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ABSTRACT 

Background: The need for new pathogen testing methods and for individualized food and water 

safety curricula are becoming more evident, based on the number of outbreaks in the last decade. 

Water quality standards are continuously evolving, from shifts in monitoring regulations to 

increases in approved testing methods, it can be difficult for water professionals to stay abreast of 

current standards. This dissertation will highlight several primary issues, and will examine possible 

resolutions, for current concerns related to food and water safety in Arizona, US. Though Arizona 

is located in the arid Southwestern US, the state is a primary producer of leafy greens and other 

fresh produce and as such, it is a strong location for the work described herein. 

Study Aims: The following research and case studies aim to: (1) Establish the utility of a novel 

indicator organism, Bacteroides sp. to correlate with pathogen presence in agricultural irrigation 

water samples collected in Southern Arizona; (2) Explore the use of a cutting-edge molecular 

technology, droplet digital Polymerase Chain Reaction (ddPCR), for accurate analysis of 

environmental samples, using laboratory experimentation and a review of current literature; and 

(3) Develop and deliver an innovative food safety and water quality curriculum based on the Food 

Safety Modernization Act Produce Safety Rule (PSR), that will meet the unique needs of American 

Indian farmers in Arizona and New Mexico.  

Methods: Aim (1) focused on comparing concentrations of the currently regulated indicator 

organism, Escherichia coli (E. coli) to a novel indicator Bacteroides sp. to ascertain whether the 

novel indicator could overcome some of the known deficiencies related to generic E. coli. 

Irrigation water samples (n=98) were collected from Southern Arizona farms and analyzed for 

both indicators at the University of Arizona in Tucson. A comprehensive dataset was collected 

using several methods, including Real-Time Polymerase Chain Reaction (RT-qPCR), IDEXX 
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Colilert® enzyme substrate technology, bacterial culturing techniques, and field analyses. Data 

from RT-qPCR (Bacteroides sp.) was compared to Colilert® results (generic E. coli) to evaluate 

any relationship between the two data sets, while both methods were also compared to bacterial 

molecular results for pathogen (E. coli O157:H7 and STEC and Salmonella) presence.  Aim (2) 

examined the innovative technology ddPCR using recent published studies across multiple 

disciplines to evaluate its effectiveness for use in environmental samples on eDNA. Ultimately, a 

set of considerations were developed for analysis of environmental DNA samples. Lastly, Aim (3) 

developed a food safety and water quality curriculum based on American Indian cultural narratives 

using Universal Learning Design methodologies. The curriculum was successfully utilized in three 

trainings across Arizona and New Mexico for American Indian communities. Qualitative analysis 

of participant feedback was used to determine the effectiveness of the trainings and key learnings.  

Results: Aim (1) data suggests that Bacteroides sp., performed equally to generic E. coli in 

assessing water quality, but not to the extent of proposing Bacteroides sp., as a new indicator. The 

data did show that generic E. coli is an unsuitable fecal indicator organism, due to an 80.6% false 

negative rate; furthermore, neither indicator, generic E. coli or Bacteroides sp., correlated with 

pathogen presence. Thus, the search for other bacteria species for accurate water quality analysis 

continues. Aim (2) identified areas of environmental research in which ddPCR may be useful, such 

as marine research. However, the larger dynamic scale of RT-qPCR compared to ddPCR indicates 

that RT-qPCR would be the preferred method for accurate and reproducible results. Additionally, 

the cost of ddPCR is greater than RT-qPCR. Lastly, the classes conducted to realize Aim (3) were 

deemed successful by the surveys conducted and the positive feedback provided by participants.  

Discussion: The multi-project approach addresses three unique research and extension efforts 

under the main overarching question: How can water quality evaluation strategies and education 
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in Arizona be improved to aid in the protection of public health? All three aims identified gaps in 

assessment of food safety and water quality in Arizona. The outstanding false negative rate found 

using approved methodology for E. coli found in Aim (1) suggests that the current water quality 

monitoring method is not accurate and this not protective of public health. This finding is supported 

by recent foodborne outbreaks in the US that may be related to agricultural irrigation water quality. 

Aim (2) showed that, although ddPCR does provide absolute quantification, the expense of the 

equipment and reagents as well as the confounding of data due to the complex nature of 

environmental samples are problematic. Thus, using RT-qPCR in lieu of ddPCR will provide 

similar, or even improved, results for a fraction of the cost. Aim (3) confirmed, through the 

development of culturally appropriate materials and deployment of trainings to AI participants, 

that inclusion of tribal producers though all steps is critical to the development of food safety 

guidelines that will be useful to all sectors of agricultural producers. By not including tribal 

produces into the conversation, critical perspectives about agriculture and culture are lost. While 

this work only touches the surface of the inclusion of tribal growers to the development of 

governmental regulations, it brings attention to the unique perspectives and traditions that 

indigenous cultures bring to the conversation.  
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CHAPTER 1. INTRODUCTION 

1.1 Explanation of the Problem 

Water quality standards are constantly evolving, from monitoring requirements to testing 

methods allowable, increasing the difficulty for water professionals to stay abreast of current 

standards and best management practices (Allen et al., 2010). Currently, water use in Arizona is a 

complex issue, because Arizonans utilize various sources of water, including ground-water, 

reclaimed water, and surface water such as the Colorado River. Complicating the issue is the 

known fact that water quality may vary widely for each source. Additionally, water quality 

requirements are dependent on the final end use of the water, such as agricultural irrigation, reuse 

of landscape irrigation, potable uses, and others – rather than the location where it was collected 

(Arizona State, 2018). Arizona values its water sources; thus, implementation of innovative 

strategies to assess water quality, including the adoption of advanced monitoring methodologies, 

as well as establishing effective education practices to convey water knowledge and regulations, 

are vital for Arizona’s water future.  

 Recent literature and media reports stress the importance of both water quality and quantity 

in Arizona due to the severe drought status throughout this arid region. More specifically, it has 

been stated that agriculture in the Southwest is greatly dependent on both the abundant supply and 

high-quality water used for production systems (Davis, 2019; Elias et al., 2016). In order to 

circumvent negative drought impacts to Arizona agriculture, there is an increased need to better 

understand impacts of climate variability on water quality. Implementation of more accurate 

methodologies for determining irrigation water quality and developing effective education tools 

for all Arizonans, including underserved populations, have the potential to mitigate and prepare 

Arizonans for long term drought.  
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The overall objectives of this highly interdisciplinary doctoral research project were to 

reveal gaps in current water quality evaluation strategies and suggest improvements through the 

use of advanced microbiological tools to assess surface waters used for fresh produce production 

in Arizona. The first research project evaluated the use of an innovative quantitative method 

focused on Bacteroides sp. as an improved indicator of fecal, and specifically pathogen, 

contamination in surface waters used for fresh produce production, and compared these results to 

approved methods for detection of E. coli. The second project was a review of current literature 

on ddPCR, a novel, cutting-edge, molecular technique that has revolutionized medical research. 

The literature review, combined with some laboratory research, assessed the use of ddPCR for 

analysis of environmental samples, such as soil and water, for pathogen detection (Cao, Raith, & 

Griffith, 2015). The third project utilized Extension methodology to translate complex information 

on water quality and food safety in a comprehensive educational outreach food safety training 

tailored to American Indian (AI) growers. AI growers are a demographic that could be over-looked 

in developing new or revised regulations/policy. While most AI groups in Arizona have a strong 

history of agriculture, adequate education and outreach directed to indigenous peoples on the 

updated government standards for growers of fresh produce is often forgotten. While Native 

agricultural production can be exempt from state and FSMA regulations, produce sold in the 

marketplace is not exempt, and safe food principles and practices are vital to any produce 

consumer. Developing culturally relevant curriculum as well as providing trainings tailored to AIs 

offers the opportunity for policy makers to engage in an open dialogue with the Native 

communities, communications that can share key information on food safety, water quality, and 

the protection of public health.  
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1.2 Specific Aims and Hypothesis 

This dissertation had three specific aims that were investigated in three separate studies. 

The multi-project approach poses three unique research hypotheses, with the main over-arching 

question: How can water quality evaluation strategies and education in Arizona be improved to 

aid in the protection of public health? Each aim is represented in a separate Appendix by three 

draft manuscripts: 

 1.2.1 Specific Aim (1): The first project addresses whether detection of fecal contamination 

in water can be improved through quantification of total Bacteroides sp., compared to traditional, 

generic E. coli-based methods. We hypothesize that total Bacteroides sp. can be used as an 

alternative predictor of pathogenic organisms. 

 1.2.2 Specific Aim (2): The second project uses a review of current literature to address 

whether a new molecular method, ddPCR, can be used to identify sources of fecal contamination 

in environmental samples, compared to Real-Time quantitative Polymerase Chain Reaction (RT-

qPCR). 

1.2.3 Specific Aim (3): The third project is aimed at educating AI fresh-produce growers in 

Arizona about agricultural food safety and water quality, with the hypothesis that tribal farmers 

who attend the food and agriculture water trainings will improve their knowledge of food safety 

and water quality and will, in turn, incorporate these practices on-farm.  

1.3 Dissertation Format  

 This dissertation contains three manuscripts that were prepared for submission to peer-

reviewed journals. The manuscript contained in Appendix A is titled Evaluation of Total 

Bacteroides sp. sp. as an Alternative Indicator of Agricultural Water Quality. This manuscript was 

prepared for the Agricultural Water Management and aligns with Specific Aim (1) (see 1.2.1, 
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above). The second manuscript in Appendix B is titled Considerations for the Application of 

Environmental DNA on Droplet Digital PCR. This manuscript was prepared for Reviews in 

Environmental Science and Bio Technology and aligns with Specific Aim (2) (see 1.2.2, above). 

The last manuscript in Appendix C is titled Produce Safety Guide: For American Indian Growers 

and will be submitted to the Journal of Extension publication and aligns with Specific Aim (3) 

(see 1.2.3, above).  
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CHAPTER 2. REVIEW OF LITERATURE 

 

2.1 Introduction  

In 2011, the United States (US) introduced the first reform to food safety guidelines in over 

70 years, known as The Food Safety Modernization Act (FSMA). Under the FSMA is the Produce 

Safety Rule (PSR), which establishes the minimum standards for each process in the farm-to-fork 

produce chain, including growing, harvesting, packing and transportation (USFDA, 2019). Each 

of the standards is based on strong scientific evidence relating to produce safety, with the exception 

of the water rule. The current FSMA guidelines have been scrutinized for establishing a water rule 

based on Environmental Protection Agency (EPA) water quality criteria for recreational water use 

(Kovalcik, 2018; USFDA, 2017, 2019). Many of the public comments on the FSMA water rule 

were brought to the attention of the FDA by covered farms, consumer protection groups, 

stakeholder groups, and state governments, with many of the comments stating that irrigation water 

is more diverse and complex than the FDA recognizes (Kovalcik, 2018; USFDA, 2019).  

Nevertheless, consumer needs for high quality and safe food have become the driving force 

of the food safety industry. In 2018, food safety saw increased scrutiny as the result of the multi-

state E. coli O157:H7 outbreak that occurred after public consumption of contaminated romaine 

lettuce (Centers for Disease Control and Prevention, 2018). According to the CDC, 172 people 

were infected with the romaine lettuce outbreak strain, E. coli O157:H7, detected in 32 states. 

While the majority of the infected people developed mild symptoms, 75 people were hospitalized, 

including 20 people who developed hemolytic uremic syndrome (HUS). Ultimately 5 people died 

from the outbreak (Centers for Disease Control and Prevention, 2018).  

 The increase in foodborne outbreaks related to fresh produce consumption has added 

pressure to identify gaps in water quality standards and address them (Lynch, Tauxe, & Hedberg, 
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2009). Therefore, the over-arching question: How can surface water quality methods and 

education in Arizona be improved? can be answered by implementing innovative quantitative 

methods for assessment of water quality, utilizing new molecular techniques for identification and 

quantification of target organisms, and developing original educational outreach curricula to bring 

FSMA training to underrepresented groups.  

2.2 Bacterial Fecal Indicator Organisms  

The establishment of a simple and reliable method for detection of pathogenic bacteria in 

water samples has been a challenge for many years. Currently, methods used to identify fecal 

contamination in water largely rely on “bacterial fecal indicator organisms”. An indicator organism 

is a microorganism that implies the presence of pathogens. Indicator organisms are used in lieu of 

actual pathogen detection in water due to the reduced cost of indictor organism testing, the danger 

inherent in culturing viable pathogens, and the complexity of growing pathogens from difficult 

environmental matrices (Cabral, 2010; Dando, 2012). Additionally, indicator organisms are 

generally found in greater concentrations than pathogens in contaminated samples, which 

increases the reliability of detection (Cabral, 2010; Dando, 2012). An ideal indicator organism will 

possess six characteristics: 1. The ideal indicator organism will be a non-pathogenic organism 

naturally found in the intestinal microflora of warm-blooded animals. 2. The ideal organism must 

be present when enteric pathogens are present and absent when pathogens are absent. 3. The ideal 

indicator should be able to live longer than pathogenic organisms. 4. The ideal indicator should 

be able to be easily and rapidly detected through culturable methods. 5. The ideal organism should 

be detected in larger quantities than the pathogen with a direct correlation to the pathogen. 6. The 

ideal organism should be able to be resistant to proliferation in water (Bitton, 2005; Maier, 

Pepper, & Gerba, 2009).  
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 For assessment of water quality, generic Escherichia coli (E. coli) is the preferred indicator 

organism used worldwide to measure fecal contamination (Fewtrell & Bartram, 2013), as it is 

known to possess many of the characteristics of an indicator. Until recently, agricultural water 

quality guidelines were varied for each state; in Arizona and California, leafy green growers are 

required to follow the Leafy Green Marketing Agreement (LGMA), which states that water used 

for overhead irrigation of fresh produce must meet the criteria of <126 CFU/100 mL or <126 most 

probable number (MPN)/100 mL for generic E. coli. To determine MPN of generic E. coli, current 

rapid test kits, such as IDEXX Colilert® are utilized as the kits require minimal operator skill level 

in accredited laboratories. The cost of performing generic E. coli tests vary; when compared to 

molecular testing, Colilert® is inexpensive. However, depending on how frequently testing must 

be done, the expense of testing can add up. Benefits of Colilert® include an extended shelf life of 

one year for the test kits, and the ability to collect results within 24 hours (IDEXX, 2018).  

While it is commonly used, it has been well documented in scientific and public health 

literature that the indicator organism generic E. coli fails to correlate with pathogen concentrations 

when measuring fecal contamination in water (Gelting & Baloch, 2012; Sauvé et al., 2012; Wu, 

Long, Das, & Dorner, 2011). It is increasingly apparent that current irrigation water quality 

standards based on generic E. coli often fail to achieve a measurable advancement in public safety. 

Additionally, generic E. coli does not possess all the qualities of an indicator organism, as it is 

known to have a short survival time in water, can be absent when pathogens are present, and has 

recently been shown to proliferate in the environment under certain conditions (Desmarais, Solo-

Gabriele, & Palmer, 2002; McFeters, 1990; New Hampshire Department of Environmental 

Services, 2003; Odonkor & Ampofo, 2013; Savichtcheva & Okabe, 2006; Solo-Gabriele, Wolfert, 

Desmarais, & Palmer, 2000). These limitations inherent in using generic E. coli as a singular 
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indicator of water quality fails to protect public health and demonstrates the need for identification 

of an alternative, more effective indicator organism.  

2.2.1 Alternative Bacterial Fecal Indicator Organisms  

Numerous studies have established that coliforms are not the ideal indicator for water 

quality (Tyagi & Chopra, 2006). Generic E. coli has traditionally been utilized the ideal indicator 

because it possesses many of the characteristics of an indicator organism but, as aforementioned, 

generic E. coli is able to proliferate in water (Table 1; Van Elsas, Semenov, Costa, & Trevors, 

2011). An alternative bacterial indicator recently suggested in the literature, Bacteriodes sp., may 

show correlation with the presence of pathogens in contaminated environmental samples (Layton 

et al., 2006; Tyagi & Chopra, 2006). Generally, generic E. coli results are assessed in 

environmental samples using quantitative or semi-quantitative methods, such as Most Probable 

Number (MPN) or Colony Forming Units (CFU) (Chao, 2006). However, the uncertainty of using 

generic E. coli data to predict pathogen presence suggests that adopting a qualitative approach for 

water quality assessment may be more ideal (Neumann, Smith, & Belosevic, 2005; Tan et al., 

2015). A qualitative approach would identify a limit of detection threshold for the indicator to 

predict the presence of pathogens (Ebel & Williams, 2015).  

Previous studies suggest that the well-established fecal indicator Bacteroides sp., might be 

a better predictor of pathogen presence in water (Bower, Scopel, Jensen, Depas, & McLellan, 

2005; Kreader, 1995; McLellan & Eren, 2014). The genus Bacteroides sp., are non-endospore 

forming bacilli and Gram-negative obligate anaerobes (Madigan, Martinko, Dunlap, & Clark, 

2008). Bacteroides sp., make up a substantial proportion of bacteria in fecal matter, as much as 

10% of fecal mass (Layton et al., 2006).  Bacteroides sp. may be superior to generic E. coli due to 

its anaerobic nature; unlike E. coli, this bacterial group does not readily multiply in the 
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environment (Layton et al., 2006). Overall, Bacteroides sp. may satisfy more requirements of an 

ideal indicator organism than generic E. coli (Table 1). Bacteroides sp. may also be of utility in 

developing limits of detection needed for qualitative pathogen prediction.  
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Table 1. Comparison of E. coli and Bacteroides sp. in satisfying the characteristics of ideal indicator organisms 
 

Characteristics of an Ideal Indicator Organism Common Indicator: 
E. coli 

Indicator of Interest: 
Bacteroides sp. References 

The organism is a non-pathogenic organism naturally found 
in the intestinal microflora of warm-blooded animals. 

Both organisms are present in the intestinal 
microflora and are considered non-pathogenic. 

EPA, 2015; Bernard 
et al., 2003 

The organism must be present when enteric pathogens are 
present and absent when pathogens are absent. 

Is known to be present/ 
absent when pathogens 
are present/absent. 

Host Specific and will 
be present/ absent when 
enteric pathogens are 
present/absent 

Edberg et al., 2000; 
Reischer et al., 2006 

The ideal indicator should be able to live longer than 
pathogenic organisms 

Known to survive in 
extreme conditions, and 
to survive longer than 
pathogens 

Known to survive 
longer than pathogens 
in water 

Edberg et al., 2000; 
Reischer et al., 2006 

Will be Able to be easily and rapidly detected. 

Can be detected easily 
and within ~24 hours 
using molecular and 
culturing methods 

Very difficult to 
culture; can readily be 
detected using 
molecular methods. 

Edberg et al., 2000; 
Reischer et al., 2006 

Detected in larger quantities than the pathogen with a 
direct correlation to the pathogen. 

Low detection rate when 
compared to Bacteroides 
sp. 

Found in larger 
quantities when 
compared to E. coli 

Edberg et al., 2000; 
Fiksdal et al., 1985 

The organism should be able to be resistant to proliferation 
in water. 

Is known to proliferate in 
the environment 

Anaerobic; highly 
unlikely to proliferate 
in water 

Elsas et al., 2010; 
Converse et al., 2009 
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Although Bacteroides sp. appears to satisfy almost all the characteristics of an ideal 

indicator organism, it is important to note that this bacterial genus might not be suitable for all 

water sources or all geographic locations as a universal bacterial fecal indicator organism. 

Yatsunenko et al. (2012) reported that the intestinal microflora of humans in different regions are 

dominated by either Bacteroides sp. or Prevotella sp. Thus, Bacteroides sp. may not be the best 

indicator in regions where human gut flora is dominated by Prevotella sp. (McLellan & Eren, 

2014; Yatsunenko et al., 2012). Additionally, Bacteroides sp. is extremely difficult to culture in 

the laboratory and thus, detection may be limited to molecular analysis, such as PCR, which 

requires user experience and high-value equipment (Wade, Otero, Poon-Kwong, Rozier, & 

Bachoon, 2015). The expertise needed, and costs inherent, in identification of Bacteroides sp. 

suggest that a quantitative approach may not be universally accepted. Thus, while Bacteroides sp. 

may satisfy more characteristics of an ideal indicator compared to generic E. coli, factors that may 

limit its potential include high cost, variations in geographic range, and the need for expertise in 

analysis (McGinnis et al., 2018; Wade et al., 2015).  

2.3 Current Pathogen Detection Methods 

2.3.1 Polymerase Chain Reaction and Real-Time Quantitative Polymerase Chain Reaction 

 Polymerase Chain Reaction (PCR) is regarded by some as one of the most significant 

technological advancements to science to date (Powledge, 2004). In general, PCR copies target 

deoxyribonucleic acid (DNA) fragments through a series of temperature cycles. The use of the Taq 

polymerase enzyme and specific primers that flank the target DNA fragment complete the reaction. 

There are three temperature-dependent steps to PCR: (1) Denaturation, which separates the double 

stranded nucleic acids into two single strands (Figure 1); (2) Annealing, which allows primers to 

bind to the appropriate site on the two strands (Figure 1); and (3) Extension, utilizing Taq 
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polymerase and nucleotide bases to extend the target beyond the annealed primers, resulting in 

two double helix strands of DNA that contain the target sequences (Figure 1). The process of PCR 

is repeated many times, normally 25-40 cycles of the three steps, to achieve a product density that 

can be visualized. Following PCR, the samples are run through an agarose gel, which separates 

the nucleic acid fragments by size, using electrophoresis (Powledge, 2004). PCR is revolutionary, 

because in theory every cycle that PCR performs, the number of target nucleic acid fragments 

double (Bizouarn, 2014; Powledge, 2004).   

 
Figure 1. Polymerase Chain Reaction (PCR). Utilizing a thermocycler, one PCR cycle is 
represented. (1) Double stranded DNA is denatured using high temperatures, commonly 95°C for 
at least 30 seconds. (2) Temperature is reduced to between 50-60°C (depending on the specific 
primer sequence), allowing primers to hybridize to the target DNA for 30 seconds to 2 minutes. 
(3) Temperature is then increased (commonly to 72°C) for ~2 minutes to allow Taq Polymerase 
enzyme to catalyze the synthesis of double strands of DNA, doubling the amount of DNA after 
every cycle. Generally, cycles are repeated anywhere from 25-40 times. Temperatures and cycle 
length will vary depending on the primer sequences.  

 
The second generation, Real-Time quantitative PCR (RT-qPCR) method uses the exact 

same principles of PCR, including temperatures to (1) denature, (2) anneal, and (3) extend using 

specific primers. Instead of using agarose gel electrophoresis for visualization, the PCR product is 

exposed to fluorescent light during each PCR cycle (Table 2) to estimate the number of PCR 

(1) 
Denaturation 

of nucleic 
acid strand

(2) Annealing 
of nucleotides

(3) Extension 
using Taq

Polymerase to 
form new 

strand 
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amplicons present in the reaction based on the Cq, quantification cycle, developed using a standard 

curve (National Center for Biotechnology Information, 2014). The standard curve is developed 

using the same temperature program and primers applied to known amounts of the target amplicon 

in a serial dilution. A typical standard curve range is from 3 to 300,000 copies of the target 

amplicon per 1 μL because statistically 3 copies per 1 μL is the lowest limit of detection for RT-

qPCR (Bustin et al., 2009). The RT-qPCR thermocycler measures the results obtained from 

samples with an unknown quantity of the target against the Cq of the standard curve to make an 

estimation of target quantity in the samples.  

While the RT-qPCR is widely used in laboratories throughout the world, this technology 

is not without issues. It has been noted that RT-qPCR can result in erroneous data, particularly if 

the standard curve is developed incorrectly (Cao et al., 2015). Quantitative data is only as reliable 

as the standard curve. Additionally, amplifying nucleic acid fragments from DNA extractions that 

have high concentrations of inhibitors can misrepresent the quantitation of target DNA. Inhibitors, 

including humic acids, salts and proteases, block, or inhibit, nucleic acid strands from forming a 

duplicate strand, thus not allowing amplification to occur (Buckwalter et al., 2014). Lastly, if only 

very small amounts of the target amplicon exist in the sample, RT-qPCR might not be able to 

amplify or quantify to the levels needed for detection. This can be concerning in areas such as 

cancer research, which depend on the detection of subtle changes in nucleic acid sequences to 

analyze certain cancer genes (Lauri & Mariani, 2009; Smith & Osborn, 2009). 

2.3.2 Droplet Digital Polymerase Chain Reaction 

Droplet digital PCR (ddPCR) is an emerging method for analysis of target DNA within a 

sample. Comparable to RT-qPCR and PCR, ddPCR utilizes a series of temperature cycles to (1) 

denature, (2) anneal, and (3) extend to amplify target DNA. Like RT-qPCR, ddPCR also quantifies 
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the number of target nucleic acid fragments in a sample. However, unlike RT-qPCR, ddPCR uses 

a droplet generation step prior to the temperature cycling, in which an oil emulsion fractionates 

the reaction into ≤20,000 droplets in one well. Each droplet represents one reaction; theoretically 

≤20,000 repeats of the PCR cycle are performed per sample in one well. For comparison, RT-

qPCR only performs one reaction per well; if samples are run in triplicate, a single sample will 

only be analyzed three times. Following PCR steps in ddPCR, each droplet is analyzed using light 

emittance in response to fluorescent light to determine the presence or absence of the nucleic acid 

fragment, or absolute quantitation. The positive samples are added and evaluated using Poisson 

Statistics to determine target nucleic acid fragment concentration in the original sample (Bio-Rad, 

2018). 

 

Figure 2. Real Time quantitative PCR (RT-qPCR) reaction well vs. Droplet Digital PCR 
(ddPCR) reaction well. The figure on the left represents a single RT-qPCR reaction (tube volume 
= 200 μL). For the calculation of a standard deviation of copy numbers of the target DNA sequence, 
each sample needs to be replicated at least three times. Thus, when employing a 96 well plate, 32 
different samples at most can be analyzed on a plate; however, negative controls (that contain 
water rather than target DNA) and standards (to create the standard curve) also occupy wells, so 
analysis is limited to ≤25 samples per plate. The figure on the right represents a single ddPCR 
reaction (tube volume = 200 μL) with the sample broken into ≤20,000 replicate droplets. The gray 
droplets represent reactions that are positive for amplification, while the empty droplets represent 
no amplification. ddPCR also employs a 96-well plate, and ideally can analyze 96 different 
samples on a single plate. Standards are not required when using ddPCR because, by partitioning 
sample into ≤20,000 droplets, this technology uses absolute quantitation and Poisson statistics to 
calculate the target amplicons in a sample (Bio-Rad, 2018).  

Method: RT- qPCR Method: ddPCR 
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2.3.3 Use of RT-qPCR in Molecular Source Tracking  

All generations of PCR have been used for analysis of environmental samples; however, 

in water quality research, RT-qPCR is essential for molecular source tracking (MST). MST 

identifies sources of fecal contamination in water samples (Santo Domingo & Rice, 2009). The 

genus Bacteroides sp. is widely used as an identifying organism because this genus has been shown 

to contain molecular signatures within its 16S ribosomal DNA that are unique to the organism; 

analysis of bulk DNA to search for these signatures can identify the source of fecal pollution (Santo 

Domingo & Rice, 2009). The most common contributors of fecal contamination include humans, 

bovine, swine, and avian species (Green et al., 2014). Bacteroides sp. assays are invaluable to MST 

studies; fecal matter in water sources can indicate hazardous pathogens, and knowledge of sources 

of contamination can facilitate remediation efforts.   

Historically, the use of RT-qPCR has improved water quality standards by providing rapid 

and specific source tracking results (Field & Samadpour, 2007; Malorny, Hoorfar, Bunge, & 

Helmuth, 2003). Despite RT-qPCR contributions to water quality and MST, RT-qPCR poses 

challenges, particularly related to the complexity of environmental samples. Generally, in addition 

to target microbes, environmental samples also contain DNA and RNA fragments of other bacteria, 

fungi, and protozoans, as well as chemicals, both natural (e.g., humic acids) and organic and 

inorganic pollutants (Singh et al., 2017) some of which can inhibit the efficiency of PCR. Thus, 

the presence of inhibitors can falsely lead to negative results, e.g, when the PCR indicates no 

presence of the nucleic acid target when it actually is present at levels of concern (Singh et al., 

2017).  
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Another challenge of RT-qPCR pertaining to MST, is identifying extremely low 

concentrations of the nucleic acid target in a complex sample (King, Debruyne, Kuch, Schwarz, 

& Poinar, 2009). For quantification to occur without error, the RT-qPCR reaction must have a 

certain amplification threshold, also known as dynamic range (Cao et al., 2015). If the nucleic acid 

target is present but in extremely low amounts, the amplification might not result in the threshold 

concentration needed for analysis.  

The need for more expensive instrumentation and the need for highly trained users are 

additional complexities facing a researcher making the transition to ddPCR (Hayden et al., 2016; 

Jones et al., 2016). As this technology becomes more widely used, cost should come down and 

laboratory workers will become more familiar with the use of the equipment. 

A final challenge of RT-qPCR is related to the quality of the extracted DNA. Bacteria in 

the environment are exposed to harsh conditions such as UV light wavelengths, extreme 

temperatures, too much or too little precipitation, and high salinity (Levi et al., 2019; Moushomi, 

Wilgar, Carvalho, Creer, & Seymour, 2019; Seymour et al., 2018). Such environmental exposure 

can cause degradation of nucleic acids, allowing smaller nucleotides to bind during the PCR cycle 

(Unnithan, Unc, Joe, & Smith, 2014). If the objective of the PCR assay is to identify bacteria of 

concern to public health (living bacteria), the presence of DNA from dead bacteria may 

misrepresent data, since RT-qPCR cannot differentiate between nucleic acids from living and non-

living species (King et al., 2009; Unnithan et al., 2014).  

2.3.4 Reviewing Environmental Studies using ddPCR 

To overcome the above-mentioned limitations of RT-qPCR, ddPCR partitions the sample 

into many thousands of droplets, allowing the sample to be analyzed in pieces, rather than as a 

whole (Bio-Rad, 2018; Singh et al., 2017). This overcomes challenges related to very low target 
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and the presence of inhibitors. In clinical microbiology studies, ddPCR has been reported to be 

more efficient and effective than RT-qPCR; however there is limited data on environmental MST 

studies (Kuypers & Jerome, 2017). Cao et al. (2015) quantified human-associated fecal indicators 

in environmental water using both RT-qPCR and ddPCR. The study reported that a major 

advantage of ddPCR was the elimination of standards needed for quantification. The ability to use 

absolute quantification for marker analysis resulted in “better reproducibility and accuracy.”  

Cao et al. (2015) also reported several disadvantages related to ddPCR, such as narrow 

quantification limit (dynamic range), and the effects that partitioning water-in-oil droplets may 

have on sensitivity. Inhibitors that are commonly found in environmental DNA samples can be 

partitioned out during droplet generation; however, if droplet generation is poor (resulting in 

substantially lower than the target 20,000 droplets), data will be poor as well (Singh, 2017; Cao et 

al., 2015). Additionally, ddPCR has a very narrow range and has been reported to lose linearity at 

high concentrations of the target fragment. Singh et al. (2017) reported that the highest 

concentration of target DNA that could be detected is 2 x 105 copies per 1.0 μL, while Cao et al. 

(2015) reported that concentrations higher than 5 x105 copies per 1.0 μL could not be detected. 

These limitations could possibly be overcome by diluting samples to lower target concentrations, 

but this narrow quantification limit is still by far the most commonly reported restriction of ddPCR. 

By eliminating the effects of inhibitors, ddPCR has the potential to become the leading 

methodology for use in quantifying nucleic acid targets in environmental samples; as work using 

this instrument by environmental microbiologists progresses, current limitations regarding 

quantification limits may be addressed and solved. In addition, the manufacturer of this technology 

is continuously working on improvements (Bio-Rad, 2018; Kuypers & Jerome, 2017). The limited 

data available have shown that ddPCR has the potential to improve MST studies examining 



 

 28 

specific DNA markers; however, the use of ddPCR is too rare to incorporate this technology into 

current water quality guidelines. 
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Table 2. Properties of First, Second (RT-qPCR), and Third (ddPCR) Generation Polymerase Chain Reaction 

 
 
 
  

 Polymerase Chain 
Reaction (PCR) Real-Time quantitative (RT-qPCR) Droplet Digital PCR (ddPCR) References 

Quantitative • No, Presence/ 
Absence 

• Yes, Relative quantitation using a 
Standard Curve 

• Yes, Absolute quantitation 
using a Poisson statistical 
algorithm 

 
Applied 
Biosystems, 
2002;  
ThermoFisher 
Scientific, 
2018; Kuypers 
& Jerome, 
2017; 
Bizouarn, 
2014; Smith & 
Osborn, 2008. 

End-point 
data 

collection 
Yes No, collects data in exponential growth 

phase Yes 

Agarose Gel Yes No No 
Reactions per 

well 1 1 Theoretically ≤20,000 

Possible 
Application 

Use 

• Amplification of 
DNA for: 
sequencing; 
genotyping; 
cloning. 

 

• Quantitation of: viral gene 
segments; nucleic acid standards; 
and gene expression. 

• Microarray verification 
• Genotyping. 
• Copy number variation. 
• MicroRNA Analysis. 
• siRNA/RNAi experiments. 

• Absolute quantification of 
viral load; nucleic acid 
targets; next-gen sequencing 
Libraries; gene expression. 

• Rare allele detection. 

Limitations 

• Short dynamic 
range < 2 logs. 

• Low resolution. 
• Size-based 

discrimination of 
PCR products 
only. 

• Relies on standard curve. 
• Inhibitors are a major concern. 
• Requires training. 

 

• More expensive 
instrumentation and reagents 

• Requires more 
training/complex to perform. 

• Lower throughput. 
• Smaller dynamic range. 
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2.4 Food Safety and Agriculture Water Quality Education  

The US FDA FSMA aims to ensure a US food supply that is safe by focusing on protecting 

public health by prevention rather than reaction (USFDA, 2019). Yearly, 1 in 6 Americans get sick 

from a foodborne illness, with an estimated 3,000 deaths (Centers for Disease Control and 

Prevention, 2018). According to the FDA, foodborne illness in the US could be drastically reduced 

if effective food safety practices were implemented (USFDA, 2019). Within FSMA, the Produce 

Safety Rule subsection contains guidelines that impact all growers of fresh produce (USFDA, 

2019). The Produce Safety Rule has introduced requirements that all for-profit growers must 

follow. Included in this comprehensive effort to improve food safety is the responsibility of 

training growers and suppliers such that they meet certification requirements of FSMA. US FDA 

is working with public and private partners to ensure that training programs meet the needs of all 

– regardless of size, nature, or location – who must comply with the new FSMA standards. All 

growers much achieve this certification to ensure that those involved in the food supply chain 

know what training and education resources are available and how to gain access to the trainings 

(PSA Training, 2017). 

2.4.1 American Indians and Food Safety  

It is well known that indigenous communities have been forced to adopt Western practices 

into their lives. Generally, the adaptions have been enforced through treaties developed by the US 

Government, which have caused extreme difficulties in maintaining the cultural and traditional 

practices of indigenous communities (Mihesuah, 2003). Many treaties throughout history have 

affected the Native communities’ relationship with food, but the Indian Removal Act of 1830 and 

Dawes Act of 1887: Allotment Policy in particular made life for AIs very difficult (Miller, 2000). 

The Indian Removal Act was the forced relocation of AIs onto less desirable lands of the US 
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(Library of Congress, 2015). The forced relocation devastated the culture of AI because they had 

no traditional ecological knowledge, of the land for farming, the game for hunting and fishing, nor 

the vegetation for gathering. Many tribes that were not relocated fell under the Dawes Act 1887, 

which enabled the US government to remove AI holdings and re-distributing the lands to tribal 

members based on proof that they were ½ or more AI (Leeds, 2006; Miller, 2000). This resulted 

in many tribes losing millions of acres of their heritage lands and separated tribal communities into 

individual landowners, causing demobilization and separation. Between 1887 and 1934, the 

collective Indian land base within the US was ‘legally’ reduced from about 138 million acres to 

about 48 million acres (Colombi & Smith, 2012). The lands removed from AI holdings, which 

were historically pristine lands for farming or other agricultural practices, were then auctioned off 

to non-Natives (Leeds, 2006). The result of these two acts left many AI tribes without an identity 

due to losses of land, food security, and culture.  

Many generations of AI have suffered due to the Indian Removal Act of 1830 and Dawes 

Act of 1887. Up to the time that these were enacted, the culture and beliefs of many AI tribes were 

based on agriculture; thus, the acts of 1830 and 1887 resulted in a loss of tribal identity. Tribal 

custom views agriculture not only for sustenance, but agriculture is used as a source of medicines, 

and as a way to teach about culture and customs (Martin, n.d.). By the 1930s, the US government 

also began to regulate grazing, agricultural permitting, and irrigation rights on Native lands. 

Because raising of livestock and the overall economy were negatively impacted and, there was a 

push for AIs to grow cash crops, such as corn. AIs grew food for their own needs and willingly 

shared crops with other communities but did not intend to make a profit (Martin, n.d.).  

Currently, AIs are among the poorest ethnicities in the US (United States Census Bureau, 

2013). In 2010, the average AI household income was $35,062 with a 28.4% poverty rate, 
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compared to a national average of $50,046 and 15.5% respectively (United States Census Bureau, 

2013). Poverty is associated with lack of proper sanitation, poor or no health care, and reduced 

accessibility to nutritious foods, putting AIs at elevated risk for contacting foodborne illnesses. 

One of the largest Salmonellosis outbreaks ever reported to the CDC occurred in 1974 on the 

Navajo Nation, affecting an estimated 3,400 people (Horwitz, Pollard, Merson, & Martin, 1977). 

The lack of proper healthcare and poor infrastructure on tribal lands contributed to the 1974 

outbreak (Horwitz et al., 1977; Sinley & Albrecht, 2015). The susceptibility of AIs to foodborne 

illness can be mitigated by proper food safety practices, but by relating these food safety practices 

to culturally significant examples will undoubtedly enhance the participation of these communities 

(Martin et al, n.d.).  

Despite the loss of the land, AIs have adapted to their new surroundings over recent decades 

and have applied traditional ecological knowledge to cultivate lands. Traditional Ecological 

Knowledge (TEK) is the evolving knowledge of the environment by local indigenous people over 

hundreds to thousands of years (Rinkevich, 2011). For most AI tribes, many of their cultural and 

spiritual customs/religions are based on food systems. AIs represent almost half of the farmers and 

ranchers in Arizona (Murphree, 2017; Nabhan & Glennon, 2016), where the state’s 22 tribes and 

nations tend an estimated 21 million farm acres (Murphree, 2017). Nationally, the average farm or 

ranch size that is owned by AIs is nearly 200% larger than the average farm size (Teichert, 2018). 

In 2007, AI farms in Arizona sold close to $85 million in agricultural products (Murphree, 2017), 

and on the national scale, AI farms and ranches sold over $3.24 billion dollars in agricultural 

products in 2012 (Teichert, 2018). As well as being historically exceptional growers, it is very 

apparent that AI tribes contribute to the overall success of agriculture, both in Arizona and in the 

Nation. 
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The adoption of FSMA is beginning to apply the PSR to producers of fresh vegetables. 

This puts AI farms at a disadvantage. For example, on the Navajo Nation, many of the growers are 

Navajo speaking-only and live in remote areas without electricity and modern conveniences, any 

news of the adoption of the FSMA PSR in 2007 would not have reached this demographic. The 

lack of transparency from the FDA to Native governments has led many small AI producers 

confused and aggravated.  

2.5 Future of Food Safety and Water Quality  

 It is estimated that by the year 2030 the population of the world will reach 8.6 billion people 

and will only continue to increase (United Nations, 2015). The need for clean and reliable water 

sources is becoming critical, particularly as climate change threatens our existence. As more 

studies are showing that climate change is influencing ecosystems, agriculture, water, and food 

safety will also be affected (Khanna, Swinton, & Messer, 2018). Using alternative water sources 

such as recycled water is a possible resolution to combat the reliance on fresh water (Cusimano et 

al., 2015). With the use of alternative water resources comes the need for effective education 

techniques and updated water quality standards, to help mitigate misconceptions related to the 

quality of these water sources, and to protect public health.  

Identifying gaps in current knowledge of food safety and water quality will help in 

developing research studies to find possible solutions. One large gap is the lack of food safety 

standards that rely on molecular methods (Ceuppens et al., 2014). To date, microbiological food 

safety research has relied heavily on culture-based techniques with well-established limitations, 

including difficulty in culturing microorganisms in-vitro, requirements for long incubation 

periods, and specialized selective media (Ceuppens et al., 2014; Postollec, Falentin, Pavan, 

Combrisson, & Sohier, 2011). New technologies will need to be developed and tested for food 
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safety microbiology that can detect microorganisms without culturing to streamline and improve 

results. Molecular methods, which are sensitive, specific, and can provide rapid results, show 

promise to fill this gap. While this work has many moving parts, each project was focused on the 

application of research to fill known gaps in knowledge of food safety, water quality, and the 

education/training of stakeholder groups in current regulations in fresh produce safety.  
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ABSTRACT 

Preharvest irrigation water represents a key potential source of pathogenic bacteria during 

the production of fresh produce. Widespread crop contamination can occur if irrigation water is 

polluted with fecal pathogens, such as Escherichia coli (E. coli) and Salmonella. Industry guidance 

metrics uniformly identify generic E. coli as a practical and cost-effective indicator of fecal 

contamination in water. Although generic E. coli satisfies most characteristics of an ideal bacterial 

indicator, only very limited correlation exists between the presence of E. coli, pathogen presence, 

and microbial risk to consumers following consumption of contaminated produce. The Food Safety 

Modernization Act’s (FSMA) Produce Safety Rule’s (PSR) Microbial Water Quality Profile 

(MWQP) is under abeyance due to concerns that there is not enough scientific evidence to support 

the Agricultural Water Rule in its’ current form; thus, it is important to examine feasible alternative 

indicator organisms which could help improve agricultural water quality assessment and ultimately 

the protection of public health.  

This work examines an alternative fecal indicator bacterial group, total Bacteroides, for 

prediction of pathogen presence in irrigation water samples (n=98) collected throughout Southern 

Arizona. Total Bacteroides sp. molecular markers were enumerated by quantitative Polymerase 

Chain Reaction (RT-qPCR), using: 1) a non-pathogenic Bacteroides sp. protocol (AllBac) 

published in the peer-reviewed literature (Layton et al., 2006); and 2) a commercially available 

Pathogenic Bacteroides sp. enumeration kit (Primerdesign™ Ltd. Pathogen Bacteroides sp.). In 

addition, each water sample was also culturally assayed for generic E. coli using EPA-approved 

Colilert® QuantiTray 2000 system (IDEXX Laboratories, Inc., Westbrook, ME, USA) to assess 

correlations between E. coli, Bacteroides sp. markers and human pathogens. Samples were 

additionally analyzed using Atlas® System Roka Biosystem (Roka Bioscience, Inc., Warren, NJ, 
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USA) to determine absence/presence of pathogenic E. coli O157:H7 and STEC and Salmonella.  

Out of 98 samples, 31 (32%) tested positive for E. coli, but only 11(35%) samples of the 31 

exceeded the generic E. coli guideline of 126 MPN/100 mL for agricultural water. Results of the 

Allbac and Primerdesign™ Ltd. Pathogen Bacteroides sp. kit were then compared against the 

IDEXX Colilert-18© using linear regression to identify any relationship between the two. The 

regression results were significant, p-value <0.02, suggesting that the assays for Bacteroides sp., 

performed as well as that for generic E. coli. However, the use of generic E. coli as an indicator 

(IDEXX), in this study, failed to ‘indicate’ pathogens in 80.6% of samples that were positive for 

pathogenic E. coli and/or Salmonella by ROKA, highlighting the well-established unsuitability of 

this organism as an indicator.  
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1. Introduction 

Since the implementation of the United States Environmental Protection Agency’s 

(USEPA) Clean Water Act of 1972, regulations have focused primarily on the quality of 

recreational and potable water (USEPA, 2017) for the protection of public health. Through this 

act, standard testing requirements for quantifying generic Escherichia coli (E. coli) using culture-

based methods in waters was established. More recently, in 2007, the Arizona and California Leafy 

Greens Marketing Agreements (LGMA) were developed in response to produce outbreaks 

involving E. coli O157:H7 and leafy greens. Per LGMA requirements, similar methods and 

guidelines for irrigation water testing was adopted in an effort to mitigate the potential transfer of 

pathogens to leafy greens from agricultural irrigation water. While this effort was the first of its’ 

kind, by outlining quantitative metrics for water quality used in leafy green production, it was only 

specific to crops grown in AZ and CA and left much to be desired from producers across the 

country. In 2011, the Food and Drug Administration’s (FDA) Food Safety Modernization Act 

(FSMA) of 2011 (FDA, 2019) was implemented in an effort to standardize the growing, 

harvesting, packing and distribution of fresh produce across the country. While the FSMA relied 

heavily on USEPA water quality guidelines and methods, there is substantial concern that the water 

quality regulations set forth by the FDA are not adequate for identifying agricultural irrigation 

water contamination in an effort to mitigate potential human health risk from covered produce. 

This has been demonstrated by multiple foodborne outbreaks potentially linked to agricultural 

irrigation water; one recent outbreak of E.coli O157:H7 in romaine lettuce in 2018 originating 

from the Yuma growing region, which caused over 200 infections and 5 deaths across the United 

States (Centers for Disease Control and Prevention, 2018; USFDA, 2018).  
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Extensive research has identified poor quality agricultural irrigation water as a potential 

source of fresh produce contamination (Allende & Monaghan, 2015; Gerba, 2009; Lothrop et al., 

2018; Pachepsky, Shelton, McLain, Patel, & Mandrell, 2011). The adaptation of the USEPA 

microbial water standards to agricultural water under FSMA identifies a maximum geometric 

mean (GM) and maximum statistical threshold (STV) by analyzing 5 samples of groundwater over 

a 1 year period, and 20 samples over a period of 2 years not exceeding 4 years for surface water 

(USFDA, 2015). The GM is the central tendency of the water source with a maximum threshold 

of 126 CFU or MPN, of generic E. coli in 100 mL of water. The STV measures the variability of 

the water source roughly calculated at the 90th percentile with a maximum threshold of 410 CFU 

or MPN, of generic E. coli in 100 mL of water (USFDA, 2015). Any irrigation water that exceeds 

this threshold must have corrective measures applied before crop application. E. coli was identified 

as the “ideal indicator organism” based on data from epidemiological studies on the probabilities 

of enteric illnesses functions in recreational waters (Pachepsky et al., 2018; Pachepsky, Shelton, 

Dorner, & Whelan, 2016). Yet, using E. coli as the fecal indicator bacterium (FIB) for pathogens 

in water is not well supported by technical evidence (Allende & Monaghan, 2015; Gerba, 2009; 

Lothrop et al., 2018; Pachepsky, Shelton, McLain, Patel, & Mandrell, 2011).  

One of the biggest limitations to the use of generic E. coli as an indicator of fecal 

contamination is its ability to replicate in the environment (Van Elsas, Semenov, Costa, & Trevors, 

2011). Studies done by Solomon et al. (2002; 2003) and Oliveira et al. (2012) concluded that E. 

coli O157:H7 had long term survival on leafy greens and possibly proliferated when applied at 

low concentrations in irrigation water. The studies, while having variable environmental 

conditions, were all able to demonstrate increases in E. coli O157:H7 on the leafy greens after 

irrigation application.  
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Multiple studies have also reported that generic E. coli dissatisfies another characteristic 

of an ideal FIB through a failure to correlate with the presence of pathogens (Antaki et al., 2016; 

Benjamin et al., 2013; Jenkins, Fisher, Endale, & Adams, 2011; Luo et al., 2015). Luo et al. (2015) 

reported in a study of irrigation water that, while 90% of the samples met the generic E. coli 

threshold of <126 CFU/100mL, the same or increased levels of Salmonella were present in all 

samples. The study concluded that elevated levels of Salmonella could not be predicted by generic 

E. coli. This study and others support the need to consider alternatives to generic E. coli as the FIB 

mandated by current regulations.  

As current efforts are underway to identify a more robust alternative indicator of fecal 

contamination and associated human health risk, Bacteroides sp. may present one option.  

Bacteroides sp. are obligate anaerobes and Gram-negative rods that are non-spore-forming 

(Wexler, 2007). This bacterial group makes up to 40% of the organisms in fecal matter and 10% 

of fecal mass (Hong, Wu, & Liu, 2008); such abundance indicates that Bacteroides sp. might 

represent a better FIB than generic E. coli. When comparing the six characteristics of an ideal 

indicator organism to both generic E. coli and Bacteroides sp. (Table 1), Bacteroides sp. is able to 

fulfill all the requirements. More importantly, it is unlikely that Bacteroides sp., because of its 

requirement for anaerobic conditions, is able to multiply in the environment, unlike generic E. coli 

(Cabral, 2010; Sinton, Finlay, & Hannah, 1998).  

The genus Bacteroides sp. has been long used in microbial source tracking (MST) studies 

using Real-Time quantitative PCR (RT-qPCR) for differentiating sources of fecal contamination 

in water (Converse, Blackwood, Kirs, Griffith, & Noble, 2009).  However, the utility of 

Bacteroides sp. as a reliable FIB remains largely unexplored. In order for Bacteroides sp. to be 

deployed for use as a FIB in agricultural waters, routine agricultural water quality assessments and 
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monitoring is needed. This study compared Bacteroides sp. to generic E. coli in assessing water 

quality using RT-qPCR, EPA-approved bacterial culturing methods, and comparison to the 

presence of a known pathogen (Salmonella). Ultimately, this work will contribute to improving 

the accuracy of predicting the presence of pathogens in irrigation water.  

2. Materials and Methods 

2.1 Site Location. Agricultural irrigation water samples were collected from five different counties 

in Southern Arizona: Pinal, Maricopa, Yuma, Santa Cruz, and Greenlee counties, between August 

and December 2015 (n=66) and January to May 2016 (n=32), a total of n=98 samples. Sample 

sites included a range in surface waters used for preharvest crop management including ground‐

to‐surface water reservoirs, irrigation district distribution main and lateral canals, and run‐off 

detention ponds also used seasonally for frost control and dust abatement.  

Map of Arizona, USA.  

2.2 Field Analysis and Sample Collection. The surface water sources were collected according to 

standard protocols of the United States Geological Survey (USGS, 2006). Samples were collected 

in triplicate from each site in sterile 1 Liter Nalgene bottles (ThermoFisher Scientific Inc., 

Wilmington, DE, USA). During sampling, great care was taken not to disturb sediments. Physical 

parameters were also recorded using the Hach® Meter HQ 40d Multiprobe (Hach, Loveland, CO, 

USA) at the time of collection, including water temperature, conductivity, total dissolved oxygen, 

pH, and turbidity. Samples were transport on ice to the laboratory and stored at 4 degrees C until 

further processing. Sterilized deionized water was used as a field blank ‘control’ for all 

experiments.  

2.3 Laboratory Analyses. Samples were processed within 6 hours from the time of collection for 

using the EPA-approved Colilert® QuantiTray 2000 system (IDEXX Laboratories, Inc., 
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Westbrook, ME, USA). This method estimates generic E. coli within a water sample using the 

most probable number method (MPN). QuantiTrays were run in duplicate for each collected water 

sample, with one tray incubated at 37°C and the other at 44°C for 18 to 24 h. While the standard 

incubation temperature for E. coli is 37°C, it has been suggested that 44°C may select for the 

growth of pathogenic E. coli (Alonso, Soriano, Carbajo, Amoros, & Garelick, 1999; Chao, Chao, 

& Chao, 2004) and reduce background microbial flora. All samples, including controls, underwent 

the same analyses. All samples were incubated for 18 to 24 h according to manufacurers 

instructions. Wells fluorescing blue under ultraviolet light were counted as presumptive for generic 

E. coli, providing estimates of MPN per 100 mL. During analysis 32 samples did not reach 

temperatures of either 37°C or 44°C due to equipment failure. 

2.4 Molecular Analyses. Water samples were refrigerated (4°C) until processing (3 days or less). 

In the laboratory, 250 mL of each water sample was filtered through a 0.45 µm filter (Millipore, 

Billerica, MA, USA). To calculate DNA recovery efficiency, the filter was then spiked with 100 

µg/mL of Ultrapure™ Salmon Sperm DNA (LifeTechnologies Corporation, Carlsbad, CA, USA), 

followed by processing for DNA extraction using Power Water MoBio kit (MoBio Inc., Carlsbad, 

CA, USA). Nucleic acid concentration and purity was assessed from all extractions using the 

Nanodrop Lite™ spectrophotometer (ThermoFisher Scientific Inc., Wilmington, DE, USA).  

 To identify the presence of E. coli O157:H7, 100 mL of each water sample was analyzed 

using the Atlas® System Roka Biosystem (Roka Bioscience, Inc., Warren, NJ, USA), utilized in 

the food safety industry because of its accuracy and efficiency of detecting pathogens using 

molecular methods (Hu et al., 2018). These data were utilized as confirmation of pathogen 

presence in the water samples.  
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2.5 Quantitative Real-Time PCR assays. Each water sample was analyzed by RT-qPCR for generic 

Bacteroides sp. (henceforth known as “AllBac”) (Layton et al., 2006) and a commercial RT-qPCR 

Pathogenic Bacteroides sp. sp. kit (henceforth known as “Primerdesign™ Ltd”). The advantage of 

using a commercially available kit was that the primers included with the kit have been assessed 

for broad inclusivity of desired targets and exclusivity of known non‐target genera. The methods 

for RT-qPCR, including primer concentrations and target temperatures, followed those developed 

by Layton et al. (2006) and Primerdesign™ Ltd.  

 In addition to the Bacteroides sp. RT-qPCR assays, the Skeeta22 RT-qPCR assay (Shanks 

et al., 2012), was used to calculate DNA recovery in samples due to the variable water sources 

used. Skeeta22 detects the ITS region 2 of the locus of salmon sperm DNA. Gene targets, primer 

and probe sequences, and amplicon size for the RT-qPCR assays are summarized in Table 2.  

 All samples were run in triplicate for AllBac and Primerdesign™ Ltd., while only a single 

reaction was run for the internal control of salmon sperm DNA. Each assay was performed as a 

singleplex and each reaction contained 10 μL 10X PCR buffer (Sso Advanced Universal Probes 

Supermix, BioRad, Hercules, CA, USA), 400 nM of each forward and reverse primer, 200 nM 

probe, 5 μL extracted DNA, and DNase-free water to bring to 20 μL volume. The assays were 

performed using the Applied Biosystems StepOnePlus™ Real-Time PCR System (ThermosFisher 

Scientific Inc., Foster City, CA, USA). Amplification parameters for all assays had the same 

temperature profile as follows: denaturation at 95°C for 2 min, followed by 45 cycles of 

denaturation at 95°C for 15 sec, annealing at 53°C for 30 sec, extension at 72°C for 30 sec.  

Standard curves for quantification were established using target Bacteroides sp. 16S rDNA 

fragments cloned into plasmid pUC19. Ten-fold serial dilutions of the plasmid DNA were utilized, 

and the resulting standard curves had limits ranging from 3 to 300,000 genome equivalent copies 
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(GEC) per reaction. Using the standard curves, cycle quantification (Cq) values from each 

extracted sample were converted into GEC per 100 mL sample processed. 

2.6 Statistical Analysis. Statistical analysis was performed using MiniTab Statistical Software 19 

(Minitab Inc., State College, PA, USA). Gene target values (Cq) for Bacteroides sp. were 

determined from the corresponding standard curve and MPN for E. coli and was log-transformed 

to allow for comparative statistical analyses. Logistic regressions were performed between 

Bacteroides sp. and generic E. coli from IDEXX Colilert®. For Colilert® at 37°C and 44°C against 

qPCR results was done using a linear regression. The P-value of <0.02 was considered significant.  

3. Results and Discussion.  

Geometric mean ± standard deviation and linear regression results of Colilert® and water 

quality measurements. The summary of the geometric mean and standard deviation of Colilert® 

generic E. coli incubated at 37°C and 44°C by county are in Table 3. No difference was found in 

the detection of generic E. coli MPN when comparing Colilert® incubated at 37°C and 44°C (R2 

of 68.2%; P < 0.001).   

Water quality measurements for turbidity, water temperature, pH, dissolved oxygen, and 

conductivity are provided in Table 4.  No significant relationships were found between water 

quality measurements and the Colilert® generic E. coli (Table 5), with the exception of water 

temperature and Colilert® generic E. coli, which showed a weak, but statistically significant 

relationship (R2 of 7.21%; P = 0.014).  This finding is supported by the Q10 model, which identifies 

survival rates of E. coli based on the temperature (Blaustein, Pachepsky, Hill, Shelton, & Whelan, 

2013). Lothrop et al. (2017) suggested that agriculture water collection should be done within a 

very closely regulated water temperature window to provide a more comprehensive overview of 

the microbial quality of the water.  
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RT-qPCR Quality Control Metrics and DNA isolation efficiency.  

The RT-qPCR standard curves for all three assays, using standards from 3 to 300,000 GEC, 

showed a high degree of linearity, with an R2 of 99.7% ± 0.002 and an average slope of -3.40 ± 

0.023 for the AllBac assay; R2 = 98.1% ± 0.010 and a slope of -3.34 ± 0.142 for Primerdesign™ 

Ltd. kit; and R2 = 98.0% ± 0.016 and a slope of -3.46 ± 0.155 for the Skeeta22 reference assay.  

The reference assay Skeeta22, which identified the control of the salmon sperm DNA, 

yielded an average DNA extraction rate of 89.0% ± 6.0, based on the amount of salmon sperm 

DNA added to each sample and the calculation of DNA extracted from the filter, quantified using 

the standard curve. 

Outcomes of the commercial manufactured pathogenic Bacteroides sp. kit using linear 

regression. Results obtained from all water samples using the commercial pathogenic Bacteroides 

sp. kit, Primerdesign™ Ltd.  were compared to those from the well-established AllBac (Layton et 

al, 2006) assay using linear regression (Table 6). AllBac and Primerdesign™ Ltd. Cq results were 

statistically significant in every county and had a (R2 of 49.9%; P < 0.001), suggesting that the two 

assays are comparable; however, AllBac revealed Bacteroides sp. which were, on average, nearly 

2 logs higher than the pathogenic Bacteroides sp. detected by Primerdesign™ Ltd (Table 7). Since 

Allbac encompasses all Bacteroides sp. it can be presumed that the kit identifies Bacteroides 

fragilis, since 50% is found in fecal matter (Actor, 2012). 

Linear Regression of Colilert® and RT-qPCR. All the data from E. coli Colilert® and RT-

qPCR were transformed to log10 per 100 mL of sample. This was done to compare results on the 

same scale, since RT-qPCR Cq can have a large range compared to the MPN of Colilert®. In Table 

8, generic E. coli Colilert® MPN/100mL and both AllBac and Primerdesign™ Bacteroides sp. 

RT-qPCR Cq were compared using linear regression. None of the data suggests that there is any 
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correlation between generic E. coli Colilert® and Bacteroides sp. assays at 100 mL.  

Positive pathogen samples compared to negative pathogen samples. The results from Table 9 

show that, of the 98 samples tested for pathogens using the Roka system, 31 tested positive for 

pathogenic E. coli and/or Salmonella using Roka. When compared to generic E. coli Colilert® 

results, only 8 of these samples exceeded the 126 MPN/100 mL threshold for incubation at 44°C 

and 6 samples for incubation at 37°C. All the samples that exceeded 126 MPN/100 mL were 

positive for pathogens using ROKA analysis. Though the incubation temperature that was reported 

to align with the presence of pathogens (44°C) had a slightly better correlation with samples 

positive for Salmonella and pathogenic E. coli, in the vast majority of cases, generic E. coli assayed 

using the Colilert® method did not exceed the 126 MPN/100 mL threshold regardless of the 

presence of pathogens. The false negative rates of 74.8% for E. coli Colilert® incubated at 44°C 

and 80.6% for E. coli Colilert® incubated at 37°C demonstrates, as shown by other researchers, 

that reliance on E. coli as a sole FIB can result in erroneous data (Ethan B. Solomon et al., 2003).  

 Comparing the RT-qPCR results of AllBac and Primerdesign™ Ltd to the confirmed 

pathogenic and non-pathogenic samples from ROKA analysis also indicated that there was no 

trend. In the AllBac assay RT-qPCR data set, confirmed ROKA pathogenic results were on 

average 2 log10 higher than the ROKA non-pathogenic results. However, in the Primerdesign™ 

Ltd. assay RT-qPCR results, confirmed ROKA non- pathogenic results were on average 1 log10 

higher than the confirmed ROKA pathogenic results. While other studies have shown that generic 

E. coli Colilert® to E. coli RT-qPCR assays provide comparable results (USEPA, 2003; Noble, 

Blackwood, Griffith, McGee, & Weisberg, 2010) (Nobel et al, 2010; USEPA, 2003), comparing 

generic E. coli Colilert®  to Bacteroides sp. assays (Table 8 and 9) did not validate that Bacteroides 

sp. is a superior FIB. 
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 An aspect that should have been considered in the design of this study was the 

incorporation of culturing Bacteroides sp. Comparison of a molecular method with culturing 

results can be problematic, as molecular work can easily identify genomic background DNA, thus 

overestimating the numbers of bacteria in water that are capable of causing disease (Gómez-

Doñate, Casanovas-Massana, Muniesa, & Blanch, 2016). However, culturing Bacteroides sp. has 

been a challenge for laboratories, due to the fastidious growing conditions of this bacterial group 

(Ballesté & Blanch, 2010; Sinton et al., 1998).  

4. Conclusion.  

This study has provided additional evidence that generic E. coli is not a suitable indicator 

of the presence of pathogens in water. While Bacteroides sp., has been suggested as an alternative 

indicator, results of this study indicate no difference between Bacteroides sp. and generic E. coli 

for the prediction of pathogens (Salmonella and E. coli O157:H7 and STEC) in agricultural 

irrigation water. If generic E. coli were a superior indicator, it would have outperformed 

Bacteroides sp., but there was little difference between the two.  

 In addition to the difference in quantitation of Bacteroides sp., another variance 

between the two molecular methods used in this work is the cost. Primerdesign™ Ltd. kits are 

more expensive, at $7.41 (USD) per reaction, compared to the average cost of a 96-well RT-qPCR 

assay of $0.89 (USD) per reaction (Hren, 2018; Primerdesign Ltd., 2017). However, user skillset 

and equipment needs are similar for the two assays. A user with molecular skills will be needed to 

perform both the AllBac and Primerdesign™ Ltd. Kit, and both assays need the availability of a 

standard RT-qPCR machine. Overall, AllBac will provide ample results without incurring the cost 

of Primerdesign™ Ltd. Bacteroides sp. kits. However, if the research objectives require the 

quantification of pathogenic Bacteroides sp., of the two assays, only the Primerdesign™ Ltd. Kits 
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will provide the necessary data. 

While the issue of cost and scientific/technical skill level may be limiting factors, 

molecular analysis is becoming easier to understand, use, and afford. Molecular work is no longer 

solely confined to the laboratory; for example, the handheld MinION sequencer (Oxford Nanopore 

Technologies Ltd, Oxford Science Park, Cambridge, UK) can sequence DNA in a portable real-

time device at a low-cost, with limited skills required, and can do this in field settings. With 

advancements in technology such as the MinION, the metagenome of a water sample can be 

assessed, and as a result, reliance on FIB for assessment of water quality may no longer be 

necessary.  
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TABLES 1-9 

Table 1. Characteristics of generic E. coli and Bacteroides sp., as indicator organisms 

Characteristics of an Ideal Indicator Organism Common Indicator: 
Generic E. coli 

Indicator of Interest: 
Bacteroides sp. References 

The organism is non-pathogenic and is naturally found in 
the intestinal microflora of warm-blooded animals. 

Both organisms are present in the intestinal 
microflora and are considered non-pathogenic. 

EPA, 2015; Bernard 
et al., 2003 

The organism must be present when enteric pathogens are 
present and absent when pathogens are absent. 

Is known to be present/ 
absent when pathogens 

are present/absent. 

Host Specific and will 
be present/ absent when 

enteric pathogens are 
present/absent 

Edberg et al., 2000; 
Reischer et al., 2006 

Should be able to live longer than pathogenic organisms 

Known to survive in 
extreme conditions, and 

survive longer than 
pathogens 

Known to survive 
longer than pathogens 

in water 

Edberg et al., 2000; 
Reischer et al., 2006 

Able to be easily and rapidly detected. 
E coli can be detected 
easily and within ~24 
hours using molecular 
and culturing methods 

Bacteroides sp. can 
most easily be detected 

using molecular 
methods. 

Sinton et al., 1998; 
Edberg et al., 2000; 
Reischer et al., 2006 

Detected in larger quantities than the pathogen with a 
direct correlation to the pathogen. 

Low detection rate when 
compared to Bacteroides 

sp. 

Found in larger 
quantities when 

compared to E. coli 

Edberg et al., 2000; 
Fiksdal et al., 1985 

Should resistant to proliferation in water. Is known to proliferate in 
the environment 

Unlikely to proliferate 
in water 

Elsas et al., 2010; 
Converse et al., 2009 
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Table 2. Quantitative PCR assays used in this study.  

Assay Primer/probe name and sequence [5’-3] Locus Size of Product 
(bp) Reference 

AllBac 

AllBac296f, 5’-GAGAGGAAGGTCCCCCAC- 3’ 

16S rRNA 106 Layton, et al. (2006) 
AllBac412r, 5’-CGCTACTTGGCTGGTTCAG- 3’ 

AllBac375, 5’-[FAM] CCATTGACCAATATTCCTCACTGCTGCCT- 

[MGBNFQ]- 3’ 

Skeeta22 

SkeetaF2: 5’-GGTTTCCGCAGCTGGG- 3’ 
rRNA ITS 

region 2 
77 Shanks et al. (2011) SkeetaR2: 5’-CCGAGCCGTCCTGGTC-3’ 

SkeetaP: 5’-[6-VIC]-AGTCGCAGGCGGCCACCGT-[TAMRA]-3’ 
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Table 3. Geometric mean ± the standard deviation of E. coli Colilert® (incubated at 37°C and 44°C)/ 100mL by county and the 
linear regression analysis comparing E. coli Colilert® incubated at 37°C and 44°C.  
 

County n E. coli Colilert® (MPN/100mL) 
incubated at 44°C n E. coli Colilert® (MPN/100mL) 

incubated at 37°C n P-value R2 

Yuma 36* 3.88 ± 10.65 45† 4.63 ± 8.19 

66‡  < 0.001 68.2% 

Pinal 20 35.98 ± 181.68 16† 40.05 ± 204.54 

Maricopa 12 8.52 ± 246.47 4† 3.21 ± 2.18 

Santa Cruz 10 66.62 ± 49.37 10 72.16 ± 82.11 

Greenlee 5 25.60 ± 6.30 5 28.90 ± 2.71 

*14 samples were not processed due to equipment failure.  
†18 samples were not processed due to equipment failure. 
‡Only 66 samples were analyzed for regression due to equipment failure.  
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Table 4. Geometric mean ± the standard deviation of water quality measurements by county. 

County n Turbidity (NTU) Water Temperature (°C) pH Dissolved 
Oxygen (mg/L) 

Conductivity 
(µS/cm) 

Yuma 51 3.23 ± 3.59 21.80 ± 7.05 8.23 ± 0.50 8.86 ± 1.79 1117.69 ± 227.88 

Pinal 20 6.53 ± 9.84 21.41 ± 8.19 7.81 ± 0.87 8.19 ± 1.39 1118.52 ± 266.32 

Maricopa 12 3.78 ± 29.76 23.42 ± 6.17 8.38 ± 0.56 8.89 ± 5.30 1089.08 ± 506.66 

Santa Cruz 10 4.54 ± 15.37 22.03 ± 4.88 8.15 ± 0.66 8.06 ± 1.36 652.18 ± 101.86 

Greenlee 5 94.40 ± 57.46 13.09 ± 2.98 8.31 ± 0.06 9.21 ± 1.41 471.71 ± 389.91 
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Table 5. Regression analysis of generic E. coli Colilert® MPN (incubated at 37°C and 44°C)/ 100mL and water quality 
parameters.  
 

IDEXX Colilert®  n Turbidity Water 
Temperature (°C) pH Dissolved Oxygen 

(mg/L) 
Conductivity 

(μS/cm) 
R2 P-value R2 P-value R2 P-value R2 P-value R2 P-value 

Generic E. coli 
Colilert® 

(MPN/100mL) 
incubated at 44°C 

 

84* 0.01% 0.945 7.21% 0.014 1.61% 0.250 3.64% 0.082 1.34% 0.294 

Generic E. coli 
Colilert® 

(MPN/100mL) 
incubated at 37°C 

80† 0.68% 0.468 5.62% 0.034 0.52% 0.523 3.31% 0.109 1.32% 0.311 

*14 samples were not processed due to equipment failure.  
†18 samples were not processed due to equipment failure.  
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Table 6. Regression analysis of the log10 of assays: AllBac and Primerdesign™ Ltd. molecular markers per 100mL by county 
and total data.   

County n 
AllBac and Primerdesign™ Ltd. 

R2 P-value 
Yuma 51 24.9% < 0.001 

Pinal 15* 48.2% < 0.001 

Maricopa 8* 70.6% < 0.001 

Santa Cruz 10 91.0% < 0.001 

Greenlee 5 96.7% < 0.001 

All Data  89 49.9% < 0.001 

* 9 samples total did not amplify during qPCR 
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Table 7. Geometric mean ± the standard deviation of the log10 of assays: Allbac and Primerdesign™ Ltd. gene markers per 100 
mL of sample by county and the qPCR efficiency (R2) 
 

County n Log10 of AllBac markers/ 100 mL 
of sample R2 n Log10 of Primerdesign™ Ltd. 

markers /100 mL of sample R2 

Yuma 51 7.69 ± 0.69 

0.980 ± 

0.016 

51 5.93 ± 0.56 

0.999 ± 

0.001 

Pinal 20 5.52 ± 1.95 15† 4.74 ± 1.56 

Maricopa 8* 7.06 ± 1.14 8† 5.98 ± 0.86 

Santa Cruz 10 8.23 ± 0.66 10 6.13 ± 0.60 

Greenlee 5 9.01 ± 1.31 5 6.25 ± 1.09 

*4 samples total did not amplify during qPCR 
†9 samples total did not amplify during qPCR  
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Table 8. Regression analysis of the log10 of assays: Allbac and Primerdesign™ Ltd. gene markers/ 100 mL compared to log10 
generic E. coli log10 MPN (incubated at 37°C and 44°C)/ 100mL by county and total data.  
 

County n 

Allbac and generic 
E. coli Colilert® 

(incubated at 44°C) n 

Allbac and generic 
E. coli Colilert® 

(incubated at 37°C) n 

Primerdesign Ltd.  
and generic E. coli 

Colilert® (incubated 
at 44°C) 

n 

Primerdesign Ltd. and 
generic E. coli Colilert® 

(incubated at 37°C) 

R2 P-value R2 P-value R2 P-value R2 P-value 

Yuma 37 2.8% 0.319 46 0.5% 0.629 37 0.0% 0.994 46 4.8% 0.146 

Pinal 20 49.7% 0.001 15 6.2% 0.371 15 2.9% 0.544 10 4.4% 0.561 

Maricopa 8 7.5% 0.511 4 70.0% 0.163 8 23.3% 0.225 4 56.8% 0.246 

Santa Cruz 10 32.3% 0.087 10 35.2% 0.071 10 42.9% 0.040 10 47.6% 0.027 

Greenlee 5 0.1% 0.957 5 18% 0.476 5 1.7% 0.833 5 23.3% 0.410 

All Data 80 2.9% 0.130 80 0.0% 0.927 75 0.7% 0.468 75 2.0% 0.222 
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Table 9. Presence/absence results of pathogenic E. coli and/or Salmonella using the Roka compared to the samples that exceed 
126 MPN/100 mL in generic E. coli Colilert®.  

County 

# of samples positive and negative for 
Pathogenic E. coli and/or Salmonella 

# of samples that exceed 126 MPN/ 100 mL generic E. coli 
Colilert® MPN 

n Positive Negative n 

Generic E. coli 
Colilert® 

(MPN/100mL) 
incubated at 44°C 

n 
Generic E. coli Colilert® 
(MPN/100mL) incubated 

at 37°C 

Yuma 51 8 43 37 0 46 0 

Pinal 20 11 9 20 5 15 4 

Maricopa 12 2 10 12 1 4 0 

Santa Cruz 10 7 3 10 2 10 2 

Greenlee 5 3 2 5 0 5 0 

All Data 98 31 67 84* 8 80† 6 

*14 samples were not processed due to equipment failure.  
†18 samples were not processed due to equipment failure. 
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FIGURES 

 

Figure 1. Map of the State of Arizona, USA. The counties where sampling occurred were 
Yuma, Maricopa, Pinal, Greenlee and Santa Cruz all located in Southern Arizona, USA.  
  
 
 
 
 
 



 

 73 

 
Figure 2. Comparing the geometric mean of confirmed pathogenic Salmonella and E. coli 
samples (n=31) to the negative samples (n=67) against log10 E. coli Colilert® MPN and 
Bacteroides sp. (AllBac) and Primerdesign™ Ltd. kit qPCR data in log10. 
 

 
 

  

0

1

2

3

4

5

6

7

8

Generic E. coli incubated at 44º C
(Log MPN/100mL)

Generic E. coli incubated at 37º C
(Log MPN/100mL)

AllBac Log gene markers /100ml Primerdesign Ltd. Log gene markers
/100ml

Lo
g 

of
 D

at
a 

Re
su

lts
 

Confirmed pathogenic samples using Biosystems Roka compared to Log of 
Colilert (generic E. coli) MPN and Log of Bacteroides qPCR data 

Positive Pathogenic Samples Samples Negative for  Pathogens 126 CFU/ 100 mL Threshold



 

  
 

74 

 

APPENDIX B: Considerations for Droplet Digital PCR: A Mini Review on the Application 

of ddPCR on eDNA in Environmental Research 

Valerisa Joe1, Jean McLain1,2, and Channah Rock1,3  

This paper was prepared for submission to Reviews in Environmental Science and 

BioTechnology 

 

1 Department of Environmental Science, University of Arizona, PO Box 210038, Tucson, AZ, 

USA, 85719 

2 Water Research Resource Center, University of Arizona, 350 N Campbell Ave 

Tucson, AZ, USA, 85719 

3 Maricopa Agricultural Center, University of Arizona, 37860 W Smith Enke Rd, Maricopa, AZ, 

USA, 85138 

 

  



 

  
 

75 

ABSTRACT 

  Quantitative Polymerase Chain Reaction (qPCR) is a laboratory procedure used widely 

throughout the world to quantify molecular markers of environmental DNA (eDNA). However, 

qPCR has documented challenges, including susceptibility to inhibition that may limit 

amplification, potential for erroneous quantitation based on ambiguous or incorrectly constructed 

relative standards, and difficulties in achieving reproducibility with precision within single 

samples. The recent development of droplet digital PCR (ddPCR) addresses these challenges; it is 

well-known that ddPCR is highly sensitive and precise, and has been evaluated as a possible 

medical diagonistic tool due to its ability to quantify absolute detection of genomic copy number 

(Imaizumi, Yamamoto-Shimojima, & Yamamoto, 2019). However, studies from both medical and 

environmental sciences have identified issues of concern that have the potential to affect ddPCR 

results. For example, while ddPCR can overcome within-sample inhibition, this is only possible 

with high-quality DNA. This can be problematic in the analysis of environmental samples, because 

eDNA can contain multiple inhibitors that influence quality, and efforts to “clean” these from the 

bulk sample often result in loss of DNA. Furthermore, factors such as UV, temperature, wind, 

humidity, and pH influence the eDNA quantity and quality. Another issue affecting ddPCR results 

is the potential for variation in consistency of droplets generated. Because absolute quantitation of 

DNA targets is dependent on droplet uniformity, inconsistency can lead to either a low droplet 

count or false positive/negative results within individual droplets, misrepresenting data. Lastly, 

data representation based on variance bias identifies a weakness in ddPCR. Ultimately, the limited 

use of ddPCR within the environmental sciences applications has resulted in a paucity of data, but 

the data available indicates that, despite the limitations outlined above, ddPCR has the potential to 

produce useful results to enhance our knowledge of environmental processes. The following 
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review addressed the benefits and drawbacks of this new technology, information that will be 

valuable to researchers considering the use of ddPCR in environmental matrices.  
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1. Introduction and Current Applications of ddPCR 

Droplet digital Polymerase Chain Reaction (ddPCR) (Bio-Rad Laboratories, Inc., 

Hercules, California, USA) has been marketed as far more sensitive and accurate than traditional 

molecular methods for gene marker identification/quantification. Comparable to both standard 

PCR and Real-Time quantitative PCR (qPCR), ddPCR utilizes the same principles of PCR, three 

cyclical temperature steps that (1) denature, (2) anneal, and (3) extend DNA amplicons (Nathan, 

Simmons, Wegleitner, Jerde, & Mahon, 2014).  Similar to qPCR, ddPCR uses end point 

fluorescence to quantify DNA within a given samples. However, ddPCR also uses a droplet 

generation step, which uses an oil emulsion to fractionate each reaction into approximately 20,000 

droplets in a single well (Bio-Rad, 2018). Each droplet represents one PCR reaction, and thus, 

theoretically 20,000 individual amplifications are performed using one set of primers in each well. 

For comparison, qPCR only performs one reaction per well; if samples are run in triplicate as per 

manufacturer guidelines, a single sample will be analyzed 3 times (Table 1) (Life Technologies, 

2010).  
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Figure 1. Steps of ddPCR and qPCR. The first two steps of both ddPCR and qPCR are similar: 
(1) DNA extraction; (2) Load plate with reagents and templates. In ddPCR, (3) Formation of 
~20,000 droplets in each well; (4) End-point PCR performed in each well; (5-6) Plate reader which 
analyzes all wells to determine what droplets are positive for the assay and which are negative. For 
steps (3) and (4) in qPCR, PCR is performed in each well, and analysis is done during the 
exponential phase of PCR amplification, when fluorescence of the PCR product quantifies the 
eDNA markers by comparing it to a standard curve.  
 

Currently ddPCR is most frequently used in biomedical research. Areas such as cancer 

research and detection, mutations and duplications, gene expression, single-cell analysis, next 

generation sequencing and pathogen detection have extensive studies utilizing ddPCR (Sedlak, 

Kuypers, & Jerome, 2014). Generally, studies comparing qPCR and ddPCR have concluded that 

ddPCR is far more sensitive and provides optimal results (Huggett, Cowen, & Foy, 2015; Vynck, 

Trypsteen, Thas, Vandekerckhove, & De Spiegelaere, 2016); however, the application of this 

technology to environmental samples and environmental DNA (eDNA) is still in its infancy. 

Multiple environmental molecular studies have acknowledged three qualities of this technology 

that impact ddPCR results: (1) Poor quality of eDNA, (2) inconsistent droplet generation, and (3) 

variable data bias. Other factors that also have been identified as potentially negative (in 

comparison to qPCR) are increased cost, time, and training needed for ddPCR, and a limited ability 

of ddPCR to quantify low concentrations of DNA in environmental samples. Studies have also 

reported that the origin of the sample may influence which platform (PCR, qPCR or ddPCR) would 

provide optimal results (Sedlack et al., 2014). 

2. eDNA Influence on ddPCR Data 

 The presence of inhibitors in eDNA is a common occurrence (Dingle, Sedlak, Cook, & 

Jerome, 2013). In eDNA, especially in water samples, humic and fulvic acids are largely present 

due to biosynthesis of phytoplankton (Hellings, Dehairs, Tackx, Keppens, & Baeyens, 1999; 

McKee, Spear, & Pierson, 2015) and has been documented to influence the success of molecular 
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reactions (Rock, Alum, & Abbaszadegan, 2010). When analyzing samples using qPCR, it is 

common practice to dilute the sample to reduce inhibitor concentrations or use inhibition removal 

commercial kits to remove inhibitors (Dingle et al., 2013). However, using an inhibition kit can 

decrease the eDNA yield (Dingle et al., 2013). Hunter et al., (2019) reduced inhibitors using multi-

filter isolation techniques; the results from this method provided some support that multiple 

filtrations can aid in yielding greater amounts of eDNA. While this technique may be reliable for 

certain water types, filters cannot be utilized on some environmental samples to remove debris to 

the degree suggested. As an example, surface waters under the influence of stormflow collected in 

the semiarid Sonoran Desert can contain high amounts of suspended clays (Figures 2 and 3) 

leading to failed attempts to extract DNA without impacting the eDNA. Although buffering agents 

have been suggested to help dilute environmental samples, eDNA can be lost possibly due to the 

lysing of cells prematurely before DNA extraction could occur (Hunter et al. 2019). Studies done 

by Mauvisseau et al., (2019) and Williams, Huyvaert, & Piaggio, (2017) evaluated similarly 

complex samples, also documented eDNA extraction problems, concluding that inhibition in 

qPCR must be strongly considered when designing studies using environmental samples.  

Figure 2 (left). Post filtering 50 mL of surface water under the influence of stormflow in Southern 
AZ. Using a 0.45 μm filter, a 50 mL storm flow sample left a thick layer of clay on the filter. 
Figure 3 (right). Filtrate of 50 mL storm flow sample. Despite filtering, sediment (possibly 
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containing eDNA) remained in the filtrate. Both photos represent common issues encountered in 
molecular analysis of environmental samples. 
 
 One advantage that ddPCR presents over qPCR for overcoming the presence of inhibitors 

in the extract is the unique droplet generation step of ddPCR, in which one standard reaction is 

divided it to roughly 20,000 droplets. Subdividing the sample in this manner essentially makes 

20,000 repeats of the reaction; at the same time, the process also divides the inhibitors of the 

sample, increasing the likelihood that eDNA targets are partitioning into droplets that do not 

contain inhibitors. Because each droplet is then analyzed independently for absolute quantitation 

using Poisson distribution (Biorad, 2018; Singh et al., 2017), studies using have concluded that 

ddPCR provides superior results to qPCR when inhibitors are present in eDNA samples (Sedlak 

& Jerome, 2014; Mauvisseau et al., 2019; Taylor, Laperriere, & Germain, 2017). In summary, by 

fundamentally diluting inhibitors, ddPCR can improve studies done on eDNA high with inhibitors 

without the need of commercial kits or dilution (Mauvisseau et al, 2019). 

Occasionally, samples cannot be immediately processed, so preservation by freezing at -

20°C and below is common practice (Van Wesenbeeck, Janssens, Meeuws, Lagatie, & Stuyver, 

2018). DNA is known to degrade while in frozen conditions and thus, it has been recommended 

that water samples should be filtered within 24 hours after collection, and then refrigerated at 4°C 

to preserve DNA integrity (Hinlo, Gleeson, Lintermans, & Furlan, 2017; Van Wesenbeeck et al., 

2018). While degradation of DNA during freezing can have specific consequences for both qPCR 

and ddPCR, Witte et al. (2016) suggested that the sensitivity of ddPCR results in greater influence 

of poor-quality DNA, compared to qPCR. Bak et al., (2018) came to a similar conclusion by 

evaluating long term frozen brain samples vs. fresh samples and suggested that fresh samples be 

used for ddPCR. In summary, while more studies involving the use of ddPCR on environmental 

samples need to be evaluated, recommendations to those considering the use of ddPCR for eDNA 
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analysis would include to consider the impact of previously frozen samples on DNA integrity to 

avoid difficulties with ddPCR data output.  

3. Dependability of ddPCR Droplets 

The unique feature of partitioning a sample into droplets allows ddPCR to produce absolute 

quantification results as compared to relative quantification when using qPCR. The generation of 

droplets also contributes to the ability of ddPCR reactions to yield high reproducibility rates across 

experiments (Hall Sedlak & Jerome, 2014). Poisson statistics adds to the high reproducibility rates 

if the number of droplets present per well is between 10,000-20,000 (Hall Sedlak & Jerome, 2014; 

Košir et al., 2017). Data generated from any well that contains below 10,000 droplets is less 

reliable (Singh, 2017; Cao et al., 2015). Droplets must be of a uniform size, shape, and weight for 

accurate data analysis using Poisson’s Law of Distribution (described below). The ddPCR reader 

will not analyze droplets that do not meet size uniformity (either too small or large). In addition, 

the shape of each droplet has to be perfectly spherical; any other shape will not be analyzed. 

Finally, the weight of each droplet needs to be consistent, as any variations in droplet weight will 

cause inaccuracy in the calibrations needed for target quantification (Bio-Rad 2018). 

Another influence that impacts droplet quality is DNA size and abundance (Košir et al., 

2017). Samples with a DNA concentration over 103 per 1 ng/μL and large DNA strands will create 

larger droplets, while samples with a DNA concentration below 103 per 1 ng/μL and small DNA 

strands will result in small droplets (Košir et al., 2017). DNA quality can possibly affect the 

validity of absolute quantitation because the droplets, which are pivotal, are easily influenced by 

DNA.  In a multi-laboratory study, Košir et al. (2017), found that droplet volume and size played 

a critical role when measuring DNA copy number using the ddPCR platform, which ultimately led 

to bias.   



 

  
 

82 

Cao et al. (2015) reported on additional disadvantages of ddPCR, including the narrow 

quantification limit (dynamic range) and sensitivity with partitioning DNA into droplets. A 

concern raised was the under estimation of copy numbers if the target region had multiple operons 

per genome and copies would remain linked on the one piece of DNA and partitioned into the 

same droplet (Cao et al., 2015). In environmental research 16S rRNA such as Bacteroides sp.is 

used commonly to identify molecular source tracking, which underestimation could be 

problematic. ddPCR has a very narrow range and has been reported to lose linearity at high 

concentrations. Singh et al. (2017) and Cao et al. (2015) found that the highest concentration of 

DNA that could be detected was 2 x 105 per copies per 100 mL and 2 x106 copies per 100 mL, 

respectively in environmental samples. These limitations could possibly be overcome by diluting 

samples, but dilution carries with it the potential for dilution error and erroneous data. 

4. Bias Data Interpretation 

While droplet size and generation can influence the data output, the backbone of 

quantification of target genes in ddPCR is Poisson’s Law. Poisson’s Law of Distribution is using 

the number of positive droplets, the number of total droplets, and number of wells to calculate the 

number of target DNA copies using the following formula.   

Nλ = N ln(N/N-x); 

where Nλ = number of copies of DNA target across all wells, N = total number of wells, x = 

number of wells with positive DNA reactions, and λ = average number of positive droplets in a 

well (Biorad, 2018; Quan, Sauzade, & Brouzes, 2018). An issue with utilizing Poisson’s Law to 

calculate copy numbers; it is critical that quantities of target in an individual sample are lower than 

the number of droplets generated, so that amplified DNA in a single droplet corresponds to a single 

copy within the droplet (Bio-Rad, 2018).  
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Figure 4a illustrates ideal data results, the positive droplets (in blue) clearly separating from 

the negative droplets (in grey). However, due to droplet variability, ranges in DNA concentrations, 

and other issues described above, eDNA sample results tend to appear as shown in Figure 4b, with 

positive results and negative results as in Figure 4a, but also a “rain” of intermediate results (Bio-

Rad et al., 2018; Quan et al., 2018; Singh et al., 2017). As stated above, droplets within a single 

sample must be of uniform volume and weight for Poisson’s Law to apply (Biorad, 2018; Kuypers 

& Jerome, 2017). It is quite common that an eDNA sample contains numerous DNA sequences of 

varying size and weight, which can contribute to the variable rain droplets (Figure 4b) and heighten 

the possibility of false positive and/or negative droplets (Kuypers & Jerome, 2017). Thus, 

researchers who are using ddPCR for analysis of eDNA must develop an appropriate method for 

addressing rain events. Including all the rain events as positive droplets when calculating the 

distribution increases the potential for false positives, resulting in an over estimation of the target 

DNA presence. Inversely, by removing all the rain events from the analysis, increases the potential 

for false negatives and an underestimation of the target DNA presence. Perhaps the next step in 

successful adoption of ddPCR technology for use on eDNA samples is to develop a standardized 

method for dealing with rain droplets. This will be essential before ddPCR can be widely used for 

environmental research and assessment in which underrepresentation of a target may influence 

policy or decision making including the development of water quality guidelines, studies including 

risk assessment and monitoring, and possibly research on new drug discoveries such as antibiotics.  
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Figure 4a. Ideal ddPCR data representation. Figure 4b. ddPCR data representation 
commonly found in analysis of eDNA (Bio-Rad, 2018). Both scenarios can occur when 
analyzing environmental samples; researchers will be tasked with how to address the raindrops in 
4b for accurate assessment using the Poisson Distribution.  
 

While ddPCR is poised for use in analyzing environmental samples, research must also 

consider the be expense, training, and time inherent in using this technology. Several recent papers 

detail the significance of these factors in choosing the best platform for use, including 

(Campomenosi et al., 2016; Quan et al., 2018; Witte, Fister, Mester, Schoder, & Rossmanith, 

2016); the high cost of ddPCR instrument and reagent purchase and the need for specific technical 

training for operation and data interpretation. qPCR instruments, at a cost of 25 to 50% of the 

ddPCR setup, are widely available from multiple manufacturers, whereas Bio-Rad is currently the 

only U.S. manufacturer of ddPCR instrumentation. Table 2 lists factors to consider in deciding 

which technology would yield the best results.  

5. ddPCR Contributions to Environmental Science 

The decision to use qPCR or ddPCR is generally a personal preference. While there are 

benefits and considerations for each method, the decision should ultimately be based on the type 

of sample and the desired outcome. For studies using environmental samples, identifying specific 

genes or allele events using ddPCR would require an investment in time and funding. If precision 
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is less of an issue, or if budget is of more concern, the use of qPCR may be more attractive. Many 

studies cited above complimented the precision and accuracy of ddPCR but agree that this 

emerging technology was not yet developed enough to fully replace qPCR.  

This review has listed advantages and disadvantages for both technologies and the final 

decision should be based on the budget and the type of data needed. While there are some 

drawbacks to ddPCR (e.g, smaller dynamic range, necessity for high-quality DNA, and 

requirements for more expensive instrumentation and user training), the precision of data produced 

using ddPCR does heighten the potential for use in environmental study (Hayden et al., 2016; 

Hindson et al., 2011; Jones et al., 2016). The potential for use will only increase with increased 

assessment in environmental studies as well as the development of guidance for dealing with rain 

in data is developed. In conclusion, it is important to acknowledge the many factors in deciding 

between the adoption of ddPCR vs. qPCR. 
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Table 1. Properties of PCR, qPCR and ddPCR 
 

 Polymerase Chain 
Reaction (PCR) Real-Time quantitative (qPCR) Droplet Digital PCR (ddPCR) References 

Quantitative • No, Presence/ 
Absence 

• Yes, Relative quantitation using a 
Standard Curve 

• Yes, Absolute quantitation 
using a Poisson statistical 
algorithm 

Applied 
Biosystems;  
ThermoFisher 
Scientific, 
2018; Kuypers 
& Jerome, 
2017; 
Bizouarn, 
2014; Smith & 
Osborn, 2008. 

End-point Yes No, collects data in exponential growth 
phase Yes 

Agarose Gel Yes No No 
Reaction per 

primer set 1 1 Theoretically ≤20,000 

Possible 
Application 

Use 

• Amplification of 
DNA for: 
sequencing; 
genotyping; 
Cloning. 

 

• Quantitation of: viral gene 
segments; nucleic acid standards; 
and gene expression. 

• Microarray verification 
• Genotyping. 
• Copy number variation. 
• MicroRNA Analysis. 
• siRNA/RNAi experiments. 

• Absolute quantification of 
viral load; nucleic acid 
standards; next-gen 
sequencing Libraries; gene 
expression. 

• Rare allele detection. 

Limitations 

• Short dynamic 
range < 2 logs. 

• Low resolution. 
• Size-based 

discrimination 
only. 

• Relies on standard curve. 
• Inhibitors are a major concern. 
• Requires training. 

 

• More expensive 
instrumentation and reagents 

• High risk for contamination. 
• Requires more 

training/complex to perform. 
• Lower throughput. 
• Smaller dynamic range. 
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Table 2. Deciding Factors between qPCR and ddPCR 
Factors qPCR  ddPCR 

Sample quality  Samples with high DNA content would 
be more suited for qPCR as it is able to 
detect quantities on a larger scale. 
Additionally, samples that need to be 
stored for long periods of time, would 
benefit from qPCR rather than ddPCR.  

Samples with known lower amounts 
of DNA, would be suitable for 
ddPCR’s low dynamic range. Fresh 
samples need to be used for ddPCR 
without prolonged exposure to 
extreme environmental change in 
qPCR.  

DNA 
concentration 

qPCR is beneficial for high abundant 
DNA targets because of the larger 
dynamic range.  
 

ddPCR is beneficial for low 
abundant DNA targets because of 
the high precision. 

Contamination Contamination is a concern of any 
molecular based laboratory. With 
qPCR repeats are necessary.  

Studies have concluded that the 
droplet distribution may contribute 
to lower contamination levels. The 
Poisson distribution alleviates some 
discrepancy.   

Availability  qPCR is more readily available 
compared to ddPCR. Additionally, 
qPCR has many suppliers, so costs are 
competitive.  

ddPCR is by far the more expensive 
instrument compared to qPCR. 
Unlike ddPCR, BioRad is the only 
supplier for the instrument and 
reagents, so costs will be expensive 
compared to qPCR. 

Time Both methods require the same amount 
of time DNA extraction and running the 
thermocycler.  

ddPCR can require more time, with 
the added step of emulsifying the 
samples to produce <20,000 
droplets. 

Cost Looking at the cost per plate, qPCR is 
the more reasonable price, because the 
cost of the reagents is far less 
expensive. However, only up to 96 
reactions can be performed on a single 
plate.  

There is debate over costs with 
ddPCR since 1 well = 20,000 
reaction, thus 1 plate = 1.9 million 
reactions. However, it is impossible 
to run only 1 reaction. The cost per 
plate is significantly more expensive 
than qPCR.  
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  APPENDIX C: Produce Safety Guide: For American Indian Growers 

 
Valerisa Joe1 and Channah Rock1,2  

The guide was prepared for submission to Journal of Extension 

 

1 Department of Environmental Science, University of Arizona, PO Box 210038, Tucson, AZ, 

USA, 85719 

2 Maricopa Agricultural Center, University of Arizona, 37860 W Smith Enke Rd, Maricopa, AZ, 

USA, 85138 
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ABSTRACT 

The Food and Drug Administration (FDA) Food Safety Modernization Act (FSMA) is the 

first major reform to the United States food safety laws in more than 70 years. It aims to ensure 

the U.S. food supply is safe by shifting the focus from responding to contamination to prevention. 

During governmental policy shifts, American Indian (AI) populations are generally the last 

demographic to be informed. With the implementation of FSMA, Arizona (AZ) is in a unique 

situation because half of the farmers and ranchers are American Indians. It is estimated that nearly 

21 million farm acres in AZ are tended by members of one of the state’s twenty-two federally 

recognized AI tribes and nations. It is apparent that Tribal lands contribute to the overall success 

of the AZ agriculture industry and economy. Despite the strong presence of AI farmers, there are 

no hands-on delivery mechanisms of culturally sensitive resources for Tribal growers related to 

food safety and water quality principles in AZ. The central focus of this project was to give AI 

growers the opportunity to assist in developing food safety trainings that are both highly relevant 

and mimic the FDA-mandated policy changes, as well as culturally sensitive, to aid in the 

protection of public health.  

A tribal advisory board was established to aid in developing the trainings. Utilizing the 

Universal Design Learning framework, the tribal advisory board helped by incorporating 

traditional practices and stories into auditory, visual and engagement curriculum. During the 

summer of 2018, three trainings were offered to both Tribal and non-Tribal members of Arizona 

and New Mexico. The three trainings highlighted a different area of food safety and water quality 

mimicking the FDA FSMA regulations. The classes were based on the following topics: Water 

microbiology for irrigation water; Possible farm intrusion from weather, animal and humans; and 

Writing an effective food safety plan. Each of the topics are essential elements in the FSMA that 
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the research and extension team felt should be the main focus of the culturally sensitive trainings. 

Our collection process was an optional pre- and post-questionnaire along with open discussions 

on the topics. Following the trainings, each attendant was given a required evaluation of the guide 

and how effective it was as a training aid. From our assessment, 93% of participants (n=61) were 

satisfied with the guide and the information it provided. Overall, the success of the trainings was 

met with great interest from tribal communities and support the assertion that more teaching 

materials relating to tribal agriculture would be well-received.  
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1. Overview.  

In 2011, the US Food and Drug Administration (FDA) developed the Food Safety 

Modernization Act (FSMA) to prevent foodborne illness in the US by regulating each process in 

the food supply. In addition to regulation, the FDA in conjunction with state departments of 

agriculture were tasked to develop and implement regulations related to the FSMA. Included in 

this is a comprehensive effort to train growers and suppliers such that they meet certification 

requirements of FSMA. FDA is working with public and private partners to ensure training 

programs meet the needs of those who must comply with the new FSMA standards by 2018, no 

matter their size, nature or location (Produce Safety Alliance, 2019). Included in these efforts is 

informing those involved in the food supply chain of the training and education resources 

available, and how to gain access to the trainings. This would include having someone employed 

that is trained and certified in FSMA to be considered “covered”. However, it is our assessment 

that many remote communities were not informed and furthermore, the trainings often would have 

required the stakeholders to travel great distances. As a result, these communities were effectively 

left out of directives which will impact their livelihoods.  

 In many AI communities, food is the central focus of their culture. Food can be directly 

connected to preservations, ceremonies, community development and health of the people 

(Mihesuah, 2003). As a result of this strong relationship with food, many AI continue to grow their 

own food, whether for personal use or to generate income. In 2012, AI principal operators in the 

US sold $1.8 billion in agricultural products, which included $693 million in crop sales (Murphree, 

2017; USDA, 2012). Considering that AI represent less than 2% of the US population, these 

statistics demonstrate that AI growers have a strong impact on US agriculture. The role AI plays 

in the AZ agriculture economy is even more apparent. Over half of the farmers and ranchers in AZ 
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are AI, and collectively they hold nearly 21 million farm acres, which accounts for almost 80% of 

all farm lands in AZ (Murphree, 2017; USDA, 2012).  

 Many communities that lie in remote areas of the US tend to be the last informed in 

governmental policy changes. A more recent example would be the Covid-19 pandemic of 2019-

2020, tribes were not informed of closures and other guidelines, and in return had an infection rate 

10 times higher than the general U.S. population (Krol, 2020).  In the case of the FSMA, this was 

no exception, many communities both tribal and non-tribal felt that the FSMA implementation 

was enacted without support from smaller farms (Rothman, 2015; Paulas, 2013). However, due to 

the cultural relevance of food to AI history, the FSMA was exceptionally unwelcomed from tribal 

communities because of absences of consultation and collaboration with tribes (Ahtone, 2016). 

Despite the lack of input from tribal communities, the FSMA implementation continued to move 

forward and AI farms were faced with a decision, to consent the FSMA Produce Safety Rule (PSR) 

or decline the FSMA PSR and lose out on potential income from the farms. On December 22, 2016, 

the FDA announced the first Tribal Consultation policy to aid in government-to-government tribal 

relationships with the FSMA (FDA, 2019). This stimulated the development of Indigenous Fresh 

Produce Trainings to help Tribal communities understand FSMA PSR and make informed 

decisions regarding implementation of FSMA PSR guidelines on-farm. The Indigenous Fresh 

Produce Trainings program and guidebook had three objectives: (1) Identify the specific training 

and education needs within AZ-based Tribal communities, focusing on the Navajo Nation; (2) 

Develop culturally sensitive food safety training materials and an informational guidebook; and 

with these materials in-hand, (3) Deliver a food safety education and outreach program that meets 

the very specific needs of Navajo Tribal members and is also transferable to other Tribal entities 

across the State of AZ. 
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2. Framework.  

Realization of Objective 1 of this project required the input of American Indian growers in 

developing FSMA-specific food safety trainings. From January 2017 to August 2018, a tribal 

advisory committee was formed; the advisory group contributed to the realization of Objective 2: 

the development of the Produce Safety Guide: for American Indian Growers, along with training 

materials. Objective 3 was realized through implementation of three trainings; trainings were 

delivered at University of Arizona-Maricopa Agricultural Center (MAC), Maricopa, AZ; Diné 

College, Shiprock, NM; and Diné College, Tsaile, AZ. 

In addition to the tribal advisory committee, the framework for the project also included 

stakeholders from tribal members, tribal growers, University of Arizona tribal extension affiliates, 

University of Arizona extension faculty and AI students. The goal of the stakeholders was to help 

review training materials, recruit participants, and provide feedback and suggestions for the 

trainings. The trainings were focused on the FSMA PSR, which ultimately impact fresh produce 

growers, both AI and non-AI. While the PSR guided the trainings, the tribal advisory committee 

also focused heavily on AI farming culture and why food and water safety training are important. 

Additionally, the developed trainings included an open dialogue and hands-on approach rather 

than the typical lecture class setting (Morgan, 2009). This is based on the “trial and error learning” 

approach that AI have traditionally been taught though story-telling from their parents and elders 

(Morgan, 2009; Pewewardy, 2008; Red Horse, 1980).  Blending the lessons of the FSMA PSR and 

AI culture provided a unique perspective which resounded with growers and tribal leaders.  

The first training at the Maricopa Agricultural Center (MAC), Maricopa, AZ, helped to 

serve as pilot training for the two remaining trainings. The MAC training helped identify 
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weaknesses and strengths within the guide and helped focus the Diné College trainings to 3 topics 

that were of extreme interest: Water microbiology for irrigation water; Possible farm intrusion 

from weather, animal and humans; and Writing an effective Food Safety Plan. Each of the topics 

are essential elements in the FSMA PSR and were topics requested by AI growers. Water on AI 

lands is a very sensitive issue, considering that 40% of Navajos on the Navajo Nation do not have 

access to running water. Because nearly every member of the Navajo community recognizes that 

water is a precious, life-giving resource, the water training generated more discussion than any 

other part of the guide (Navajo Water Project, 2019).  

 When working with tribal entities, it is important to understand their customs and culture. 

Outsiders entering tribal lands must be respectful and if possible, have a welcoming gift (Goode, 

2015). Items such as coffee mugs, bags, pens, and flash drives were given as gifts to every person 

who took the training. Additionally, coffee, water and snacks were provided at all trainings out of 

respect for the tribal participants.  

During the trainings, the data collection process was mainly discussion-based, and also 

included a Likert-scale evaluation based on the guide; and an optional pre- and post-questionnaire. 

Basing data collection on discussion was purposeful; according to the Center for Native Health 

Partnerships, it is extremely important to deliver information gradually with tribal communities 

and develop a relationship, rather than collect data (NCAI Policy Research Center, 2012). The 

Likert-scale evaluation was based on the quality of the guide and was designed to provide 

improvements without collection of personal data. The optional pre- and post- questionnaire 

provided additional data but was not the main focus of the objectives and study.  
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Figure 1. Supply set-up (left photo). Trainings were set-up with the welcoming gifts and training 
manuals. Figure 2. Coffee mugs (right photo). The coffee mug was the most popular gift.  
 

3. Outcomes.  

From June to July 2018, three trainings were held in Arizona and New Mexico. Over 60 

AI growers attended the trainings and received the guide as well as promotional products for 

attending the free event. An optional pre- and post-assessment was distributed at the Diné College 

trainings. Only 4 people completed the optional assessment, with the overall results showing that 

the growers left the training having learned something new about produce safety, compared to 

their level of knowledge when they arrived. Using the data collected would provide a better gauge 

on audience learning 

 During breaks, lunch and after the trainings there were many in-depth one-on-one 

discussions with many of the growers. During these discussions, the tribal growers expressed their 

concern of the FSMA and how it will impact their own farms. There seemed to be the same three 

questions asked at every training: 

1. How will the water rule impact me? I cannot afford/submit samples/collect samples to 

the lab in the time allotted.  
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2. How can FDA/FSMA shut down my farm? I do not contribute my information to the US 

Agriculture Census.  

3. Will the [Navajo] Nation cover my expenses for new farming equipment? Will they be 

able to help with us if we need corrective actions? 

While the majority of the questions asked could be answered through the guide, specific 

community-based questions were difficult to answer because the FDA did not anticipate delivery 

of FSMA information to tribal groups and thus, did not provide information on how to address 

such questions. Tribal entities are exempt from FSMA, however tribal growers that sell produce 

are often not exempt from the marketplace. Highly specific questions, such as question 3 (see 

above), were submitted to the FSMA Technical Assistant Network (TAN), at the 2018 FSOP 

Project Directors meeting at Virginia Tech University.  

 A final required evaluation was distributed at every training. The Likert-scale evaluation 

had three questions and was scored from one to five. One was the lowest score of “very 

unlikely/very unsatisfied” while five was the highest “very likely/very satisfied”. The consensus 

was that the guide did help provide information and many were planning on using even after the 

training (Figures 1-3). The Likert-scale evaluation questions were: 

 1. How satisfied were you with the Guide?  

 2. Was the content appropriate and informative?  

3. How likely are you to use the guide in the future? 
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Figure 3 (Image on left). How satisfied were you with the guide? The pie chart shows that the 
93% of the participants (n=61) were satisfied or very satisfied with the guide. Figure 4 (Image on 
right). Was the content appropriate and informative? The chart pie chart shows that 95% of 
the participants (n=61) were satisfied or very satisfied with the content. 
 

 

 

Figure 5 (Image above). How likely are you to use the guide in the future? The chart pie 
chart shows that 98% of the participants (n=61) were likely and very likely use the guide in the 
future.  

 
 Overall the guide scored very well on the Likert-scale for all three questions. There were a 

few comments about the guide which included having more images and incorporating more “next-

steps” flow charts. Another common comment was to provide important information that could be 

Neutral
2%

Likely 
21%

Very Likely
77%

How likely are you to use the guide in the 
future? 

Very Unlikely 0% Unlikely 0% Neutral Likely Very Likely

Neutral
5%

Satisfied
46%

Very Satified 
49%

Was the Content appropriate and informative?

Very Unsatisfied 0% Unsatisfied 0% Neutral Satisfied Very Satified

Neutral
7%

Satisfied
46%

Very Satified 
47%

How satisfied were you with the Guide? 

Very Unsatisfied 0% Unsatisfied 0% Neutral Satisfied Very Satified
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made into posters and magnets which they could easily put up on the farms. The Native 

representation in the guides was one that everyone enjoyed and could identify with. There was 

also a desire to have some of the FSMA PSR trainings and water/soil collections made into 

YouTube tutorials in both English and Navajo language.  

4. Conclusion.    

The guide that was developed has been distributed across New Mexico and Arizona though 

the three trainings as well as to all University of Arizona Tribal Extension affiliates. Contemplating 

back on the trainings, a modification that would have provided some support would be dividing 

up the attendants between growers and tribal policy makers. During the sessions on the Navajo 

Nation, all residents were welcome, but sometimes the discussion and questions would deviate 

from the topic at hand when there were two conflicting agendas in the same room. Growers wanted 

to learn more about the FSMA PSR requirements while the policy makers wanted to discuss FSMA 

law and the impacts it would have on the Nation as a whole. While both discussions are important, 

having an introductory training to learn about the basics of FSMA was not the place for disputes 

about the legality of the FDA’s infringement on tribal government.   

Through the development of the guide and training sessions it was strongly apparent that 

there needs to be inclusion of tribal producers though all steps of developing food safety laws. By 

not including AI produces into the conversation, critical perspectives about agriculture and culture, 

and how AI think about food as it intersects with health, economy and community development 

would be lost. While this work only touches the surface of the inclusion of tribal growers to 

government, it brings attention the need of collaboration from tribal growers to the FSMA.  
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Figure 6 (Image on left). Attendants at the Shiprock, NM training. Figure 7 (Image on right). 
Attendants at the Tsaile, AZ training.  
 

Figure 8 (Image on left). Parking Lot. Every question, comment or concern that was asked was 
added to the “Parking Lot”. At the end we would review the questions again and make sure we 
had answers for them. Figure 8 (Image on right). Discussion in Tsaile, AZ. Attendants engage 
in a lengthy discussion about Bureau of Indian Affairs lands and produce safety.  
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About UA Indigenous Fresh Produce Trainings: 

 
Our program started because we saw a need for culturally relevant food safety 
training material for the Native Tribes in Arizona. Arizona is the only state in the 
nation in which more than half of all farmers and ranchers are American Indians; 
however there are no classes or training specifically tailored to Tribal growers. 
Our goal is to develop produce safety material suitable for tribes in Arizona. The 
food safety trainings will be culturally relevant and appropriate resources available 
to all Native tribes after completion of trainings. The trainings will include 
agricultural water quality, animal intrusion strategies, soil amendments and 
developing a farm food safety plan. 

 
 
 
 
 
 
 
Guide Content, Layout: Valerisa Joe, Paula Rivadeneira & Channah Rock 
Photographs: Valerisa Joe with contributions by Austin Gaddy 
 
 
Suggested Citation: University of Arizona Cooperative Extension-Indigenous Fresh Produce 
Trainings Program. Produce Safety Guide for American Indian Growers. Maricopa, AZ: Indigenous 
Fresh Produce Trainings Program, Summer 2018.  
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UA Indigenous Fresh Produce Trainings Disclaimer 
  
The information provided by the University of Arizona (UA) Indigenous Fresh 
Produce Trainings is for training purposes only.  The UA Indigenous Fresh 
Produce Trainings cannot provide you with legal advice. The trainings are meant 
to be a tool to assist American Indian growers, small at-home growers and those 
interested in growing fresh produce and learning about food safety with regard to 
the Food Safety Modernization Act (FSMA). This curriculum does not fulfill the 
requirements of the FSMA Produce Safety Rule outlined in § 112.22(c): ‘At least 
one supervisor or responsible party for your farm must have successfully completed food safety 
training at least equivalent to that received under standardized curriculum recognized as 
adequate by the Food and Drug Administration.’ 
 
 The information provided by the University of Arizona Indigenous Fresh 
Produce Trainings will vary among American Indian Tribes in Arizona. All the 
trainings are up to date as of May 31, 2018, and rules and regulations may change 
at any time. Please keep up to date with all FSMA rules and good farm practices 
to make sure your growing areas are producing the safest food possible.  
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Introduction 
 
Why is Food Safety important to American Indians?  
Historically American Indians had diets rich in fruits, vegetables, lean meats and low in 
fats and sugar. However, by the 1830s to 1840s the Indian Removal Act made accessing 
these types of foods more challenging. The government gave American Indian tribes food 
rations, including flour, sugar and lard to “help” with what they thought was an 
inadequate diet. The addition of these food groups drastically impacted American Indians’ 
way of life5.  
 
While past generations have suffered because of governmental laws, once thing remains 
constant; American Indians remain steadfast on keeping traditional practices, such as 
those used in agriculture as part of their livelihood. Yet, foodborne illness among 
American Indian populations far exceeds non-Native populations6. There are many reasons 
why foodborne illness is prevalent in American Indian communities, such as lack of 
electricity and running water, which is beyond their control. But one thing American 
Indian growers can control is how to make sure their food remains healthy and safe.  
 
Foodborne illness in Indian Country 
 2014: E. coli O157:H7 outbreak. Unknown Source. Affected 22 people. Fond du 
  Lac Band of the Lake Superior Chippewa Reservation near Duluth, MN3 

 2008: Shigella outbreak. Unknown Source. Affected 48 people. Standing Rock 
  Indian Reservation, SD9 

 1974: Salmonella Newport outbreak. Unknown Source. Affected 3,400 people. 
  Navajo Nation7 

 
 
 
 
 
 
 
 
 
 
 

Discussion: Are there reasons that Produce Safety is/should important to American 
Indian tribes? 

What does “safe food” mean? 
What does food safety mean to you? 
What makes food unsafe? 

Has your tribe implemented food safety measure? 
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What is FSMA? 
The Food Safety Modernization Act (FSMA) is a regulation enacted by the United States 
(US) Food and Drug Administration (FDA) to maintain the safety of food in the US. 
FSMA is the most significant change to food safety laws in the past 70 years.  
 
The Produce Safety Rule 
Within the many sections of FSMA, The Produce Safety Rule provides grower guidance 
for improving food safety for fresh produce. Keeping food safe is an important step in 
preventing people from getting ill.   
 
Are American Indian Growers Exempt? 
It will depend on your tribe. However, if your tribe decides to be exempt, YOU should 
decide if it is best for your operation.  

• Know the exemption requirements and be somewhat familiar with the FSMA 
requirements (you may already be meeting many of the requirements); 

• If you qualify for exemption, you must still meet certain modified requirements, 
including disclosing the name and the complete business address of the farm 
where the produce was grown, either on the label of the produce or at the point 
of purchase; 

• You should analyze your risks not just on the farm, but all the way to market  
• Be prepared for buyer questions about your compliance with FSMA. You may have 

to explain why you are exempt; 
• In case of an outbreak, you need to be able to trace your product back to where 

you grew it and identify its path to market. 
 
Every farm is unique; one size doesn’t fit all  

• Keep in mind that if you determine you are exempt, you may actually have to 
prove it. Make sure you have records.  

 
Do I fall under the Produce Safety Rule? 
Take the assessment to see if you do. If you do fall under FSMA and have not yet 
completed FSMA training, please see your local Cooperative Extension program or one 
of the coordinators. For more information, please see the Appendix of this guide to help 
you understand more about FSMA and the Produce Safety Rule.   
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Will the Produce Safety Rule Apply to Me?

Do you grow, harvest pack 
or hold produce (example: 
fruits, vegetables and some 

seeds)

You are NOT 
likely covered 
by the Produce 

Safety Rule 

Is it only for personal 
consumption?

You are likely exempt 
from compliance with 
Produce Safety Rule

Do you sell more than 
$25,000/year (average) 

of produce?

Yes

No

Is any of the produce 
you grow and sell 

usually consumed raw?

Yes

No, I 
Sell

No

Yes, 
all/some

You will need to 
comply with some 

portions of the 
Produce Safety Rule

No

Yes
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People and Produce Safety  
 

What do people have to do with produce safety? 
There are many ways people can get sick with a foodborne illness. One of the most 
common ways people get sick in general is being around someone who is sick. In food 
safety this is true as well; people who are infected and are around food can potentially 
contaminate the food. There are many ways to prevent this type of food contamination.  
 

What are microorganisms? 
Microorganisms are organisms that are so small you generally cannot see them with the 
naked eye. Common microorganisms include bacteria, viruses and fungi. 
Microorganisms can be found everywhere.  
 

Good and bad microorganisms 
There are both good and bad microorganisms. The good microorganisms help keep our 
guts healthy and provide many benefits to our health. Bad microbes are what make us 
sick. Bad microbes include Salmonella, Norovirus and E. coli. Preventing bad microbes, 
which are also known as pathogens, from entering our food system is the purpose of 
FSMA. 

Lack of hand washingInjury Feces

Dirty Clothing
Unsanitized tools 
and equipment Illness

How pathogens spread on farm
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An easy way to help you remember how pathogens are spread is the F-diagram. It shows 
that pathogens are spread through feces (poop), fields, flies, fingers, and fluids. 
Foodborne pathogens can live in fecal material (poop), saliva, mucus, blood, and other 
body fluids of people who are sick. There are times when people don’t feel or look sick, 
but can be infected and carry the pathogens without knowing it. Even people who are 
not infected can spread pathogens if they touch something that is contaminated (has 
pathogens on it) and then they touch something else and spread it. 

Poop

Fields Flies Fingers Fluids

Food

New Host
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If you fall under FSMA: 
• Everyone who works on the farm needs training, including office staff, 

volunteers, interns and family members 
• Have at least one supervisor from the farm complete the FDA recognized food 

safety trainings 
• Keep a record of who was trained  

- Date and topics in training covered 

Good Growing Practices for Quality Control:
• Inform all visitors of food safety policies
• Tell someone in charge if your sick

- Make sure sick people don’t contaminate produce
• Provide toilets, toilet paper & trash cans close to growing areas

- Make sure they are cleaned regularly
• Provide break areas
• Provide a place to properly wash hands with water and soap

- Hand sanitizers are not effective!
- Reusable towels are not effective
- Make sure there is a catchment for washing hands

• Remind farm handlers the importance of health and personal hygiene
• Limit the use of food, drinks (other than water), tobacco, gum, etc. on

farm.

• Provide drinking water to all workers
• Provide first aid kit
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Notes: 
 

              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              
 
 
              

 
 

Discussion: What other traditional or non-traditional practices do you practice 
to maintain a healthy farm? 
 Do you require workers to have food safety training? 
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Animals & Produce Safety 
 

What do animals have to do with produce safety? 
Animals, both domesticated and wildlife, are a part of nature and will be present around 
farms. The concern with animals getting close to your farm is that animal feces (poop), 
urine (pee), and saliva can contain pathogens that can make people sick. If any of this 
gets onto the produce and then people eat the food, it can make them sick.  

Good growing practices for domesticated animals:
• No pets in growing area
• Wash hands after being in contact with animals
• Change footwear when going from animal areas to growing areas

• Working animals should be monitored at all times if they are in the field
- Make sure not to use working animals near crops that are

almost ready to harvest
- Make sure the people who are working with the animals

understand risk and are trained to minimize risks
- Develop a proper procedure to work with animals

How domestic animals can harm your growing area:
Domestic animals are great to have around your farm. Cats and dogs can deter
small pests, horses can be working animals, and they can also provide a sense
of security among a household. However, domestic animals can accidently
walk into your growing area to eat or poop. If you feed animals in pens you can
step on their poop and walk onto your growing area. Also, a concern is
touching your pets and return to work without washing hands and cause
contamination.
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How wildlife can harm your farm:
Wildlife intrusion is a natural part of having a farm. Wildlife can go onto your
growing area looking for food to eat, and/or to look for water. Common
wildlife in Arizona include:
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Discussion: What other animals do you consider domesticated? 
 What other animals do you consider wildlife? 
 What do you use to deter animals?  
  -Any traditional practices? 
  
  
 

If you fall under FSMA: 
• Do NOT touch endangered species 
• Keep records of animals that have been spotted in growing area  
• Make sure all workers are trained to recognize and not harvest contaminated 

produce  
• Inform supervisors of wildlife presences  
• Wash hands after removing feces or any other animal remains from growing 

area 
•  Try to practice “co-management”: consider both food safety and conservation 

on natural resources  

Good Growing Practices for Wildlife: 
• Watch for tracks, feces, fur, feathers, trampled or damaged produce 

or other signs of animals  
• Monitor water sources (more in water quality training) 
• Look for poop in and around growing area 

- If you see poop don’t harvest around it, mark it with a flag  
- Bury poop, wash hands and tools after  
- Consider a “kill-step” (cooking food) if you want to use the 

food  
• Be cautious “taking action” against animals 

- You are NOT required to keep animals out of growing areas 
- Do not destroy animal habitat 
- Animal presences does NOT mean crop contamination 
- Some wildlife can be good 

• Use methods like fences, trapping, visual deterrents, noise 
deterrents, tactile repellent, relocation. 
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Notes: 
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Land Use & Produce Safety 
 

What does land use have to do with produce safety? 
When deciding where to put your growing area, or how to improve your growing area, 
utilizing land to the best of your abilities will help mitigate potential contamination.  

How bad Land Use can cause harm:
Outhouse is too close to growing area. Restrooms should be provided but not
this close.

Growing area is in a valley. There is potential for run-off contamination from
the houses.

Sources of water is also a concern. This water is used for drinking, cleaning
tools and animals however, it is extremely close to a sheep pen where feces is
present.
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Good Growing Practices for Land Use: 
• Evaluate land before growing 

- Look out for potential sources of contamination: poop, 
urine, hair, tracks, etc.  

- Be cautious of animal migration 
• Try not to damage natural resources  

- Removal of vegetation and water sources can cause more 
problems  
 

If you fall under FSMA: 
• Co-management should be used to balance food safety and conservation goals 
• Reduce risk from animals and adjacent land users.  

Discussion: Does your land influence your food safety?  
Does being on tribal land or trust land make it more difficult to grow? 
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Notes: 
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Section 2: 
Agricultural Water & Produce Safety 
Soil Amendments & Produce Safety 
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Agricultural Water & Produce Safety 
 

What does agricultural water have to do with produce safety? 
Water is essential to life. In almost from every stage from planting to eating food, water 
can impact food safety. Water can carry pathogens as well. If you use water that is 
contaminated with pathogens, it can cause foodborne illness.  
 

From a produce safety standpoint, “agricultural water” is any water used on produce that 
will touch the edible portion of the crop and water used during washing or packaging. 
Thus, there are two types of agricultural water: 

1. Production Water- any water used during growing 
2. Postharvest Water- any water used during or after harvest.  

 

The Produce Safety Rule requires different testing for production water and postharvest 
water.  
 
 

 
 

 
 
 

Is My Source of Water at Risk for Contamination?

Is my water from a 
public water supply? 

(Treated)

Is my water from 
ground water? 

(Well water)

No

Is my water from 
surface water? 

(River, streams, lakes, 
manmade reservoirs etc.)

Yes
Least at Risk: Treated water 

has already been tested by the 
public water supply 

Medium Risk: Well water can 
contain pathogens

Most at Risk: Out in the open 
can be contaminated from 

feces, runoff, septic tank, etc. 

No

Yes

Yes
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What does it mean if my water falls in the “Highest Risk” category? 
While you might be more susceptible to pathogens, it does not necessarily mean all 
your food or water is contaminated. It means that the possibility of getting a foodborne 
illness is high, but other environmental factors such as drying out, sun (UV light), 
temperature, humidity and microbes competing with each other can reduce pathogens 
over time.  
 

 
 
 

Is My Watering Method At Risk for Contamination?

Do I use a drip or trickle 
irrigation?

Do I use flood 
Irrigation? 

No

Do I use overhead head 
sprinklers?

Yes
Lower Risk: Edible portion 
normally does not come in 

contact with water (But 
malfunction in system can 

spray produce)  

Higher Risk: Edible portion can 
come in contact with water

Highest Risk: Water touches 
edible potion

No

Yes

Yes
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What is the best method to reduce my chances of using contaminated 
water? 
Follow Good Growing Practices to help reduce your chances of pathogens present in your 
water. Also, test your water if you are considered a “high risk”. See page 31 to know 
how often you need test your water.  
  

 

If you fall under FSMA (production water): 
• Make sure your water is under the generic E. coli limit for FSMA standards  
• Do NOT use untreated surface water for sprouts  

Good Growing Practices for Production Water:
• Keep water free of debris, trash & domesticated animals

• Inspect water sources and distribution systems once a year
• Watch our for runoff sources especially during monsoon
• Watch out for potential contamination from neighbors

- Do your neighbors have animals?
- Do they have septic? Outhouse?

• Map out your water sources for your own protection
• Get water tested if you think there is a problem
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If you fall under FSMA (post-harvest water): 
• No detectable E. coli in 100 mL of agricultural water 
• Water from public water supply that is held in open containers outside count 

as untreated surface water 
• Do NOT use untreated surface water for: 

- Anything that will touch produce during or after harvest (Including 
ice) 

- Anything that will touch a surface (container, table, cleaning rags, 
etc.)  

- Washing hands during/after harvest  
• Record the results of all testing done 
• Document any corrective measures done 

Good Growing Practices for Post-Harvest Production:
• Do NOT use untreated surface water for washing produce, or anything

else that will touch produce.
• It is better to use running water than dripping/batch washing produce.
• If you use batch washing, CHANGE WATER FREQUENTLY, make sure

you have procedure for batch washing.

• Temperature of water must be less than 10ºF different than produce
temperature.

• Be careful with produce skin that breaks easily, like tomatoes. It can
become contaminated.

• If using sanitizers view Appendix.
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By testing your water over time and recording the results, you will develop a Microbial 
Water Quality Profile. The profile can help you see trends over time and aid in providing 
safe water to your growing area.  
 
All samples of water must be representative of a farm’s use and taken right before or 
during harvest.  
 

 
 
 
 

Should I get My Water Tested?

Is my water from a 
Public Water Supply?

No Testing Required if you have 
documentation: certificate from 
water utility, treatment plant or 

lab

Is my water from 
ground water?

No

Is my water from 
Surface Water?

First year: 
Test water 4+ 

times over 
growing 

season or over 
1 year

After 1 year: 
Test water one 

time during 
growing 
season

First 4 year: 
Test water 
20+ times  

After 4 years: 
Test water 5 
times each 
year after 

Yes

Yes

No

Yes
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How do I test my water? 

 
I passed my water test! Now what? 
Production Water 

• Input your test results into the University of Arizona Ag Water App, to calculate 
the Geometric Mean (GM) and Statistical Threshold Values (STV) 
http://agwater.arizona.edu 

• Requirements to pass: 
- Geometrical Mean (GM): 126 or less colony forming unites (CFU) 

generic E. coli per 100 mL water 
- Statistical Threshold Value (STV): 410 or less CFU E. coli per 100 mL 

water 
 
Post-harvest water 

• No detectable generic E. coli per 100 mL water 
 
 
 
 
 

Step 1: 
Find an accredited lab, certified by 

state environmental agency or 
third party accreditor. 

See Appendix, for a list of accredited 
water testing labs in Arizona. 

Step 2:
Make sure the lab can analyze the

kind of water you need tested.

Examples: agricultural water, ground
water, surface water, etc. 

Step 3:
Ask for the test “Quantitative 

Analysis using EPA Methods 1603 
(modified mTEC)” 

If they do not have that method, ask
for the equivalent.

Step 4:
Make sure lab provides exact

instructions on how to collect and
deliver water samples

Ask about cost
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I failed my water test. Now what? 
Production water 

• STOP USING THE WATER ASAP (no later than the following year) 
OR 

• Corrective Measure:  
- Re-inspect water system, identify problem, make changes 
- Wait before harvest time to re-do water test 
- After harvest, wait for a certain amount of time 
- Possibly treat water, this will depend on your sources of water and if you 

want to treat your water 
 
Post-harvest Water 

• STOP USING THE WATER FOR POST-HARVEST ACTIVITIES IMMEDIATELY  
• Corrective Measure: 

- Re-inspect water system, identify problem, make changes 
- Possibly treat water, this will depend on your sources of water and if you 

want to treat your water 
 



 

 139 

Notes: 
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Soil Amendments & Produce Safety 
 

What do soil amendments have to do with Produce Safety? 
Soil influences the amount of nutrients provided to your produce. It is ideal to have the 
best soil quality to produce the best fresh produce. Sometimes when you grow often, soil 
quality can decrease so you may want to use a soil amendment to help improve it.   
 
What are soil amendments? 
Anything added to improve soil quality such as, increasing nutrients, increasing soil 
water capacity and improving soil structure.  

Examples: compost, fertilizers, manure, yard trimmings, natural mulch, perlite, 
compost teas, etc.  

 
While soil amendements can help soil quality, they may be a potential source of 
contamination, especially if you are using human or animal feces.  

Discussion: Does your tribe allow the use of soil amendments? 
 What have been some problems using soil amendments? 
 
 

How soil amendments can harm your growing area:
• Using human waste as an amendment on produce fields
• Not allowing pathogens to die off or reduce when making amendments
• Using raw or untreated manure on produce fields
• Applying manure and not waiting the least amount of time to plant
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Good Growing Practices for Soil Amendments:
• Do NOT use human waste. There is one exception, sewage sludge bio-

solids. However, USE AT YOUR OWN RISK.
• Treat raw manure to reduce pathogens

• How do I treat my pathogens?
• Static Composting

- Minimum of 131ºF for 3 days, ensure temp is stable for 3
days

• Turned Composting
- Minimum of 131ºF for 15 days
- Minimum of 5 turnings
- Followed by curing

• Use raw or untreated manure on only fields not planted with with produce
• After applying soil amendment wait the appropriate amount of time before

harvesting.
• Treated Manure:

• 0 day application, no wait required
• Untreated manure:

• 120 days before harvesting of edible part of produce
• 90 days if edible part does not touch soil

• Keep treated manure away from untreated manure.
• Keep compost piles covered
• Handle or store treated manure as if untreated if you think it’s been

contaminated.
• Set aside tools that will only be used for untreated manure.
• If a tool that touched untreated manure will be used in the field, make

sure it is clean.
• Do NOT spread manure in high winds.
• Do NOT apply manure when ground is saturated, to reduce runoff.
• Do NOT side-dress (apply manure after crop is established) with raw

manure.

If you fall under FSMA: 
• If using untreated manure, apply in a way that doesn’t touch produce when you 

apply it and will touch as little edible part as possible  
• Keep records for manure you receive from someone else or for your process of 

treating it (time, temperature, turnings).  
• Train workers who will handle manure 
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Notes: 
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Section 3: 
Packaging & Produce Safety 

Recordkeeping & Produce Safety 
How to write a Food Safety Plan  
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Packaging & Produce Safety  
 

What does packaging have to do with produce safety? 
Whether you are packaging to sell or bringing in produce for your own personal use, 
packaging is an important step in the process. By this time the produce has left the field 
and enters your packaging area or home. There are still many sources of contamination 
that you need to identify and address.  
 
What is a packing area? 
This will be different for every grower. A packing area could be outdoors, indoors, or in 
your own personal kitchen. It is the area where you wash and/or pack your produce. 
Learning how to effectively clean your packing area will greatly reduce possible 
pathogens.  
 

How to effectively clean your tables: 
Remember cleaning and sanitizing are NOT the same thing! 

Step 1: 
Remove dirt from surface. You can

use a brush, air or water.

Step 2:
Apply detergent and scrub. Use 

detergents safe for food.

Step 3:
Rinse with clean water.

Step 4:
Apply Sanitizer and rinse if 

necessary
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Cleaning = Removing dirt from surface area (step1) 
Sanitizing = Treating cleaned surface to kill microorganisms (step 4) 
 
Do tools need to be cleaned? 
Yes, especially any tool or equipment that will touch produce.  
 
Does my mode of transportation need to be cleaned?  
Yes, especially if the transportation is used for animals as well.  
 

 
 
  

Good Growing Practices for Packing Area:
• Keep produce handling area separate from other parts of farm (ex. animal

area, equipment repair/ storage, compost area, etc)
• Sweep, empty trash every day, clean up spills immediately
• Avoid standing water
• Food contact surface should be non-toxic, non- absorbent, durable, easy to

clean
• Store produce in covered area, off of floor
• Keep log for all cleaning procedures done

If you fall under FSMA: 
• Keep produce that is exempt away from regulated produce  
• Clean and sanitize any surface that will touch produce 
• Keep put animals 
• Clean any re-usable packaging or containers that will hold produce 
• Tools and equipment have to be able to be cleaned 
• Keep tool storage area clean 
• Train workers about cleaning procedures 

  
Discussion: Do you use traditional packaging, like baskets, to hold your 
produce? If so, how do you clean them? 
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Notes: 
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Recordkeeping & Produce Safety 
 

Why do I need to keep records? 
Whether you come from a large farm or a small personal growing area, if you grow fresh 
produce and sell it, you MUST keep records. Even if you are considered “exempt”, 
you still need to do recordkeeping to prove you are exempt.  
 
Tips for Recordkeeping 

• Keep recordkeeping material where the task is done  
• Make a schedule  
• Review records to spot trends/problems 

• Ex: Do you find more trash in water ways during monsoon season? 
• Use one of the many FREE template records from: 

http://gaps.cornell.edu/educational-materials/decision-trees/log-sheets-sops  
• Make sure the records apply to you and your growing area. Remember 

every single growing area is different and what works for someone else 
might not work for you. 

 
*FSMA has more requirements for recordkeeping. If you are interested in learning 
more, see the Appendix or contact your local Cooperative Extension office.  

  
Notes: 
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Writing a Food Safety Plan 
 

Why do I need a food safety plan? 
A food safety plan is not required but will be helpful if you deal with buyers, third party 
audits, or Tribal, State or Government regulations. Remember, even if you are 
considered “exempt”, you should keep records to show you are exempt.  
 

What is a food safety plan? 
It describes potential risks that are unique to your growing situation and shows how you 
are addressing them.  It also has your practices and Standard Operating Procedures 
(SOPs) in one location.  
 

You do not need to start from scratch! Use a Free Food Safety Template:  
Ex: https://docs.google.com/document/d/1jVQ0SCKh0ejfjAcCd9nrJaCprFOln-

_LTOAwvjNo0Sk/edit?usp=sharing  
 

  

Suggested Records to Keep:
• Finances of produce
• Facility monitoring, including cleaning and stocking toilet and

handwashing facilities as well as maintaining first aid kits
• Worker illness and injury reporting
• Land assessments
• Monitoring for animal activity

• Actions taken to reduce the risks related to animal intrusion into
crop for both domesticated animals and wildlife

• Any soil amendments added
• Intrusion and contamination events- weather, animals or people
• All corrective actions taken
• Pest management
• Building maintenance and monitoring
• Worker training on sanitation SOPs
• Packing area and cold storage cleaning and monitoring
• Vehicle cleaning and inspections prior to loading
• What sanitizer is being used and how much sanitizer is being used
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Step 1: 
Designate a food safety person:

This should be someone with the 
authority to make changes, and be in 
charge of auditors and lead trainings 

for all workers. 

Step 2:
Assess risks: 

Review all operations (People, 
Animal, Land Use, Soil Amendments, 

Agricultural Water, Packing) and 
identify risks associated with 

microbes, chemicals & physical 
properties.  

Consider each step carefully and note 
ones that happen often

Step 3:
Rank your risk:

Example: Biggest risk is a whole crop 
contamination due to birds and poor 

wildlife management

Risk that have been problematic in 
the past

New or modified practices

Step 4:
Develop practices to reduce risk:

Develop Standard Operating 
Procedure (SOPs)

Create List of tasks & resources 
needed

Step 5:
Identify Resources:

Use Indigenous Fresh Produce 
Trainings Growing Guide or an 
official FDA certified trainings 

(Produce Safety Alliance) for help. 

Step 6:
Document and revise:

Record everything you are doing

Update plan at least once a year

How to set-up a food safety plan 
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Notes: 
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Appendix 
 
Are American Indian Growers exempt from FSMA and the Produce Safety Rule? 
The Produce Safety Rule permits states, tribes, or foreign countries from which food is 
imported into the U.S. to submit a petition, along with supporting information, to FDA 
requesting a variance(s) from one or more of the requirements of this rule. 
 
The Produce Safety Rule enables a state, tribe, or country, if it concludes that meeting 
one or more of the rule’s requirements would be problematic in light of local growing 
conditions, to request variances to those requirements. The state, tribe, or foreign 
country must demonstrate that the requested variance is reasonably likely to ensure that 
the produce is not adulterated and provides the same level of public health protection as 
the corresponding requirement(s) in the rule (FDA.org). 
 
I grow produce that you have to cook or process to eat (like corn), do I have to 
follow the Produce Safety Rule? 
If you sell only produce that needs to be cooked in order to eat it, then maybe not. If you 
sell any fresh produce, then yes, you need to follow the Rule.  

- The FDA has identified the following produce commodities as rarely consumed 
raw: asparagus; black beans, great Northern beans, kidney beans, lima beans, navy 
beans, and pinto beans; garden beets (roots and tops) and sugar beets; cashews; 
sour cherries; chickpeas; cocoa beans; coffee beans; collards; sweet corn; 
cranberries; dates; dill (seeds and weed); eggplants; figs; horseradish; hazelnuts; 
lentils; okra; peanuts; pecans; peppermint; potatoes; pumpkins; winter squash; 
sweet potatoes; and water chestnuts; 

- Food grains, including barley, dent- or flint-corn, sorghum, oats, rice, rye, wheat, 
amaranth, quinoa, buckwheat, and oilseeds (e.g. cotton seed, flax seed, rapeseed, 
soybean, and sunflower seed) (FDA.org). 

 

I only grow produce for myself and family. I do not sell my produce. Do I have to 
follow the Produce Safety Rule? 

No. You will be considered “exempt” since the produce is used for personal or on-farm 
consumption (FDA.org). 
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For the last 3 years I only made an average $24,000 per year selling produce. Do I 
still need to follow the Produce Safety Rule? 

Most likely not. Farms that sell an average annual value of produce during the previous 
three-year period of $25,000 or less (FDA.org) are not covered by the Produce Safety 
Rule. 

For the last 3 years I only made an average of $450,000 per year selling produce. 
Do I need to follow the Produce Safety Rule? 
You may fall under a “qualified exemption”. To be eligible for a “qualified exemption”, 
the farm must meet two requirements:  

- The farm must have food sales averaging less than $500,000 per year during the 
previous three years; and   

- The farm’s sales to qualified end-users must exceed sales to all others combined 
during the previous three years. A qualified end-user is either (a) the consumer 
of the food or (b) a restaurant or retail food establishment that is located in the 
same state or the same Indian reservation as the farm or not more than 275 miles 
away.  

A farm with the qualified exemption must still meet certain modified requirements, 
including disclosing the name and the complete business address of the farm where the 
produce was grown either on the label of the produce or at the point of purchase. These 
farms are also required to establish and keep certain documentation (FDA.org). 

A farm’s qualified exemption may be withdrawn for the following reasons: 

- If there is an active investigation of an outbreak of foodborne illness that is 
directly linked to the farm, or  

- If FDA determines it is necessary to protect the public health and prevent or 
mitigate an outbreak based on conduct or conditions associated with the farm that 
are material to the safety of the farm’s produce that would be covered by the rule 
(FDA.org). 

Before FDA issues an order to withdraw a qualified exemption, the agency:  

- May consider one or more other actions to protect public health, including a 
warning letter, recall, administrative detention, refusal of food offered for import, 
seizure and injunction.  

- Must notify the owner, operator, or agent in charge of the farm, in writing, of the 
circumstances that may lead FDA to withdraw the exemption, provide an 
opportunity for response within 15 calendar days of receipt of the notification, 
and consider actions taken by the farm to address the issues raised by the agency 
(FDA.org). 
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A withdrawn exemption may be reinstated if (as applicable):  

- The FDA determines that the outbreak was not directly linked to the farm, and/or  
- The FDA determines that the problems with conduct or conditions material to 

the safety of the food produced or harvested at the farm have been adequately 
resolved, and continued withdrawal of the exemption is not necessary to protect 
public health or prevent or mitigate an outbreak of foodborne illness (FDA.org). 

 

When do I need to comply by? 

Depend on the size of your farm.  

Compliance Dates 
For: 

Very Small 
Business 

(>$25,000- 
$250,000) 

Small Business 
(>$250,000- to 

$500,000) 

Other businesses 
(Not Small 
>$500,000) 

 
Sprouts 

 
1/28/2019 1/26/2018 1/26/2017 

All other covered 
produce 

 
1/27/2020 1/28/2019 1/26/2018 

Agricultural 
Water 

 
1/26/2022 1/26/2021 1/27/2020 

Qualified 
Exemption 

labeling 
requirement 

1/1/2020 N/A 

Start Keeping 
records to Prove 

Exemption 
1/26/2016 N/A 

 
I want to use Sanitizers in my water. How do I decide which one to use? 
If using sanitizers (not required, but can help with preventing spread of pathogens): 

- Bleach is not an acceptable form of sanitization 
- Make sure it is safe for washing produce, safe for your workers, and the 

environment.  
- Using a sanitizer counts as treating the water, so make sure to record any 

treatment done as a “corrective measure”. 
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List of Approved Sanitizers:  

- https://ag.purdue.edu/hla/fruitveg/Presentations/SanitizersApprovedforWasho
rProcessWatertwopagesAJD.pdf  

 
List of Approved Organic Sanitizers: 

- https://www.ams.usda.gov/sites/default/files/media/8%20Cleaners%20and%2
0Sanitizers%20FINAL%20RGK%20V2.pdf  
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