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Multiple outbreaks of foodborne illness (Salmonella and E. coli O157:H7) have been 

associated with tree nuts and tree nut products since the early 2000s.  In response to 

these outbreaks and many others in fresh produce and peanut butter, Congress created 

and passed the Food Safety Modernization Act (FSMA) to require a preventive, 

rather than a reactive, approach to improve food safety from production to consumer 

purchase.  One outcome of FSMA, the Preventive Controls Rule, requires processors 

to implement strategies to reduce microbiological contamination.  The most prudent 

approach for a processor is the implementation of a validated process proven to 

achieve a desired level of decontamination. Fumigation of tree nuts with propylene 

oxide (PPO) is a potential process that could be used to reduce contamination of 

Salmonella spp. The purpose of this study was to determine the efficacy of PPO at 

reducing Salmonella spp. on raw hazelnuts (in-shell and kernels) in commercial 

processing facilities.  



ii 

 

 

Two commercial-scale trials were conducted to determine the efficacy PPO at two 

different concentrations: 0.65 and 1.00 kg/m3.  In-shell hazelnuts and kernels were 

inoculated with a cocktail of five Salmonella strains previously associated with tree 

nuts or Enterococcus faecium ATCC 3459. Inoculated samples (25-50 g) were 

strategically placed within commercial packaging containing bulk hazelnuts and 

transported to commercial PPO facilities for fumigation and off-gassing (5 days). 

Samples were transported to the laboratory and analyzed for Salmonella survivors 

using standard serial dilution and spread plating techniques on Hektoen Enteric 

(HEK) with incubation at 37˚C for 24-48 hrs.  Samples with low levels of survivors 

were analyzed using a most probable number (MPN) technique.  Salmonella spp. 

concentrations in travel controls were compared to surviving concentrations in PPO 

and PPO+off-gassing samples to determine efficacy of treatments.   

A PPO treatment of 0.65 kg/m3 with off-gassing achieved average reductions of 3.67 

and 4.83 log CFU/g for kernel and in-shell hazelnuts, respectively.  Increasing the 

PPO concentration to 1.00 kg/m3 increased the average reductions of Salmonella spp. 

to 5.66 and 6.51 log CFU/g, respectively.  PPO processing variables other than PPO 

concentration that impact PPO efficacy were discovered.  Results in the second study 

indicated potential development of gas layers (PPO and air/nitrogen) in the chamber 

that likely contributed to variability in Salmonella spp. survivors due to three-

dimensional location.  The degree of chamber fill may also impact the efficacy of 

PPO. PPO has the potential to be a viable solution for the hazelnut industry, however, 

additional commercial-scale processing variables (gas dispersion, chamber fill, nut 
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type and form, packaging) need to be further examined to establish consistent and 

effective PPO processes. 
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1. Literature Review:  
 
1.1 Food Safety Modernization Act: 

In 2011, the Food Safety Modernization Act was signed into law.  Its main 

purpose is to change the culture of food safety from reacting to outbreaks to 

preventing them from occurring.  To enforce FSMA, FDA promulgated seven 

rules, each tailoring to a specific facet of food safety in the United States.  Two of 

the major rules are “The Produce Rule” and the “Preventative Controls Rule”. 

Hazelnuts have been exempted from the Produce Rule, however, they are subject 

to the Preventative Controls Rule. Finalized in November 2015, the main topics 

covered by the new rule include requiring identifying hazards and creating 

preventative controls to minimize the risks associated with those hazards, 

updating the definition of a farm to meet current modern farming practices, and 

updating supply-chain and good manufacturing practices (GMP) programs (FDA, 

2015).  Within the context of the new rule, a secondary farming practice, such as 

a hulling operation off the orchard or a processing facility, would have to utilize 

a mitigation strategy to eliminate adulterated product if it’s found to be 

contaminated.   

1.2 Oregon Hazelnut Industry:  

1.2.1 Overview of Oregon Industry 

The Willamette Valley accounts for 99% of the United States hazelnut 

production (Mehlenbacher et al, 1997).  The Oregon hazelnut industry produced 

36,000 tons hazelnuts in 2014 and was projected to increase that amount by 8% 
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in 2015 (NASS, 2015).  As of 2008, there are 30,100 acres dedicated to growing 

3.6 million hazelnut trees (NASS, 2012).  From 1993-2002, approximately 14% 

of the hazelnut crop was sold on the US market, 41% was sold as kernels, and 

45% was exported with China being our main customer (Mehlenbacher, 2005).   

Hazelnuts are usually harvested early fall but that timeframe can fluctuate due to 

weather conditions throughout the year.  When hazelnuts have fallen to the 

ground, they are swept into what is called “wind rows” which help them get 

picked up easier by the harvester (Oregon Hazelnut). The harvester will remove 

twigs and large debris from the hazelnuts and dispense them into a tote in the 

back of the harvester.  The tote is then taken to the processing facility where it is 

fed into a system that removes further debris, washes them off, and transports 

them into drying silos.   

 

1.2.2 Foodborne pathogens related to tree nuts:  

Over the last several years there has been one outbreak and several recalls 

linked to hazelnuts.  An outbreak of E. coli O157:H7 was linked to contaminated 

hazelnuts in 2011 (Miller et al, 2012) and there has also been numerous recalls 

related to adulterated hazelnuts.  A recall in 2009 led to 114,350 pounds of 

hazelnuts being recalled back to the facility (Kunze Farms, 2009; Willamette 

Shelling, 2009).   

Hazelnuts aren’t the only tree nut industry to be impacted by foodborne 

illnesses.  In 2000-01, an outbreak of 168 cases resulted from a strain of 

Salmonella isolated from almonds (Isaacs et al, 2005).  Pistachios contaminated 
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with Salmonella caused eight cases in multiple states in 2013 (US FDA, 2014).  

Other tree nut varieties have also had multiple recalls.  In 2015 alone, there were 

eleven macadamia recalls and seven walnut recalls, all related to Salmonella 

contamination (Palumbo et al, 2015).  Of all the foodborne pathogens, Salmonella 

is the primary pathogen of concern to tree nut.  

1.3 Salmonella:  

1.3.1 Overview of Salmonella 

Salmonella is a Gram negative bacillus that is commonly found in animals and in 

the environment.   Salmonella is responsible for causing more than one million 

foodborne illnesses and up to 380 deaths in the United States every year (CDC, 

Salmonella, 2016).  This is in part due to the robust nature of the organism as it 

can withstand environmental stresses, including a wide range of pH, high salt 

concentration, and temperature ranges from near freezing up to 55˚C (D’ Aoust 

et at, 2001).  This allows Salmonella to survive in a wide range of environments, 

including food.  Contaminated food and infected animals are typical routes for 

the transmission of the bacteria and can lead to salmonellosis.  

 

1.3.2 Salmonellosis: 

Salmonellosis is the disease associated with an infection of Salmonella which 

typically leads to diarrhea and abdominal cramps for at least a week (CDC, 

Salmonella, 2016).   Young children and the elderly are most susceptible to 

illness from Salmonella and can develop more severe symptoms, such as reactive 

arthritis, if not cared for properly, though most people recover fully within 1-2 



4 

 

 

weeks after end of illness.  Salmonella is a cause for roughly 38% of foodborne 

illnesses according of a FoodNet survey conducted in 2013 (CDC).  

1.4: Sanitizers: 

1.4.1 Peracetic Acid:  

Peracetic acid (PAA) is being used as a sanitizer at some commercial processing 

facilities to reduce natural contamination on hazelnuts during processing right 

after harvest. Two studies have examined the effectiveness of PAA on hazelnuts.  

The first examined two separate PAA concentrations, 80 and 120 parts per 

million (ppm) (Weller et al, 2013).  Hazelnuts were inoculated in a similar 

fashion to our PPO trials in which they were immersed in the inoculum and 

shaken vigorously.  One applied, they were dried for almost 3 days (66 hours) 

and a spray method was conducted to apply the PAA to the surface of the 

hazelnuts.  Peracetic acid (PAA) 80 and 120 ppm led to reductions of 1.34 and 

1.46 log CFU/g, respectively.   

The second study examined a single concentration of PAA employed against 

inoculated and naturally contaminated hazelnuts (Pearson, 2016). Due to the 

low concentrations of Salmonella (~65 MPN/100g), an qualitative scheme was 

utilized to better target the surviving pathogens.  Hazelnuts were immersed in 

PAA for 60 seconds, enriched in lactose broth, and streaked onto Hektoen 

Enteric agar to determine the presence or absence of Salmonella. Examining 

three different strains using normal inoculation, there was a significant 

difference between the controls and the amount of survivors using PAA.  
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However, there was not a difference between the controls and the naturally 

contaminated hazelnuts.  

1.5: Previous Prevalence Studies 

1.5.1 Almonds:  

Two studies have looked at the natural presence of Salmonella on raw almonds.  

A study conducted on almonds found a prevalence rate of 0.87% (81 out of 

9,274) samples (Danyluk et al, 2007). When positive Salmonella was found, 

samples had an MPN range from 1.2 to 2.9 MPN/100 g.  Another study found 

that during the 2006 and 2007 harvest years, kernel and in-shell almonds had a 

prevalence rate of 1.6 and 0.83%, respectively, and 0.9 and 2.2%, respectively 

(Bansal et al, 2010).   Both studies mentioned above used a 100 g sampling size 

and the both studies employed the FDA’s Bacteriological Analytical Method 

(BAM).  Levels ranged from 1.4 to 18.3 MPN/100 g when samples were detected.  

A study conducted in Australia determined that packaged almonds out of 

processing facilities had a 1.7% prevalence rate (Eglezos et al, 2008).   

 

1.5.2 Walnuts:  

Walnuts have also been examined for the presence of Salmonella. Between 2010 

and 2013, there was an overall prevalence rate of 0.14% on in-shell walnuts 

(Davidson et al, 2015) Positive samples was estimated to have an MPN range of 

0.32 to 0.42 MPN/100 g.  Sample sizes ranged from 100 to 375 grams and they 

utilized the VIDAS system to screen Buffered Peptone Water (BPW) enrichments 

for Salmonella. There has also been some work done looking at prevalence of 
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Salmonella in walnuts testing packaging in the United Kingdom.  In 441 samples, 

they detected no positive Salmonella samples (Little et al, 2010). 

 

1.5.3 Pistachios:  

There have seen a few studies pertaining to Salmonella on pistachios.  In 2015, 

data was presented at the International Association for Food Protection (IAFP) 

reporting a prevalence rate of 0.81% (Lieberman et al, 2015).  Sample size was 

100 grams and with a MPN method similar to Bansel et al, 2010 was employed 

to detect Salmonella.  Another study found no detectable Salmonella on 184 

samples of final packaged pistachios (Little et al, 2010).   

 

1.5.4 Pecans:  

There is one retail and one large prevalence study regarding prevalence on 

pecans.  The study conducted in the UK found no detectable Salmonella on 151 

samples (Little et al, 2010).  A study conducting a multiyear examination of 

prevalence found a rate of 0.95% (44 out of 4,641) for inshell pecans (Brar, 

2016).  Sample sizes were 100 grams and a miniVIDAS system was used that was 

very similar to the walnut study be Davidson et al (2015). Salmonella was not 

retrieved on 31 of the 44 samples retested, but when Salmonella could be 

recovered by MPN, levels ranged from 0.47 to 39 MPN/100 g.  

1.6 NACMCF:  

When designing a validation/challenge study, it is important to follow certain 

protocols so that the work you conduct is beneficial to the industry in need. The 
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Food Safety and Inspection Service (FSIS) released a supplemental document to 

assist laboratories with conducting proper challenge studies to address future 

microbiological concerns (NACMCF, 2010).  When designing your study, it’s 

important to keep the parameters within the study as similar to the target 

industries procedure as possible.  This helps eliminate confounding variables 

that may interfere with interpretation of your results.  When selecting organisms 

to use, select strains that have the most relevance to the particular food matrix, 

such as an outbreak strain associated with a particular food item.   It may also be 

helpful to select several strains to use to create a “cocktail”.   It is imperative that 

samples from challenge studies be analyzed as quickly as possible to avoid 

confounding variables, such as insufficient cooling procedures from a time/temp 

process that allow for potential microbial growth to occur. When presenting the 

results of the study, remember to keep it in the context of the study parameters 

as most challenge studies are tailored to a particular facet within an industry.    

1.7 Propylene Oxide (PPO): 

1.7.1 PPO overview 

Propylene oxide (PPO) is a colorless liquid at room temperature (IPCS, 1985).  

Under typical conditions, it is a stable substance but does have the potential to 

become very reactive and flammable, particularly with acids and oxidants 

(HSDB, 2009).  Some of the uses for PPO include producing polyethers, 

particularly polyurethane and propylene glycol as well as herbicides, lubricants, 

and surfactants (HSDB, 2009). It can also be used as a fumigant for inactivating 

bacteria on food surfaces and food packaging as well as soils.   
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For chambers between 1000 and 5000 m3 that have PPO concentrations of 

1.2kg/m3 or below, one of the following regulations are to be followed:  must be 

able to perform 20 aeration cycles per hour through the stacks after fumigation 

is complete, must have minimum flow through stacks equivalent to four aeration 

cycles per hour during treatment, or must have equipment to be able to reduce 

PPO concentrations by 95% (EPA, 2009).  Propylene oxide cannot exceed 

300ppm remaining residue on tree nuts (EPA, 2006) and cannot exceed four 

hours of exposure.   

 

1.7.2 Previous PPO Laboratory work:  

The effectiveness of PPO as a fumigant was examined as a bactericidal agent 

against E. coli in a laboratory setting on pecans in conjunction with several other 

confounding variables such as relative humidity, temperature, and moisture 

content (Beuchat et al, 1973).    Considering all other variables, pecans that had a 

lower moisture content had greater survival of E. coli than at higher moistures.  

In terms of temperature, PPO was more effective at specific relative humidity’s 

(33 and 68%) at 20˚C.  At higher temperatures (30 and 37˚C), relative humidity 

didn’t affect the reduction of E. coli as much at different humidity’s between 30 

and 97%.  However, PPO was less effective at 0% relative humidity.  At all 

concentrations (0, 40, 400 and 800ppm), PPO was less effective at 20˚C than at 

higher temperatures.  PPO had significantly more kill at 16 hours of exposure for 

all concentrations than at 4 hours.  PPO was very effective at 30 and 37 Celsius at 

relative humidity’s above 30% and at concentrations 400ppm and above.   
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1.7.3 Previous Commercial work:  

More recently, work has been conducted to validate processes for tree nut 

industries to use PPO as a fumigant.   Due to several outbreaks in the early 

2000s, the almond industry looked to PPO as a mitigation strategy to reduce the 

risk of pathogens on their products.  This study examined the efficacy of PPO on 

raw almonds in a commercial processing facility in California (Danyluk et al, 

2005).  Several factors were examined along with the main objective of 

determining the efficacy of PPO on almonds.  Filter-paper envelopes were 

compared against gas permeable pouches and there was found to be no 

differences in the reduction of Salmonella between the two encasings in 900 kg 

bins.   In initial trials, there was a 2.5 log reduction of Salmonella from before 

treatment to directly after removal from chamber and a further 1.4-2.7 log 

reduction after off-gassing.  In all trials, off-gassing played a significant part in 

the reduction of Salmonella on contaminated almonds.   In terms of temperature 

after off-gassing, there was not a significant difference between any of the 

temperatures, suggesting that temperature plays only a small role in inactivation 

during off-gassing.  Different packaging sizes had no significant impact on the 

efficacy of PPO (Danyluk et al, 2005) 
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2.1 Abstract: 

Tree nuts have been implicated in multiple outbreaks in the last 15 years and the 

hazelnut industry has experienced an E. coli O157:H7 outbreak and two recalls 

connected to Salmonella contamination.  Hence, there is a need to better 

understand risk of foodborne pathogen contamination associated with the 

production of raw hazelnuts.  The objective of this study is to examine the 

prevalence of Salmonella spp. on raw in-shell hazelnuts and identify potential 

practices that may lead to reduced natural contamination.  

Raw in-shell hazelnut samples (~1000 g) were collected from six different 

handling facilities at the “green dry” stage (post wash-line and initial dry) with 

an indication of water quality and sanitizer used in the respective wash-line.  In-

shell hazelnuts (375 g/sample) were enriched in lactose broth (1:10) at 37C for 

24 hrs prior to transfer to Rappaport-Vassiliadis (RV) and Tetrathionate (TT) 

broths.  Selective enrichments (RV and TT) were incubated at 37C for 24 hrs 

and streaked for isolation onto Hektoen Enteric (HEK) and Xylose Lysine 

Deoxycholate (XLD) agars with confirmation on CHROMAgar Salmonella Plus (all 

incubated at 37C, 24-48 hrs).  Positive hazelnut samples were enumerated 

using a three-tube most-probable-number (MPN) method (333, 33, and 3 g) 

using a modified cultural media series from above (lactose broth, TT, HEK, 

CHROMagar). Sixty percent (159/265) of in-shell hazelnut samples from the 

2015 harvest were positive for Salmonella spp.   Eight-four percent (131/159) of 

the positive samples were successfully enumerated with the subsequent MPN 

analysis.  Salmonella contamination levels averaged 2.2 MPN/100 g with a range 
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of 0.09 to 58 MPN/100 g. Facility E has a significantly lower prevalence of 

Salmonella spp. (22.9%) and average level of contamination (0.55 MPN/100 g) 

compared to the other facilities (65.9%; 2.06 MPN/100 g).  Outcomes of this 

study will be used as a basis to guide risk reduction approaches by the hazelnut 

industry.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Hazelnut, Salmonella, prevalence, MPN 
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2.2 Introduction:  
 
Since 2000, there have been a series of multistate outbreaks of Salmonella and E. 

coli O157:H7 associated with the consumption of a variety of tree nuts.  In 2000-

2001, 168 cases of Salmonella Enteritidis PT 30 were linked to an almond 

outbreak (Issacs et al, 2005).  Almonds were involved in additional smaller 

Salmonella outbreaks in 2004 and 2005-06 with 47 and 15 cases, respectively 

(CDC, 2004; Ledet-Muller et al, 2007).  In 2011 and 2013, walnuts and pistachios 

experienced major outbreaks involving E. coli O157:H7 and Salmonella 

Senftenberg linked to 14 and 8 cases, respectively (Harris et al, 2015).  

Additionally, an outbreak of 10 reported cases of E. coli O157:H7 in 2011 was 

linked to contaminated hazelnuts (Miller, 2012)  

Numerous Salmonella recalls have burdened the tree nut industries.  Two major 

recalls involving raw hazelnuts contaminated with Salmonella spp. occurred in 

2009 and 2015 (Palumbo et al, 2015).  Other nut varieties, such as pistachios, 

walnut, and macadamia nuts have also experienced a number of major recalls 

linked to potential pathogenic contamination over the last few years (Palumbo et 

al, 2015).  The regularity of these recalls and previously mentioned outbreaks 

have prompted the tree nut industries to examine potential routes of 

contamination and mitigation strategies.  

Previous Salmonella spp. prevalence studies have been conducted for the United 

States pecan, almond, walnut, and pistachio industries (Brar et al, 2016; Danyluk 

et al, 2007; Davidson et al, 2015; Lieberman et al, 2015).  Prevalence rates for 

Salmonella in these tree nuts have ranged from 0.14 to 0.87% for in-shell 
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walnuts and almond kernels, respectively.  Prevalence data on Salmonella spp. 

on hazelnuts is lacking.  Two small retail package studies in the UK and Australia 

found no Salmonella contamination in 195 and 51 samples, respectively (Little et 

al, 2010, Eglezos et al, 2010). 

Hazelnuts are usually harvested in early fall (late September through late 

October) after nuts have fallen from the trees.  Nuts and other orchard debris are 

swept into windrows and collected by harvester into totes.  Hazelnuts are then 

transported to the washline facility to remove foreign debris and soil.  Drying 

fans remove excess moisture prior to the hazelnuts being placed in large drying 

silos to achieve a final moisture to <9.5% (w/w).  The objective of this study was 

to determine the prevalence of natural contamination of Salmonella on Oregon’s 

in-shell hazelnuts crop during the 2015 harvest.  

 

2.3 Materials and Methods:  

2.3.1 Sample collection.  

The prevalence study was conducted at Oregon State University (OSU) with 

participation from six handling facilities throughout the Willamette Valley. 

Facilities were instructed to collect samples daily from four individual lots of in-

shell hazelnuts that had been processed through the washline and had been 

“green-dried”.  A single hazelnut sample was composed of four subsamples 

(>100 g) randomly and aseptically collected in sterile sample bags (Whirl-Pak; 

Nasco) from throughout the lot.  The subsamples were packaged into a larger 

sample bag with a label indicating water and sanitizer use in the washline 
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(Figure 1).  Samples were collected by the handler with the Hazelnut Marketing 

Board transporting samples from sampling facilities to the laboratory at OSU for 

analysis three days per week for four weeks starting in late September 2015 and 

ending in late October.  

 

2.3.2 Sample analysis – qualitative analysis for Salmonella spp. 

Upon receipt in the laboratory, hazelnut samples were assigned unique sample 

numbers and crude descriptions of foreign material (sticks, rocks, etc) were 

noted.  A composite sample of 375 g (~93 g per subsample) was transferred into 

large whirl-pak bag (5.4 L; Nasco, Seleta CA).  Remaining nuts were stored at 4°C. 

Lactose Broth (LB; Neogen Lansing, MI) was added to hazelnuts at a 1:10 ratio, 

bags were mixed, and samples were incubated for 24 hours at 37°C.   Following 

enrichment, aliquots (0.1 ml and 1 ml) were transferred to tubes containing 10 

ml Rappaport-Vassiliadis broth (RV, Bacteriological Analytical Manual 

(BAM))and 10 ml Tetrathionate broth (TT, BAM), respectively, and incubated for 

24 hours at 37°C.   Each RV and TT enrichment was streaked for isolation onto 

Hektoen Enteric (HEK; Neogen Lansing, MI) and Xylose Lysine Deoxycholate 

(XLD; Neogen Lansing, MI) agar and incubated at 37°C for 24-48 hours.  Samples 

displaying typical Salmonella morphology on HEK and XLD (black colonies) were 

transferred to CHROMagar Salmonella Plus (SalChrom; DRG International) and 

incubated at 37°C for 24 hours. Samples with at least one colony displaying 

pink/mauve coloration on SalChrom were confirmed as positive for Salmonella 

spp.  Confirmed isolates were transferred to Tryptic Soy Broth (Neogen) and 



16 

 

 

 

Figure 1: Sample label used by handlers to indicate water and sanitizer use. 
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incubated at 37°C for 24 hours prior to preparation of glycerol stock solutions 

(35% v/v) and storage at -80°C.   

 

2.3.3 Sample analysis – quantitative analysis for Salmonella spp.  

Samples determined to be positive were enumerated using a Most Probable 

Number (MPN) method. Hazelnut samples were removed from 4°C storage and 

subsamples were combined into one larger whirl-pak bag.  Hazelnuts were split 

into three sets of 333 g, 33 g, and 3 g samples and mixed with LB (1:10) and 

incubated at 37°C for 24 hours.  Following incubation, samples were shaken and 

1 ml was transferred to 10 ml TT broth and incubated for an additional 24 hours 

at 37°C.  TT cultures were streaked onto HEK agar and incubated for 24-48 

hours at 37°C.  Isolates displaying typical morphology for Salmonella spp. were 

considered positive and each MPN sample was scored as positive or negative. 

Salmonella contamination was calculated using the Thomas approximation 

(Blodget et al, 2006; Swanson et al, 2001) of MPN per gram (Danyluk et al, 2010) 

for the three-tube Salmonella MPN analysis: 

MPN/g = P/√𝑁𝑇 

where P is the number of positive tubes, N is total grams of sample in all negative 

tubes, and T is total grams of samples in all tubes. The 95% confidence interval 

was also estimated using the equation: 

log(MPN/g) ±(1.96)(0.55) √
(log 𝑎)

𝑛
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where a is the dilution ratio and n is the number of tubes per dilution.  The limit 

of detection (0.090 MPN/100 g) was determined by calculating the value for an 

MPN of 0/3, 0/3, and 1/3 for the 333 g, 33 g, and 3 g samples, respectively. 

 

2.4 Results:  

An overview of the quality of nuts received per sampling day is listed in Table 1.  

Out of 9 days that sample was received, Facility A had husks all 9 days whereas 

Facility F had husks, sticks, and shell fragments all 12 days that sample was 

received.  Facility E had husks and shell fragments all 12 days that sample was 

received. Husks and shell fragments comprised the majority of defects found in 

samples across all facilities.  

Prevalence results for Salmonella on in-shell hazelnuts for the 2015 harvest are 

shown in Table 2.  In 2015, a total of 265 samples were received and analyzed 

with 159 (60.0%) testing positive for Salmonella. Of the six facilities tested, five 

facilities were positive for Salmonella in more than 60% (60.6-75.0%) of their 

samples.  Facility E had a significantly lower positive rate (22.9%) compared to 

the other facilities.  Both Facility E and F indicated their use of peracetic acid at 

85 ppm; however, the two facilities differed significantly in Salmonella 

prevalence.  Facility A used 3.5 ppm chlorine in their recycled water; however, 

they had a similar prevalence rate to the other facilities that indicated no 

sanitizer use.  All fresh water facilities had prevalence rates greater than 55%
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Table 1: Overview of quality of nuts upon arrival per sampling day.  Ex: for Facility A, out of the 9 days that we received 

samples, on 7 of those days, a sample had a kernel defect.    

Facility Husks Kernels Broken Shells Sticks Debris 
Total Days 
Sampled 

A 9 7 3 8 4 3 9 
B 10 8 6 12 5 1 12 

C 9 4 5 10 6 2 11 
D 10 8 5 10 11 6 11 

E 12 8 4 12 11 8 12 

F 12 10 6 12 12 6 12 
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Table 2. Prevalence and quantity of Salmonella spp. on in-shell hazelnuts by handling facility during 2015 harvest.  

Facility Water Treatment Sanitizer 
Positive/Total 

Samples 
Prevalence 

Positive MPN 
Samples 

Salmonella Concentration 
(MPN/100 g) 

Mean Range 

A Recycled watera Chlorineb 20/33 60.6% 15 (75.0%) 1.1 0.11-6.0 

B Fresh waterc none 36/48 75.0% 31 (86.1%) 1.3 0.11-8.6 

C 
Fresh water in all 

operations 
none 30/44 68.2% 24 (80.0%) 5.3 0.19-58 

D Fresh water none 29/44 56.9% 27 (93.1%) 2.4 0.11-16 

E Recycled water 
Peracetic 

Acidd 
11/48 22.9% 4 (36.4%) 0.55 0.14-1.0 

F Fresh water 
Peracetic 

Acid 
33/48 68.8% 30 (90.9%) 0.19 0.09-8.6 

Total 
  

159/265 60.0% 131 (82.4%) 2.2 0.09-58 

aRecycled water used in washline with exception of rock tank. 
bChlorine level was indicated as 3.5 ppm. 
cFresh water using in washline with exception of rock tank. 
dPeracetic acid concentrations were indicated as 85 ppm



21 

 

 

Salmonella spp. contamination levels were determined for the positive samples 

(n = 159) using a MPN technique. Salmonella spp. contamination rates on the 

quantifiable samples (n =131) averaged 2.2 MPN/100 g with a range of 0.09 

MPN/100 g to 58 MPN/100 g (Table 2).  Facility E has significantly lower 

average and maximum MPN/100g than the other five sites tested at 0.55 and 1.0 

MPN/100g, respectively.  Facility C had the highest average and maximum 

values at 5.3 and 58 MPN/100 g, respectively.  The remaining facilities (A, B, D, 

F) had average Salmonella contamination levels between 1.1 and 2.4 MPN/100 g 

and maximum contamination levels between 6.0 and 15.5 MPN/100 g. 

Over half (58.0%) of the quantifiable in-shell hazelnut samples were 

contaminated at very low levels (<1.0 MPN/100 g) as shown in Figure 2a.  

Decreasing numbers of samples were positive for Salmonella spp. at higher 

concentrations (49 samples contained 1.0-9.9 MPN/100 g; 4 samples contained 

10-29.9 CFU/100 g; 1 sample contained 58 MPN/100 g). Of the 28 samples 

contaminated at levels below the detection limit (<0.09 MPN/100 g) of the MPN 

assay, 13 of these were from the facility with the lowest prevalence (Facility E).  

An overview of the quantification of positives by facility is in figure 2b.  All 

facilities except facility E had a large number of samples with MPN ranges 

between 10 – 29.9 MPN/100 g. Facilities B and F had a large number of samples 

between 0.09 and 0.99 MPN/100 g.  Facility E was the only facility where the 

majority of their samples were under 0.09 MPN/100 g.   
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Figure 2a. Frequency of recovery of Salmonella at various concentrations (MPN/100 g) on in-shell hazelnuts (n = 159). The 

lower detection limit of the MPN analysis was 0.09 MPN/100 g.   
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Figure 2b.  Histogram of the number of samples at various levels of Salmonella spp. contamination by facility. 

All facilities except facility E had a large number of samples with MPN ranges between 10 – 29.9 MPN/100g. Facilities B and F 

had a large number of samples between 0.09 and 0.99 MPN/100 gram.  Facility E was the only facility where the majority of 

their samples were under 0.09 MPN/100g.   
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2.5 Discussion:  

Over the last 15 years, there have been many studies examining the prevalence 

of pathogenic microorganisms, specifically Salmonella spp., on tree nuts and 

peanuts.   The maximum and minimum prevalence rates amongst previously 

published prevalence studies are 2.3% and 0.14% for peanuts and in-shell 

walnuts, respectively (Calhoun et al, 2013; Davidson et al, 2015).  In contrast, the 

prevalence of Salmonella on “green-dry” in-shell hazelnuts in this study was 

exceptionally high at 60% across six large handling facilities. Successful 

quantification using the MPN method (84%) was also higher that previously 

published studies. Typical concentrations for other prevalence studies ranged 

from 0.32-0.42 for walnuts and 1.4 – 18.3 for almonds (Davidson et al, 2015; 

Bansal et al, 2010).  

Prevalence rates determinations can be significantly influenced by sample size 

and cultural methodologies.  The current study followed the recommended 

sample size (375 g) and cultural protocols described in the BAM with slight 

modifications (no Bismuth Sulfite Agar and confirmation on SalChrom as 

opposed to TSI/LIA slants).  Prevalence studies have had similar rates of 

prevalence on both large and small sample sizes (375 g and 100 g, respectively) 

with almond and peanut prevalence rates determined to be 0.87 and 2.30%, 

respectively (Danyluk et al, 2007; Calhoun et al, 2013).  More so, the walnut 

prevalence study tested large and small sample sizes and saw very low 

prevalence rates in both cases with rates of 0 (out of 935 samples) and 0.22% 

for 100 and 375 gram samples, respectively (Davidson et al, 2015).  All of the 
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studies mentioned above had significantly lower rates of prevalence than our 

study, indicating that sample size minimally contributes to the high prevalence 

rate of the current study.  

Another consideration is the methodology employed in isolating Salmonella 

from contaminated tree nuts.  In studies that used similar sample sizes, they 

were not as extensive in isolating Salmonella from the background flora that is 

inevitable when using non-selective media such as lactose broth and buffered 

peptone water.  The walnut prevalence study used buffered peptone water as 

the primary enrichment media and screened samples using the Salmonella mini-

VIDAS protocol (Davidson et al, 2015). While screening is a time-saving 

approach, it is possible that the sensitivity and inclusivity of this method are 

lower than the BAM cultural methodology. 

The high prevalence of Salmonella on in-shell hazelnuts throughout the industry 

indicates a need to identify potential sources and reservoirs in the production 

and processing environment. Environmental contamination in the orchard is 

likely to occur due to the presence of wildlife; however, it is unclear why 

hazelnuts would be contaminated at higher levels compared to other nuts.  Soils 

can be a potential source as Salmonella can survive for several weeks and the 

hazelnuts will be harvested with direct contact with the soil (Garcia et al, 2010). 

Processing steps may increase prevalence rates by disseminating a few “hot 

spots” of contamination to low levels of more homogenous contamination.  The 

washline is a likely series of processing steps that disseminates contaminants as 
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several studies have shown that Salmonella can live in fresh water for up to 19 

and 45 days, respectively (Moore et al, 2003; Domingo et al, 2000).  

Sanitizer use (PAA; 85 ppm) in the washline by Facility E suggested a potential 

benefit to reduce Salmonella contamination; however, a nominally identical 

sanitizer use by Facility A indicated no reduction in contamination rates. Upon 

further observation of the facilities, it was clear that sanitizer exposure times 

and application method were substantially different in the two facilities which 

may contribute to sanitizer efficacy.  However, recent studies of PAA efficacy on 

reducing Salmonella spp. on inoculated and naturally contaminated in-shell 

hazelnuts have found it to be ineffective (Weller et al, 2013, Pearson et al, 2016). 

Additional factors other than sanitizer use likely contribute to the reduced rates 

of Salmonella contamination at Facility E.  

This study demonstrates that prevalence of Salmonella spp. on in-shell hazelnuts 

is a significant hazard for the industry. Further studies are needed to determine 

routes of contamination to better understand the relatively high prevalence 

compared to other tree nut varieties and to potentially borrow effective best 

practices from the other tree nut industries.  Mitigation strategies to reduce 

Salmonella spp. contamination on harvested nuts are being evaluated. 

 

 

 

 

 



27 

 

 

2.6 Acknowledgments 

Funding for this study was provided by the Hazelnut Marketing Board.  The 

authors would like to thank members of the Hazelnut Food Safety Steering 

Committee for their participation in the study and considerations related to 

study design and providing handling facility tours to support discussions and 

further understanding of production constraints.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



28 

 

 

 

3. Examination of commercial-scale Propylene Oxide (PPO) 
fumigation as an effective bactericidal against Salmonella on 

contaminated hazelnuts and macadamia nuts 
 
 
 
 
 

Authors 

 
Daniel Wright1, Christopher Theofel2, Linda J. Harris2, Chad Higgins3, and Joy-

Waite-Cusic1* 

1Department of Food Science and Technology, 100 Wiegand Hall, Oregon State 
University, Corvallis, OR 97331 

2Department of Food Science and Technology, University of California-Davis, Davis, 
CA 95616 

3Department of Biological and Ecological Engineering, 200 Gilmore Hall, Oregon 
State University, Corvallis, OR 97331 

 
 

*Corresponding author. Joy Waite-Cusic 
 

 
 
 
 
 
 
 
 
 
 

To be submitted to: 
 
 
 
 
 
 
 
  



29 

 

 

3.1 Abstract: 

The Preventative Controls Rule, finalized in 2015, requires processors of raw 

agricultural commodities, such as hazelnuts, to have a validated process to 

eliminate, reduce, or control microbiological contamination.  Based on previous 

work with almonds and walnuts, propylene oxide (PPO) has potential to reduce 

Salmonella contamination on in-shell hazelnuts and hazelnut kernels.  The 

efficacy of PPO was evaluated at two different concentrations (0.65 and 1.00 

kg/m3) in two commercial PPO treatment chambers.  A cocktail of five 

Salmonella strains previously associated with nuts were used to inoculate 

hazelnuts and macadamia nuts (in-shell and kernel).  Samples were aseptically 

packaged in typical commercial packaging and transported to California for PPO 

treatment.  Samples were analyzed for survivors immediately after the PPO 

treatment as well as after off-gassing (5 days).  Samples were aseptically 

removed from boxes and rinsed with 0.1% peptone water (1:1).  Serial dilutions 

of the rinsate were plated onto Hektoen Enteric (HEK) agar and viable colonies 

were counted following incubation (37˚C, 24 hrs).  PPO treatment at 0.65 kg/m3 

led to average reductions between travel controls and off-gassing samples of 

3.670.10 and 4.820.44 log CFU/g for kernel and in-shell hazelnuts, 

respectively.  PPO treatment at 1.00 kg/m3 was more effective with average 

reductions of 5.660.32 and 6.510.15 log CFU/g, respectively.  PPO treatment 

at 1.00 kg/m3 was not as effective with average reduction between travel 

controls and off-gassing samples of 4.490.28 and 2.520.14 log CFU/g for 

kernel and in-shell macadamia nuts. Additional variables (chamber design and 



30 

 

 

fill, gas mixing, nut type and form, and packaging materials) may have significant 

impacts on the efficacy of PPO.  Overall, PPO has the potential to be a 

commercially-viable solution for the hazelnut and macadamia nut industry for 

reducing Salmonella contamination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Propylene Oxide, Hazelnut, Macadamia, Salmonella, Validation, FSMA 
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3.2 Introduction. 

There have been several multistate outbreaks associated with tree nuts linked to 

Salmonella and E. coli O157:H7 over the last 20 years.  One of the largest 

outbreaks was the result of a Salmonella Enteritidis PT 30 strain that led to 168 

cases of illness (Isaacs et al, 2005) in 2000-01.   Several significant outbreaks 

followed, including two with Salmonella on almonds and one with E. coli 

O157:H7 on hazelnuts.  In addition to the multiple outbreaks that occurred, 

there have been many recalls of several tree nut varieties.  In 2015 alone, there 

was one hazelnut, seven walnut, three cashew, one almond, and eleven 

macadamia nut recalls (Palumbo et al, 2015).  There are clear microbiological 

hazards related to tree nuts.  

To mandate food safety improvements from a reactive to preventive approach, 

the Food Safety Modernization Act (FSMA) was signed into law in 2011.   FSMA 

led to the adoption of seven different rules, all relating to difference facets of 

food safety.  One facet of FSMA, the Preventative Controls Rule, requires 

processors to devise processes that will reduce, minimize, or control microbial 

contamination (FDA, 2015).  One way to comply with this new standard is to 

design and validate a treatment process that will effectively reduce foodborne 

pathogens on specific products.   

Several treatment processes have been examined as possible candidates to 

effectively reduce microbial contamination on tree nuts including thermal 

treatments (dry roasting, hot water, steam) and chemical treatments (sanitizers, 

methyl bromide) (Schade and King, 1977; Harris et al, 2015).   Another 
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alternative treatment that was been proposed is the use of propylene oxide 

(PPO) fumigation.  Propylene oxide fumigation has been validated to achieve a 5-

log reduction of Salmonella spp. on almond kernels and walnut kernels 

(California Walnut Board, 2012; California Almond Board, 2008; Danyluk et al, 

2005).   

Pallets of bulk nuts are loaded into a chamber of commercial size.  Once chamber 

is closed, air is removed from the chamber to create a strong vacuum (>25 in Hg) 

and then filled with PPO and filler gas (air or nitrogen) to a pressure of 

approximately 5-6 in Hg. The gases are injected until they reach desired 

concentrations which signals the start of the fumigation.  Once fumigation is 

complete (4 hrs), multiple vacuum-air cycles are run to remove excess PPO from 

the chamber.  Pallets are then removed and placed in an alternative on-site 

location (warehouse, etc) for off-gassing.  The off-gassing procedure 

accomplishes the required reduction of PPO residual levels to <300 ppm prior to 

treated nuts entering commerce (EPA, 2006).   

Almonds and walnuts have similar validation parameters with the exception of 

PPO concentration (almonds: 0.5 kg/m3; walnuts: 0.83 kg/m3) and treatment 

temperatures. The objective of this study was to determine the efficacy of PPO to 

reduce Salmonella on hazelnuts and macadamia nuts (in-shell and kernel) in 

commercial-scale facilities with consideration of additional variables (packaging, 

etc) that would be typical for the respective products.    
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3.3 Materials and Methods. 

3.3.1 Tree Nuts. 

In-shell hazelnuts and hazelnut kernels (Variety: Barcelona; Size: Large) were 

provided by the hazelnut industry via the Hazelnut Marketing Board (Aurora, 

OR).  In-shell macadamia nuts and macadamia nut kernels were provided by 

Hamakua Macadamia Nut Company (Kawaihae, HI).  All tree nut products were 

provided to Oregon State University as saleable product out of their commercial 

inventory (i.e., 25-50 lb boxes with (kernels) or without liners (in-shell)). 

 

3.3.2 Bacterial Strains. 

Salmonella strains previously isolated from tree nuts along with a clinical isolate 

from the 2007 peanut butter outbreak were selected for use in a five-strain 

cocktail (Table 1).  Individual strains were resuscitated from -80C stock 

cultures by transferring into Tryptic Soy Broth (TSB; Neogen Lansing, MI) with 

incubation at 37C for 24 hrs.  Strains were confirmed for purity by streaking 

onto Hektoen Enteric Agar (HE; Neogen Lansing, MI) and assessed for typical 

colony morphology following incubation at 37C for 24-48 hrs.  Enterococcus 

faecium ATCC 8459 was handled in an identical manner with confirmation of 

purity on Bile Esculin Agar (BEA; Neogen). 

3.3.3 Inoculation Preparation. 

Isolated colonies from HE plates were transferred to TSB and incubated at 37C 

for 24 hrs.  An aliquot (1 ml) of each strain was spread plated onto Tryptic Soy 

Agar (TSA, Neogen Lansing, MI) in large format plates (150 mm) and incubated 
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Table 1. Salmonella enterica strains included in the inoculation cocktail for this study 

 

 

 

 

 

 

Serotype Isolate Identifier Description Source 

Salmonella Enteriditis ATCC BAA-1045 Almond Isolate 
American Type Culture 

Collection (ATCC) 

Salmonella Tennessee MDD319 
Clinical Isolate from 2007 peanut 

butter outbreak 
Dr. Larry Beuchat        University 

of Georgia 

Salmonella Montevideo  GRC1 Pistachio Isolate Food and Drug Administration 

Salmonella Saintpaul  LJH-1311-1 Walnut Isolate 
Dr. Linda Harris           University 

of California, Davis 

Salmonella Braenderup JWC-1808 Hazelnut Isolate 
Dr. Joy Waite-Cusic            Oregon 

State University 
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at 37˚C for 24 hrs.  Bacterial lawns were harvested with 0.1% peptone water (8 

ml/plate) by scraping the surface with a disposable cell spreader.  Individual 

harvests were transferred to sterile 50 ml conical tubes and vortexed.  The 

Salmonella cocktail was created by combining equal volumes of each of the five 

strains with additional peptone water (1:8) to achieve the desired cell density 

and volume for inoculation of each nut type and form. The E. faecium inoculum 

was prepared in a similar manner with maintenance as a single strain for 

inoculation.  

 

3.3.4 Inoculation of Tree Nuts. 

In-shell hazelnuts or macadamia nuts (400 g/batch) were transferred to a 2721 

ml Whirl-Pak bag (Nasco, Salida, CA) and mixed with the diluted Salmonella 

cocktail (25 ml inshell, 35 ml kernel) by shaking for 2 min to distribute the 

inoculum.  Inoculated nuts were transferred to metal containers with a 

perforated bottom and air dried in a Class II biosafety cabinet for 24 hrs.   An 

identical procedure was used for hazelnut and macadamia nut kernels.  Tree 

nuts inoculated with these procedures were designated as immersion-

inoculated.  Identical procedures were used to inoculate nut types and forms 

with E. faecium. 

Additional in-shell hazelnuts were inoculated by applying 12.5 l of the 

inoculum to either the woody shell surface or the basal scar surface and air dried 

for 24 hrs.  Hazelnuts inoculated using this procedure were designated as spot-
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inoculated.   Hazelnuts that were spot inoculated along the crack at the top of the 

nut were designated as suture.  

3.3.5 Sample Preparation and Packaging.  

Inoculated nuts (in-shell: 50 g; kernel: 25 g) were aseptically transferred to 

mesh produce bags (Royal, Exton PA) and labeled for tracking of location and 

treatment.  Samples were aseptically transferred to lined or unlined cardboard 

boxes or poly woven bags containing uninoculated bulk nuts of the same type 

and form to fill container and maintain separation of inoculated samples (Figure 

1, Table 2).  Specifications of boxes, liners, and bags used in each trial are listed 

in Table 3.  After boxes were filled, liners were neatly folded, but not sealed and 

boxes were folded closed and sealed with a single piece of packing tape to 

maintain box closure during transport and handling.  Poly-woven bags were 

sealed with industrial thread using a standard consumer sewing machine.  

Sealed boxes were transported by van to PPO treatment facility within 2 days of 

packing.  
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Figure 1: Overview of sample locations for Trial 1(A – chamber) and Trial 2 (B - 

chamber)



38 

 

 

 

Table 2.  Specifications of packaging materials used for propylene oxide treatmentsa.   

Trial Box  Supplier Dimensions Thickness Material 

1 
11.34 kg Box  40 x 30 x 23 cm   

Liner A     

2 

22.68 kg Box 
Packaging 

Concepts, Inc, 
Tualatin, OR 

39.5 x 38 x 30.5 cm  
Singlewall 
cardboard 

11.34 kg Kernel 
Box 

 40 x 32.5 x 17 cm   

Liner B 
Elkay Plastics 

Co., Inc, Los 
Angeles, CA 

  
Low density 
Polyethylene 

11.34 kg Maca 
Box 

 46 x 30 x 15 cm   

Liner C 
Uline, Waukegan, 

IL 
61 x 91 cm 3 mil Poly Nylon 

22.68 kg Bag 
Western 

Packaging, 
Albany, OR 

56 x 91 cm 950 denier 
Woven 

Polypropylene 

aAdditional information on these packaging materials has been requested from participating PPO facilities and nut suppliers. 
 

Still working on obtaining data from our collaborators at UC-Davis 
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Table 3. Propylene oxide treatment and off-gassing conditions for two commercial trials. 

Treatment Parameter Trial 1 – Chamber A Trial 2 – Chamber B 

Pre-warming conditions 3 days 4 days 

Chamber size 91 m3 33.4 m3 
Bulk product in chamber 24 super sacks of bulk walnuts 5 pallets of bulk walnuts 
Approximate chamber fill 67% 33% 

Temperature inside chamber during PPO 
treatment 

43.3C 50.5C 

Chamber vacuum before PPO injection 13,280 Pa 13,280 Pa 
PPO vaporizer temperature 60-71C 60-71C 
Initial PPO concentration in chamber 0.65 kg/m3 1.0 kg/m3 
Initial chamber vacuum at completion of inert 
gas injection 

75,930 Pa 80,670 Pa 

Duration of PPO treatment 4 hrs 4 hrs 
Aeration cycles post treatment 6 4 
Post-ventilation storage (off-gassing) 5 days 5 days 
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3.3.6 Propylene Oxide Treatments.  

Upon arrival at the PPO treatment facility, boxes and bags were arranged on 

pallets (Figure 2 and 3) and placed into the pre-warming chamber for up to 4 

days to achieve an internal temperature of >86C.  Pallets were then loaded into 

the PPO treatment chamber with additional bulk product (Figure 4) and treated 

with 0.65 kg/m3 or 1.0 kg/m3 using the parameters indicated in Table 4.  

Following the 4-hour treatment time, the chamber was flushed and exhausted 

prior to unloading of the treated pallets.  One set of treated packages and travel 

controls were immediately transported to the laboratory for analysis.  A second 

set of treated packages and travel controls were transferred to the off-gassing 

area of the PPO treatment facility.  After five days of off-gassing, these packages 

were transported to the laboratory for analysis.  
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Figure 2: Configuration of pallet in trial 1 
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Figure 3.  Configuration of pallet in trial 2. 
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Figure 4.  Configuration of trial 1(A) and 2(B) chambers. 
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Table 4. Propylene oxide treatment conditions and packaging variables for two commercial trials. 

Propylene 
Oxide 

Chamber 

Propylene 
Oxide Dose 

Nut Type Nut Form Inoculation Packaging Sample Size 
Number 
of boxes 

Number of 
samples per box 

A 0.65 kg/m3 Hazelnut 
In-shell 

Salmonella – immersion 
11.34 kg box 
with liner A 

50 g 8 9 
Kernel 25 g 8 9 

B 1.00 kg/m3 

Hazelnut 

In-shell 

Salmonella – immersion 

22.68 kg box (no 
liner) 

50 g 4 

9 

Salmonella - spot 9 

E. faecium - immersion 4 

E. faecium - spot 4 

E. faecium - immersion 22.68 kg poly 
woven bag 

50 g 4 
4 

E. faecium - spot 4 

Kernel 
Salmonella– immersion 11.34 kg box 

with liner B 
25 g 8 

9 

E. faecium 4 

Macadamia 

In-shell 

Salmonella - immersion 
11.34 kg box (no 

liner) 
50 g 4 

9 

Salmonella - spot 3 

E. faecium 7 

Kernel 
Salmonella - immersion 11.34 kg box 

with liner C 
25 g 4 

9 

E. faecium 4 
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3.3.7 Microbiological Analysis. 

Samples were aseptically removed from packaging and transferred to 710 ml 

sterile sample bags (WhirlPak, Nasco, Salida CA), aseptically removing the mesh 

bag in the process.  Peptone water (0.1%) was added to the nut samples in a 1:1 

ratio and vigorously shaken for 2 minutes.  Samples were serially diluted with 

0.1% peptone water and spiral plated (AutoPlater 4000, Advanced Instruments, 

Norwood, MA) onto HE or BE agar plates.  Plates were incubated at 37˚C for 24 

hours prior to enumeration. 

A Most probable number (MPN) scheme was used to enumerate samples with 

survivors below the detection limit of standard plating methods. After the 

addition of peptone water (0.1%), samples were transferred in 1 ml aliquots to 

96 well deep well blocks (Greiner bio-one, Monroe, NC) with a 1:1 ratio of 

lactose broth (Neogen) and incubated at 37˚C for 24 hrs.  Following incubation, a 

96 well tip comb (MagMAX Express 96 Tip Comb, Foster City, CA) was used to 

transfer cells to 150 mm HE plates and incubated at 37˚C for 24 hrs prior to 

enumeration.  

 

3.3.8 Moisture Analysis.  

The moisture content (by density capacitance) of in-shell hazelnut and 

macadamia nuts (150 g) was determined using the Steinlite SB900 Moisture 

meter (Steinlite Corp., Atchison, KS). The moisture content of kernel samples (3 

g) was determined using a moisture analyzer (HB43-S, Mettler Toledo LLC, 

Columbus, OH).  Prior to moisture analysis, macadamia and hazelnut kernels 
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were ground using the pulse feature on a food processor (Cuisinart Pro Custom 

11, East Windsor, NJ).  

 

3.3.9 Data Analysis. 

Salmonella and Enterococcus survivors were converted to log CFU/g prior to 

statistical analysis.   Limits of detection for in-shell and kernel samples were 

calculated using the weight of samples, volume plated, dilution factors. All 

statistical comparisons were performed using JMP 12.0.1 (SAS Inc., Cary, NC).  

Analysis of variance (ANOVA) was performed using the Mixed Model Procedure 

to evaluate the contribution independent variables on the survival of Salmonella 

spp. Comparisons between average survivors (log CFU/g) in response to 

treatments were made using Tukey’s HSD All Pairwise Comparisons.  

 

3.4 Results. 

3.4.1 Trial 1: 0.65 kg/m3 – Chamber A 

The targeted PPO treatment parameters (0.65 kg/m3, 4 hrs) were successfully 

achieved in Trial 1 (Appendix C).   Surviving Salmonella spp. on hazelnuts in 

travel controls, PPO treated, and PPO+off-gassing are shown in Figure 5. Travel 

control samples had a mean Salmonella spp. inoculation level of 5.69  0.30 and 

6.04  0.32 log CFU/g for in-shell and kernels, respectively.  There was no 

significant difference (p = 0.28) between travel controls for PPO and PPO+off-gas 

treatments.  PPO treatment significantly reduced Salmonella spp. to 3.68  0.70 

and 3.73  0.33 log CFU/g on in-shell and kernels, respectively, for average 
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reductions of 1.94 and 2.05 Log CFU/g (p < 0.0001).  Off-gassing resulted in 

further reductions of Salmonella spp. populations to 0.94  1.84 and 2.58  0.42 

log CFU/g on in-shell and kernels, respectively.  PPO+off-gassing was 

significantly more effective than PPO without off-gassing for both in-shell (p 

<0.0001) and kernels (p = 0.0002).  PPO+off-gassing was significantly more 

effective at reducing Salmonella spp. on in-shell hazelnuts than hazelnut kernels 

(p <0.0001); however, the range of Salmonella spp. survivors on in-shell 

hazelnuts was very large (-1.65 to 3.60 log CFU/g).  This large range was evident 

in the two replicate boxes which suggested potential differences in PPO 

exposure throughout the box and/or pallet.  Moisture contents of in-shell 

hazelnuts and hazelnut kernels were 12.8 and 3.2%, respectively. 
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Figure 5: Salmonella survival on in-shell hazelnuts and hazelnut kernels treated with PPO (0.65 kg/m3, 4 hrs) and off-gassed 
for 5 days.  Two boxes (A&B) of each nut form were subjected to each treatment with nine inoculated samples per box.  
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3.4.2 Trial 2: 1.00 kg/m3 – Chamber B 

Targeted PPO treatment conditions (1.00 kg/m3, 4 hrs) were achieved in the 

second trial chamber (Appendix D).  Average travel controls for Salmonella spp. 

on nut types and forms inoculated by immersion ranged from 4.24  0.46 log 

CFU/g for hazelnut kernels to 6.70  0.79 log CFU/g for macadamia kernels.  E. 

faecium levels were comparable to Salmonella spp. on all nut types and forms.  

There was not a significant difference (p >0.05) in survivors on travel controls 

for PPO and for PPO+off-gas. 

PPO treatment (1.0 kg/m3) resulted in significant reduction (p < 0.0001) of 

Salmonella spp. on in-shell hazelnuts and hazelnut kernels.  All kernel samples (n 

= 36) inoculated with Salmonella spp. remained positive after PPO treatment; 

however, the level of contamination had been significantly reduced to an average 

surviving cell density of -0.05 log CFU/g. Survivors on hazelnut kernels were 

reduced to the detection limit with only 3 of 36 samples containing at >1 CFU of 

Salmonella per sample (25 g) (Table 5).  PPO achieved reductions of Salmonella 

spp. on in-shell hazelnuts that crossed the detection limit (-1.7 log CFU/g) with 

28/40 samples being negative for survivors.  It was observed that the upper 

layers in the in-shell hazelnut boxes had significantly more survivors than the 

lower layers of the box. In the top layer of the box (layer 7), 17 out of 20 samples 

(50 g) remained positive for Salmonella, whereas only 4 out of 40 samples in the 

middle (layer 5) and lower (layer 3) were remained positive (Figure 6). Off-

gassing did not reduce the number of qualitative Salmonella spp. survivors on in-

shell hazelnuts (13/40) (Table 5).  There were no significant differences in 
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survival between immersion, spot, and suture inoculated in-shell samples (p = 

0.44).   

A PPO concentration of 1.00 kg/m3 was insufficient in achieving a 5-log 

reduction of Salmonella on in-shell macadamia nuts and macadamia kernels with 

average survivors at 3.74 log CFU/g and 5.37 log CFU/g, respectively.   After off-

gassing, Salmonella populations were reduced to 3.14 and 2.77 log CFU/g for 

kernel and in-shell macadamia nuts, respectively.    

Comparisons between the potential surrogate, E. faecium, and Salmonella 

survival are displayed in Figure 7.  After off-gassing, there was no significant 

difference in survival of Salmonella and Enterococcus in-shell macadamia nuts 

for (p = 0.7644, t-test).  From the travel controls to off-gassing, there was a 

significant (p < 0.05) drop of 2.49 and 2.43 log CFU/g for Salmonella and 

Enterococcus on in-shell macadamia nuts.  

Moisture contents of in-shell hazelnuts and hazelnut kernels were 7.1 and 3.5%, 

respectively.  Moisture contents of in-shell macadamia nuts and macadamia 

kernels was 4.5 and 1.5%, respectively.  
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Table 5: Qualitative survival of Salmonella spp. and E. faecium on hazelnut and macadamia nuts (in-shell and kernels) treated 
with propylene oxide (PPO) at 1.0 kg/m3 for 4 hours. 
 

Nut Type Nut Form Inoculum 
Inoculum 
Method 

Initial Cell 
Density 

(log CFU/g) 

Presence of Survivors Detected in Total Samples Analyzed 

PPO PPO + Off-gas 

Hazelnut 

In-shell 

Salmonellac 

Immersion 5.68  0.29a 9/18 10/18 

Spot (Shell) 5.54  0.41 1/18 1/18 

Spot (Suture) 5.91  0.40 2/4 2/4 

E. faeciume 
Immersion 5.16  0.10 8/8 0/8 

Spot (Shell) 5.46  0.42 8/8 2/8 

Kernel Salmonellad Immersion 4.24  0.46 36/36 3/36 

 E. faecium Immersion 4.36  0.38 16/16 1/16 

Macadamia 

In-shell 

Salmonella 
Immersion 4.96  0.45 9/9 9/9 

Spot (Shell) 5.71  0.12 ndb 4/4 

E. faecium 
Immersion 5.15  0.22 4/4 4/4 

Spot (Shell) 6.03 0.07 nd 3/3 

Kernel 
Salmonella Immersion 6.70  0.79 9/9 8/9 

E. faecium Immersion 7.25  0.21 nd 4/4 
aCell densities indicate the mean and standard deviation (n = denominators of PPO samples )of all travel controls for the 
respective inoculum.    
bNot determined. Contamination prevented accurate determination of E. faecium survivors on macadamia nut samples treated 
with PPO. 
cLimit of Detection (LOD) was -1.7 Log CFU/g. 
dLimit of Detection (LOD) was -1.4 Log CFU/g. 
eLimit of Detection (LOD) was  0.0 Log  CFU/g 
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Figure 6. Qualitative presence or absence of Salmonella spp. on in-shell hazelnuts samples treated with PPO (1.0 kg/m3) by 
layer in boxes on pallet. 
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Figure 7: Survival of Salmonella spp. and Enterococcus faecium on in-shell 
macadamia nuts (A) and kernels (B) treated with propylene oxide (1.0 kg/m3).   
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3.5 Discussion:  

Hazelnuts are a potentially hazardous food due to their association with other 

tree nut varieties that have experienced outbreaks. There was also an E. coli 

O157:H7 outbreak linked to contaminated hazelnuts in 2011 (Miller et al, 2012).  

Thus, a potential mitigation strategy was needed to inactivate pathogens in case 

new laws or outbreaks forced the industry to undergo new validation 

procedures to eliminate microbial risk.  NACMCF guidelines for challenge study 

design was referenced for the trials (NACMCF, 2010).  Our study was 

complicated due to the unknown impact of a number of industry practices on 

PPO efficacy.  Nuts were delivered straight from processing facilities to the 

laboratory and packaged in packaging typical for commercial PPO treatment.   

Multiple strains were selected to make a Salmonella cocktail and all strains were 

associated with either previous nut outbreaks or other nut varieties (Table 1) 

with care taken to have equivalent concentration of each strain in the final 

cocktail.  The inoculation levels in the study were very high relative to normal 

microflora levels and preliminary studies were conducted to evaluate the 

stability of the inoculum on dried hazelnuts for a prolonged period of time 

(unpublished). The design also took into consideration confounding variables 

such as crevices in the nut.  So the methods were designed to evaluate different 

inoculation methods and evaluate potential issues with contamination occurring 

along the suture line.   Duplicate boxes with numerous samples within each box 

were analyzed to assess variability of the commercial PPO treatment within the 

bulk product.  Samples were prepared using standard microbiology techniques 
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and were analyzed as soon as possible from the completion of each treatment.  A 

potential surrogate, E. faecium, was evaluated side-by-side with the pathogenic 

target organism, Salmonella.  

A single previous commercial-scale PPO study examined several factors relating 

to the efficacy of PPO and determined that 0.5 kg/m3 of PPO with off-gassing 

could satisfactorily achieve a 5-log reduction in almonds (Danyluk et al, 2005).  

PPO treatment alone (without off-gassing) achieved an average reduction of 2.5 

log CFU/g of Salmonella Enteritidis PT30 on almond kernels.  Previous validation 

work sponsored by the walnut industry validated the use of 0.83 kg/m3 as 

effective at achieving a 5-log reduction of Salmonella (Walnut, 2012).  

 

PPO treatment of 0.65 kg/m3 was insufficient in achieving a 5-log reduction in 

both in-shell and kernel hazelnuts.  Kernel and in-shell hazelnuts had reductions 

of 3.73 and 4.83 Log CFU/gram from prior to treatment to after off-gassing, 

respectively.  After initial treatment, there was a small difference in reduction of 

Salmonella on in-shell and kernel hazelnuts.  However, after off-gassing, 

reduction of Salmonella on in-shell hazelnuts was much more pronounced than 

on hazelnut kernels. This suggests that Salmonella are not as hardy on surface of 

in-shell hazelnuts versus kernel hazelnuts and are more susceptible to PPO 

fumigation.  A ~5 log CFU/g range of Salmonella survivors was observed in both 

of the in-shell boxes after off-gassing.  This finding shows that different nut 

forms may experience different rates of reduction in off-gassing.  The impact of 
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off-gassing conditions may be critical for proper reduction of pathogens on 

hazelnuts.  

PPO concentration of 1.00 kg/m3 was sufficient in achieving a 5-log reduction in 

both in-shell and kernel hazelnuts.  Kernel and in-shell hazelnuts had reductions 

of 5.66 and 6.53 log CFU/gram from prior to treatment to after off-gassing, 

respectively.  As in the previous trial, there was significantly more kill in in-shell 

hazelnuts versus hazelnut kernels; however, there were other variables 

including box size and liner use that could impact the penetration of PPO into the 

box.  It was observed in trial 2 that after off-gassing, there was a significant 

difference in the total survivors in kernel hazelnuts versus in-shell hazelnuts 

(table 5).  After initial treatment, in-shell hazelnuts had 9 out of 18 Salmonella 

survivors whereas kernel hazelnuts had all 36 Salmonella samples show 

survival.  However, after off-gassing, Salmonella still survived on half of the in-

shell samples (10/18), but kernels only had 3 out of 36 samples show survival.  

The used of liners in the kernel boxes was a major difference between the two 

nut forms.  Since liners allow for only one easy passage out of the box, they may 

harbor residual PPO gas for a longer period of time during off-gassing, leading to 

more contact time with pathogens.   The data from trial 2 suggests that the use of 

liners may be important to proper off-gassing and achieving proper inactivation 

of microorganisms.  Enterococcus was examined as a surrogate organism after 

use of B. stearothermophilus was determined to be insufficient at mimicking 

Salmonella die-off (Danyluk et al, 2005).  Although there was some data 
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indicating that Enterococcus may be a suitable surrogate for Salmonella, more 

data is needed to obtain a conclusive decision on its use as a surrogate.  

PPO treatment (1.0 kg/m3) was significantly less effective at reducing Salmonella 

on macadamia nuts (in-shell and kernels) compared to hazelnuts; however, this 

is likely due to spatial arrangement on the pallet and potential flaws in the 

design of the PPO chamber.  Macadamia nut boxes were near the top of the 

pallet.  This coupled with the differential survival of Salmonella spp. on in-shell 

hazelnuts in the boxes immediately below the macadamia nuts suggests that the 

PPO gas was not evenly distributed throughout the vertical axis of the chamber. 

To determine if a separation could occur, the time for PPO to separate from air 

vs the time to diffuse into each other was compared against each other.  Using 

the density of PPO calculated from the ideal gas law, it was determined that in a 

mixed gas system with no circulation, it would take a minimum of 1.03 seconds 

for the PPO to separate out of the air and form a layer at the bottom of the 

chamber.  The opposing force, diffusion, was calculated using the diffusion 

coefficient of PPO in air which was determined to be 1.907 x 10-7 m2/s.   Using 

this coefficient, time to uniform gas mixing was calculated to be approximately 

4200 hours (1.520 x 107 s).  This implies that there are no external forces acting 

on either gas, such as gravity.  A comparison of the separation vs diffusion times 

indicates that it is very likely that there was a separation of the gases inside the 

chamber for the majority of the fumigation period (4 hours).   This finding 

demonstrates that the use of a circulating mechanism, such as a fan, could be a 

critical step in maintaining proper contact between the gas and the product.  
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Propylene oxide has the potential to be an effective treatment for reconditioning 

adulterated hazelnuts.  However, commercial processing facilities have several 

confounding variables that need to be further examined such as: the use of 

liners, chamber fill, off-gassing protocols, and the use of a fan in order to 

construct a proper validation procedure for the use of PPO on hazelnuts.  
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4. Conclusion:  
 
Finding an effective strategy for eliminating pathogen contamination on in-shell 

hazelnuts and hazelnut kernels has become a top priority for the hazelnut 

industry. The first study showed that there is a significant risk of adulterated 

product from commercial handling facilities which indicates potentially 

significant public health and business risks. The results from this prevalence 

study provide justification for investing into validating suitable mitigation 

strategies to eliminate Salmonella from raw hazelnuts.  

The second study demonstrated the potential of PPO fumigation as an effective 

mitigation strategy for inactivating Salmonella on hazelnuts (in-shell and 

kernels). However, several industry-relevant variables were identified that may 

significantly impact the efficacy of PPO.  Factors such as gas settling, chamber fill, 

nut form and nut variety, liner usage, and other packaging formats may 

significantly influence PPO efficacy. Further studies are needed to gain a better 

understanding of each of these factors and how they influence PPO at a 

commercial scale.  
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Introduction: 

In recent decades, there has been more emphasis on tracking foodborne illness and 

identifying methods of potential contamination.  From 1998-2008, there were a reported 

7,998 outbreaks with known pathogen origins in which 45% were by bacterial agents. 

More interestingly, the number of outbreaks relating to produce almost doubled from 6% 

to 11% from 1998-1999 to 2006-2008, respectively (Gould, 2013).  Over the last 15 years, 

several studies have identified contaminated water as a source for pathogens to adulterate 

produce ranging from lettuce (Olivieria, 2012) to carrots and onions (Islam, 2005).  

In reaction to recent outbreaks and to numerous studies indicating a need for better food 

safety practices, the Food Safety Modernization Act (FSMA) was signed into law in 2011 

comprising of several parts, including the produce rule.  In late 2015, the produce rule was 

finalized and enforcement begins in 2016.  A major component of the produce rule is the 

use of agricultural water in subpart E (FDA, 2015).  Water used for agricultural purposes 

must now meet two standards relating to generic E. coli, a geometric mean of 126 Colony 

Forming Units (CFU) per 100 milliliters (mL) and a statistical threshold value of 410 

CFU/100mL.  If water does not meet these standards, either it must be treated, the produce 

can be held for up to four days to allow for 0.5 logarithmic units of die-off per day, stop 

using that water source, or show with scientific data that your methodology for handling 

your produce is sufficient to eliminate risk of pathogen.  

In 2010, Oregon and Idaho accounted for 28.8% of the total dry bulb onion production in 

the United States and Malheur Country in Oregon alone produced 8.3 million 
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hundredweights of dry bulb onions resulting in 11.4% of the total dry bulb yield for 

summer storage onions (USDA) necessitating a need to examine potential risks associated 

with contaminated water in the region. Previous studies by Clint et al, 2013 and Emch et al, 

2015 shows that bacteria do not survive the onion curing process and lab irrigation 

studies, respectively, but an extensive look at contaminated irrigation water in the field has 

not been conducted.  The objective of this study is to examine the survival of generic E. coli 

in field conditions in the treasure valley to ascertain bacterial survival rates.    

The Produce Rule recognized agricultural water as a significant source of foodborne 

pathogen contamination and requires monitoring of water quality close to harvest to 

evaluate microbiological risk (9).  The water quality standards defined in the rule 

(geometric mean (GM) 126 CFU/100 ml; statistical threshold value (STV) 410 CFU/100 

ml) are unlikely to be consistently attainable for specific surface water sources, including 

the irrigation canal systems of the Treasure Valley.  The Produce Rule allows for the use of 

an irrigation-to-harvest interval to mitigate poor water quality; however, the maximum 

interval provided in the rule is 4 days with a calculated reduction of 0.5 log CFU/day.  

Taken together, this mitigation strategy allows for the acceptable use of agricultural water 

with a GM of 12,600 CFU/100 ml and a STV of 41,000 CFU/100 ml.  This study was 

designed to evaluate extended irrigation-to-harvest intervals (28 days) used in commercial 

dry bulb onion finishing as a mitigation strategy for irrigation water of exceptionally poor 

microbiological quality (>100,000 CFU/100 ml).    

 
Materials and Methods: 

Field Preparation and Trial Set-Up 
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The field trial was conducted at the Malheur County Experiment Station in Treasure Valley 

in the 2015 growing season.  A field of Greenleaf silt loam that was previously planted with 

wheat (2014) was selected for the study location.  Following wheat harvest, the wheat 

stubble was shredded and the field was irrigated, disked, moldboard plowed, and 

groundhogged.  In fall 2014, a soil sample (30 cm depth) was collected and submitted to a 

local laboratory (Ontario, OR) for soil analysis.  Analytical results of the soil indicated a pH 

of 7.5, 2.03% organic matter, 24 ppm nitrate, 8 ppm ammonium, 31 ppm phosporus (P), 

262 ppm potassium (K), 26 ppm sulfur (S), 3989 ppm calcium, 162 ppm magnesium (Mg), 

150 ppm sodium, 3.0 ppm zinc, 4 ppm manganese (Mn), 1.2 ppm copper, 10 ppm iron, and 

0.6 ppm boron (B).  Based on the soil analysis, P (84 kg/ha), K (224 kg/ha), S (258 kg/ha), 

Mg (22 kg/ha), Mn (7.8 kg/ha), and B (1.1 kg/ha) were broadcast before plowing.  

Following plowing, the field was fumigated with K-Pam® (140 L/ha) and bedded (55 cm). 

The field was prepared by laying drip tape (T-Tape, Rivulis USA, San Diego, CA) at a depth 

of 10 cm with emitters spaced 30 cm apart.  On March 10, Spanish yellow dry bulb onion 

seeds (variety Vaquero) were planted at a rate of 60,000 seeds/ha arranged in double 

rows.  The distance between the drip tape and the center of each double row was 28 cm.  

After seeding, onions were irrigated (27/ml/min/m) to maintain the soil water tension 

(SWT) in the onion root zone below 20 cb (7).  Irrigations were programmed to occur twice 

daily at 1.2 cm of water per irrigation; however, feedback from SWT monitoring system 

could override the scheduled irrigations if SWT was below 20 cb.  The SWT monitoring 

system consisted of a Watermark Electronic Module (WEM, Irromater Co., Riverside, CA) 

module and four granular matrix sensor system previously calibrated to SWT (GMS, 
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Watermark Soil Moisture Sensors Model 220SS) installed at 20-cm depth in the center of 

double rows (<I>6</I>).  

On March 30, onion plant emergence was observed and Roundup Power Max® (1.75 L/ha) 

was broadcast for weed control.  Additional herbicides were applied to the field on May 1 

(GoalTender® – 0.3 L/ha; Buctril® - 1.2 L/ha; Poast® - 1.2 L/ha) and May 4 (Prowl H2O® 

- 1.2 L/ha).  Badge® fungicide (0.6 L/ha) was broadcast aerially on the field on June 4 for 

disease control.  Insecticides for thrips control were applied to the ground on May 29 and 

June 5 (Movento® - 0.36 L/ha; Aza Direct® - 1.2 L/ha), June 12 and June 18 (Agri-Mek® - 

0.26 L/ha), and June 25 (Radiant® - 0.73 L/ha). Urea ammonium nitrate (URAN) liquid 

fertilizer was applied through the drip tape weekly from May 28 to June 24 for a total 

application of 112 kg/ha.  Irrigation was continued as described until August 17. An Oregon 

AgriMet weather station is maintained on site at the experiment station (latitude: 43.9777, 

longitude: -117.01527) and data from this station was used to describe environmental 

conditions in the field (4).  

A randomized block design (n = 5) was used to evaluate four inoculum levels of generic E. 

coli in the irrigation water (uninoculated, 1, 2, and 3 log CFU/ml) with reference to Harris 

et al. (2012)(3).  A group of ten 7-m long tiers within the field were selected for the 

contaminated irrigation study (Figure 1).  A block was established as two adjacent tiers 

with the inoculum levels being randomized within the block. The irrigation system was 

modified and segmented with additional tubing to allow for metered injection of 

contaminated water to be distributed to the assigned plots. Within the block, a specific 

irrigation treatment was applied to 8 double row beds (lettered columns in Figure 1) 

through 4 adjacent drip tapes (numbered columns in Figure 1).  In each block, rows that 
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received differing levels of E. coli from two sides or were on the edge of the plot were 

termed “border” rows (columns A, H, I, P).  Border rows were not considered to be 

representative and therefore were excluded from sampling and analysis.  A sampling valve 

was installed randomly at the end of one drip tape per treatment plot to allow for water 

sampling throughout irrigation.   

Bacterial stains and inoculum preparation 

Rifampicin-resistant generic E. coli strains TVS 353, TVS 354, and TVS 355 were revived 

from -80°C storage by transferring to Tryptic Soy Broth (TSB; Neogen, Lansing, MI) with 

incubation at 37°C for 24 h.  Aliquots of 1 ml were spread onto Tryptic Soy Agar 

supplemented with 50 μg/ml of rifampicin (TSA+rif) in large format Petri dishes (150 mm) 

and incubated at 37°C for 24 h.  Bacterial lawns were harvested by applying 5 ml of 0.1% 

peptone water (Neogen) to the agar surface, scraping with a sterile cell spreader, and 

transferring the liquid to a sterile 50 ml conical tube.  Harvests of the same strain from 

multiple plates were pooled together and enumerated by serial dilution and spiral plated 

(50 μl) on TSA+rif in duplicate using the exponential function on the AutoPlater 4000 

(Advanced Instruments, Norwood, MA).  Plates were incubated at 37°C for 24 h prior to 

enumeration.  Individual strain harvests were stored at 4°C for 5 days prior to transport to 

the field.  

Equal volumes (1 ml) of individual strains were mixed in a sterile 100 ml sample bottle to 

create a cocktail (~10 log CFU/ml).  The cocktail was serially diluted in bottled drinking 

water (manufacturer, location) to 9 log CFU/ml and 8 log CFU/ml.  An aliquot (50 μl) of 

each respective dilution was transferred to an individual 3.78 L container of bottled 

drinking water and mixed thoroughly.  The entirety of each container was poured into its 



70 

 

 

respective 227-L static holding tank and filled to capacity with well water to achieve cell 

densities of 2, 3, or 4 log CFU/ml. 

Inoculation and application of irrigation water 

The irrigation system was turned on and the drip tapes were allowed to fill for 30 min prior 

to beginning the injection.  At approximately 9:00 AM, the injection pumps were turned on 

generic E. coli was dispersed in the irrigation system.  The injection pumps had been 

previously calibrated and set to deliver approximately 400 ml/min into the irrigation line 

(approximately 400 L/min).  Midway through irrigation, the injection rate was reassessed 

and the injection pump speed was increased for the second half of the irrigation event.  

Irrigation was continuous and completed at approximately 5:00 PM.   

Irrigation water sampling and evaluation 

Water samples were taken throughout the irrigation (9:30 AM, 11:00 AM, 12:30 PM, 14:30 

PM, 15:30 PM, and 16:30 PM).  Water samples (100 ml) were aseptically collected into 

sterile bottles (IDEXX) from each plot via the sampling valve at the end of the drip tape 

(Figure 1).   Immediately following collection, a ColiSure packet (IDEXX) and rifampicin (50 

μg/ml) were added to each water sample and mixed thoroughly.  Samples were poured 

into QuantiTray 2000 (IDEXX) and sealed with the QuantiTray sealer.   For water samples 

inoculated at higher levels of E. coli (2 and 3 log CFU/ml), water samples were diluted 

1:100 in bottled water prior to adding ColiSure and rifampicin.  Additionally, the 

uninoculated well water treatments (<1 CFU/100 ml generic E. coli) were analyzed with 

and without the addition of rifampicin.  Trays were incubated at ambient temperature for 

48 h prior to evaluation for color and fluorescence.  

Onion evaluation – Presence/Absence Generic E. coli 
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Onion samples were collected on days 1, 2, 7, 16, and 28 following the final irrigation event.  

Due to the expectation of a low contamination rate, samples were evaluated only for the 

presence or absence of rifampicin-resistant generic E. coli.  On days 1, 2, 7, and 16, 

approximately every 20th onion (5 onions per bed; 30 onions per replicate; 150 onions per 

treatment; 600 onions per day) were lifted by their stalk, aseptically cut at the neck, and 

deposited into a gusseted sample bag (ULine).  On day 28, only onions from the 1 log 

CFU/ml and 3 log CFU/ml treatments were evaluated with an increase to 10 onions per bed 

(60 onions per replicate; 300 onions per treatment; 600 onions total). The onions were 

shaken vigorously with 200 ml of TSB to remove adhering material (soil, bacteria, dried 

scales).  The onion bulb was discarded, rifampicin (50 μg/ml) was added to the rinsate.  

The TSB rinsates were incubated at ambient temperature for at least 24 hours prior to 

streaking onto Eosin Methylene Blue Agar (Neogen) with rifampicin (EMB+rif, 50 μg/ml) 

and incubated at 37°C for 24-48 h.  Colonies displaying typical morphology for E. coli were 

confirmed by transferring to ChromAgar ECC (DRG International) and evaluated following 

incubation at 37°C for 24 h.  Samples were considered to be confirmed as positive if isolates 

displayed typical blue coloration on ChromAgar ECC.  Confirmed colonies were transferred 

to TSB and incubated at 37°C for 24 h prior to storage at -80°C in 40% glycerol (v/v).   

On day 1, additional onion samples (n = 4) were prepared and enrichments were spiked 

with low levels (10-50 cells generic E. coli/sample) to verify sensitivity of the described 

methodology.  Generic E. coli was recovered from all spiked samples. 

Soil Evaluation – Most Probable Number for Generic E. coli 

On day 28 following the contaminated irrigation event, soil samples (200 g) were collected 

from directly above the center of each irrigation drip tape in all treatments (n=80).  Bags 
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were sealed by tying and transported to the laboratory for analysis.  Soil (100 g) was 

transferred into a sterile sample bag with a filter (Nasco) and mixed with 150 ml of TSB+rif.  

The filtered TSB+rif was dispensed into 1 ml portions into a 96-well deep well tray and 

incubated at 37°C for 24 hours.  Following incubation, a deep well tip comb was used to 

mix each well and transferred onto EMB+rif (100 μg/ml) in a large format petri dish (150 

mm x 15 mm).  EMB+rif plates were evaluated after incubation at 37°C for 24 hours.  

Colonies displaying typical E. coli colony morphology were transferred to ChromAgar ECC 

and incubated at 37°C for 24 hours.  Colonies exhibiting blue colony morphology were 

considered confirmed as generic E. coli.  Confirmed isolates were transferred to TSB and 

incubated at 37°C for 24 hours prior to storage at -80°C in 40% glycerol (v/v).   

Data Analysis 

Generic E. coli levels in irrigation water samples were tabulated and analyzed using Prism 

(GraphPad).  Weather data (air temperature and humidity) were summarized and plotted 

using JMP Pro 12 (SAS Institute, Cary, NC).  Water contamination levels and irrigation-to-

harvest intervals were evaluated for significance in qualitative reductions of E. coli on 

onion and in soil. 

Results:  

Irrigation began at 9:00 AM (Pacific Standard Time) on August 18, 2015.  Targeted 

contamination levels were to apply approximately 1, 2, or 3 log CFU/ml to treatment plots 

throughout the entire 8-hour irrigation event.  Despite previous calibration of the injection 

pump, application rates were lower than anticipated with average contamination levels of 

0.38, 1.85, and 2.51 log CFU/ml of generic E. coli (Figure 2).  To compensate, the injection 

rate of the pump was increased from 1:00-2:00 PM (PST) and average contamination rates 
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increased to 1.14, 2.10, and 3.04 log CFU/ml for the second half of the irrigation.  Each 

application rate was significantly different to the others (p < 0.05).  There were no 

significant differences in generic E. coli levels in plots receiving the same water treatment.  

Generic E. coli (rifampicin-resistant or wild-type) was not detected in any water samples 

from uninoculated treatment plots. 

Air temperature and humidity fluctuations from the contaminated irrigation event through 

the end of finishing are shown in Figure 3.  At the onset of the irrigation event (9:00 AM), 

the air temperature was 18.8C with 38.6% relative humidity.  Temperatures rose 

throughout the day while humidity decreased.  At the completion of the irrigation event 

(5:00 PM), the air temperature was 31.7C with 16.7% relative humidity.  During the initial 

seven days of finishing (prior to lifting), air temperatures ranged from a low of 8.2C to a 

high of 34.7C.  The lowest recorded temperature (4.8C) for the finishing period occurred 

on September 6, 2015.  The highest temperature of the finishing period was 35.2C on 

August 26, 2015 (day 8).  Total accumulated precipitation during the finishing period was 

0.63 cm with four days of minimal rainfall (<0.2 cm): September 3, 5, 14, and 15. 

The total generic E. coli applied through the irrigation event was calculated to be 5.84, 6.95, 

and 7.80 log CFU/drip tape for the 1, 2, and 3 log CFU/ml application rates, respectively 

(Table 1).  Each drip tape supplied irrigation to two equidistant rows (28 cm from center of 

drip tape to far edge of onion) containing approximately 100 onion bulbs each.  Maximum 

inoculation levels (assuming every drop of water transferred to an onion bulb) were 

estimated at 3.54, 4.65, and 5.49 log CFU/onion.  At the highest level of contamination (3 

log CFU/ml), generic E. coli was detected on onions on days 1 (20/150), 2 (16/150), and 7 
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(6/150).  Onions received a contamination level of 2 log CFU/ml tested positive only on day 

1 samples (9/150).  A single onion in the uninoculated and 1 log CFU/ml applications 

tested positive for generic E. coli from day 2 samples.  Sample sizes for uninoculated and 1 

log CFU/ml treatments for day 7 were decreased (as indicated in Table 1) due to sample 

handling problems that led to contamination.  Regardless of irrigation water contamination 

level, not a single onion tested positive for generic E. coli after lifting (days 16 and 28).         

Due to the lack of positive E. coli results on onions during the later stages of finishing, soil 

samples were evaluated for the presence and quantity of surviving generic E. coli at the end 

of finishing (day 28; Table 2).  Soil samples were collected directly above the drip tape in 

each row; therefore, generic E. coli levels immediately following irrigation were likely to be 

high.  However, soil samples were not analyzed for confirm these levels.  As expected, the 

qualitative and quantitative results of soil analyses loosely correlated with the 

contamination levels of the irrigation water.  Plots receiving contaminated irrigation water 

at a level of 1 log CFU/ml had the least number of positive soil samples (6/20) and the 

lowest concentration (-1.93 log MPN/g), whereas plots receiving water at a level of 3 log 

CFU/g had the highest number of positive soil samples (19/20) at a highest concentration 

(-1.79 log MPN/g).   

Discussion:  

This study was designed to evaluate extended irrigation-to-harvest intervals (up to 28 

days) used in commercial dry bulb onion finishing as a mitigation strategy for irrigation 

water of exceptionally poor microbiological quality (>100,000 CFU/100 ml).  This field 

study was designed with reference to the framework document from Harris et al (2012) 

(3). This study was conducted an experiment station field located within a dominant area 
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of dry bulb onion production that is managed following local, commercial farming 

practices.  This study focused on a single crop (dry bulb onions) and used a single common 

commercial onion variety (Vaquero) with a randomized complete block experimental 

design (n = 5).  The baseline irrigation water used in the study was well water from the 

field site.  While this water source is not overly common for the growing area, it was 

selected for its low microbial background for clearly evaluating the dissemination of the 

various inoculum levels of generic E. coli. The inoculum used in this study consisted of a 

cocktail of three environmental generic E. coli strains (TVS 353, 354, 355) previously 

adapted for rifampicin-resistance.  These strains have been used in a number of previous 

growth chamber, greenhouse, and field trials on a variety of crops (1, 2, 5, 8). With 

reference to the experimental design rubric provided in the framework document, this 

overall study would fall in the “better” category.   

Limited studies have been conducted evaluating the survival of generic E. coli or foodborne 

pathogens on dry bulb onions.  Islam et al. (2005) conducted a field trial to determine the 

survival of E. coli O157:H7 on sweet onions (Georgia Pride variety) and in soil when 

inoculated with contaminated irrigation water or manure composts.  Contaminated 

irrigation water (5 log CFU/ml) was applied at a rate of 2 L per plot using a hand sprayer 3 

weeks after seeding.  This led to a maximum contamination level of 2 log CFU/g on the 

onion bulb. 

Several studies have evaluated survival rates of E. coli in soil and on produce over the last 

15 years, but this is the first study to evaluate E. coli survival on onions from contaminated 

irrigation water in the Treasure Valley. 
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Survival rates on onions harvested on Days 1 and 2 were drastically lower than the 

estimated exposure of 3.8 LOG CFU/onion at the low inoculum irrigation.   This is 

comparable to the 1-2 log difference that was seen between furrow and drip irrigation in 

cantaloupes and the 2-3 orders of magnitude difference between furrow and drip irrigation 

in lettuce (Stine, 2005).   

Previous studies examining contaminated irrigation water have involved looking at 

overhead spray/direct contact as a methods of irrigation.  Onions contaminated with 

overhead spray had E. coli survival rates up to 60 days on the surface of the onion (Islam, 

2005).  This is in contrast to what was observed in our study, but is expected due to the 

type of irrigation applied.  Spray application had a direct contact with a much higher 

dosage of bacteria due to there being no barrier between the onion and the irrigation 

source as is in drip irrigation.  This phenomena was also demonstrated in leaf lettuce 

seedlings that had direct application of the inocula.  Even when inoculated with 100 

cells/plant, the microorganism was able to survive up to 10 days on the plant (Wachtel, 

2002).  This emphasizes the importance of maintaining a gap between the irrigation source 

and the plant in question and further solidifies the benefits of drip irrigation over other 

irrigation methods when irrigating with potentially contaminated water sources.  

This potentially demonstrates that the lack of contamination is likely due to the soil acting 

as a natural filter, preventing the majority of the bacteria from reaching the onion and 

aligns with previous studies in stating that drip irrigation may help reduce bacterial 

contamination (Stine, 2005; Song 2006). 
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This was expected and is congruent with previous studies in which fewer viable cells are 

found on the surface soil than the subsurface soil next to the drip tape (Song, 2006). 

This study provides in-field evidence that the extended irrigation-to-harvest interval (16 

days) conventionally used by the dry bulb onion industry would mitigate risk associated 

with poor quality irrigation water.  These conclusions directly apply to field conditions 

using buried drip irrigation lines with water containing up to 3 log CFU/ml (100,000 

CFU/100 ml) generic E. coli.  Curing strategies used by the dry bulb onion industry are in 

agreement with the intent of the mitigation strategies of the Produce Rule and reduce the 

risk of foodborne illness for onions grown in areas with poor irrigation water quality.   
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Figure 1. Field trial layout for final irrigation of dry bulb onions using various 
concentrations of generic E. coli.  Lettered columns indicate individual rows of onions.  
Numbered columns indicate placement of drip tape lines.  Placement of sampling valves in 
each plot are indicated by a “V”. 
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Figure 2. Concentration of generic E. coli (Log CFU/ml) in contaminated irrigation water 

applied to the onion field plots through a buried drip tape system.  The contaminated 

irrigation session was conducted on the last day of irrigation (August 18, 2015) and lasted 

over a period of 8 hours.  Data points represent the mean and standard error of E. coli 

levels across the five replicate plots of each treatment level.  All samples collected and 

analyzed from the uninoculated plots were negative for E. coli (<-2 log CFU/ml).   
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Figure 3. Weather conditions during last irrigation through the end of curing for this field 

trial.
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Table 1: Qualitative evaluation of generic E. coli on onions throughout the 
finishing process.  Onions had been previously irrigated with water 
contaminated with various levels of generic E. coli.  Onions remained 
undisturbed in the soil until after samples were taken on the seventh day after 
irrigation. Onions were then lifted by hand and set on the surface of the soil to 
cure until the final samples were collected on day 28. 
 

Targeted 
Irrigation 

Water 
Contamination 

Level 

Total Generic E. 
coli Applied 

during 
irrigation (log 

CFU/tape) 

Onion samples positive for generic E. coli 

Days post-irrigation 

1 2 7 16 28 

Uninoculated 0 0/150 1/150 0/30 0/150 NSa 

1 log CFU/ml 5.84  0.03b 0/150 1/150 0/120 0/150 0/300 

2 log CFU/ml 6.95  0.05 9/150 0/150 0/150 0/150 NS 

3 log CFU/ml 7.80  0.04 20/150 16/150 6/150 0/150 0/300 
 

a Not sampled. Day 16 produced no positive onions for generic E. coli for any of 

the irrigation treatments.  On day 28, sample sizes were increased for the low 

and high irrigation treatments (n = 300).  

b Generic E. coli values are presented as the mean  standard deviation (n = 5). 

 

 

 

 

Table 2: Qualitative and quantitative evaluation of surviving generic E. coli in soil 

collected 28 days after the contaminated irrigation event.  Soil samples were 

collected directly above the drip tape line from one row in each plot.   

Irrigation 
Water 

Contamination 
Level 

Soil samples 
positive for generic 

E. coli 

Generic E. coli 
concentration in positive 

soil samples 
 (Log MPN/ga) 

Uninoculated 0/20 <-2.51b 

1 log CFU/ml 6/20 -1.93  0.65c 

2 log CFU/ml 12/20 -1.65  0.37 
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3 log CFU/ml 19/20 -1.79  0.59 
 

a Generic E. coli concentration was determined using a modified most probable 

number (MPN) technique; therefore, the units of measure are presented and Log 

MPN generic E. coli per gram of soil. 

b Generic E. coli was not detected in any of the soil samples from uninoculated 

plots; therefore, the quantity of the generic E. coli could not be determined in 

these samples.  The detection limit for the MPN assay was calculated to be -2.51 

log MPN/g. 

c Generic E. coli values are presented as the mean  standard deviation of 

positive enumerated soil samples.  Sample size (n) is the number of positive soil 

samples indicated in column directly to the left of the reported value. 
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Appendix B 

Calculating Density of PPO in chambers: 

“Use Ideal Gas Law” 

P= Pressure (Pascals) 
V= Volume (m3) 
n = # of molecules 
R = ideal gas constant 
T = Temp (˚K) 
 
PV = nRT 
PV = (M/M)nRT 
nM/M -> nM becomes mass 
PV = massRT 
P= (Mass/V) (R/M) T 
P = (ρ) (R/M) T 
ρ = P*M/RT 
 
Chamber A 

Density (ρ) = (75,927 Pa)*(58.08g/mol)/(8.314m3 Pa K−1 mol−1)*(316K)  = 

1678g/m3 = 1.678kg/m3 

Chamber B 

Density = (80866Pa)*(58.08g/mol) /(8.314m3 Pa K−1 mol−1)*(324.21K)  = 

1738g/m3 = 1.738kg/m3 

 

Separation of Gases (time): 

Velocity ~ sqrt(((ρheavy – ρlight)/( ρlight))g*h 

g = gravity 
h = height of chamber 
ρ = density 
ρair = 1.2kg/m3 

 
 
(ρ1v1 + ρ2v2)/(v1 + v2) = ρMixed 
 

Chamber A 

(1.678kg/m3*17.65m3) + (1.200kg/m3*27.85m3)/( 17.65m3 + 27.85m3) = 1.39 

kg/m3 mixed 

https://en.wikipedia.org/wiki/Cubic_metre
https://en.wikipedia.org/wiki/Pascal_%28unit%29
https://en.wikipedia.org/wiki/Cubic_metre
https://en.wikipedia.org/wiki/Pascal_%28unit%29
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Chamber A 

V ~ SQRT(((1.39 kg/m3 – 1.2 kg/m3)/(1.2 kg/m3))9.8m/s2*2.4m = 1.92m/s 

Tseperatrion = L/V = 2.4m/1.92m/s = 1.25s 

 

Chamber B 

(1.738kg/m3*19.25m3) + (1.200kg/m3*14.17m3)/( 19.25m3 + 14.17m3) = 1.51 

kg/m3 mixed 

V ~ SQRT(((1.51 kg/m3 – 1.2 kg/m3)/(1.2 kg/m3))9.8m/s2*2.4m = 3.06m/s 

Tseperatrion = L/V = 2.4m/2.46m/s = 0.97s 

 

Diffusion Coefficient:  

DairPPO = (0.001)*(K^1.75)*(Mr^0.5)/(Patm)*(VAir^0.33 + VPPO^0.33)^2 

Mr = (Molar massair + Molar MassPPO)/( Molar massair * Molar MassPPO) 

VAir = 24,124cm3/mol 

Chamber A 

VPPO = 34,613cm3/mol 

((0.001)*(316.48˚K^1.75)*(0.0517^0.5)/(0.75)*(VAir^0.33 + VPPO^0.33)^2) = 

0.001902cm2/s = 1.902 x 10-7 m2/s 

Chamber B 

VPPO = 33,418cm3/mol 

((0.001)*(324.21˚K^1.75)*(0.0517^0.5)/(0.79)*(VAir^0.33 + VPPO^0.33)^2) = 

0.001907cm2/s = 1.907 x 10-7 m2/s 

 

Diffusion rate (time) 

L2/2D 

L= Height 
D = Diffusion Coefficient 
 

Chamber A:  
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2.4m2/(2*1.902 x 10-7 m2/s) = 1.51 x 107 s 

Chamber B:   

2.4m2/(2*1.907 x 10-7 m2/s) = 1.51 x 107 s 
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Appendix C: Chart indicating parameters from first trial  
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Appendix D 

Figure 1: Overview of parameters throughout trial 2.  Red is temperature (˚F), 

blue is pressure (in Hg) 

 


