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Biological soil amendments of animal origin (BSAAOs), including untreated (e.g., raw or aged manure, or incompletely composted manure) and treated animal products (e.g., compost), are used for crop production and as part of soil health management. Application of BSAAO's must be done cautiously, as raw manure commonly contains enteric foodborne pathogens that can potentially contaminate edible produce that may be consumed without cooking. USDA National Organic Program (NOP) certified production systems follow the 90-or 120-day interval standards between applications of untreated BSAAOs and crop harvest, depending on whether the edible portions of the crops are in indirect or direct contact with the soil, respectively. This study was conducted to evaluate the survival of four foodborne pathogens in soils amended with BSAAOs and to examine the potential for bacterial transfer to fresh produce harvested from USDA NOP certified organic farms (19) from four states. Only 0.4% (2/527) of produce samples were positive for L. monocytogenes. Among the untreated manure and compost samples, 18.0% (42/233) were positive for at least one of the tested and culturable bacterial foodborne pathogens. The prevalence of non-O157 STEC and Salmonella in untreated manure was substantially > that of E. coli O157:H7 and L. monocytogenes. Of the 2,461 soil samples analyzed in this study, 12.9% (318) were positive for at least one pathogen. In soil amended with untreated manure, the prevalence of non-O157 STEC [7.7% (190) and L. monocytogenes (5.0% (122), was > that of Salmonella (1.1% (26)] or E. coli O157 [0.04% (1)]. Foodborne pathogen prevalence in the soil peaked after manure application and decreased significantly 30 days post-application (dpa). However, non-O157 STEC and L. monocytogenes were recovered from soil samples after 90 and 120 dpa. Results indicate that produce contamination by tested foodborne pathogens was infrequent, but these data should not be generalized outside of the specific wait-time regulations for organic crop production and the farms studied. Moreover, other sources of contamination, e.g., irrigation, wildlife, environmental conditions, cropping and management practices, should be considered. This study also provides multi-regional baseline data relating to current NOP application intervals and development of potential risk mitigation strategies to reduce pathogen persistence in soils amended with BSAAOs. These findings contribute to filling critical data gaps concerning occurrence of fecal pathogens in NOP-certified farming systems used for production of fresh produce in different US regions.
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INTRODUCTION

Healthy fertile soils are essential for resilient crop production and supporting the global ecosystem. They positively contribute to soil water retention, support a diversity of organisms vital to decomposition and nutrient cycling, provide crops with essential nutrients, and can maintain carbon stores, contributing to global climate change mitigation. Building soil health is one of the strongest ways to protect against drought and flooding, as well as increasing the efficiency of nutrient cycling and crop yield (Ozlu and Kumar, 2018; Tautges et al., 2019). One of the most effective ways to build and maintain soil health is through the use of biological soil amendments that supply organic matter and essential nutrients for plant growth. Biological soil amendments can be plant-or animal-based and include green manures (e.g., leguminous cover crops that are terminated early and turned into the soil for nutrients), composts made from recycled plant material and/or animal manure, and raw manures (Rosen and Allan, 2007; Sharma and Reynnells, 2016).

Biological soil amendments of animal origin (BSAAOs) are especially popular because of their high nutrient content and low cost. They can improve several soil characteristics, including available nutrients, water retention, permeability, water infiltration, drainage, aeration, and structure (Rosen and Bierman, 2005; Rosen and Allan, 2007; Sharma and Reynnells, 2016), and thus, are a valuable component of sustainable farming. BSAAOs are especially important to organic farmers. Organic agriculture takes an environmentally balanced approach to agriculture, focusing on diverse crop rotations and cover crops, while restricting the use of synthetic inputs, such as fertilizers, pesticides, antibiotics, growth hormones, or sewage sludge (Rosen and Bierman, 2005; Rosen and Allan, 2007; United States Department of Agriculture National Organic Program, 2011a,b). BSAAOs are critical for organic farming to manage soil fertility because synthetic nitrogen fertilizer (ammonium) is prohibited and USDA national organic standards require growers to improve soil health over time, which can be accomplished by using BSAAO (United States Department of Agriculture National Organic Program, 2011a). In addition, the use of BSAAOs in organic production provides a means of beneficial use manure from livestock premises (Rosen and Allan, 2007; Sharma and Reynnells, 2016).

The use of raw manure, a BSAAO, must be done with care, as raw manure frequently contains enteric pathogenic bacteria (e.g., E. coli O157:H7, Salmonella spp., Listeria spp., and Campylobacter spp.). Raw manure application introduces a potential source of pathogen contamination (Hutchison et al., 2005; Sharma and Reynnells, 2016; Alegbeleye et al., 2018; Sharma et al., 2019) through direct or indirect contact, which can expose fruits and vegetables to pre-harvest microbial risks (Olaimat and Holley, 2012; Park et al., 2012; Alegbeleye et al., 2018). This risk exists in both organic and conventional production. However, because organic farms are limited in the type of soil-building and fertilizer inputs allowable under the NOP, they may rely on some form of BSAAOs. Identifying precisely, where these contamination risks can be prevented is complex in open-field systems with multiple potential routes and sources of microbial contamination, such as contaminated agricultural water (for irrigation and/or from flood/runoff), sick workers, fecal deposition from intruding domesticated or wild animals, and contaminated pre-harvest equipment (e.g., used for raw manure application/incorporation) (Olaimat and Holley, 2012; Park et al., 2012; Alegbeleye et al., 2018).

In an effort to prevent microbial contamination and reduce foodborne illnesses associated with fresh produce consumption, both conventional and organic farming operations are covered by the U.S. Food and Drug Administration's (FDA) Food Safety Modernization Act (FSMA) Produce Safety Rule (PSR), which requires comprehensive, science-based preventive controls across the food supply chain, including the growing, harvesting, packing, and holding of fresh fruits and vegetables (FDA, 2018). The rule establishes standards for agricultural water, animal-based soil amendments, domesticated and wild animal intrusion, employee health and hygiene, and building and equipment sanitation (FDA, 2015, 2018). The PSR categorizes BSAAO as treated and untreated; “untreated” BSAAO have not been processed to adequately reduce the prevalence of microorganisms of public health significance (FDA, 2015, 2018). The PSR requires that untreated BSAAO must be handled, conveyed, and stored in a manner that does not contact covered produce during application and minimizes the potential for contact with covered produce after application (FDA, 2015, 2018). Currently, however, the FSMA PSR has not established a minimum application interval between applying an untreated BSAAO (e.g., raw manure) and harvest. The proposed draft of the FSMA PSR, released by FDA in 2014, included a 9-month interval between applying untreated BSAAO and harvest (FDA, 2015, 2018), however that decision on implementation of specific time intervals was deferred in the final FSMA PSR released on Nov 27, 2015 until a science-based risk assessment could be conducted (FDA, 2015, 2016). Presently, FDA through the FSMA PSR does not object to the USDA National Organic Program (NOP) regulation of a 90-or 120-day interval between applications of untreated BSAAO and harvest of crops (FDA, 2015, 2018), while additional data is collected for detailed risk analysis. Growers are encouraged to use current NOP application intervals.

These NOP required application intervals may be why, despite the prevalence of manure use in organic operations (Pires et al., 2018), only a small proportion of foodborne illness outbreaks have been attributed to organic produce in the United States (Harvey et al., 2016; Dewey-Mattia et al., 2018; Pradhan et al., 2019), with one study reporting a link between vegetable contamination and horse manure in a home garden (Jay-Russell et al., 2014).

The current NOP imposes a 90-or 120-day wait period between application of animal-based soil amendments (i.e., raw manure and untreated manure) and time of crop harvest, based on whether the crop comes into direct contact with the soil or not, respectively (United States Department of Agriculture National Organic Program, 2011a,b). This time-interval between application and harvest was developed under production cycle criteria and not on microbial contamination risk (Natvig et al., 2002; Ingham et al., 2005). Actually, few studies have reported the survival of Salmonella spp. and non-O157 STEC in soil amended with untreated manure under natural conditions, and most of those were in conventionally managed fields (Gu et al., 2018, 2019; Sheng et al., 2019). Survival of foodborne pathogens in soil amended with manure varies greatly (Natvig et al., 2002; Franz et al., 2005; Ingham et al., 2005; You et al., 2006). Under experimental conditions, Salmonella spp. can survive up to 332 days in manure-amended soils (You et al., 2006), and E. coli O157:H7 can survive up to 56 days in soil amended with inoculated manure (Franz et al., 2005). While in naturally contaminated manure studies, Salmonella was isolated 4 months after soils were amended with poultry litter (Gu et al., 2019); whereas no Salmonella were detected in soil 2 to 4 months post-dairy cattle manure application (Sheng et al., 2019).

The rationale for NOP application intervals was based on crop production cycles rather than survival and transfer of foodborne pathogens from soil to fresh produce systems (Sharma and Reynnells, 2016; Ramos et al., 2019). These application intervals can be burdensome for organic farmers with complex crop rotations and polycultures, particularly when short-season crops are included in the mix. A survey conducted by the Organic Trade Association (OTA) and Washington Department of Agriculture in 2013 found that nearly 75% of the 310 respondents reported that even a 45 day wait period (for compost) would either moderately effect or prevent crop rotation and diversity (Organic Trade Association, 2015). The extended application intervals for untreated soil amendments may be more difficult to incorporate into crop production than those recommended for treated soil amendments. A recent survey reported that BSAAOs were applied by 46.8% of the NOP certified organic producers growing crops that are typically consumed fresh; and 58% of the producers reported the use of raw manure as a soil amendment (Pires et al., 2018). Moreover, Ramos et al. (2019) also reported that untreated BSAAO are very important regionally for certified organic producers, but on-farm manure management practices related to raw manure use were not uniform (Ramos et al., 2019). While the environmental benefits of using BSAAOs are well understood, if farm operations are impeded by these application intervals, then they may choose to replace BSAAOs with soil amendments that are not manure-based (i.e., green waste-based), or that have been treated to minimize risk (Karp et al., 2016; Baur, 2020). These studies explain the importance of raw manure use in organic fresh produce and the need to implement standard practices that are adequate in reducing the risk of potential crop contamination (Pires et al., 2018; Ramos et al., 2019).

To assess whether the USDA NOP 90-and 120-day application interval criteria was sufficiently long enough to reduce the food safety risks in organic systems, this study was design to evaluate the potential transfer of culturable, bacterial foodborne pathogens to fresh produce from fields amended with untreated manure on NOP-certified farms. We accomplish this by (1) assessing the prevalence of four major foodborne pathogens (non-O157 STEC, E. coli O157:H7, Salmonella spp, and L. monocytogenes) in untreated manure from various animal sources, (2) evaluating the prevalence and persistence of four culturable and tested bacterial foodborne pathogens in amended soils with untreated manure across time, and (3) evaluating the presence of bacterial foodborne pathogens in fresh produce from fields amended with untreated manure. The overall objective of this effort is to address the gap on prevalence and persistence of foodborne pathogens from raw (untreated) manure incorporated into soil and their transfer to fresh produce, thereby providing critical scientific evidence to inform NOP and FSMA PSR standards about wait periods between manure application and harvest.



MATERIALS AND METHODS


Farm Selection Criteria

Certified USDA-NOP farms from four states (California, Minnesota, Maine, and Maryland) were selected, states which represent 70% of the national produce production (e.g., vegetables, melons) (United States Department of Agriculture National Agricultural Statistics Service, 2014). Produce from these states frequently have been associated with outbreaks linked to fresh produce in recent years (Center for Disease Control, 2016), and represent the diversity of farms growing fresh produce with different environments, soils, landscape conditions, management practices, and produce types. Recruitment was conducted by personal invitation, email, phone, or personal visit through various outlets (e.g., listservs, farmer associations, extension networks). Farms were enrolled based on the following criteria: (1) certified USDA-NOP fresh produce farm, (2) use of untreated manure (i.e., raw manure or untreated manure) of cattle, horse or poultry sources in produce fields, (3) grow at least one of the following fresh crops: leafy greens (e.g., lettuce, spinach, kale), root vegetables (e.g., carrots, radish, potato) and/or fruits (e.g., tomatoes, cucumbers, peppers), (4) willingness to participate and provide biological samples (raw manure, soil, irrigation water, and fresh produce) and information about their on-farm management practices and location. Farms were followed up for two growing seasons. Sixteen farms were enrolled in the 1st year (2017) and 18 farms were enrolled in the 2nd year (2018) of this 21-month longitudinal and multi-regional field study that took place from March 2017 to December 2018. Farms received compensation for participating in this study. Farmers were asked to complete a questionnaire regarding demographics, farm-management practices, irrigation practices, manure use, and soil health. The questionnaire can be shared upon request.



Field Sample Collection

In this 21 month longitudinal study, 19 farms were sampled periodically from March 2017 to December 2018 using the following scheme in each growing season: (1) untreated manure, compost and soil were sampled before manure application (d0A, baseline), (2) soil samples were collected after manure incorporation (d0B) and monthly for a total of seven times (30, 60, 90, 120, 150 and 180-days post manure application) for each crop cycle, (3) fresh produce was collected two to three times (between 90 to 150 days post-manure application), and (4) irrigation water was sampled once during the harvesting period. A total of five composite raw/untreated manure or compost samples were collected from manure piles using a shovel and a sterile scoop (Fisher Scientific, Hampton, NH). Each composite sample was collected from five separate spots and different depths in the manure pile with at least 90-100 g total per composited sample. For each type of fresh produce and manure type, four composite soil samples (five subsamples each) were collected using a stainless-steel soil core sampling probe 6 inches (15.2 cm) deep from the soil surface (Strawn et al., 2013b). Four fresh produce samples (~100 g for leafy greens, and 150-200 g for fruits and root vegetables) were collected throughout the selected field in a serpentine pattern, and twice or three times depending on availability (d90, d120 and d150 days), using sterile scissors and aseptically transferred into sterile Whirl-Pak bags (Nasco, Modesto, CA). Samples were transported or shipped to the laboratory with ice packs. Nitrile gloves (Micro flex™ XCEED™ Powder-Free Nitrile, Fisher Scientific), were used, and changed and scissors, soil cores, and other sampling equipment were sanitized between samples to prevent cross-contamination. However, due to the snow cover in winter, not all eight sampling visits were carried out for each growing season. Field researchers blinded private property identifying data (i.e., owner name, farm name, address) from the laboratory by using an alphanumeric code assigned to each location.

A maximum of two irrigation water samples (1 L each) were collected from the source (e.g., agricultural well, pond, reservoir, lagoon, creek) at each farm for each growing season. Prior to sampling, well water taps or the open end of the irrigation line were disinfected with 70% ethanol and allowed to run freely for 1 min (Pagadala et al., 2015). Surface water from ponds or creeks was collected from the surface of the source, taking care not to disturb any sediment. When necessary, a sterile Nalgene bottle (Thermo Scientific, Rochester, NY) was attached to a pole to reach the water. All samples were collected by one of the research team members, sealed, transported in coolers with ice packs, and transported or shipped to the laboratory for microbiological analysis within 48 h of collection. Over the course of the study, a total of 3,260 samples were collected, including 2,461 soil samples, 527 produce samples at harvest, 233 untreated manure and compost samples, and 39 water samples.



Sample Preparation
 
Soil, Compost and Manure Sample Preparation

Samples were prepared using modified versions of protocols previously described (Paton and Paton, 1998; Cooley et al., 2013, 2014; Atwill et al., 2015; Food and Drug Administration, 2018; Pires et al., 2019). All samples were used for three separate enrichment schemes to allow for isolation and identification of non-O157 STEC, L. monocytogenes, E. coli O157:H7, Salmonella spp, and generic E. coli. For each manure, compost, and soil sample collected, 30 g of sample were weighed and transferred to 24 oz Whirl-Pak bags (Nasco, Modesto, CA) containing 270 ml of Tryptic Soy Broth (TSB) (1:10 dilution). The TSB non-selective enrichment cultures were used for non-O157 STEC, E. coli O157:H7, and Salmonella isolations. 25 g of each sample collected (manure, compost, and soil) were also added to a 24 oz Whirl-Pak bag containing 225 ml of Listeria Enrichment Broth (LEB) (1:10 dilution). Bags with both enrichments (TSB and LEB) were manually massaged for 1 min to homogenize the enrichments. Once all enrichments were prepared, the TSB and LEB Whirl-Pak bags were separated for their respective incubations. TSB Whirl-Pak bags were incubated at 25°C for 2 h followed by a 42°C incubation for 8 h shaking at 100 rpm. Then, samples were held at 6°C with no shaking until use for further enrichments and isolations of non-O157 STEC, E. coli O157:H7, and Salmonella spp. The LEB bags were incubated for 18 h at 30°C with 100 rpm shaking (Multitron programmable shaking incubator (Eppendorf, Hauppauge, NY, USA), then held at 6°C with no shaking until use for L. monocytogenes enrichment and isolation.



Irrigation Water Sample Preparation

Fecal indicator bacteria (100 ml, 10 ml, 1 ml and 1 μl), specifically generic E. coli and non-E. coli fecal coliforms, were enumerated from each water sample using standard membrane filtration techniques (Partyka et al., 2018). Each sample was homogenized and poured through a 0.45 μm nitrocellulose filter and placed on CHROMagar ECC (CHROMagar Microbiology, Paris, France), then incubated at 42°C for 18–24 h. E. coli and non-E. coli coliforms colonies were counted and reported as colony forming units (CFU). 1 L of water was also poured through a 0.45 μm nitrocellulose filter and placed in 100 ml of TSB and processed for isolation of E. coli O157, non-O157 STEC and Salmonella.



Fresh Produce Sample Preparation

Each produce sample was weighed and suspended in 100 ml Buffered Peptone Water (BPW). Each sample bag was manually massaged for 2 min and then incubated at 37°C for 2 h to aid in the recovery of injured cells (Pagadala et al., 2015). A 25 ml aliquot from each bag from the previous step was transferred into 225 ml of LEB and 50 ml to 200 ml of TSB. LEB and TSB enrichments were incubated following the same protocol as the soil sample enrichment bags. 4 ml of the LEB and TSB enrichments were mixed with 1 ml of 100% glycerol and frozen for future pathogen analysis (STEC, E. coli O157, Salmonella, generic E. coli, and L. monocytogenes) following the same protocols outlined below.




Bacterial Enrichment and Isolation
 
Non-O157 STEC Enrichment and Isolation

For qualitative non-O157 STEC confirmation (Cooley et al., 2013), 1 ml of the initial TSB pre-enrichment broth was transferred to 9 ml of modified enterohemorrhagic E. coli (mEHEC) selective media (Biocontrol, Bellevue, WA, USA) tubes, which were incubated at 42°C for 12 h with agitation. 10 μl were then streaked onto ChromSTEC (CHROMagar™, Paris, France), and plates were incubated at 37°C for 24 h. From the primary plates, six presumptive non-O157 STEC colonies were selected and sub-streaked to secondary and tertiary plates. Presumptive positives were confirmed for the presence of stx1 (348 bp) and stx2 (584 bp) genes using a traditional polymerase chain reaction (PCR) assay (Paton and Paton, 1998).



Listeria Monocytogenes Enrichment and Isolation

The aforementioned LEB enrichment was subjected to immunomagnetic separation (IMS) to concentrate L. monocytogenes cells as previously described (Cooley et al., 2014). IMS was automated using the Dynal Bead Retriever (Invitrogen/Dynal, Carlsbad, CA) and the L. monocytogenes protocol established by the manufacturer. After carrying out IMS, a 30-μl aliquot of washed IMS beads was plated onto Brilliance Listeria Agar (BLA; Oxoid, Hants, UK) supplemented with Brilliance Listeria Differential Supplement (Oxoid, Hants, UK) and Brilliance Listeria Selective Supplement (Oxoid, Harts, UK). A 100-μl aliquot of washed IMS beads was added to 5 ml of Fraser broth (BD, Sparks, MD). Both BLA plates and Fraser broth tubes were incubated at 37°C for 48 h. Up to four presumptive L. monocytogenes colonies on the BLA plates were re-streaked to a secondary BLA plate, followed by a tertiary isolation. If the Fraser Broth turned black, one full 10-μl loop was added to BLA and streaked and isolated using the same protocol as the BLA plates. All presumptive L. monocytogenes colonies were streaked on TSA and confirmed by PCR assay, which screened for the hlyA gene (LM1: 5′CGGAGGTTCCGCAAAAGATG-3′, LM2: 5′-CCTCCAGAGTGATCGATGTT-3′) (Kawasaki et al., 2005).



E. coli O157:H7 Enrichment and Isolation

TSB enrichments were subjected to IMS to concentrate E. coli O157:H7 cells as previously described (Cooley et al., 2013). Washed IMS beads (50 μl) were plated onto two selective and differential media; CT-SMAC (BBL™; Sorbitol MacConkey II Agar with Cefixime and Tellurite) and Rainbow Agar O157 (Biolog, Hayward, CA) containing novobiocin (20 mg/L; Sigma-Aldrich) and potassium tellurite (0.8 mg/L; Invitrogen/Dynal) (MP Biomedicals, Solon, OH, USA). Plates were incubated at 37°C for 24 h. Up to two presumptive E. coli O157:H7 colonies for each plate (four presumptive colonies per sample) were selected by colony color and morphology and streaked for isolation onto the opposite plate (i.e., CT-SMAC onto Rainbow; Rainbow onto CT-SMAC) and carried out once more for a tertiary isolation (Cooley et al., 2013). Presumptive E. coli O157:H7 colonies were confirmed by PCR assay, which screened for the eaeA gene (VS8: 5′-GGCGGATTAGACTTCGGCTA-3′, VS9: 5′-CGTTTTGGCACTATTTGCCC-3′) (Kawasaki et al., 2005).



Salmonella spp. Enrichment and Isolation

The Food and Drug Administration's Bacteriological Analytical Manual (BAM) method was modified to use TSB for simultaneous pre-enrichment of both E. coli and Salmonella as previously described (Food and Drug Administration, 2018; Pires et al., 2019). Modifications made to the FDA-BAM method are briefly described as follows: 1 ml from the initial TSB enrichment was transferred into 9 ml BPW (Hardy Diagnostics, Santa Maria, CA) and incubated at 37°C for 24 h. Then, 1 ml and 0.1 ml aliquots of non-selective BPW were transferred to 10 ml of Tetrathionate (TT) broth and Rappaport-Vassiliadis (RV) broth (BD, Sparks, MD), respectively. Both TT and RV broth were incubated at 42°C for 24 h. TT broth and RV selective enrichments were plated in parallel on Xylose lysine desoxycholate Tergatol-4 (XLT4) agar supplemented with XLT4 supplement (BD Difco, Le Pont de Claix, France) using a 10-μl inoculation loop and incubated at 37°C for 24 h. Up to two presumptive colonies were selected from each XLT4 plate and re-streaked for isolation twice. Presumptive Salmonella spp. colonies were transferred to TSA and confirmed using a polymerase chain reaction (PCR) assay that detects invA, a gene specific to Salmonella enterica (Kawasaki et al., 2005).



Generic E. coli Enrichment, Enumeration, and Isolation

Soil and produce samples were tested for the presence and concentration of generic E. coli (Most Probable Number, MPN/g) as previously described (Atwill et al., 2015; Patterson et al., 2018). Each TSB bag (prior to enrichment) was used as a source for TSB reservoirs (E and K Scientific, Santa Clara, CA, USA), which were serially diluted and used for enumeration of generic E. coli. Briefly, the first column of a 48-well reservoir was filled with 5 ml of the sample, followed by five columns filled with 4.5 ml TSB. Serial dilutions were carried out up to 10−6 in four replications per sample (Atwill et al., 2015; Patterson et al., 2018). Samples were incubated at 25°C for 2 h followed by 42°C for 8 h with 100 rpm shaking. Samples were then held at 6°C with no shaking. 4 μl from each dilution in the TSB reservoir was streaked onto CHROMagar ECC (CHROMagar, Paris, France) followed by incubation for 24 h at 37°C (Atwill et al., 2015). MPN series cell densities were calculated based on dilution to extinction using an MPN Calculator (Curiale, 2004). After recording each potentially positive sample, up to four presumptive generic E. coli colonies per positive sample were selected for and re-streaked onto secondary and tertiary CHROMagar ECC plates. After their respective incubations, the pure isolates were confirmed as generic E.coli using a PCR assay targeting the universal stress protein (uspA) gene (884 bp, 5′CCGATACGCTGCCAATCAGT 3′, 5′ ACGCAGACCGTAGGCCAGAT 3′), as described previously (Chen and Griffiths, 1998). For each positive sample, up to four isolates were banked in a 15% glycerol and 85% TSB solution and stored for potential subsequent analyses in a −80°C freezer.




Statistical Analysis

Descriptive analysis was done by computing un-adjusted apparent prevalence for each pathogen in manure, soil, water, and produce samples and adjusted apparent prevalence in soil samples. Prevalence is defined as the percentage of positive samples tested for the four tested and culturable bacterial foodborne pathogens out of the total samples collected for each tested matrix. Such prevalence computations were conducted overall but also stratified by year, over the sampling timeline, between states, between manure types, and by generic E. coli populations. Un-adjusted apparent prevalence was calculated by dividing the total number of positive samples by the total number of tested samples for said pathogen in a given setting (i.e., by farm, by state, etc.). For each un-adjusted apparent prevalence value, 95% confidence intervals were computed using the following formula for percentage confidence intervals (Hogg et al., 2015):

[image: image]

where p is the un-adjusted apparent prevalence and N is the number of tested samples. As sampling was clustered in space, we computed prevalence values adjusted for clustering. For this, we conducted mixed-effect logistic regression with the farm as random effects in R studio using the package lme4 (Bates et al., 2015; R Core Team, 2020). For this, year, state, manure type, and generic E. coli levels were used as categorical fixed effects. Each fixed effect was studied independently from the others in univariate models as the goal was not to identify significant risk factors but adjust prevalence for clustering within each of the categories of these variables. The coefficients from these models were then used to estimate the adjusted prevalence within each level of the fixed effect included, using the coefficient standard errors to compute 95% confidence intervals. Prevalence values and confidence intervals were plotted in excel. Correlation between the presence of the different pairs of pathogenic bacteria in both manure and soil sample was graphed and computed using the corrgram package in R (Wright, 2018) using the Pearson correlation. As these data are binary, a positive correlation reflects that two pathogens are more likely found together, with a value of one meaning all samples would have the two pathogens. A negative correlation would imply that the two pathogens are more likely to be found without the other, with a value of −1 meaning that the two pathogens never are present at the same time in a single sample.




RESULTS


Study Population

Over the 21 months of the study, 19 farms participated; nine farms are located in California, five in Maine, four in Minnesota, and one in Maryland. Of these, one Maine farm participated only in 2017 and one farm each in California, Maine, and Minnesota participated only in 2018, with the remaining 15 farms participating in both years. The number of soil samples collected each sampling day between day 30 and 180 varied between four and 27 depending on the farm and the number of plots per farm. All farms were USDA-NOP certified-organic and produced fresh produce, 10 farms produce fruit and nut trees, 12 produce herbs or hops, and three animal feed. All farms applied untreated manure to the produce fields, in addition to: compost (17), grazing (2), green waste (3), and other BSAAOs (11, including fish meal, bone meal, feather meal). Manure sources included: cattle (9), poultry (8), horse (7), small ruminants (4), and swine (1), while 13 farms used multiple sources. The origin of manure was on-site (12), local non-commercial (5) and commercial (4). Agricultural water sources included well (15), surface (i.e., pound, creek) (7) and municipal (3). The majority of the farms used drip irrigation (17) follow by overhead (6), sprinkler (6) and farrow (1). The soil type also varied, including sand-loam (11), loam (3), silt-loam (2), clay-loam (1), silt-clay (1) and silt-clay-loam (1). In 2017, of the 16 farms that participated in the study, all conducted sampling until day 120. However, one farm missed sampling on day 150 due to weather conditions, but went on to collect data on day 180. Two farms stopped at day 150 due to the end of growing season and did not collect any data for day 180. Thus, only 13 farms had samples for every collection day that year. Two other farms had incomplete data collections during the study, one at day 30 (six instead of eight samples) and the other at day 60 (four instead of 16 samples). For 2018, of the 18 farms participating, three stopped sampling at day 120, not collecting data on days 150 and 180, and another three stopped collecting at day 150, with no data for day 180. Thus, only 12 farms had samples for all sampling days that year. One farm had some missing data on day 30 (18 instead of 27 samples). Days 0A and 0B often did not have the same number of samples as the other sampling days of the study. This was the case in five farms in 2017 and six farms in 2018. This led to the sample databased not being fully balanced as planned in the study design. Other type of samples (manure, produce, and water) followed a similar collection frame.



Produce Samples

Of 527 produce samples, only two (0.4%) were positive for L. monocytogenes, and none of the other three tested pathogens were positive. These two samples were independent from each other in terms of year and location. Both were leafy greens samples which were also positive for generic E. coli. One was a Swiss Chard “Bright Lights” sample taken on day 90 with the other being a parsley sample taken on day 120. The first came from a field where no manure was used, whereas the second came from a field which used cattle manure. Of 525 produce samples, 118 (22.5%) were positive for generic E. coli. The remaining two samples were missing generic E. coli results (Table 1).


Table 1. Overall generic E. coli most probable number (MPN) and prevalence of produce samples collected in this longitudinal study on certified organic farms.
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Untreated Manure and Compost Samples

Of the 19 farms sampled, seven farms provided compost samples and 18 provided untreated manure samples. Of the seven farms where compost was collected, six actually applied it in studied fields and four of these used commercial compost. Of 233 untreated manure and compost samples, a total of 42 (18.0%) samples were positive for at least one of the tested foodborne pathogens. This represented 35 of 176 untreated manure samples (19.9%) and 7 of 57 compost samples (12.3%, five of 16 in-house compost and two of 41 commercial compost) (Table 2). These were distributed in 12 of the 19 farms (63.2%) under study, 20 samples in nine farms for 2017 and 22 samples in six farms for 2018. Ten of the positive samples were concentrated from one farm, and another farm had eight positive samples (Table 3). Of the 233 samples, 21 samples (9.0%) were positive for non-O157 STEC, 17 (7.3%) were positive for Salmonella spp., nine (3.9%) were positive for L. monocytogenes and three (1.3%) were positive for E. coli O157. Non-O157 STEC and L. monocytogenes were primarily found in ruminant manure whereas Salmonella spp. was found in ruminant and poultry manure. Mixed manure samples that were positive were nearly all a mixture of ruminant and poultry manure, with three also containing some horse manure. Horse manure samples only showed one positive for L. monocytogenes and none of the other pathogenic bacteria (Table 2). Based on the standard rule of thumb for Pearson' correlation coefficient (Mukaka, 2012; Schober et al., 2018) there was a weak to negligible correlation between pathogen samples themselves, with correlation values ranging between −0.02 and 0.26. The two highest values were between E. coli O157 and Salmonella spp. with a value of 0.26, and between Salmonella spp. and L. monocytogenes with a value of 0.20. Other correlation values were between −0.02 and 0.10. Of 42 samples positive for at least one pathogen, only seven were positive for multiple pathogens. Of these seven samples, one was positive for O157 STEC, non-O157 STEC, and Salmonella spp. combined, one was positive for E. coli O157 and Salmonella spp., two were positive for non-O157 STEC and Salmonella spp., and three were positive for Salmonella and L. monocytogenes. Overall, we can observe some moderate correlation between Salmonella spp. and L. monocytogenes prevalence and between O157 STEC and Salmonella spp. prevalence.


Table 2. Distribution of positive samples for four foodborne pathogens in manure and compost samples by type or age of manure and type of pathogen collected in this longitudinal study on certified organic farms.
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Table 3. Total samples collected and positive samples of three foodborne pathogens from soil and manure by farm and sample type collected in this longitudinal study on certified organic farms.
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Soil Samples

Of 2,461 soil samples, 318 samples (12.9%) were positive for at least one of the pathogens in the study. Of these, 190 (7.7%) were positive for non-O157 STEC, 122 (5.0%) were positive for L. monocytogenes, 26 (1.1%) were positive for Salmonella spp., and one (0.04%) was positive for E. coli O157. Out of 2,405 samples, 1,445 samples (60.1%) were positive for generic E. coli. Even more so than with manure samples, there was little correlation, with values for correlation ranging between 0.01 and 0.03, except between Salmonella spp. and L. monocytogenes which had a value of 0.10 between the different pathogens, with 14 samples being positive for both non-O157 STEC and L. monocytogenes, and another seven being positive for both Salmonella and L. monocytogenes. For Salmonella, non-O157 STEC, and L. monocytogenes, prevalence was adjusted for clustering within farm, state, and year with the results presented in Table 4. The adjusted apparent prevalence numbers are lower than the un-adjusted apparent prevalence, suggesting strong farm clustering. For non-O157 STEC, adjusted prevalence decreased by 27%, for Salmonella spp. by 73%, and for L. monocytogenes by 32% compared to the un-adjusted apparent prevalence. To add to spatial clustering, data was also unevenly distributed between years as can be seen when comparing the prevalence between both years of the study (Table 4). For non-O157 STEC, 93.9% of (171/190) positive samples occurred in 2017. Moreover, 61 of these came from a single farm (53 in 2017 and eight in 2018), with 25 coming from another farm (all in 2017), accounting for the spatial clustering. Interestingly, the farm with 61 positive samples had three out of eight positive manure samples in 2017 compared to zero out of eight in 2018. Similarly, the farm with 25 positive samples in 2017 had two out of four manure samples positive for non-O157 STEC in 2018 but zero out of 20 in 2017 (Table 2). For Salmonella spp., 96.2% (25/26) of positive samples happened in 2018, with 11 coming from one farm and seven from another, demonstrating extreme space-time clustering of our data. L. monocytogenes data was more evenly distributed with 77 positives in 2017 and 45 in 2018. Moderate clustering was observed with four farms having zero positives and six farms containing more than 10 positive samples each, for a total of 74 positive samples (Table 2).


Table 4. Prevalence of four foodborne pathogens in soil samples: observed values and adjusted for spatial clustering within farm overall, by year and by state collected in this longitudinal study on certified organic farms.
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The single E. coli O157 STEC positive soil sample was collected in California on day 90, from a plot on which lettuce was being grown using mixed duck-horse manure. Given the fact that only one sample was positive, no further analysis was conducted. For the other pathogens we looked at the trends of prevalence over time as well as the difference between state and manure types. We also looked at the association of generic E. coli on the presence of pathogen. Overall, the models didn't show any strong evidence that prevalence for any pathogen varied by state (Table 4). There was some moderate evidence of association with the manure type applied and detection in the soil. Adjusted values showed evidence that soil samples where cattle manure was used had a higher adjusted prevalence of non-O157 STEC compared to samples where any other type of manure was used, with the value for soil samples with other manure types being mostly below the lower bound of the 95% confidence interval for soil samples with cattle manure (Table 5). This was the case for all types except for poultry manure, which was just above that lower bound, still showing borderline evidence that samples with cattle manure were more likely to be positive than those with poultry manure. This is in line with the un-adjusted apparent prevalence, where samples with cattle manure also had higher prevalence of non-O157 STEC. Similarly, we found evidence that samples in which poultry, cattle, horse, or mixed manure was applied had lower adjusted Salmonella spp. prevalence compared to samples in which small ruminant manure was applied. Soil samples with cattle manure also showed moderate evidence of having lower Salmonella spp. prevalence compared to samples with poultry manure. Though samples with horse or mixed manure had lower adjusted Salmonella spp. prevalence compared to samples with poultry manure, this difference was not significant. Finally, for L. monocytogenes, we saw evidence that samples where cattle manure was used had higher prevalence compared to samples where poultry, horse, and mixed manure was used. Samples where small ruminant manure was applied showed a similar prevalence, but with a much wider confidence interval due to the smaller sample size of this category. The other three categories all had very similar adjusted prevalence to one another (Table 5).


Table 5. Prevalence of four foodborne pathogens in in soil samples: observed values and adjusted for spatial clustering within farm by source of manure used on the soil collected in this longitudinal study in certified organic farms.
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For non-O157 STEC there was a significant spike on the day of manure application (day 0B), before dropping back to pre-application levels (day 60 and 90). However, from day 120 forward, there was again significant increase in prevalence compared to manure pre-application levels (Figure 1). When looking at the association with generic E. coli, there was a significant association with a visible trend. From values of one and above of log (mpn/g of dry soil), almost all categories were significantly above samples with no generic E. coli (Figure 2).
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FIGURE 1. Un-adjusted and adjusted apparent prevalence of non-O157 STEC in soil by sampling day with 95% confidence intervals collected in a longitudinal study in certified organic farms.
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FIGURE 2. Un-adjusted and adjusted apparent prevalence of non-O157 STEC in soil by levels of generic E.coli log(MPN/g of dry soil) with 95% confidence intervals collected in a longitudinal study in certified organic farms.


For Salmonella spp., the results by sampling day were hard to interpret due to the small sample size of positive samples with many days having zero positive samples leading to model convergence issues. However, it seems that though day 0B (post-manure application) did not significantly differ from day 0A (pre-manure application), there was enough evidence to suggest that from day 30 onwards, prevalence was significantly lower compared to both day 0A and 0B (Figure 3). Similarly, for non-O157 STEC, there was a significant association with generic E. coli with increasing values of generic E. coli associated with increasing prevalence in Salmonella spp (Figure 4).
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FIGURE 3. Un-adjusted and adjusted apparent prevalence of Salmonella spp in soil by sampling day with 95% confidence intervals collected in a longitudinal study in certified organic farms.
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FIGURE 4. Un-adjusted and adjusted apparent prevalence of Salmonella by levels of generic E. coli in soil (log (MPN/g of dry soil) with 95% confidence intervals collected in a longitudinal study in certified organic farms.


Finally, for L. monocytogenes, there was also significant evidence of the effect of time, with a spike (though not statistically significant) on day 0B, when manure was applied, followed by a significant drop up to day 60, when prevalence stabilized (Figure 5). Here the association with generic E. coli was harder to evaluate, with only samples with log (MPN/g dry soil) values of four to five being significantly higher from samples with no generic E. coli. Other levels of generic E. coli were not significantly different from negative generic E. coli samples (Figure 6).


[image: Figure 5]
FIGURE 5. Un-adjusted and adjusted apparent prevalence of Listeria monocytogenes in soil by sampling with 95% Confidence intervals collected in a longitudinal study in certified organic farms.
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FIGURE 6. Un-adjusted and adjusted apparent prevalence of Listeria monocytogenes in soil by levels of generic E. coli (log (MPN/g of dry soil)) with 95% confidence intervals collected in a longitudinal study in certified organic farms.


In 2017, five farms had both manure and soil samples positive for non-O157 STEC, four of which still had positive soil samples by days 120 to 180. These included the previously mentioned farm with 53 positive samples in 2017, 35 of which were on day 120 or later. In 2018, two farms had both manure and soil samples positive for non-O157 STEC, with no positive soil samples after day 90. For Salmonella spp., only two farms had both soil and manure samples positive in 2018 and none in 2017. No positive soil samples were found after day 30. Finally, for L. monocytogenes, four farms in 2017 and two in 2018 had positive samples in both manure and soil samples. Two of these farms had positive soil samples after day 120 in 2017, but none in 2018.



Water Samples

Overall, 39 water samples were collected: 24 from well water, seven from surface water, five from the irrigation line, and two from municipal water. Of these 20.5% (8) were positive for generic E. coli, five of which came from surface water samples and one in each of the three other types of water. The eight positive samples had log(CFU) values that ranged from 0.77 to 2.31.




DISCUSSION


Produce Contamination

Results from this study indicate that on these farms and in the years and time periods sampled, the prevalence of foodborne pathogens on organic crops was low, even when untreated manure was used to amend the soil. < half of 1% of the produce samples tested positive for human pathogens, and of the two produce samples that tested positive for L. monocytogenes, one was from a field where manure was not applied. This finding indicates that manure amendment was not the sole source of pathogens transfer to organic produce in these farms, where an appropriate time intervals were waited between manure application and harvest (Nightingale et al., 2004; Ingham et al., 2005; Szymczak et al., 2014). On other hand, recovery of pathogen(s) on produce harvested from a manured field after an appropriate wait period could implicate manure as a potential source, particularly if isolate source tracing analyses were available.

In this study, a variety of produce items, including root vegetables, leafy greens, and fruits, were sampled as opposed to other studies limited to one type fresh produce (Marine et al., 2015; Pagadala et al., 2015; Park et al., 2015). Type of produce and production factors, such as proximity of harvestable portions to the soil and irrigation type and quality, are major aspects to consider when deciding on use of untreated BSAAOs for produce fields. The pathogen, L. monocytogenes, found on produce samples is a naturally occurring pathogen in soil, water, and manure, thus it can originate from non-manure sources (Zhu et al., 2017). The findings in this study, that there is a relatively infrequent, i.e., low, prevalence of produce contamination when untreated manure is applied in accordance with the NOP 90-120 day wait times for organic produce fields, are in agreement with previous findings in small to medium-scale fresh produce farms, where neither Salmonella spp. nor non-O157 STEC were isolated from tomatoes (Pagadala et al., 2015).

In addition to testing for pathogens, we also tested for generic E. coli. While most E. coli strains are non-pathogenic, testing is less costly than pathogen-specific tests, thus E. coli is frequently used as an indicator of fecal contamination in produce (Ingham et al., 2004, 2005; Pan et al., 2015; Denis et al., 2016; Patterson et al., 2018). In experimental field trials, where untreated manure was used, the presence of generic E. coli on produce was attributed to use of non-composted manure in Wisconsin vegetable production (Ingham et al., 2005). Although, human pathogens such as Listeria monocytogenes and E. coli O157:H7 can occur in manure, the mere presence of generic E. coli in soil, produce, or water samples only indicates the presence of fecal contamination which can include E. coli on the produce. The actual presence of pathogens requires specific, costly, time-consuming testing (Uyttendaele et al., 2014; Pan et al., 2015). A major concern with finding fecal contamination on produce is that such contamination cannot be completely removed by washing, due to the formation of biofilms and the difficulty of having the wash water penetrate the produce surface. Studies comparing the prevalence of generic E. coli in organic vs. conventional produce are rare, but have not indicated a difference between organic and conventional produce (Pagadala et al., 2015; Kuan et al., 2017).

In general, researchers have found a wide range of E. coli prevalence in fresh produce. For example, studies in the mid-Atlantic region looking at tomatoes found a prevalence rate of 9.5%, and a rate of 6% for leafy green (Marine et al., 2015; Pagadala et al., 2015). However, comparisons of our findings with those from other studies need to account for the types of produce (e.g., root vegetables, leafy greens, and fruits), which are known from previous reports to have increased propensity for contamination (Harvey et al., 2016; Ferrelli and Micallef, 2019). In addition, soil proximity, and factors such as farming system, planting practices (e.g., mulch, irrigation type), spatial-temporal differences, and diagnostic detection limits may differ between farms and studies (Castro-Ibanez et al., 2015; Marine et al., 2015; Pagadala et al., 2015; Park et al., 2015). In our studies, other sources of potential contamination of fresh produce could not be ruled out, e.g., wildlife intrusion (even if samples were collected without indication of wildlife fecal contamination), run-off from soil amendments (participant farms had a good separation of BSSAO storage), and agricultural water (low prevalence of generic E. coli in surveyed farms).



Pathogen Detection in Manure

The unique feature of this multi-regional study is the determination of foodborne pathogen prevalence in naturally contaminated untreated manure from more than three species (cattle, horse, poultry, small ruminants and swine) in commercial, certified organic systems. The majority of the naturally contaminated manure surveys are either focused one animal species, or on one or two foodborne pathogens with limited monitoring periods after incorporation into the soil. During this multi-regional study, 63.2% of the NOP-certified organic farms were positive for at least one of the tested foodborne pathogens, with farm clustering. We also were able to detect foodborne pathogens across the animal species and different manure ages and compost samples. The highest prevalence of pathogens we detected in manure was observed for non-O157 STEC in untreated manure samples from ruminants, followed by Salmonella spp. in ruminants and poultry, but horse samples tested positive only for L. monocytogenes. These findings are in agreement with other studies that also reported a wide range of foodborne pathogen prevalence which was associated with the animal manure source (e.g., species, season, diet and husbandry, intermittent shedding in natural reservoirs) and type of feedstocks/bedding used (Hutchison et al., 2004; Ingham et al., 2005; Jay et al., 2007; Sinton et al., 2007; Moriarty et al., 2011; Berry et al., 2013; Erickson et al., 2014, 2015). Variation in management practices among the farms may reflect the spatial-temporal clustering of positive samples, highlighting the importance of surveying multiple farms and conducting multi-year studies.

However, we found infrequent (low) E. coli O157:H7 prevalence (1.3%), in only poultry and mixed manure samples, whereas other studies reported a prevalence of 15.4% in solid bovine manure from a multi-county survey in California (Chen et al., 2019) and 19% in bovine manure (multiple storage type and ages) in the Southeastern region of the US (Baker et al., 2019). Cattle and other ruminants are commonly considered to be natural reservoirs for non-O157 STEC, with cattle being the major reservoir of E. coli O157:H7 (Hutchison et al., 2005; Jay et al., 2007; Berry et al., 2015, 2019). Such discrepancies regarding prevalence might be because of different farms sizes. The California and Southeastern studies have targeted conventional and big dairy farms, which has a higher reported prevalence of foodborne pathogens competed to for small-to medium-scale and diversified farms (Pires et al., 2019), which were surveyed in the present study.

Salmonella was the second most frequent pathogen detected in manure samples (7.3%). Salmonella was detected in cattle, poultry, and mixed manure. Similar Salmonella prevalence (6.6%) was reported on dairy farm operations in California (Chen et al., 2019), while a much higher prevalence was reported in wet (26.6%) and dry (23.7%) poultry litter in Virginia farms (Gu et al., 2018). However, Pires et al. (2019) reported a much lower overall prevalence (1.19%) in fecal samples collected from diversified small-scale farms from four California farm regions (Pires et al., 2019). Most of the participants' farms in the present study were considered small-to medium-scale farms across the four regions. These discrepancies may be due to differences in geography, the climate, farm management, manure management (e.g., storage and age of manure), livestock species, and diet management (Strawn et al., 2013b; Millner et al., 2014; Gu et al., 2018, 2019; Pires et al., 2019).



Pathogens in Soil

This is the first longitudinal study to our knowledge to assess the prevalence and persistence of four foodborne pathogens in soil amended with naturally contaminated and untreated manure from more than three animal species (cattle, horse, poultry, small ruminants and swine), with a prolonged follow-up of the soils, up to 180 days post-application, in NOP certified and commercial organic farms from four regions. The majority of on-farm studies have been conducted on conventional farms, limited to one region, source of manure type, type of crop or one to two foodborne pathogens, and with short period of follow-up post manure application (Natvig et al., 2002; Ingham et al., 2005; Gu et al., 2018, 2019; Sheng et al., 2019). Although the overall foodborne pathogen prevalence in manure was 18%, the adjusted soil prevalence did not exceed 10% for a given pathogen (exception for non-O157 STEC on 2017, 11.9%), state, or manure source.

Regarding the overall L. monocytogenes prevalence in soil, our findings also are consistent with previous studies conducted in New York, where L. monocytogenes was the most common foodborne pathogen isolated from produce production environments, including soil samples (Strawn et al., 2013a,b; Weller et al., 2015a,b). In a cross-sectional study in New York, 9.7% of the soil and drag swab samples were positive (Strawn et al., 2013b), similarly, Weller et al. (2015b) reported an 8% prevalence in soil in a longitudinal study in New York. In contrast, in our study a higher prevalence of STEC (7.7%) was observed in the soil amended with manure compared to that on the New York farms. Weller et al. (2015a) reported a STEC prevalence of 5% in terrestrial samples in a longitudinal study over 6 weeks on ten produce farms in New York. In a 2-year longitudinal study on five produce farms in New York, non-O157 STEC were isolated in 2.7% of the tested samples (soil, water, feces, and drag swabs) (Strawn et al., 2013a). On other hand, neither Salmonella nor non-O157 STEC was identified in production areas of tomatoes fields from small and medium-sized farms in the mid-Atlantic region, including conventional and organic production systems (Pagadala et al., 2015).

Over-time there was a significantly decreased prevalence of pathogens in the soil, reaching pre-application (d0A) prevalence (less 5% for non-O157 STEC and L. monocytogenes) or zero (Salmonella) at 90-days post-application. This shows the relatively infrequent (low) likelihood of pathogen survival (prevalence) in soils amended with untreated manure in studied farms.

In our study, non-O157 STEC and L. monocytogenes positive soil samples were identified after 90-and 120-days post-manure application and incorporation. Soil amended with cattle and small ruminant manure had the highest adjusted L. monocytogenes prevalence. Moreover, L. monocytogenes adjusted apparent prevalence and un-adjusted apparent prevalence values in soil were similar, which shows a much lower on-farm clustering and wide distribution in the soil environment of participating farms. Because Listeria spp. are naturally occurring soilborne microorganisms, their presence is not suprising, but understanding what increases their presence and persistance may aid development of strategies to avoid their proliferation.

The majority of the studies examining the survival of pathogens such as non-O157 STEC or Salmonella spp. in soil amended with manure have been conducted in experimental plots and with inoculated manure, reporting variations of the persistence depending on manure type, inoculation dose, and soil type (Franz et al., 2008; Nyberg et al., 2014; Sharma et al., 2016, 2019). In a Dutch study, E. coli O157:H7 survived in manure-amended soils that were both managed organically and conventionally for 78 and 84 days in loamy and sandy soils, respectively (Franz et al., 2008). In another study, Salmonella enterica serovar Typhimurium was detected up to 150 days after cattle slurry manure application (Nyberg et al., 2014). Longer survival was reported in soils amended with poultry litter, as Salmonella survived up to 4 to 6 months post-application in a major agricultural area of Virginia under natural contamination conditions (Gu et al., 2019). In contrast, in a study assessing the microbial safety of dairy manure in raspberry production, L. monocytogenes and non-O157 STEC were not detected, while Salmonella was isolated in the soil right after the application of manure-based BSAAO (i.e., raw manure straight lagoon, anaerobically digested dairy manure products, and digested liquid effluent), but not detected in soil after 2 or 4 months after application (Sheng et al., 2019). These aforementioned studies show that persistence in soil depends on the pathogen, manure source, soil type, environmental conditions, and region. Although, comparisons among experimental studies is difficult because of the use of different experiment set-ups, production systems, and geographic locations, higher survival of pathogens in soil amended with poultry and cattle manures is in agreement with other studies.

While each farm is characterized by unique features and situations, several factors (e.g., landscape, agricultural practices, environmental factors) are major influences on pathogen prevalence and persistence of L. monocytogenes and Salmonella in produce fields and agricultural environments (Strawn et al., 2013a,b; Chapin et al., 2014; Weller et al., 2015a,b). However, comparisons between studies should be done cautiously, and include if possible longitudinal study periods that extend sampling the same plots up to 180 days post-manure application to detect the likelihood of viable foodborne pathogen increases over-time. Moreover, the use of BSAAOs was not investigated in these aforementioned studies (Strawn et al., 2013a,b; Chapin et al., 2014; Weller et al., 2015a,b), nor was the time interval between application of manure and harvest of the crops.

Interestingly, not all farms that had pathogen-positive soil samples had positive manure samples. Only two to five farms (depending on the year and pathogen) out of 19 farms had positive manure and positive soil samples, indicating other potential sources of pathogen introduction into soil than BSAAO. However, non-O157 STEC and L. monocytogenes positive soil samples were identified 90-and 120-days post-manure application and incorporation. The present study design has not allowed the tracing of strains to the manure sources, nor assignment to other potential sources, such as contamination by birds and other wildlife (Ingham et al., 2005). In addition to this limitation to directly link soil to manure isolates, other potential explanations for isolation of pathogens over the 120 days post-application of BSAAO could be pathogen regrowth related to agricultural practices (e.g., top-dressing organic fertilizer, bed cultivation, overhead irrigation) or other environmental conditions (precipitation). These factors were recorded and will be included in a predictive model assessing the risks factors associated with the likelihood of pathogen presence. Another limitation of the current study is that it is an on-farm observational study, and therefore, no interventions were conducted compared to experimental trials, with known and inoculated pathogen contamination of the manure. This observational study was representative of the type of farms using untreated manure in organic production and allowed for the monitoring of pathogen persistence in the soil, representing diverse manure use across four states. However, it was an unbalanced study design (i.e., not all farms used the same type of manure or grew the same vegetables), which may have limited some of the findings to certain farms with different agricultural practices.

In contrast to our study, which did not detect any foodborne pathogens in tested irrigation water, several studies found relatively high Salmonella spp. (4% and 12%), non-O157 STEC (3%), and L. monocytogenes (9%, 30%, and 63%) in agricultural water, including irrigation water (Strawn et al., 2013b; Weller et al., 2015a,b). Potential explanations for differences in prevalence in different samples (soil and water samples) can be due to spatial-temporal differences, farm and manure management (manure application, cultivation, buffer zones, etc.), irrigation water, meteorological factors and water sampling and testing protocols (total of tested samples, sediment testing vs. water, etc.) across the different regions and studies (Strawn et al., 2013a,b; Weller et al., 2015a,b; Gu et al., 2018).



Aged Manure Use, Manure Processing and Storage

The majority of the farms in this study (14 out of 19), used aged manure with a range of age from 2 months up to 2 years. Some of the farms applied BSAAO from minimally managed manure piles where no temperature or turning records were kept, as no record keeping of temperature or number of turns was kept (only two out of 19 farms used in-house composting with records). Since these minimally managed piles were considered as untreated BSAAO, the data was combined with the other untreated manure data. Untreated manure, such as aged manure and minimally managed piles, were frequently reported as common BSAAO used in organic produce production, and farmers frequently considered aged manure as a “composting process” in two nationwide surveys (Nsac, 2016; Pires et al., 2018; Ramos et al., 2019).

While FSMA PSR guidelines currently exist for treated BSAAO, such as those that undergo a scientifically validated treatment (e.g., composting), aged manure and minimally managed piles do not fit any of these categories and are considered untreated BSAAO (FDA, 2015, 2018). Untreated BSAAO may be associated with potential contamination of fresh produce through direct or indirect contact with foodborne pathogens found in incompletely finished or unfinished composted animal fecal material (Berry et al., 2013; Millner et al., 2014). Although the application intervals for untreated BSAAO are currently reserved by FDA in the FSMA PSR, growers are encouraged to comply with the 90-and 120-day application interval prescribed in the USDA NOP.

Management of manure during storage and proximity to vegetable fields along with slope and potential for runoff, dust and pest/animal movements from the manure storage to crop fields is an important feature to consider on farm sites where untreated and aged manure is being staged and aged (Berry et al., 2015, 2019; Alegbeleye et al., 2018). The majority of the farmers reported storing manure in piles, some of which were minimally managed through turning. Some manure piles were topped off with new manure from animals on the farm (Pires et al., 2018). These practices may re-introduce pathogens and thereby prolong the time needed to allow for any pathogens to die-off in the manure piles.




CONCLUSIONS

In this multi-regional, longitudinal study, we investigated the natural prevalence and persistence of four foodborne pathogens (non-O157 STEC, E. coli O157:H7, Salmonella spp., and L. monocytogenes) in soil amended with untreated manure and assessed the presence of pathogens in harvestable crops from NOP certified organic fresh produce farms. This longitudinal study design was conducted over 21 months to capture two crop cycles and time-dependent factors in four regions in the US (California, Minnesota, Maine, and Maryland). Pathogen contamination on fresh produce was found to be infrequent and <1% in this study. The prevalence of non-O157 STEC and Salmonella, in untreated/raw manure was considerably higher than E. coli O157:H7 and L. monocytogenes, while in soil amended with untreated manure, a higher prevalence was observed for non-O157 STEC and L. monocytogenes. Foodborne pathogen prevalence in the soil peaked after manure application and decreased significantly 30 days post-application. Non-O157 STEC and L. monocytogenes positive soil samples were identified after 90-and 120-days post-manure application and incorporation.

Results from this study did not demonstrate a significant presence of foodborne pathogens in produce from soils amended with untreated BSAAO. However, these data cannot be generalized outside of the organic sector or this study, as the low rate of pathogen presence on produce may be due in part to compliance with wait-time regulations for organic crop production, and reflect microbial and environmental conditions in open-field production systems, including organic ones (Ivanek et al., 2009; Strawn et al., 2013a, b). Therefore, future research focusing on tracing of pathogens can provide enhanced understanding of primary risks for pathogen introduction and their integration of the effects of environmental factors present in organic systems and potential leverage points where those risk processes can be mitigated.

Our study also provides multi-regional baseline data relating to current NOP wait-time rules. The use of BSAAO, such as livestock manure, in certified organic farms in the USA is an important source of fertilizer for the production of crops (United States Department of Agriculture National Organic Program, 2011a; Sharma and Reynnells, 2016) because the use of synthetic fertilizer is prohibited on organic farms (United States Department of Agriculture National Organic Program, 2011a,b). Therefore, additional research is needed on risk factors related to the soil management practices and meteorological factors associated with persistence of foodborne pathogens, because, while we found that soil pathogen prevalence decreased significantly 30-and 60-days post-application, we also found that non-O157 STEC and L. monocytogenes can persist in soil beyond the NOP standards for wait-times (90/120 days). Transfer to crop and subsequent handling, storage, distribution, and shelf-life conditions need to be factored into the ultimate impact of even low and or infrequent pathogen contamination of produce on the potential for post-harvest pathogen survival and increase. Identification of potential risk factors influencing foodborne pathogen persistence in pre-harvest produce cropping environments for soils amended with untreated and raw manure in organic production systems will be used to develop mitigation strategies that reduce food safety risks while promoting sustainability of organic agriculture systems.
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Due to the small number of positive samples, E. coli O157: H7 results are not presented in this table: One soil sample tested positive (CA7) and three manure tested positive for E. coli
0157: H7(CA2, ME1 and ME3). Only two produce samples tested positive for L. monocytogenes (ME4, MES) and none for the other pathogens.
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