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Salmonellosis associated with consumption of mangoes have been traced back to the use of contaminated wash water. This highlights the critical role of wash water disinfection in mango processing, affecting its quality, and safety. Moreover, steps unique to the post-harvest handling of mangoes also create a conducive environment for internalization of pathogens into the fruit pulp. Currently, no effective treatment exists to eliminate internalized pathogens from mangoes. Therefore, it is critical to prevent contamination on the fruit to avert pathogen internalization. So the present study evaluated the efficacy of chlorine (200 ppm), peroxyacetic acid (80 ppm), and chlorine dioxide (5 ppm) for reducing Salmonella populations on mangoes and in wash water under simulated mango packing house conditions. Nalidixic-acid resistant isolates of Salmonella Montevideo, S. Newport, S. Baildon, S. Braenderup, and S. Poona were used in this study. Disinfectants were added to inoculated wash water (ca. 7 log CFU/ml) and mangoes (var. Atualfo and Tommy Atkins) were washed under simulated dump tank wash (24°C for 2 min), hot water treatment (46°C for 75 and 110 min), and hydrocooling conditions (21°C for 30 min). Wash water and mangoes were collected at different times for microbiological analysis. Additionally, residual disinfectant concentration was monitored throughout the study. All the three disinfectant tested were effective in significantly reducing Salmonella populations in wash water and on mangoes during dump tank wash, hot water treatment, and hydrocooling (p ≤ 0.05). Specifically, no Salmonella was detected from samples treated with 200 ppm chlorine and 80 ppm PAA. On the other hand, Salmonella was consistently recovered from mango and water samples treated with chlorine dioxide (5 ppm). This reduced antimicrobial efficacy can be attributed to the sharp decline in residual chlorine dioxide concentrations in wash water. Further, reductions in residual chlorine and PAA concentrations were also observed over time. Therefore, to ensure the sustained antimicrobial activity of chlorine and PAA, it is critical to regularly monitor and replenish the disinfectant in wash water. However, given the laboratory scale of these experiments, further validation of these results on a commercial scale are warranted.
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INTRODUCTION

Over the last decade, the increase in consumption of fruits and vegetables has been associated with a concomitant increase in fresh-produce associated foodborne outbreaks (Lynch et al., 2009; Luo et al., 2012). Toward this end, the Centers for Disease Control and Prevention (CDC, 2014) has identified that ~46% of all foodborne illnesses in the US from the years 1998–2008 originated from contaminated fresh produce including fruits, nuts and vegetables (CDC, 2014). Among the different foodborne etiologies, Salmonella is responsible for ~18% of all foodborne outbreaks associated with fresh produce, including mangoes (Hanning et al., 2009; Callejón et al., 2015). In the US, mangoes have been associated with seven multistate Salmonellosis outbreaks with 268 illnesses and 40 hospitalizations so far (CDC, 2017). Interestingly, all these outbreaks were traced back to the use of contaminated wash water during the post-harvesting processing of mangoes (Sivapalasingam et al., 2003; Beatty et al., 2004; Hanning et al., 2009).

At the commercial packing house, mangoes are subjected to three separate washing procedures. The first wash is in the dump tank where incoming mangoes are washed for 30 s to not more than 2 min using potable water. Following the dump tank wash, mangoes are sized and immersed in hot water that is held at 46.1°C. The duration of the treatment which can vary from 65 to 110 min is determined based on the size and shape of the fruit. After hot water treatment, fruit is moved into the hydrocooling process where they are washed in water held at 21–22°C for at least 30 min to reduce flesh temperature and hot water injury (NMB, 2014). Throughout these washing steps, it is essential to maintain water quality. For instance, water quality of the dump tank can quickly deteriorate due to the accumulation of pathogens, dirt, fruit latex, and agricultural chemicals from the field. Hence, it is critical to include an effective antimicrobial in the dump tank to prevent pathogen carryover into the hot water and hydrocooling treatments. Additionally, wash water in the hot water and hydrocooling tank can serve as a medium for the potential contamination of mangoes. Therefore, in the absence of practical technologies that provide a necessary kill step for pathogens, mango producers must rely on wash water disinfectants to enhance product safety.

The commonly used wash water disinfectants in the mango industry include chlorine, peroxyacetic acid, and chlorine dioxide (NMB, 2014). As with other fresh produce, chlorine (50–200 ppm) is the most frequently used chemical disinfectant in the mango industry (Beuchat, 1999; Li et al., 2001; Shen et al., 2013; NMB, 2014). Although an effective antimicrobial agent, the efficacy of chlorine is quickly compromised in the presence of organic matter, as is commonly the case with routine produce washing (Keskinen et al., 2009; Shen et al., 2013; NMB, 2014). In fact, inadequately chlorinated wash water is thought to be a contributing factor to the Salmonella outbreaks associated with the consumption of whole mangoes (Beatty et al., 2004). Another chlorine-based disinfectant used in mango wash water is chlorine dioxide. Similar to chlorine, chlorine dioxide also oxidizes organic matter eventually leading to a reduction in its effective concentration and antimicrobial activity (Goodburn and Wallace, 2013). When employed as a wash water disinfectant, chlorine dioxide has been applied at 5 ppm in water to keep the residue concentration on washed produce within the approved 3-ppm limit [US Food Drug Administration (USFDA) and Center for Food Safety Applied Nutrition, 1998; Pao et al., 2009; 21 CFR 173.300]. Peroxyacetic acid (PAA) has been shown to be effective against foodborne pathogens on different produce surfaces (Hilgren et al., 2007; Vandekinderen et al., 2009). Further, it is approved for use in produce wash water at a maximum permissible limit of 80 ppm (21CFR173.315). Commercially available peracetic acid-based disinfectants contain a considerable amount of hydrogen peroxide that also exhibits antimicrobial activity. PAA is not susceptible to peroxidases and is known to retain its antimicrobial activity in the presence of organic loads or food residues when compared to chlorine (Fatemi and Frank, 1999; Hilgren et al., 2007; Small et al., 2007). Although antimicrobial, the oxidizing ability of these disinfectants, particularly chlorine dioxide and PAA are also associated with discoloration and negative impact on fruit color (Wang et al., 2007; Du et al., 2009; Joshi et al., 2013; Van de Velde et al., 2016; Chen, 2017).

Given the multiple foodborne outbreaks associated with the consumption of mangoes and the critical role that wash water can play in fruit contamination, this study evaluated the antimicrobial efficacy of commonly used mango wash water disinfectants (200 ppm chlorine, 80 ppm peroxyacetic acid, and 5 ppm chlorine dioxide) to mitigate Salmonella populations from wash water and mangoes under simulated packing house washing operations. Additionally, their effect on mango fruit color was investigated. Furthermore, since Salmonella can gain entry in to produce wash water either via the water itself or through contaminated fruit (Allende et al., 2009; Hanning et al., 2009, Fatica and Schneider, 2011), this study investigated disinfectant efficacy under both contamination scenarios. Thus, the main objectives of the study were (i) to determine the efficacy of water disinfectants to inactivate Salmonella in wash water and prevent water-to-mango cross contamination (scenario 1-contaminated wash water) and (ii) to determine the efficacy of water disinfectants to inactivate Salmonella on the surface of artificially inoculated mangoes and prevent mango-to-water cross-contamination (scenario 2- contaminated mangoes).

MATERIALS AND METHODS

Bacterial Cultures

Five different serovars of Salmonella enterica (S. Montevideo, S. Newport, S. Baildon, S. Braenderup, and S. Poona) were used for the study. These produce isolates were kindly provided by Dr. Venkitanarayanan (Department of Animal Science, University of Connecticut, Storrs, CT). All the five isolates were induced for resistance to nalidixic acid (NA; Sigma-Aldrich, St. Louis, MO, USA; 50 μg/ml) to facilitate selective enumeration of the inoculated pathogens (Harris et al., 2001).

Preparation of Inoculum

Each isolate was cultured separately in 10 ml of sterile Tryptic soy broth (TSB, BD Difco, Becton, Dickson, and Company, Sparks, MD, USA) containing nalidixic acid (NA; 50 μg/ml) at 37°C for 24 h with agitation (100 rpm). Cultures were then transferred for two consecutive 24 h period onto xylose lysine deoxycholate (XLD; Difco) agar plates containing NA (50 μg/ml; XLDN) to produce a bacterial lawn. To prepare the inoculum, growth from the bacterial lawn was transferred to 0.1% buffered peptone water (BPW, Difco) and the approximate bacterial count in each culture was determined spectrophotometrically. Equal portions from each of the five isolates were combined to make the pathogen cocktail. The bacterial population in the cocktail was determined by plating 0.1 ml portions of appropriate dilutions on XLDN followed by incubation at 37°C for 24 h (Danyluk et al., 2005).

Mangoes

Mango varieties (Ataulfo and Tommy Atkins) used in the study were selected based on their popularity, difference in size, surface characteristics, and duration of hot water treatment. Unwashed, unwaxed, unripened mature mangoes (Ataulfo: yellow, average weight: 200–250 g; Tommy Atkins: Red–Green, average weight: 600–800 g) were procured from mango packing houses in coordination with the National Mango Board. Upon receipt, fruits were visually inspected for defects (bruises, moldy growth, breaks in peel) and any defective mangoes were discarded. All the fruits were maintained at 4°C until use. A day before the experiment, the required number of fruits were transferred to room temperature (21°C) for tempering prior to use (Penteado et al., 2004).

Wash Solutions

Chlorine wash solution (200 ppm) was prepared by diluting 6% sodium hypochlorite solution (Fisher Scientific, Waltham, MA, USA) in autoclaved tap water and adjusting the pH to 7.0 ± 0.1 with citric acid (NMB, 2014). Peroxyacetic acid wash solution (80 ppm) was prepared by diluting 35% stock solution (Fisher Scientific). Chlorine dioxide wash solution (5 ppm) was prepared by dissolving chlorine dioxide water tablets (Wisconsin Pharmacal Company LLC, Jackson, WI, USA) in autoclaved tap water as per the manufacturer's instructions. Autoclaved tap water was used as the negative control (Harris et al., 2001). Disinfectant solutions were prepared fresh prior to each experiment and residual disinfectant concentrations were determined at the start of each washing procedure. The disinfectant concentrations used in the study were selected based on preliminary studies that were conducted using varying concentrations of chlorine (50, 100, 150, and 200 ppm), PAA (30, 50, and 80 ppm), and chlorine dioxide (2.5, 3, and 5 ppm) and maximum allowable limits set by the FDA.

Preparation of Organic Load

The chemical oxygen demand (COD) was chosen as an estimate of organic load in the wash water and was measured using the dichromate reactor digestion method (Gonzalez et al., 2004; Davidson et al., 2014; Gombes et al., 2017; Teng et al., 2018). In order to simulate commercial process water, wash water samples were collected from a commercial packing house and COD was estimated. Based on these assays, organic load in the dump tank, hot water treatment and hydrocooling wash water was estimated to be 315–320, 25–30, and 15–20 ppm, respectively. Using these values as a guideline, wash water for the experiments was prepared by washing whole mangoes in tap water (to simulate latex contamination) and mixing sterile clay-loam soil in order to obtain the desired organic load.

Preparation of Contaminated Wash Water (Scenario 1)

In order to mimic wash water contamination that could occur at the mango packing facility, wash water (5 L) was inoculated with the Salmonella cocktail to obtain a starting bacterial load of ~7 log CFU/ml. Additionally, to simulate washing by immersion at the packing house, wash water (5 L) was held in sterile containers and mangoes were immersed in the different wash solutions for specified periods of time as described below.

Dump Tank Wash

Mangoes were washed in inoculated wash solutions containing 200 ppm chlorine, 80 ppm PAA, or 5 ppm chlorine dioxide in the presence and absence of organic matter (315–320 ppm) and held at 24°C for 2 min. Autoclaved tap water inoculated with the Salmonella cocktail served as the wash control. During the dump tank wash, water, and mangoes were sampled at 30 s, 1 and 2 min of washing for microbiological analysis. At each time point, three 50-ml wash water samples and three mangoes were sampled from the different treatment groups and the entire experiment was repeated four times.

Hot Water Treatment

To simulate hot water treatment, mangoes were washed in inoculated wash solutions that were maintained at 46°C in the presence and absence of organic matter (25–30 ppm). These wash solutions contained 200 ppm chlorine, 80 ppm PAA, or 5 ppm chlorine dioxide. Autoclaved water inoculated with the Salmonella cocktail served as the wash control. As per the USDA APHIS requirement, hot water treatment was performed for a duration of 75 and 110 min for Ataulfos and Tommys, respectively [U.S. Department of Agriculture (USDA), Animal Plant Health Inspection Service and Plant Protection Quarantine, 2010]. Following immersion in the hot wash solutions, wash water and mangoes were sampled at 65 and 75 min for Ataulfo and 75, 90, and 110 min for Tommy Atkins mangoes (NMB, 2014). Three 50-ml wash water samples and three mangoes from the different treatment groups were sampled at each time point and the entire experiment was repeated four times. Mangoes and wash water solutions were processed as for microbiological analysis as described below.

Hydrocooling

For hydrocooling, inoculated wash solutions containing the different disinfectants or sterile water were maintained at 21°C and mangoes were washed for 30 min in the presence and absence of organic matter (15–20 ppm). Mangoes and wash water were sampled during hydrocooling for microbiological analysis. At each time point, three 50-ml wash water samples and three mangoes were sampled from the different treatment groups and the entire experiment was repeated four times.

Preparation of Artificially Contaminated Mangoes (Scenario 2)

Salmonella cocktail was prepared as described earlier. Mangoes were spot inoculated with 7 log CFU/mango by placing 100 μl of the inoculum around the stem end. In order to prevent the inoculum from running off the side of the mango, the inoculum was applied in small approximately equal volumes to 10 different locations (Lang et al., 2004; Baskaran et al., 2013). After inoculation, mangoes were held at room temperature in a biosafety hood for 4 h to allow for the inoculum to dry. Staggered inoculation of the mangoes was performed to allow for not more than 4 h of drying time prior to washing (Parnell and Harris, 2003). Inoculated mangoes were then subjected to dump tank wash, hot water treatment, and hydrocooling as previously described. Following exposure to the different wash solutions, the surviving Salmonella population was enumerated in wash water and on mango surface as described below.

S. enterica Internalization Into Mangoes

To evaluate the efficacy of disinfectants to prevent Salmonella internalization in mangoes, fruits were subjected to hot water treatment in sterile hot water and then hydrocooled with inoculated wash water containing the disinfectants (200 ppm chlorine/80 ppm PAA/5 ppm chlorine dioxide) in the presence and absence of organic matter (15–20 ppm). After 30 min of hydrocooling, three mangoes were sampled from each treatment group and the entire experiment was repeated four times. In order to enumerate internalized Salmonella, all hydrocooled mangoes were sanitized by immersion in 1 L of 2 g/l of sodium hypochlorite solution (Fisher Scientific) for 1 min and air dried in a laminar flow hood. Each mango was then surface sanitized using 70% ethanol. Following surface sanitization, mangoes were cut and processed as previously described (Penteado et al., 2004). Briefly, pulp from each mango was transferred to individual stomacher bags with 200 ml BPW, mashed by stomaching for 2 min and Salmonella population/presence was assayed as described below.

Microbiological Analysis

At each sampling time, mangoes were individually transferred to sterile stomacher bags containing 200 ml of Dey-Engley neutralizing broth (DE broth, Difco). Each mango was hand rubbed for 1 min, and the DE broth was analyzed for presence (by enrichment) and/or Salmonella population (Harris et al., 2001; Baskaran et al., 2013). Similarly, at each sampling time, wash water samples were transferred to individual stomacher bags containing 200 ml DE broth for further microbiological analysis. Briefly, DE broth from each sample was centrifuged (1,880 X g for 5 min) and the upper portion was removed and sample concentration was performed by further centrifugation (16,000 X g for 10 min; Fukushima et al., 2007). The resulting pellet was resuspended in 25 ml of DE broth followed by serial dilution in BPW, plating on XLDN and incubation at 37°C for 24–48 h. Additionally, serially diluted samples were surface plated on bismuth sulfite agar (BSA, Difco) containing 50 ug/ml NA and 0.1% sodium pyruvate (BSANP; Harris et al., 2001; Strawn and Danyluk, 2010). In addition to plating, DE broth (25 ml) from the different samples was enriched in Rappaport-Vassiliadis broth (RVB, Difco; 225 ml) and incubated at 43°C for 16–24 (Parnell et al., 2005). When counts for the respective samples were negative by direct plating, enrichment broths were streaked on XLDN/BSANP agar and incubated at 37°C for 48 h before being examined for presumptive S. enterica colonies. The presumptive colonies isolated from the enrichment broths were confirmed by agglutination assays (Salmonella latex agglutination test, Microgen Bioproducts Ltd., Surrey, UK).

Wash Water Quality Measurements

Disinfectant concentrations were monitored throughout the experimental period. Chlorine concentration was monitored using Chlor—Test strips (MQuant™; Millipore Sigma, Burlington, MA, USA) and visual kit (CHEMetrics Inc, Midland, VA, USA). Chlorine dioxide concentration was monitored using a colorimetric assay (CHEMetrics Inc.). Peracetic acid concentration was monitored using test strips (Hydrion®; Microessential Laboratory, Brooklyn, NY, USA) and visual kit (ChemWorld, Kennesaw, GA, USA). In addition to monitoring residual disinfectant concentrations for the duration of the washing experiment, chlorine, chlorine dioxide, and PAA were also monitored over an extended period of 72 h to simulate reuse of wash water. Additionally, wash water temperatures were monitored throughout the course of the experiments.

Measurement of Mango Color

Instrumental color measurements were done to determine the effect of the disinfectant treatments on mango color. Using a HunterLab MiniScan XE Plus colorimeter (HunterLab Associates, Reston, VA, USA) with illuminant A, 2.54-cm diameter aperture, and 10° standard observer, a* and b* values were measured on mangoes before and after dump tank wash, hot water treatment and hydrocooling (Ayala-Silva et al., 2005; Adams and Brown, 2007). Washing in autoclaved tap water served as the control. a* values are representative of the redness (Tommy Atkins) of the surface and b* indicate the yellowness (Ataulfo) of the mango skin. At each time point, three mangoes were sampled from the different treatment groups and the entire experiment was repeated four times.

Statistical Analysis

Three samples (mangoes and wash water samples) for each treatment and control were collected per time point in each experiment and the experiment was repeated four times. Each wash water container served as an experimental unit and a completely randomized treatment structure was followed. The factors included 8 treatments (autoclaved water, chlorine, PAA, chlorine dioxide in the presence and absence of organic load) and time points [3 for dump tank washing (30 s, 1 and 2 min); 3 for hot water treatment (75, 90, and 110 min); and 1 for hydrocooling (30 min)] per trial. A similar analysis was performed for the wash water samples. For mango color measurement, a completely randomized treatment structure was followed with repeated measures. Three samples for each treatment and control were collected per time point in each experiment and four independent trials were conducted. Pooled samples were averaged and data were analyzed using the GLM procedure of SAS ver. 9.4. Differences among the means were considered significant at p ≤ 0.05, and detected using Fisher's least significance difference test with appropriate corrections for multiple comparisons.

RESULTS

Results of our study revealed that 200 ppm chlorine, 80 ppm PAA, and 5 ppm Chlorine dioxide were found to be equally effective in reducing Salmonella populations on Ataulfo and Tommy Atkins in the presence and absence of organic contaminants. Further, no significant difference in disinfectant efficacy was observed under the different contamination scenarios tested namely (i) contaminated wash water and (ii) contaminated mangoes. Therefore, only data on the antimicrobial efficacy of disinfectants in reducing Salmonella populations in wash water and preventing cross-contamination of fruits (var. Tommy Atkins; Scenario 1) are presented here.

Dump Tank Wash

The efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in reducing Salmonella populations in dump tank wash water and preventing water-to-mango cross contamination is shown in Table 1. Approximately 7.2 log CFU of Salmonella was recovered from the untreated wash water and mango samples (control; Table 1). However, incorporation of disinfectants including 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide significantly inhibited Salmonella survival in wash water and on mangoes (p < 0.05). Specifically, Salmonella was not detected from water samples treated with 200 ppm chlorine or 80 ppm PAA immediately upon testing (initial sampling time point; Table 1A). Further, Salmonella was also not detected on mangoes sampled at all-time points following washing (Enrichment negative; Table 1B). Additionally, the presence of organic matter did not have any significant effect on the antimicrobial efficacy of chlorine and PAA. However, in case of chlorine dioxide (5 ppm), water and mangoes were positive for Salmonella at the initial sampling time particularly in presence of organic contaminants (Table 1).


Table 1A. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in reducing Salmonella populations in dump tank wash water (Tommy Atkins mangoes).
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Table 1B. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in preventing transfer of Salmonella from dump tank wash water to mangoes (Tommy Atkins mangoes).
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Hot Water Treatment

Exposure of the pathogen to wash water held at 46°C in the absence of a disinfectant did not have any significant effect on surviving Salmonella populations. Approximately 7.2 log CFU of Salmonella was recovered from the control wash water and mangoes throughout the experiment (Table 2). On the other hand, incorporation of 200 ppm chlorine and 80 ppm PAA resulted in a >7 log reduction in Salmonella populations in wash water and effectively inhibited Salmonella transfer onto mango surface irrespective of the presence and absence of organic matter. However, with chlorine dioxide, Salmonella was recovered (enrichment positive) from water samples and mangoes until the end of the experiment (110 min; Table 2).

Hydrocooling

Hydrocooling of mangoes in the absence of disinfectant did not result in any significant reduction in pathogen population. At the end of hydrocooling, ~7.1 log CFU of Salmonella was recovered from the wash water and mangoes (Table 3) On the other hand, when chlorine (200 ppm) or PAA (80 ppm) was added to the hydrocooling water, Salmonella was not detected in the wash water and on mangoes following direct plating and enrichment. However, in case of chlorine dioxide, samples (water and mangoes) were found to be positive for Salmonella till the end of the experiment (30 min) both in the presence and absence of organic matter (Table 3).

Salmonella Internalization in Mangoes

As can be seen from Table 4, transfer of fruits from hot water tanks into the hydrocooling containers led to significant internalization of Salmonella into the mango pulp. With respect to the control samples, ~2.3 log CFU of Salmonella/mango was recovered from the pulp. With reference to the disinfectant treatments, incorporation of 200 ppm chlorine and 80 ppm PAA significantly (p ≤ 0.05) reduced Salmonella internalization in mangoes irrespective of the presence or absence of organic matter (Table 4). However, when employing chlorine dioxide, the presence of organic matter in the wash water significantly (p ≤ 0.05) compromised its antimicrobial efficacy. In fact, application of 5 ppm chlorine dioxide to wash water with COD of 15 ± 5 ppm did not result in any significant reduction in Salmonella internalization when compared to the control. Approximately 2.3 log CFU of Salmonella was recovered from the pulp of chlorine dioxide washed mangoes at the end of the experiment (Table 4).

Change in Residual Disinfectant Concentrations Over Time in Each Washing Step

A steady reduction in the effective concentration of the three disinfectants was observed over time (Figures S1–S3). For instance, with the dump tank wash, chlorine and PAA concentrations remained unchanged at the end of the washing period (2 min) irrespective of the presence of organic load. However, chlorine dioxide concentration declined from 5 to 2.5 ppm and 2 ppm in the absence and presence of organic load, respectively (Figure S1C). Moreover, this loss was more apparent in the presence of an organic load and in the hot water tank. During hot water treatment, chlorine dioxide concentrations dropped from 5 ppm (at the start of the experiment) to 1 and 0.8 ppm (by 110 min) in the absence and presence of organic matter, respectively. In the presence of organic matter, the final concentration was 0.8 ppm. Similarly, by 110 min, PAA concentrations and chlorine concentrations reduced to 60 and 80 ppm in the presence of organic contamination, respectively. With respect to hydrocooling, by 30 min chlorine dioxide concentration reduced to 2.5 and 2 ppm in the absence and presence of organic matter, respectively. However, no change in the residual concentration of chlorine and PAA were observed (Figures S3A,B). Further, with the extended sampling over 72 h, we observed a similar decrease in the effective concentration of all the three disinfectants (72 h; Figures S1–S3). This loss was more apparent in the presence of an organic load and in the hot water tank. In the absence of organic load, chlorine concentration declined to 60 ppm by 72 h. In the presence of an organic load, the concentration dropped to undetectable levels by 24 h. PAA concentrations fell to 60 and 45 ppm by 72 h in the absence and presence of organic matter, respectively. Overall, chlorine dioxide was found to be the least stable with residual concentrations falling below detection limits by 8 and 24 h in the presence and absence of organic matter, respectively (Figures S1–S3).

Effect of Disinfectant Treatments on Mango Color

Washing mangoes (Ataulfo—yellow skin color; Tommy Atkins—red-green skin color) either in plain water or in water containing disinfectants did not significantly affect fruit color (Figures 1, 2). In other words, mango fruit color estimated before wash was not significantly different from measurements made on washed fruit. Similar results were obtained under all of the three washing conditions; namely, dump tank wash, hot water treatment, and hydrocooling. Overall, Ataulfos had a b* value (yellow) of 32–34 (Figure 1) and Tommy Atkins had an a* (green-red) value of 22–24 (Figure 2). Further, we also did not observe any visual discoloration of the fruit following washing.
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FIGURE 1. Effect of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide on mango (var. Ataulfo) color following dump tank wash, hot water treatment and hydrocooling. BW, Fruit color before wash; AW, Fruit color after wash. *No significant difference in fruit color before and after wash within each washing process.
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FIGURE 2. Effect of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide on mango (var. Tommy Atkins) color following dump tank wash, hot water treatment and hydrocooling. BW, Fruit color before wash; AW, Fruit color after wash. *No significant difference in fruit color before and after wash within each washing process.



DISCUSSION

Fresh produce can become contaminated at any point throughout the production process (Fatica and Schneider, 2011). Therefore, in addition to incorporation of good agricultural practices (GAPs), the produce industry relies on decontamination strategies employed at the packing house (Goodburn and Wallace, 2013). In this regard, washing is one of the most commonly employed methods to reduce pathogen contamination on fresh produce. Water used for washing not only helps remove microorganisms but also eliminates soil and dirt from the produce surface (Tian et al., 2013). However, water also serves as an ideal medium for the potential spread of pathogens during produce processing (Luo et al., 2012). Hence, wash water, if not properly disinfected, can act as a source of contamination for every fruit or vegetable that passes through the packing house (López-Gálvez et al., 2009). Therefore, improperly chlorinated water has been implicated in foodborne outbreaks associated with fresh produce including tomatoes and mangoes (Zhuang et al., 1995; Beatty et al., 2004).

Given the Salmonella outbreaks and its association with wash water, water quality has been a major concern for the mango industry (Hanning et al., 2009; Nieto-Montenegro and Almanza, 2014). In addition to water quality, steps unique to the post-harvest handling of mangoes including hot water treatment followed by hydrocooling, create a conducive environment for internalization of pathogens into the fruit pulp (Parnell and Harris, 2003). In fact, washing of warm mangoes (46°C) in water held at a lower temperature (22°C) led to Salmonella internalization into mangoes resulting in foodborne outbreaks (Sivapalasingam et al., 2003; Penteado et al., 2004). Currently, no effective treatment exists to eliminate internalized pathogens from mangoes. Therefore, it is critical to prevent contamination on the fruit surface in order to avert pathogen internalization (Nieto-Montenegro and Almanza, 2014). Toward this end, research has demonstrated that incorporation of effective disinfectants in wash water could control pathogens in water and thereby prevent internalization (Penteado et al., 2004; Soto et al., 2007). Hence, the present study was undertaken to test the efficacy of commonly used disinfectants in promoting the microbial safety of mangoes under simulated packing house washing operations.

Under all of the three washing conditions tested, chlorine (200 ppm) and PAA (80 ppm) were effective in reducing Salmonella (no Salmonella detected upon enrichment) in wash water thereby preventing cross-contamination of mangoes. However, chlorine dioxide (5 ppm) was found to be the least effective, with Salmonella being recovered from wash water and mangoes particularly during hot water treatment and hydrocooling (Tables 2, 3). Further, the observed antimicrobial efficacy was found to be dependent on the organic load, disinfectant type and residual disinfectant concentration. For example, while Salmonella was not detected in wash water following treatment with 200 ppm chlorine and 80 ppm PAA during all three washing steps, samples were found to be positive for Salmonella following treatment with 5 ppm chlorine dioxide (Tables 1A, 2A, 3A). Further, the reduced antimicrobial efficacy of chlorine dioxide was found to be associated with a corresponding reduction in the residual concentration of the disinfectant in the wash water (Figures S1C, S2C, S3C). Moreover, the reduced antimicrobial efficacy was more evident in the presence of organic matter (Tables 2B, 3B). These findings are in line with previous research that demonstrates that a reduction in residual free chlorine particularly in the presence of organic contamination is primarily responsible for the observed loss in the antimicrobial efficacy of the disinfectant (Pao et al., 2007; Joshi et al., 2013; Chen and Hung, 2017; Sreedharan et al., 2017).


Table 2A. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in reducing Salmonella populations in hot water tank (Tommy Atkins mangoes).
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Table 2B. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in preventing transfer of Salmonella from hot wash water to mangoes (Tommy Atkins mangoes).
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Table 3A. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in reducing Salmonella populations in hydrocooling tank (Tommy Atkins mangoes).
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Table 3B. Efficacy of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in preventing transfer of Salmonella from hydrocooling water to mangoes (Tommy Atkins mangoes).
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Table 4. Effect of 200 ppm chlorine, 80 ppm PAA, and 5 ppm chlorine dioxide in preventing Salmonella internalization in mangoes following hydrocooling.
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Since mangoes imported to the United States can serve as a vector for tephritid flies, USDA APHIS requires that these mangoes be subjected to hot water disinfestation [U.S. Department of Agriculture (USDA), Animal Plant Health Inspection Service and Plant Protection Quarantine, 2010]. However, owing to the detrimental effect of high temperature on mango pulp, fruits are hydrocooled following hot water treatment (NMB, 2014). This rapid transition of warm fruit to a cooler environment has been shown to favor pathogen internalization in produce including mangoes, tomatoes, apples and oranges (Bartz and Showalter, 1980; Buchanan et al., 1999; Eblen et al., 2004; Penteado et al., 2004; Bordini et al., 2007). As previously reported, ~2.3 log CFU/g of internalized Salmonella was recovered from the pulp of hot water treated mangoes that were hydrocooled in contaminated wash water in the absence of a disinfectant (Bordini et al., 2007; Soto et al., 2007). Treatment with 5 ppm chlorine dioxide particularly in the presence of organic matter did not result in any significant reduction in internalized Salmonella populations when compared to the control. On the other hand, incorporation of 200 ppm chlorine and 80 ppm PAA in the hydrocooling wash water significantly inhibited Salmonella internalization. Therefore, by controlling Salmonella in wash water and preventing pathogen contamination on mangoes, chlorine, and PAA were able to inhibit Salmonella internalization into the pulp of intact fruit. Similar reduction in Salmonella populations in wash water and mango pulp was reported by Soto et al. (2007) following the incorporation of chlorine (8 mg/L) in the hydrocooling water.

Wash water quality parameters including organic load and water temperature have a significant influence on disinfectant efficacy (Goodburn and Wallace, 2013; Banach et al., 2015). These parameters primarily reduce the residual concentration of the disinfectant and therefore reduce its antimicrobial activity over time. In effect, studies have demonstrated that there is an inverse relationship between antimicrobial efficacy and organic load (Chaidez et al., 2003; López-Gálvez et al., 2009; Meireles et al., 2016). Similar to these findings, we observed a significant reduction in disinfectant over time, particularly in the hot water tank and in the presence of organic contamination (Figure S2). Overall, disinfectant stability was found to be highest with PAA > chlorine > chlorine dioxide, with steeper declines observed in the presence of organic contamination (Figures S1–S3). Therefore, to ensure sustained antimicrobial activity, it is critical to regularly monitor and replenish disinfectants in the dump tank, hot water and hydrocooling tanks.

The attractiveness and appearance of the fruit particularly its color is an important parameter that dictates consumer acceptability. Hence maintenance of an appealing color is critical to promote fruit sales. In this regard, PAA and chlorine-based disinfectants including chlorine dioxide are strong oxidizing agents and therefore can react with phytochemicals on fruits and vegetables, thereby affecting their appearance (Joshi et al., 2013). In fact, researchers have demonstrated that prolonged washing with chlorine dioxide causes darkening and loss of visual quality (Du et al., 2009; Chen, 2017). Exposure of apples to gaseous chlorine dioxide (4.32 ppm) for an hour was found to significantly reduce the visual quality of the fruits (Lee et al., 2006). Along the same lines, Mahmoud and Linton (2008) observed a reduction in visual quality of lettuce following treatment with chlorine dioxide. Similarly, hydrogen peroxide, a component of PAA, has been shown to oxidize anthocyanins and other phytochemicals leading to detrimental quality changes such as browning in apples and strawberries (Wang et al., 2007; Van de Velde et al., 2016). However, in the present study, washing fruit in water containing 200 ppm chlorine, 80 ppm PAA, or 5 ppm chlorine dioxide was not found to exert a significant impact on fruit color. Further, no significant difference in color of Ataulfos and Tommy Atkins was observed before and after washing following dump tank wash, hot water treatment and hydrocooling (p >0.05; Figures 1, 2). The absence of a significant effect on mango color could be primarily due to the difference in phytochemical composition and stability of pigments such as anthocyanins among different fruits and varieties (Laleh et al., 2006; Adams and Brown, 2007). Further, the observed rapid loss in effective concentration of chlorine dioxide could have resulted in reduced contact time with the fruit surface, thereby preventing discoloration.

In summary, 200 ppm chlorine and 80 ppm PAA were found to be the most effective in reducing Salmonella populations in wash water, preventing cross-contamination and inhibiting pathogen internalization in mangoes under simulated packing house washing operations. However, reduction in their effective residual concentrations can severely impact their antimicrobial efficacy. Hence in order to obtain sustained antibacterial activity, it is critical to continuously monitor and replenish disinfectants in the wash water tanks. Further, to prevent Salmonella carryover from one washing operation to the other, it is recommended that disinfectants are incorporated in all three washing steps; namely, dump tank wash, the hot water treatment, and the hydrocooling. However, given the laboratory scale of these experiments, further validation of the antimicrobial efficacy of these disinfectants on a commercial scale is warranted.
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