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ABSTRACT 

Dairy industry is important for milk production and has substantial contribution to the California’s 

economy, however, dairy farms also produce manure, which impacts the environment. Dairy 

manure contains carbon, nitrogen and phosphorus, which are beneficial to soil. Manure also 

contains many bacteria including human pathogen, such as Salmonella and Escherichia coli (E. 

coli) which poses risk to public health. In this research, an intensive reconnaissance survey of 

manure stored in dairy lagoon was conducted to determine the prevalence of E. coli and 

Salmonella. In addition, an attempt was made to develop the ozone and air-based treatment method 

to reduce pathogen in liquid manure. First a comprehensive review on microbial pollution of 

manure, and various control method was performed (Chapter 1). Secondly, a field study was 

undertaken to collect dairy manure from 20 dairy farms to determine the prevalence of indicator 

E. coli, Shiga toxin producing E. coli (STEC), and E. coli O157:H7 (Chapter 2). Finally, a lab 

scale experiment was developed to determine the impact of ozone and air injection on E. coli 

inactivation in liquid manure (Chapter 3). The first chapter addresses the issues of microbial 

pathogen in manure and associated risk to human, animal and environment and impacts of various 

treatment methods on bacteria control. Previous studies showed that anaerobic digestion reduces 

E. coli and Salmonella under prolonged incubation and high temperature conditions, however, 

many anaerobic pathogens such as Clostridium survive anaerobic environment. In anaerobic 

incubation, E. coli level is reduced, but these bacteria are not eliminated completely. In the second 

chapter, several bacteria testing methods were used to determine the prevalence of E. coli, 

Salmonella, STEC and E. coli O157:H7 which are common pathogens in dairy manure. About 177 

manure samples were collected from 20 dairy farms from primary and secondary lagoons to test 

the bacteria using agar culture-based methods, polymerase chain reaction (PCR) method for 

detection of E. coli and Salmonella. In addition, a real- time PCR based method was used to 
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determine the presence of E coli O157:H7. Results showed that the prevalence of Salmonella in 

manure sample is lower than E. coli. The bacteria detection approach presented here could reduce 

the number of testing required during downstream confirmation process. The presence of 

Salmonella was found in 2.26 % of the samples, and both the culture-based and PCR methods 

yielded comparable outcomes in detecting Salmonella. Moreover, approximately 11.30% of the 

total samples out of the 177 were identified as positive for STEC by qPCR. None of the lagoon 

samples were positive to E coli O157:H7 by qPCR. The outcomes of this study hold substantial 

importance to determine the microbial quality of lagoon manure, and aid in the selection of 

appropriate methodologies for determining the prevalence of pathogenic organisms in dairy 

manure. In the third chapter, lab scale experiments were conducted to determine the impacts of 

ozone injection (Ozonation) and air injection (Aeration) in liquid dairy manure on E. coli reduction. 

Liquid manure was exposed to ozone and air for multiple durations (0 min, 60 min, 120 min, and 

240 min) and E. coli levels were determined. Further, manure samples were analyzed for pH, salt 

content, potassium (K+), sodium (Na+), nitrate (NO3-), calcium (Ca2+), and electrical conductivity 

(EC, mS/cm). Results showed that Ozonation can be an effective treatment method to reduce E. 

coli levels in liquid manure. Further nitrate ions were reduced substantially by Ozonation. The 

analysis of variance (one way and two way) revealed significance difference in E. coli and nitrate 

reductions in liquid slurry among ozone and air treatments (p <0.05). The study's results carry 

significance importance in terms of developing a simple field-scale method for reducing microbial 

and nutrient pollutions from dairy lagoon manure. 
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CHAPTER 1: INTRODUCTION 

 

 
1.1 Overview of microbial pollution in dairy manure 

While dairy industry is valuable for milk production, it also generates a large amount of manure, 

and many pathogenic bacteria present in dairy manure poses risk to human health (Han et al. 2019, 

Hodgson et al. 2016). Many foodborne outbreaks of disease are linked with the livestock waste 

(Bicudo and Goyal 2003, Bintsis 2018), and substantial number of foodborne diseases are reported 

to be caused by contaminated fresh produce and animal products (Bintsis 2018, Davis et al. 2016). 

There are many pathogenic bacteria such as E. coli O157:H7, Salmonella, STEC, and 

Campylobacter in manure, and they poses health risks to human. The infective dose for each 

bacteria is different (low to high depending on pathogens) [Table 1.1], however, there has been 

increasing concern about the effects of livestock pathogens on human, and particular attention has 

been given to E. coli, Salmonella, and Campylobacter (Bicudo and Goyal 2003, Bintsis 2018). For 

example, raw milk can cause disease by Campylobacter (Davis et al. 2016), and many fresh 

produce outbreaks by Shiga toxin-producing Escherichia coli (STEC) are reported in the USA 

(Atwill et al. 2015, Baker et al. 2019). More than 265,000 illnesses are reported annually in the 

USA by STEC (Baker et al. 2019), and because of STEC high virulence (5-50 cells can cause 

infection), it is a major concern for dairy industry (Farrokh et al. 2013). In addition, Salmonella is 

responsible for salmonellosis, commonly linked with poultry litter and fecal contamination. 

Though infective dose is high [1,000-10,000 cells], Salmonella is responsible for over 2 million 

cases of infection annually and around 2,000 deaths/year (Bicudo and Goyal 2003, Lung et al. 

2001). Outbreaks related with E. coli and Salmonella are often related with the consumption of 

unpasteurized products and raw vegetables, which were connected with the use of manure during 

growing and harvesting (Lung et al. 2001). 
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Table 1.1: Common sources and infection doses of major pathogens (STEC, E. coli, 

Salmonella, and Campylobacter). 

 

Bacteria Infective dose Common sources References 

E. coli 
O157:H7 

Low [<10-100 
bacteria] 

Livestock waste, 
uncooked food, unclean 

water 

(Baker et al. 2019, Cho 
et al. 2006, Farrokh et 

al. 2013) 

E. coli (STEC) Low 

[< 10 cells] 

Animal waste, dairy, raw 

produce, uncooked ground 

beef 

(Bicudo and Goyal 

2003, Radhika et al. 

2014) 

Salmonella High [1000-10,000 
cells] 

Poultry, egg, 
unpasteurized milk, salad 

 

Campylobacter Low [500 – 800 

CFU] 

Dairy manure, raw 

chicken, raw milk, water 

(Bicudo and Goyal 

2003, Chen et al. 2019, 

Davis et al. 2016) 

 
1.2 Persistence of STEC, E. coli and Salmonella in dairy manure 

 
While prolonged storage of manure degrades pathogens in manure, E. coli and Salmonella are 

shown to persist for extended period of time depending on the moisture and environmental 

conditions (Table 1.2). Pathogenic microorganisms, which are zoonotic in nature (i.e., Salmonella, 

E. coli, Campylobacter) are present in manure, and when animal manure is spread on cropland, 

these pathogens are exposed to various environmental conditions, and often many of these 

pathogens survive for extended period of time depending on the weather, manure handling, and 

treatment of manure prior to application (Bicudo and Goyal 2003, Biswas et al. 2018). For 

example, Listeria and E. coli can survive in solid and liquid manure for many months (Biswas et 

al. 2018, Biswas et al. 2016, Black et al. 2021). Viable pathogens present in soil amended with 

manure can be transported to environment by various processes such as leaching, and surface run- 

off (Black et al. 2021). In general, treatment of manure by composting has a potential to eliminate 

pathogens because of higher temperature during composting process (> 55 °C), and studies have 

shown that Escherichia coli O157:H7 and Salmonella survived in animal waste, which went 
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through composting process (Chen et al. 2018). Pathogens such as STEC, and Escherichia coli 

O157:H7 are also reported in organic dairy farms, and understanding the prevalence, survival, and 

dissemination of these pathogens is crucial in order to prevent the 

Table 1.2: Prevalence of STEC, E. coli and Salmonella in dairy manure 
 

Descriptions Material/source References 

High prevalence of pathogens in animal 

feces was observed in stored manure. E. 

coli survival rate was observed relatively 

higher in stored manure as compared to 

milk, bedding, fecal and soil samples. 

Solid dairy 

manure 

(Toth et al. 2013) 

A significantly higher prevalence of E. 

coli O157 was noted in herds that grazed 

in land, which was amended with 

manure, and farm level control of 

pathogens may provide benefits 

Manure amended 

soil 

(Hancock et al. 1998) 

The prevalence of E. coli O157 and 

Salmonella spp. in dairy manure was 

15.4% and 6.6% respectively. 

Solid dairy 

manure 

(Chen et al. 2019) 

E. coli and Listeria survived in the solid 

dairy manure piles for over 29 weeks. In 

slurry samples, E. coli was not detected 

after 14 weeks, but Listeria survived 

more than 29 weeks. 

Solid and liquid 

dairy manure 

(Biswas et al. 2018) 

Presence and survival of Escherichia coli 

in liquid fraction of dairy slurry on acidic 

environment. 

Liquid slurry (Soares et al. 2019) 

A prevalence rate of 9% for stx1 and/or 

stx2and 19% for rfbE was observed from 

the 518 dairy manure samples 

Dairy manure (Baker et al. 2019) 

Prevalence of Shiga Toxin-Producing 

Escherichia coli stx1, stx2, eaeA, and E. 

coli O157:H7 in Organic dairy farm 

manure 

Dairy manure (Franz et al. 2007) 

 

spread of microbial pathogens to the environment and ambient water (Franz et al. 2007). Spreading 

of manure on cropland, and its subsequent transport to surface water by runoff can cause food 
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borne contamination. For example, studies were able to detect E. coli and antibiotic resistant 

bacteria in vegetables and produce crops grown in land receiving manure as fertilizers (Black et 

al. 2021, Nicholson et al. 2005, Tien et al. 2017). 

1.3 Dairy manure treatment methods for pathogen removal 

 
In a dairy farm, both liquid and solid manure waste is produced in a large volume and controlling 

pathogens in manure require on-farm treatment methods. In California dairy farms, liquid solid 

separation and manure storage in lagoons are most common practices. Solid manure separated 

from liquid after flushing the barn is often dried in outdoor by sunshine and stored in the form of 

piles (Biswas et al. 2018, Nicholson et al. 2005, Pandey et al. 2018, Spiehs and Goyal 2007). In 

addition, some dairy farms use composting process to treat manure. More recently, dairy digesters 

are built in dairy farms to treat manure and produce biogas. All these existing manure treatment 

methods have numerous benefits in terms of handling the manure, improving the farm conditions, 

and controlling greenhouse gases and odor (Horan et al. 2004, Pandey et al. 2015, Smith et al. 

2005). However, the impacts of these manure treatment methods on pathogen removal is often 

uncertain because pathogen survival can depends on many factors such as moisture and 

temperature (Nicholson et al. 2005, Pandey and Soupir 2011). A range of studies have reported 

various outcomes in terms of pathogens survival in various manure treatment processes (Table 

1.3). Studies have shown that anaerobic digestion process is able to reduce E. coli and Salmonella 

under certain conditions, however, many other pathogens such as clostridia are not removed, and 

temperature of anaerobic digestion seems to play a big role in pathogen removal (Biswas et al. 

2016, Costa et al. 2017, Horan et al. 2004, Pandey et al. 2016). 
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Table 1.3: Manure treatment methods and pathogen removal. 
 
 

Treatment methods Effect on pathogen removal References 

Large-scale manure 

treatment (i.e., liquid solid 

separation, screening 

clarifier, anaerobic 

Anaerobic digestion found to remove manure 

indicator bacterial, however, liquid solid 

separation has minimal impact in pathogen 

removal. 

(Liu et al. 2016) 

Anaerobic digestion and 

storage 

Anaerobic digestion significantly reduced 

indicator bacteria like lactobacilli, coliforms, 

and streptococci, and it lowered coliforms in 

pig slurry, and streptococci in dairy manure. 

Clostridia was not reduced. 

(Costa et al. 2017) 

Mesophilic anaerobic 

digestion 

Mesophilic digestion was found to reduce E. 

coli, Listeria, and Salmonella. However, the 

numbers of Campylobacter were unchanged. 

(Horan et al. 2004) 

Moderate, mesophilic and 

thermophilic anaerobic 

digestion 

E. coli inactivation was greatly depends on 

temperatures and incubation period. At 

thermophilic temperature, E. coli inactivation 

was relatively faster than mesophilic and 

moderate temperature. 

(Pandey and 

Soupir 2011) 

Composting of dairy 

manure 

Large populations of E. coli O157:H7 

survived for 36 days during composting at an 

external temperature of 21 °C, however, E. 

coli was inactivated in 7-14 days when the 

external temperature of the bioreactor was 50 

°C. 

(Jiang et al. 2003) 

Composting of pig 

manure 

Composting process reduced E. coli and 

Enterococcus and eliminated Salmonella. 

Bacillus licheniformis and Clostridium 

sporogenes were recoverable in compost 

products. 

(Mc Carthy et al. 

2011) 

On-farm dairy manure 

composting 

Composting with turning can be an option to 

inactive E. coli O157:H7 on-farm dairy 

manure. 

(Shepherd et al. 

2007) 

Pig litter composting Windrow composting successfully removed 

Salmonella and decrease fecal coliform. 

(Tiquia et al. 1998) 
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In general, temperature in composting as compared to anaerobic digestion is higher, and high 

temperature during composting process is found to be more suitable in removing pathogens. 

However, the removal of pathogens could vary depending on the temperature level, moisture and 

turning frequency during compost process (Jiang et al. 2003, Mc Carthy et al. 2011). In addition 

to composting, desiccation process found to play a role in elimination of coliform. The number of 

coliforms is reduced by 102 – 104 in manure with the progression of composting process, and once 

the temperature of compost reaches to thermophilic conditions (Larney et al. 2003), E. coli levels 

in dairy manure is reduced substantially with periodic pile turning (Shepherd et al. 2007). 

1.4 Dairy manure aeration 

 
Dairy manure produces odors, and aeration of manure in lagoons is found to control odor and 

ammonia (Schroeder et al. 2011, Westerman and Zhang 1997, Zhang et al. 2004). While energy is 

a major factor which prohibit continuous aeration of lagoons, sporadic aeration of lagoon is 

common in dairy farms, which increases oxygen levels in manure (Zhang et al. 2004). Because of 

low oxygen environment in liquid manure stored in lagoons, the decomposition of organic matter 

under anaerobic condition occurs, which produces odorous gases such as ammonia, hydrogen 

sulfide, and volatile compounds (Westerman and Zhang 1997). Experiment showed that sporadic 

aeration in headspace of anaerobic digester reduces hydrogen sulfide substantially without 

affecting methane production rate (Mulbry et al. 2017). Aeration process assist in enhancing 

aerobic decompositions, reducing volatile fatty acids (VFA) and Biological Oxygen Demand 

(BOD), and pathogens (Zhang et al. 2004). 

Aeration of dairy manure slurry stored in lagoons is done by various methods (Figure 1.1) such as 

injection of compressed air, mechanical surface aeration, mechanical subsurface aeration, and 

liquid pumping/recycling to lagoons (Westerman and Zhang 1997). In general, both air injection 
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and mixing is used in dairy lagoons to create aerobic environment. Majority of the aeration systems 

used in dairy lagoons are in two categories: 1) surface aeration; and 2) diffuse aeration (Figure 

1.1). In surface aeration, motor-mounted propeller are used to circulate surrounding lagoon water, 

which facilitate air (Fig. 1.1(C)). Oxygen transferring into the liquid is done by either shearing the 

liquid surface or by injecting air through orifices (Rosso et al. 2008). Motor- 

 

 

Figure 1.1: Aeration of dairy manure slurry: A) diffuse aeration; B) aeration by bank mounted 

aeration pump; C) mechanical aeration; and D) tractor PTO driven lagoon pump. Modified online 

images [A, B, C, D]. Available from: https://blog.wastewater.com/technical-bulletin-178-selecting- 

lagoon-aeration-systems; https://www.netsolwater.com/mechanical-wastewater-vs-diffused-air- 

aeration-systems.php?blog=2007; https://www.hydroinnovations.com.au/training/aeration-systems- 

are-important; http://nuhn.ca/products/manure-pumps/lagoon-pump/; 

https://www.youtube.com/watch?v=YctXi9jDK8U. [Accessed 3 December, 2023]. 
 

-mounted propeller-based aerator are portable and can be easily moved from one farm to another. 

However, these are considered to be less efficient (Mukhtar et al. 2010). Venturi aeration system 

    

 C. Mechanical aeration    D. PTO driven lagoon pump  

B. Bank mounted aeration 
 

A. Diffuse 
 

https://blog.wastewater.com/technical-bulletin-178-selecting-lagoon-aeration-systems
https://blog.wastewater.com/technical-bulletin-178-selecting-lagoon-aeration-systems
https://www.netsolwater.com/mechanical-wastewater-vs-diffused-air-aeration-systems.php?blog=2007
https://www.netsolwater.com/mechanical-wastewater-vs-diffused-air-aeration-systems.php?blog=2007
https://www.hydroinnovations.com.au/training/aeration-systems-are-important
https://www.hydroinnovations.com.au/training/aeration-systems-are-important
http://nuhn.ca/products/manure-pumps/lagoon-pump/
https://www.youtube.com/watch?v=YctXi9jDK8U
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mix the liquid and aerate lagoons (Fig. 1.1 (B)), which requires pump to draw slurry from the 

lagoons and pumps liquid into the venturi system that creates mixing and oxidation zone 

effectively (Yadav et al. 2021). The venturi aerator are small in size, and facilitate mixing and 

equalization in lagoons (Fig. 1.1 (D)), and are considered to be useful for sewage treatment 

(Anastasi et al. 2012, Anastasi et al. 2013) and supplying oxygen steadily to liquid manure 

efficiently (Mukhtar et al. 2010, Yadav et al. 2021). In addition, diffuse aerator are also used in 

dairy lagoons (Fig. 1.1 (A)), which provides oxygen from the bottom to the top, which facilitate 

mixing more uniformly (Vagheei 2021). These systems are found to be suitable in avoiding 

overloading and toxic conditions, and also provide continuous aeration at low cost without creating 

the turbulence and turbidity in lagoons (Rosso et al. 2008, Vagheei 2021). In general, aerator are 

found to be capable of reducing ammonia and odor, however, studies have shown that aeration 

does not reduce nitrate and bacteria, and therefore, Ozonation can be a good option because it can 

affect both nitrate and bacteria (Alkoaik 2009, Huang et al. 2022, Lin and Wu 1996, Schroeder et 

al. 2011) 

1.5 Ozonation of dairy manure 

 
Ozone is effective in removing odor and disinfecting the waste water (Botondi et al. 2023). Ozone 

is a strong oxidizing agent and ozone induced oxidation process can reduce bacteria and pathogens. 

Results showed that over 60% odor was reduced when ozone was injected into liquid slurry 

(Alkoaik 2009). The use of ozone technology (Figure 1.2 (A-D)) is considered to be eco-friendly 

for sanitization of the products of dairy supply chain (Botondi et al. 2023). For example, ozone is 

used for sanitizing air, water and food (Rangel et al. 2021). Ozone can be easily produced in large 

quantity from atmospheric air with the help of ozone generator, and ozone enhances the 

characteristics of sludge (Ried et al. 2014). It can assist in controlling buildup of foam in waste 
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water during treatment process (Ried et al. 2014). In waste water treatment, liquid solid separation 

is essential, and it can be affected adversely by bulking and foaming (Figure 1.3 (A-B)). Even low- 

dose gaseous ozone is found to be effective in removal of pathogenic bacteria. In a study, 

chronically infected wounds were exposed to the low-dose ozone, and results showed that eight 

strains: Escherichia coli, Staphylococcus aureus, Staphylococcus aureus, Enterococcus faecalis, 

Klebsiella pneumoniae, Acinetobacter baumannii, Acinetobacter baumannii, and Pseudomonas 

aeruginosa were completely inhibited by ozone (Fontes et al. 2012). Ozone inhibit the cell viability 

of E. coli, P. aeruginosa and A. baumannii (15%) considerably (Rangel et al. 2021). 

 

 

(A) 
 

Ozone 
injection 

 

Waste 

Mixing pump Gas exit Waste 
 
 
 

 
Treated 
liquid 

 

(B) 
 

Treatment chamber 

 
Ozone generator 

Treated waste 
 

 
Clarifier 

 
 
 

Sludge 

 
 
 
 

(C) 

 
 

(D) 

 

Ozone reaction 

 
Return sludge 

Digestion 

 
 
 
 
 
 
 
 

Figure 1.2: Ozone based treatment of wastewater: A) ozone injection and mixing; B) ozone 

reaction in clarified connected waste water system; C) ozone filtration; and D) ozone wastewater 

treatment. Modified online images [A, B, C, D]. Available from: https://chemtech- 

us.com/articles/effectiveness-and-benefits-of-ozone-filtration-for-wastewater-treatment/; 

https://www.ozcon.co.uk/applications/ozone-water-treatment/ozone-wastewater/; 

https://www.indiamart.com/proddetail/used-ozone-generators-20170002355.html; 

https://www.wateronline.com/doc/expansion-and-upgrade-of-wwtp-ozone-disinfection-system- 

reduces-cost-by-0001. [Accessed 3 December, 2023]. 

https://chemtech-us.com/articles/effectiveness-and-benefits-of-ozone-filtration-for-wastewater-treatment/
https://chemtech-us.com/articles/effectiveness-and-benefits-of-ozone-filtration-for-wastewater-treatment/
https://www.ozcon.co.uk/applications/ozone-water-treatment/ozone-wastewater/
https://www.indiamart.com/proddetail/used-ozone-generators-20170002355.html
https://www.wateronline.com/doc/expansion-and-upgrade-of-wwtp-ozone-disinfection-system-reduces-cost-by-0001
https://www.wateronline.com/doc/expansion-and-upgrade-of-wwtp-ozone-disinfection-system-reduces-cost-by-0001
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Because of ozone’s unique properties such as high reactivity, and no leftover harmful residues, 

ozone is considered to be one of the potential options to disinfect dairy farm, and improve hygiene 

and biosecurity of dairy products (Megahed et al. 2018). Research showed that low level of ozone 

for shorter time can also be effective in removal of pathogens from various material surfaces, 

which are hard to disinfect (Megahed et al. 2018). 

 

Figure 1.3: Impact of ozone on controlling foam formation: A) foam formation in waste 

water treatment; B) reduced foam formation by Ozonation (Ried et al. 2014); and C,D) Ozone 

treatment of wastewater. Modified online images [A, B, C, D]. Available from: 

https://www.semanticscholar.org/paper/Ozone-to-Control-Bulking-and-Foaming-in- 

Municipal-Ried-Wang/8023d02b3ef143cb5eb072cac029ce17b8945df4/figure/2 ; 

https://ozonesolutions.com/wastewater; https://www.semanticscholar.org/paper/Application- 

of-ozone-in-wastewater-treatment-%3A-For- 

Nilsson/9947e5257ee1a79f5381b7899446a6d58e9d7ff1#extracted. [Accessed 3 December, 

2023]. 
 

Although pathogenic bacteria in dairy manure pose serious risks to public and animal health, there 

are limited options to control microbial pollution in dairy manure mainly because the existing 

methods such as drying and heating are cost prohibitive for enormous volume of manure produced 

in each dairy farm. While sporadic aeration is used in dairy farms for mixing the liquid slurry and 

http://www.semanticscholar.org/paper/Ozone-to-Control-Bulking-and-Foaming-in-
http://www.semanticscholar.org/paper/Ozone-to-Control-Bulking-and-Foaming-in-
https://ozonesolutions.com/wastewater
https://www.semanticscholar.org/paper/Application-of-ozone-in-wastewater-treatment-%3A-For-Nilsson/9947e5257ee1a79f5381b7899446a6d58e9d7ff1#extracted
https://www.semanticscholar.org/paper/Application-of-ozone-in-wastewater-treatment-%3A-For-Nilsson/9947e5257ee1a79f5381b7899446a6d58e9d7ff1#extracted
https://www.semanticscholar.org/paper/Application-of-ozone-in-wastewater-treatment-%3A-For-Nilsson/9947e5257ee1a79f5381b7899446a6d58e9d7ff1#extracted
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controlling the odor, there is limited information on the removal of pathogenic organisms from 

dairy lagoon manure by aeration. In wastewater treatment system, Ozonation is used as a tertiary 

treatment method to eliminate harmful bacteria and odor, however, existing knowledge on the use 

of ozone for treating dairy manure stored in lagoon is weak. In addition, there is a knowledge gap 

in the prevalence of pathogens such as STEC, Salmonella, and E. coli O157:H7 in manure stored 

in dairy lagoons. 

The overall goal of this study is to develop an improved understanding of pathogen contamination 

in liquid manure stored in dairy lagoons, and evaluate the potential treatment methods to control 

pathogenic bacteria in liquid manure prior to its application as fertilizer. The specific objectives of 

this study are to: 1) determine the relative prevalence of E. coli, Salmonella, and STEC in dairy 

lagoon; 2) determine the impacts of Ozonation of bacteria removal in dairy lagoon slurry; and 3) 

evaluate the impacts of Aeration on E. coli removal, and compare with Ozonation process. In this 

thesis, there are three chapters. The first chapter is focused on understanding the issues of microbial 

pathogen in manure, and associated risks to human, animal, and environment. The second chapter 

is focused on determining the prevalence of pathogens in dairy lagoons in California. 

Subsequently, the third chapter is focused on developing the manure treatment methods for 

controlling microbial pathogens in dairy manure stored in dairy lagoons. 
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CHAPTER 2 

 
Determining Escherichia coli, Salmonella, and Shiga toxin-producing 

 

Escherichia coli in dairy lagoons 

 
2.1 Introduction 

 
Dairy industry is one of the top agriculture industry in the United States, which contributes to U.S. 

economy substantially, and it supports approximately 0.2 million jobs, and $21 billion in economy 

(Naranjo et al. 2020, Valldecabres et al. 2022). In dairy farming, one of the major environmental 

and health concerns is the excessive amount of manure production, and potential spread of 

pathogens from manure to food, water, and environment, which poses potential health risks to 

humans and animals (Atwill et al. 2015, Biswas et al. 2018, Pandey et al. 2014, Semenov et al. 

2007). In many agricultural and food product-associated, dairy manure was found to be a potential 

source of contamination (Biswas et al. 2018, Pell 1997, Sheng et al. 2019). The manure from cattle 

(raised in confined feeding operations) contains pathogens such as E. coli, Salmonella, and 

Listeria, which causes outbreaks of foodborne diseases that has received substantial attention in 

the USA (Bicudo and Goyal 2003, Biswas et al. 2018, Tabe et al. 2016, Varsaki et al. 2022). 

 

E. coli and Listeria, are often found in dairy manure which are linked with microbial pollution of 

water (Some et al. 2021, Subirats et al. 2022, Varsaki et al. 2022). A survey in the dairy farm 

environment of 13 dairy operations for detecting five animal borne pathogens (E. coli O157:H7, 

Campylobacter jejuni, Mycobacterium avium ssp., Salmonella enterica, Cryptosporidium parvum) 

showed that E. coli O157:H7 was detected on 6 farms, Mycobacterium avium ssp. was detected on 

10 farms, and Cryptosporidium parvum was detected in feces samples in majority of farms. The 

Campylobacter jejuni and Salmonella enterica were found less frequently (Toth et al. 2013). 
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Another study reported that the environment of cattle farms retains a relatively higher incidence 

of Listeria monocytogenes (Varsaki et al. 2022). While studying the occurrence of Escherichia 

coli O157 and Salmonella spp. in bovine manure, research found the prevalence of E. coli O157 

and Salmonella spp., were 15.4% and 6.6% respectively (Chen et al. 2019). In addition to 

conventional dairy, the harmful STEC is also prevalent in manure from organic dairy farm (Franz 

et al. 2007). 

 

On-farm practices such as waste treatment and herd management play an important role in 

controlling microbial pathogens that causes foodborne pathogens (Hancock et al. 1998). For 

example, an evaluation of a survey in 36 dairy herds showed that prevalence of Shiga toxin- 

positive Escherichia coli was related to herd management and waste management (Hancock et al. 

1998). Similar to E. coli in dairy waste, human waste also contains many bacteria including E. coli 

(Anastasi et al. 2012), and controlling it requires implementation of waste treatment methods such 

as anaerobic digestion, composting, aeration, and disinfection technologies (Anastasi et al. 2013). 

Research have shown that E. coli strains can survive waste water treatment processes used in 

sewage waste treatment (Anastasi et al. 2012, Anastasi et al. 2013, Yu et al. 2022). Because of 

manure borne pathogens, soils amended with raw and improperly treated manure can pose health 

risks. Knowing the prevalence of pathogens in manure can assist in developing the treatment 

methods, and implementing the improved manure application strategies in cropland (Awasthi et 

al. 2020, Baker et al. 2019, Manyi-Loh et al. 2016, Mc Carthy et al. 2011). 

 

Environmental concerns such as nutrients (nitrogen, and phosphorous), and salts have received 

substantial attention because of related water quality issues, however, the issues of manure borne 

pathogens have received relatively less attention (Pell 1997). Recent outbreaks related with 

Escherichia coli O157:H7, and their linkages with manure have received increased attention 
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(Bintsis 2018, Pell 1997) because of potential risks to human health. Fecal contamination from 

animal facilities can cause produce microbial contamination, which can affect ambient water, and 

soil (Bicudo and Goyal 2003, Bintsis 2018, Pandey et al. 2018, Pandey et al. 2014). 

 

There has been a growing interest to improve our existing understanding of manure borne 

pathogens and associated risks to public and animal health risk (Bicudo and Goyal 2003, Han et 

al. 2019). Even though there are many bacteria, relatively a small population of bacteria is 

pathogens, which cause disease in human (Alberts et al. 2002). As an example, over 700 serotypes 

of E.coli are known, and most varieties are harmless except few, which causes diseases including 

diarrhea (Bean et al. 2004, Manning 2010). E. coli in dairy cows are considered to be an 

opportunistic pathogens, and most E. coli not necessarily cause disease (Bean et al. 2004). E. coli 

is very closely related to two types of foodborne pathogens Shigella flexneri, which causes bloody 

diarrhea, and Salmonella enterica that lead to food poisoning (Alberts et al. 2002). E. coli strains 

such as Shiga toxin-producing E. coli (STEC) can cause serious illnesses because this E. coli 

produces a toxin called Shiga, which damages the lining of small intestine that causes diarrhea 

(Alberts et al. 2002, Manning 2010, Paton and Paton 1998). 

In dairy cows, STEC can be either serotype O157:H7 or non O157. Shiga toxins can be detected 

in both O157 and non-O157 STEC (Hermos et al. 2011). The STEC are a heterogeneous group of 

foodborne pathogens, and transmission of STEC is caused through contaminated foods and water 

(Ballem et al. 2020). In STEC, stx genes produce Shiga toxins (Stx), which are two types (Stx 1, 

and Stx 2) (Scheutz et al. 2012). The STEC serotype, which is most commonly linked with 

outbreaks is O157:H7 (Byrne et al. 2015). Cattle are one of the largest reservoirs of zoonotic STEC 

(Monaghan et al. 2012), which can be transmitted to human by contaminated food and by direct 

contact with manure. 
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While numerous studies have shown the prevalence of E. coli in dairy farm environment, the 

knowledge is limited to evaluate the prevalence of Salmonella enterica and E. coli, and STEC in 

liquid manure stored in dairy lagoons. In California, majority of dairy farms uses flush system to 

clean the free stall/flush lane, where manure is buildup. Manure from flush lane is removed by 

water flow, and flush lane drains manure water into a sediment trap where solid particles get 

deposited (Pandey et al. 2023, Shetty et al. 2023). Subsequently, manure water goes to liquid solid 

separation, where solid is separated from liquid, and liquid goes to lagoons (Pandey et al. 2018). 

The goal of this study is to determine the prevalence of pathogens in liquid manure stored in 

lagoons. The specific objectives of this research are threefold: first, to determine prevalence of E. 

coli and Salmonella in lagoon liquid manure using culture-based method. Second, to verify E. coli 

and Salmonella by polymerase chain reaction (PCR). Third, to examine the presence of STEC and 

Escherichia coli O157:H7 in lagoon liquid manure by quantitative polymerase chain reaction 

(qPCR) and determine the true positive and true negative samples of STEC, and E. coli O157:H7. 

2.2 Material and Methods 

2.2.1 Sample collection 

More than 80% of California’s dairy cows are located in Central Valley, and in this study, we 

randomly selected 20 dairy farms located in Central Valley based on the willingness of farmers 

to support this study. The approximate number of milk cows in each dairy farm varied between 
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Figure 2.1: Flush manure management system, a typical practice used in manure handling in 

Central Valley, California. A) free stall in dairy farm, where cows are fed, and manure is 

collected; B) flush tank, which receives flush manure from free stall/flush lane, and mixer in 

this tank agitate manure before sending it to the liquid solid separator; C) mechanical liquid 

solid separator, which receives liquid manure from flush tank by pumps, and separates liquid 

from manure. After separation, liquid is sent to lagoons, and solid is stored in piles; D) solid 

manure pile after liquid solid separation; and E) dairy lagoon, which store the liquid manure. 
 

700 and 1000. Cows in all dairy farms were predominantly Holstein. Previous history of pathogen 

presence on these farms were unknown. All dairy farms of this study are using flush system to 

clean the manure on free stall/flush lane. Flush manure from free stall passes through liquid solid 

separator, and subsequently liquid manure is stored in lagoons. In each dairy farms, manure 

samples were collected from two lagoons (primary and secondary lagoons), where on-farm liquid 

manure is stored. To collect manure samples from these lagoons, we used amber wide-mouth high 

density polyethylene (HDPE) plastic bottle (250 mL), which reduce UV light transmission. For 

each sampling location, we used sterilized bottles labeled with a simple sample ID. Bottles were 

filled roughly ¼ full, capped tightly, and cleaned with Milli-Q water thoroughly at each sampling 

  (A)  (E) 
Liquid solid separator 

  (C)  

  (B)  

Fl 
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location. To collect manure samples from lagoons, we used a telescoping stainless steel rod (8 

feet), and sampling bottle was attached at the end of the pole (i.e., sampling rod). Samples from 

dairy farms were collected in summer between May and September 2021. Dairy farm visits were 

planned based on the farm owner willingness to participate in the study, and agreement was made 

to not disclose the actual farm’s name and actual geographic location of a farm. Majority of lagoons 

were sampled in 4-6 locations, and liquid samples were collected from top surface layer (≈ 1 feet). 

A total of 177 liquid manure samples were collected, and samples were kept at 4°C during 

transportation and until bacterial analysis completed. 

2.2.2 Salmonella testing by culture based method 

 
To test the presence of Salmonella, we used XLT-4 agar plates. The work flow used in testing 

pathogens are described in Figure 2.1 (A). For Salmonella testing, 1 mL of manure sample was 

added to a tube that contained 9 mL of buffered peptone water, and we homogenized the samples 

by gently mixing. Subsequently, this sample was incubated for 24 hr at 35°C, and 0.1 mL of 

incubated sample was transferred to a test tube containing 10 mL of Rappaport-Vassiliadis medium 

(RVR10). Test tubes with RVR 10 was incubated at 42°C for 20-24 hrs. The enrichment was 

vortexed, and 100 µL of enriched medium was streaked onto a Xylose lysine tergito 4 (XLT-4) 

agar plates using a sterile loop. These plates were incubated at 35°C for 24-48h. After incubation, 

these agar plates were examined for typical Salmonella colonies (red colonies with a black center). 

Negative samples were discarded, and 2-3 colonies were picked for confirmation by polymerase 

chain reaction (PCR) method, which is described in section 2.2.3. 
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Figure 2.2: Workflow for testing E. coli and Salmonella from manure using culture based 

method and subsequent confirmation by PCR. Left side procedure shows the flow of testing for 

Salmonella, and right side procedure shows the flow for testing E. coli. The procedure involved 

enrichment steps for detection and isolation of Salmonella and E. coli. 

 

2.2.3 E. coli testing by culture based method. 

 
To test E. coli, we used MacConkey (MAC) agar plates. The workflow for testing E. coli is 

described in Figure 2.1 (B). For E. coli testing, 1 mL of liquid manure sample was added to a test 

tube that contains 9 mL of MacConkey. Samples were homogenized then incubated at 35°C for 24 

h. One loopful from each container of MacConkey broth was streaked onto the first quadrant of a 

MacConkey (MAC) agar plate, and the remainder of the plate was streaked to obtain isolated 

colonies.. Plates were incubated at 35°C for 24 h, and each agar plate was examined for typical E. 
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coli colonies (pink to dark pink). If no growth was observed on MAC agar plates, then plate was 

discarded. Presumptive E. coli colonies on  agar plates were confirmed by PCR. 

2.2.4 E. coli, Salmonella, STEC and E. coli O157:H7 confirmation by PCR and qPCR 

methods 

After isolating presumptive E. coli colonies, Genomic DNA from confirmed E. coli colonies was 

extracted using Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Irvine, CA) 

(Bowman et al. 2023), which uses a simple method for the rapid isolation of total DNA (Atwill et 

al. 2015). A simple procedure for genomic DNA extraction (Figure 2.3 (A)) and PCR testing is 

shown in Figure 2.3 (B). The use of conventional PCR method (Figure 2.3 (B)) provided the 

confirmation of E. coli. These strains were confirmed as E. coli by PCR amplification of the 

universal stress protein (Chen and Griffiths 1998). The reaction mixture included a master mix of 

1,730 µl filter-sterilized, 100 µL deoxynucleoside triphosphate (dNTP; 10 mM), Milli-Q water 

(autoclaved), 250 µL 10 × Bioline PCR buffer, 150 µL MgCl2 (50 mM), 25 µL of forward and 

reverse uspA primers (50 mM) (Invitrogen), 2.0 µL of purified bacterial DNA, and 20 µL Taq 

polymerase (Bioline). The PCR conditions of denaturation were 5 min at 95°C followed by 30 

cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C; and a final extension step of 5 min at 72°C 

were programmed. The primer sequences used were (forward) 5’-CCGATACGCTGCCAATCA 

GT-3’ and (reverse) 5’-ACGCAGACCGTAGGCCAGAT-3’, which are found to be specific to the 

uspA gene that is expressed in E. coli strain, and it generates 884-bp fragment (Chen and Griffiths 

1998). These amplified PCR products were used in electrophoresis on 2% agarose gels in 0.6 × 

Tris base-EDTA (TBE) buffer and stained with ethidium bromide. Subsequently confirmed 

isolates were further tested for Shiga toxin-producing E. coli (STEC) and E. coli O157:H7. 
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(B) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.3: Overall workflow and procedure for genomic DNA extractions (A) from 

isolated colonies for testing E. coli, Salmonella by PCR (B). 

The isolates, which were confirmed as E. coli by PCR were used for real-time PCR (qPCR) testing 

to examine if isolates were Shiga toxin-producing E. coli (STEC) and E. coli O157:H7. The 

isolated DNA of confirmed E. coli was screened for stx1, and stx2 to identify STEC samples using 

the protocol described elsewhere (Baker et al. 2019, Suo et al. 2010). In qPCR testing, a Bio-Rad 

iCycler Optical Model was used in a 20 μL reaction [2 μL of DNA, 0.3 μM of each primer, 10 μL 

iTaq universal probes supermix, 0.25 μM of each probe, and 7.6 μL of sterile DNA grade water]. 

The conditions for qPCR were: 95˚C for 20 s, 40 cycles of 95˚C for 3 s, 60˚C for 30 s, followed 

by a 4˚C hold (Baker et al. 2019). 

E. coli O157:H7 was tested by targeting the detection of rfbE, which is commonly used for 

determining the presence of E. coli O157:H7 (Baker et al. 2019, Jacob et al. 2012). Genomic DNA 

from previous confirmed E. coli was used in qPCR testing. The PCR reaction with 20 μL consisted 

of 2μL of DNA, 10 μL of iTaq universal probes supermix, 5 μL of sterile DNA grade water, and 

0.5 μM of primers and probes. Temperature conditions of 95˚C for 10 min, 45 cycles of 95˚C for 

(A) DNA extraction 

Sample 

Lysate 
loading 

Spinning 

Sample lysis 
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15 s, 56˚C for 20 s, 72˚C for 40 s, followed by a 4˚C hold, were used (Baker et al. 2019, Jacob et 

al. 2012). 

To conduct PCR for testing Salmonella, forward primer 51413371, SalmF-Inva 162994111 IDT 

[5’—ACA GTG CTC GTT TAC GAC CTG AAT—3’]; Tm =58.4 ºC; MW=7,327.8; 100µM in 

664 µl IDTE Buffer pH8.0 was used. The reverse primer for Salmonella testing was SalmR-Inva 

162994112 IDT 51413372 [5’—AGA CGA CTG GTA CTG ATC GAT AAT —3’]; Tm=55 ºC; 

MW=7,400.9; 100µM in 788 µl IDTE Buffer pH8.0. A 25 µl reaction volume included 12.5 µl 

dream mix, 0.1 µl Salmonella forward primer, 0.1 µl Salmonella reverse primer, 10.3 µl dH2O, 

and 2.0 µl DNA template. PCR conditions of initial denaturation at 95°C for 3 min, 30 cycles of 

95°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min, followed by a final extension at 72°C for 7 

min, then hold at 4°C were used. 

2.2.4 Data analysis 

The prevalence of E. coli, STEC, Salmonella, and E. coli O157:H7 was determined as the number 

of positive samples for each serotype divided by the total number of samples, which were used for 

evaluation. In addition, we created a confusion matrix (2 × 2) (Figure 2.4) using the number of 

positive and negative samples obtained in each approach. The results of positive and negatives 

samples obtained from culture based method, PCR method, and qPCR method were used to 

determine the true positive and negative samples, and this approach of data analysis is described 

elsewhere (Shental et al. 2020). 
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Figure 2.4: Confusion matrix for determining true positive, and true negative manure 
 

 

 
 

2.3 Results and discussion 

 
2.3.1 E. coli and Salmonella testing by culture-based method, PCR, and qPCR 

 
A total of 177 liquid manure samples were collected from lagoons of 20 dairy farms (Figure 2.5 

(A)). Out of these a total 88 samples were collected from primary lagoons, and 89 were from 

secondary lagoons (Figure 2.6). In general, equal number of samples were collected from both 

lagoons (primary and secondary). The second detection method was PCR, and all samples, which 

were found to be positive in culture based method were tested by PCR. Subsequently, qPCR 

method was used for detecting pathogenic E. coli strains, and all positive E. coli samples by PCR 

were further tested by qPCR. All positive and negative dairy manure samples from lagoon by 

culture-based test method are shown in Figure 2.5 (B). Out of 177, a total of 142 samples were 

positive for E. coli, and 4 samples were positive for Salmonella (Figure 2.5 (B)). All four samples, 

which were positive for Salmonella were also found to be positive for E. coli. Further testing by 

PCR-based method revealed that the samples (n = 4), which were positive for Salmonella by 
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culture-based method, were also found Salmonella positive by PCR method (Figure 2.5 (C)). In 

terms of E. coli, however, PCR based method revealed that out of 142 positive samples by culture- 

 

 
 
 

 

Figure 2.5: Sample number, detection methods, design, and number of positive and negative 

samples. A) number of dairy farms (DF) a total DF of 20, and sample number were a total 

of 177); B) E. coli and Salmonella detection using culture based method (Method 1) (left 

panel shows Salmonella positive and negative samples; and right panel shows E. coli 

positive and negative samples; C) confirmation of Salmonella and E. coli positive and 

negative samples by PCR (Method 2) (red dots indicate positive samples, and black dots 

indicate negative samples); and D) pathogenic E. coli (STEC, and E. coli O157:H7) detection 

by qPCR (left pane shows STEC positive and negative samples, and right panel shows E. 

coli O157:H7 positive and negative samples). 
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based method, only 57 samples were positive for E. coli (Figure 2.5 (C)). To determine pathogenic 

 

E. coli strain, we used qPCR, and results are shown in Figure 2.5 (D), which indicates that 20 

samples were positive for STEC, and none of the samples were positive for E. coli O157:H7. The 

approach presented here can reduce the number of testing required during downstream 

confirmation process as compared to retesting each individual sample (both positive and negative) 

by all three methods. Results showed that number of positive samples for Salmonella were 

considerably low as compared to E. coli. 

 

 

Figure 2.6: An image of primary lagoons and secondary lagoons (A), and sample distribution 

of primary and secondary lagoons (B). Depending on the system used for liquid and solid 

separation in dairy farms, total solid contents in manure in primary and secondary lagoons 

changes substantially. 
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2.3.2 Use of confusion matrix to determine true positive samples for E. coli, STEC, and E. 

coli O157:H7 

In each testing method, we quantified the number of false negative (FN), false positives (FP), true 

negative (TN), and true positive (TP) samples, which were used to create the confusion matrix 

(Figure 2.7). The criteria for FN, FP, TP, and TN are shown in Figure 2.7. In brief, TP is an 

outcome, when both test methods (culture and PCR) produced the positive results. The TN is an 

outcome, when both test methods produced negative results. All positive samples from 

downstream testing procedure (PCR and qPCR) were compared with the culture based method. 

This approach of identifying the true positive and false negative samples has been found to be 

effective in efficient high-throughput SARS-CoV-2 testing to detect asymptomatic carriers 

(Shental et al. 2020). Figure 2.7 shows matrix used in determining true positive and true negative 

samples, and corresponding matrix results, which revealed that the number of true positive, true 

negative, and false positive samples varied considerably depending on the pathogens of interest. 

While comparing the results of Salmonella detection based on culture method and PCR method, 4 

samples were true positive, and 173 samples were found to be true negative. 
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Figure 2.7: Experiment results of E. coli, Salmonella, STEC, and E. coli O157:H7 testing 

and related positive and negative samples in the form of confusion matrix. Matrix method, 

which compared the culture based results (E. coli) with PCR based results of (Salmonella and 

E. coli) is shown left side (A), and the results of matrix is shown on right side (B). Experimental 

results of true positive, false positive, and true negative are shown in bottom (C). 

 

 

 

 

In downstream testing process, when we compared the culture-based results of E. coli with PCR 

based detection of E. coli, 57 samples were true positive for E. coli, and 120 samples were true 

negative for E. coli. False positive samples for E. coli were 85 (Figure 2.7 (B)). While comparing 

the results of STEC positive samples with culture based E. coli (i.e., indicator E. coli), 20 samples 

were true positive for STEC, and 35 were false positive, and 157 samples were true negative. 
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Results of qPCR based method revealed that there were no samples which were qPCR positive for 

 

E. coli O157:H7. All of 177 samples were negative for E. coli O157:H7. A total of 143 samples 

were positive for E. coli using culture based method. These E. coli positive samples were 

potentially non positive for E. coli O157:H7 (by qPCR). Comparative true positive, false positive, 

true negative samples for Salmonella, E. coli, STEC, and E. coli O157:H7 are shown in Figure 2.7 

(C). The true positive and true negative samples for Salmonella were 4 and 173, and these values 

for E. coli based on PCR method were 57, and 120. These values for STEC were 20 and 157. 

2.3.3 Positive and negative samples of primary and secondary lagoons and positivity rate 

 
The positive and negative samples were further categorized based the samples locations (i.e., 

primary lagoon and secondary lagoon), and results are shown in Table 1. Out of 143 positive 

samples by culture-based method, 74 samples were from primary lagoons, and 69 were from 

secondary lagoons. Out of 4 Salmonella positive samples, two were from primary lagoons, and 

two were from secondary lagoons. There were 20 STEC positive samples, and 13 were from 

primary lagoons, and 7 were from secondary lagoons. None of the samples were positive for E. 

coli O157:H7 from primary and secondary lagoons. Further analysis was conducted to determine 

the prevalence of pathogens in terms of positivity rate (percentage of positive samples out of total 

tested samples), which is shown in Figure 2.8. 
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Table 2.1: Positive rate and number of positive and negative samples in 

primary and      secondary lagoons. 

 

Number of positive & negative samples (n) 

 
Organisms 

Primary Lagoon 

(PL) 

Secondary Lagoon 

(SL) 

Overall (+) 

(PL + SL) 

E. coli pos. and neg. samples by culture method 74 (+) & 14 (-) 69 (+) & 20 (-) 143 

Salmonella pos. and neg. samples by culture method 2 (+) & 86 (-) 2 (+) & 87 (-) 4 

Salmonella pos. and neg. samples by PCR 2 (+) & 86 (-) 2 (+) & 87 (-) 4 

E. coli pos. and neg. sample by PCR 27 (+) & 47 (-) 30 (+) & 59 (-) 57 

STEC pos. and neg. by PCR method 13 (+) & 61 (-) 7 (+) & 82 (-) 20 

E. coli O157:H7 pos. and neg. by qPCR 0 (+) & 88 (-) 0 (+) & 89 (-) 0 

 Positive rate (%) Overall (%) 

 Primary Lagoon 

(PL) 

Secondary Lagoon 

(SL) 

Overall 

(PL + SL) 

E. coli pos. and neg. samples by culture method 84.09% 77.53% 80.79% 

Salmonella pos. and neg. samples by culture method 2.27% 2.25% 2.26% 

Salmonella pos. and neg. samples by PCR 2.27% 2.25% 2.26% 

E. coli pos. and neg. sample by PCR 30.68% 33.71% 32.20% 

STEC pos. and neg. by PCR method 14.77% 7.87% 11.30% 

E. coli O157:H7 pos. and neg. by qPCR 0.00% 0.00% 0.00% 
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Figure 2.8: Positive rate (i.e., prevalence) of Salmonella and E. coli in primary and 

secondary lagoons. X-axis shows the pathogen types and corresponding test methods, and 

Y-axis shows the percentage of positive samples. 

 

 
 

Based on the culture test method, 41.81% of samples from primary lagoons were positive for E. 

coli, and 38.98% of samples were positive for E. coli from secondary lagoons. However, the 

percentage of samples, which were confirmed in primary lagoons for E. coli by PCR was 15.25%, 

and 16.95% of samples were confirmed by PCR for E. coli in secondary lagoons. The STEC 

positive percentages were 7.34% in primary lagoons, and 3.94% in secondary lagoons. Only 1.13% 

of samples each from primary and secondary lagoons were positivity for Salmonella. 

The primary focus of this study was to determine the prevalence of positive and negative samples 

in liquid manure from lagoons for Salmonella, E. coli, STEC, and E. coli O157:H7. Previous 

studies in this area of research were limited for California’s dairy farms. Few studies in other 

regions, for example, a survey of animal-borne pathogens in the farm environment of 13 dairy 

operations in southeastern and south-central Pennsylvania evaluated the presence of pathogens 
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including Salmonella enterica, E. coli, and Campylobacter in various farm samples such as 

bedding, feces, milk, and soil materials. Results showed that over 50% of feces samples were 

positive for pathogenic bacteria, and 73% of stored manure samples were positive for pathogenic 

bacteria (Toth et al. 2013). However, the number of samples used in testing for each category were 

limited (sample number varied between 13 and 26 for various categories) (Toth et al. 2013). 

Because of microbial safety issues of dairy manure fertilizer, there are concerns in terms of using 

manure for crops such as raspberry fruit crop and other produce crops (Sheng et al. 2019). Results 

showed that manure application prior to 4 months of harvesting resulted in no major impact on 

food safety of red raspberry (Sheng et al. 2019). In terms of impacts of manure on ambient water, 

extended storage of manure and application of manure several days before runoff reduce microbial 

loading from agricultural land substantially (Meals and Braun 2006). Other studies suggest that E. 

coli O157, Salmonella and Campylobacter survives in the soil after manure application for up to 

one month (Nicholson et al. 2005). In general, livestock waste is used extensively to fertilize the 

crop land, and improper manure management has a potential to contaminate foods and can serve 

as a major source of foodborne pathogens (Tabe et al. 2016). In North Dakota, for example, 136 

manure samples were collected from feedlots, and 40% of samples were positive for Salmonella, 

and 18% were positive for E. coli O157 (Tabe et al. 2016). As reported by various studies, manure 

storage, age of manure, locations of farms, and weather may have substantial impacts on the 

prevalence of pathogens in dairy manure (Ballem et al. 2020, Chen et al. 2019, Cho et al. 2006, 

Franz et al. 2007). Frequent monitoring of microbial quality of manure could help in identifying 

the control measures for reducing microbial pollution from manure to environment and food (Some 

et al. 2021, Tiquia et al. 1998). Understanding the manure physical characteristics (i.e., moisture 

and particle size) in tandem with microbial characteristics can assist in development of manure 



31  

treatment methods which can control microbial pathogens in on-farm treatment practices. On-farm 

practices are essential to mitigate the pathogen risks to animal, human and environment (Ried et 

al. 2014, Smith et al. 2005, Spiehs and Goyal 2007, Westerman and Zhang 1997). 

2.3.4 Conclusions 

 
To determine the prevalence of Salmonella, E. coli, STEC, and E. coli O157:H7 in liquid manure 

stored in lagoons located in California Central Valley, this study was designed to carry out an 

extensive sampling plan followed by microbial testing in manure using various methods. To do 

that we partnered with 20 dairy farms, and over 177 liquid manure samples were collected from 

primary and secondary lagoons. The results suggest that the prevalence of E. coli O157:H7 in 

lagoon manure is low. Generic E. coli was present abundantly in manure. More than 80% liquid 

manure samples were positive for generic E. coli, which was tested in manure samples using the 

culture-based method, however, only 15-17% of positive manure samples by culture-based method 

were also found to be positive E. coli samples by PCR. About 2% of samples were positive to 

Salmonella. Both culture-based method and PCR based method produced similar results for 

Salmonella. About 11% of total samples (out of 177) were positive for STEC, and 35% of 

confirmed E. coli by PCR were found to be positive for STEC using qPCR. This study, and 

findings of this study are significant and could assist in monitoring of pathogenic bacteria in 

manure and help in determining the suitable methods for assessing the prevalence of pathogenic 

organisms in dairy manure. 
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CHAPTER 3 

Impacts of Aeration and Ozonation on E. coli Inactivation in Manure Slurry 

 

 
3.1 Introduction 

 

 
Milk production from dairy industry is important, however, manure, which is a byproduct of dairy 

industry is a concern. One of the major issues related with manure is microbial pollution, and 

controlling risks of pathogens of manure requires implementing the improved manure treatment 

methods. Reduction of microbial loads in manure could reduce health risks to human, animal, and 

environment (Anastasi et al. 2010, Glover et al. 2023, Naranjo et al. 2020, Pandey et al. 2015, 

Pandey et al. 2016). Currently, dairy industry contribute to the U.S. economy substantially by 

providing hundreds of thousands of job, and more than $20 billion annually to its economy 

(Naranjo et al. 2020). Over the years, milk production and number of cows have increased (Davis 

et al. 2016, Naranjo et al. 2020) through intensive farming, which led to increased manure 

production, and consequential risk to public and environmental health (Manyi-Loh et al. 2016, 

Pandey et al. 2014). Needless to say that food and waterborne illnesses and outbreaks put a 

substantial burden on public health and economy (Toth et al. 2013), and reducing the risks to public 

health caused by manure requires intervention and improvement in manure treatment practices. 

Untreated manure application to fertilize cropland can cause microbial contamination and affect 

the public and environmental health. Dairy manure may contain several pathogens such as E. coli, 

Salmonella, Listeria, and Campylobacter, and many zoonotic pathogens from animal production 

systems could move into the human food and water, which causes outbreaks and illnesses (Sheng 

et al. 2019, Toth et al. 2013). 
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To reduce the contamination from manure, on-farm manure management practices such as liquid 

solid separation, lagoons, composting, storage, drying, and anaerobic systems are applied in many 

dairy farms (Biswas et al. 2018, Pandey et al. 2016, Pell 1997, Westerman and Zhang 1997). For 

example, studies have shown that pathogen such as Escherichia coli O157:H7 are reduced during 

on-farm composting when the temperature of the center of compost piles is higher than 50°C, 

however, inactivation of pathogens could be limited, and E. coli O157:H7 are recoverable by 

enrichment, and the rate of E. coli O157:H7 inactivation was similar to generic E. coli (Shepherd 

et al. 2007). 

While testing the effect of anaerobic digestion treatment and storage, results showed a high 

variability of the concentration of bacteria in swine and dairy manure, and anaerobic digestion 

followed by storage at 18°C for 2 months reduced indicator bacteria and Escherichia coli 

O157:H7, however, clostridia was not reduced (Costa et al. 2017). A 29 weeks manure storage 

study showed that E. coli level was reduced in 14 weeks, however, Listeria survived more than 29 

weeks (Biswas et al. 2018). 

Effects of anaerobic digestion and composting process, which are the two most common on-farm 

manure treatment processes, on the reduction of E. coli on dairy manure is investigated in multiple 

temperature conditions such as low temperature, mesophilic conditions, and thermophilic 

conditions (Pandey and Soupir 2011, Shepherd et al. 2007, Smith et al. 2005). Many factors- 

controlled pathogen destruction during anaerobic process, and temperature was the most important 

factor responsible for pathogen reduction. Thermophilic anaerobic system (greater than 50°C) 

reduced E. coli and Salmonella, and mesophilic conditions (25-35°C ) were not able to reduce 

pathogens completely (Pandey and Soupir 2011, Smith et al. 2005). In municipal waste treatment  

plants, anaerobic digestion systems are often used to reduce the load of pathogens including virus, 



34  

and parasites. However, the inactivation rate depends on volatile fatty acid, enzyme, feedstock 

conditions (Zhao and Liu 2019). Compare to anaerobic system, aerobic treatment of manure with 

diffuse air resulted in relatively faster removal of E. coli indicator organisms (Pandey et al. 2016). 

When temperature of manure pile was mesophilic (35°C), the inactivation of E. coli was lower 

than anaerobic and aerobic conditions (Pandey et al. 2016). 

In general, anaerobic digesters are operated in mesophilic temperature range (25-35°C) with 

retention time 20-30 days, and this temperature range is not detrimental to many pathogens. Under 

anaerobic conditions, many aerobic pathogens such as E. coli growth is slowed, but anaerobic 

pathogens such as clostridia, which are strictly anaerobic, can survive for extended period of time 

under mesophilic temperature conditions (Wells and Wilkins 1996). Anaerobic bacteria such as 

pathogenic spore forming Firmicutes are common in animal waste, and inactivation of these 

anaerobic bacteria including Clostridium spp., and Bacillus spp. in mesophilic anaerobic digestion 

can be challenging (Subirats et al. 2022). In contrast, the treatment processes, which produce 

higher temperature such as composting could be more effective in reducing these pathogens, 

especially when thermophilic conditions (temperature > 55°C) are maintained at least six 

consecutive days (Pandey and Soupir 2011, Subirats et al. 2022). However, obtaining thermophilic 

temperature consecutively is often challenging, particularly in small-size composting, and lower 

temperature inside the pile slowed decomposition process and pathogen inactivation (Neugebauer 

and Sołowiej 2017). 

Treatment methods such as Aeration is used in municipal waste treatment and results showed that 

Aeration assists in reduction of coliform bacteria (Arslan Topal et al. 2016, Lau et al. 1992). 

Additional method such as Ozonation is also found to be effective in pathogen control because 

ozone affects bacteria membrane (Zhang et al. 2011). However, both of these methods are rarely 



35  

used in treating liquid dairy manure, which are stored in lagoons. Previously, few studies have 

investigated to determine the impacts of aeration on E. coli inactivation at lab scale (Pandey et al. 

2016, Rosso et al. 2008). The use of gaseous ozone for controlling odor is explored previously and 

found to be an effective ecofriendly method for sanitization (Botondi et al. 2023, Chang et al. 

2022). The existing knowledge is limited in terms of using Aeration and Ozonation for controlling 

E. coli in liquid dairy manure. The goal of this study is to investigate the effects of Aeration and 

Ozonation on E. coli control from dairy manure for a broader understanding and compare the 

impacts of Aeration and Ozonation on manure bacteria inactivation. The specific objectives of this 

research are: 1) determine the impacts of Ozonation on manure E. coli removal, 2) examine the 

impacts of Aeration on manure E. coli inactivation in comparison with Ozonation, 3) asses the 

impacts of solid load in bacteria removal during Ozonation and Aeration, and 4) evaluate the 

change in chemical properties of manure after Aeration and Ozonation. 

3.2 Material and Methods 

3.2.1 Experiment setup and reactors 

To determine the impacts of Ozonation and Aeration, an experiment was designed to conduct 

multiple experiments simultaneously that involve multiple treatments and replicates. The setup 

involved 24 reactor tubes (50 mL), and the experiment setup has following components: A) 

reaction chamber, which can distribute uniform ozone flow and concentrations to each reactor, and 

this chamber was attached with the flow controller to regulate the flow; B) nano ozone generator 

that converts oxygen (O2) into ozone (O3), which can generate 15 g/hr ozone from 4 LPM oxygen, 

and ozone concentrations could be up to 12% by weight (ATL-Series Ozone Generators, Oxidation 

Technologies, LLC, Inwood, IA); C) ozone analyzer (Model 205 Dual Beam Ozone Monitor, 

Broomfield, Colorado, USA), suitable for higher precision and faster response monitoring, and it 
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monitors ozone in real time during reaction; and D) compressed gases, which involved pressurized 

oxygen tank (2000 psi), CGA 540, equipped with a dual stage regulator, and pressurized ultra-zero 

grade air (2000 psi), CGA 590, equipped with a dual stage regulator (Figure 3.1). During 

experiments, ozone concentrations was 2.38 % (± 0.08) wt of O2, and average pressure of injection 

was 1257 (± 27) mbar. The experiments were conducted at 30 (± 0.3) °C. During aeration, air was 

injected (20.9% oxygen) at pressure of 1257 mbar through injection nozzles dedicated for each 

reactor. 

 

Figure 3.1: experiment setup for Ozonation (Ozo) and Aeration (Aer) experiments; A) 

Reaction chamber for conducting the ozone air exposure experiments; B) Ozone analyzer, 

which monitors ozone concentrations at real time before it goes to reaction chamber through 

control valve; C) Ozone generator, which converts oxygen into ozone; and D) Compressed 

oxygen and air gases. 

 

3.2.2 Feedstock and experiment design 

Experiment was conducted in manure collected from three commercial dairy farms, located in 

Central Valley California. Before starting the experiments, fresh raw manure was mixed, and 

manure was converted into slurry by mixing 2 kg of manure into 2 L of water. Subsequently, 

manure was filtered through a 800 micron sieve (8 in diameter ASTEM E11 Test Sieve) to remove 
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the larger particles and undigested fibers in manure. The raw manure total solid (TS) percentage 

was 14.95% (± 1.91%), and volatile solid (VS) percentage was 2.44%. The filtered manure TS and 

VS was 3.69% (± 0.25%) and 0.78% (± 0.14%). Subsequently, this filtered manure was further 

diluted to create six levels of total solid by adding water. These six levels of TS were: 1) TS1 (TS 

= 3.97%); 2) TS2 (TS = 3.57%); 3) TS3 (TS = 3.18%); 4) TS4 (TS = 2.78%); TS5 (TS = 2.38%); 

 

5) TS6 (TS = 1.99%). All these six levels of solids were exposed to the similar flow rate of gases 

(ozone or gas). Experiment design is shown in Figure 3.2 describing the treatments and replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2: Repeated measure experiment design. Experiment involved three treatments: 1) 

Control setup which does not receive any gas; 2) Aeration, which involved diffusion of air into 

manure; and 3) Ozonation, which involved diffusion of ozone into manure. 
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Each treatment of experiments has six levels (TS1-TS6), and each level has three replicates (R1- 

R3). Under control conditions, all reactors were in ambient conditions (at room temperature) 

without Aeration and Ozonation. During experiment, samples were collected from each reactor for 

repeated measurements at four-time intervals (0 min, 60 min, 120 min, and 240 min). Samples 

were tested for E. coli levels, pH, salts (%), potassium (K+), sodium (Na+), nitrate (NO3
-), calcium 

(Ca2
+), and electrical conductivity (EC, mS/cm). The TS and VS were measured using standard 

methods by American Public Health Association (APHA). Samples were measured in aluminum 

dish, and weight of sample and dish was measured prior to analysis. After measurements, samples 

were dried at 104-105°C in an oven until constant weight was achieved (16-18 hours drying). The 

change in weight at 104-105°C determined the TS%. To determine the VS, a muffle furnace 

(550°C) was used. Change in weight at 550°C was used to calculate VS% (Peces et al. 2014, Rice 

et al. 2012). To determine E. coli, EPA Method 1603 was used by applying membrane filtration 

system, which determines modified membrane- thermotolerant E. coli Agar (modified mTEC) 

(EPA 2002, Pandey et al. 2015, Pandey and Soupir 2011). The modified mTEC agar is a selective 

culture medium for chromogenic detection, and enumeration of thermo- tolerant E. coli in agar 

plate. Thermotolerant E. coli produces red or magenta color colonies in membrane filters (0.45 µm 

pore size) in agar plates after incubation at 44.5 °C (± 0.2 °C). To monitors ions and salts, we did 

use Horiba’s highly sensitive, flat sensor technology, Standard Handheld Meters (HORIBA 

Advanced Techno, Co., Ltd., Minami-Ku Kyoto, Japan). 

2.2.3 Data analysis and statistics 

 
Results of E. coli and ions were plotted in Microsoft (MS) Excel, and GraphPad Prism (San Diego, 

CA, USA). To analyze data, we estimated descriptive statistics (mean, minimum, maximum, 

standard deviation, variance, Kurtosis, and Skewness) using MS Excel and GraphPad Prism. 



39  

Further one-way analysis of variance (ANOVA), and two-way ANOVA was carried out on the 

data sets using Microsoft Excel (Redmond, WA, USA). One-way ANOVA was conducted to 

determine the significance of the difference between mean values of E. coli under independent 

variable conditions of exposure time T1 = 0 min, T2 = 60 min, T3 = 120 min, T4 = 180 min, T5 = 

240 min) under three treatment conditions (Ozonation, Aeration, and Control). The assumption 

about the normality distribution was tested by determining the skewness and kurtosis values. The 

two-way ANOVA was conducted to determine the significant differences in E. coli levels under 

different treatment conditions (Ozone, Air, and Control) at various levels of Total Solid (TS1- 

TS6). We used p-value of 0.05 to determine if significant differences exist among treatments and 

solid levels. 

3.3 Results and Discussion 

 
3.3.1 Impacts of Ozonation, and Aeration on E. coli 

 
Initial E. coli levels (0 min) and changes in the levels over the time for 240 min are shown in 

Figure 3.3. Initial E. coli levels in Control, Aeration, and Ozonation experiments were in 7 orders 

of magnitude (≈ 5 × 107 CFU/mL). While Ozonation reduced E. coli levels to non-detectable levels 

by the end of 240 min, E. coli levels in Aeration and Control remained at 7 orders of magnitude. 

E. coli at a total solid of 3.97% (TS1) (shown in Figure 3.3) indicates that initial E. coli levels (at 

0 min) was comparable in all three treatments (Control, Aeration, and Ozonation). During 

Ozonation, E. coli levels was reduced considerably in 60 min, and by the end of 240 min, E. coli 

level was not detectable. This trend in reductions of E. coli was similar for all solid levels [TS1 

(TS = 3.97%) - TS6 (1.99%)]. From TS1 to TS3, E. coli levels were detectable at 120 min of 

Ozonation (Figure 3.3). However, when solid was reduced to 2.78% - 1.99%, E. coli levels were 

not detectable at the end of 120 min. This indicates that Ozonation was more effective at lower 
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solid levels. In general, Aeration also reduced  E. coli levels compared to Control reactors, 

however, the reduction of E. coli in Aeration was limited within 240 min. 
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Figure 3.3: Reduction in E. coli levels from TS1 (total solid = 3.97%) to TS6 (total solid = 

1.99%). Three treatments (Control, Aeration, and Ozonation) were performed with triplicate 

reactors for all solid levels (TS1-TS6). X-axis indicates time of exposure, and Y-axis indicates 

E. coli levels. Standard deviation (SD) are displayed for error bars. 
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three treatments and 5 durations are shown in Table 3.1. The normal distribution of the variables 

was verified with the Shapiro-Wilk normality test, and the p value = 0.05 was considered as the 

level of significance. The level of the degree to which variables were normally were determined 

based on the values of skewness and kurtosis shown in Table 3.1. The values of kurtosis and 

skewness varied within -2 and +2 (Table 3.1), which are considered to be acceptable to prove 

normal univariate distribution (George and Mallery 2019, Hair et al. 2010, Iwanski et al. 2019). 

The assumption of about normal distribution of variable E. coli levels was satisfied for all three 

treatment conditions. The significant evaluation was also conducted for E. coli, and results of 

one-way ANOVA is shown in Table 3.2. 

Table 3.1. Breakdown table of descriptive statistics for E. coli reduction in Control, Aeration, 

and Ozonation. 

 

Variables 

Time (min) Treatment Mean Stdev. Variance Kurtosis Skewness Minimum Maximum Count 

0 Control 5.E+07 6.E+06 3.E+13 -1.8 -0.8 4.E+07 5.E+07 6 

 Aeration 5.E+07 6.E+06 3.E+13 -1.8 -0.8 4.E+07 5.E+07 6 

 Ozone 5.E+07 6.E+06 3.E+13 -1.8 -0.8 4.E+07 5.E+07 6 

60 Control 3.E+07 5.E+06 3.E+13 3.1 -1.4 3.E+07 4.E+07 6 

 Aeration 3.E+07 4.E+06 2.E+13 -1.2 -0.3 2.E+07 3.E+07 6 

 Ozone 2.E+07 6.E+06 3.E+13 -1.6 0.6 2.E+07 3.E+07 6 

120 Control 3.E+07 5.E+06 2.E+13 0.8 -0.1 3.E+07 4.E+07 6 

 Aeration 3.E+07 5.E+06 2.E+13 -0.2 1.0 3.E+07 4.E+07 6 

 Ozone 6.E+06 7.E+06 5.E+13 -2.5 0.4 0.E+00 1.E+07 6 

180 Control 4.E+07 5.E+06 3.E+13 -0.3 -0.3 3.E+07 4.E+07 6 

 Aeration 4.E+07 7.E+06 4.E+13 -1.3 0.6 3.E+07 5.E+07 6 

 Ozone 9.E+05 9.E+05 9.E+11 0.3 0.8 0.E+00 3.E+06 6 

240 Control 4.E+07 5.E+06 3.E+13 1.7 0.9 3.E+07 5.E+07 6 

 Aeration 3.E+07 6.E+06 4.E+13 -1.7 -0.1 2.E+07 4.E+07 6 

 Ozone 0.E+00 0.E+00 0.E+00 0 0 0.E+00 0.E+00 6 
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Table 3.2: Results of analysis of variance for E. coli degradation among Control (Con), Aeration 

(Aer), and Ozonation (Ozo) (one-way ANOVA) 
 

Source of Variation SS df MS F P-value F crit 

Comparison between Control, Aeration, and Ozonation 

Between groups (Con, Aer, Ozo) 9.E+15 2 5.E+15 3.0E+01 1.E-10 3.1 

Within Groups 1.E+16 87 2.E+14    

Total 2.E+16 89     

Comparison between Aeration and Ozonation 

Between Groups (Aer & Ozo) 6.E+15 1 6.E+15 29.067 1.E-06 4.01 

Within Groups 1.E+16 58 2.E+14    

Total 2.E+16 59     

Comparison Between Control and Aeration 

Between Groups 1.1E+14 1 1E+14 1.9256 0.17055 4.0069 

Within Groups 3.3E+15 58 6E+13    

Total 3.4E+15 59     

 

 
The inference about the significance of the difference between mean values of E. coli under 

independent variable conditions of exposure time (T1 = 0 min, T2 = 60 min, T3 = 120 min, T4 = 180 

min, T5 = 240 min) under three treatment conditions (Control, Aeration, and Ozonation) is shown 

in Table 3.2, which revealed that there was significant differences (at p = 0.05) in E. coli 

inactivation between three different treatments. Further comparison between Aeration and 

Ozonation revealed that there was a significant difference in E. coli reduction between these two 

treatments. However, there was no significant difference in E. coli between Aeration and Control 

conditions (Table 3.2). 

3.3.2 Impacts of Ozonation, and Aeration on manure chemical characteristics 

 
The change in electrical conductivity (mS/cm), pH, salts (%), potassium (K+), sodium (Na+), 

calcium (Ca2
+), and nitrate (NO3

-) are shown in Figure 3.4. Among treatments, pH, sodium, and 
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Figure 3.4: Change in ions, pH and salt at different solid concentrations (TS1-TS2) under three 

treatments (Control, Aeration, and Ozonation). All variables were measured in treated (final 

samples) and compared among the treatments. Horizontal X-axis indicates level of solids (TS1- 

TS6), and y-axis indicates variables (treated manure quality parameters). Standard deviation (SD) 

are displayed for error bars. 
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salt values were similar. The average salt concentrations for various solid levels varied between 

0.04% and 0.08% among treatments, and pH varied between 5.75 and 6.65. The sodium 

concentrations varied between 120 ppm to 296 ppm. Potassium ion levels and electrical 

conductivity were slightly increased under Ozonation, and values for potassium and electrical 

conductivity varied between 196 ppm and 490 ppm, and 3.37 mS/cm and 7.15 mS/cm, 

respectively. After treatments, Ozonation resulted in reduced nitrate levels among treatments. 

Nitrate level varied in ozone between 596 ppm to 926 ppm. In Aeration, it varied between 873 

ppm and 1666 ppm. The significant difference in E. coli levels among six various solid levels 

(TS1-TS6) and three treatments (Control, Aeration, and Ozonation) were estimated by two-way 

ANOVA, and results are shown in Table 3.3. There was no significant difference in change in E. 

coli levels among various solid levels during treatments (p = 0.32), however, there was significant 

difference in change in E. coli levels among treatments (Ozonation, Aeration and Control) (p < 

0.05) (Table 3.3). 

Table 3.3: Results of analysis of variance (two-way ANOVA) for E. coli among type of treatment 

(Con, Aer, Ozo), and solid concentrations in liquid manure. 
 

Source of Variation SS df MS F P-value F crit 

Solid concentrations (TS) 9.9E+14 5 2.0E+14 1.2 0.32 2.3 

Group (Con, Aer, Ozo) 9.2E+15 2 4.6E+15 27.6 1.3E-09 3.1 

Interaction 1.4E+14 10 1.4E+13 0.1 1.00 2.0 

Within 1.2E+16 72 1.7E+14    

Total 2.2E+16 89     
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Table 3.4: Results of analysis of variance (one-way ANOVA) for chemical 

characteristics (EC, Ca, Na, NO3, Salt, pH, and K) ANOVA 

 

Source of Variation 
(b/w Con, Aer, Ozo) 

 
SS 

 
df 

 
MS 

 
F 

 
P-value 

 
F crit 

EC (mS/cm) 0.03 2 0.02 0.01 0.99 3.68 
Ca2+(ppm) 0.03 2 0.02 0.01 0.99 3.68 
Na+(ppm) 36565.12 2 18282.56 65.69 0.00 3.68 

- 
NO3 (ppm) 1519596.60 2 759798.30 15.98 0.00 3.68 
Salt (%) 0.00 2 0.00 0.10 0.90 3.68 
pH 0.25 2 0.13 2.92 0.09 3.68 
K+(ppm) 10869.44 2 5434.72 0.69 0.52 3.68 

 
Results of ions and pH were further analyzed statistically to determine the significant difference, 

and one-way ANOVA resulted revealed that there was significant difference (p < 0.05) in nitrate 

(NO3
-) during ozone treatment among all solid levels. This indicates that ozone treatment has a 

potential to reduce nitrate levels in liquid manure. Post-treatment, the average nitrate 

concentrations in ozone treatment was 785 ppm, and nitrate levels in manure under control and 

aeration conditions was 1370 ppm (in range of 1150 ppm – 1600 ppm). The nitrate concentration 

in manure samples under aeration condition was 1428 ppm (in range of 873 ppm – 1666 ppm), 

respectively). In previous studies, it was found that Ozonation can remove nitrate and nitrite, 

however, its capability of ammonia removal is limited (Lin and Wu 1996). Ozonation is also 

known to be highly effective in removal of bacteria because of its properties as an oxidizing agent 

(Schroeder et al. 2011). In recirculating aquaculture system, the use of ozone revealed that ozone 

is an effective disinfection agent, and efficiently improve water characteristics (Summerfelt 2003). 

Compare to Ozonation, aeration does not affect nitrates in liquid phase because of constrained by 

excess oxygen and limited carbon source, however, it removes ammonia (Huang et al. 2022). 

We used linear regression to predict the E. coli inactivation under Ozonation, and Aeration, and 

results showed that a binomial model (generalized linear model) is able to predict E. coli (Figure 
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3.5) reduction during Ozonation. The coefficient of determination values (R2) in the model was 

 

0.99. The linear model for aeration resulted R2 value of 0.16 and was deemed unsuitable. 
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Figure 3.5: Generalized linear models to predict E. coli reduction in Aeration and Ozonation. 

A) E. coli inactivation in aeration; and B) E. coli inactivation in ozonation. 
 

In general, ozone (O3) gas has a detrimental effect on cell wall, lipids and DNA of bacteria and it 

disrupts cell viability (Rangel et al. 2021). Further, it affects enzymes and nucleic acids negatively, 

which causes inactivation of bacteria (Figure 3.6) (Westover et al. 2022). Reported research on E. 

coli showed that ozone causes oxidation of proteins, and damage to plasmid DNA, which results 

in E. coli inactivation (Hunt and Mariñas 1999). 
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Figure 3.6: Bacteria cells (A) and their exposure to ozone (B). Increased ozone dosage and 

contact time affects bacteria cell wall. Healthy cell of E. coli (C), and the exposure of 

Pseudomonas aeruginosa cell to ozone caused vesicles on the cell surface indicating 

perforation of cytoplasmic membrane and release of cellular compounds from cell treated with 

ozone (Zhang et al. 2011). Modified online images [A, B, C, D, E, F, G]. Available from: 

Effects of ozone on membrane permeability and ultrastructure in Pseudomonas aeruginosa - Zhang - 

2011 - Journal of Applied Microbiology - Wiley Online Library; https://americanregen.com/ozone- 

therapy/; https://agriculture.vermont.gov/produce-program/eye-e-coli-understanding-pathogens- 

concern-fruit-and-vegetable-farms; https://www.colorado.edu/today/2018/08/22/unexpected- 

upside-e-coli. [Accessed 3 December, 2023]. 

 

 

 

Previously Scanning Electron Microscope (SEM) has been widely used to study the damage to the 

bacterial cell wall caused by heat, ozone, antimicrobial agents, and pulsed electric (Figure 3.7), 

https://ami-journals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2011.05113.x
https://ami-journals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2011.05113.x
https://agriculture.vermont.gov/produce-program/eye-e-coli-understanding-pathogens-concern-fruit-and-vegetable-farms
https://agriculture.vermont.gov/produce-program/eye-e-coli-understanding-pathogens-concern-fruit-and-vegetable-farms
https://www.colorado.edu/today/2018/08/22/unexpected-upside-e-coli
https://www.colorado.edu/today/2018/08/22/unexpected-upside-e-coli
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and results showed that the damage to cell wall was one of the major factor for bacteria inactivation 

(Hartmann et al. 2010, Hunt and Mariñas 1999, Pillet et al. 2016). The morphology of bacteria is 

maintained by cell wall (Figure 3.7), and disruptions in cell wall causes leakage of nucleic acids 

and death of bacteria (Pillet et al. 2016). 

 

 

Figure 3.7: Bacterial cell and damage to bacterial cell wall. SEM image of healthy bacteria 

Bacillus pumilus (A) (Pillet et al. 2016) and Staphylococcus aureus cells (B) (Hartmann et al. 

2010); SEM micrographs of unhealthy Staphylococcus aureus exposed to ozone (C); cell burst 

of Staphylococcus aureus caused by antibiotics (D) (Hartmann et al. 2010); and vesicles on cell 

wall caused by ozone on Pseudomonas aeruginosa (Zhang et al. 2011). Modified online images 

[A, B, C, D]. Available from: https://www.nature.com/articles/srep19778/figures/2; 

https://journals.asm.org/doi/10.1128/aac.00124-10. [Accessed 3 December, 2023]. 

 

 
 

4. Conclusions 

  (B)  

  (C)    (D)    (E)  

(A) 

Healthy bacterial wall 

Disruption and damaged bacterial wall 

http://www.nature.com/articles/srep19778/figures/2%3B
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In order to evaluate the impacts of Ozonation and Aeration on manure E. coli, this research focused 

on using air and ozone treatment, and E. coli inactivation was monitored. Further, the effects of 

ozone and air were tested on multiple ions present in manure. Results showed that Ozonation can 

be an effective treatment method to reduce E. coli levels in liquid manure. Within 240 minutes of 

exposure time, the E. coli reached to non-detectable levels regardless of solid concentrations in 

manure. Further, nitrate ions were reduced substantially by Ozonation. Compared to Ozonation, 

the impacts of Aeration was minimal in reducing bacteria within 240 minutes. The analysis of 

variance (one-way and two-way) releveled significant difference in E. coli and nitrate levels among 

treatments (p < 0.05). To predict the E. coli reductions in manure, a generalized linear model was 

developed, and the model was able to capture the degradation pattern of E. coli in liquid manure (R2 

= 0.99) under ozonation. Findings of this study are important to develop on-farm dairy manure 

treatment methods and could help in guiding future investigation on Ozonation and Aeration for 

controlling E. coli and nitrate levels in dairy lagoons. 
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APPENDIX A 
 

Figure A1: Thermocycler program for PCR amplification (A) Salmonella (B) E. coli 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table A1: Solid levels for different treatment (filtered manure diluted with water) 

 

 
 

Solid Level -1 200 ml of filtered manure 

Solid Level -2 180 ml of filtered manure +20 ml of water 
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Solid Level -3 160 ml of filtered manure + 40 ml of water 

Solid Level -4 140 ml of filtered manure+40 ml of water 

Solid Level -5 120 ml of filtered manure + 80 ml of water 

Solid Level -6 100 ml of filtered manure + 100 ml of water 
 

 

 
 

 

 

Figure A2: Membrane filtration unit (left), and method of membrane filtration (right). Online 

image. Available from: https://dnr.wisconsin.gov/sites/default/files/topic/LabCert/E.-coli-Test- 

Method-Help-Sheet-8.12.20-Final.pdf; 

https://www.facebook.com/102971398182044/posts/membrane-filter-technique- 

pharmaceuiticalmicrobiologymembrane-filters-have-a-kno/134975028315014/. [Accessed 3 

December, 2023]. 
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