression of phenylalanine ammonia-lyase at the mRNA level (Tanaka et al., 2011). 

Higher activity of antioxidant enzymes, such as superoxide dismutase, peroxidase, and 

catalase was found in sweet peppers treated with chitosan-cinnamon oil coating, in 

comparison to chitosan coating or cinnamon oil treatment alone (Xing et al., 2011). A slower 

rate of loss of vitamin C and increased lycopene after 21 d of storage was reported for cherry 

tomatoes treated with oregano oil (Yun et al., 2013). The reasons for the retention of these 

bioactive compounds are not clear.  
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Table 1.1. Summary of literature on essential oil induced phytotoxicity on fresh produce. The descriptions are adapted from verbal 

description in the article with minimal edits. Reports with additional data presented in figure and table, are noted in parenthesis. 

 

Oil Form Crop Phytotoxicity related description Reference 

Thyme oil  Vapor Strawberry No visual phytotoxic symptoms were noticed on treated 

strawberry fruits. 

Reddy et al., 

1998.  

Mentha 

spicata and Lippia 

scaberrima essential 

oils, and pure (d)-

limonene and R-(−)-

carvone 

Coating Citrus No phytotoxic reactions were observed, although a few 

examples of fruit with oleosis were randomly found, as well 

as fruit displaying signs of chafing and other superficial 

blemishes. 

du Plooy et 

al., 2009.  

Cinnamon oil Dipping  Banana  The fruits treated with concentrations up to 0.3% showed no 

phytotoxic effects, while some phytotoxic effects appeared 

on bananas treated with 0.4% cinnamon oil after 28 days of 

storage at 13±1°C. 

Maqbool et 

al., 2010.  

Lemongrass oil (LG), 

cinnamon oil (CM) 

Dipping Banana, 

papaya 

Some phytotoxic effects were observed on banana and 

papaya skins when treated with LG and CM alone after 28 

days of cold storage 

Maqbool et 

al., 2011. 

Cinnamon bark extract Dipping Banana The fruit exposed to hot water with CE for 20 min 

developed skin damage apparent immediately after 

treatment. 

Win et al., 

2007.  

Leaf oil of 

Cymbopogon flexuosus 

Spray Apple The oil preparation did not exhibit any phytotoxic effect on 

the fruit skins of Malus pumilo apples up to 50 µl ml−1 

concentrations. 

Shahi et al., 

2003.  

Oils of O. sanctum, P. 

persica and Z. 

officinale 

Vapor Grape The oils did not exhibit any phytotoxic effect on the fruit 

peel. 

Tripathi et al., 

2008. 
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Table 1.1 Continued 

Lemongrass, thyme, 

and oregano 

Dipping and fumigation Tomato For dipping: observed some phytotoxicity at antifungal 

concentrations if the emulsion was not complete.  

For fumigation: Phytotoxicity was observed on tomatoes 

treated for 24 hours. Phytotoxicity was apparent after 6 

hours of fumigation if a fan was used to distribute the 

volatile oils in the container. Phytotoxicity occurred 

whether tomatoes were fumigated with the essential oils, 

or with the respective major components alone, indicating 

that at least the major compounds were contributing to the 

phytotoxicity. 

Plotto et al., 

2002.  

Thyme, clove and 

massoialactone oil 

Treatments applied by 

saturating 10-mm-diameter 

discs of filter paper (Whatman 

No.1) with the emulsions and 

sticking them onto upper leaf 

surfaces with masking tape 

(20x20 mm). 

Grape leaf Minimal phytotoxic effects on leaves were observed at 

concentrations of 0.33% or less. At the higher 

concentrations (> 1%), there was excessive wilting of the 

lateral vines (provided an incident table with rating scale). 

Walter, 2001.  

Thyme, basil, 

peppermint, oregano, 

savoury oils 

NA Apple, 

nectarine 

On apples, symptoms of phytotoxicity were shown with 

thyme essential oil at 10%. On nectarines, 10% 

concentration of basil, peppermint, oregano, savory, and 

thyme essential oils were phytotoxic on the fruit. 

Spadaro and 

Gullino, 

2014.  

Thyme oil  Fumigation Cherry 10 mg · l–1 of thymol fumigation result in stem browning 

on sweet cherries (provided figures on green stem 

percentage). 

Chu et al., 

2001. 

Thyme oil  Fumigation Apricots 

and plums 

Surface browning was observed on all thymol-treated 

apricots, and the severity of surface browning increased as 

thymol concentration increased. No discoloration or 

phytotoxicity was seen on plums (provided a table on 

surface browning percentage). 

Liu et al., 

2002. 



 
 

32 
 

 

 

Fig.1.1. Diagram for the self-emulsification technique to prepare emulsified clove bud oil 

(Luo et al., 2014).
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Fig.1.2. Chemical structures of selected essential oils major ingredients. 

 

Carvacrol Thymol Eugenol 

p-cymene 

β-caryophyllene 

γ-terpinene 

trans-cinnamaldehyde 
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Section 2. Review of Crops 

2.1 Tomato    

Production and consumption 

Tomato (Solanum lycopersicum L.) is a subtropical crop originating from today’s 

Peru-Ecuador area (Jenkins, 1948), with extensive domestication starting in what is today 

Mexico (Sims, 1979). Worldwide, tomato production in 2013 was 163 million tons (MT), 

valued at $61 billion (FAOSTAT, 2013). China, India, and the U.S. have the highest annual 

tomato production of 50, 18, and 13 MT respectively.  

In the U.S., field tomato production for fresh market is a $ 1.1 billion industry with 

39,497 hectares harvested (USDA-NASS, 2014). Of these, 1,257 hectares are from organic 

production (certified or exempted). Although California and Florida are the two leading 

tomato-growing states, small-scale fresh market production is reported in 20 states (USDA-

ERS, 2012). Tomato is the fourth most popular fresh market vegetable in the U.S., behind 

potatoes, lettuce, and onions, with the average American consuming 8.1 kg annually (Lucier 

et al., 2000).  

Nutrition and health benefits 

The high level of tomato consumption in the U.S. is likely driven in part by tomato’s 

high nutritional value. Tomatoes contain a variety of carotenoids, vitamins and phenolic 

compounds (Canene-Adams et al., 2005), and potassium and folate (Beecher, 1998), making 

them an important source of dietary antioxidants and nutrients. Many epidemiological studies 

have found an association between tomato consumption and a decreased risk for prostate 

cancer (Gann et al., 1999; Cohen et al., 2000, Giovannucci et al. 2002) and cardiovascular 

diseases (Sesso et al., 2003). Lycopene content in the tomato is a main contributor of these 
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health benefits, which accounts for over 80% of total carotenoids in a fully ripe fruit (Nguyen 

and Schwartz, 1999), and is the most efficient carotenoid for scavenging reactive oxygen 

species, especially singlet oxygen (Di Mascio et al., 1989). Tomato fruits also contain a 

moderate amount of β-carotene, an essential precursor to vitamin A (Craft et al., 1993). With 

the large volume of tomatoes and tomato products that are consumed in the country, tomato 

is the fourth-leading contributor to provitamin A and vitamin A intake in the American diet 

(Block et al., 1985). Tomatoes are also an important dietary source of flavonoids (Lenucci et 

al., 2006), which are phenolic compounds that can protect against oxidation of low density 

lipoprotein (LDL), and quench reactive oxygen radicals, thus decreasing the risk of 

cardiovascular diseases and cancers (Robak and Gryglewski, 1988; So et al., 1996).  

Foodborne illness outbreaks 

Tomatoes that were contaminated by multiple serovars of Salmonella enterica have 

resulted in multiple foodborne illness outbreaks (Greene et al., 2008; Lynch et al., 2009). 

Most recently, a S. enterica Newport outbreak linked to the consumption of raw tomatoes in 

a fast food chain restaurant in Minnesota sickened 64 people with 9 hospitalizations (Marler, 

2015). 

Tomato production: effects on postharvest quality 

Genetic influence 

Table 2 summarizes some important genes that control tomato postharvest quality. 

Many of these genes affect fruit color by controlling the quantity and type of pigments. 

Others affect shelf-life by altering the pathway of ethylene synthesis. Genes such as High 

pigment (hp), Old gold crimson (Ogc), Beta (B), Ripening inhibitor (Rin), Non-ripening 

(Nor) are widely utilized in commercial cultivars to improve tomato color and shelf-life 
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(Gardner, 1993; Sacks and Francis, 2001; Cantwell and Kasmire, 2002; Gardner and Panthee 

2009; Panthee and Gardner, 2011). The gene Dark green (dg) can increase total carotenoid 

pigments and improve fruit color, but cultivars with this gene often have poor germination or 

brittle stems that limit its usage in cultivar development (Thompson et al., 1962; Jarret et al., 

1984). 

Preharvest conditions 

Preharvest environmental conditions such as water, temperature, light intensity, soil 

fertility, and CO2 concentration all affect tomato postharvest quality (Table 1.3). Many 

preharvest conditions also affect antioxidant contents in tomatoes, especially vitamin C and 

lycopene (Dumas et al., 2003). Contradictory results shown in Table 1.3 indicates that 

preharvest management for tomato quality may be specific to cultivar, and production 

system.  

Because numerous outbreaks have been associated with preharvest contamination, 

research has focused on environmental factors that can lead to contamination (Jung et al., 

2014). Use of manure as a fertilizer can contaminate produce fields with a variety of 

pathogens of the manure is not properly treated prior to application. Irrigation water is also a 

common source of preharvest contamination (Park et al., 2012), control of which can be 

improved by use of in-line treatment systems and avoidance of sprinkler type irrigation (Jung 

et al., 2014). Climate change has also been shown to impact in-field microbial populations 

and survival. While in general, increased field temperatures have reduced pathogen survival 

times and increased rainfall has generally increased preharvest food contamination, wide 

variation in pathogens and environments mean that the specific effects of climate change on 

food safety are still unpredictable (Jung et al., 2014). 
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Stages of ripening 

The quality of tomato fruit changes throughout ripening. While improvement of 

color, and reduction of firmness are obvious indices of tomato ripening (Cantwell and 

Kasmire, 2002), secondary metabolite concentrations also change during ripening. 

Concentrations of lycopene and β-carotene increase as tomatoes fully ripen; while changes in 

phenolics and ascorbate appear to be cultivar-dependent (Raffo et al., 2002; Gautier et al., 

2008; González-Cebrino, 2010; Ilahy et al., 2011; Hdider et al., 2012).  

As a climacteric fruit, tomato ripening includes a peak of respiration and ethylene 

production (Alexander and Grierson, 2002). This peak normally happens after tomatoes 

reach “breaker” stage (Cantwell and Kasmire, 2002). Ethylene increases fruit susceptibility 

to plant pathogens (Martínez-Romero et al., 2007). For mature-green tomatoes, exogenous 

ethylene (usually 100 µl/l) can initiate uniform ripening during shipping or at destination 

markets. Application of ethylene inhibitors, such as 1-methylcyclopropene (1-MCP), sodium 

nitroprusside and n-propyl gallate (Wills and Ku, 2002; Lai et al., 2011; Xu et al., 2012) can 

delay ripening, as can environmental stresses like high temperature and chilling injury (Sozzi 

et al., 1996; Rugkong et al., 2011).  

The climacteric trend can also be suppressed when mature-green tomatoes are coated 

with edible coating materials such as chitosan, alginate or zein (Ghaouth et al., 1992; Park et 

al., 1994; Zapata et al., 2008), as these materials trap CO2 in the fruit and reduce respiration, 

both of which inhibit ethylene production. 

Maturity at harvest  

Tomato ripeness at harvest also affects subsequent fruit quality. There are four 

maturity stages of tomatoes, M1 to M4, which are based primarily on the formation and 
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development of seed and gel inside the fruit (Kader and Morris, 1976). After reaching the 

optimal (M4) maturity stage, tomato ripening will begin, which can be further classified into 

six stages: green, breaker, turning, pink, light red, and red (USDA, 1991). The stage (either 

maturity or ripeness) of tomato at harvest plays a significant role on its postharvest quality, 

and the optimum harvest time for different types of tomatoes vary. For example, regular 

tomatoes can be harvested at M3-M4 stages to ripen to high quality (Sargent and Moretti, 

2004), while extended shelf-life (ESL) types of tomatoes that contain either the rin or nor 

genes should be harvested at the “pink” stage to ripe normally off-vine (Suslow and 

Cantwell, 2013).  

Postharvest handling 

The optimal postharvest storage temperature for tomatoes is between 7 and 15°C, 

depending on fruit maturity (Suslow and Cantwell, 2013; Table 1.4). Higher temperatures 

speed ripening, but those above 30°C can inhibit lycopene synthesis, and therefore the 

development of red color (Cantwell and Kasmire, 2002). Lower temperatures (5°C) also 

inhibit lycopene accumulation but increase hydrophilic antioxidant activity (Javanmardi and 

Kubota, 2006). Moreover, prolonged storage below 10°C can cause chilling injury, although 

more mature tomatoes are less sensitive to cold temperature (Suslow and Cantwell, 2013). 

High relative humidity (RH) (90-95%) is normally recommended for postharvest 

storage and shipping of tomatoes (Suslow and Cantwell, 2013). Modified atmospheres, such 

as low oxygen (3%) or high carbon dioxide (up to 3%), during storage or shipping, can 

extend tomato shelf-life up to six weeks prior to ripening, but may cause fruit injury or off-

flavor.  

Plant defense response  
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Various biotic and abiotic stressors can stimulate plant defense response by activating 

antioxidant systems and inducing enzymatic activity, which protect plant cells from physical 

injuries and disease invasions, increase the accumulation of secondary metabolites, and 

improve tomato composition and shelf-life quality (Table 1.5) (Rodoni et al., 2009; Dannehl 

et al., 2011; Domínguez et al., 2012). Postharvest heat treatments, when applied before 

storage either through hot water or hot air, showed mixed results (McDonald et al., 1996; 

Soto-Zamora et al., 2005a, b). UV irradiation, also called “UV hormesis”, is another widely 

studied treatment that uses radiation at low doses to induce beneficial stress responses and 

inhibit decay (Jagadeesh et al., 2011). While beneficial effects, such as increases in lycopene 

and phenolic compounds, of this treatment have been shown, effects depend heavily on dose, 

cultivar, and treatment conditions (Bravo et al., 2013).  

 

2.2. Muskmelon (U.S. reticulatus cantaloupe) 

Production trends 

Melon (Cucumis melo L.) is one of the four major crops (besides watermelon, 

cucumber and squash) from the Cucurbitaceae family (Robinson and Decker-Walters, 1997), 

and cantaloupe is the common name of certain members of the species Cucumis melo. In the 

U.S., “cantaloupe” refers to C. melo reticulatus melons with light brown, netted rind, while 

in Europe, “cantaloupe” is C. melo cantalupensis, a lightly ribbed melon with gray-green rind 

(Nelson, 2007). Other local names such as muskmelon, rock melon, and sweet melon, are 

also common in different parts of the world (Sargent and Maynard, 2012). In scientific 

literature, the U.S. type of cantaloupe is often called “muskmelon”. Therefore, the term 

“muskmelon” will be used throughout this paper, referring to the U.S. reticulatus cantaloupe. 
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In the U.S., muskmelon production is over 24,892 hectares with a value of $328 

million (USDA-NASS, 2014), and is concentrated in California (14,568 hectares) and 

Arizona (6,475 hectares). Other states, such as Georgia, Texas, Indiana, and South Carolina, 

each grow 600-1,300 hectares of the crop, while Pennsylvania, Colorado, and Maryland 

produce <600 hectares each. Only 475 hectares of the national production has organic status 

(organic certified or exempted). Worldwide, most melon (include muskmelon, honeydew and 

other specialty melons) production (>70%) is in Asia, with China being the largest producer 

at 14 MT annually (FAOSTAT, 2013). Over a five-year period from 2009-2013, the U.S. 

ranked fifth in worldwide melon production, behind China, Turkey, Iran, and Egypt. 

Consumption and nutrition 

Consumers like muskmelons primarily because of their sweet taste and pleasant 

aroma (Beaulieu et al., 20003). The orange-fleshed muskmelons commonly consumed by 

Americans also have significant nutritional values (Hodges and Lester, 2011). They are high 

in β-carotene (2020 µg/100 g fresh weight), a critical precursor to vitamin A which is 

important for human eye light reception (Craft et al., 1993). Muskmelons also contain 

significant amounts of vitamin C, potassium, and folate (Hodges and Lester, 2011).  

Foodborne illness outbreaks 

Consumption of muskmelons has been linked to foodborne illness due to 

contamination with Escherichia coli O157:H7, Listeria monocytogenes, S. enterica, and 

other pathogens (Bowen et al., 2006; Walsh et al., 2014). In the last summary of statistics 

covering 1973 to 2011 (Walsh et al., 2014), muskmelons were linked to 19 outbreaks, 1012 

illnesses, 215 hospitalizations, 37 deaths, and 1 fetal loss in the U.S., accounting for 28% of 

illnesses and 80% of deaths among all incidents associated with muskmelon, watermelon and 
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honeydew.  

Muskmelons in the U.S. are commonly divided into two categories: the Eastern 

melon and Western melon (Hemphill, 2010). Eastern melons are usually sutured, larger and 

sweeter than Western melon, but are not intended for long-distance shipping. Western 

melons are intended for shipping, and are sutureless, smaller, and firmer than the Eastern 

type. While most outbreaks have been associated with Western melons, studies suggest that 

Eastern melons are equally susceptible to human pathogens (Richards and Beuchat, 2004). 

The sutured nature of Eastern melons makes them more susceptible to rind cracking and thus 

more susceptible to infection (Fernández-Trujillo et al., 2013). In this study, ‘Athena’, the 

current leading Eastern melon cultivar, was evaluated for quality after essential oil treatment 

as a potential control for pathogens. 

Fruit ripening and climacteric behavior 

The development of a muskmelon fruit begins at anthesis, and ends with the 

formation of an abscission layer (also called “full slip”). Studies on internal and external gas 

profiles helped established different physiological and maturity stages of muskmelons (Lyons 

et al., 1962; Ayub et al., 1996; Guis et al., 1997; Martinez-Madrid et al., 1999; Madrid et al., 

2004). Lyons et al. (1962) observed three distinct phases during fruit ripening. From 14 to 37 

days after anthesis (DAA), the fruit released minimal ethylene and had a constant low level 

of respiration, which was considered as the preclimacteric stage. From 37 to 40 DAA, 

ethylene concentration increased rapidly and reached a peak, concurrent with an increased 

respiration rate, at which stage, the abscission layer was fully formed (“full slip”) and the 

fruit reached full ripening. From a food safety standpoint, this slip enhances the infiltration of 

human pathogens and resulted in higher recovery of Salmonella enterica inoculums 

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0304423803001766#BIB15
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0304423803001766#BIB15
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0304423803001766#BIB2
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0304423803001766#BIB12
http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0304423803001766#BIB17
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compared to contaminations through the rind (Richard and Beuchat, 2004). From 40 to 41 

DAA, a sharp decrease in ethylene and respiration marked the beginning of fruit senescence.  

The concurrent increase of ethylene and respiration rate, as in muskmelons, is 

traditionally considered the signature of a “climacteric fruit”. However, this statement has 

been challenged. Shellie and Salveit (1993) found that although melons both on and off the 

plant had increased ethylene production during ripening, only melons detached from plants 

also showed increased respiration. They proposed that increased respiration in muskmelons is 

an artifact due to the detachment of fruits from the vine, instead of a true climacteric 

response. Bower et al. (2002) further observed that the concurrent rise of respiration for 

muskmelons on the vine was either eliminated or strongly reduced in different growing 

environments, rather than simply dependent on vine attachment.  

For climacteric fruit, ethylene is thought to play a coordinating role in fruit ripening 

(Yang and Hoffman, 1984). But the ripening of muskmelons is known to be influenced by 

both ethylene-dependent and -independent pathways (Pech et al., 2008). Using transgenic 

Charentais muskmelons (C. melo reticulatus), where ethylene production was suppressed 

through expression of an ACC oxidase antisense construct, research demonstrated that some 

ripening and senescence characteristics of muskmelons; such as aroma formation, abscission, 

rind chlorophyll degradation, sensitivity to chilly injury; are regulated by ethylene; while 

other characteristics; such as color formation, and sugar and acid content; are ethylene-

independent (Ayub et al., 1996). The softening of muskmelon flesh, however, is largely 

controlled by an ethylene-dependent pathway, with a small portion of ethylene-independent 

components (Guis et al., 1997). The effect of ethylene on the ripening of tomato, a model 

climacteric fruit, differs from muskmelon primarily on color formation. Tomatoes with 
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antisense ACC oxidase constructs have severely reduced lycopene accumulation and color 

formation (Picton et al., 1993), while in muskmelons ethylene does not regulate the 

formation of flesh color.  

In general, netted-skinned muskmelon (var. reticulatus) produce high amounts of 

ethylene (40-80 µl/kg∙h at 20ºC) (Suslow et al., 2013), and thus are considered climacteric 

fruit (Kendall and Ng, 1988; Zheng and Wolff, 2000). Smooth-skinned honeydews (Cucumis 

melo var. inodorus and saccharinus), do not produce ethylene during ripening and thus are 

non-climacteric fruits. Hybrids from these two types of melons are generally intermediate to 

the parents in time and rate of ethylene production.  

As active ethylene producers, it is usually unnecessary to stimulate muskmelon 

ripening through exogenous ethylene once the self-ripening is activated (Pratt, 1971). Before 

self-ripening starts, the minimum concentration of ethylene required to activate uniform self- 

ripening for immature fruits is between 0.1 and 1 µl/l (var. P.M.R. No.45, McGlasson and 

Pratt, 1963). Despite this, postharvest ethylene inhibitor treatments such as 1-MCP and AVG 

(aminoethoxyvinylglycine), both of which decrease ethylene production from ripened 

muskmelons, and can extend muskmelon’s shelf-life (Shellie, 1999; Ergun et al., 2005). 

Understanding the role of ethylene in fruit development is important, as it can have an 

important influence on postharvest quality. Muskmelon quality attributes are grouped below 

based on their association with ethylene.  

Postharvest attributes and controls 

A. Ethylene-dependent attributes  

a. Softening 

The firmness of muskmelon fruits is a key factor for marketing (Sargent and 
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Maynard, 2012). Flesh softening starts in the middle of the fruit development cycle (around 

30–45 days after anthesis, depending on cultivar, Lester and Dunlap, 1985). Softening 

involves both cell wall and membrane lipid metabolism (reviewed by Nunez-Palenius et al., 

2008). In brief, cell wall degradation involves enzyme activities that disassemble components 

in the primary cell wall and middle lamella. Membrane lipid metabolism includes a cascade 

of enzymes in phospholipid hydrolysis and fatty acid peroxidation. In particular, 

lipoxygenase, which degrades unsaturated fatty acids and releases free radicals, seems to play 

a key role in the membrane breakdown (Eskin et al., 1977). 

Ethylene plays a major role in melon fruit softening (Rose et al., 1998). In the wild-

type Charentais melons, flesh softening occurred with the increase of internal ethylene 

concentration during ripening (Guis et al., 1999). In comparison, transgenic Charentais with 

suppressed ethylene production did not experience substantial changes in cell wall structure 

until exogenous ethylene was applied. Moreover, application of ethylene inhibitors such as 1-

MCP at pre-ripe or ripe stages caused considerable suppression of ripening and softening on 

various muskmelon cultivars (Alves et al., 2005; Ergun et al., 2005; Jeong  et al., 2007; 

Sakaldaş et al., 2009; Zhao et al., 2011a). 

Ethylene affects fruit softening, but as previously mentioned, flesh softening is also 

controlled partially by ethylene-independent pathways. Nishiyama et al. (2007) studied 

different genes involved in melon flesh softening, and demonstrated the various roles of 

ethylene: some genes are ethylene-dependent, some are ethylene-independent, and the rest 

can be regulated by both ethylene-dependent and -independent factors. Therefore, treating 

fruits with 1-MCP, which inhibits ethylene production, could inhibit softening that is 

controlled by the ethylene-dependent pathway; however, residue softening controlled by 
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ethylene-independent genes would still occur. 

b. Shelf-life  

Under recommended storage conditions (2–5°C with 95% RH), muskmelons have an 

approximately 2-3 weeks of shelf-life (Cantwell and Kasmire, 2002). Chilling injury can 

occur after storage below 2°C for several days, and sensitivity to chilling injury decreases as 

melon maturity and ripeness increases (Suslow et al., 2013). Netted melon fruits are very 

susceptible to moisture loss because their netted epidermal tissue contains lenticels that allow 

rapid evaporation (Webster and Craig, 1976; Lester and Bruton, 1986). Controlled 

atmosphere (3% O2 and 10% CO2 at 3°C) during shipping or storage showed only moderate 

benefits in delaying ripening, reducing respiration, and inhibiting decay (Suslow et al., 2013). 

While fruits can tolerate CO2 levels between 10% and 20%, impaired ripening and off-flavor 

can occur when the CO2 level is higher than 20%.  

Harvest maturity is also critical for shelf-life. Muskmelons harvested at “full-slip” 

withstood stronger mechanical damage than “half-slip” during handling (Foster et al., 1979); 

while muskmelons harvested at “yellow full-slip” compared to “green full-slip” deteriorated 

more rapidly in storage (Evensen, 1983).  

Additional pre-and postharvest factors that affect muskmelon shelf-life and other 

ethylene-dependent attributes are summarized in Table 1.6. 

B. Ethylene-independent attributes 

a. Soluble solids 

Soluble solids (ie. sugar) content determines the sweetness of the fruit, and is a major 

quality attribute of muskmelons (Evensen, 1983). The main sugar in the muskmelon fruit is 

sucrose (55.3%, ~4.35 g/100g fresh weight), together with lower amounts of glucose 
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(19.5%), and fructose (23.8%) (Perkins-Veazie et al., 2012). Physiological studies have 

shown that sucrose content increases sharply about 15 d prior to full-slip (Bianco and Pratt, 

1977; Lester and Dunlap, 1985). This sucrose accumulation is correlated with decreased 

activity of acid invertase and increased activity of sucrose phosphate synthase (SPS) (Lingle 

and Dunlap, 1987; Hubbard et al., 1989). The fruit is a carbon sink where the sucrose 

translocated from the leaf is accumulated during ripening.  

Unlike sucrose, a substantial pool of hexose sugar is present in the mesocarp of the 

melon throughout fruit development, and sucrose accumulation during ripening on the vine 

does not occur at the expense of the hexose pool (Hubbard et al., 1989).  

Because sucrose accumulation depends on a concurrent supply of photo-assimilates 

from the leaf during ripening, harvested fruits cannot acquire additional soluble solids during 

postharvest ripening (Pratt, 1971). This is considered the primary reason for the minimal 

changes reported in soluble solids content during storage, despite application of different 

postharvest treatments, such as hot water, fungicide, irradiation, and 1-MCP (Lester, 1989; 

Ergun et al., 2005).  

The two key factors responsible for soluble solids content in a sweet genotype melon 

are leaf area, which determines the source of carbohydrate translocation, and a slow ripening 

process, which allows sufficient time for carbohydrate accumulation (Welles and Buitelaar, 

1988; Hubbard et al., 1990).  

Other plant morphological and environmental factors that affect melon sugar content 

are summarized in Table 1.7. The factors listed there indirectly affect either the source of 

carbon or the translocation efficiency and duration. An interesting example is that transgenic 

muskmelons with suppressed ethylene production do not form an abscission zone, thus they 
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remain attached to the vine longer and consequently accumulate more sucrose (Guis et al., 

1997). 

Soluble solids content of melons is also controlled by genetics. Based on differences 

of sugar content, melons can be categorized as either sweet or unsweet genotypes. While 

environmental factors discussed previously limit sugar accumulation in sweet melons, the 

low sugar content in unsweet type melons is limited by low SPS activity during ripening, 

which is genetically controlled by a single dominant allele of the gene suc (Hubbard et al., 

1990; Burger et al., 2002).  

b. Color (pigments) 

The flesh color of melons is another important attribute for consumer appeal 

(Yamaguchi et al., 1977). In general, there are four types of flesh colors in melons: orange, 

light orange or pink, green and white (Watanabe et al., 1991).  

Genetic control of melon mesocarp color has not been clearly defined. Some early 

studies proposed that flesh color of melons is controlled by two genes: gf (green flesh), in 

which green flesh is recessive to orange (Hughes, 1948), and wf (white flesh) (Iman et al., 

1972). However, Clayberg (1992) suggested that the green and white genes interact 

epistatically, and are both recessive to orange. Today, many QTL associated with flesh color 

and color intensity have been described. These works are summarized by Dogimont (2011) in 

a cucurbit genetics cooperative report. 

Maturity stage of orange-flesh muskmelons at harvest is critical for good flesh color 

(Flores et al., 2007), development of which is a mixed response from several pigments (Reid, 

1970). On the one hand, chlorophyll content decreases as the fruit develops, especially during 

the climacteric respiration; on the other hand, carotenoid content is low in immature fruits 
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but increases steadily starting about 10 d prior to climacteric respiration. The development of 

flesh color starts at the center of the fruit, and extends to the outer pericarp until the whole 

fruit reaches a uniform color at full maturity. In a ripe orange-flesh muskmelon, the 

predominant pigment is β-carotene, accounting for 84.7% of total carotenoids in the fruit 

(Pratt, 1971). 

Comparisons between wild-type and ethylene-suppressed transgenic Charentais 

melon lines revealed a similar trend of chlorophyll degradation and carotenoid development, 

indicating that ethylene does not play a role in this process (Flores et al., 2001). Lester and 

Eischen (1996) found a significant quadratic relationship between β-carotene content and 

fruit size. According to their report, β-carotene in the flesh first increased until the fruit size 

reached commercial class 12 (ie. 12 fruits would fit into a 0.04 M3 commercial shipping 

box), and β-carotene content then decreased regardless of the continued increase of fruit size. 

While this trend was consistent within cultivar and environment, the β-carotene content was 

higher in fruits grown on silty clay loam than on sandy loam, indicating overall quantity of β-

carotene varies with environment and possibly soil fertility. 

c. Organic acids 

A ripe muskmelon contains very low levels of organic acids, which are primarily 

controlled by genetics (Burger et al., 2003), but can be influenced by environment (Del Amor 

et al., 1999; Flores et al., 2007). The gene So controls organic acid contents in melons; non-

sweet type melons have the dominant allele, while the recessive version (so) results in a low 

acid, high sugar sweet-type melons, that are most commonly consumed in the U.S. (Burger et 

al., 2003). In addition to genetic controls, high soil salinity increased fruit acidity (Del Amor 

et al., 1999); and the maturity of fruit at harvest also affected the acidity- fruits harvested too 
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young (14 to 20 d post anthesis) usually had much higher acidity than fruits harvested ripe 

(Flores et al., 2007). Moreover, after fruits reach a certain degree of development (at least 20 

d from anthesis), storing them at low temperature (2ºC) for a long period of time (2 to 3 

weeks) can also significantly increase fruit acidity. 

d. Bioactive compounds  

Besides β-carotene, the most important bioactive compound in muskmelon fruits is 

ascorbic acid (vitamin C), with about 36.7 mg/100g fresh weight (USDA-ARS, Nutrient 

database, 2015). Metabolism of vitamin C content in muskmelons is poorly understood. 

Menon and Ramana Rao (2012) suggested that vitamin C content in muskmelons depended 

on the maturity stage, as young and immature fruits tended to have more vitamin C than fully 

ripe fruits.  

Plant defense response: disease, decay and secondary metabolism  

Netted melons are very susceptible to fungal diseases as organisms may lodge in the 

netted skin and enter the fruit through breaks or wounds on the skin (Seymour and 

McGlasson, 1993). Melons with more intense climacteric behavior usually experience greater 

skin scald after storage and higher loss due to disorders and decay (Fernández-Trujillo et al., 

2008). To minimize decay and disease, muskmelons should be harvested and handled very 

carefully to avoid mechanical injury, and field heat in the fruits should be removed as soon as 

possible after harvest (Seymour and McGlasson, 1993). In addition, elicitor treatments can 

induce fruit resistance to pathogens by accumulation of defensive enzymes, antifungal 

compounds, and reactive oxygen species; and lignification of epidermal cells (review by Bi 

et al., 2009). Some other treatments related to plant defense system of muskmelons are 

summarized in Table 1.8. 
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2.3 Lettuce 

Origin, production, and classification 

Lettuce (Lactuca sativa L.) is one of about 100 species from Lactuca genus and the 

sunflower family Asteraceae. The origin of cultivated lettuce is not well defined, although 

most likely L. sativa came from a mutation of a closely related species L. serriola, which led 

to domestication (Ryder, 1999). Today lettuce is produced in most temperate and subtropical 

areas of the world. Worldwide, China is the leading lettuce producer, and U.S. ranks the 

second, followed by India, Spain and Italy (FAOSTAT, 2013). The total production of 

lettuce and chicory (for data reporting purposes, the FAO considers lettuce and chicory as a 

single crop) in China and U.S. was 13.5 MT and 3.5 MT, respectively. In U.S., among the 

total 130,859 hectares of lettuce production, 105,622 hectares are grown for fresh market, 

and 12,999 hectares have organic status (included certified and exempt) (USDA-NASS, 

2014). More than 95% of lettuce production is concentrated in two western states: California 

and Arizona (USDA-NASS, 2007) 

Lettuce can be classified into six types based on leaf shape, size, texture, head 

formation, and stem type (Mou, 2008). These are iceberg (or crisphead) (Lactuca sativa, var. 

capitata), butterhead (or bibb, Boston) (L. sativa, var. capitata), romaine (or cos) (L. sativa, 

var longifolia), leaf (L. sativa, var crispa), stem (L. sativa, var asparagina), and Latin (L. 

sativa). Stem type lettuce is mainly grown in China and Egypt, where the stem, instead of the 

leaves are consumed. Latin lettuce is popular in the Mediterranean, Argentina and Chile, with 

small acreages grown in the U.S. The remaining four types of lettuces are grown world-wide, 

with iceberg lettuce being the predominant one. The fresh market lettuce production in U.S. 

http://en.wikipedia.org/wiki/Asteraceae
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consists 47% of iceberg, 33% of romaine, and 21% of leaf lettuce (USDA-NASS, 2014).  

Nutrition and health 

Lettuce is an important source of dietary antioxidants due to its high peroxyl radical 

scavenging activity (Caldwell, 2003). This antioxidant activity primarily comes from 

phenolic compounds, and is highly variable among different kinds of lettuce (Nicolle et al., 

2004a, b; Llorach et al., 2008). Polyphenols in green lettuce are predominantly caffeic acid 

derivatives, such as chlorogenic acid, chicoric acid, and quercetin; others compounds such as 

flavones and flavonols are also found. Phenolic contents in romaine lettuce are higher than in 

iceberg, but lower than in the leaf type.  

Other phytochemicals in lettuce, including vitamins C and E (tocopherol), and the 

carotenoids lutein, zeaxanthin, and β-carotene, also contribute to its antioxidant capacity 

(Humphries and Khachik, 2003; Nicolle et al., 2004b; Mou, 2005), while providing other 

health benefits. Epidemiological studies proved consuming these molecules could strengthen 

the immune system and help prevent cancers and heart diseases (Gaziano, 1994; Pandey et 

al., 1995; Rao and Rao, 2007). Among different types of lettuce, romaine was the highest in 

the carotenoids β-carotene and lutein (Mou, 2005).  

Lettuce also contains various mineral nutrients, including potassium, phosphorus, 

calcium, iron, and sodium. Mineral contents in romaine and leaf lettuce are similar to each 

other, and higher than butterhead or iceberg lettuce (Rubatzky and Yamaguchi, 1997).  

One concern about lettuce consumption, as for many other leafy vegetables, is the 

nitrate content in the leaves. Nitrate, as a naturally occurring form of nitrogen, can be 

incorporated into the leaf from fertilizers, decaying plants, and manure and other organic 

residues (Santamaria, 2006). Although nitrate itself is relatively non-toxic, its metabolites 
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may produce a number of adverse health effects, such as infantile methaemoglobinaemia, 

carcinogenesis, and teratogenesis (Addiscott and Benjamin, 2004). Because of this, nitrate 

content in vegetables is of interest to government regulators. European Commission 

Regulation (EC) No. 197/97 set maximum levels of nitrate in fresh lettuce as 2500-4500 

mg/kg, depending on season and growing environment (The Commission of the European 

Communities, 1997). Although the observed levels of nitrate in lettuce are usually far below 

the established risk level for human health (Muramoto, 1999; Pôrto et al., 2012), monitoring 

nitrate levels is still important for production and postharvest research of lettuce, and 

reduction of nitrate level is a goal for many lettuce breeding programs (Ryder, 1999). 

Another concern with lettuce is contamination by food-borne pathogens, especially E. 

coli O157:H7 and S. enterica (CDC, 2015). Throughout the U.S., between 2009 and 2014, 

there were 95 outbreaks linked to lettuce consumption through salad, sandwiches, etc., 

causing 2021 illnesses, 183 hospitalizations, and 1 death.  

Postharvest quality  

Genetic effects  

Quantitative trait loci (QTLs) for shelf life co-located most strongly with leaf 

biophysical properties such as plasticity, elasticity, and breakstrength, and significant 

correlations were found between shelf life and leaf size, leaf weight, leaf chlorophyll 

content, leaf stomatal index, and epidermal cell number per leaf (Zhang et al., 2007). A 

number of genes have been identified for leaf color, which affect the accumulation of either 

chlorophyll or anthocyanin, resulting in green and red leaf color, respectively. Genetic 

variations on soluble solids, acidity, carotenoids, vitamins and polyphenols; have also been 

observed (Siomos et al., 2000; Nicolle et al., 2004b; Mou, 2005; Llorach et al., 2008). 
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Differences in shelf-life of fresh-cut lettuce have been identified among 33 kinds of romaine 

lettuces: cultivars Clemente, Darkland, and Green Forest performed consistently well, but 

Alpi, Dark Green Romaine, and Queen of Hearts had a short shelf life (Hayes and Liu, 

2008). 

Preharvest effects  

Many preharvest environments, such as high light, adverse temperature, water deficit, 

reduced oxygen, or harsher environments caused by differences of season or cropping 

method, can affect lettuce composition, postharvest quality, and shelf-life (Table 1.9). 

Environmental stress can induce an imbalance between light absorption and energy use 

(Lizarazo et al., 2010), which may generate reactive oxygen species (ROS). To detoxify 

these reactive molecules, non-enzymatic antioxidants (such as phenolics, carotenoids) as well 

as enzymatic antioxidants (such as phenylalanine ammonia-lyase, L-galactose 

dehydrogenase, and γ-tocopherol methyltransferase) are generated as part of the plant 

defense response (Zhao et al., 2007; Kim et al., 2008; Rajapakse et al., 2009; Oh et al., 2009, 

2010, 2011; Kroggel et al., 2011).  

Proper fertilization in a lettuce field is not only important for plant growth and yield, 

but also critical for producing high-quality crops with prolonged shelf-life. Because lettuce 

is harvested and consumed as a leafy vegetable, appropriate application of nitrogen (N) 

during production is extremely important. Increased N fertilization is directly correlated to 

increased levels of nitrate in leaf tissue (Konstantopoulou et al., 2010; Hoque et al., 2010). 

Moreover, high N fertilization reduces the strength of leaf tissue, increase storage disorders, 

and accelerate postharvest decay (Newman et al., 2005; Hoque et al., 2010). However, 

substituting NO3-N with NH4-N significantly reduced nitrate content (McCall and 
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Willumsen, 1998). As such, growers need to pay attention to the type and concentration of N 

fertilization. 

Postharvest controls 

Proper postharvest quality control begins with proper harvest and continues until 

purchase by the consumer. Each type of lettuce requires specific postharvest conditions, but 

this section focuses primarily on romaine lettuce. 

Romaine lettuce is harvested based on the number of leaves (usually about 35) and 

head development (Cantwell and Suslow, 2013). Heads that are too loose or too firm are 

immature or over-mature, respectively. Although sweetness varies among variety, over-

mature lettuce tends to be more bitter than mature heads.  

Optimal storage conditions for romaine lettuce are 0ºC and 95% RH (Cantwell and 

Suslow, 2013). A shelf-life of 21 d can be expected if the crop is stored at this condition, 

while increasing temperature could dramatically decrease shelf-life. Weight loss was 1.62% 

versus 0.68% when romaine lettuce was stored at 15ºC versus 0ºC for 7 d (Moreira et al., 

2006). Temperatures below 0ºC cause freeze damage, which appears as darkened translucent 

or water-soaked areas when leaves are thawed (Cantwell and Suslow, 2013).  

Lettuce is not an active ethylene producer, but is very sensitive to external ethylene, 

exposure to which can cause russet spot, a common disorder in iceberg and romaine 

(Cantwell and Suslow, 2013). Atmospheres with low oxygen can reduce respiration rate, and 

lessen the detrimental effects of ethylene, eliminating pink rib and russet spot in iceberg 

lettuce (Artés and Martinez, 1996). Intact romaine heads cannot tolerate >5% of CO2, which 

causes brown strain (Cantwell and Suslow, 2013).  

Several disorders in lettuce that develop in the field or after harvest result in poor 
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postharvest quality (Table 1.10). Russet spot (RS) and brown strain (BS) are the two main 

disorders induced by poor storage environments (excess ethylene and CO2, respectively).  

In lettuce, phenylalanine ammonia lyase (PAL) and polyphenol oxidase (PPO) are 

two important enzymes involved in the metabolism of phenolic compounds, resulting in 

tissue browning (Hisaminato et al., 2001). Phenylalanine ammonia lyase is the rate-limiting 

enzyme in the phenyl propanoid pathway, converting L-phenylalanine to trans-cinnamic 

acid and ammonia. Polyphenol oxidase is a downstream enzyme that oxidizes subsequent 

products from PAL, leading to the formation of brown phenolic compounds, such as 5-

caffeoylquinic acid (5-CQA) quinone, and dicaffeoyltartaric acid (diCTA) quinone. 

However, questions have been raised about this generally recognized pathway. According to 

an experiment on fresh-cut iceberg lettuce, there is no direct correlation between total 

phenolic compounds, or PPO activity, and the occurrence of browning (Mai and Glomb, 

2013). 

Activity of PAL and PPO is associated with two common postharvest disorders- RS 

(Ritenour et al., 1995) and BS (Mateos et al., 1993), as well as some less common disorders 

such as senescent browning (Peiser et al., 1998) and butt discoloration (Tomás-Barberán et 

al., 1997). Rapid browning in fresh-cut lettuce is also attributed to these enzymes 

(Hisaminato et al., 2001). Regardless of the exact nature of browning, these enzymatic 

activities are induced by either direct exposure to ethylene or wound-induced ethylene 

stress, both of which stimulate the phenylpropanoid pathway and result in browning (Ke and 

Saltveit, 1989; Tomás-Barberán et al., 1997).  

Enzymatic browning can be affected by other factors as well. High concentrations of 

CO2 (20%) induced PAL production in both intact and cut lettuce, and produced BS 



 
 

56 
 

symptoms after tissues were removed from CO2 (Siriphanich and Kader, 1985; Mateos et al., 

1993). Transferring ethylene-exposed lettuce from 15°C to 0°C before the onset of RS 

symptoms can significantly reduce further PAL activity and prevent RS development 

(Ritenour et al., 1995). The evidence suggested that the complete pathway to induce 

phenolic browning may require oxygen and appropriate temperature. A variety of chemical 

inhibitors, such as calcium chloride and acetic acid, can also inhibit browning through 

limiting the activity of either PAL or PPO (Tomás-Barberán et al., 1997; Peiser et a., 1998; 

Hisaminato et al., 2001). Moreover, since these enzymatic activities are responses to 

ethylene-induced stresses, factors that reduce or inhibit ethylene (or reduce the stresses that 

induce ethylene production); such as 1-MCP (Saltveit, 2004), low O2 concentration (1.5%) 

(Ke and Saltveit, 1989), and cultivar (Morris et al., 1974; Hyodo et al., 1978); can also 

influence metabolic browning.  

Ascorbic acid (AsA, vitamin C) content has frequently been used as an indicator of 

lettuce postharvest quality (Nam and Kwon, 1997; Moreira et al., 2006; Agüero et al., 2011; 

Spinardi and Ferrante, 2012). Degradation of AsA follows first order kinetics (Moreira et al., 

2006; Agüero et al., 2011); which means the ratio of the natural logarithm of AsA content to 

the initial AA content against time falls on a straight line; and that the degradation rate 

depends on temperature and relative humidity.  

Lettuce composition also varies with leaf location and tissue type, and changes of leaf 

composition during storage have also shown different responses at different locations. For 

example, phenolic content in minimally processed romaine photosynthetic tissue was much 

higher than it was in the midrib, and these two types of fresh-cut tissues experienced different 

patterns of phenolic changes during storage as well (Castañer et al., 1999). Moreover, 
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chlorophyll degradation followed first order kinetics in the outer leaves of butterhead lettuce, 

but middle and internal leaves did not experience chlorophyll degradation at all (Agüero et 

al., 2011). In contrast, ascorbic acid degradation from different locations experienced first 

order kinetic degradation, although the decrease was more rapid in the outer layers of leaves. 

This indicates the importance of considering leaf position and tissue type when performing 

experiments on lettuce composition and postharvest quality. 
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Table 1.2. Allele genes discovered in tomato for pigmentation and ripening.

Gene Effects References 

Major pigment-related genes  

Beta (B) Elevate β-carotene content at the expense of lycopene   Tomes et al., 1956 

Green flesh (gf) Block normal chlorophyll breakdown but remain other ripening changes, resulting in the brown pigment 

of pheophytin, which produces a “dirty purplish brown” color 

Kerr, 1956 

Old gold crimson 

(ogc) 

Elevate lycopene content at the expense of β-carotene, resulting in dark-red fruit but with little change in 

levels of total carotenoids 

Thompson et al., 

1962 

High-pigment 

(hp) or hp-2 

Increase accumulation of both lycopene and b-carotene during fruit development in addition to 

heightened levels of chlorophyll in leaves and green fruit 

Wann et al., 1985 

Soressi 1975 

 

Dark green (dg) Exaggerate light responsiveness, resulting in a much darker mature-green fruit due to a higher total 

chlorophyll content 

Konsler, 1973 

Anthocyanin 

fruit (Aft) 

Produce anthocyanins in the subepidermal tissue in green and ripe fruit stages, resulting in a “purple” 

skin color 

Giorgiev, 1972 

Yellow flesh (r) Fruits show trace amounts of all carotenoids except phytoene Price and Drinkard, 

1908 

Sherry (sh) Yellow fruit with orange tinge Stevens and Rick, 

1986 

Major ripening-related genes  

Non-

ripening (nor) 

Delay ripening, slow color development; fruits remain firm when ripe Tigchelaar et al., 

1978 

Never-ripe (Nr) Incomplete and delayed ripening; fruits will mature after many months with an orange external color 

and marginal softening 

Rick and Butler, 

1956 

Ripening 

inhibitor (rin) 

Delay ripening and increase shelf-life Robinson and 

Tomes, 1993 

ERF1 Regulate the accumulation of phenolics Di Matteo et al., 

2013 
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Table 1.3. Preharvest factors that affect tomato postharvest quality. 

Tomato types Preharvest factors Postharvest quality changed References  

R ↑ nitrogen  ↑ lycopene  Montagu and Goh, 1990 

NA ↓ lycopene  Aziz, 1968 

R ↓ vitamin C Kaniszewski et al., 1986; Müller and 

David, 1987; Montagu and Goh, 1990  

NA ↑ phosphorus  ↑ total soluble solids Salunkhe and Desai, 1988 

NA ↑ lycopene Saito and Kano, 1970 

NA ↑ potassium ↑ acidity Winsor, 1979 

NA ↑ lycopene till 8 meq·l−1 then ↓ Trudel and Ozbun, 1970,1971 

NA (Winsor), 

Cherry (Park) 

↑ calcium ↑ firmness and shelf-life  Winsor, 1979; Park et al., 2005 

R ↑ vitamin C Bangerth, 1976; Premuzic et al., 1998 

R ↓ blossom end rot  Ehret and Ho, 1986 

R ↑ electrical conductivity in 

hydroponically production  

↑ lycopene, TSS Kubota et al., 2012 

R ↑ water availability 

 

↓ chilling sensitivity Dodds et al., 1995 

R ↑ lycopene, ↓ total phenolics Helyes et al., 2012 

C ↓ lycopene Matsuzoe et al., 1998; Zushi and 

Matsuzoe, 1998 

R ↑ vitamin C Cevik et al., 1981 

NA ↓ vitamin C Dastane et al., 1963; Rudich et al., 1977 

R ↑ color; ↓ total soluble solids Sanders et al., 1989 

NA ↓ relative humidity ↑ blossom end rot Tibbitts, 1979 

R  

 

↑ atmospheric carbon dioxide 

 

↓ vitamin C Khan et al., 2013 

↑ vitamin C Madsen, 1974 

↑ reducing sugar, ↑ red color 

↓ citric, malic and oxalic acids,  

Islam et al., 1995 

R ↑ light  ↑ β-carotene, ↑ lycopene Raymundo et al., 1976 

NA ↓ vitamin C Somers et al., 1951; Brown, 1954  

NA ↑ sugar and dry matter Winsor, 1979 

R Greenhouse temperature: day/night  24/17°C ↑ total soluble solids, dry matter, titratable acids 

27/14°C ↑ firmness 

Khanal et al., 2013 

R Greenhouse temperature: too high 

(>30°C) or too low (<10° C) 

Inhibit normal ripening and lycopene development Koskitalo and Ormrod 1972. 

R Ripening stage at harvest Affect flavor, sugar content and vitamin C content Kader et al., 1977 

Not affect vitamin A and C content Watada et al., 1976 
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Table 1.4. Recommended temperatures for postharvest tomatoes at different maturity stages (Suslow and Cantwell, 2013). 

 
Tomato stages Storage Standard ripening Slow ripening (in transit) 

Mature green 12.5-15°C 18-21°C 14-16°C 

Light red 10-12.5°C - - 

Full red 7-10°C - - 
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Table 1.5. Pre- and post-harvest treatments that affect plant defense response and tomato postharvest quality. 

 
Type Trt. Disease/ 

decay 

Enzymatic activity Bioactive compounds Postharvest quality Ref. 

Postharvest 

Rz 

(‘Rhaps

ody’) 

Pre-storage hot air 

(34-38°C) 

↓ sensitivity to chilly injury  ↓ cysteine,  

↓ glutathione,  

↑ glutathione-S-transferase activity 

↓ lycopene, β-carotene and 

vitamin C 

↑ weight loss, ↓ color 

development 

 

Soto-Zamora et al. 

2005a,b 

R 
(‘Agrise

t’) 

Pre-storage hot air 
(38°C) and hot 

water (42°C) 

↓ sensitivity to chilly injury, 
↓ fruit decay 

- No lycopene change No color, firmness 
change and ripening 

delay; altered flavor 

volatile compounds 

1. McDonald et al., 
1996 

R 
(‘Zinac’

) 

Hot water (40 -
60°C) 

↓ mesophylic and yeast/mold ↑ activity of enzymes- POD and 
PME (pectinmethlysterase) 

↑ phenolics Maintained firmness Pinheiro et al., 2010 

R UV radiation ↑ resistance to Rhizopus soft 
rot  

 

↓ polygalacturonase (PG) activity; 
↓ cell-wall degrading enzyme 

activities (pectin methylesterase, 

polygalacturonase, cellulase, β-
galactosidase, xylanase, protease) 

↑ or ↓ lycopene,  
↑ vitamin C,  

↑ phenolics,  

↑ antioxidant activity 

Delayed ripening, color 
development;↑ 

firmness, shelf-life 

Stevens et al., 2004; 
Maharaj et al., 1999;  

Jagadeesh et al., 

2011; Liu et al., 2011; 
Bravo et al., 2013 

R Ozone exposure ↓ fruit damage (fungal and 

wounding);  

- ↑ phenolics ↓ weight loss and pH; 

maintained firmness 

Rodoni et al., 2009 

R Methyl jasmonate 

(MJ) 

↓ decay ( 

anthracnose rot and 

secondary black spot) 

- ↑ vitamin C, phenolics, 

lycopene,  

- Tzortzakis and 

Economakis, 2007 

R Ethanol ↓ decay ( 

anthracnose rot and 
secondary black spot) 

- ↑ vitamin C ↑ soluble sugars Tzortzakis and 

Economakis, 2007 

R Nitric oxide (NO) maintained or ↑ 

resistance against gray mold 

rot caused by B. cinerea; 
 

↑ activities of antioxidant enzymes- 

SOD, CAY and POD 

- limiting 

pericarp color 

reddening and ethylene 
production in tomato 

fruit; delayed ripening; 

↑ shelf-life 

Lai et al., 2011 

R Direct electric-

current 

- - ↑ phenolics, lycopene, β-

carotene and antioxidant 

activity 

- Dannehl et al., 2011 

Preharvest 

R Fungicides 

(pyraclostrobin+b

oscalid) 

- - ↓ vitamin C; no changes in 

lycopene and phenolics 

Delayed ripening, 

reduced weight loss 

Dominguez et al., 

2012 

C Pichia 

guilliermondii 
(antagonistic 

yeast) 

↓ decay (Rhizopus rot, 

black spot rot and gray 
mold);  

↑ activities of peroxidase (POD), 

phenylalanine ammonia-lyase (PAL), 
and β-1,3-glucanase 

No changes in vitamin C No changes in weight 

loss, color, acidity, 
soluble solids, firmness 

Zhao et al., 2011b 

 

z R: round tomato, C: cherry tomato. 
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Table 1.6. Pre- and post-harvest factors affect ethylene-dependent postharvest attributes of muskmelons. 

 
Cultivar  Factor  Postharvest attributes Reference  

Preharvest 

NA Nitrogen fertigation guided by “N-tester” 

which avoids N overuse 

↓ respiration rate, ethylene emission rate, weight loss;  Gianquinto et al., 2010 

‘Cruiser’ Supplemental foliar Potassium 

fertilization 

↑ firmness, ↑ K concentration in middle mesocarp tissue  Lester et al., 2006; Lester 

et al., 2010 

‘Galia’, 

‘Amarillo Oro’ 

Increased salinity ↑ firmness 

 

Botia et al., 2005; Badr 

and Hussein, 2008; de 

Amor et al., 1999; Colla et 

al., 2006. 

‘Athena’ Grafting, rootstock differences (‘Strong 

Tosa’, ‘Tetsukabuto’, ‘Athena’ 

Non-grafted had highest firmness, shelf-life; 

 

Zhao et al., 2011a. 

‘Sol Real’ and 

‘Primo’ 

Application of organic-chelated (amino-

acid or mannitol) calcium formulations 

during fruit growth 

No effects on firmness, marketability, Ca content in 

external and internal fruit tissue (though these effects 

were found in honeydew melons) 

Lester and Grusak, 2004 

‘PMR-45’ and 

‘Top-Mark’ 

Ethephon foliar application ↓ firmness Yamaguchi et al., 1977 

‘Talma’ 

(sensitive to 

water soaking) 

Calcium deficiency  Same climacteric pattern but less ethylene production at 

climacteric peak;  

↓ calcium content in peel and pulp; 

↑ water soaking symptoms  

Madrid et al., 2004 

‘Colima’ High light intensity (solar irradiation) ↑ chilly injury Krarup and González, 

2004 

Postharvest 

‘Explorer’ (Ca+Mg)-chelate solutions ↑ firmness, hypodermal mesocarp Ca concentrations; 

Mg content remained the same;  

↓ lipoxygenase activity 

Lester and Grusak, 1999 

‘Sun Lady’ CaCl2 treatment applied through a partial 

vacuum infiltration 

↓ weight loss and respiration rate  

↑ shelf life  

Sa-ngunanwongwichit et 

al., 2005 

NA Ethanol injected into cavity (≤6 ml/kg) ↑ firmness, delayed ripening Ritenour et al., 1997 

‘Magnum 45’, 

‘Top-mark’, 

‘Semsory’ 

Hot water (55-60ºC) dipping, fungicide 

imazalil, and shrink-film wrap or 

polyethylene bag package 

↑ firmness, extended shelf-life Lester, 1989; Mayberry 

and Hartz, 1992; Asghar, 

2010 

  

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0925521497000318
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Table 1.7. Preharvest factors that affect muskmelon soluble solids. 

  

Factor Soluble solids  (TSS) change References  

Increase plant density  ↓ Zahara, 1972; Mendlinger, 1994 

Increase fruit number per plant ↓ Davis and Schweers, 1971; Wells and 

Buitelaar, 1988 

Increase internode length ↓ Nerson and Paris, 1987 

More branches that make more fruits ripening simultaneously 

(bird’s nest-type) 

↓ Paris et al., 1986 

Increase night temperature ↑ Wells and Buitelaar, 1988 

Transplants vs direct seeded Transplant results in higher fruit TSS Leskovar et al., 2001 

Nitrogen fertigation guided by “N-tester” which avoids N overuse ↑  Gianquinto et al., 2010 

Supplemental foliar Potassium fertilization ↑ Lester et al., 2006 

Application of organic-chelated (amino-acid or mannitol) calcium 

formulations during fruit growth 

No effect on sugar (though effect was 

found in honeydew melons) 

Lester and Grusak, 2004 

Increased salinity ↑ TSS and sucrose Mendlinger, 1994; De Amor et al., 

1999; Botia et al., 2005; Badr and 

Hussein, 2008 

Ethephon foliar application ↓ Yamaguchi et al., 1977 

Water stress near or at harvest  (a week before harvest) ↓  Long et al., 2006 

High moisture since netting started (18 days before harvest) ↓ Wells and Nugent, 1980 

Root flooding at harvest ↓ (sucrose)  Kroen et al., 1991 

UV reflective mulch system ↑  Fonseca, 2006 
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Table 1.8. Postharvest defense response system of muskmelons. 

 
Cultivar  Treatment   Disease and decay Enzyme activity, ROS  Composition  Reference  

Preharvest treatment 

‘Cruiser’ Supplemental foliar Potassium 

fertilization 

- - ↑ vitamin C, β-carotene, 

tissue K concentration  

Lester et al., 

2006; Lester 

et al., 2010 

‘Yindi’ Acibenzolar-S-methyl (ASM) 

spray in different stages of plant 

growth 

↓ incidence of postharvest 

decay (caused by Alternaria 

alternate or Fusarium spp.) 

↑ POD, phenylalanine ammonia lyase, 

β-1,3-glucanase and chitinase activity 

- Zhang et al., 

2011 

Postharvest treatment 

NA Antioxidants (butylated 

hydroxyanisole, butylated 

hydroxyl toluene, propyl paraben, 

thiourea) 

↓ decay development 

(natural or inoculated) 

- - Naffa et al., 

2006 

‘Magnum 

45’, ‘Top-

mark’, 

‘Semsory

’ 

Hot water (55-60°C) dipping, 

fungicide imazalil, 

Polyethylene bag pakage 

↓ stem end and surface 

decay 

- - Lester, 1989; 

Mayberry 

and Hartz, 

1992; 

Asghar, 2010 

NA Acibenzolar-S-methyl (ASM) 

dipping 

F. semitectum,  

T. roseumtime are 

inoculated 1, 3, 5, 7 d after 

dipping treatment.  

↓ lesion in a time-dependent 

manner 

↑ POD  

Activity 

- Ge et al., 

2008 

‘Yujinxia

ng’ 

Salicylic acid dipping ↓ natural incidence and 

lesion diameter of 

inoculated T. roseum (pink 

rot disease) 

- ↑ total phenolic and 

lignin 

Fan et al., 

2012 

‘Yindi’ Sodium silicate dipping ↓ lesion diameter of 

inoculated T. roseum (pink 

rot disease) 

↑ H2O2,  ∙OH contents in fruits; 

↓ activity of catalase, ascorbic 

peroxidase, ↑ activity of SOD 

(superoxide dismutase), GR 

(glutathione reductase), POD 

(peroxidase), PPO (polyphenol 

oxidase) 

↑ vitamin C content and 

glutathione (GSH) 

(inoculation of T. 

roseum also slightly ↑ 

vitamin C) 

Li et al., 

2012 
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Table 1.9. Preharvest environmental effects on lettuce quality. 

 

Lettuce 

type 

Growth 

environment 

Preharvest treatment Influence Reference 

 

Iceberg  Field  High nitrogen fertilization ↓ leaf tissue strength and stiffness Newman et al., 2005 

Additional calcium supply ↑ leaf tissue strength and stiffness 

Iceberg Field  High nitrogen (337 kg·ha-1) and 

phosphorus (225 kg·ha-1) 

↑ leaf nitrate, glucose content, decay  Hoque et al., 2010 

Romaine, 

red leaf 

Greenhouse, 

hydroponic 

Nitrogen fertilization and 

cultivation season 

Increasing nitrogen supply ↑ nitrate accumulation and 

↓ vitamin C, ↑ leaf nitrate in winter season than fall 

season 

Konstantopoulou et 

al., 2010 

Cultivation season ↑ anthocyanin and phenolics in winter (lower 

temperature) 

Kroggel et al., 2011 

Romaine  Growth 

chamber, 

potting soil 

Fe deficiency ↓ pigment (chlorophyll and carotenoid) and Fe2+ 

content; ↓ activity of catalase and 

guaiacol peroxidase 

Msilini et al., 2012 

Green and 

red leaf  

Greenhouse , 

hydroponically 

or soil-grown 

Hydroponic vs soil-grown ↑ vitamin C and tocopherol content in hydroponically 

grown lettuce 

Buchanan and 

Omaye, 2013 

Green and 

red leaf  

Open field and 

high tunnels 

Open field vs high tunnels ↑ phenolics (chicoric acid and chlorogenic acid) in 

open-field; ↑ gene expression of phenylalanine 

ammonia-lyase (for phenolics), L-galactose 

dehydrogenase (for vitamin C), and ϒ -tocopherol 

methyltransferase (for vitamin E) 

Oh., 2011; Zhao et 

al., 2007 

Butterhead Field Fungicide Azoxystrobin spray ↓ leaf nitrate, polyphenols, and chlorophyll 

degradation; 

↑ shelf-life 

Bonasia et al., 2013 

Butterhead 

(bibb); 

romaine  

Hydroponic; 

growth 

chamber, 

potting soil  

↑ light intensity ↓ nitrate and soluble protein, ↑soluble sugar and 

organic acids 

Blom-Zandstra and 

Lampe, 1985; Fu et 

al., 2012 
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Table 1.9 Continued 

 

 

Butterhead Hydroponic  Short- term (48 hours) red/blue 

light emitting diode (LED) with↑ 

intensity (50-100 µmol m-2 s-1) 

↓ nitrate content, ↑ vitamin C and soluble sugars Zhou et al., 2012 

Romaine  Greenhouse 

and growth 

chamber, 

potting soil 

Supplemental UV, orange, green 

lights 

UV or orange light ↑ phenolics, UV or green light ↑α-

carotene, green light ↑ anthocyanins. All three lights ↓ 

vitamin C and E contents. 

Samuolienė et al., 

2013 

Romaine Greenhouse, 

potting soil 

Long-term irrigation with low salt 

stress (5 mM NaCl) 

↑ total carotenoid content 

without color change (major carotenoids: lutein and β-

carotene) 

Kim et al., 2008 

Short-term salt stress (5-50 mM 

NaCl) before harvest 

↓ total phenolics 

Green leaf  Growth 

chamber, 

potting soil 

Mild water deficit stress before 

harvest 

↑ total phenolic concentration and antioxidant 

capacity, ascorbic acid content; ↑ gene expression for 

phenylalanine ammonia-lyase, and ϒ -tocopherol 

methyltransferase  

Oh., 2010 

NA Growth 

chamber, 

potting soil 

Environmental stress (heat shock, 

chilling, and high light intensity) 

↑ individual phenolics such as chicoric acid, 

chlorogenic acid, quercetin-3-O-glucoside and 

luteolin-7-O-glucoside; ↑ gene expression for 

phenylalanine ammonia-lyase, L-galactose 

dehydrogenase , and γ -tocopherol methyltransferase  

Oh., 2009 

Red leaf  Growth 

chamber, 

potting soil 

Low oxygen ↑ leaf anthocyanin, total phenolics, carbohydrate, free 

radical scavenging capacity; ↓ leaf mineral content 

Rajapakse et al., 

2009 

Romaine 

and leaf 

Greenhouse, 

potting soil 

Ozone exposure ↓ chlorophyll a and b, carotenoids; 

↑ lipid peroxidation 

Calatayud and 

Barreno, 2004 
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Table 1.10. Summary of several common disorders of lettuce. 

 
Disorders Occurrence Cause Type of lettuce 

Tipburn In field but can 

progress during 

storage 

Localized calcium deficiency in the 

foliage which is accelerated by hot 

weather and other fast growing 

conditions (Collier and Tibbitts, 

1982) 

Iceberg, romaine, 

butterhead, and leaf 

type 

Rib discoloration 

(also “Rib blight” 

or “Brown rib”) 

Field Heat stress (Jenni, 2005) Iceberg 

Pink rib 

 

Storage Mostly considered as physiological 

disorder that happen on over mature 

head, or after prolonged storage, or 

storage at high temperature and low 

oxygen, but Hall et al. (1971) 

reported its association with 

Pseudomonas marginalis. 

Iceberg 

Russet spot Storage Excess ethylene (Ke and Saltveit, 

1989) 

Iceberg and romaine 

Brown stain Storage Excess CO2 (Brecht et al., 1973) Mostly on iceberg, 

romaine, leaf, 

butterhead types are 

less susceptible 

http://ucanr.org/sites/postharvest/pfvegetable/LettuceRomainePhotos/?repository=29949&a=83434
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Chapter II. Lettuce Postharvest Quality in Response to Essential Oil Dips 

 

Abstract 

Contamination from food-borne pathogens have been associated with numerous 

illness outbreaks by consumption of fresh leafy greens. Essential oils (EOs), which are 

natural volatile compounds derived from plants, have demonstrated antimicrobial effects on a 

wide range of bacteria and fungi, but their potential for practical application in postharvest 

washing has not been well assessed. In this experiment, individual romaine lettuce (Lactuca 

sativa var longifolia) leaves were dipped in thyme, cinnamon leaf, or clove bud oil, 

emulsified at 0.05, 0.1, 0.2, or 0.5% in semi-water soluble whey protein or gum arabic, and 

leaves treated with any of the EOs at 0.5% had more severe damage (p<0.05), than those 

treated with any of the EOs at lower concentrations or the controls, which included oil-free 

whey protein or gum arabic emulsion, deionized water, 200 µl/l chlorine (pH 7), and 0.5% 

Citrox. At lower concentrations (0.1 and 0.05%), thyme oil treated leaves had minor damage 

(0.8-2) while cinnamon and clove bud oil caused no damage and were not different from the 

controls. Rinsing 0.5% EO treated leaves with deionized water immediately after dipping 

reduced symptom severity but did not eliminate damage. Cut-sections (2.5 x 5.5 cm) from 

top half and bottom half of leaves (greenish vs whitish) were not statistically different 

(p>0.05) in their response to EOs. Electrolyte leakage was higher (>10%) for leaves treated 

with all three EOs at the 0.5% than controls. Short-term EO vapor treatments may offer 

potential as future innovative produce disinfectants.   
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Introduction 

Contamination from food-borne pathogens, especially Escherichia coli O157:H7, and 

multi-serovars of Salmonella enterica, have been associated with numerous illness outbreaks 

by consumption of fresh leafy greens (CDC, 2015). Chlorine-based disinfectants are the 

industry standard for postharvest washing in both organic and conventional production 

systems (Sela and Fallik, 2009). Liquid sodium hypochlorite (50-200 µl/l), when used 

properly, helps ensure washing water quality by inhibiting cross-contamination of pathogens 

among produce. However, chlorine (hypochlorous acid) is often degraded by reaction with 

trace amounts of organic matter (Luo et al., 2011), and high turbidity (which not only 

includes organic matter, but also other suspended matter such as clay, silt, and inorganic 

matter) of water also reduces the efficiency of chlorine disinfection (LeChevallier et al., 

1981), while carcinogenic by-products such as trihalomethanes and haloacetic acids can also 

be generated through these processes (Singer, 1994). Use of chlorine also requires careful 

regulation to the water pH (5.5-6.5). Only at this pH range the water contains the highest 

concentration of hypochlorous acid, responsible for microbial die off while minimizing the 

release of hazardous chlorine gas (Sela and Fallik, 2009).  

Considerable efforts have been devoted to searching for alternatives to liquid chlorine 

disinfectant. With lettuce, chlorine dioxide gas achieved a 4-6 log cfu/g reduction of Listeria 

monocytogenes and E. coli O157:H7 when applied at 3 µl/l for 5 min (Rodgers et al., 2004), 

but its aqueous form was far less effective (<2 log reduction of E. coli O157:H7 at 10.0 µl/l 

for 10 min) (Singh et al., 2002). Peroxyacetic acid (Tsunami® 100) at 80 µl/l, had similar 

antimicrobial activity as chlorine, and is less susceptible to organic matter than chlorine 

(Gonzalez et al., 2004). However, sensory panelists detected the use of peroxyacetic acid on 
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chopped lettuce (Rodgers et al., 2004). Various organic acids (Akbas and Ölmez, 2007), and 

the commercial acid-based disinfectants Citrox 14 W® (contains phenolics and organic acids) 

and Purac® (80% lactic acid) (López-Gálvez et al., 2009) have also been studied, but did not 

achieve the desired 3 log cfu/g reduction of natural or inoculated bacterial populations. 

Essential oils (EOs) are volatile, aromatic, oily liquids derived from various plant 

materials (Carson and Hammer, 2010). Several studies have shown that EOs, particularly 

thyme, cinnamon, and clove, can effectively control food-borne pathogens such as E. coli 

O157:H7, S. enterica Typhimurium, and L. monocytogenes on whole or fresh cut leafy 

greens (Singh et al., 2002; Kim et al., 2011; Ponce et al., 2011; Todd et al., 2013; Yossa et 

al., 2013). Postharvest quality of produce after treatment must be satisfactory to ensure 

adaptation of disinfectants. Documentation of the postharvest effects of EOs is rare, besides 

occasional notes for slight discoloration (Todd et al., 2013) or more lightness (Yossa et al., 

2013). Herbicidal effects of EOs have been reported on pepper (Piper nigrum) and papaya 

(Carica papaya) leaves from a range of EOs, and cinnamon and clove oils are among the oils 

that caused the most severe toxicity (Yulia, 2005). Amri et al. (2013) reviewed herbicidal 

activities from a wide range of monoterpene-based EOs including thymol, the major 

ingredient in thyme oil, and summarized the associated cellular effects on membrane 

integrity, APT production, photosynthesis, and DNA synthesis and mitosis. 

This research evaluated postharvest quality of lettuce after EO treatments. Solubility 

of hydrophobic EOs in water has been a barrier for use of EOs as disinfectants in wash 

solutions. An emulsion system developed by Luo et al. (2014) that uses whey protein or gum 

arabic to emulsify EOs into water at concentrations sufficient to inhibit the growth of S. 

enterica Enteritidis, E. coli O157:H7 and L. monocytogenes (personal communication, Y. 
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Zhang, University of Tennessee) was adopted for this research. During preliminary 

experiments, acute leaf damage was observed after EO treatment on lettuce, leading to the 

investigation of types of leaf damage, the range of conditions where it appeared, and the 

potential causes. The objectives of this research were to 1) qualify and quantify the damage 

from different EOs, concentrations, emulsions, and on different leaf types; 2) identify cellular 

events associated with leaf damage; 3) identify alternative systems (EO delivery, pre-

treatment handling, or other disinfectants) that do not cause leaf damage but have 

antimicrobial potential.  

 

Materials and Methods 

Essential oils and their chemical profiles 

Essential oils were purchased from Sigma-Aldrich (St. Louis, MO). Thyme oil (TO, 

from Thymus vulgaris and/or Thymus zygis, W306509), cinnamon oil (CN, Ceylon leaf type, 

Cinnamomum zeylanicum, W229202), and clove bud oil (CBO, Eugenia spp.W232300) were 

used.  

In order to determine relative amounts and types of the primary compounds in the 

essential oils, each EO in this experiment was analyzed by gas chromatography-mass 

spectrometry (GC-MS) to obtain the exact profiles. A gas chromatograph with an 

autosampler (7890A GC system; Agilent Technologies, Santa Clara, CA) connected to a 

mass selective detector (5975C Inert MSD; Agilent Technologies, Santa Clara, CA) was used 

to carry out the analysis. Each oil sample was diluted 1000 times with hexane and 1 μl was 

injected into the column. A fused silica capillary column (30 m x 0.25 mm, film thickness 

0.25 μm) (HP5-MS; Agilent Technologies, Santa Clara, CA) was used. Helium was the 
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carrier gas at a flow rate of 1.2 mL min-1, and a splitless mode was used. The oven 

temperature was maintained at 60ºC for 2 min, and then increased at a rate of 10ºC min-1 to 

270ºC and maintained at 270ºC for 5 min. The temperature at the injection port was 250ºC. 

The chromatographic effluent was used as a sample inlet for the mass spectrometer. Ion 

source temperature was set at 200ºC. Fragmented ions were separated by the analyzer, 

according to their mass-to-charge ratios. The components of each EO sample were identified 

by comparing the spectra with those of known compounds in the NIST/EPA/NIH Mass 

Spectral Library 2005 (Department of Commerce, Wiley, ISBN-13: 978-0471755951, ISBN-

10: 0471755958, accessed March 2015), and published references (Daferera et al., 2000; 

Arras and Usai, 2001; Hudaib et al., 2002; López et al., 2005; Ayoola et al., 2008; Imelouane 

et al., 2009). 

Treatments and controls 

Each of the EOs: TO, CN, and CBO; were individually dissolved in whey protein or 

gum arabic based emulsions (Luo et al. 2014). Briefly, the oil was dissolved in 3M NaOH as 

a 10% v/v oil solution at 120ºC. It was then added to emulsifier composed of whey protein 

isolate (abbreviated as “WP”; source: BiPRO® Whey Protein Isolate; Davisco Food 

International, Inc., Eden Prairie, MN), or gum arabic (abbreviated as “GA”; source: G9752, 

Sigma-Aldrich), or at 1:1 ratio in weight for a mixture of whey protein and gum arabic 

(WP+GA), to form a final emulsion with 1% v/v oil and 1% w/v emulsifier. The pH of all the 

emulsions was adjusted to 6.7 with citric acid and these emulsions served as EO stock 

emulsions, and were further diluted into 0.5 (pH=6.9), 0.2, 0.1, and 0.05% for treatment 

application. Oil concentrations were chosen based the range of minimum inhibitory 

concentrations (MIC) of each EO dissolved in the emulsifiers for E. coli O157:H7, S. 
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enterica Enteritidis, and L. monocytogenes (Luo et al. 2014, and Y. Zhang and Q. Zhong, 

personal communication). Specifically, in vitro MICs were 0.05% for E. coli O157:H7 and S. 

enterica Enteritidis, and 0.075% for L. monocytogenes. The in vivo MICs of E. coli 

O157:H7, S. enterica Enteritidis, and L. monocytogenes applied to fresh produce were all 

0.2%.  

Various controls were used throughout this experiment. These included chlorinated 

water (abbreviated as “CHL”, 200 µl/l  free chlorine, by dissolving 200 µl/l  sodium 

hydrochloride [Clorox; The Clorox Company, Oakland, CA] and tested for free chlorine 

level with chlorine strips, and pH was adjusted to 7), deionized water (DI), oil-free emulsions 

with 0.5% w/v whey protein at a pH of 6.7 (WP control), or 0.5% w/v gum arabic at a pH of 

6.7 (GA control), or 0.5% w/v 1:1 whey protein and gum arabic at a pH of 6.7 (WP+GA 

control).  

The effect of emulsifiers (WP vs GA) was tested in two experiments during the spring 

2015, one using cut leaves from store-purchased material and the other using fresh-harvested 

whole lettuce leaves. The cut section studies were performed on Mar 30, Apr 6, and Apr 13, 

while the whole leaf field studies took place on Apr 28, May 5, May 13. The same emulsions 

made on Mar 26 were used for both experiments.  

An additional control containing 0.5% Citrox (trade name: ProGardaTM 14WPN-LA; 

Phyto Innovative Products Ltd, Stokelsley, UK) in water (pH=7) was also tested. Citrox is a 

bioflavonoid-containing product derived from citrus fruit that has antimicrobial activity 

against oral microorganisms (Hooper et al., 2011) and food-borne pathogens (P.M. Davidson, 

personal communication). 

Due to significant leaf damage caused by dipping in any of the 0.5% EO emulsions, 
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the effect of deionized water rinsing after EO treatments was evaluated. In this study, CBO 

and CN caused milder damage and were used as EOs for testing. Leaves were dipped in 0.5% 

CBO and CN for 1 min, and immediately rinsed with deionized water for 10 s. The controls 

were CBO and CN at 0.5% without rinsing, together with an oil-free WP emulsion. 

Plant materials 

Romaine lettuce was purchased from local grocery stores in Kannapolis or Raleigh, 

NC between fall 2014 and spring 2015. The first layer of leaves were removed due to 

physical damage, and the rest of leaves with a ≥50% green area from the outer part of a head 

were used for each experiment. Individual leaves from multiple heads were collected and 

randomized to apply treatments on.  

The variation from leaf to leaf on the same head, and leaf to leaf on different heads of 

the same-day store purchase was tested. In this preliminary test, 12 leaves (with more than 

half photosynthetic tissue) from each head, were numbered based on their location in the 

head, and grouped into 4 groups: #1-3, #4-6, #7-9, #10-12. Three leaves in each group was 

assigned randomly to three disinfectant treatments: CBO/WP at 0.5%, CBO/WP at 0.2%, and 

WP oil-free control at 0.5%. Three heads of lettuce were tested from the same store purchase 

as three replications. This study was repeated twice in two different days in January 2016.  

Cut leaves (2.5 x 5.5 cm) was compared to the whole leaves  to determine if the 

former would produce similar results to the latter, which demand more space, time, and plant 

material for experiment. In this preliminary study, 12 leaf cut-sections (top half left side of 

the leaf, greenish tissue) from 12 different leaves of each head, were collected, and compared 

to 12 different whole leaves of each head. From each store purchase, three heads were used 

for each leaf system as three replications. Leaves of two different formats were set up in 
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separated containers but stored in the same condition (4°C storage with RH 90-95%), and 

subjective ratings were both performed after 24 h, using 0-5 scale for the whole leaf, and 0-4 

scale for the cut leaves. It was necessary to use two different scales due to the different sizes 

of leaves (details about different rating scales are discussed in “Application, storage and 

evaluation”).  

After concluding that the cut-leaf is not statistically different from whole leaf in 

response to EOs (Appendix A. Table 2), the cut-sections were again used to compare the 

greenish tissue (from the top half of a leaf) to whitish tissue (from the bottom half of a leaf) 

from the same leaf for their responses to EOs. 

Store-purchased lettuce is available year-round for conducting experiments, but there 

was little information available about the source, cultivar and/or prior postharvest treatment. 

In order to overcome these limitations, fresh romaine lettuce ‘Platinum’ was harvested from a 

commercial farm in Wilson, NC on Apr 28, May 5, and May 13, 2015. Lettuce was brought 

back to the lab in Raleigh, NC within 2 h of harvest while being chilled inside a cooler with 

blue ices (no direct contact between blue ice and leaves), and outer damaged/chlorosis leaves 

(4-6 leaves) were discarded. Damage-free leaves weighing between 15-30 g were used for 

whole leaf evaluation. 

Application, storage and evaluation 

1. Application by dipping  

All leaf samples, besides those for the vapor study, were dipped in test emulsions for 

1 min, then removed and placed on a dish rack inside a 55-L plastic container (59 x 43 x 32 

cm) with the lid closed. To minimize physical damage, no additional steps (eg. shaking, 

spinning, towel drying) were taken to remove excess wetness from the leaf. The relative 
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humidity (RH) in the container was held at 95-100% by placing unscented training pads (Pet 

All Star, All Star Pet Care, Inc. Chicago, IL) moistened with distilled water under the dish 

rack and on the inside of the lid. Containers were stored in 4ºC, with Hobo loggers (U12-011; 

Onset Computer Corporate, Bourne, MA) set to record temperature and RH on an hourly 

basis.  

Leaf damage was evaluated by subjective rating and electrolyte leakage 

measurement. Subjective ratings for whole romaine leaves were done 48 h after treatment 

when symptoms were fully developed. The rating was based on a 0-5 scale (Fig.2.1), in 

which 0= no symptom, 1= <5% damage area, 2= 5-10% damage area, 3= 10-50% damage 

area, 4= 50-90%, and 5= total death (90-100% damage area). 

Subjective ratings for cut romaine micro-leaves were done 24 h after treatment when 

symptoms were fully developed. Leaf sections were rated on a 0-4 scale due to the use of 

smaller leaf section (Fig.2.2), where 0= no symptom, 1= <10% damage area, 2= 10-50% 

damage area, 3= 50-90%, and 4= total death (90-100% damage area). 

Electrolyte leakage (EL) of romaine leaves was measured to quantify leaf membrane 

permeability, following the method of Fan and Sokorai (2005) with some modifications. Leaf 

tissue of 0.2 g was incubated at 25ºC in 10 ml plastic tubes containing 6 ml deionized water. 

During incubation, samples were agitated using a shaker (I 24 Incubator Shaker Series; New 

Brunswick Scientific, Edison, NJ) at a speed of 150 rpm min−1. Electrical conductivity of the 

bathing solution was measured at 1 min (C1) and 60 min (C60) of incubation using a 

conductivity meter (4360 Traceable® Expanded Range Conductivity Meter; Control 

Company, Friendswood, TX). Samples were then autoclaved (121ºC) for 25 min, and total 

conductivity (Ct) of the bathing solution was measured at room temperature. Percentage of 
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total EL of each sample (E) was calculated from the following equation: E = (C60 −C1)/Ct 

×100. 

2. Application by vapor 

To determine if direct EO liquid contact was the cause of leaf damage, a vapor 

delivery system was developed to compare with dipping methods. Two filter papers (VWR 

415, 15 cm diameter) were stacked together and two stacks of these filter papers were placed 

on the bottom of a 14-L plastic container right under the two leaves. Whole romaine leaves 

from a local store were used. Two leaves were placed on a dish rack within each container 

representing two replicates for each treatment. A total of seven treatments consisting of 0.1% 

and 0.5% concentrations of each of the three oils, and one WP control were used. Each 

treatment of 10 ml were soaked into each filter paper stack (each container had two stacks of 

filter papers, with a total of 20 ml of treatment emulsion) to create the vapor environment. 

One Hobo logger was placed in each container to track the temperature and RH condition. 

Leaves were weighed and examined for visual damage in 2-d intervals, and the final visual 

rating for each leaf was performed on day 8 using a 0-5 scale similar to Fig.2.1. 

Experimental design and layout 

Complete factorial arrangements were used in all the experiments. In addition, 

controls of CHL, DI, and emulsions of WP, GA, WP+GA were included. Each treatment had 

two to three replications within each experiment, and three rounds of experiments were 

performed for every study. Since each 55-L container with a dish rack held a maximum of 3 

whole leaves or 18 cut-sections, a complete experiment typically required 3-15 containers. 

The arrangements of leaves with different treatments were completely randomized within 

and across containers, except for the vapor study, where replicated leaves of each EO 
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treatment (type and concentration) were stored together.  

A total of six studies were performed. A summary of the methods for all these 

studies, with details in material, treatment, application, experimental design and evaluation is 

provided in Table 2.1.  

Data analysis  

Analysis of variance (ANOVA) was performed for all the data using SAS PROC 

MIXED with METHOD=TYPE3 (SAS version 9.3; SAS Institute, Inc., Cary, NC). Since 

controls (CHL, DI, WP, GA, or WP+GA) usually had a rating of 0 for leaf damage, all 

controls were excluded from the analysis to create a more normally distributed dataset. The 

normality for the population errors was tested through the PROC UNIVARIATE procedure. 

When the error population was not normally distributed on a histogram, the raw data were 

logarithmically or squared-root transformed, to obtain normality.  

Multiple comparisons were made using Tukey’s Honest Significant Difference 

(HSD), on certain variance components of interest, when the F test for that component was 

significant (p<0.05). Unlike the ANOVAs, control treatments were included in multiple 

comparisons. This was done in order to compare both EO treatments and to compare EO 

treatments with controls.  

 

Results 

Profile of essential oils 

The profiles of the three EO mixtures generated by GC-MS analysis are presented in 

Table 2.2. The major ingredients in CBO were eugenol (81%), and caryophyllene (12.2%), 

with 2 smaller peaks with abundance greater than 1% and less than 10%. Thyme oil 
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contained thymol (42%) and p-cymene (23.3%), and 2 smaller peaks with abundance greater 

than 1% and less than 10%. In CNO, eugenol (54%) was the most abundant peak and 9 

smaller peaks were identified with abundance greater than 1% and less than 10%.  

Essential oil effects on romaine lettuce 

Essential oils caused damage to romaine lettuce, where inner and outer leaves (with 

more than half green area) of the same lettuce head showed a similar response to EOs, and 

heads of lettuce purchased from the same day in the same store were not significantly 

different in their responses to EOs (Appendix A. Table 1). The severity of damage was 

depended on the type of EO and its concentration (Table 2.3A, and 2.8A). This result was 

consistent despite the source of leaves (store-purchased vs field fresh) being used. Regardless 

of EO type, leaf damage was higher when oil concentration was higher. Among EOs, the 

severity of damage was higher for leaves treated with TO than CBO or CN (Table 2.3B, and 

2.8B). At 0.1% and 0.05%, CBO and CN did not cause significant leaf damage, but TO at 

these concentrations was still a concern. Leaf damage from 0.5% of all three EOs was 

described as necrosis and browning, but less noticeable symptoms with glassy spots were 

more common on leaves treated with 0.05 and 0.1% TO (Fig.2.3).  

Rinsing lettuce with deionized water after a 0.5% CBO or CN treatment reduced 

(p>0.05) the severity of damage (Table 2.4A). However, visible damage was still present 

after leaves were rinsed, while leaves that were dipped in WP control did not have any 

visible damage (Table 2.4B).  

The whole leaf and cut-leaf did not show significant difference of leaf damage in 

response to EOs (p>0.05) (Appendix A. Table 2). An interaction between leaf system and EO 

treatment was significant (p=0.02), but this was likely due to the different magnitudes of the 



 
 

112 
 

scales used to evaluate leaf damage under the two systems. Tissue from the greenish (top half 

of a leaf) and whitish (from the bottom half of a leaf) portion of a lettuce leaf had similar 

response to EOs (Table 2.5A).  

Measurement of EL is an indicator of cell membrane permeability. Electrolyte 

leakage ratings followed similar patterns to visual damage across treatments (Tables 2.5A, 

and 2.6A). Leaves treated with 0.5% TO had the highest cell leakage (35.1%), followed by 

treatments such as 0.5% CBO (18.20%), 0.5% CN (16.76%), and 0.1% TO (10.61%). In 

comparison, EO treatments at lower concentrations, as well as the controls (WP or CHL), 

had much lower EL, reaching only 3.6% (Table 2.6B).  

Applying all three EOs as a constant vapor caused damage to lettuce leaves, but only 

when the 0.5% oil rate was used (Table 2.7A). In this experiment, 20 ml of 0.5% of oil 

emulsion applied in a sealed container (14 L), could generate, mathematically, ≤7 µl/m3 air 

space of vaporized oil. Leaf damage was first seen in this atmospheric concentration 2-4 d 

after treatment. In comparison, the application of 0.1% of oil emulsion applied in the same 

way (≤1.4 µl/m3 air space), did not cause any damage. The symptoms from CBO and CN 

vapor were similar to those seen in direct dipping experiments, but symptoms from TO, the 

most damaging treatment (Table 2.7B), were large areas of pink/ transparent spots on both 

photosynthetic and mid-rib leaf sectors (Fig.2.4).  

Whey protein (WP) vs. gum arabic (GA) 

  No leaf damage was observed in either study with the oil-free emulsion controls. 

Thyme oil caused similar incidence of leaf damage regardless of emulsifier. However, 

emulsifier effects on the other two oils differed with studies. In the first study (with 3 

replicated experiments), leaf damage was not effected by emulsions (Table 2.8). In the 
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second study (3 replicated experiments), there was an interaction between emulsifier and EO 

type (Table 2.9). When CBO and CN were emulsified with GA, there was higher leaf 

damage compared to oils emulsified with WP (Fig.2.5).  

Variation among different batches and harvests 

 Significant (p<0.05) effects of experiments occurred across all the studies (Table 

2.3A-2.8A). This suggests that from different harvests for field material, or different store 

purchases (batches) (ie. multiple heads of lettuce used in each experiment were purchased 

from a same day of store purchase), certain factors significantly affected the incidence of leaf 

damage by EO. The possible effect of prior handling of store-purchased lettuce could not be 

determined, but the effect of pre-harvest conditions from lettuce field-harvested locally could 

be explained.  

Lettuce from the third harvest at Wilson, NC on May 13, 2015, had less damage when 

treated with TO than that of the previous two harvests, and damage symptoms were 

minimum or absent from CBO and CN oil emulsified in WP (Fig.2.6). Higher day/night 

temperatures were observed prior to this harvest compared to harvests that were done one 

and two weeks earlier. The average temperature of 7-d prior to harvest of the third harvest 

was 5-10°C higher than the other two harvests, and the maximum day temperature the day 

before the third harvest (May 12, 2015) was 31.2°C, compared with 20.6°C and 27.2°C for 

the first two harvests, respectively (Table 2.10).  

 

Discussion 

Profile of essential oils 

The GC-MS analysis for individual EO provided critical information for further 
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investigation of EO effects on leafy crops, as profiles for the same oils are not always 

consistent in the literature. For example, EOs in this experiment matched with previous 

reports where thymol was the major ingredient for TO, and eugenol was the major ingredient 

for CBO and CN (Daferera et al., 2000; Hudaib et al., 2002; López et al., 2005; Guan et al., 

2007). However, concentrations for individual ingredients could vary significantly depending 

on the source and type of the plants where EO was obtained. For example, Imelouane et al. 

(2009) reported that a thyme oil from Eastern Morocco consisted of 38.54% camphor and 

17.19% camphene, and only 0.24% thymol. Another source of cinnamon oil from Germany 

contained 68.4% trans-cinnamaldehyde and 13.2% limonene, with 4.4% eugenol (Baratta et 

al., 1998). These profiles do not match with the oils used in this experiment.  

Potential of essential oils as washing disinfectants 

The application of EOs on fresh produce is intended for use as antimicrobial 

disinfectants. The minimum inhibitory concentration (MIC) is a parameter widely used to 

determine the lowest amount of EO required to inhibit visible growth of a target 

microorganism (Hammer and Carson, 2011). The in vitro MICs of the three EOs tested were 

around 500-1250 µl/l depending on the targeted microorganisms (Luo et al., 2014). It is 

believed that to achieve similar antimicrobial effect in a real food system, a concentration 

significantly higher than this in vitro MIC value will be required (Davidson et al., 2013). The 

practical range of these three EOs as effective antimicrobials on fresh produce is likely 0.2-

0.5% (Y. Zhang, personal communication). Unfortunately, application of all three oils above 

0.2% failed to retain acceptable postharvest quality for lettuce. Similar results have not been 

reported from previous studies, except occasional notes when slight discoloration (Todd et 

al., 2013) or higher lightness (Yossa et al., 2013) was found on EO treated leaves but not on 
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control treated leaves. In some studies, sensory or color attributes were reported to not differ 

between oil treated lettuce and controls (Kim et al., 2011; Ponce et al., 2011), or leaf quality 

information was not reported (Singh et al., 2002).  

Documentation of handling procedures for EO treated leaves, such as rinsing, 

draining or drying excess water, or postharvest storage conditions is lacking in literature. 

These handling procedures are important steps to be clarified, as the quality and shelf-life of 

produce crops can be significantly altered by these conditions, and the procedures used in the 

experiments must mimic commercial applications in order to provide practical 

recommendations. For example, an additional step of rinsing (with neutralizing buffer) 

before placing leaves in storage would be a challenge in a commercial setting as it could risk 

re-contaminating the sanitized produce (Singh et al., 2002). The significant leaf damage 

found in our experiments, which has not been reported elsewhere, could reflect differences in 

EO source, EO emulsion, and the handling procedures and data collection between this 

research and previous ones. 

We also evaluated leaf damage from EO vapors. Damage observed from direct liquid 

contact and vapor contact was not identical, indicating the interactions between leaf and EO 

molecules in these two systems may not be the same. This could be due to two reasons. First, 

essential oils are complex chemical mixtures and different components will evaporate at 

different rates in a particular system (López et al., 2007). The activity of vaporous oil on the 

leaf might depend on volatility of individual compounds in the mixture. In contrast, the 

interaction between a leaf and a liquid EO emulsion depends on the solubility of compounds 

in the oil, substances that are less volatile and more adherent to the emulsion may have a 

stronger effect through direct liquid contact (Becerril et al., 2007). Second, as an emulsion, 
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the liquid phase (which included water and emulsifier) competes with leaf surface for EO 

compounds, resulting in lower availability of the oil to leaf cells in comparison to vapor EOs 

(Becerril et al., 2007).  

The vapor-phase EOs required a notably longer time (2 d) to cause leaf damage, in 

comparison to the acute, immediate effect of the liquid EOs. To reach a satisfactory 

antimicrobial effect, EO vapor application should conceivably be accomplished before leaf 

damage occurs. A range between 30 min and 24 h was sufficient for EO vapors to reach an 

inhibitory effect in vitro, depending on oil type and microbial species (Frankova et al. 2014). 

Becerill et al. (2007) reported that in vitro the time for vapors of oregano and cinnamon EO 

to kill E. coli ATCC 25922 and Staphylococcus aureus was 120-240 min. Therefore, it may 

be possible to determine exposure times to various vaporous EOs that could produce 

desirable antimicrobial effects without compromising leaf quality. However, since a vapor 

delivery system is different from the washing system, it may require growers to adapt to 

different packing lines, such as an inclusion of a fog tunnel, or the modification of packaging.  

Mechanism of leaf damage  

The leaf damage observed here appeared to be similar to that reported for EOs used 

as herbicides. Phytotoxicity has been shown on pepper (Piper nigrum) and papaya (Carica 

papaya) leaves from a range of EOs, and clove oil was among those that caused the most 

severe toxicity (Yulia, 2005).  

Although the precise mechanism is unclear and was not addressed in this project, all 

three EOs seemed to attack plant cells in a concentration-dependent manner. By combining 

these results with previous reports about herbicidal effects (Yulia, 2005; Amri et al., 2013), 

EOs appear to be wide-spectra stressors to plant leaves which might damage leaf cells by 
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similar mechanisms as they damage microbial pathogens. 

Emulsion stability 

The interaction between EO type and emulsifier could be attributed to the stability of 

emulsions when different emulsifiers and EOs were combined. Particle size is an indicator of 

the stability of oil emulsion. Larger particle size was observed when CBO was emulsified in 

GA (406-550 in Dh) compared to WP (160-204 in Dh) throughout 7-d storage at 21°C (Luo et 

al., 2014). Based on our observations 30 d after emulsions were made, CBO or CN 

emulsified in GA appeared to be less stable than the same oils emulsified in WP, while TO 

emulsified in GA was more stable than CNO or CN in GA (personal communication, Y. 

Zhang, Univ. Tennessee). In addition, occasional oil droplets were observed in GA 

emulsified emulsions after 30 d. No information on the shelf-life of essential oil emulsions 

beyond 7 d was found in the literature. Data from this experiment indicated GA emulsified 

EOs have a relatively short shelf-life, which could be a significant concern for industry 

usage.  

Variations of leaf response to essential oils 

 Throughout these experiments, variation in leaf damage was seen among leaves 

purchased or harvested at different times. With the same EO and the same concentrations, 

damage could be very severe in some experiments, and very low in other experiments. On 

the contrary, within each experiment when materials were from the same harvest or same 

store shipment, variations from head to head were minimal. In addition, variations for 

different tissues of the same lettuce, from inner leaves or outer leaves, green tissue or white 

tissue, were also minimal.  

The conditions for plants harvested in the field were reviewed, revealing that the field 
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temperatures prior to the third harvest, where less leaf damage was seen, were higher than the 

previous two (Table 2.11). The maximum day temperature the day before the third harvest 

(May 12, 2015) was 31.2°C, much higher than the optimal growing temperature for romaine 

lettuce (15 to 18°C, Sanders, 2001). This suggests that higher temperatures in the days before 

harvest may help protect the plants from postharvest stresses such as essential oils.    

   

Summary 

This paper describes the response of romaine lettuce leaves to EOs. Despite the good 

antimicrobial effects of EOs, acute leaf damage occurred in a concentration-dependent 

manner. Use of EOs on these crops through postharvest washing is not currently advised. 

However, the potential of using vaporous EO requires further investigation. 
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Fig.2.1. Subjective rating scale (0-5) for damage of whole leaf romaine lettuce after dipping 

in essential oils: 0= no symptom, 1= <5% damage area, 2= 5-10% damage area, 3= 10-50% 

damage area, 4= 50-90%, and 5= total death (90-100% damage area).
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Fig.2.2. Subjective rating scale (0-4) for damage of cut romaine lettuce after dipping in 

essential oils: 0= no symptom, 1= <10% damage area, 2= 10-50% damage area, 3= 50-90% 

damage area, 4= total death (90-100% damage area).  
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Fig.2.3. Glassy spot symptoms from romaine lettuce dipped in 0.05% and 0.1% of thyme oil 

emulsified in whey protein emulsion. Romaine lettuce was store purchased and pictures were 

obtained through dissecting microscope.
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Fig.2.4. Symptoms of romaine lettuce after 7-d storage in a sealed container with 0.5% thyme 

oil that generates vapor for a concentration mathematically equaled to 7 µl/m3. 
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Fig.2.5. Leaf damage (based on 0-5 scale) for field-harvested romaine lettuce dipped in 0.2% 

essential oils emulsified in different emulsion systems. Multiple comparisons were made across 

all treatments using Tukey HSD and same letters indicated treatments were not significantly 

different at p=0.05.  

z WP = whey protein emulsion, GA=gum arabic emulsion, WP+GA= 1:1 (w/v) ratio whey 

protein and gum arabic emulsion. 
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Fig.2.6. Subjective rating (0-5) of leaf damage 48 h after romaine lettuce whole leaves were 

dipped in essential oils and oil-free controls with different emulsifiers for 1 min. The romaine 

lettuce cultivar ‘Platinum’ was harvested on April 28, May 5, and May 13, 2015 from a 

commercial farm in Wilson, NC. Error bars represented 95% confident interval of the 

lsmeans.  

Abbreviation: WP = whey protein emulsion, GA=gum arabic emulsion, WP+GA= 1:1 (w/v) 

ratio whey protein and gum arabic emulsion. 
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Table 2.1. Summary of methods for all studies performed to evaluate essential oil induced leafy green damage.  

 z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil, CHL=chlorinated water with 200 µl/l  free chlorine with pH=7, 

DI=deionized water, WP = whey protein emulsion, GA=gum arabic emulsion, WP+GA= 1:1 (w/v) ratio whey protein and gum 

arabic emulsion. 

Exp. Year Plant 

Mat. 

Src Leaf 

system 

Appl. Treatments Arrangement , # leaves per trt., total # leaves 

used, layout 

Total 

exp. 

round 

Evaluation 

EO, 

emulsions 

and conc. 

Controls 

1 Fall 

2014 

Romain

e 

Lettuce  

Store Whole 

leaf 

Dip 

for 1 

min 

TO, CN, CBO 

in WP at 0.05, 

0.1, 0.5% 

WP at 

0.5% and 

CHL 

3 x 3 

factorial plus 

2 controls 

2 (3 x 

3+2) 

x 

2=22 

completely 

randomize 

3 0-5 scale 

after 48 h 

2 Fall 

2014 

R. 

Lettuce  

Store Whole 

leaf 

Dip 

for 1 

min 

CN and CBO 

in WP at 0.5% 

w/wo rinse 

with DI 

WP at 

0.5% 

2 x 2 

factorial plus 

1 control 

3 (2 x 2 

+1) x 

3=15 

completely 

randomize 

3 0-5 scale 

after 48 h 

3 Fall 

2014 

R. 

Lettuce  

Store Cut 

sections, 

green vs 

white 

tissue 

Dip 

for 1 

min 

TO, CN, CBO 

in WP at 0.05, 

0.1, 0.5% 

WP at 

0.5% and 

CHL 

3 x 3 x 2 

factorial plus 

2 controls x 

2 leaf 

locations 

2 (3 x 3 

x 2 

+2 x 

2) x 

2=44 

completely 

randomize 

3 0-4 scale 

after 24 h, 

electrolyte 

leakage 

4 Fall 

2014 

R. 

Lettuce  

Store Whole 

leaf 

Vapor 

throug

hout 

TO, CN, CBO 

in WP at 0.1 

and 0.5% 

WP at 

0.5% 

3 x 2 

factorial plus 

1 control 

2 (3 x 2 

+1) x 

2=14 

treatment by 

container 

3 0-5 scale 

and weight 

every 2 d till 

7 d. 

5 Spr 

2015 

R. 

Lettuce  

Store Cut 

sections 

Dip 

for 1 

min 

TO, CN, CBO 

in WP, GA, 

and GA+WP 

at 0.05, 0.1, 

0.5% 

WP, GA, 

WP+GA 

at 0.5% 

3 x 3 x 3 

factorial plus 

3 controls at 

0.5% 

2 (3 x 3 

x 3 + 

3) x 

2=60 

completely 

randomize 

3 0-4 scale 

after 24 h 

6 Spr 

2015 

R. 

Lettuce  

Fresh 

field 

harves

t 

Whole 

leaf 

Dippin

g for 1 

min 

TO, CN, CBO 

in WP, GA, 

and GA+WP 

at 0.2% 

WP, GA, 

WP+GA 

at 0.2%, 

DI, CHL, 

citrox at 

0.5% 

3 x 3 x 1 

factorial plus 

6 controls 

3 (3 x 3 

x 1 

+6)=

45 

completely 

randomize 

3 0-5 scale 

after 48 h 
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Table 2.2. Identification of compounds from clove bud oil, thyme oil, and cinnamon oil 

(Sigma-Aldrich, St. Louis, MO) using gas chromatography-mass spectrometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

z Only peaks with more than 1% of total area were included in this table. 

 

Sample  
Peak 

# z 

Retention 

time (min) 

Percentage 

(%) 
Compound ID 

Clove bud oil 1 16.9 80.5 Eugenol 

 2 18.4 12.2 Caryophyllene 

 4 19.4 2.4 α-Caryophyllene 

 7 21.8 2.3 Eugenol acetate 

     

Thyme oil  2 5.4 1.5 β-Myrcene 

 4 6.3 23.3 p-cymene 

 5 6.4 4.9 1,8-cineole 

 6 7.1 7.9 ϒ-Terpinene 

 8 8.4 6.8 Linalool 

 9 9.7 2.1 Camphor 

 11 10.4 1.4 Borneol 

 12 10.7  1.1 Terpinen-4-ol 

 13 14.9 42.1 Thymol 

 14 15.1 4.5 Carvacrol 

 17 23.3 1.9 Caryophyllene oxide 

     

Cinnamon oil  13 8.4 1.6 Linalool 

 21 14.3 1.4 Unknown 

 26 16.9 54.2 Eugenol 

 30 18.4 2.9 Caryophyllene 

 32 19.3 2.0 Cinnamyl acetate 

 38 21.5 2.7 Unknown 

 39 21.8 2.0 Unknown 

 43 23.2 1.2 Unknown 

 48 26.2 5.3 Benzyl benzoate 

 53 28.4 2.8 Unknown 



 
 

132 
 

Table 2.3. Analysis of variance (A) and multiple comparisons (B) of subjective rating (0-5) of damage for romaine lettuce whole 

leaves treated with different types of essential oils and at different concentrations.  

 

2.3A. Analysis of variance of subjective rating scores for romaine lettuce 

z The model includes type of essential oil (EO), the concentration of essential oil (conc), and interaction of EO x conc as fixed 

effects. Random effects were different rounds of experiment (round), and round x EO x conc.

Source z df Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

df 

F value P > F 

EO 2 41.81 20.91 Var(resid) + 2 

Var(round*EO*conc) + Q(EO, 

EO*conc) 

MS(round*EO*conc) 16 14.43 0.0003 

Conc 2 110.26 55.13 Var(resid) + 2 

Var(round*EO*conc) + Q(conc, 

EO*conc) 

MS(round*EO*conc) 16 38.04 <.0001 

EO*conc 4 1.30 0.32 Var(resid) + 2 

Var(round*EO*conc) + 

Q(EO*conc) 

MS(round*EO*conc) 16 0.22 0.9212 

Round 2 12.48 6.24 Var(resid) + 2 

Var(round*EO*conc) + 18 

Var(round) 

MS(round*EO*conc) 16 4.31 0.0319 

Round*EO*

conc 

16 23.19 1.45 Var(resid) + 2 

Var(round*EO*conc) 

MS(resid) 27 3.91 0.0009 

Resid 35 24.15 0.69 Var(resid) . . . . 
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Table 2.3 Continued 

2.3B. Multiple comparisons among treatments for leaf subjective rating 

 

 

 

 

 

 

 

 

 

 

 

 

z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil, CHL = chlorinated water, WP = oil-free whey protein emulsion. 
y LS-means with the same letter were not significantly different (p=0.05) using Tukey’s HSD. 

Treatment z  Conc. Subjective rating (0-5) y 

TO  0.5% 5.0 a 

CBO 0.5% 3.2 ab 

CN 0.5% 2.7 ab 

TO 0.1% 2.0 bc 

TO 0.05% 1.5 bc 

CBO 0.1% 0.0 c 

CBO 0.05% 0.0 c 

CN 0.1% 0.0 c 

CN 0.05% 0.0 c 

CHL (Control) 200 µl/l  0.0 c 

WP (Control) 0.5% 0.0 c 
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Table 2.4. Analysis of variance (A) and multiple comparisons (B) for subjective rating (0-5) of damage for romaine lettuce treated 

with clove bud oil and cinnamon oil at 0.5% and with/without rinsing with deionized water.  

 

2.4A. Analysis of variance for subjective rating scores of romaine lettuce 

 

 
 

 

 

 

 

 

 

 

z Fixed effects were the type of essential oil (EO), the addition of rinsing (rinse), and interaction of EO x rinse. Random effects 

were different rounds of experiment (round), round x EO, and round x conc. 

Source z df Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

df 

F 

value 

P> F 

EO 1 0.17 0.17 Var(resid) + 6 

Var(round*EO) + Q(EO, 

rinse*EO) 

MS(round*EO) 2 3.57 0.1994 

Rinse 1 37.01 37.01 Var(resid) + 6 

Var(round*rinse) + Q(rinse, 

rinse*EO) 

MS(round*rinse) 2 15.27 0.0597 

EO*rinse 1 0.34 0.34 Var(resid) + Q(rinse*EO) MS(resid) 26 0.91 0.3499 

Round 2 6.51 3.26 Var(Resid) + 6 

Var(round*rinse) + 6 

Var(round*EO) + 12 

Var(round) 

MS(round*EO) + 

MS(round*rinse) - 

MS(resid) 

1.49 1.55 0.4317 

Round*EO 2 0.10 0.05 Var(resid) + 6 

Var(round*EO) 

MS(resid) 26 0.13 0.8791 

Round*rinse 2 4.85 2.42 Var(resid) + 6 

Var(round*rinse) 

MS(resid) 26 6.45 0.0053 

Resid 26 9.76 0.38 Var(resid) . 2 3.57 0.1994 
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Table 2.4 Continued 

2.4B. Multiple comparisons among treatments for leaf subjective rating 

 

 

 
 

 

 

 

z CBO = clove bud oil, CN = cinnamon oil, WP = oil-free whey protein emulsion. 

y LS-means with the same letter were not significantly different (p=0.05) using Tukey’s HSD. 

Treatment z Rinse  Subjective rating (0-5) y 

CBO 0.5% No 3.0 a 

CBO 0.5% Yes 1.2 b 

CN 0.5 % No 3.1 a 

CN 0.5% Yes 0.8 b 

WP 0.5% (Control) No 0.0 b 
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Table 2.5. Analysis of variance (A) and multiple comparisons (B) for subjective rating (0-4) of damage on romaine lettuce cut-

section (2.5 x 5.5 cm) treated with different types of essential oils and at different concentrations.  

 

2.5A. Analysis of variance for subjective rating of romaine lettuce 

 

 

 

 

 

 

 

 

 

 

z The statistical model used the type of essential oil (EO), the concentration of essential oil (conc), the interaction of EO x conc, 

and the tissue type (white vs green, labeled as “tissue”) as fixed effects. Random effects were different rounds of experiment 

(round), round x EO x conc, and round x tissue. 

Source z df Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

df 

F value P> F 

EO 2 34.67 17.34 Var(resid) + 4 

Var(round*EO*conc) + Q(EO, 

EO*conc) 

MS(round*EO*con

c) 

16 12.23 0.0006 

Conc 2 87.62 43.81 Var(resid) + 4 

Var(round*EO*conc) + Q(conc, 

EO*conc) 

MS(round*EO*con

c) 

16 30.91 <.0001 

EO*conc 4 5.15 1.29 Var(resid) + 4 

Var(round*EO*conc) + 

Q(EO*conc) 

MS(round*EO*con

c) 

16 0.91 0.4827 

Tissue 1 1.02 1.02 Var(resid) + 18 Var(round*tissue) + 

Q(tissue) 

MS(round*tissue) 2 0.54 0.5381 

Round 2 4.45 2.22 Var(resid) + 18 Var(round*tissue) + 

4 Var(round*EO*conc) + 36 

Var(round) 

MS(round*EO*con

c) + 

MS(round*tissue) - 

MS(resid) 

4.88 0.73 0.5277 

Round*E

O*conc 

16 22.68 1.42 Var(resid) + 4 

Var(round*EO*conc) 

MS(resid) 78 5.55 <.0001 

Round*tis

sue 

2 3.76 1.88 Var(resid) + 18 Var(round*tissue) MS(resid) 78 7.38 0.0012 

Resid 78 19.90 0.26 Var(resid) . . . . 
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Table 2.5 Continued 

2.5B. Multiple comparisons among treatments for leaf subjective rating 

Treatment z Conc. Subjective rating (0-4) y 

TO 0.5% 3.5 a 

CBO  0.5% 1.7 b 

CN 0.5% 1.7 b 

TO 0.1% 1.1 bc 

TO 0.05% 0.8 bc 

CBO 0.1% 0.1 bc 

CN 0.05% 0.1 bc 

CBO 0.05% 0.1 bc 

WP (control) 0.5% 0.1 bc 

CN 0.1% 0.0 c 

CHL (control) 200 µl/l  0.0 c 
 

z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil, CHL = chlorinated water, WP = oil-free whey protein emulsion. 
y Dada combined two tissue types treated with the same oil and concentration, as there was not a significant effect of tissue type. 

LS-means with the same letter were not significantly different (p =0.05) by Tukey’s HSD. 
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Table 2.6. Analysis of variance (A) and multiple comparisons (B) for electrolyte leakage of romaine lettuce cut-section (2.5 x 5.5 

cm) treated with different essential oils at different concentrations.  

  

2.6A. Analysis of variance for electrolyte leakage of romaine lettuce 

 
Source z df Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

df 

F value P> F 

EO 2 10.36 5.18 Var(resid) + 4 

Var(round*EO*conc) + 

Q(EO, EO*conc) 

MS(round*EO*conc) 16 5.75 0.0131 

Conc 2 97.52 48.76 Var(resid) + 4 

Var(round*EO*conc) + 

Q(conc, EO*conc) 

MS(round*EO*conc) 16 54.17 <.0001 

EO*conc 4 0.83 0.21 Var(resid) + 4 

Var(round*EO*conc) + 

Q(EO*conc) 

MS(round*EO*conc) 16 0.23 0.9178 

Tissue 1 0.10 0.10 Var(resid) + 18 

Var(round*tissue) + 

Q(tissue) 

MS(round*tissue) 2 0.43 0.5778 

Round 2 7.12 3.56 Var(resid) + 18 

Var(round*tissue) + 4 

Var(round*EO*conc) + 36 

Var(round) 

MS(round*EO*conc) + 

MS(round*tissue) - 

MS(resid) 

12.70 3.61 0.0575 

Round*EO*conc 16 14.40 0.90 Var(resid) + 4 

Var(round*EO*conc) 

MS(resid) 78 6.41 <.0001 

Round*tissue 2 0.45 0.23 Var(resid) + 18 

Var(round*tissue) 

MS(resid) 78 1.62 0.2047 

Resid 78 10.95 0.14 Var(resid)  . .  . . 

 
z Raw data did not follow normal distribution. To meet the assumption for PROC MIXED analysis, data received logarithmic 

transformation before analysis, but values for electrolyte leakage reported in Table 6B were based on the calculation from raw 

data. In the model, fixed effects were the type of essential oil (EO), the concentration of essential oil (conc), the interaction of EO 

x conc, and tissue type (white vs green, labeled as “tissue”). Random effects were different rounds of experiment (round), round x 

EO x conc, and round x tissue.
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Table 2.6 Continued 

2.6B. Multiple comparisons among treatments on electrolyte leakage of romaine lettuce 

 
Treatment z Conc.  Electrolyte leakage (%) y 

TO 0.5% 35.14 a 

CBO  0.5% 18.20 ab 

CN 0.5% 16.76 ab 

TO 0.1% 10.61 bc 

TO 0.05% 3.64 c 

CBO 0.1% 3.41 c 

WP (control) 0.5% 3.07 c 

CN 0.1% 2.38 c 

CHL(control) 200 µl/l  2.19 c 

CBO 0.05% 2.18 c 

CN 0.05% 2.14 c 
 

z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil, CHL = chlorinated water, WP = oil-free whey protein emulsion. 
y Electrolyte leakage refers to percentage of leakage in 60 mins out of total electrolyte leakage (after autoclave). Dada combined 

two tissue types treated with the same oil and concentration, as there was not an effect or interaction associated with leaf tissue 

type. LS-means with the same letter were not significantly different (p =0.05) using Tukey’s HSD.
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Table 2.7. Analysis of variance (A) and multiple comparisons (B) for subjective rating (0-5) of damage from romaine lettuce 

whole leaf after treated with essential oil vapors.  

 

2.7A. Analysis of variance for subjective rating of romaine lettuce 

 

 

 

 

 

 

 

 

 

 

z Raw data did not follow normal distribution. To meet the assumption for PROC MIXED analysis, data received squared-root 

transformation before analysis, but values for subjective rating reported in Table 7B were based on the calculation of raw data. In 

the model, fixed effects were the type of essential oil (EO), the concentration of essential oil (conc), and the interaction of EO x 

conc. Random effects were different rounds of experiment (round), and round x EO x conc.

Source z df Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

df 

F value P> F 

EO 2 0.90 0.45 Var(resid) + 2 

Var(round*EO*conc) + 

Q(EO, EO*conc) 

MS(round*EO*conc) 10 3.23 0.0827 

Conc 1 18.23 18.23 Var(resid) + 2 

Var(round*EO*conc) + 

Q(conc, EO*conc) 

MS(round*EO*conc) 10 131.12 <.0001 

EO*conc 2 0.84 0.42 Var(resid) + 2 

Var(round*EO*conc) + 

Q(EO*conc) 

MS(round*EO*conc) 10 3.02 0.0942 

Round 2 0.29 0.14 Var(resid) + 2 

Var(round*EO*conc) + 

12 Var(round) 

MS(round*EO*conc) 10 1.03 0.393 

Round*EO*conc 10 1.39 0.14 Var(resid) + 2 

Var(round*EO*conc) 

MS(resid) 18 4.49 0.0028 

Resid  18 0.56 0.03 Var(resid) . . . . 
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Table 2.7 Continued 

2.7B. Multiple comparisons among treatments on subjective rating of romaine lettuce 

 

 

 

 

 

 

 

z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil, WP = oil-free whey protein emulsion. 
y LS-means with the same letter were not significantly different (p=0.05) using Tukey’s HSD.

Treatment z Conc. % Subjective rating (0-5) y 

TO 0.5 3.5 a 

CBO 0.5 2.3 ab 

CN 0.5 1.2 b 

CBO 0.1 0.1 c 

CN 0.1 0.0 c 

TO 0.1 0.0 c 

WP (control) 0.5 0.0 c 
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Table 2.8. Analysis of variance (A) and multiple comparisons (B) among treatments for store-bought romaine lettuce leaf damage 

from essential oils emulsified in different emulsion systems and at different concentration.  

 

2.8A. Analysis of variance for subjective ratings of romaine lettuce 

 

Source z  DF Sum of 

squares 

Mean 

square 

Expected mean square Error term Erro

r DF 

F value Pr > F 

EO 2 197.15 98.57 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(EO, EO*conc, EO*emul) 

MS(round*EO*conc

*emul) 

60 75.26 <.0001 

Conc 2 108.33 54.17 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(conc, EO*conc, conc*emul) 

MS(round*EO*conc

*emul) 

60 41.36 <.0001 

EO*conc 4 16.74 4.19 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(EO*conc) 

MS(round*EO*conc

*emul) 

60 3.2 0.0191 

Emul 2 0.58 0.29 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(emul, EO*emul, conc*emul) 

MS(round*EO*conc

*emul) 

60 0.22 0.801 

EO*emul 4 1.55 0.39 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(EO*emul) 

MS(round*EO*conc

*emul) 

60 0.3 0.88 

Conc*emul 4 2.03 0.51 Var(resid) + 2 

Var(round*EO*conc*emul) + 

Q(conc*emul) 

MS(round*EO*conc

*emul) 

60 0.39 0.8171 

Round 2 1.81 0.91 Var(resid) + 2 

Var(round*EO*conc*emul) + 

54 Var(round) 

MS(round*EO*conc

*emul) 

60 0.69 0.5041 

Round*EO

*conc*emul 

60 78.58 1.31 Var(resid) + 2 

Var(round*EO*conc*emul) 

MS(resid) 81 4.51 <.0001 

Resid 81 23.5 0.29 Var(resid) . . . . 

z Fixed effects were the type of essential oil (EO), the concentration of essential oil (conc), the emulsion (emul), and the interaction 

of EO x conc, EO x emul, and emul x conc. Random effects were different rounds of experiment (round), and round x EO x conc x 

emul. 
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Table 2.8 Continued 

2.8B. Multiple comparisons among treatments of subjective scores of romaine leaf 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

z TO = thyme oil, CBO = clove bud oil, CN = cinnamon oil. Wax = three oil-free emulsion combined (whey protein, gum arabic, 

and 1:1 whey protein and gum arabic). Same essential oil emulsified in different emulsifiers were combined because there was no 

effect associated with emulsion (emul, emul x EO) in Table 9A. 
y LS-means with the same letter were not significantly different (p=0.05) using Tukey’s HSD. 

Treatment z Conc % Leaf damage (0-5) y 

TO 0.5 4.0 a 

TO 0.1 3.4 ab 

CBO 0.5 2.4 abc 

TO 0.05 1.8 bcd 

CN 0.5 1.6 bcd 

CBO 0.1 0.3 cd 

CBO 0.05 0.3 d 

CN 0.1 0.1 d 

CN 0.05 0.0 d 

Wax (Oil-free 

Controls) 

0.5 0.0 d 
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Table 2.9. Analysis of variance for subjective rating (0-5) of leaf damage from fresh harvested romaine lettuce dipped in essential 

oils emulsified in different emulsion systems at 0.2%. Romaine lettuce ‘Platinum’ was harvested from a commercial farm in 

Wilson, NC on April 28, May 5, May 13, 2015.  

 
 

 

 

 

 

 

 

 

 

 

 

z Fixed effects were the type of essential oil (EO), the emulsion (emul), and the interaction of EO x emul. Random effects were 

different rounds of experiment (round), and round x EO x emul. 

Source z DF Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

DF 

F value Pr > F 

EO 2 132.27 66.13 Var(resid) + 3 

Var(round*EO*emul) + 

Q(EO,  EO*emul) 

MS(round*E

O*emul) 

16 148.54 <.0001 

Emul 2 7.23 3.61 Var(resid) + 3 

Var(round*EO*emul) + 

Q(emul,EO*emul) 

MS(round*E

O*emul) 

16 8.12 0.0037 

EO*emul 4 6.57 1.64 Var(resid) + 3 

Var(round*EO*emul) + 

Q(EO*emul) 

MS(round*E

O*emul) 

16 3.69 0.026 

Round 2 3.88 1.94 Var(resid) + 3 

Var(round*EO*emul) + 27 

Var(round) 

MS(round*E

O*emul) 

16 4.35 0.0309 

Round*EO*e

mul 

16 7.12 0.45 Var(resid) + 3 

Var(round*EO*emul) 

MS(resid) 54 0.9 0.5772 

Resid 54 26.83 0.50 Var(resid) . . . . 
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Table 2.10. Weather conditions from Wilson, NC during harvest season of romaine lettuce in 

spring 2015 (Data obtained from State Climate Office of North Carolina). Lettuce were 

harvested on April 28, May 5, and May 13, 2015. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date  Avg. 

Temperature  

(°C) 

Max 

Temperature 

(°C) 

Min 

Temperature 

(°C) 

Daily 

Precipitation 

(cm) 

4/22 16.9 25.6 8.3 0 

4/23 14.7 20 9.4 0 

4/24 12.8 19.4 6.1 0 

4/25 11.1 14.4 7.8 0.36 

4/26 10.3 12.8 7.8 0 

4/27 13.1 20.6 5.6 0 

4/28 13.6 20.6 6.7 0 

7-d average prior 

to harvest 1 

13.2 19.1 7.4 0.05 

4/29 14.7 21.7 7.8 0.05 

4/30 14.2 16.7 11.7 1.02 

5/1 11.9 15 8.9 1.68 

5/2 15.3 21.7 8.9 0 

5/3 17.2 26.1 8.3 0 

5/4 18.9 27.2 10.6 0 

5/5 20.6 27.2 13.9 0 

7-d average prior 

to harvest 2 

16.1 22.2 10.0 0.38 

5/7 21.4 27.8 15 0 

5/8 20.8 26.1 15.6 0.03 

5/9 23.3 27.8 18.9 0.79 

5/10 23.3 27.8 18.9 3.20 

5/11 24.7 29.4 20 0.84 

5/12 25.6 31.1 20 0 

5/13 22.2 27.2 17.2 0 

7-d average  

prior to harvest 3 

23.0 28.2 17.9 0.69 
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APPENDIX A. 

Appendix A. Table 1. Leaf to leaf, and head to head variations in romaine lettuce in response to essential oil disinfectants.  

z Fixed effects were the the concentration of essential oil (trt), the location of leaf on a head (leaf_loc), and the interaction of trt x 

leaf_loc. Random effects were different rounds of experiment (round), different heads of lettuce nested in round (head(round)), trt 

x round, leaf_loc x round, head (round) x trt, head (round) x leaf_loc.

Source z DF Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

DF 

F 

value 

Pr > 

F 

Trt 2 78.78 39.39 Var(resid) + 4 Var(round*head*trt) + 12 

Var(round*trt) + Q(trt,leaf_loc*trt) 

MS(round*trt) 2 44.31 0.0221 

Leaf_loc 3 2.11 0.70 Var(resid) + 3 Var(Round*leaf_loc*head) + 9 

Var(round*leaf_loc) + 

Q(leaf_loc,leaf_loc*trt) 

MS(round*leaf_loc) 3 7.6 0.0649 

Leaf_loc*trt 6 1.22 0.20 Var(resid) + Q(leaf_loc*trt) MS(resid) 30 1.2 0.3355 

Round 1 0.06 0.06 Var(resid) + 3 Var(round*leaf_loc*head) + 4 

Var(round*head*trt) + 12 Var(round*trt) + 12 

Var(round*head) + 9 Var(round*leaf_loc) + 

36 Var(round) 

MS(round*leaf_loc) + 

MS(round*head) + 

MS(round*trt) - 

MS(round*head*trt) - 

MS(round*leaf_loc*head) 

3.31 0.04 0.8502 

Round*leaf_loc 3 0.28 0.09 Var(resid) + 3 Var(round*leaf_loc*head) + 9 

Var(round*leaf_loc) 

MS(round*leaf_loc*head) 12 0.63 0.6124 

Head (round) 4 2.89 0.72 Var(resid) + 3 Var(round*leaf_loc*head) + 4 

Var(round*head*trt) + 12 Var(round*head) 

MS(round*head*trt) + 

MS(round*leaf_loc*head) 

- MS(resid) 

4.46 3.61 0.108 

Round*trt 2 1.78 0.89 Var(resid) + 4 Var(round*head*trt) + 12 

Var(round*trt) 

MS(round*head*trt) 8 4 0.0625 

Head (round)*trt 8 1.78 0.22 Var(resid) + 4 Var(round*head*trt) MS(resid) 30 1.3 0.279 

Head 

(round)*leaf_loc 

12 1.78 0.15 Var(resid) + 3 Var(round*leaf_loc*head) MS(resid) 30 0.87 0.5844 

Resid. 30 5.11 0.17 Var(resid) . 2 44.31 . 
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Appendix A. Table 2. Comparison of whole leaf system and cut leaf system of romaine lettuce in response to essential oils. 

 

z Fixed effects were the the concentration of essential oil (trt), the evaluation system (whole leaf vs micro-section, “sys”), and the 

interaction of trt x sys. Random effects were different rounds of experiment (round), different heads of lettuce nested in round 

(head (round)), trt x round, sys x round, round x trt x sys, head (round) x trt, head (round) x sys.

Source z DF Sum of 

squares 

Mean 

square 

Expected mean square Error term Error 

DF 

F 

value 

Pr > F 

Trt 2 45.76 22.8778 Var(resid) + 13.333 Var(round*sys*trt) + 8.8889 

Var(round*head*trt) + 26.667 Var(round*trt) + 

Q(trt,sys*trt) 

MS(round*trt) 2 81.47 0.0121 

System (sys) 1 3.87 3.872041 Var(resid) + 13.333 Var(round*sys*head) + 

13.333 Var(round*sys*trt) + 40 

Var(Round*System) + Q(sys,sys*trt) 

MS(round*sys) 1 28.2 0.1185 

Sys*trt 2 1.71 0.853277 Var(resid) + 13.333 Var(round*sys*trt) + 

Q(sys*trt) 

MS(round*sys*trt) 2 34.84 0.0279 

Round 1 0 0 Var(resid) + 13.333 Var(round*sys*head) + 

13.333 Var(round*sys*trt) + 8.8889 

Var(round*head*trt) + 26.667 Var(round*trt) + 

26.667 Var(round*head) + 40 Var(round*sys) + 

80 Var(round) 

MS(round*sys) + 

MS(round*head) + MS(round*trt) 

- 0.9877 MS(round*head*trt) - 

MS(round*sys*trt) - 

MS(round*sys*head) + 0.9877 

MS(resid) 

0.69 0 0.9965 

Round*sys 1 0.14 0.14 Var(resid) + 13.333 Var(round*sys*head) + 

13.333 Var(round*sys*trt) + 40 Var(round*sys) 

MS(round*sys*trt) + 

MS(round*sys*head) - MS(resid) 

2.13 0.85 0.4476 

Head (round) 4 0.44 0.12 Var(resid) + 13.333 Var(round*sys*head) + 

8.8889 Var(round*head*trt) + 26.667 

Var(round*head) 

0.9877 MS(round*head*trt) + 

MS(round*sys*head) - 0.9877 

MS(resid) 

5.32 0.4 0.804 

Round*trt 2 0.56 0.28 Var(resid) + 13.333 Var(round*sys*trt) + 8.8889 

Var(round*head*trt) + 26.667 Var(round*trt) 

0.9877 MS(round*head*trt) + 

MS(round*sys*trt) - 0.9877 

MS(resid) 

2.49 3.42 0.193 

Head (round) 

*trt 

8 1.11 0.14 Var(resid) + 9 Var(round*head*trt) MS(resid) 134 1.72 0.0984 

Round*sys*trt 2 0.05 0.02 Var(resid) + 13.333 Var(round*sys*trt) MS(resid) 134 0.3 0.7388 

Head (round) 

*sys 

4 0.87 0.22 Var(resid) + 13.333 Var(round*sys*head) MS(resid) 134 2.69 0.034 

Resid. 134 10.82 0.08 Var(resid) . . . . 
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Chapter III. Tomato Postharvest Quality in Response to Essential Oil dips 

 

Abstract 

Essential oils (EOs), which are natural volatile compounds derived from plants, have 

demonstrated antimicrobial effects on a wide range of bacteria and fungi, but their potential 

for practical application in postharvest washing has not been well assessed. In this study, we 

evaluated the postharvest quality of tomatoes in response to EO applications. Tomatoes 

(Solanum lycopersicum, varieties ‘Mountain Magic’ and ‘Mountain Belle’) harvested at the 

“breaker” to “pink” stage dipped in whey protein emulsion containing 0.5% of cinnamon leaf 

oil, thyme oil and clove bud oil, respectively, with deionized water, 200 µl/l chlorine, and 

oil-free emulsion as controls. After treatment, fruits were stored at different temperatures 

including 1) 20ºC for 10 days; 2) 4ºC for 7 days (stress treatment) followed by 20ºC for 3 

days; and 3) 13ºC for 21 days (commercial treatment). Weight loss, firmness, surface color, 

and surface defects were measured repeatedly, and compositional analysis of pH, soluble 

solids content, lycopene, and total vitamin C were determined on subsamples throughout the 

storage periods. Tomatoes treated with cinnamon or clove oil were visually less red 

supported by the slightly lower color indices of a*, b*, and chroma than control fruits. Scald, 

pitting, and pale color was observed from ‘Mountain Belle’ fruits in three out of four 

harvests, but clove and cinnamon oil treatments with cold storage increased damage in only 

one harvest. Results of this study indicate that application of EOs to tomatoes through a 

postharvest dip was generally not different from chlorine disinfection on postharvest quality, 

but effects of variety, low temperature storage, and low field temperature may interact with 

EOs containing eugenol, and cause damage on tomato fruits occasionally.  
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Introduction  

Fresh-market tomatoes are grown in every state in the U.S., with commercial 

production in about 20 states (USDA-ERS, 2015), creating a $1.1 billion industry with 

39,497 hectares (USDA-NASS, 2014). While tomato fruits are good source of dietary 

nutrients and antioxidants including lycopene, phenolic compounds, and vitamins C and E 

(Raffo et al., 2002; Lenucci et al., 2006), foodborne illness outbreaks caused by multiple 

serovars of Salmonella enterica have become a serious concern for public health (Greene et 

al., 2008; Lynch et al., 2009). Most recently, a S. enterica Newport outbreak linked to the 

consumption of raw tomato in a fast food chain restaurant in Minnesota caused 64 illnesses 

with 9 hospitalizations (Marler, 2015). 

In the U.S., tomatoes are typically washed by dumping into flume tanks containing 

150 to 200 µl/l of free chlorine (Bartz et al., 2001). Liquid sodium hypochlorite (150-200 

µl/l) is a source of free chlorine and can reduce cross-contamination of pathogens through 

water (Sapers and Jones, 2006; Gereffi et al., 2015). Free chlorine (hypochlorous acid) can be 

degraded by trace amounts of organic matter in washing water (Luo et al., 2011), and high 

turbidity (which not only includes organic matter, but also other suspended matter such as 

clay, silt, and inorganic matter) of water also reduces the efficiency of chlorine disinfection 

(LeChevallier et al., 1981). Furthermore, carcinogenic by-products such as trihalomethanes 

and haloacetic acids can also be generated through these processes (Singer, 1994). Use of 

chlorine also requires careful regulation of the water pH (5.5-6.5). Water at this pH range 

contains the highest amount of free chlorine, delivering the highest rate of microbial 

inactivation while minimizing the release of hazardous chlorine gas (Sela and Fallik, 2009).  

Alternative disinfectants for produce washing have been explored. An ideal 

disinfectant is considered one that can achieve at least a 3 log colony forming unit (cfu) 
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reduction (Hammer and Carson, 2010). Washing with a chlorine dioxide solution (5 µl/l) 

minimized cross contamination through water and achieved a 4.4 to 5.2 log cfu/g reduction 

of S. enterica on inoculated tomato surfaces (Pao et al., 2009), but the requirement for on-site 

generation of chlorine dioxide limits it use in small-scale operations (Gómez-López et al., 

2009). Peroxyacetic acid (PAA) can reduce cross contamination of tomato fruits through 

water (Wang and Ryser, 2014; Gereffi et al., 2015), and has a similar effect on microbial 

reduction as chlorine. As an advantage over chlorine, PAA is less susceptible to organic load 

(Baert et al., 2009), but its effect on sensory quality might be a concern (Rodgers et al., 

2004). Some other disinfectants have not reached satisfactory antimicrobial activities. 

Hydrogen peroxide at 5% in 60°C water reduced S. enterica on tomato fruit by only 1.75 log 

cfu/g (Sapers and Jones, 2006); washing with lactic acid (1000 mg/l) or phytic acid solution 

(1000 mg/l) was no better than water (1.0 log cfu/g reduction) (Inatsu et al., 2010). 

Essential oils (EOs) have been tried for tomato postharvest disinfection through wash, 

vapor, or edible film delivery (Du et al., 2009; Gündüz et al., 2009; Obaidat and Frank, 2009; 

Lu and Wu, 2010; Rodriguez-Lafuente et al., 2010; Mattson et al., 2011; Ramos-García et 

al., 2012). These investigations included both bacteria (generic E. coli, E. coli O157:H7, S. 

enterica serovars, and Listeria monocytogenes) and fungi (Agrostis stolonifera, and 

Alternaria alternata spp.).  

Occasional descriptions of phytotoxicity in tomato have been reported. Tomatoes 

dipped in thyme, lemongrass and oregano oils with concentrations >1% for more than 5 min 

developed phytotoxicity but the symptoms were not described in detail (Plotto et al., 2003). 

Phytotoxicity issues without detailed descriptions were also reported for banana and papaya 

(lemongrass and cinnamon oil), apricot (thyme oil), cherry (thyme oil), citrus (Mentha 
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spicata and Lippia scaberrima oil), and apple (Cymbopogon flexuosus leaf oil), through dips, 

vapor, spray or coating (Chu et al., 2001; Liu and Chu, 2002; Win et al., 2007; Maqbool et 

al., 2010; Spadaro and Gullino, 2014).  

 Few differences in tomato quality and composition following EO application were 

reported (Tzortzakis, 2007; Lu and Wu, 2010; Rodriguez-Lafuente et al., 2010; Mattson et 

al., 2011). Tzortzakis (2007) found that cherry tomatoes fumigated with cinnamon or 

eucalyptus oil vapors had increased soluble solids content (SSC) and titratable acidity (TA), 

and decreased ratio of SSC to TA (indicating sweetness) during the 5 d exposure period but 

these differences did not persist after removal of vapors. No differences in quality attributes 

between controls and treated tomatoes were found in other studies where oils were from 

thyme, cinnamon bark or leaf, oregano, clove, and their major compounds thymol, trans-

cinnamaldehyde, carvacrol, and eugenol (Lu and Wu, 2010; Rodriguez-Lafuente et al., 2010; 

Mattson et al., 2011).  

 All the above reports used tomatoes at a commercial ripe stage purchased from 

grocery stores. This limits information on the variety, growing condition, ripeness at harvest, 

postharvest treatment, and the age of the fruit, any of which could affect fruit quality, and 

susceptibility to physiological disorders (Bangerth, 1976; Park et al., 2005). For example, 

growers harvest tomatoes for fresh market from “breaker” to “light red” stage (USDA, 1991) 

in order to maintain firmness until fruits reach the markets. Tomatoes treated at the full ripe 

stage (as when purchased from stores) may not have the same response as tomatoes treated at 

harvest (when essential oil treatments would be done commercially).  

This research used fresh harvested material to evaluate postharvest quality of tomato 

after EO treatments. Solubility of hydrophobic EOs in water has been a barrier for use of 
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EOs as disinfectants in wash solutions. An emulsion system developed by Luo et al. (2014) 

that uses whey protein to emulsify EOs into water at concentrations sufficient to inhibit the 

growth of S. enterica Enteritidis, E. coli O157:H7 and L. monocytogenes (personal 

communication, Y. Zhang, University of Tennessee) was adopted for this research. The goal 

of this experiment is to evaluate changes on tomato quality or composition in response to EO 

treatment. Specific objectives were: 1) to identify potential positive or negative effects of 

postharvest EO application on tomato fruit quality; 2) to understand the interaction of EOs 

with other commonly occurred stress conditions during tomato production; 3) to evaluate 

tomato’s varietal differences to EO application. 

 

Materials and Methods 

1. Chemicals used 

Essential oils were purchased from Sigma-Aldrich (St. Louis, MO). Thyme oil (TO, 

from Thymus vulgaris and/or Thymus zygis, W306509), cinnamon oil (CN, Ceylon type, 

Cinnamomum zeylanicum, W229202), and clove bud oil (CBO, W232300) were used. 

Ingredients of each EO were identified via gas chromatography-mass spectrometry (GC-MS) 

(see Chapter II, materials and methods).  

2. Plant material, handling, and storage 

All tomatoes in this study were grown at North Carolina experimental research 

stations, and four harvests per variety were performed for 2014 and three harvests were 

performed for 2015. 

In 2014, two tomato varieties, Mountain Belle (“MB”) and Mountain Magic (“MM”) 

were grown at the Piedmont Research Station, Salisbury, NC. Mountain Belle is a 
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determinate cherry tomato that is resistant to verticillium wilt (Verticillium dahlia) race 1 and 

fusarium wilt (Fusarium oxysporum f.s.p. lycopersici (Sacc.) race 1 (Gardner, 1993). 

Mountain Magic is an indeterminate fresh-market hybrid tomato that is resistant to early 

blight (Alternaria solani) and late blight (Phytophthora infestans), as well as verticillium wilt 

(Verticillium dahlia) and fusarium wilt (Fusarium oxysporum f.s.p. lycopersici (Sacc.) races 

1 and 2 (Gardner and Panthee, 2012). This variety also carries the ripening inhibitor gene rin, 

resulting in extended shelf-life. In 2015, MB was removed from the study as it is not 

considered an important variety for NC growers. The MM was obtained at the Mountain 

Research Station, Waynesville (35°29’ N, 82°96’ W), NC in 2015 due to a crop failure in 

Piedmont Research Station.  

All tomatoes, besides the September harvest in 2014, were harvested at “breaker” to 

“pink” stage (from first appearance of external pinkish to no more than 60% of pinkish on the 

surface, USDA, 1991 and Fig.3.1.) from the research stations, and transported to the NC 

Research Campus, Kannapolis, NC immediately after harvest (0.5 h in 2014 and 4 h in 

2015). Upon arrival, tomatoes were washed with distilled water to remove soil residue, air-

dried, and then dipped in treatments for 1 min. Different storage temperatures were used, 

representing cold stress (20°C/7 d + 4°C for 3 d), commercial condition (13°C), and room 

temperature (20°C). More details about temperature settings for each study is available in 

Table 3.1.  

3. Experimental design 

In 2014, there were three harvests in August and one in September. A 2-way factorial 

with repeated measurement and three replicated harvests was used for August fruit. Five 

disinfectant/control treatments with three [temperature x variety] combinations constructed a 
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full factorial design. Only one harvest could be made in September and this was designed as 

a full 3-way factorial with three sanitizer/control treatments, two storage temperatures, two 

varieties and repeated measurement over time. In this harvest, fruits with two ripening stages 

(“breaker” and “light red”) (USDA, 1991) were sampled for each [temperature x variety x 

disinfectant] combination.  

 In 2015, only MM was used at one temperature and with five disinfectant/control 

treatments, and three replicated harvests. Some attributes were done as repeated measures as 

indicated in Table 3.1 and the “Quality Measurements” section).  

4. Treatments  

The essential oils TO, CN, and CBO were each dissolved in a whey protein based 

emulsion (Luo et al. 2014). Briefly, the oil was dissolved into 3M sodium hydroxide as a 

10% v/v oil solution inside 120°C glycerol bath, and then added to the whey protein 

(BiPRO® Whey Protein Isolate; Davisco Food International, Inc., Eden Prairie, MN) 

emulsion to form a final emulsion that contained 1% v/v oil and 1% w/v whey protein. The 

pH of the emulsion was adjusted to 6.7 with citric acid and served as a stock emulsion for 

further dilution. An oil-free 1% w/v whey protein emulsion was made, and the pH was 

adjusted to 6.7, and diluted to 0.5% (pH 6.9) with deionized water to serve as a control 

(noted as “WP). Two other controls consisting of chlorinated water (simplified as “CHL”, 

with 200 µl/l free chlorine, pH 7), and deionized water (DI) were used. A summary of the 

specific disinfectants, and controls used in each experiment can be found in Table 3.1. 

5. Quality measurements    

5.1 Non-destructive attributes  

The variables weight loss, surface color index, firmness, and subjective defect ratings 
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could be measured without wounding the fruit so the same fruit were measured repeatedly 

over time, and considered non-destructive attributes. Six to 12 tomatoes per treatment were 

used for each experiment to document changes of these attributes throughout storage. Weight 

loss, surface color, and firmness were taken on days 0, 3, 7, 10 in 2014, and days 0, 7, 14, 21 

in 2015. Surface defects were not obvious until the end of storage, so were rated only on the 

last day of storage in both years. 

5.1. A. Surface color 

Color measurements in CIELAB color space (de l’Eclairage, 1978) were obtained 

with a CR-400 Chroma Meter (Konica Minolta, Asaka, Japan) using Spectra Magic NX 

software. The device measures red, green, blue, and total amount of light reflected from an 

object using an 11-mm-diameter measuring area with illuminant D65. All measurements 

were taken from the blossom end of the tomato surface. L*, a*, and b* values were obtained. 

In the CIELAB color space, +a* is the red direction, –a* is the green direction, +b* is the 

yellow direction, and –b* is the green direction. The color space is three-dimensional, where 

the third axis, L*, represents white to black, and the a*-b* plane can be visualized as a color 

wheel that is lighter or darker depending on the level of L*. Chroma, a measure of saturation, 

was calculated with the formula: sqrt (aˆ2 + bˆ2). Radian-based hue-angle was converted to 

degrees as a measure of an object’s color in the a*–b* plane. The calculation for hue is as 

followed:  

Hue (°) = arctan (b*/a*) ∙ 57.3,                  when a≥0, b≥0 

Hue (°) = arctan (b*/a*) ∙ 57.3+180°,        when a<0, b≥0     （McGuire, 1992） 

5.1. B. Firmness  

A firmness tester (FirmTech2; Bioworks, Wamego, KS), with its compliant software 
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Inst 300, was used to objectively analyze fruit firmness (in grams/milliminute) through 

deflection (Fig.3.2), and the data for area under the curve were obtained. All tomato fruits 

were measured at the center between the blossom and stem end. During the first 

measurement, a gentle sharpie mark was made on the surface of each fruit to keep track of 

the location of the measurement, so that future measurements could be taken form the same 

spot. To reduce variations caused by bruising, each tomato was tested exactly once per 

sample day.  

5.1. C. Surface defects 

The most common defects were scald, pitting, and pale color. Data for each symptom 

were recorded as 0 or 1, meaning “not present” or “present”. 

5.2 Fruit composition  

Composition analysis (pH, SSC, total AsA, and lycopene content) was done repeated 

during storage in 2014. On day 0, 5 to 10 tomato fruits without washing treatments were 

analyzed. After treatment and storage, 4 to 10 fruits per treatment were analyzed on day 3, 7, 

and 10. In 2015, composition was only analyzed on the last day of storage. 

The sepal and stem end of each tomato was removed and the fruit was cut into two 

pieces. Each piece was placed into separate 40 ml disposable tubes, with one stored at -20°C 

and then used for pH, SSC, and lycopene, and the other for total AsA, which were stored 

under -80°C and processed within 2 weeks after sampling. The 2-week criteria was 

developed based on preliminary studies of the stability of AsA in tomato tissue during 

storage (Appendix B. Table 1-3).  

5.2. A. SSC and pH 

  Frozen samples held at -20°C were thawed and homogenized into puree using a 
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polytron (PT 10-35 GT; Kinematica, Inc., Bohemia, NY). Pureed samples were warmed to 

room temperature. Puree pH was measured by placing a stainless steel rounded electrode 

(PH77-SS; Hach, Loveland, Colorado) into the puree and recording the value with a pH 

meter (H260G; Hach, Loveland, Colorado). Soluble solids content was measured by placing 

about 0.5 ml of puree onto the sample plate of a digital refractometer (Atago PAL-1, Atago 

U.S.A. Inc., Bellevue, WA) and expressed as % Brix. 

5.2. B. Lycopene 

Total lycopene content was measured spectrophotometrically using the method of 

Fish et al. (2002) with some modifications. Briefly, frozen tomato tissue was thawed and 

homogenized into puree using a polytron. One gram of tissue was weighed (accurate to 0.01 

g) into glass brown vials (V2795A; Glassvials.com, Maryland USA), and 10 ml of hexane, 

10 ml of 95% ethanol, and 5 ml acetone were added to the vials. Vials were placed on a 

shaker (I-24; New Brunswick Scientific, Edison, NJ) to shake at 150 rpm for 15 min at room 

temperature. After 15 min, 3 ml of deionized water were added to each vial, and the samples 

were shaken for another 5 min. Shaking was stopped, and vials were left at room temperature 

for 5 min to allow for phase separation. A 1-ml sample of the hexane (upper) layer was 

placed in a glass cuvette and absorbance (A) at 503 nm versus a blank of hexane solvent was 

determined with a spectrophotometer (UV-2450; Shimazu, Torrance, CA). Lycopene content 

as ug/g fresh weight was determined using the formula of Fish et al. (2002) where: 

LYC (µg/g fresh weight) = A (503 nm) x 31.2/ tissue (g)         

This formula was developed based on the molecular weight 536.9 g∙mol-1 for 

lycopene, and the molar extinction coefficient of 17.2 x104/M/cm for lycopene in hexane 

(Zechmeister and Polgar, 1943). 
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5.2. C. Total AsA 

Total ascorbic acid was extracted from tomato puree with 3% meta-phosphoric acid 

(MPA), and quantified using HPLC. Frozen samples held at -80°C were thawed and 

homogenized into puree. About 0.2 g tissue was mixed in 1 ml of MPA. Samples were 

sonicated for 5 min at room temperature (ultrasonic cleaner 3510 DTH; Branson, Danbury, 

CT), and then centrifuged for 15 min with 12000 rpm at 4°C. The supernatant was collected 

and filtered through a 0.2 µm, 17 mm nylon syringe filter (F2513-2; Thermo Scientific, 

Grand Island, NY). Freshly made 10-mM tris (2-carboxyethyl) phosphine hydrochloride 

(TCEP) was added into the extraction in a 1:1 ratio to convert dehydroascorbic acid into L-

ascorbic acid. The prepared solution was mixed well and incubated in the dark at room 

temperature for 35 min to allow the reaction to fully complete.  

Once the incubation was done, samples were moved immediately to 4°C and 

analyzed by HPLC within 12 h (based on preliminary stability tests, Appendix B). Twenty 

microliters of sample was injected onto the HPLC system (Elite LaChrom; Hitachi, San Jose, 

CA), equipped with a L-2455 diode array detector, a L-2130 pump, a L-2200 auto sampler, 

and a L-2350 column oven. Separation was done using a 250 x 4.6 mm hydro-RP column 

with 4 µm particle size, 80 Å pore size (00G-4375-E0; Synergi, Phenomenex, Torrance, CA). 

Sample volumes of 20 µl were injected by an auto-sampler and eluted using 0.0065 N H2SO4 

as the mobile phase, with a flow rate of 1.0 ml/min. The column temperature was 25°C and 

the total run time was 15 min. Column washes of 5 min between samples were done using 

the mobile phase solution (0.0065 N H2SO4). Peak data collected at 248 nm using the 

software (Chromaster System Manager D-2000; Hitachi, San Jose, CA) was used to calculate 

total AsA. Total AsA content was calculated based on an external standard curve using L-
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ascorbic acid (A7506; Sigma-Aldrich, St. Louis, MO). New standard curves, using fresh L-

ascorbic acid, were run just before sample quantification and AsA content was expressed as 

mg/100g fresh weight. 

6.    Statistics analysis 

All data were analyzed through SAS Enterprise Guide 6.1 (SAS Institute Inc., Cary, 

NC). The procedures for each analysis are specified below: 

6.1 Non-destructive attributes: surface color, firmness, and weight loss 

The estimates of variance were obtained using the restricted maximum likelihood 

(METHOD=REML) and repeated measure (REPEATED) with the mixed model analysis of 

variance procedure (PROC MIXED). Using 2014 August study as an example, the model to 

estimate variance components for each measurement was: 

Yijklm = µ + DISINFECTANTi + [VAR x TEMP]j + SANITZER x [VAR x TEMP]ij + 

DAYk + DISINFECTANT x DAYik + [VAR x TEMP] x DAYjk + harvestl + harvest x daylk + 

harvest x disinfectantli + harvest x [var x temp]lj + tomatoidm + εijklm  

Where Y is the observation, µ is the group population mean, DISINFECTANT is the 

disinfectant treatments (i=TO, CN, CBO, CHL, DI), VAR x TEMP refers to variety by 

temperature incomplete combination (j=MB at 4°C, MB at 20°C, MM at 20°C), DAY refers 

to storage day (k=0, 3, 7, 10 except for weight loss, where k=3, 7, 10), harvest (l) =1, 2, and 

3, tomatoid represents individual tomato fruit that was repeatedly measured (m=1 to 345), ε 

is the error with a mean of 0 and is subjected to normal distribution (tested by PROC 

UNIVARIATE). In the model, effects written in upper-case are fixed effects, while those 

written in lower-case are random effects. 

6.2 Compositional measurements: pH, SSC, total AsA, and lycopene 
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For composition, the estimates of variance were obtained using Type III analysis of 

variance (METHOD=TYPE3) with the mixed model analysis of variance procedure (PROC 

MIXED). As an example, the model to estimate variance components for each measurement 

in 2014 August study was: 

Yijkl = µ + DISINFECTANTi + [VAR x TEMP]j + SANITZER x [VAR x TEMP]ij + 

DAYk + DISINFECTANT x DAYik + [VAR x TEMP] x DAYjk + harvestl + harvest x daylk + 

harvest x disinfectantli + harvest x [var x temp]lj + harvest x disinfectant x [var x temp] x 

dayijkl + ε ijkl 

Where Y is the measurement, µ is the group population mean, DISINFECTANT is 

the disinfectant treatments (i=TO, CN, CBO, CHL, DI), VAR x TEMP is the variety by 

temperature incomplete combination (j= MB at 4°C, MB at 20°C, MM at 20°C), DAY is the 

storage day (k=3, 7, 10), harvest (l) =1, 2, 3, ε is the error with a mean=0, and is subjected to 

normal distribution (tested by PROC UNIVARIATE). Effects when written in upper-case are 

fixed effects, while written in lower-case are random effects. 

6.3 Multiple comparisons 

 Multiple comparisons were made by Tukey HSD on variance components that are 

significant (p<0.05) in the model.   

6.4 Surface defects 

Frequency for surface defects was calculated when controlling temperature, variety, 

and harvest. PROC FREQ with Fisher’s Exact Test was performed to identify the effect of 

disinfectants on the occurrence of defects.  
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Results 

Non-destructive attributes: 

The significance (p values) of different components for multiple non-destructive 

attributes is shown in Table 3.2 and 3.3. In 2014, all attributes were highly affected by the 

interaction of [variety x temperature] x day (p<0.0001), but disinfectants did not have an 

interaction with [variety x temperature]. Therefore, a table is presented where all disinfectant 

treatments were combined but temperature, variety, and day were separated (Table 3.4).  

When fruits were stored at 20°C for 10 d, MB sustained a 4.3% weight loss, while 

MM had weight loss of 2.6% (Table 3.4). The MM fruits were also firmer, and had higher 

color intensity (higher chroma value) than MB at 10 d.  

When comparing MB stored at different temperatures, those stored at 4°C for 7 d had 

less weight loss and fruit softening, but also less red color (Table 3.4). When fruits were 

moved from 4°C to 20°C, weight loss within that 3-d warming up period increased 53% 

compared to a 27% increase for MB that had been stored constantly at 20°C. Higher 

percentage of changes during this 3-d period were also shown on firmness, color values a*, 

a*/b*, chroma, and hue, comparing chilled fruits with not chilled ones.  

The b* value of color measurements had a different trends by storage temperatures 

(Table 3.4). While MB tomatoes that were stored at a constant 20°C had a slightly increased 

b* from 0 to 3 d, this value went down later, reaching a final 23.91 on 10 d. On the contrary, 

MB tomatoes stored cold for the first 7 d did not have a significant change on b* either 

during cold storage, or after warmed up, ending with b*= 30.74.  

Mild disinfectant x day interactions were observed for weight loss, and color indices 

a*, b*, and chroma (Table 3.2, 3.3; Fig.3.3, 3.4). Tomatoes treated with CBO had a higher 
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weight loss than the water control (DI) statistically (p<0.05) at 7 d and 10 d in 2014, and 

numerically at 21 d in 2015. The CN treatment was only used in 2014, which was associated 

with a higher weight loss (p<0.05) than DI on 7 d, and higher than both DI and CHL on 10 d. 

In both years, tomato surface chroma values were statistically lower (p<0.05) from CBO 

treated fruits than DI controlled fruits at 7 d, and only numerically lower in later storage 

days. The  CN treatment in 2014was associated with lower chroma values than DI and CHL 

controls at and after 3 d. Statistical difference (p<0.05) was seen on a* values between CN 

and DI treatments in 2014, and on b* values between CBO, and DI or WP treated tomatoes 

in 2015. Tomatoes with the TO treatment were generally not significantly different from 

CHL, DI nor WP controls, nor CBO and CN treatments.  

Oil-free whey protein control (WP) helps to distinguish the effect of EOs with their 

background emulsion. In 2015, WP was not different from the other two controls (DI, and 

CHL) for any tomato variables (Fig.3.4). Similar trend was seen in the 2014 September 

harvest, where no statistical difference (p≤0.05) between DI and WP tomatoes was found on 

weight loss regardless of variety and storage temperature (Fig.3.6).  

Surface defects: 

The most pronounced difference among disinfectant treatments and their controls 

were the surface defects that occurred occasionally (Fig.3.5). These defects only occurred on 

MB tomatoes (Table 3.5 and 3.6), including harvest 2 and 3 in August 2014 (Table 3.5D, 

3.5E, 3.5G, and 3.5H), and on both “breaker” and “light red” stages of tomatoes from 

September 2014 harvest (Table 3.6A, 3.6C, and 3.6E). Using Fisher’s Exact Test, significant 

differences among disinfectants were only seen for the third harvest in 2014 (August 11), for 

those MB tomatoes that were stored at 4°C for 7 d followed by 20°C for 3 d (p<0.0001). In 
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this particular harvest and cold storage condition, CN and BO treated MB tomatoes each 

accounted for 44.4% of all defects.  

Compositional measurements:  

The significance (p values) of variance components for multiple destructive variables 

is shown in Table 3.8 and 3.9. Results from 2014 showed that total AsA content was affected 

by variety x temperature combinations, and storage day. Higher total AsA was found in MM 

than in MB tomatoes at 0 d (Table 3.10). After 10 d at 20°C, there was a minimum increase 

of total AsA in both MM and MB, so total AsA in MM was still numerically higher than in 

MB fruit. Tomatoes (MB) held at 4°C (7 d) +20°C (3 d) showed numerically higher total 

AsA than those that were constantly stored at 20°C. In tomatoes warmed for 3 d from 4°C 

after 7 d, MB tomatoes had an 18.3% increase in total AsA content during the 3-day warm 

up, while the not-chilled tomatoes did not have a significant change on total AsA content. 

Both lycopene and pH were significantly (p<0.0001) affected by [variety x 

temperature] x day interaction (Table 3.8). Mountain Belle had a lower pH than MM at 0 d, 

and this trend remained to 10 d, despite that pH increased in both varieties stored at 20°C 

(Table 3.10). The pH level remained stable (3.76±0.03 at 0 d vs 3.81±0.08 at 7 d) in MB 

tomatoes held at 4°C but increased rapidly after warming. Lycopene content was higher in 

MB than in MM at 0 d and significantly increased during storage for both varieties. At 10 d, 

MB tomatoes held at a constant 20°C had 57% more lycopene compared to the same variety 

that was just warmed up from 4°C for 3 d.  

Soluble solids content in tomato fruits showed an interaction for [variety x 

temperature] x day (p=0.0055) (Table 3.8), but the trend for SSC changes during storage 

were similar despite the different varieties and storage temperatures (Table 3.10), suggesting 
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no biological significance of this interaction effect. 

Despite the different temperatures used for 2014 and 2015, disinfectant treatments in 

both years had no effects (p≥0.05) on tomato composition SSC, pH, lycopene, and total AsA 

(Table 3.8 and 3.9), and this result was consistent across different harvests (harvest x 

disinfectant effect showed p>0.1) in both years.  

 

Discussion 

Effects of disinfectant on tomato quality 

Few effects of disinfectant were seen with either tomato varieties or storage 

temperatures. The major disinfectant effects were weight loss, surface color indices, and 

occasional surface defects. These negative effects were all associated with CN and CBO, and 

overall, they were fairly minor effects.  

1. Weight loss and surface color   

The largest difference on weight loss, found between CN oil and DI control in 2014, 

was 0.68% (average of 4°C and 20°C storage) over a 10-day period. This means a 

0.068%/day difference in weight loss between the most different treatments (Fig.3.3). Since 

weight loss generally increases linearly with storage day if tomatoes are stored under a 

constant temperature (Cantwell et al., 2009; Domínguez et al., 2012), a per day increase of 

weight loss is approximately 0.43% and 0.26%, for MB and MM, respectively, based on the 

data in Table 3.4. The difference of weight loss between treatments (0.068%) was minimal 

compared to the natural weight loss of tomatoes on a per-day basis, indicating that the effect 

of disinfectant on tomato weight loss is negligible, which is consistent with previous reports 

(Tzortzakis, 2007; Rodriguez-Lafuente et al., 2010).  
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The surface color of tomato was affected by disinfectant. The most significant 

statistical differences were between CN and DI treatments in 2014 and CBO and DI 

treatments in 2015 (Fig.3.3 and 3.4). The color difference (ΔE) was calculated between these 

two groups on each storage day based on their least square means (Table 3.11) and was 

found between 1 and 3 units. Theoretically, a CIELAB difference of 1 unit will be 

perceptible to a human observer, and differences in 1-2 unit are noticeable to most observers 

(Berger-Schunn, 1994; Sacks and Francis, 2001). Therefore, the different color indices 

discovered from different disinfectants could be noticeable to consumers if the same variety 

of tomato, with different disinfectant treatments, were placed side by side.  

2. Surface defects  

The symptoms of defects are most resemble those reported for chilling injury 

symptoms of tomatoes (Lyons, 1973; Saltveit and Morris, 1990; Sharom et al., 1994; Bartz et 

al., 2012). However, although the majority of defects developed after chilled tomatoes were 

moved to a non-chilling temperature, occasionally incidences were found on tomatoes that 

were not chilled.  

These defects appeared only on MB, and were absent in MM despite storage 

temperatures. In comparison to MM, MB is a relative older variety without the numbers of 

genes for disease resistance and extended shelf-life (Gardner, 1993; Gardner and Panthee, 

2012).  

Chilling injury is a common physiological disorder of many cold-sensitive plants 

(Sevillano et al., 2009). The underlying events are related to cell membrane alternation, 

oxidative stress, plant hormone activities, and gene regulation.  

At the molecular level, LeCBF1, a tomato originated C-Repeat Binding Factor, is a 
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transcriptional activator that regulates downstream gene expression in cold conditions (Zhang 

et al., 2004). Different accumulation of LeCBF1 transcripts in different tomato varieties 

provided various cold tolerance (Zhao, 2009). In this experiment, MM has a more robust 

genetic background, with an apparent better cold tolerance than MB. Since crosstalk between 

abiotic and biotic stress responses is very common in the plant defense system (Fujita et al., 

2006; Atkinson and Urwin, 2012), the better resistance to biotic stress may also prepare MM 

with better resistance to abiotic stress than MB tomatoes.  

The chilling-like-injury only severely presented in the third August 2014 harvest, and 

was significantly affected by disinfectant. This indicates a three-way interaction among field 

environment, storage temperature, and disinfectant treatment. 

Essential oils caused phytotoxicity to tomato and other fruit crops (Plotto et al., 2003; 

Maqbool et al., 2010). Although the mechanisms for phytotoxicity have not been 

documented, EOs as herbicides could cause disruption of membrane permeability, and 

induction of reactive oxygen species (ROS), both of which generate oxidative stress (Amri et 

al., 2013). These events are also in lines with chilling injury (Sevillano et al., 2009). The 

tomato damage in this experiment could be an addictive effect of EOs and chilling injury, but 

preharvest environment may alter fruit response to EO and low temperature stress by 

changing its stress tolerance.   

Three continuous days of cool, and cloudy weather occurred right before the third 

August harvest (Aug 11th, 2014) (Table 3.7), when most defects occurred. In comparison, 

days before the first two harvests (Aug 5th, and Aug 7th, 2014) had warm day/ night 

temperatures, and high light intensity.  

Postharvest heat treatments have been used as a standard treatment to improve cold 
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tolerance in many crops (Lurie, 1998). The physiological process is related to an increased 

level of heat shock proteins (HSPs), which are accumulated in plant tissue during heat stress 

and may persist during thereafter cold treatment (Lurie et al., 1996). Before storage at 2ºC for 

3 weeks, holding tomatoes from 6 to 24 hours at 38°C decreased the incidence of chilling 

injury from 55% to 10% (Lurie and Sabehat,1997). In analog, when fruits exposed to high 

temperatures on the tree, particularly close to or at harvest, the environment may also induce 

crop tolerance to low temperatures in postharvest storage (Ferguson et al., 1999). One 

example is the avocado fruits growing in New Zealand; those exposed to direct sunlight on 

the tree, frequently exceeding 35°C of internal pump temperature, did not develop chilling 

injury after postharvest cold treatment, while those that were shaded on the tree were 

damaged (Woolf et al., 1999). This may explain what had happened for the first two tomato 

harvests from August 2014 in this experiment. During a hot sunny day with air temperature 

above 31°C, the tomato flesh temperature could easily reach 35-45°C. This temperature 

mimicked postharvest heat treatment, which may have resulted in higher tolerance of 

tomatoes to chilling injury.  

Increased tolerance to chilling injury is not the only effects of HSPs (Vierling, 1991). 

As chaperones, HSPs stabilize or degrade proteins, to protect plant cells from oxidative 

stress. Transgenic tomato plants with over expression of transcription factor ZAT12, which is 

required for the expression of APX1 (one of the critical enzymes that scavenge ROS and 

protect cells from oxidative stress), showed induced Hsp17.4 and Hsp21 gene transcripts 

upon heat stress, along with less free radical formation and electrolyte leakage, higher 

relative water content and chlorophyll levels in leaves, and enhanced activities of antioxidant 

enzymes (superoxide dismutase, catalase, APX and glutathione reductase) (Shah et al., 
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2013). This indicates the heat induced HSPs during sunny days may not only increase 

tomato’s tolerance during postharvest chilling temperature, but also prepare the fruit against 

EOs-induced oxidative damage.  

It was also possible, that the suboptimal field temperatures (24.2°C /18.4°C for 

day/night, 21.3°C of 3 d average) before the Aug 11th harvest, had directly affected plant 

antioxidant system, in addition, or in conjunction with the activity of HSPs. Tomatoes of MB 

from the third harvest had a higher total AsA content (16.0±1.49 mg/100g FW) at harvest 

compared to the first two harvests (12.7±1.58 or 13.4±1.58 mg/100g FW). Our results agreed 

with previous reports, where a general negative correlations between field temperature 

(suboptimal) and total AsA were found in tomatoes (Riga et al., 2008; Gautier et al., 2005). 

Postharvest hot air treatment also resulted in lower total AsA (Soto-Zamora et al., 2005).  

While defects were likely a statistical result of the three-way interaction among 

harvest, storage temperature, and disinfectant, it is unclear that why tomatoes were more 

damaged by CBO and CN than TO. Previously, phytotoxicity was found on TO or thymol 

treated tomatoes, although a higher concentration (1%) and a longer duration (5-10 min) of 

treatment was used in comparison to our experiment (Plotto et al., 2003). We suspect that 

eugenol, the main ingredient for both CBO and CN, has different chemical properties from 

thymol, the major ingredient in TO, that allows it better interact with or be absorbed by the 

wax and cuticle on the tomato surface.  

3. Antioxidant system  

No disinfectant effect on total AsA content, and lycopene content was found, 

although these two bioactive compounds could play a role in plant defense responses (Table 

3.8). These results are in accordance with a previous study, where no difference was detected 
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for AsA content in grape tomatoes washed with thyme oil vs controls (Lu and Wu, 2010). 

From a practical point of view, this suggested no compositional change and loss of nutrition 

for growers who use EOs in postharvest tomato washing.  

Most of the EO-related responses were superficial, namely, surface color changes, 

and surface defects, and the analysis of total AsA and lycopene content was based on the 

whole fruit. It is possible an impact of EO was concentrated on the epidermal layers of the 

fruit. It is also possible that only certain forms of total AsA, such as the oxidized ascorbic 

acid, or other antioxidant compounds, such as phenolics, antioxidant enzymes, were affected 

by disinfectant and associated with the superficial damage.  

In apple and pear, which can develop the physiological disorder of superficial scald 

antioxidant activities have been studied. Eleven lipid soluble metabolites with antioxidant 

activity were identified from apple peels that were correlated to the development of scald 

(Anet, 1974). However, attempts that link the activity of antioxidant enzymes with scald 

development have been inconclusive (Lurie and Watkins, 2012). Correlations between scald 

incidence and certain enzymes such as superoxide dismutase, peroxidase, ascorbate 

peroxidase, catalase were found in some experiments with certain varieties, but not others. 

The only enzyme with consistent association with scald development was polyphenol 

oxidase. Lessons from studying this disorder should be carefully considered if further 

research of EO-related antioxidant activities in association with superficial damage of 

tomatoes is of interest. 

Tomato composition changes during storage   

 Although the effects of variety, temperature, storage day on postharvest quality of 

tomato have been well documented in the body of research, this paper provided some 
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confirmation and new insights. 

 The two tomato varieties in this experiment significantly differed in postharvest 

quality. Mountain Magic (Gardner and Panthee, 2012) has a rin gene with an extended shelf-

life, resulting in firmer fruits, and slower weight loss than MB (Gardner, 1993). In addition, 

MM had a higher total AsA, SSC, and pH, but lower lycopene than MB (Table 3.10).   

Although lycopene content of MM and MB was very different (Table 3.10), surface 

colorimetric values of the two tomatoes were similar (Table 3.4). Strong linear correlations 

(R2>0.9) have been reported between tomato flesh lycopene content and surface colorimetry 

values, such as a*, and a*/b*, for low concentrations of lycopene (<15 mg/100g fresh 

weight) in whole tomatoes (Arias et al., 2000). The lycopene content for fruits in this 

experiment ranged between 9.89 and 93.14 mg/100g fresh weight, which may exceed the 

linear range between colorimetry and lycopene analysis.  

Changes in tomato total AsA content during storage are consistent with previous 

reports (Toor and Savage 2006; Stevens et al., 2008). Total AsA content remained constant 

over 10-day storage when MM and MB fruits were stored at 20°C. When stressed by 

chilling, total AsA in MB tomatoes remained constant while they were stored cold, but the 

values increased slightly (numerically) after fruits were transferred to a non-chilling 

temperature. Previously, no change in total AsA was detected from tomatoes stored at 4-5°C 

for 12-40 d (Stevens et al., 2008; Cantwell et al., 2009), but the oxidized form of ascorbic 

acid was significantly higher in 4°C stored tomatoes. This suggests that although the total 

antioxidant capacity by AsA does not increase, cold stress may stimulate activity by 

converting reduced- and oxidized form of ascorbic acid.  
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Summary 

This study followed changes in postharvest quality of tomatoes after washing with 

EOs at concentrations designed for effective human pathogen control. Results indicate that 

the EOs treatments could slightly change the surface color of tomatoes and pose a mild stress 

to the fruits. However, the negative effects could be eliminated by careful selection of 

varieties with good stress tolerance and storage at recommended temperatures. 

Compositional changes of tomato fruits were not affected by disinfectant treatments.  

In the process of conducting these experiments, it became clear that other issues with 

essential oil disinfectants need to be addressed for further study. These areas include the need 

for an industrial manufacture of the disinfectant emulsions, possible allergenicity to the 

essential oils or to the substances used to create the emulsion (such as whey protein), 

economic analysis, and grower and consumer acceptance.  
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Table 3.1. Experimental designs and treatments for postharvest studies of tomatoes from 2014 and 2015.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviation: MB= ‘Mountain Belle’, MM= ‘Mountain Magic’, CBO= clove bud oil, CN= cinnamon oil, TO= thyme oil, CHL= 

200 µl/l chlorinated water, DI= deionized water, WP= 0.5% oil-free whey protein emulsion. SSC= soluble solid content, AsA= 

ascorbic acid content. 

z Day 3 composition analysis were not performed for MB tomatoes that were stored in 4°C. 
y Composition was only analyzed on day 21, not day 0 to 14. 
x Because there was a shortage of fruits in the field, MM was sampled only twice (Aug 11, 15) for non-destructive shelf-life 

attributes, but three times (Aug 11, 13, 19) for composition analysis.

Year 

Field 

location 

Harvest date 

Varie

ty 

Storage Temperature 

(duration in day) 

Disinfectant + 

Control 

Sample day Data collection 
2

0
1
4
 

S
al

is
b

u
ry

, 
N

C
 

Aug 5, 7, 11 MB 

4°C (7d)+20°C (3d) 

 and 20°C (10d) CBO, CN, TO at 

0.5%,  

CHL, DI 

0, (3)z, 7, 10 

Non-destructive (Weight 

loss, color, firmness, 

defects); compositional 

(lycopene, SSC, pH, total 

AsA) 

Aug 11, 13,  

15, 19 x 

MM 20°C (10d) 

Sep 22 

MB, 

MM 

4°C (7d)+20°C (3d) 

 and 20°C (10d) 

CBO at 0.5%,  

DI, WP 

0, 3, 7, 10 

Non-destructive (Weight 

loss, defect) 

2
0

1
5
 

W
ay

n
es

v
il

le
, 
N

C
 

Aug 12,17, 20 MM 13°C (21d) 

CBO and TO at 

0.5%,  

CHL, DI, WP 

(0, 7, 14)y, 21 

Non-destructive (Weight 

loss, color, defect); 

compositional (lycopene, 

SSC, pH, total AsA) 
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Table 3.2. P values for estimates of variance of multiple non-destructive attributes of 

tomatoes harvested from Piedmont Research Station, Salisbury, NC in August 2014. 

 

 

 

 

 

 

 

 

 

 

z Analysis was done using PROC MIXED procedure REML method in SAS Enterprise 

Guide 6.1 (SAS Institute Inc., Cary, NC). ‘Disinfectant’ means washing disinfectant or 

control treatments, ‘var’ means tomato variety, ‘temp’ means storage temperature, ‘day’ 

means storage day, and ‘tomatoid’ means individual tomatoes receiving repeated 

measurements. Instead of ‘var’, and ‘temp’, the combination effect of [var x temp] was used 

because this is an incomplete combination with one temperature (20°C) for Mountain Magic 

and two temperatures (4°C vs 20°C) for Mountain Belle. The [var x temp] combination has a 

total of 2 degree of freedom. 

Variance component z Weight 

loss 

Firmness Chroma Hue a* b* a*/b* 

Fixed effects  p>F  

DISINFECTANT <.0001 0.3481 0.0601 0.9527 0.0034 0.2485 0.8672 

VAR x TEMP 0.018 0.0003 0.0126 0.0002 <.0001 0.0433 <.0001 

DISINFECTANT x 

[VAR x TEMP] 

0.422 0.5638 0.1657 0.5291 0.39 0.1833 0.2024 

DAY <.0001 <.0001 0.0002 <.0001 <.0001 0.0183 <.0001 

DISINFECTANT x 

DAY 

<.0001 0.3133 <.0001 0.7999 0.003 <.0001 0.3706 

[VAR x TEMP] x 

DAY 

<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Random effects p>Z  

Harvest  . 0.4467 . . . . . 

Harvest x day 0.0683 0.0675 0.0371 0.0371 0.0338 0.0436 0.0333 

Harvest x disinfectant . 0.4562 0.4556 0.102 . 0.4134 0.166 

Harvest x [var x temp] 0.0805 0.2555 0.2077 0.1492 0.311 0.1262 0.1408 

Tomatoid <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Residual <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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Table 3.3. P values for estimates of variance of multiple non-destructive attributes of 

tomatoes harvested from Mountain Research Station, Waynesville, NC in August 2015.  

 

 

 

 

 

 

z 

Analysis was done using PROC MIXED procedure REML method in SAS Enterprise Guide 

6.1 (SAS Institute Inc., Cary, NC). ‘Disinfectant’ means washing disinfectant or control 

treatments, ‘day’ means storage day, and ‘tomatoid’ means individual tomatoes receiving 

repeated measurements. 

Variance 

component z 

Weight 

loss 

Chroma Hue a* b* a*/b* 

Fixed effects  p>F  

DISINFECTANT 0.1694 0.1157 0.5413 0.208 0.0446 0.3733 

DAY 0.002 <.0001 <.0001 <.0001 0.128 <.0001 

DISINFECTANT 

x DAY 

0.0091 <.0001 0.1337 0.1224 <.0001 0.0587 

Random effects p>Z  

Harvest 0.1989 0.2594 . . 0.2835 . 

Harvest x day 0.0804 0.0557 0.0838 0.0525 0.0533 0.0659 

Harvest x 

disinfectant 

0.1116 0.2435 0.1513 0.3262 0.383 0.1713 

Tomatoid <.0001 <.0001 0.0007 <.0001 <.0001 <.0001 

Residual <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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Table 3.4. Non-destructive attributes of tomato varieties in response to storage temperature, 

and day. Fruits were harvested from Piedmont Research Station, Salisbury, NC in August 

2014.  

z Var = variety. MB= ‘Mountain Belle’, and MM = ‘Mountain Magic’; 

y Chroma= sqrt (a*ˆ2 + b*ˆ2); 

x Hue (°) = arctan (b*/a*) ∙ 57.3 (a≥0, b≥0); 

  Hue (°) = arctan (b*/a*) ∙ 57.3+180° (a<0, b≥0); 

w 95% CI refers to 95% confident interval. 

 

Measurement Var z Temp. °C  

(storage day) 

Storage day  

0 3 7 10 95% CI 
w 

Weight loss 

(%) 

MB 4 (7d)+20 (3d) . 0.79 1.51 3.22 0.62 

MB 20 (10d) . 2.00 3.27 4.27 0.62 

 MM 20 (10d) . 0.89 1.86 2.55 0.76 

Firmness 

(g/milliminute) 

MB 4 (7d)+20 (3d) 400.5 339.0 299.7 210.6 19.1 

MB 20 (10d) 395.2 226.6 205.2 202.4 19.1 

 MM 20 (10d) 635.7 408.1 361.1 312.8 22.6 

a* MB 4 (7d)+20 (3d) 2.07 6.67 9.42 22.18 1.45 

 MB 20 (10d) 2.56 24.63 27.25 26.99 1.45 

 MM 20 (10d) -0.56 19.78 28.79 29.28 1.51 

b* MB 4 (7d)+20 (3d) 28.67 30.20 31.11 30.74 1.87 

 MB 20 (10d) 28.40 30.74 26.00 23.91 1.87 

 MM 20 (10d) 27.25 33.92 29.60 28.72 2.12 

a*/b* MB 4 (7d)+20 (3d) 0.07 0.22 0.30 0.73 0.06 

 MB 20 (10d) 0.09 0.81 1.05 1.12 0.06 

 MM 20 (10d) -0.02 0.58 0.97 1.03 0.06 

Chroma y MB 4 (7d)+20 (3d) 28.89 31.13 32.60 37.93 1.96 

MB 20 (10d) 28.82 39.57 37.80 36.01 1.96 

 MM 20 (10d) 27.40 39.10 41.08 41.11 2.07 

Hue x MB 4 (7d)+20 (3d) 86.18 77.87 73.24 54.20 2.72 

MB 20 (10d) 85.17 51.21 43.68 41.71 2.72 

 MM 20 (10d) 91.43 59.68 45.33 44.15 2.97 
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Table 3.5. Frequency of surface defects at 10 d after harvest when controlling for harvest, 

storage temperature, and variety of tomatoes harvested from Piedmont Research Station, 

Salisbury, NC in August 2014.  

 

z Two varieties of tomatoes were used. ‘Mountain Belle’ (MB) was stored at two different 

temperatures: 1) 4°C (7d)+20°C (3d), 2) constant 20°C (10d). ‘Mountain Magic’ (MM) was 

only stored at a constant 20°C (10d). 

y CN= cinnamon oil at 0.5%, CHL=chlorinated water, CBO=clove bud oil at 0.5%, 

DI=deionized water, TO=thyme oil at 0.5%.  

x Surface defect is the sum for three symptoms: pale color, scald, pitting. Data for each 

symptom were recorded as 0 or 1, indicating “not present” or “present”. The maximum value 

for surface defect is 3, indicating all three defects were present, and the minimum value is 0, 

indicating none of the three defects was present. 



 
 

186 
 

 

 

Harvest z 1: 3.5A-C Harvest 2: 3.5D-F Harvest 3: 3.5G-H 

3.5A. 4°C(7d)+20°C (3d), MB 

Treatmen

t 

Surface defect 

Frequency x Total 

0 1 2 3 

CN y  6 0 0 0 6 

CHL 6 0 0 0 6 

CBO 6 0 0 0 6 

DI 6 0 0 0 6 

TO 6 0 0 0 6 

Total 30 0 0 0 30 
 

3.5D. 4°C(7d)+20°C (3d), MB 

Treatme

nt 

Surface defect 

Frequency Total 

0 1 2 3 

CN 6 0 0 0 6 

CHL 6 0 0 0 6 

CBO 5 1 0 0 6 

DI 4 2 0 0 6 

TO 5 1 0 0 6 

Total 26 4 0 0 30 

 

3.5G. 4°C(7d)+20°C (3d), MB 

Treatme

nt 

Surface defect Frequency 
Total 

0 1 2 3 

CN 0 6 6 0 12 

CHL 11 1 0 0 12 

CBO 0 3 8 1 12 

DI 11 1 0 0 12 

TO 11 1 0 0 12 

Total 33 12 14 1 60 
 

3.5B. 20°C (10d), MB 

Treatme

nt 

Surface defect 

Frequency Total 

0 1 2 3 

CN 6 0 0 0 6 

CHL 6 0 0 0 6 

CBO 6 0 0 0 6 

DI 6 0 0 0 6 

TO 6 0 0 0 6 

Total 30 0 0 0 30 
 

3.5E. 20°C (10d), MB 

Treatme

nt 

Surface defect 

Frequency Total 

0 1 2 3 

CN 6 0 0 0 6 

CHL 5 1 0 0 6 

CBO 5 0 1 0 6 

DI 6 0 0 0 6 

TO 4 2 0 0 6 

Total 26 3 1 0 30 
 

3.5H. 20°C (10d), MB 

Treatmen

t 

Surface defect 

Frequency Total 

0 1 2 3 

CN 12 0 0 0 12 

CHL 11 1 0 0 12 

CBO 10 2 0 0 12 

DI 12 0 0 0 12 

TO 11 1 0 0 12 

Total 56 4 0 0 60 
 

3.5C. 20°C (10d), MM 

Treatme

nt 

Surface defect 

Frequency Total 

0 1 2 3 

CN 9 0 0 0 9 

CHL 9 0 0 0 9 

CBO 9 0 0 0 9 

DI 9 0 0 0 9 

TO 9 0 0 0 9 

Total 45 0 0 0 45 
 

3.5F. 20°C (10d), MM 

Treatment 

Surface defect 

Frequency Total 

0 1 2 3 

CN 12 0 0 0 12 

CHL 12 0 0 0 12 

CBO 12 0 0 0 12 

DI 12 0 0 0 12 

TO 12 0 0 0 12 

Total 60 0 0 0 60 
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Table 3.6. Frequency of surface defect (pitting) at 10 d after harvest when controlling for 

effects of harvest stage, storage temperature, variety of tomatoes harvested from Piedmont 

Research Station, Salisbury, NC, in September 2014.  

 

“Breaker” stage: 3.6A-D 

 

 

“Light red” stage: 3.6E-H 

 

 

3.6E. 4°C(7d)+20°C (3d), MB 

 Treatment Pitting Frequency Total 

0 1 

CBO 1 7 8 

DI 2 6 8 

WP 0 8 8 

Total 3 21 24 
 

3.6F. 4°C(7d)+20°C (3d), MM 

 Treatment Pitting Frequency Total 

0 1 

CBO 12 0 12 

DI 11 0 11 

WP 11 0 11 

Total 34 0 34 

 

3.6G. 20°C (10d), MB 

 Treatment Pitting Frequency Total 

0 1 

CBO 8 0 8 

DI 11 0 11 

WP 8 0 8 

Total 27 0 27 
 

3.6H. 20°C (10d), MM 

 Treatment Pitting Frequency Total 

0 1 

CBO 12 0 12 

DI 11 0 11 

WP 10 0 10 

Total 33 0 33 

z Two varieties of tomatoes, ‘Mountain Belle’ (MB) and ‘Mountain Magic’ (MM), each from 

two different stages (“breaker” and “light red”) were harvested, and each variety x stage 

combination was stored at two different temperatures: 1) 4°C(7d)+20°C (3d), 2) constant 

20°C (10d).  
y CBO=clove bud oil at 0.5%, DI=deionized water, WP= oil-free emulsion at 0.5%.  
x Data were recorded as 0 or 1, meaning “not present” or “present” of pitting symptom. No 

other defect symptoms were seen in these tomatoes. 

 

3.6A. 4°C(7d)+20°C (3d), MB z 

Treatment Pitting Frequency x Total 

0 1 

CBO y 2 4 6 

DI 3 3 6 

WP 5 3 8 

Total 10 10 20 

 

3.6B. 4°C(7d)+20°C (3d), MM 

Treatment Pitting Frequency Total 

0 1 

CBO 6 0 6 

DI 6 0 6 

WP 6 0 6 

Total 18 0 18 

 

3.6C. 20°C (10d), MB  

Treatment Pitting Frequency Total 

0 1 

CBO 7 0 7 

DI 6 1 7 

WP 7 1 8 

Total 20 2 22 

 

3.6D. 20°C (10d), MM 

Treatment Pitting Frequency Total 

0 1 

CBO 5 0 5 

DI 5 0 5 

WP 5 0 5 

Total 5 0 15 
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Table 3.7. Weather data for Piedmont Research Station, Salisbury, NC in 2014 (North 

Carolina Climate Office).  

 

z Harvest days for ‘Mountain Belle’ tomatoes are highlighted as bold. 

Date 2m Max 

Temperature 

(C) 

2m Min 

Temperature 

(C) 

Day/night 

difference 

(C) 

1m Daily 

Precipitation 

(cm) 

2m Average 

Solar radiation 

(W/m^2) 

8/2/2014 22.4 17.3 5.1 0.00 77.6 

8/3/2014 29.0 17.5 11.5 0.00 271.9 

8/4/2014 29.7 18.1 11.6 0.00 293.2 

8/5/2014 z 30.9 17.3 13.6 0.00 278.6 

8/6/2014 31.1 18.4 12.7 0.13 275.3 

8/7/2014 30.4 18.5 11.9 0.00 286.2 

8/8/2014 25.2 18.3 6.9 0.20 115.9 

8/9/2014 24.3 18.4 5.9 0.03 58.7 

8/10/2014 21.4 18.5 2.9 0.10 37.4 

8/11/2014 26.7 21.0 5.7 2.54 89.8 

9/19/2014 26.3 17.7 8.6 0.00 208.6 

9/20/2014 27.4 14.0 13.4 0.00 249.1 

9/21/2014 29.8 12.8 17.0 0.00 231.7 

9/22/2014 24.2 13.5 10.7 0.00 207.2 
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Table 3.8. P values for estimates of variance of multiple destructive attributes of tomatoes 

harvested from Piedmont Research Station, Salisbury, NC in August 2014.  

 

 

 

 

 

 

 

 

 

 

 

z Analysis used PROC MIXED analysis TYPE3 method in SAS Enterprise Guide 6.1 (SAS 

Institute Inc., Cary, NC). ‘Disinfectant’ means washing disinfectant or control treatments, 

‘var’ means tomato variety, ‘temp’ means storage temperature, ‘day’ means storage day. 

Instead of ‘var’, and ‘temp’ the combination effect of [var x temp] was used because this is 

an incomplete combination with one temperature (20°C) for Mountain Magic and two 

temperatures (4°C vs 20°C) for Mountain Belle. The [var x temp] combination has a total of 

2 degree of freedom. 

Variance component 

Total 

ascorbic 

acid 

Soluble 

solids  

pH Lycopene 

p>F 

DISINFECTANT (D) 0.0466 0.7339 0.4635 0.5764 

VAR x TEMP 0.0013 0.0003 0.0004 <.0001 

D x [VAR x TEMP] 0.2276 0.7281 0.9189 0.668 

DAY 0.0059 0.067 0.0189 0.0007 

D x DAY 0.2889 0.9012 0.8798 0.8427 

[VAR x TEMP] x DAY 0.1719 0.0055 <.0001 <.0001 

Harvest 0.0382 0.8313 0.5661 0.6201 

Harvest x disinfectant 0.6709 0.4823 0.4979 0.4651 

Harvest x day 0.6418 0.033 <.0001 0.0004 

Harvest x [var x temp] 0.0455 0.015 0.0004 0.0309 

Harvest x [var x temp] x 

disinfectant x day 

0.021 0.3471 <.0001 <.0001 

Residual  . . . . 
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 Table 3.9. P values for estimates of variance of multiple destructive measurements from 

tomatoes harvested from Mountain Research Station, Waynesville, NC in August 2015.  

 

 

 

 

z Analysis was done using PROC MIXED analysis TYPE3 method in SAS Enterprise Guide 

6.1 (SAS Institute Inc., Cary, NC). ‘Disinfectant’ refers to the disinfectant treatments 

(essential oils) or control treatments.

Effects in the model z 

Total ascorbic 

acid 

Soluble 

solids 

pH Lycopene 

p>F 

DISINFECTANT 0.7909 0.2282 0.3061 0.9845 

Harvest 0.1375 0.0097 0.0033 0.0038 

Disinfectant x harvest 0.1531 0.803 0.1402 0.1258 

Residual  . . . . 
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 Table 3.10. Means and 95% confident interval in parentheses for tomato composition in response to temperature, variety, and 

storage time. Fruits were harvested from Piedmont Research Station, Salisbury, NC in 2014. 

 

 

 

 

 

 

 

 

z Lycopene content is measured as µg/g fresh weigh, soluble solids content is measured as % Brix, total ascorbic acid content is 

measured by mg/100g fresh weight; 

y MB= Mountain Belle, MM= Mountain Magic; 

x Numbers in parenthesis are the 95% confidence interval.

Trait z Variety y Temp °C (storage 

day) 

Storage day  

0 3 7 10 

Lycopene MB 4 (7d)+20 (3d) 11.40 (1.85)x . 16.11 (4.96) 40.71  (4.97) 

 20 (10d) 11.40 (1.85) 52.93 (4.97) 79.83  (4.97) 93.14  (4.97) 

MM 20 (10d) 9.89 (2.24) 31.40  (4.97) 51.28  (4.97) 57.98  (4.97) 

pH MB 4 (7d)+20 (3d) 3.76 (0.03) . 3.81 (0.08) 4.07 (0.08) 

 20 (10d) 3.76 (0.03) 3.94 (0.08) 4.00 (0.08) 4.16 (0.08) 

MM 20 (10d) 3.98 (0.04) 4.20 (0.08) 4.28 (0.08) 4.38 (0.08) 

Soluble 

solids 

content 

MB 4 (7d)+20 (3d) 4.43 (0.29) . 4.14 (0.16) 4.30 (0.16) 

 20 (10d) 4.43 (0.29) 4.38 (0.16) 3.94 (0.16) 4.10 (0.16) 

MM 20 (10d) 5.49 (0.35) 5.26 (0.16) 5.19 (0.16) 5.18 (0.16) 

Total 

ascorbic 

acid 

MB 4 (7d)+20 (3d) 14.12 (1.32) . 14.85 (4.26) 18.18 (4.25) 

 20 (10d) 14.12 (1.32) 15.12 (4.26) 16.45 (4.26) 16.44 (4.25) 

MM 20 (10d) 21.09 (1.60) 21.42 (4.25) 22.65 (4.25) 22.67 (4.25) 
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Table 3.11. Least square means of L*, a*, b* values, and color difference (∆E) between 

disinfectant treatments that showed most significant differences in 2014 and 2015 tomato 

postharvest studies.  

 

 

 

 

 

 

z ΔE (L,a,b)= [(L1*–L2*)2 +(a1*–a2*)2 +(b1*–b2*)2]1/2  (De L'Eclairage, 1978); 

y CN= cinnamon oil at 0.5%, CBO= clove bud oil at 0.5%, DI= deionized water. 

   L* a* b* ∆E z 

2014 Day Disinfectant CN y DI CN DI CN DI  

 3  50.0 49.9 16.3 17.5 30.9 32.1 1.62 

 7  45.9 46.1 20.8 22. 5 27.9 29.5 2.33 

 10  42.6 42.5 24.9 27.0 27.0 28.2 2.47 

2015  Day Disinfectant CBO DI CBO DI CBO DI  

 7  49. 7 49.2 18.7 19.8 28.5 31.3 3.08 

 14  45. 6 44.9 26.4 27.3 29.3 31.3 2.28 

 21  44.1 43.8 27.7 29.3 28. 8 30.4 2.25 
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Table 3.12. Weather data for Mountain Research Station, Waynesville, NC in 2015 (North 

Carolina Climate Office).  

  

Date 2m Max 

Temperature 

(C) 

2m Min 

Temperature 

(C) 

Day/night 

difference 

(C) 

1m Daily 

Precipitation 

(cm) 

2m Average 

Solar radiation 

(W/m^2) 

8/9/2015 28.0 15.9 12.1 0.3 175.9 

8/10/2015 29.4 15.6 13.8 0.4 216.6 

8/11/2015 27.9 17.6 10.3 0.0 203.4 

8/12/2015 25.3 13.3 12.0 0.0 291.6 

8/13/2015 27.4 11.8 15.6 0.0 259.3 

8/14/2015 26.9 14.1 12.8 1.0 152.3 

8/15/2015 24.5 15.5 9.0 0.3 138.6 

8/16/2015 26.6 14.7 11.9 0.1 202.8 

8/17/2015 26.6 14.7 11.9 0.5 139.6 

8/18/2015 25.6 18.0 7.6 0.5 148.5 

8/19/2015 27.3 18.0 9.3 0.6 235.7 

8/20/2015 27.6 18.4 9.2 0.0 238.0 
z Harvest days are highlighted as bold. 
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Fig.3.1. Color classification for tomatoes. 
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Fig.3.2. A deflective firmness tester is measuring the firmness of a tomato from the center of 

the fruit. The picture is just an example of the device, and was not taken during the actual 

experiments.
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Fig.3.3. Weight loss (A), and surface color indices of a* (B), b* (C), and chroma (D) of 

tomatoes harvested from Salisbury, NC in 2014 was affected by disinfectant treatments over 

10-day storage period at 4°C and 20°C. Different temperatures and varieties are combined in 

the figures, due to a lack of interaction for disinfectant x temp x var. Within each storage day, 

comparisons were made among disinfectant treatments using Tukey HSD, where shared 

letters meant treatments were not different at p<0.05. Error bars represented 1 standard error. 

 

Abbreviations: CBO= clove bud oil at 0.5%, CN= cinnamon oil at 0.5%, TO= thyme oil at 

0.5%, CHL= 200 µl/l chlorinated water, DI= deionized water.
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Fig.3.4. Weight loss (A), and surface color indices of b* (B) and chroma (C) of ‘Mountain Magic’ tomatoes harvested from 

Waynesville, NC in 2015 was affected by disinfectant treatments over 21-day at 13°C. Within each storage day, Tukey HSD 

comparisons were made among disinfectant treatments, where shared letters meant treatments were not different at p<0.05. Error bars 

represented 1 standard error. 

 

Abbreviations: CBO= clove bud oil at 0.5%, CN= cinnamon oil at 0.5%, TO= thyme oil at 0.5%, CHL= 200 µl/l chlorinated water, 

DI= deionized water
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Fig.3.5. Scald, pitting, and pale color showed on ‘Mountain Belle’ tomatoes in response to 

disinfectant treatments. Fruits were stored at 4°C for 7 d followed by 20°C for 3 d. Fruits 

were harvested on August 11, 2014 at Piedmont Research Station, Salisbury, NC. 
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Fig.3.6. Weight loss of tomatoes with different treatments from the September harvest in 

2014. Comparisons were made across treatments, temperatures and varieties using Tukey 

HSD, and same letters were not significantly different at p<0.05. Error bars represented 1 

standard error. 

Abbreviations: CBO= clove bud oil at 0.5%, DI= deionized water, WP=oil-free emulsion at 

0.5%.
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Chapter IV. Postharvest Quality of Muskmelon in Response to Essential Oil Sprays 

Abstract 

The consumption of fresh muskmelons (Cucumis melo) has been linked to severe 

illness outbreaks due to contamination with bacterial pathogens. Antimicrobial essential oils 

(EOs) were incorporated into washing water and evaluated as potential agents for postharvest 

disinfection of muskmelons. The quality of ‘Athena’ muskmelons was evaluated after 

spraying freshly harvested fruits with 0.5% of EOs from cinnamon leaf, thyme, and clove 

bud emulsified in whey protein emulsion as washing disinfectants, together with controls of 

deionized water, 200 µl/l free chlorine (pH 7, free turbidity), and oil-free whey protein 

emulsion. Melons stored at 4°C for 14-21 d were evaluated on a 7-d interval for weight loss, 

surface color, flesh firmness, surface disorder, and compositional quality (soluble solids 

content, pH, β-carotene content, and total ascorbic acid). Ethylene production and respiration 

rate were measured externally from freshly harvest melons, and internally from stored 

melons. Results from this study did not reveal any negative effects of essential oil 

disinfectants on shelf-life and compositional parameters of muskmelons, except for lower 

total soluble solids of thyme oil treated melons. 

Key words: cantaloupe, muskmelon, essential oil, thyme, cinnamon leaf, clove bud, 

postharvest quality, respiration, carbohydrate metabolism, whey protein, gas diffusion. 
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Introduction 

The average American consumes 4.1 kg of cantaloupe every year (average from 

2006-2010, USDA-ERS, 2012). Despite the fact that cantaloupes have various health benefits 

(Hodges and Lester, 2011), consumption has been linked to severe illness outbreaks due to 

contamination with Escherichia coli O157:H7, Listeria monocytogenes, Salmonella enterica, 

and other pathogens (Bowen et al., 2006; Walsh et al., 2014). From 1973 to 2011, 

cantaloupes were linked to 19 outbreaks, 1012 illnesses, 215 hospitalizations, 37 deaths, and 

1 fetal loss in the U.S., accounting for 28% of total illness but 80% of total deaths among all 

incidence associated with melons and watermelons. 

In the U.S., “cantaloupe” typically refers to melons in the Cucumis melo reticulatus 

group; while in Europe, this term refers to melons in the C. melo cantalupensis group 

(Nelson, 2007). These two groups of cantaloupes are very different in appearance, with U.S. 

types having a net-like (reticulated) rind that is light brown, in comparison to a lightly ribbed 

melon with gray-green rind in Europe. In scientific literature, the U.S. type cantaloupe is 

often called “muskmelon”. Therefore, the term “muskmelon” will be used throughout this 

paper, referring to the U.S. reticulatus cantaloupe. 

Muskmelons, unlike other melons, have rough and irregular rinds that favor the 

attachment, survival, and growth of pathogenic bacteria (Ukuku and Fett, 2006). While 

contamination usually happens on the surface of a muskmelon, it can be readily transferred to 

the edible tissues when melons are cut for consumption (Ukuku and Sapers, 2001; Ukuku 

and Fett, 2002). Washing muskmelons with water could not significantly remove bacterial 

pathogens; and washing with chlorinated water (200 µl/l), the standard disinfection method 

(Sela and Fallik, 2009), did not reach the 2-3 log colony forming unit (cfu)/g reduction (a 
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typical target as a disinfectant) either (Parnell et al., 2005). The antimicrobial effect was 

further reduced if the time between contamination and disinfection was more than 3 d 

(Ukuku and Sapers, 2001).  

Many efforts have been made to investigate better disinfectants for washing 

muskmelons. Hydrogen peroxide was less effective than 200 µl/l chlorine (Ukuku et al., 

2001). Acidified calcium sulfate, acidified sodium chlorite, and peroxyacetic acid achieved 

no more than 1.5 log cfu/g reduction on S. enterica Poona (Fan et al., 2009). Chlorine 

dioxide gas (5 µl/l) achieved 3 log cfu/g reductions on E. coli O157:H7, L. 

monocytogenes, and S. enterica Poona when the gas was applied for 5.5, 4.2 and 1.5 min, 

respectively (Mahmoud et al., 2008), but the requirement for on-site generation of chlorine 

dioxide limits it use in small-scale operations (Gómez-López et al., 2009). 

 Essential oils (EOs) are strong antimicrobials that have been studied on fresh produce 

such as lettuce, tomato, grape, and banana (Tripathi et al., 2008; Maqbool et al., 2011; Ponce 

et al., 2011; Yun et al., 2013). Muskmelons washed with 2% thymol at 65°C for 5 min 

achieved >5 log cfu/g reduction of L. monocytogenes (Upadhyay et al., 2014), and alginate 

coating with 2% cinnamon bark oil received >4 log cfu/g reduction of S. enterica and E. coli 

O157:H7, and >5 log cfu/g reduction for L. monocytogenes (Zhang et al., 2015).  

 Firmer fruit and lower color indices were associated with whole muskmelons coated 

with 2% cinnamon bark oil compared to fruits coated without the oil, indicating a reduced 

rate of ripening (Zhang et al., 2015). Firmness decreased when cut melons were treated with 

edible coating that contained 0.7% of lemongrass oil in comparison to those without EO 

(Raybaudi-Massilia et al., 2008). No phytotoxicity of muskmelons has been reported from 

the use of EOs. 
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The challenge for using EO as a postharvest disinfectant is to get the hydrophobic oil 

incorporated into the aqueous solution. To address this, a whey protein-based emulsion was 

developed to disperse clove bud oil into water (Luo et al., 2014). The emulsion has reduced 

droplet size, and is stable for up to 7 d at 21°C without visible changes of the structural and 

antimicrobial properties of eugenol, the major component of the oil. This emulsification 

process was used as the basis to obtain grant funding to determine effects of essential oils on 

produce of high food safety concern, such as muskmelons. 

In previous research, EOs added to emulsion were tested (Luo et al., 2014). Essential 

oil emulsions of 0.5% had been tested for S. enterica Enteritidis, E. coli O157:H7, and L. 

monocytogenes, and found to have similar results to chlorinated water on inoculated and non-

inoculated produce, and were less susceptible to organic matter than chlorine (Luo et al., 

2014; personal communication with Y. Zhang, University of Tennessee). In this experiment, 

these emulsified EOs were tested on muskmelons to determine postharvest changes in 

quality.  

 

Materials and Methods 

1. Chemicals: 

Essential oils were purchased from Sigma-Aldrich (St. Louis, MO). Thyme oil (TO, 

from Thymus vulgaris and/or Thymus zygis, W306509), cinnamon oil (CN, Ceylon type, 

Cinnamomum zeylanicum, W229202), and clove bud oil (CBO, Eugenia spp.W232300) were 

used. Ingredients of each EO were identified by gas chromatography-mass spectrometry 

(GC-MS) (see Chapter II, Materials and Methods). Each of the EOs: TO, CN, and CBO; was 

dissolved in a whey protein based emulsion (Luo et al. 2014). Briefly, the oil was dissolved 

into 3M sodium hydroxide as a 10% v/v oil solution in 120°C glycerol bath, and then added 
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to the whey protein (BiPRO® Whey Protein Isolate; Davisco Food International, Inc., Eden 

Prairie, MN) emulsion to form a final emulsion that contained 1% v/v oil and 1% w/v whey 

protein. The pH of the emulsion was adjusted to 6.7 with citric acid and served as a stock 

emulsion for further dilution. An EO-free 1% w/v whey protein emulsion was also made and 

pH was adjusted to 6.7, which was then diluted to 0.5% (pH 6.9) with deionized water and 

served as a control (noted as “WP”). Two other controls of chlorinated water, which 

contained 200 µl/l free chlorine (Clorox, Clorox Company, Oakland, CA), pH=7, simplified 

as “CHL”, and deionized water (DI) were used.  

2. Plant material, treatment, and experimental design: 

 ‘Athena’ muskmelons (C. melo reticulatus) were harvested and purchased from a 

commercial farm in Woodleaf, NC on July 7 and 14, 2014, and July 24 and 27, 2015. All 

melons, harvested at the full-slip stage, were immediately transported to Piedmont Research 

Station, Salisbury, NC for spray treatments (about 2 h after harvest). In both years, five 

disinfectant/control treatments were evaluated, and multiple quality variables were repeatedly 

measured across storage time (sample size and storage day varied, and are specified in the 

later section for each variable). In 2014, the disinfectant treatments- TO 0.5%, CN 0.5%, and 

CBO 0.5% were used, plus controls of CHL and DI. In 2015, an additional control consisting 

of an oil-free emulsion (WP) was added. Because of limited storage space and analytical 

capacity, the treatment CN was dropped in 2015 as it contains same major ingredient 

(eugenol) as CBO, and because neither CBO nor CN differed from controls in quality 

variables in 2014. 

In both years, melons were first washed with tap water to remove soil residue, air-

dried, and disinfecting solution/emulsions were applied through sprayers set up for each 
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substance (Solo USA, NewPort News, VA). Melons were randomly selected from the harvest 

pool and individually, and completely sprayed for 20 seconds with the corresponding 

treatment, air-dried, and then transported to NC Research Campus, Kannapolis, NC. Melons 

were separated by treatment and stored in 220 L plastic containers with lids fitted loosely to 

maintain humidity (Fig.4.1A). Each container held 5-6 melons with the same treatment, and 

was stored at 4°C, with 80-95% of relative humidity inside the container (monitored by a 

Hobo sensor, U12-011; Onset Computer Corporate, Bourne, MA) throughout the whole 

storage period. Fruit samples designated for external gas sampling in 2014 were stored at 

20°C after harvest.  

3. Data collection: 

3.1. Ethylene production and respiration rate 

In 2014, ethylene (C2H4) production and respiration of the whole fruit was at full-slip 

stage measured from 1 d after harvest, and continued for three days. Three to four melons 

were sampled for each disinfectant treatment, and melons were stored at 20°C following 

harvest in order to reach detectable levels of C2H4 by gas chromatograph (GC). For each 

sample, the melon was weighed on the day of harvest, and then placed in an empty container 

(8550 ml in volume). Melons were held stationary until the second day (the start of 

sampling), and gas samples were taken on 1, 2, and 3 d with 24-h interval. The container was 

sealed each time for 1 h and gas sample was then taken through a rubber septum on the lid of 

the container by a 0.5 ml gas syringe (Hamilton Gastight Model 1750 LTN, 22 ga, 50.8 mm, 

point style 2; Hamilton Laboratory Products, Reno, NY). The gas sample was then injected 

onto the GC (GC-2014; Shimadzu, Durham, NC) to analyze CO2 and C2H4 concentration.  

The GC was equipped with a 2 m x 6 mm concentric packed column (CTR I, Alltech, 
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Fisher Scientific, Pittsburgh, PA), which was connected with a flame ionization detector 

(FID), and a thermal conductivity detector (TCD) in series to simultaneously quantify C2H4 

and CO2 respectively. The injector temperature was 150°C. Carrier gas (Helium) had a flow 

rate of 25 ml/min. Both FID and TCD detector were set to 150°C. Oven temperature was set 

as follows: 50°C for 3 min, ramp 15°C/min to 100°C. The total run time was 7.33 min. 

Quantification was based on external standard curves using 0.5 ml of gas with known levels 

of CO2 and C2H4, where CO2 was recorded as % and C2H4 was measured as ul·l-1.  

The final concentration for CO2 and C2H4 in the container was calculated as:  

Concentration (ml CO2 / kg∙hr)  

    = [8550 ml – melon weight (g)]* GC reading/ (0.1 * melon weight (g) * 1 

hr) 

Concentration (µl C2H4 / kg∙hr)  

              = [8550 ml – melon weight (g)]* GC reading/ (melon weight (g) * 1 hr) 

Because gas samples of whole melons provided highly variable results, gas samples 

were taken from the cavity of 10-d old melons after the second harvest and this was repeated 

in 2015. Gas samples were taken by inserting a 23 gauge x 3.8 cm needle (Becton, Dickinson 

and Company, Franklin Lakes, NJ) into the cavity of each melon through the stem end. A 10 

ml sample was pulled into a 10 ml plastic syringe (BD), then transferred to a 15 ml airtight 

test tube through a septum to avoid entry of moisture from the melon to the GC column. Gas 

in the tube was mixed by inverting the tube three times, and then 1 ml of the mixed gas 

(diluted 1.5 time from the original) was taken and injected onto the GC using a 1 ml gas tight 

syringe (Hamilton Gastight Model 1001 LTN, Cemented NDL, 22 ga, 50.8 mm, point style 

2; Hamilton Laboratory Products, Reno, NY). Final CO2 or C2H4 concentration from the 
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melon cavity was calculated as Concentration = GC reading/2*1.5, where CO2 was measured 

in % and C2H4 was measured as ul·l-1. This calculation was based on the difference of 

injection volume between sample and standard (1 ml and 0.5 ml respectively), and the 

dilution of sample during preparation.  

In the above study done in 2015, 6-11 melons were sampled right after harvest 

without disinfectant treatments to obtain a baseline for a 0 d internal gas level. The remainder 

of the melons, after treatment, were stored at 4°C. The study was repeated with two harvests. 

For the first harvest, gas samples were taken at 14 d, and for the second harvest, the samples 

were taken at 7 and 14 d. For each harvest, six melons were sampled per treatment. The CO2 

and C2H4 sensitivity of the column and GC were not optimal, and only values above 0.23% 

for CO2 and 3.3 ul·l-1 for C2H4 could be detected with accuracy. Samples that did not attain 

this level were recorded as missing values. 

Along with internal gas sampling, in 2015, efforts were made to determine the 

atmosphere gas quality in the containers where the melons were stored. Each time before 

opening the containers for melon sampling, the container atmosphere was analyzed. A 60-ml 

needle was inserted through a septum installed on the side of the container (Fig.4.1B), and 

the air inside the container was circulated by pull-and-pushing the needle three times, after 

which a gas sample of 15 ml was taken, transferred to a 15 ml airtight test tube, mixed, and 1 

ml gas was retaken from the test tube, and injected onto the GC for CO2 and C2H4 analysis.  

3.2. Weight loss and surface subjective ratings 

Five to six melons per treatment were used to document the changes in weight loss, 

surface color, and disorder at 0 d after harvest and 7-d intervals. Melons were evaluated for 

21 d in 2014, and 14 d in 2015. Surface color was rated separately for the top and bottom of 
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each melon based on a 1-6 scale, with 1 being extremely green, and 6 being extremely 

yellow/brown. Color ratings from the top and bottom of each melon was averaged, and noted 

as “surface_color”. Brown spotting on melon surface was noticed over the storage interval 

(Fig.4.2). Diameter of brown spots ranged from 1-5 mm and appeared on the ground of the 

melon between netting. This symptom was rated based on a 0-2 scale, where 0 was absence, 

1 was minor presence, and 2 was severe presence.  

3.3. Flesh firmness and compositional analysis  

Flesh firmness and compositional analysis was performed only in 2014. Due to a lack 

of differences from 2014 data, the analysis was not performed in 2015. Twelve non-treated 

melons per experiment were sampled on 0 d. Five melons per treatment were analyzed on 

days 7, 14, and 21 following treatment and storage. Each melon was cut longitudinally across 

four locations of blossom, stem, top, and bottom (ground spot) to obtain a 3-cm thick cut 

slice (Fig.4.3A). All tissue sampling and firmness measurements were performed on this 3-

cm cut slice.  

3.3.1. Flesh firmness  

One measurement was taken from each of the four locations (blossom, stem, top, and 

bottom) on the 3-cm cut slice for flesh firmness. Firmness was measured using a force gauge 

(FDIX Force One; Wagner Instruments, Greenwich, CT) with a force cell module of 125 x 

0.1 N, and a flat 0.8 cm penetrating head. Measurements from all four locations of each cut 

slice were averaged to determine the firmness of the fruit flesh.  

3.3.2. Compositional analysis 

Three cylinders of tissue samples were taken using a 0.5 cm cork borer at each of the 

four locations of the cut slice (Fig.4.3B). Two sub-tissue samples were collected. One was 
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stored at -20°C for 3-4 weeks prior to analysis of pH, soluble solids content, and β-carotene, 

and the other sample was held at -80°C up to 3 weeks for total ascorbic acid (AsA). The 3-

week criteria for AsA was developed based on preliminary studies of AsA stability in 

muskmelon tissue during storage (Appendix B).  

3.3.2. A. Soluble solids content (SSC) & pH  

  Frozen samples were removed from -20°C, thawed, and homogenized into puree by 

polytron (PT 10-35 GT; Kinematica, Inc., Bohemia, NY). Pureed samples were warmed to 

room temperature. Fruit pH was measured by a pH meter (H260G; Hach, Loveland, 

Colorado) equipped with a stainless steel rounded electrode (PH77-SS; Hach, Loveland, 

Colorado). Soluble solids content was measured using a digital refractometer (Atago PAL-1, 

Atago U.S.A. Inc., Bellevue, WA) as % Brix. 

3.3.2. B. β-carotene (BCT) 

β-carotene content was measured spectrophotometrically using the method of Fish et 

al. (2002) with slight modification. Briefly, purees from frozen-then-thawed tissue were 

prepared using a polytron (PT 10-35 GT; Kinematica, Inc., Bohemia, NY). A one gram 

sample was weighed (accurate to 0.01 g) into 40 ml brown glass vials (V2795A; 

Glassvials.com, Maryland USA), and mixed with 10 ml of hexane, 10 ml of 95% ethanol, 

and 5 ml acetone, and tightly capped with PTFE-lined closed caps (Thermo Fisher Scientific, 

Waltham, MA). The vials were placed on a shaker (I-24; New Brunswick Scientific, Edison, 

NJ) to mix at 150 rpm at room temperature. After 15 min, 3 ml of deionized water were 

added to each vial, and the samples were shaken for another 5 min. Once shaking was 

completed, vials were left at room temperature for 5 min to allow for phase separation. The 

absorbance (A) of the hexane (upper) layer was measured with a spectrophotometer (UV-
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2450; Shimazu, Torrance, CA) in a 1-cm path length glass cuvette at 453 nm using hexane as 

a blank.  

BCT (µg/g fresh weight) = A(453 nm) x 38.6/ tissue (g)         

This formula was developed based on the Lambert-Beer law using the molecular 

weight of 536.88 g∙mol-1 for β-carotene, and a molar extinction coefficient of 13.9x104/M/cm 

for β-carotene in hexane (Zechmeister and Polgar, 1943). 

3.3.2. C. Total ascorbic acid (AsA)  

Total AsA was extracted with 3% meta-phosphoric acid (MPA), and quantified by 

HPLC. Frozen samples from -80°C were thawed and homogenized into puree by a polytron 

(PT 10-35 GT; Kinematica, Inc., Bohemia, NY). Puree samples of 0.2 g were weighed into 2 

ml micro-centrifuge tubes and mixed in 1 ml of MPA. Samples were sonicated for 5 min at 

room temperature (ultrasonic cleaner 3510 DTH; Branson, Danbury, CT), and centrifuged for 

15 min at 18292 g at 4°C in a microcentrifuge (5417R; Eppendorf™, Fisher Scientific, 

Pittsburgh, PA). The supernatant was collected and filtered through a 0.2 µm, 17 mm nylon 

syringe filter (F2513-2; Thermo Scientific, Grand Island, NY). Freshly made 10-mM tris (2-

carboxyethyl) phosphine hydrochloride was added to the extraction in a 1:1 ratio to convert 

dehydroascorbic acid into L-ascorbic acid. The prepared solution was mixed well and 

incubated in the dark at room temperature for 35 min to allow full completion of the reaction.  

After incubation, samples were moved to 4°C immediately and analyzed by HPLC 

within 12 h (based on preliminary stability tests, Appendix B). Twenty microliters of sample 

was injected onto the HPLC system (Elite LaChrom; Hitachi, San Jose, CA), equipped with a 

L-2455 diode array detector, a L-2130 pump, a L-2200 auto sampler, and a L-2350 column 

oven. Separation was carried out using a 250 x 4.6 mm hydro-RP column of 4 µm particle 
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size and 80 Å pore size (00G-4375-E0; Synergi, Phenomenex, Torrance, CA). Sample 

volumes of 20 ul were injected by an auto-sampler and eluted using 0.0065 N H2SO4 as 

mobile phase, with a flow rate of 1.0 ml/min. The column temperature was 25°C and the total 

run time was 15 min. Column washes between samples were part of the 15 min program and 

were done using the mobile phase solution (0.0065 N H2SO4). Peak data at 248 nm was 

collected using the software (Chromaster System Manager (D-2000; Hitachi, San Jose, CA) 

and used to quantify total AsA. Total AsA content was calculated based on a standard curve 

developed under the same system using known concentrations of L-ascorbic acid (A7506; 

Sigma-Aldrich, St. Louis, MO) and expressed as mg/100g fresh weight. 

4. Statistical analysis: 

All data were analyzed using SAS Enterprise Guide 6.1 (SAS Institute Inc., Cary, 

NC). The procedure for each analysis is specified below: 

4.1. Weight loss, surface_color, and external gas  

The estimates of variance for repeated measured variables such as weight loss, 

surface_color, and external gas were obtained using the restricted maximum likelihood 

(METHOD=REML) and repeated measure (REPEATED) with the mixed model analysis of 

variance procedure (PROC MIXED). Data were analyzed by year since different disinfectant 

treatments were used in two years. The model to estimate variance components was: 

Yijkl = µ + DISINFECTANTi + SDAYj + DISINFECTANT x SDAYij + harvestk + 

harvest x Sdayjk + harvest x disinfectantik + melonidl + εijkl  

where Y was the observation, µ was the group population mean, DISINFECTANT 

was the disinfectant treatments (i=TO, CN, CBO, CHL, DI for 2014; i=TO, CBO, CHL, DI, 

WP for 2015), SDAY was storage day (for weight loss, j=7, 14, and 21 [for 2014 only]; for 
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surface_color, j=0, 7, 14, and 21 [for 2014 only]; for external gas, j=1, 2, 3), harvest (k)=1, 2, 

melonid meant individual melon that was repeatedly measured (for weight loss and 

surface_color, m=1 to 55 for 2014, m=1 to 60 for 2015; for external gas, m=1 to 35), ε was 

the error with a mean of 0, subjecting to normal distribution (tested by PROC 

UNIVARIATE). In the model, effects written in upper-case were fixed effects, while those 

written in lower-case were random effects. 

4.2. Internal sampling of CO2 gas  

Internal CO2 data from both 2014 and 2015 were analyzed using Type III analysis of 

variance (METHOD=TYPE3) with the mixed model analysis of variance procedure (PROC 

MIXED). Because there were different disinfectant treatments in the two years, data were 

analyzed by year. For 2014, there was no replicated experiment. Five individual melons for 

each treatment served as replications. A simple linear model was established as Y (CO2 

concentration)i = µ + DISINFECTANTi + ε i.∼ N (0,σ2). In 2015, the experiment was 

replicated three times, at 14 d from harvest 1, and 7 d and 14 d from harvest 2, with six 

melons per disinfectant treatment per time. A multiple linear model was established as Y 

(CO2 concentration)ij = µ + DISINFECTANTi + [HARVEST x DAY]j + DISINFECTANT x 

[HARVEST x DAY]ij + ε ij ∼ N (0,σ2). In this model, disinfectant, [harvest x day], disinfectant 

x [harvest x day] were all fixed effects, and the only random effect was the residual.  

4.3. Flesh firmness and Compositional analyses  

For measurements of pH, SSC, BCT, total AsA, and flesh firmness, the estimates of 

variance were obtained using Type III analysis of variance (METHOD=TYPE3) with the 

mixed model analysis of variance procedure (PROC MIXED). The model to estimate 

variance components for each variable was: 
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Yijkl = µ + DISINFECTANTi + SDAYj + DISINFECTANT x SDAYij + harvestk + 

harvest x dayjk + harvest x disinfectantik + harvest x disinfectant x Sdayijk + ε ijk 

where Y was the observation, µ was the group population mean, DISINFECTANT 

was the disinfectant treatments (i=TO, CN, CBO, CHL, DI), SDAY was the storage day (j=7, 

14, 21), harvest (k) =1, 2, ε was the error with a mean=0, subjecting to normal distribution 

(tested by PROC UNIVARIATE). Effects when written in upper-case were fixed effects, 

while written in lower-case were random effects.   

4.4. Multiple comparisons 

 Multiple comparisons were made on the variance components when null hypothesis 

for the F test was rejected (p<0.05). All multiple comparisons were performed by Tukey’s 

Honest Significant Difference (HSD) (p<0.05).  

4.5. Surface brown spots 

Fisher’s Exact Test by PROC FREQ procedure was used to determine if brown spot 

ratings were affected by harvest, storage day, and disinfectant treatment. Because different 

disinfectant treatments and different storage lengths were used in two years, data were also 

analyzed by year. 

 

Results 

1. Effect of storage day 

Storage day had effects on external ethylene production, weight loss, surface color, 

and flesh firmness of muskmelons (Tables 4.1 and 4.2), and an interaction between storage 

day and disinfectant were found for brown spot incidence. The interaction of disinfectant x 

storage day for weight loss was significant in 2014, but this effect appeared to be an artifact 
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due to large differences in weight loss across storage days while the trends for weight loss 

did not alter by disinfectant treatments (Fig.4.4). 

Ethylene production (measured externally) showed significantly (p<0.05) decreased 

between 1 and 3 d after harvest, and CO2 decreased slightly but not significantly (Table 4.4). 

Weight loss, surface-color, and flesh firmness were the only three parameters that changed 

significantly over storage, resulting in higher weight loss, darker surface color, and softer 

flesh (Table 4.3). No significant changes in compositional attributes (pH, SSC, BCT, and 

total AsA) were found among melons stored 0 or 21 d (Table 4.3). 

Brown spots were noticed on the surface of the melon between netting (Fig.4.3). 

Plotting the symptom rating data against internal CO2 level showed no correlation (r2=0.09). 

The incidence and severity of brown spots was significantly influenced by storage day 

(p<0.01) (Table 4.5), with older melons having incidence and higher severity (Fig.4.5). The 

incidence was also affected by harvest and disinfectant, but results were not consistent 

between the two years (Table 4.5).  

2. Effect of disinfectant  

Respiration rates, measured by internal CO2 concentration, were found to differ 

among melons treated with different disinfectants and held for 7-14 d (Fig.4.6). In both years, 

DI and CHL controls had statistically or numerically lower respiration rate than all EO 

treatments in the same experiment, while neither experiment showed a significant difference 

among different EO treatments. Whey protein was a shared emulsifier across all EO 

treatments and with the oil-free WP control in both years. Statistically or numerically, all the 

treatments that had this emulsifier were associated with higher respiration than DI and CHL.  

Weight loss and surface_color of melons were not significantly affected by 
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disinfectant treatments during storage (Table 4.1). Flesh firmness appeared to be weakly 

affected by disinfectants (p=0.027) in the statistical model (Table 4.2), but pair by pair 

comparisons among treatments using Tukey’s HSD test did not show any significant 

difference at p=0.05. For compositional attributes, SSC was affected by disinfectant 

treatment (p=0.0101), while pH, BCT, and total AsA were not (Table 4.2). Melons with TO 

treatment had lower SSC than CN treatment and DI control (p<0.05), but were not different 

from CBO treatment or CHL control (Fig.4.7).  

 

Discussion 

1. Shelf-life attributes 

In this study, disinfectant treatments did not affect the firmness of muskmelon flesh 

throughout storage. In contrast, Zhang et al. (2015) reported firmer fruits when treated with 

alginate coating that contained 2% cinnamon bark oil. Unlike clove bud oil, which is 80% of 

eugenol, cinnamon bark oil consists primarily of cinnamaldehyde (Baratta et al., 1998; Simić 

et al., 2004). Although the coating control without EO had significantly less firm flesh than 

those coated with EO (Zhang et al., 2015), the combination of coating and EO could have 

improved the retention of EO on the fruit surface. The effect of EO might have diminished 

much faster in our study due to the absence of coating. 

2. Soluble solids content 

 Melons with TO treatment had lower SSC than DI control and CN treatment, despite 

the lack of difference in weight loss among treatments. In previous reports, the SSC of 

muskmelons treated with a coating with cinnamon bark oil was not significantly different 

from the controls (Zhang et al., 2015). In our experiment, TO-induced oxidative stress to the 
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peel or outer mesocarp of muskmelons may have changed localized carbohydrate metabolism 

and transport in the fruit, resulting in a lower SSC in the flesh.  

3. Respiration rate 

 Increased CO2 concentration was found in the cavity of melons treated with 

disinfectant emulsions containing WP. This result likely reflected the decreased gas 

permeability of whey protein, a known and excellent gas barrier in the food coating industry 

(Miller and Krochta, 1997; Hong and Krochta, 2006). Coating fresh produce with a low 

oxygen-permeable product, despite the advantage of reducing oxidation and food 

degradation, poses a fermentation concern due to depletion of oxygen, and accumulation of 

CO2 (El Ghaouth et al., 1992). Further studies could check the levels of ethanol and 

acetaldehyde in the melon cavity as indicators of anaerobic conditions (Pesis, 2005).  

In this experiment, although whey protein was used as an emulsifier for a washing 

emulsion, instead of as a direct coating, accumulation of CO2 still occurred. The relatively 

short shelf-life of muskmelons (2-3 weeks, Suslow et al., 2000) may have curtailed the 

development of visible quality issues such as weight loss, surface color, firmness, and tissue 

compositions. Use of whey protein in a wash system like this may produce adverse 

symptoms in some produce with a longer shelf-life such as apples, citrus, and sweetpotato 

through reduced oxygen levels and accumulation of CO2. 

4. Brown spots 

Brown spotting was noticed on the muskmelon rind after storage. Although this 

problem was occasionally affected by harvest and disinfectant treatment, it was significantly 

related to storage time in both years. Similar symptoms had been observed by another 

researcher, and was thought to be linked to the desiccation of the rind, which appeared on 
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melons that had been harvested for at least a few days (Dr. Benny Bruton, personal 

communication). This problem is thought to have little impact in postharvest quality and 

marketing, as no known complaints have been received about it from consumers.  

 

Summary 

This study was done to follow postharvest quality changes of muskmelons in 

response to EO disinfectants emulsified with whey protein. Weight loss, surface color, and 

flesh firmness of melons changed over time, while internal composition of melons remained 

constant throughout 21-d storage and were generally not affected by disinfectant treatment. 

Only the thyme oil treatment was associated with a decrease in total soluble solids of melons. 

Whey protein incorporated emulsions, regardless of the presence of EO, resulted in higher 

CO2 levels in the cavity of stored melons. However, due to a relatively short shelf-life of 

muskmelons, the higher CO2 did not appear to have adverse effects to postharvest quality of 

the fruit.  
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Table 4.1. P values for estimates of variance of different postharvest parameters of ‘Athena’ 

muskmelons harvested from Woodleaf, NC, in 2014 and 2015.

z Analysis was performed using PROC MIXED with REML method. Parameters were 

analyzed by year, but same model was used for all parameters and for both years. Fixed 

effects were DISINFECTANT (disinfectant or control treatments), SDAY (storage day) and 

DISINFECTANT x SDAY; random effects included harvest, harvest x disinfectant, harvest x 

storage day, and melonID (individual melons receiving repeated measurements). Two years 

were analyzed separately as different disinfectant treatments were used each year. Cinnamon, 

clove, and thyme oil, plus deionized water and, chlorine controls were used in 2014, while 

clove and thyme oil, plus deionized water, chlorine, and whey protein controls were used in 

2015.

Variance component z 2014  

weight 

loss 

2014  

surface_ 

color 

2015  

weight 

loss 

2015  

surface_ 

color 

2014 

external 

ethylene 

2014 external 

carbon 

dioxide 

Fixed effects p>F 

DISINFECTANT 0.5753 0.4983 0.0864 0.6533 0.9798 0.7235 

SDAY 0.0149 0.0106 0.0402 0.187 0.0179 0.123 

DISINFECTANT*SDAY 0.0001 0.2236 0.1422 0.0583 0.1742 0.9031 

Random effects p>Z 

Harvest 0.3663 0.2815 . . 0.251 0.3972 

Harvest*disinfectant 0.161 0.2925 0.3666 . 0.3926 . 

Harvest*Sday 0.1827 0.1803 0.1884 0.1153 0.3642 0.2413 

MelonID <.0001 <.0001 0.2454 0.0003 0.0024 0.0569 

Residual <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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Table 4.2. P values for estimates of variance of composition and firmness of ‘Athena’ 

muskmelons harvested from Woodleaf, NC in 2014.  

z Analysis used PROC MIXED and the TYPE3 method. Fixed effects were DISINFECTANT 

(disinfectant or control treatments), SDAY (storage day), and DISINFECTANT x SDAY; 

random effects included harvest, harvest x disinfectant, harvest x storage day, harvest x 

storage day x disinfectant.

Variance component z 

pH Soluble solids 

content 

β-carotene Total AsA Flesh 

firmness 

p>F 

DISINFECTANT 0.2223 0.0101 0.8419 0.5615 0.027 

SDAY 0.207 0.1531 0.1176 0.5078 0.0204 

SDAY*DISINFECTANT 0.69 0.2818 0.2202 0.2031 0.8501 

Harvest 0.1022 0.2943 0.5658 0.4513 0.7601 

Harvest*Disinfectant 0.2783 0.9483 0.1596 0.0811 0.9374 

Harvest*Sday 0.0307 0.2815 0.4839 0.0008 0.3856 

Harvest*Sday*disinfectant 0.5545 0.4194 0.1897 0.5259 0.4408 

Residual . . . . . 
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Table 4.3. Changes in shelf-life and composition of ‘Athena’ muskmelons over storage 

periods of 2014 and 2015. Melons with different postharvest disinfectant treatments were 

combined due to a lack of disinfectant effect for all attributes, with the exception of soluble 

solids content (SSC). Surface_color was an average of top and bottom surface color of each 

melon which was rated on a 1-6 scale separately.     

 

 

 

 

 

 

 

 

 

z P is the significance of the effect of storage day obtained from Tables 1 and 2. The analyses 

were done using the mixed model analysis of variance procedure (PROC MIXED) with 

restricted maximum likelihood (METHOD=REML) and repeated measure (REPEATED) for 

weight loss, and surface_color, and METHOD=TYPE3 for β-carotene, flesh firmness, 

soluble solids, total ascorbic acid, and pH. 

y FW=fresh weight .

Trait Year 
Storage day (d) 

P z 
0 7 14 21 

Weight loss (%) 
2014 0 1.03 1.86 2.63 0.0149 

2015 0 0.20 0.88 NA 0.0402 

Surface_color 
2014 4.1 4.2 4.5 4.6 0.0106 

2015 4.0 4.3 4.6 NA 0.187 

β-carotene (µg/g 

FW y) 
2014 25.03 24.09 23.41 22.13 0.1176 

Flesh firmness (N) 2014 225.1 184.6 149.0 125.0 0.0204 

Soluble solid (% 

Brix) 
2014 8.4 8.5 8.0 7.7 0.1531 

Total ascorbic acid 

(mg/100g FW) 
2014 19.78 20.10 22.94 17.64 0.5078 

pH 2014 6.85 6.69 6.60 6.46 0.207 
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Table 4.4. External ethylene and carbon dioxide production over the first three storage days 

of ‘Athena’ muskmelons harvested from Woodleaf, NC in 2014. Different disinfectant 

treatments were combined due to a lack of disinfectant effect. 

 

 

 

z P is the significance of the effect of storage day obtained from Table 1. The analysis was 

done using the mixed model analysis of variance procedure (PROC MIXED) with restricted 

maximum likelihood (METHOD=REML) and repeated measure (REPEATED).

Measurement Storage day (d) P z 

1 2 3 

External ethylene (µl/kg·hr) 74.95 56.79 37.64 0.0179 

External carbon dioxide 

(ml/kg·hr) 

37.30 30.14 29.19 0.123 
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Table 4.5. Effect (p value) of harvest, storage day, and essential oil disinfectant treatments on 

the frequency of brown spot symptoms on the surface of ‘Athena’ muskmelons harvest from 

Woodleaf, NC in 2014 and 2015. 

 

 

 

 

 

z The analysis was done using Fisher’s Extract test. Brown spot was rated on a 0-2 scale, 

where 0 is not present, 1, is present but not severe, 2 is present and severe. 

Year 

p value z 

Harvest  Day  Disinfectant  

2014 0.3927 <0.0001 0.0120 

2015 0.0096 <0.0001 0.4994 
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A. 

 

B. 

 

Fig.4.1. Storage of muskmelons (A), and atmosphere gas sampling from storage containers 

(B). Melons were stored in 220 L plastic containers with a lid fitted loosely to maintain 

humidity. Each container held 5-6 melons treated with the same disinfectant/control. A 

septum installed on the side of each container, from which a needle could be injected to the 

container to collect gas samples.
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Fig.4.2. Brown spotting symptoms observed on the surface of stored ‘Athena’ muskmelons 

harvested from a commercial farm in Woodleaf, NC, on 27 July 2015. Pictures were taken on 

9 and 10 Aug 2015.  
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Fig.4.3. Protocols for cutting (A) and sampling (B) muskmelons. A melon is cut longitudinal 

along the yellow lines (A) that cross the blossom, stem, and the ground spot to obtain a 3-cm 

thick slice. Samples for composition analysis were taken by 0.5 cm cork borer at each of the 

four sides of this cut slice.
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A. 

 

B. 

 

Ground spot 
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Fig.4.4. Weight loss in ‘Athena’ muskmelons in response to storage day and disinfectant 

treatments. Melons of 10-12 (5-6 per harvest) were harvested from Woodleaf, NC in 2014. 

The error bar represents 95% of confident interval. Tukey’s HSD comparisons were made by 

day and no significant difference was identified at p<0.05.   

Abbreviations: CBO= clove bud oil at 0.5%, CN= cinnamon oil at 0.5%, TO= thyme oil at 

0.5%, CHL= 200 µl/l chlorinated water, DI= deionized water. 
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Fig.4.5. Percentage of each rating category (0, 1, and 2) for brown spots symptoms on 

‘Athena’ muskmelon rinds developed over storage in 2014 (10-12 melons with 5-6 melons 

per harvest) and 2015 (12 melons with 6 melons per harvest). The data combined melons 

with all disinfectant treatments and from both harvests of each year, since only storage day 

effect was significant in both year. Three rating categories, 0 means no symptom, 1 means 

minor symptom, and 2 means severe symptom.
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Fig.4.6. Respiration rate measured as internal carbon dioxide (CO2) concentration (%) of 

‘Athena’ muskmelons in response to disinfectant treatments. Melons were stored for 7-14 d 

from 2014 (A) and 2015 (B). Fig. A included 6 melons from the harvest in July 14, 2014, and 

sampled at 10 d. Fig. B represented two harvests (July 24 and July 27 2015) with 6 melons 

per harvest, that were sampled at 7 d for the first harvest, and at 7, 14 d for the second 

harvest. Harvests and storage days were combined in Fig. B because harvest x day interaction 

was not significant. The error bars represented 1 standard error. Means were compared with 

Tukey’s HSD, and those with shared letters were not significantly different at p<0.05.   

 

Abbreviations: CBO= clove bud oil at 0.5%, CN= cinnamon oil at 0.5%, TO= thyme oil at 

0.5%, CHL= 200 µl/l chlorinated water, DI= deionized water, WP= oil-free emulsion at 

0.5%. 
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Fig.4.7. Soluble solids content (% Brix) in ‘Athena’ muskmelons in response to disinfectant 

treatments. Fruits of 10-12 (5-6 per harvest) were obtained from Woodleaf, NC in 2014. Data 

for each disinfectant treatment combined storage days, as there was no disinfectant x storage 

day interaction. The error bars represented 1 standard error. Means were compared with 

Tukey’s HSD and treatments with shared letters were not significantly difference at p<0.05. 

 

Abbreviations: CBO= clove bud oil at 0.5%, CN= cinnamon oil at 0.5%, TO= thyme oil at 

0.5%, CHL= 200 µl/l chlorinated water, DI= deionized water.
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APPENDIX B. 

 

Appendix B. Table 1. Stability of ascorbic acid in chopped plant tissue stored at -80°C over time 

(days). 

 

 

 

 

 

 

 

 

 

 

 

z Materials were purchased from local grocery stores. Tomato was the regular big tomato, 

muskmelon was the eastern melon. Four plant materials of each kind were chopped and mixed to 

form a sample pool, from where subsamples were collected, and analyzed on different days. 

Samples from day 0 were processed fresh, while samples from other days were stored in -80°C 

and thawed at room temperature, and then pureed with polytron to proceed analysis.

Plant material z Sample ID Total ascorbic acid ( mg/100g FW) 

  Day 0 Day 16 Day 22 

Tomato  TVC31 13.44 15.64 12.68 

TVC32 15.19 11.94 10.63 

TVC33 15.59 15.86 12.23 

TVC34 15.39 13.95 14.21 

Mean 14.90 14.35 12.44 

Muskmelon CVC31 23.03 23.49 21.48 

CVC32 21.34 25.09 23.60 

CVC33 24.66 26.86 26.42 

CVC34 25.25 25.93 22.86 

Mean 23.57 25.34 23.59 

Romaine 

lettuce 

LVC31 24.84 28.52 24.98 

LVC32 28.64 33.14 27.37 

LVC33 27.56 35.72 22.78 

LVC34 24.15 23.18 25.66 

Mean 26.29 30.14 25.20 
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Appendix B. Table 2. Stability of ascorbic acid extraction in HPLC vials. 

  Total ascorbic acid ( mg/100g FW) 

Plant material 
z 

Sample ID Fresh y  20 h at 4°C 7 d at -80°C 

Tomato TVC31-0 13.44 13.08 - 

TVC32-0 15.19 14.78 - 

TVC33-0 15.59 15.21 - 

TVC34-0 15.39 14.96 - 

TVC31-16 15.64 15.96 22.51 

TVC32-16 11.94 11.99 18.93 

TVC33-16 15.86 15.91 23.86 

TVC34-16 13.95 14.27 22.92 

Muskmelon CVC31-16 23.49 22.64 24.41 

CVC32-16 25.09 25.64 26.45 

CVC33-16 26.86 27.26 27.44 

CVC34-16 25.93 25.88 25.52 

Romaine 

lettuce 

LVC31-16 28.52 29.06 47.67 

LVC32-16 33.14 33.14 53.78 

LVC33-16 35.72 37.89 53.68 

LVC34-16 23.18 23.70 37.05 

 

z Materials were purchased from local grocery stores. Tomato was the regular big tomato, 

muskmelon was the eastern melon.  

y Extraction of ascorbic acid was made and analyzed by HPCL fresh (within 0.5 hour at 4°C ), 

after 20 h at 4°C, or after 7 d at -80°C.
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Appendix B. Table 3. Recovery of standard ascorbic acid through the extraction process. 

 

Abbreviation: AsA= ascorbic acid. 

z Concentration of total ascorbic acid (AsA) recovered from plant samples with unknown 

levels of total AsA.  

y Concentration of total ascorbic acid (AsA) recovered from the same unknown plant sample 

as z with an additional 0.1 mg·ml-1 L-ascorbic acid (A7506; Sigma-Aldrich, St. Louis, MO) 

added to the extraction solvent of 1 ml. 

x Recovery (ie. the percentage of external AsA that is detected by HPLC after extraction in 

comparison to the known concentration) is calculated as (‘With external AA’ - ‘No external 

AA’)/0.1*100. 

 

 

 

 

 

Material  Sample ID Concentration of AA in extract (mg/ml) 

No external AsA (z) With external AsA (y) Recovery % 
x 

Tomato TVC9 0.072 0.176 103.7 

TVC10 0.061 0.163 101.9 

Muskmelon CVC31s 0.062 0.182 119.8 

CVC32s 0.055 0.178 122.8 

Romaine Lettuce LVC8 0.058 0.125 84.3 

LVC9 0.039 0.111 90.7 


