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ABSTRACT

With growing concerns regarding the human and animal safety of manure application to

agricultural fields, it is imperative that work be done to address and investigate the

microbiological safety ofthis practice. Several organisms of concern, such as

Salmonella,Escherichia coli and Yersinia are capable of survival in manure, soil and

water environments. The objectives of the research were to examine coliform and

Pseudomonas levels in well water frorn the experimental site following the applicæion of

manure, to examine survivability of pathogenic organisms in the well water and to

determine if Salmonelln could travel through soi! columns taken from the study field.

Results obtained indicated that only 2.3Yo of 603 water samples over 20 months

contained confirmed positive coliforms, with only 2 instances of fecal coliform døeøion

(one positive sample in the unmanured section of the field). The presence of coliforms

appeared to be unrelated to the application of manure during these experiments.

However, many of the well water sampling times were >100 d after manrre application.

The survival of pathogenic organisms in well water at 5oC revçaled that Yersinia

persisted throughout the 9l d testing period in the highest numbers, while Salmonella

survived the least well, bøween2l to 56 d. E. coli was detectable until the end of 9l d,

' but in lower numbers thanYersinia. Fromthe soil column perfrrsion experiments,

Salmonella were detected in the effluent from4/6 columns, however in low numbers

(0.01-0,I l% of the added inoculum). Recovery of Salmonella in soil from disseøed

columns revealed the highest concentrations ofthe organism in the top 20 cm ofthe

column. From these rezults, it was determined that the sandy soil was capable of filtering
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large quantities of Salmonella from inoculated water, which may aid in the prevention

of contamination ofgroundwater following the application of manure to agricultural

fields.
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INTRODUCTION

There is concern regarding the human and animal health effects of manure application on

agricultural land. Agricultural waste application to agricultural soil can serve as a

potential source of pathogenic bacterial contamination of surfacewater, groundwater and

soil (Abu-Ashour d al,1994; Bicudo and Goyal, 2003). It is therefore recommended that

there is a holding period of a minimum of 30 d between manure application and land use,

to reduce survival of zoonotic bacteria in manure-treated soil (Ilolley et al. 2006).

Organisms of concern, such as Salmonella, are capable of extended survival at 4oCwhen

present in manure slurries and have been recovered >300 d (Arrus et al, 2006),

Many pathogenic bacteria are also capable of survival at cool water temperatures similar

to those of the aquifers present in M4nitoba. E. coli has been reported to survive in water

for 100 to >300 d at 5oc @ogosian et al., 1996; Jones, r999;Rattray et al,1992; olson,

2001). Salmonella has been reported to survive > 6 months in water at 5oC (Olso4

2001). Yersinia is highly resistant to environmental stress, such as low temperature, and

has been recovered in water samples up to 64 weeks at 4oC (Karapinar and Gonul, l99l).

Pathogenic organisms such as Salmonella have also been recovered from liquid manure-

treated soil samples, up to 20 cmdeep, 54 d following manure application (Cote and

Quessy, 2005). Nicolson et al, (2005) also recovered Salmonells in l5 cm deep soil
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sample columns 32 d following manure application. Therefore the potential for

pathogøric organisms to travel into shallow wells or groundwater is a significant c,oncern,

especially since they are capable of survival if they reach the groundwator,

The objectives of this research ïvere three fold. The first objective was to assess the

transport and survival of coliform bacteria and Pseudomonas, andtheir potential effects

on water quality following the field application of manure. The second part ofthe

research was to determine if Salmonella, E. coli and Yersinia isolated from hog manure

could survive in well water at temperatures consistent with the Assinibione Delta aquifer

that ran under the experimental site. The third objective \ilas to determine tf Salmonella

could travel through drilled, perfused soil columns taken from the Green Farm

experimental field.
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LITERATT]RE REVIEW

2.0Introduction

Since the beginning of the n¡¡entieth century there have been environmental and public

health problems observed associated with the spreading of liquid \¡raste on land (Abu-

Ashour et al., 1998). However, there are advantages to this process. Application of

animaUhuman \¡/aste to agricultural soils can restrict movement ofundesirable

contaminants and provide opportunity for their degradation. Soil application may remove

some of the pollutants from the applied se\¡/age which might otherwise end up in water

supplies and it can also increase crop yields by supplying essential nutrients and

improving soil organic matter quality (Abu-Ashour et al., 1994;199S). Disadvantages

include compromising surface and groundwater quality through chemical or microbial

contamination and by heavy metal accumulation, which could occur ifthe amounts

applied are excessive or if application is timed incorrectly. There is the possibility of

environmental problems occurring even when guidelines and application procedures &re

followed becar¡se of frequent or heavy rainfall following application (Abu-Ashour et al.,

1994;1998). Agricultural waste application to soil can be a source of pathogens for

contamination of surfacewater, groundwater and soil (Abu-Ashour et a1.,1994, Bicudo

and Goyal, 2003). Contamination of water following manure application to fields is a

serious issue but is largely avoidable. Bacterial pathogens and disease causing human

viruses have been detected in groundwater following manure treatment of adjacent land.
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The potential for wat€r contamination is increased if soil structure allows microorganisms

to migrate through the soil and is further increased if the microorganisms present have the

capacity to survive for an extended period oftime (Abu-Ashour et al., l9g4).

2.1Zoonotic pathogens of concern in hog manure

2.1.1 Escherùchíø colì O157:H7

Escherichia coli is the major facultatively anaerobic bacterium present in the human and

animal gut and can be found at levels of g log colony forming units (cfuyg (wet weight)

of feces (Mawdsley et ú,.,1995), There are many biovars of this organism with a few

being responsible for diarrhoeal outbreaks. Pathogetttc E. coli canbe found in water, soil

and manure with < I Yobeingpotentially harmful (verocytotoxigenic, VTEC) strains, and

with the most common of these being Ol57:H7. In healthy pigs the frequency of VTEC

E. coli is between O.4Yo andT.5%o and in pork products the frequency is about L5%

(Olson, 2001). 11¡s danger to humans arises when E. coli contaminates food or water

supplies. The symptoms vary in degree of severity and include bloody diarrhea,

abdominal cramps and in the young and elderly it can lead to the hemolytic uremic

syndrome (kidney failtre due to destruction of red blood cells) which can lead to deatb,

kidney failure, seizures, blindness or high blood pressure (Olsor¡ 2001). Hog manure is

not considered a consistent source ofthis organism since hogs rarely excrete verotoxin

producing.E'. coli Ol57:H7 (Olson,2001). Verotoxins produced by E. coli Ol57:H7 can

cause hemorrhagic colitis (diarrhea that becomes profuse and bloody), hemolytic uremic



syndrome (bloody diarrhea that leads to renal failure) and thrombocytopenic purpura

(similar to prwious symptoms with central nervous system involvement) @icudo and

Goyal, 2003 ;Pell, 1997).

Infection with E coli in adults is usually an inconvenience, but the infection in the very

old or very young or in immunocompromised individuals may become a life tbreatening

challenge (Mawdsley st al., 1995). Outbreaks of illness in humans caused by E. coli

ol57:H7 have been attributed to consumption of ground beef, raw milþ water,

unpasteurized apple cider or fruits and vegetables oontaminated with the organism

(Chapman et al., 1997; Lung et aI., 2001). Recognition that E. coli Ol57:H7 was a

foodborne pathogen occuned in 1982 and since then it has been implicated as a causative

agent of serious human illness worldwide (Wang et al., 1996). For clinical symptoms to

develop in humans an infectious dose of only 10 to 50 cells ofE'. coli Ol57:H7 is

required (Jones, 1999).

It has been well established that the primary reserviour of E. coli Ol57:H7 is cattle,

however, other farm animals such as sheep and goats have also been shown to be carriers

of E. coli ol57:H7 (Jones, 1999). E.coli ol57 was isolated from 7s2 (15.7yù of 4900

cattle, 22 (2,2Yù of 1000 sheep and from 4 (0.4%) of 1000 pigs (samples collected from

the same abattoir), however it was not isolated from 1000 chickens (samples collected

from same processing plant) (Chapman er al., lggT),
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Even though many cases ofE coli Ol57:H7 food poisoning are related to contaminated

meat and dairy products, there is also evidence that human infections have been the rezult

of contamination through soil, fruit and vegetables, unpasteurized juices, fresh apple

cider, and water has also been implicated (Jones, 1999; yu and Bruno, 1996). E. coli

Ol57:H7 illness outbreaks have also been linked to lettuce, radish sprouts and alfalfa

sprouts @euchat, 1999). Other sources of infection include mayonnaise, delicatessen

foods, lamb, venison, deer jerþ, cured salami and by direct contact between

contaminated animals and humans (Kudva et al., 1998),

Contamination by this organism can occur when cattle or other animals enter fields when

improperly composted manure has been applied as a fertilizer @euchat,lggg). Runoff

water from recently fertilized fields, the application of sewage sludge that has been

improperly managed or the use of non-potable irrigation water on fields can also be

potential contamination sources @euchat, 1999). Animal manure contains many viable

bacteriq includíng pathogens such as E. coli Ol57:H7 and the number present is

dependent upon animal diet, association with other animals that may carry the organism,

age and physical condition of the animal and the season, with animal shedding of this

organism being higher in the summer. Composting and storage of manure at >25oC will

reduce the numbers of this organism in manure (Gagliardi and Karns, 2000;Guan and

Holley,2003).

It has been shown that in response to environmental stress, E. coli cells can lose their

ability to grow on selective media but still remain viabte (McKay, 1992). Since E. coli



has the ability to survive environmental stresses at low temperature, the organism can

persist for extended periods in water, soil or manure, There is potential for its

contamination of surface waters and even percolation through the soil with repeated

manure applications (Olsoq 2001).

2.1.2 Salmonella

Salmonella is a Gram negative rod-shaped lactose-negative bacterium which can reside

asymptomatically in the intestines of mammals, birds and reptiles (Mawdsley et al., 1995;

Olson, 2001). Disease (salmonellosis) caused by these organisms is characterized by

septicaemia, acute or ch¡onic enteritis, Other symptoms include nausea2 vomiting,

cramps, diarrhea and in some cases arthritis @ell, 1997).

The feces of infected animals have the potential to conta¡ninate feed, water, milk, fresh

and processed meats or plant and animal products (Olson" 2001). Traditionally,

Salmonella has been associated with foods of animal origin such as poultry, eggs, meat

and daþ products @euchat, 1995; Guo et aL,2002). Howevçr, manure used for

fertilization of crops consumed without cooking (fruits and vegetables) may be a source

ofhuman infection since it can often be contaminated wtth Salmonella (Olson,2001).

There have been many outbreaks of human gastroenteritis due to the consumption of

contaminated fresh vegetables and fruits. Human cases of salmonellosis have been

Iinked to the consumption of contaminated tomatoes, mustard cress, bean sprouts,

cantelope and watermelon @euchat,1995). Salmonellahas been found in eggplant,



cauliflower, pqppers, endive and lem¡ce @euchat, 1995). Fresh fiuits and vegetables are

a staple part of the diets of many people around the globe, whether grown themselves or

purchased. Pathogens such as Salmonellø can contaminate produce by their presence in

inigation waters or in the soil. Contamination can occur during plant growth" dudng

harvesting, postharvest handling, processing or distribution @euch at, lgg 5). Water

contaminated with runofffrom manure-treated fields following heavy rains or directly by

animal defecation may also be a sou¡ce of human infection if it is consumed or used for

washing ofuncooked or unprocessed foods (Olson, 2O0l). Salmonellosis has also been

associated with different types of seed sprouts as well as unpasteurized apple and orange

juices (Guo et a1.,2002).

2,1.3 Yerslníø

Yersinia is an infrequent human pathogen (a Graq negative bacterium) which has the

capability to grow at normal refrigeration temperatures (Chao et a1.,1998; Karapinar and

Gonul, 1991; Lee, 1997), even in nutritionally poor conditions (Karapinar and Gonul,

leel).

Y. enterocoliticahas been recovered from the feces of pigs (Chao et al., lgBB;Lee, 1977;

olsoq 2001; walker and Grimes, 1985), dogs (chao et al., l9B8; walker and Grimes,

1985) and cattle (OlsorL 2001). There have been several studies which implicate L

enterocolitica contaminated food and water with human infections (Chao et al., lggg).

Swine are the predominant natural reservoir for Y. enterocolitica,but the pathogen has
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also been isolated from raw vegetables as well @euchat, 1995). A study examining 1420

healthy finishing pigs from Ontario, Quebec and Manitoba showed that 5.ZYowere

positive for Yersinia, and24.6%ó were carriers for one or both Salmonellø or Yersinia

(Letellier et al., I 999).

The symptoms of infection vary depending on the age ofthe patient. Y. enterocolitica

causes fever, abdominal pains and diarrhea (Olson, 2001). In infants, fever and diarrhea

are the primary symptoms, whereas children who are older exhibit mesenteric

lymphadenitis and ileitis (Lee,1977), Adults may have abdominal pains, acute enteritis

arthritis and erythema nodosum. Septicemia can develop in the immunocompromised

and the aged (Lee, 1977). Similar to Sqlmonella, Yersinia infections can be systemic

following invasion of tissues other than the digestive tract, leading to formation of

abcesses, other lesions and eye infections Q.ee,1977).

2.1.4 Occurrence of zoonotic bacterial pathogens in hog manure

The prevalence of Sølmonella spp., Escherichia coli Ol57:H7 and Yersinia enterocolitica

in pigs was reported to be 38Yo,0.4o/o and 189ó, respectively (Olson, Z00l),

The association of human foodborne disease with hog products is a public health concern

and can have significant negative economic impacts @aloda et a1.,2001). Bacterial

transport in porous media like soils has been an area of great interest for community

healtt¡ for its influence on soil and water pollution and in the biological control ofplant
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root diseases. The disposal of domestic and industrial wastes by application to the land

has generated tremendous concern. Pathogenic bacteria and viruses present in the waste

have the potential to contaminate the groundwater and numerous outbreaks of illness

from this source have been reported (Tan et a1.,1992). The application of manure to land

is the most ûequent disposal method used in Canadaby dairy, swine and beef operations

(Joy et al., 1998). The application of liquid sewage to land is increasingly practical

because of concerns regarding surface water pollution and the realization that sewage can

be a good source of nutrients for crops (Lance et al., lggz). However, waste from

livestock, which can contain many pathogenic organisms including bacteria, viruses and

protozo4 can be a significant source of environmental contamination following its

application to land (Mawdsley et al., 1995), Even with guidelines which stipulate

maximum application rates, there have been many cases of beach closures and

contamination of rural wells where liquid manure application has been identified as the

cause of contamination (Joy et al., 1998).

Animal waste is a valuable plant nutrient and due to the high cost associated with its

transport, manure is generally applied near its origin (Lung et al., 2001). Raw fruits and

vegetables contaminated with manure or fecal material during grolvttr" harvest or

processing have led to foodborne illness outbreaks caused by Sølmoneltø and E. coli

(Lung et a1.,2001).

Manured fields have been shown to have higher bacterial numbers than non-manured

fields. On treated fields the highest bacterial concentrations were present in zurÊ¿ce
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water, compared to tile drain water (Joy et al., 1998). A variety of conditions can

influence the survival of pathogenic bacteria and these include: the source of manure,

temperature, dry matter content, pH, bacterial numbers and type, aeration and the length

of time which the manure or slurry is held before application (Himathongkham et al.,

1999;Kudva et al., 1998; Pell, 1997). The survival of microorganisms in manure is

dependent upon exposure to sunlight, drying, freezing and thawing cycles, high

temperatures, high or low pH and oxygen @ell, 1997). Because these factors interact to

influence bacterial survival, it is often diffrcult to accurately predict the length of time

pathogens will survive in manure (Joy et al,1998).

Contamination of food and water by microorganisms from animal manr¡re can occur as a

result of non-point or point sources (Gagtiardi and Karns, 2000). Non-point source

contamination occurs during the free roaming of animals or by spreading manure on

fields as fertilizer or when fields a¡e used as a waste disposal site. Point source

contamination develops at animal feedlot locations, sites of animal housing, oî atmanure

storage facilities (ie. lagoons). A point source can become a non-point source of manure

or pathogens through run-offor leaching which can spread to other fields or a v/ater

supply (Gagliardi and Karns, 2000). Even if pathogens are initially present in low

numbers in water, they have the potential to multiply when environmental conditions are

appropriate in the presence of adequate nutrients (Gagliardi and Karns, 2000). Several

pathogenic basteria were reported to decrease only slightly in number during the first 100

days exposure in groundwater (Gagliardi and Karns, 2}}}),including E. coli,which in

autoclaved filtered river water showed no loss of viability after storage at 4"C to 25oC for
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up to 260 d (Flint et al., 1987) as well as ,S. Typhimurium, E. coli and P. aeruginosa

which survived up to 100 d in groundwatel at 10"C (Filip et al,, 1988).

Direct contatnination of produce, water supplies, animals or humans also can result from

improper mantre handling (Guan and Holle¡ 2Q03). With regards to run-offand water

supplies, a contaminated water supply has the capabilþ to affect large numbers of people

(Guan and Holley,2003). The most important factor associated with spread of

contaminated run-offfrom manure treated fields is the occurrence of a rainfall event

shortly following the application of manure. This factor is more important than the

manure application rate or the field condition before application in determining the

potential for environmental contamination (Guan and Holley, 2003). Most of the

manure-associated outbreaks of human illness are more frequently associated with bovine

manure than with other t¡pes. This has led to increased study of pathogens in bovine

manure compared to other types (Guan and Holley, 2003).

2.1.4.1Manure as a vehicle for zoonotic pathogen distribution

It is a common and convenient practice in North America to apply manure in a liquid

form to fields. There are few adverse environmental consequences with this process

under the proper conditions (Joy et al., 1998). Ifweather conditions are adverse and

excessively high manure rates are used, bacteria or other contaminants that may be

present can contaminate ground and surface waters (Joy et al., 1998; Pell, 1997). There

is evidence that many bacteria possess the capacity to contaminate surface water after

land application through infïltration of the soil and movement to subzurfacs lile d¡ains
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and then flow to sfreams and lakes (Joy et al., 1998). From their experiments, Joy et al.

(1998) used biotracers and found 100 cfr¡/l00ml nalidixic acid resistant E. coli in tile

drain water samples at several sites, with one sample containing 1000 cfi¡/100m1. They

.concluded that with the close location of drains to a ditcb, it was possible that

contamination of surface v/aters could occur if conditions v/ere appropriate (such as rain

24 h following application). Within24 h of application, the biotracer generally

penetrated the soil column to 900 mm (Joy et al,, 1998).

2.1.4.2 Escherìchíøcali sulvival in manure

Escherichia coli can be problematic in manure because the organism can cause serious

human health problems and has the capacity to survive under adverse conditions @ell,

1997). A potential risk from the disposal of animal fecal waste is the spread of enteric

pathogens (Jiang et al., 2002).

In 1998, an Onta¡io farm well supplying water to the farmhouse became contaminated

with surface water containing bovine manure, The well had a shallow design and

subgrade location with a defective well head. About 63Yo of the cattle on the fa¡m were

positive for E. coli O157:H7. This situation also led to an outbreakof Escherichia coli

Ol57:H7 dianhoeal infections in humans (Jackson et al., l99S). Manu¡e from cattle used

to fertilize soil for raising potatoes has also caused human illness (Chapman et a1.,1997).
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It has been shown that E. coli Ol57.Hl presmt in bovine feces was able to survive for

approximately 70 days with their ability to produce verotoxin intact when inoculated at 5

log cfi.r/g at 5oC @euchat, 1999;Kudva et al., 1998;Wang and Doyle, 1996). It has been

shown thatE. coli can survive for up to I I weeks in cattle slurry (Mawdsley et al., 1995).

The length of survival of E. coli in soil was lower than in cattle manure slurry, with

survival in soil ranging from 7-8 d to several weeks (Mawdsley et al., 1995), When E

coli was present in cattle feces, the organism survived > 100 d at low temperatures (<

0oC, 5oC) but only about l0 d at 30'C (Olson, 2001).

2.1.4.3 SaImoneIIø survival in manure

In cattle manure, Salmonella was found able to survive > 6 months, 12-28 weeks wd 4

weeks atfrozen, cold (5'C) and warm (30"C) temperatures, respectively (Olson, 2001).

Salmonella at22oC was able to survive for 13-75 d in c¿ttle manr¡re slurry but survived in

cattle feces at 5oC for 12-28 weeks, but only for 4 weeks at 30oC. Salmonella has been

shown to survive for 286 days at 22"C in cattle manure slurry, however, it is important to

note that in many cases there were 90Yo reductions of Salmonellawithtn a month (Pell,

teeT).

2.1.4.4 Yercìnia suryival in manure

In cattle feces, Yersinia was found to survive for more than a year at temperatures below

OoC, between 30-100 d at 5oC and for 10-30 days at temperatures of 30oC (Olsoq 2001).
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Swine feces were collected and analyzed for Y. enterocolitica fromth¡ee farms over two

sarnpling periods. From the samples, 34 snains of Z enterocolitica were isolated with all

but one corping from swine feces. The latter was isolated from the runoffwater in a

stream located l00m away from the swine facility (Walker and Grimes, 1985). Througlr

biochemical analysis, it was shown that the isolate from water was identical with a swine

isolate, and it was concluded that swine feces could serve as a vehicle for the introduction

of Y. enterocoliticø into water (Walker and Grimes, 1985),

In 1984, heavy springtime rains may have contributed to animal fecal contamination of a

well used for drinking water, where Y. enterocoliticawas isolated from the well and from

infected family members (Thompson and Gravel, 1986). This observation implies that

Yersiniacan be transported to water supplies from fecal material through runoffwater or

seepage into the groundwater (Chao et al., 1988).

2.2Pathogen survival in soil

There are rnany factors that affect the survival of pathogens in the soil environment,

including the strain of microorganism and its physical state. The physiological and

chemical nature ofthe soil containing the organism, including: pH (a neutral pH favours

bacterial survival, whereas acidic soil conditions increase bacterial lethality), soil

porosþ, organic matter content (an increase in organic matter allowed for increased

survival), texh¡re and particle size distribution (finer soils have increased water retention

and allow increased bacterial survival), soil hydrophobicity, available carbon in
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rhizospheres, clay content and bulk density, pore size distribution, soil elemental

compositioq temperature (increased zurvival is associated with lower temperatures,

whereas higher temperatures - especially when combined with dry conditions, increase

bacterial lethality). If freezing and thawing occur, tlrere will be a decrease in basterial

viability as well. Soil moisture content (survival increases with increasing moisture), soil

adsorption and filtration properties, as well as the availability of nutrients (bacterial

survival decreased in lower nutrient environments due to the inability of enteric bacteria

to lower their metabolic requirements when exposed to lower nutrient environments

outside animals), and microbial interactions (Abu-Ashour et al., 1994; Benckiser and

Simarmata, 1994; crane and Moorg 1984, Guan and Holley ,2003;Jiang et a1.,2002;

Mawdsley et al., 1995;Moore et al., 1981; Muribu er al., 2000;Red{y et al., l98l;

Terzieva and McFeters, l99l; Unc and Goss, 2003;Wang and Doyle, 1998).

Atmospheric conditions such as: sunlight (shorter survival at surface), humidity,

precipitation (increased survival in wet conditions), and temperature (lower temperatures

favour increased survival) can all affect the survival of bacteria in soil (Abu-Ashour et

a1.,l994;Benckiser and Simarmata,lgg4; Crane and Moore,1984; Gagliardi and Karns,

2000; Jiang et al., 20D2;Mawdsley et al., 1995; Moore et al., 1981; Muribu et al., 2000;

Reddy et al.,l98l; Terzieva and McFeters, l99l). Biological interations among

organisms such as competition from the indigenous microflora, as well as production of

antibiotics and toxic substances all hinder the survival ofbacteria in soil (Abu-Ashour et

a1.,1994; Benckiser and Simarmata,1994; crane and Moorg l9$4;Jiang et a1.,2002;

Muribu et a7.,2000;Reddy et al., 1981; Terzieva and McFeters, 1991). The method used

to add organisms to the soil, whether surface applied or injected, the nature ofthe
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biosolid (manure slurry or solid manure from different animal species), the frequency and

amount of manure applied, as well as the organism density in the added material, all

contribute to the length of zurvival of bacterial pathogens in soil (Crane and Moore,

1984;Jiang et al., 2002; Jones, 1999;Reddy et al., l98l; Unc and Goss, 2003).

2,2.1 Escheríchía coli suwival in soil

It has been shown that E. coli Ol57 has the capability to remain viable in soil for 4

months or longer. The organism exhibits high resistance to environmental stresses, such

as low temperatures of 4oC, and has even shown the capacity for growth at 6oC (Jones,

1999), Non-Ol57 strains of E. coli have been shown to survive for more than 60 d at

25oC and 100 d at 4oC (Jones, 1999). Since E coli Ol57:H7 has a low infectious dose,

even though the risk of contamination by this organism diminishes after the first rainfall

event, as long as viable organisms remain in the soil there is some risk (Ogden et al.,

2001). Chandler and Craven (1980) added E. coli and Salmonellato dry soil and showed

that these organisms had the ability for regrowth when the soil was moistened after 14 d

(Chandler and Craven, 1980). In other worh E. coli survived in soil for more than 300 d,

100 d and 2 d atfrozen temperatures, 5oc and 30'c, respectively (olson, 2001). under

dry weather conditions on well drained sandy soil, E coli preseuton the soil or grass will

decline in numbers due to desiccation and natural IfV radiation exposure (Ogden et al.,

2001).
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In manure-amended autoclaved soil incubated at 5, 15 and zloc, it was seen that E. coli

Ol57'Hl cells were able to survive for up to 77,>226 and23l d,respectively (Jiang et

a1.,2002). When experiments were conducted with non-autoclaved soil with added

manure, E. coli cells were able to survive for 56, 152 and 193 d when incubated at 5, 15

and 2loC, respectively. The more rapid decrease in cell numbers in non-autoclaved soil

was attributed to antagonistic interactions among the natural soil microorganisms (Jiang

et al., 2002).

E. coli and Salmonella numbers u/ere studied following the application of liquid hog

manure on surface soil used for the growth of pickling cucumbers (Cote and Quessy,

2005). Upon analysis of the manure applied, E. coli u¡as present in years 2 and 3 at 5.43

and 6.1 I log cfu/g, respectively. Salmonella was detected in the third year application of

liquid hog manure, at undisclosed numþers. The pathogens were not recovered from the

cucumbers, but were detected in the soil up to I weeks from application in some samples.

The numbers of.E coli recovered was between 1.78 and 2.5logcfir/g at day 56.

Salmonella was present in one sample at day 54 (Cote and Quessy, 2005).

2.2.2 SøImonellø survlval in soil

The survival of Salmonella in soil that has been amended with animal waste can pose a

potential risk for the transmission of infection by transfer of the pathogen back to animals

which graøe on treated soil @aloda et al.,20Aù. Of 30 soil samples tested for the

presence of Salmonella,by the analysis of the upper 10 cm layer ofthe soil surface, a



t9

total of26 were positive. Of 10 samples tested imrnediately after spreading of the

contaminated slurry, 9 were positive at day 0 and 7, 5 and 5 were positive 2,6 and 14 d,

respectively, after application of the contaminated slurry on soil @aloda et al., 2001).

All 10 of the treated soil samples tested on day 2l for Salmonellø were negative, It was

conctuded that the recovery of viable Salmonella cells from soil under natural

environmental conditions even after 14 d represents signifïcant risk @alodaetal.,200l).

At 5oC and 30'C in soil, survival of Salmonellawas longer thanE coli. Infrozen, cold

(5'C) and warm (30"C) soil, Salmonellawas able to survive longer than 12 weeks, 12-28

weeks and 4 weeks, respectively (Olson, 2001). In other worh SalmonellaTyphimurium

was found to survive in soils for at least 110 d (Mawdsley et al., 1995). It was also

shown that Salmonella could survive in high numbers in moist soil for more than 45 d at

20oC, with numbers decreasing by 1.4 log cfu/g (from an initial population of 8.15 log

cfi¡/e) (Guo et a1.,2002).

In experiments conduøed with differing soil moisture and temperatures, it was observed

that 
^9. 

typhimurium died within I week in dry soil at 39"C. However, the zurvival at 5

and22oC was similar (up to 63 d) and was generally longer than that at 39oC (Zibilske

and Weaver, 1978).

The capacity of Salmonel/a to survive in soil can allow for its spread to grazing farm

animals, birds, cats, dogs, rodents and even humans. Therefore, there must be effFective

waste management protocols devised which take into account the potential long term
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survival ofpathogens such as Salmonella in soil which has been treated with slurry

@aloda et a1.,2001).

2.2.3 Yersíníø su¡vival in soil

Yersinia enterocolitica was able to survive in frozen soil or in soil at temperafures of 5oC

for a year or longer (Olson, 2001). At soil temperatures of 30oC, the organism survived

for approximately 10 d (Olson,20Ol).

2.3 Bacterial movement in soil

Any soil characteristic or factor which favours bacterial survival has the potential to have

an affect on the numbers of bacteria leached through the soil environment. These factors

include pH, temperature, rainfall, amount of organic matter and the presence of other

organisms in the soil (Abu-Ashour et aL,l994;Abu-Ashour and Lee, 2000;Bicudo and

Goyal, 2003; crane and Moore,1984; Huysman and verstraete, 1993; Kemp et al.,l99z;

Mawdsley et al,, 1995; Reddy et al., 1981; Unc and Goss, 2003).

Physical soil characteristics also will have an affect on the numbers of organisms and

their movement th¡ouglr the soil environment. The texture (sand, silt and clay) and

structure of the soil (porosity) are also major factors that affect movement of organisms.

Finer textured soils possess smaller pore sizes and therefore greater movement of bacteria

is seen in coarse soils with large pore spaces (Abu-Ashour et al., 1994;Bicudo and

Goyal, 2003; Cranç and Moore,1984; Gannon et al., 1991; Mawdsley et.al.,1995).
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Studies have shown that there is increased movement ofbacteria in water-saturated soils.

Percolating water, either tlrough irrigation or rainfall, will affect the movement of

organism through the soil matrix (Mawdsley et al., 1995; Unc and Goss, 2003). The

intensþ of rainf¿ll affects the rate and extent of translocation of microorganisms, and

thus the faster the water flows the greater is the movement ofbacteria. Saturated v/at€r

flow (water flow is thnough large pores and channels) overcomes the filtering effect of

the soil and thus the risk of both chemical and biological pollution is increased

(Mawdsley et al., 1995).

Much of the movement of contaminants through the soil occurs as particulate flow. This

is beoause they are often inherently particulate (perhaps due to low solubility) or because

they are adsorbed onto mobile particles already present in the soil (McGechan and Lewis,

2002). Smaller microorganisms (bacteria" viruses) are mainly transported via adsorption

to mobile colloidal clay particles or soil organic matter (McGechan and Lewis, 2002).

The migration of microorganisms through the soil can pose a serious tlueat to both

surface and groundwater quality and safety (Abu-Ashour et a1., 1994), Their migration

can occur over significant distances, particularly if preferential flow occurs (Abu-Ashour

et a7.,1994). Preferential flow occurs when there is rapid transport of water and solutes

through soil channels @undt et al,, 2001), This phenomenon can allow solutes to bypass

a large part ofthe soil matrix and reduces the effectiveness of soil filtration which

normally reduces baøerial mobility (Bundt et a7.,2001),
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Migration of microorganisms through soil is largely by preferential flow through

macropores (Abu-Ashour et al., 1994,1998; Unc and Goss, 2003). Macropores are

formed in agricultuat soils in a number of ways (McGechan and Lewis, ZO0Z). They can

be created by worm movement (Abu-Ashour et al., 1994, 1998; Mawdsley et al., 1995;

McGechan and Lewis, 2002), from cracks or fractures in dry soil (Abu-Ashour et al.,

1994, 1998; Mawdsley et a1.,1995; McGechan and Lewis, z00z), or from channels left

by decayed plant roots. The growth of plant roots in general, increases the translocation

ofbacteria through the soil and this may be increased even further by percolating water

@undt et a1.,2001; Kemp et al., 1992; Mawdsley ú, a1.,1995), and animal activity in the

soil (Abu-Ashour et al., 1998; Gannon et al., t99l) especiatly if there are spaces which

can become water filled under wet soil conditions (McGechan and Lewis, 2002). The

pathways of preferential flow are more susceptible to drying and wetting when compared

to the soil matrix, and because of these changes, serve as a better source of nutrients

compared to the soil matrix @undt et al., 2001; Gannon et al., l99l). Due to the size of

bacterial cells, it is suggested that they are primarily transported through larger soil pores

(Unc and Goss, 2003) however, gavity influences the direction of their travel.

The geometry of macropores in a field is dynamic and changes occur in response to

wetting, drylng, freezing and thawing events, or burrowing of animals (Gannon et al.,

reel).

It was concluded following a study performed by Abu-Ashour et al. (1998), that if the

amount and rate of rainfall was high enough following manure applicatior¡ bacteria
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present in the soil could reach the groundwater,leading to contaminatiorq especially if

there were macropores present in the soil. It was also shown that macropores in wet soil

allowed up to 83% more movement of nalidixic acid resistant (NAR) E. coli through

unsaturated soil columns than when compared to soíl without macropores (Abu-Ashour

et al., 1998). Preferential flow effects upon microbial mobility have been observed in

both the laboratory and field settings (Abu-Ashour et al., 1994). Research has indicated

that once bacterial cells enter the macropores they are relatively unrestricted during

passage through the profile of the soil and their movement is maximized. In undisturbed

soil cores there was increased transport observed as the water bypassed the filtering

effects ofthe soil and flowed through macropores (Mawdsley et al,, 1995).

Redustions in bacterial viability, competitive interactions within the soil, retention of

organisms within applied manure or constricted macropore paths, and adhesion to soil

surfaces rezult in reduced contaminant dispersion (Unc and Goss, 2003). The total soil

porosity was found to be a poor indicator for estimating the potential for deep transport of

bacteria because of size exclusion effects (Unc and Goss, 2003). When compared to the

measured average pore water velocity, bacteria present moved up to 35 times faster than

expected, with greater speeds observed in finer texfired soils, even though the latter had a

smaller total porosity. This indicates that a pore size exclusion effect occurred which

resulted in the relatively large bacterial cells moving through the soil macropores at an

accele¡ated speed (Unc and Goss, 2003). Macropore flow can be induced by a small

amount of added liquid and can mediate transport of a highly concentrated suspension of

bacteria regardless of soil moisture (Unc and Goss, 2003).
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It was concluded that the application of manure to fields presents a potential risk for

groundwater contamination by fecal bacteria especially if fields are located on sballow

water tables and contain a high pefcentage of macropores (Unc and Goss, 2003).

The use of soil columns for bacterial transport studies is considered by many to be prone

to generate misleading results (Gannon et al., 1991), Soil which has been mixed or

sieved prior to use will show little structural resemblance to undisturbed soil from the

field, and may show significantly less microbial movement than intact soil cores

(Mawdsley et al,, 1995).

In general, except for.E coli O157:H7 where there is little difference, the ability of

pathogenic organisms to survive is better in water than in soil or manure. In all three

environmerts the organisms survive longer at lower temperatures (Guan and Holley,

2003).

2,3.1. Laboratoqy studies of bacterid transport in soil

The presence of macropores limits the retention of basteria, viruses and solutes in the soil

profile and increases the possibility of groundwater contamination (Smith et al., 1985). It

was observed that when channels and pores were removed from soils in a laboratory

setting by mixing part or all of the soil in the column, they becarne more effective

bacterial filters, regardless ofthe t¡pe of soil (Smith et al., l9S5).
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Bacterial pathogen movement through the soil profile is usually required before

groundwater can be contaminated, however runoffalso can contaminate gfoundwater

directly, particularly where shallow soils are located above groundwater (McMurry et al.,

.1998). Therefore the depth of soil to the water table or bedrock is important in

determining the potential for contamination (McMurry et al,, 1998).

When transport studies were performed on disturbed cores (uniformly packed and thus

destroying macropore presence) they retained a minimu m of 93o/o of applied cells while

intact cores (macropores present) retained 27 to78Yo of bacteria (Smith et al., 1985) Up

to 96Yo of E. coli that were added onfo the surface of 280 mm deep columns were

recovered in the effluent when the columns u/ere intact (Smith et al., 1985).

Experimental results from soil columns obtained by Smith et al. (1985), showed that with

moderate to high rates of water additior¡ zuspended bacteria travelled rapidly through the

profiles of well-structured soils. It was concluded that this was a result of macropore

transport (Smith et al., 1985),

There are two aspects to water movement through the soil. One of these is represented

by flow througb the soil matrix, where movement of E. coli is delayed and is preceeded

by Cl- ions, when the latter are added as a marker. The second is flow through

macropores where Cl' ions would move slower or at the same rate as E. coli and because

each travels in water with little interaction with the soil (McMurry et al., 1998; Smith et

al., 1985). To explain the latter, when Br- or Cl- were used as tracers in experiments

conducted by Hawey and George (1989), it was found that the peak breakthrough of



26

DNA-specific fluorochrome labelled bacteria was in advance of the ion tracers used. The

faster transport of the bacteria compared to the tracer may have been due to their larger

size since bromide (chloride) would be subjected to the effects of particle surface

roughness to an increased degree than the stained bacteria. It was concluded that even

though the Br and Cl tracers were easy to deteø and gave well deflrned peaks, they were

not the most useful tracers since their behaviour differed from the bacteria (Ilarvey and

George, 1989). There appears to be enhanced bactçrial movement in soil columns with a

high degree of macropores where the majority of water flow is through preferred flow

pathways (flarvey, I 989).

The distribution of water flowing through the soil matrix or macropores is variable and

depends upon the soil structure and the rate of addition of the u/ater (Smith et al,, 1935),

Therefore it was concluded that the degree of macropore flow not only influences the rate

of movement of water and Cl- but also determines the effrciency or extent of E. coli

transport (Smith et al., 1985). It was also shown by Smith et al. (1985) that the more

m&cropores there were present in the soil, the greater was the movement of E. coli.

Since microorganisms have been found to travel in groundwater faster than that of

chemical tracers under the same flow conditions, it is possible that there are other factors

that influence the movement of organisms in water in addition to those which are

responsible for the transport of chemical tracers (Abu-Ashour ot al., 1994; McMurry et

al., 1998; Smith et al.,1985). There are several transport processes that may assist
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microbial movement through the soil such as dispersio4 filtratiorq adsorption/desorptior¡

sedimentation, as well as growtlL death and chemotaxis (Abu-Ashour et al., 1994).

' Experiments conducted using fine and coarse sand repacked in columns showed that tbe

recovery ofbacteria during elution with water was lowest for the fine sand and highest

for the coarse sand (56 and&4%io, respectively) from a starting inoculum of I log cells/ml.

It was concluded that the retardation of bacterial movement relative to Cl'in the column

experiments was caused by adsorption of bacteria onto solid particles (coarse sand has a

smaller surface area for bacterial adsorption than fine sand) (Tan et al.,19gz).

Larger diameter (>12 cm) soil columns (50 cm in length) can allow for the study of

bacterial movement to the deeper layers of the soil and model the distances found in the

natural environment to the groundwater (van Elsas et al.,l99l). Laboratory transport

experiments generate relevant results when tests are conducted under conditions similar

to those found in the agricultural setting. Unfortunately, due to the diversity found in

nature, it is diffrcult to accurately predict all of the possible results of bacterial movement

in the field (van Elsas et al,, 1991).

2.4Pathogen sulvival in waten

' An important source of enteropathogenic organisms in water is believed to be fecal

contamination from animals (Terzieva and McFeters, 1991). Pathogens can be

introduced in various ways to groundwater and often septic taal$, landfills and crop
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irrigation with sewage effluent are sources responsible (Snowdon and Cliver, 1989).

Regardless of the time or rate of application the greatest bacterial concentrations in

zurface \¡/aters has been observed during spring runoff(Joy et al., 1998). Much of the

contamination of ground\¡/eter was found to be associated with shallow wells (<31 m)

since these are more susceptible to movement of water through the soil (Olson, 2001).

In untreated surface waters there a¡e factors which may cause bacterial stress such as

ultraviolet radiation, metals and nutrient restriction. Should stress cause bacterial injury,

bacterial populations may be underestimated, even though injury can be reversible under

the proper circumstances (Terzieva and McFeters, 1991). The detection of pathogens in

the environment is often difficult since bacteria can undergo physiological changes when

exposed to hostile conditions in order to survive (Wang and Doyle, 1998). There are a

number of factors which influence the survival ofmicroorganisms in groundwater which

include temperature, pH value, chemical and mineralogical properties of the water (Filip

et al., 1988).

It has been shown that there a¡e other factors whioh affect bacterial zurvival in v/afer such

as protozoa, antibiosis, organic matter, algal toxins, dissolved nutrients, heavy metals,

and the physiochemical clnracteristics of the water @urton et al., 1987). Much of the

variation in results from studies on basterial survival in water may be due to different

strain responses to stress, use of different methodologies for bacterial recovery and

incomplete understanding ofthe environmental conditions during conduct of the work

@urton et al., 1987).
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2.4.1 Survival of .E'scå eríchíø colí in water

In agricultural settings, E. coli Ol57 can contaminate surface and groundwaters via

surface runofl lateral and vertical flow from and through contaminated soil (Jones,

1999). It has been found that protozoan predation and/or competition for nutrients affects

the survival of Escherichia coli and Campylobacter jejunl in untreated and filtered lake

water(KohonenandMartikainen, 1991). Itwasfound thatE. collsurvivedbetter at4oC

than 25'C over a 260 dperiod (Flint, 1987; Korhonen and Ma¡tikainen, l99l). Flint

(1987) also showed that the competition for nutrients had a greater negative effect on the

survival of E. coli than did protozoan predation (Korhonen and Martikainerq 1991). '

There have been instances of E. coli Ol57 infections worldwide from groundwater

supplies contaminated by animal feces (Jones, 1999). Reports have shown that non-Ol57

E. coli strains can zurvive from I to 7 d in non-sterile natural river water and that the

greatest survival was at 4oC @ogosian et a1.,I996;Jones, 1999). There also have been

observations ofE coli Ol57 survival in river water for up to 90 d, where the major factor

affecting zurvival was temperature (greater survival u/as seen at 8"C than 25"C) (Jones,

1999). When survival was compared in water from different sources at 8, 15 or 25oC, the

survival of E. coli O757:H7 populations were greatest at 8oC regardless of the water

source, E. coli was resilient in water and numbers decreased by I to 2logat 8oC after 9l

d (Wang and Doyle, 1998). There was also a period oftime in these tests where E. coli

could not be detected by plate counts; however, it was dctected by overnight TSB

enrichment (3f C) during a 4 to 5 week period. This occurred in at least one water
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sample stored 21 d ai.both 15"C and 25oC (Wang and Doyle, 1998). These authors found

that zunlight and organic matter affected E. coli survival in water.

In water that was frozen or kept at 5oC, E. coli was able to survive for > 300 d but at

warmer temperatures (30"C) it survived for 84 d (Olson, 2001).

The retention of virulence by pathogenic E. coli in drinking \ilater supplies indicates that

they are hardy organisms and results from a variety of studies showed that even in water

only a low number of organisms are required to cause human infection (Yu and Bruno,

lee6).

When comparing the survival ofE coli in filtered and untreated lake wateÍ, it was found

that E. coli survived better in the filtered water. These results suggested that predation

and/or competition for nutrients does affect survival of E. coli in aquatic environments

(Korhonen and Martikainen, 1991).

E. coli Ol57'.Hl populæions were shown to decrease by 3 to 3.5log in municipal well

water at 5oC over a 45 to 70 d period, whereas at zOoC, a 5 log reduction was observed

after 35 d (Rice et al., 1992). Die offwas also faster at20oC than 5oC when E. coliwas

monitored in a potable groundwater source, however, there was no significant reduction

4t either temperature until after 7 d (Rice et a1., 1992). Studies have shown non-O157 E.

coli wwival at25"C was ) 60 d, and the organism survived 100 d at 4"C @ogosian et al.,

1996; Jones, 1999; Rattray et aL, 1992).
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The risk of water pollution with E coli is greatest after applicafion of animal waste slurry

(cattle), where the first increments of drainflow carry the greatest concentration of the

bacteria (Ogden et al., 2001). It was concluded that it is unlikely that there would be

signifrcant losses of organisms to drains if precipitation was minimal after the application

of slurry to well-drained sandy soils (Ogden çt al., 2001).

A stream in Ontario, which flows into Lake Huron, was found to have signifïcant manure

contamination in winter and spring facilitating the survival of E. coli and other organisms

because of the presence of carbor¡ nitrogen and phosphorous @almateer et al., 1989).

In inoculated artificial sea water, two of three strains of E. coli \ryere recovered by direct

plating for 31 4 while a third strain was recovered by plating until day 65 during storage

at 5oC (Rigsbee et al., 1997). In filter sterilized river water the three strains decreased

gradually at 5oC with the most dramatic decreases occurring within the initial two wepk

period, All three stains were recovered by plating up to day 20 (Rigsbee et al., 1997).

The influence of temperature, sedimentation, IIV light or a combination of these effests

was thought to be responsible for the disappearance of.E coli ftom marine environments

(Flint, 1987). However, the beneficial effects of reduced UV light intørsity in turbid

estuarine conditions was thought to have been reversed by increased predation or adverse

high temperature in estuaries (Flint, 1987; Lim and Flint, 1989). In freshwater the major

conditions responsible for the disappearance of E. coli arç not fully understood. In

autoclaved filtered river water, E. coli was able to survive for up to 260 d, The zurvival
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of E. coli was dependent upon temperature with zurvival being reduced in order of 4oC>

l5oc > 25oC > 37"C. However, it was concluded that competition with the natural

microbial flora of the water v/as the primary cause of the decrease in the inoculated

population. Autoclaving water samples removed viral predators (bacteriophage) and

bacterial competitors, grving the longest survival regardless of temperature (Flint et al.,

1987). In a laboratory setting the temperature and nutrient availability played primary

roles in survival (Flint, 1987). In the absence of competitors (autoclaved river water) E.

coli was able to survive < 260 d 25'C. There was no decline in numbers under these

conditions and no apparent injury (Flint, 1987; Lim and Flint, 1989).

In work conducted by Bogosian et al (1996) using non-sterile river water, E. coli levels

dropped to < l0 cfi¡/ml within l0 d when an initial inoculum of > 107 cfi¡/ml was used

and held at 4,20 or3TC, In sterile water, addedE. coli survived for 50 dat20 and37'C

without a significant reduction. In sterile soil at 4,20 and 37oC there was no decline in

numbers observed after 100 d @ogosian et al., 1996) The E. coli numbers also remained

the same over 50 d in sterile artificial seawater at 4oC or sterile river water at 4 or 20"C.

From these studies it was suggested that E. coli present in the inoculum added to non-

sterile soil or river water were unable to compete with and were perhaps being consumed

by the predatory organisms in the samples @ogosian et al., 1996).

Karapi¡rar and Gonul (1991), found that.after inoculation and 13 weeks of incubation in

sterile spring water at4oC,no E. coli was detected. When cultures of E. coli andYersinia

were incubated together under the same conditions, the viabilþ of E. coli was futher
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reduced. After 7 weeks, at an inoculum of 9.1 x 102 cells/ml water, no E. coli were

detectable. At the higher inoculum of 9.0 x lOacells/ml water, E. coli were not detectable

after 13 weeks by direct plate counts (Karapinar and Gonul, 1991),

It has been speculated that loss of.E coli viability is directly related to temperature,

however, interference by indigenous microorganisms or the low sensitivity of the method

used for recovery may have contributed to this conclusion (Rhodes and Kator, l98S).

Centrifi.rgation, washing, holding at cool temperatures and other harsh manipulations may

stress organisms before exposure to the test environment and the use of selestive media

can underestimate the population that does survive (Rhodes and Kator, lgsS).

2.4.2 Survwal of Salmonella in w¡ter

Salmonella Enteritidis numbers were shown to decrease from 5 log cfir/ml to < I cfr¡/ml

in culturable counts when Salmonella Enteritidis was inçubated in filtered autoclaved

river water for 48 h (McKay, 1992;Roszak et aI. 1984).

In water, Solmonella was shown to be able to survive > 6 months regardless of whether

frozen or held at 5oC or 30oC. Holding at lower temperatures allowed for prolonged

survival in water, as the cold water can act to sustain viability (Olson, 2001). One ml of

four strains of Solmonella at approximately 9 log cfir/ml were inoculated individually into

9 ml of twice filtered river water, as well as untreated river watsr or autoclaved-filtered

river water and held at room temperature. In the autoclaved water treatment there was a

minor decrease in numbers during the first week. Three of four strains used survived at 5
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log cfrr/ml after 45 d. However, in the other treatments (untreated and filtered) there was

a decrease of 3 log cfi¡/ml after 45 d. Protozoan predators did not seem to influence the

results since survival was better in untreated river water compared to filtered \ilater

(Santo Domingo et al., 2000), At temper¿tures of <1OoC inoculated Salmonella spp.

exhibited less die-offand stress in water when compared to E. coli (Rhodes and Kator,

1988). Salmonella spp. were shown to be more persistent than E coli infiltered water at

< 10oC (Rhodes and Kator, 19SB). A series of unpublished studies showed a rapid

decline in the survival of several enteric bacteria including Salmonella and E. coli tnriver

water within 72 h (Santo Domingo et al., 2000). In addition, Rhodes and Kator (1988)

showed that E. coli and Salmonella spp. were capable of survival and multiplication in

the estuarine environment, v¡ith poptrlation decreases attributed to either the low water

temperatures or predation by the natural microflora at warmer temperatures @hodes and

Kator, 1988). Enteric bacteria in estuarine environments are affected by an interaction of

physical, chemical and biological factors and processes, such as low nutrients, predation

and competition (Rhodes and Kator, 1988). E. coli and 
^9. 

Newport survival was greater

than that shown by P. aeruginosa and K. pneumoniae infreshwater sediments containing

a minimum of 25Yo clay, when studied at l6oC to 2l"C @urton et al.,l9B7). In water

there was a faster reduction in bacterial viability which was attributed to an inability to

compete with the natural microflora for low levels of nutrients @urton et al., 1987).

Protozoan predation and the competition for nutrients are important factors which affect

the survival of bacteria in water (Korhonen and Martikainen, 1991). It was found by

Rhodes and Kator (1988), that the survival of E. coli and Salmonellø spp. decreased with
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an increasing density of microflagellates (Korhonen and Martikainen, l99l; Rhodes and

Kator, 1988).

2.4.3 Survival of Yersíníø in waten

Yersinia is highly resistant to some extreme environmental conditions and survived for a

year or longer in frozen water or at temperatures of 5oC (Olsorq 2001). At a water

temperature of 30oC, Yersinia survived for approximately 10 d (Olson, 2001). Yersinia is

capable of limited reproduction and survival in distilled water since it is adapted to a

temperate aquatic environment and is psychrotrophic (Terzieva and McFeters, l99l).

Yersinia enterocolitica showed the greatest survival among all pathogens examined in

vrater at 4-8'C (Guan and Holley,2003). The endurance of I{ enterocolitica in river

\¡/ater is primarily controlled by predators and toxin producers, in contrast with the

beneficial effeøs of low temperature on survival (Chao et al,, 1988).

In natural river water, the rapid disappearance of Yersiniawus believed due to the

presence of eukaryotic predators (Chao et al., 1988). Since groundwater possesses a low

microbial population, Yersinia has the capability for greater survival (Chao et al., 1988).

In sterile spring water held at 4oC, Yersinia enterocolitica increased 2 or 3 logs during the

initial 3 weeks, and numbers v/ere highest at 7 weeks of storage. After 64 weeks, viable

cells were still detectable at the initial inoculum level (Karapinar and Gonul, 1991), In a

previous study it was reported thatYersinia enterocoliticøwas able to survive in sterile

distilled water at 4oC for over 18 months (tlighsmith et al. L977;Karapinar and Gonul,
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1991). In untreated lake water the survival of Yersinia enterocoliticø biovar 0:3, was

dramatically reduced when other microorganisms were present at 4oC (Lund, 1996).

When inoculated at 6 log cfi.r/ml, at 4oC there was a3log, or 99.9Yo,reduction inYersinia

enterocoliticø within l7-I8 d, while at 10oC, only 14-15 d were required to achieve the

same reduction (Lund, 1996). Y. enterocolitics suryived better than E. coli atlow

temperatures (Lund, 1996). In autoclaved water the period required for a 4log

inactivation of /. enterocolitica was about five times longer than was seen in the natural

lake water regardless of whether 4 or lO"C was used (Lund, 1996). In autoclaved water

at 4oC,99.9/o of E. coli were inactivated within 55 d, but 95 d were required to achieve

the same reduction of Y. enterocolitico. At l0oC, 99.9% of E. coli were inactivated

within 42 d. These results suggest that naturally present water organisms may cause

significant reductions in numbers of fecal pathogens in water (Lund, 1996). In survival

studies withE coli andYersinia at 6oC and l6"C where membrane diffusion chambers

were immersed in stream waters, it was found that there was little change in bacterial

numbers within the first 4 d, followed by a decline in colony forming units (Terzieva and

McFeters, l99l). Greater persistence of both baøeria \¡/as seen at 6"C than at l6oC, The

reduced temperature resulted in an extended survival of tr¡¡o of the tfuee Yersinia strains

and all tfuee E'. coli sftuns tested after 14 d (Terzieva and McFeters, l99l). Temperature

was clearly a major factor influencing persistence of these bacteria in aquatic conditions.

Even though the test organisms became injured and appeared to die, a significant portion

persis{ed in a culturable state for up to 14 d (Terzieva and McFeters, 1991). The survival

of bacteria at l0oC in groundwater showed that test bacteria could survive for up to 100 d

(Filip et al., 1988). Inoculated Y. enterocolitica ønd P. aeruginosø survived < 50 d with a
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reduction of < I log, whereas E. coli and SalmonellaTyphrmurium showed reductions of

up to 4log cfir/ml (Filip et al., 1988). Even after 100 d the four organisms were srill

detect¿ble (Filip et a1., 1988). In cold water (4 to 8"C) Y. enterocoliticahadthe greatest

' survival among all pathogens studied (Guan and Holley, 2003) with detection of Yersinia

up to 64 weeks in sterile spring water held at 4oc (Karapinar and Gonul, l99l).

2.4.4 Survival of heudomonøs in water

Pseudomonas spp. are oommon in soil and groundwater (Jay, 2000; Leclerc and Moreau,

2002; Teixeira et al., 2001) due to their ability and adaptabilþ to survive and grow in a

wide range of conditions. They are capable of growth on various organic substrafes, they

do not require any specific vitamins or amitro acids and can utilize a number of carbon

sources (Lecler and Moreau,2002). Pseudomonads are also able to survive in water

environments with low concentrations of available nutrients (Stetzenbach et al., 1936).

Pseudamorns is an opportunistic pathogen and can cause infections through contast or

inhalation. They are widely distributed in nature and can colonize water environments

(Hernandez et al, 1997).

Unfortr¡nately, there is little information regarding Pseudomonas levels in groundwater.

However, Filip et al. (1988), showed that Pseudomorurs was capable of survival at l0oC

for 100 d using groundwater, with less than a one log reduøion in numbers up to 50 d.
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2.4.5 Use of coliphage in water as an indicator of fecal pollution

E. coli present in the intestines and feces of all warm blooded animals is specifrcally

infected by viruses known as coliphages (Ronner and Cliver, 1990). These phage,

because of their close relationship with E coli can serve as indicators of possible \ilater

contamination by fecal material containing pathogenic bacteria or other viruses of public

health significance (Snowdon and Cliver, 1989; Stetler, 1984).

The importance of coliphages in the indication of fecal contamination was first

established by Guelin, who during his early work established a correlation between

coliform and coliphage levels in fresh and ma¡ine waters (Armon and Kott, 1996;

Wentsel et al., 1982). A linear relationship exists between coliphages detected using the

hostE coli C and fecal or total coliforms present in samples (Wentsel et al., 1982).

Coliphage levels can be equal to or greater than the number of coliforms or enteric

bacteria present in contaminated waters (Grawbow and Coubrouglq 1986; Wentsel et al,,

le82).

Coliphages are not pathogenic to marL are specifically found in the gastrointestinal tract

and are easily detected, which also allows them to be used as suitable indicators for the

presence of human enteric viruses. Because oftheir small round form, they move with

water in the same \¡/ay as enteroviruses and they are likely to be present in the same if not

greater number as when human enteric viruses are present. Coliphages can persist and
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survive in contaminated waters as well as their host bacteria and human viruses (Jay,

2000; Snowdon and Cliver, 1989).

Contamination of drinking water sources by enteric viruses is a major public health

concern (Schwab et al., 1996), Consumption of contaminated groundwater is responsible

for half of the outbreaks of disease with waterborne causes (Snowdon and Cliver, 1989;

Yates et al., 1985). Of additional concern is the possibilþ for survival and accumulation

of pathogens in soil and their movement to the groundwater (Moore et al., l98l). Several

factors can affect the survival and migration of viruses in soil once they have been

introduced. These factors include: p[I, temperature/climate, rainfall, soil characteristics,

chloride, total organic carbon, water hardness, turbidity, presence of other aerobic

organisms, chemical and microbiological content of groundwater, sewage pollution"

moisture holding capacity and the tlpe of soil, ultra-violet radiation at the soil surhce

and viral characteristics (Hurst et al., 1988; Moore et al,, 1981; Snowdon and Cliver,

1989; Yates et al., 1985). Viruses have the capacþ to migrate great distances (Yates et

al., 1985). However, coliphages are less likely to be found in groundwater due to the lack

of nutrients for hosts, dilution of bacterial hosts and cool temperature (Snowdon and

Cliver, 1989).

Numerous studies have shown that indicator bacteria are inadequate for the prediction of

the presence of enteric viruses in water (Schwab et al., 1996). An indicator is a tracer or

an organism that possesses behavioural characteristics similar to the pathogen and

possesses the ability to withstand environmental stresses equal or better than the targçt
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bacteria (Armon and Kott, 1996). There is concern that when coliphages are used as

indicators of fecal pollutiorq the host strains used may not detect the array of viable

phages present (Iay, 2000).

From 147 samples of drinking water tested for total coliforms, fecal coliforms and

coliphage, 78 were positive for coliphage and negative for total and fecal coliforms; 65

viere negative for total and fecal coliforrns and coliphage; and 4 were positive for both

total coliforms and coliphage. It was concluded from this study conduøed in Egypt that

coliform-free potable water may not be necessa¡ily free of pathogens or coliphages (El-

Abagy et a7.,1988). In other work coliphage-free water was found to be a reliable

indication of acceptable virological and hygienic quality (Grabow and Coubrougü, 1986).

In 1987, a study performed by Sim and Dutka (1987), challenged the view that coliform-

free drinking Ìvater is pathogen safe water. In their experiments, they tested water

samples for total coliforms, fecal coliforms and coliphage concontrations. Of the 30

potable water samples tested, there were two samples which were negative for coliphage

after 24 h. There v/ere no samples that were negative for coliphage and positive for total

or fecal coliforms. There was however, nine samples found to be positive for coliphage

and negative for total and fecal coliforms. The conclusion according to their study was

that coliform-free water is.not necessarily pathogen-free potable water, howeven, the

authors recommend that coliphage testing be including as part of any potable water

testing regime.
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The main advantage in using coliphage indicators over traditional microbiological and

virological testing is that it is economical (compared to enteric bacterial detection

methods), simple to perform and rapid (resulting phages produce plaques within 4- h

under optimal conditions) @l-Abagy et al., 1988; Grabow and Coubrpug[ 1986; Leclerc

et al., 2000; Mariam and Cliver, 2000; Sim and Dutkq 1987; Stetler, l9B4) and the

sensitivity of the test can þe increased easily (Sim and Dutka, 1987), Bacteriophage can

be easily used and detected in water samples (Sim and Dutka, 1987; Snowdon and Cliver,

1989). The test is readily applicable to the majority of water types and samples can be

tested for false positives easily (Stetler, 1984). However, the sensitivity of these tests

needs to be improved beyond current levels (one coliphage/I00 mt) so that even smaller

numbers of coliphages can be detected (Wentsel et al., 1982). Due to the number of

different methods available for coliphage enumeration, there is the possibility of

contradictory results being generated. This can result in confusion and underestimation

ofthe overall test value due to the differences in sensitivity, selectivity and

reproducibility (Grabow and Coubrough, I 986).

Since there is usually a low level of enteric viruses in environmental waters, virus

concentration steps are needed and methods sometimes pose an analytical problem

(Schwab et al,, 1996). The concentration of large sample volumes has been shown to

decrease coliphage recovery (Stetler, 1984). Beef extract was found to be a poor

coliphage eluant at lo/o, however, a better coliphage eluant has been shown tobe 4o/obeef

extract in 0.5 NaCl (Stetler" 1984).
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Standard Methods for the Examination of Water and Wastewatet (1989) specifies E. coli

C for use as the host for coliphage detection and enumeration since it is sensitive to a

broad range of coliphages in sewage and also lacks the restriction and modification

systems (Ijzerman et al., 1994). This method also uses 2, 3, S-triphenyltetrazolium

chloride (TTC), to identiS non-infected E. coli cells (which reduce TTC and colour the

colony a pale pink) while infected cells generate plaques which remain colourless

(Ijzerman et a1,., 1994). Phage diffi¡sion in the soft agar (0,7% w/v) overlay yields further

cell lysis, forming plaques that appear as "holes" which are counted as plaque forming

units (Armon and Kott, 1996). There are several limitations of this method. There is

sometimes a lack of significant colour contrast, sometimes there is difficuhy in detection

of low numbers of E. coli and there is also the possibility that clear plaqueJike areas may

form for reasons other than phage infection, which can generate false positive results

(Ijzerman et al., 1994). Another reason for the slow adoption of coliphages for use as

indicators of fecal contamination and the presence of enteric viruses is that the phage may

lack specificity for the target bacterial host in environmental samples (Leclerc et al.,

2000).

The abilþ to predict enteric virus presence in groundwater is limited by low rate of

occurrence of all types of bacteriophages, Comparisons are diffrcult to make in the

literature because standardized detection methods are infrequently used (Leclerc et al,,

2000).
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Chapter 3

MATERIALS AITD METHODS

3.0 Experimental Field Site Treatments and Sampling

The experimental field site used for this study was approximately 32.8 ha of

almost flat land that overlies part of the shallow sandy Assinibione Delta Aquifer near

Carberry, MB. and was termed the Green Farm Site. There was uniform brown sand with

scattered silt to silty clay lenses (1 cm to 0.5 m thick), with local thin stringers of coal, in

the first 6 m of soil. From 6 to 10.5 m soil depth there was fine to medium coarse gray

sand. The total expected sand thickness was 15 m. Soil geology was provided by

Manitoba Conservation (Winnipeg, MB.). The field was divi{ed into four north / south

sections, each measuring approximately 100.6 m wide by 804.7 m long. The two

westerly frelds (designated as field I and field 2)hadan annual crop rotation (winter

wheat, oats or canola), and the two easterly fields (designated as field 3 and field 4) had a

forage crop (alfalfa) planted. The application of liquid hog manure, from an above

ground storage reservoir supplied from a grower-finisher barn located near the fields, was

rotated to some extent rrmong the fields with one annual and one forage field being

fertilized at a time, and the other two fields being fertilized at the nÊxt seasonal

application. In the third year oftlre study all four fields were fertilized atthe same time.



Availability of equipment and labour, as well as weather influenced application of

manure to fields. Manure application dates were October 30,1999 (fields 2 and 3) at an

application rate of -56l70Llha (76 kgN/ha); June 3, 2000 (fields I and 4) at an

application rate of -41 566Llha (l 12 kg NÆra); May 3, 2001 (all 4 fields) at an

application rate of -28085 (4260), -48306 (70), -88749 (127) and^88749 (127) L/ha (kg

Nfta) in fields I through 4, respectively; October 22,2007 (fields 2 and 3) at application

rates of ^ó5157 Llha (l I I kg N/tra) and *61787 L/tra (105 kg N/ha), respectively, and

Apn124,2002 (orúy field 4) with an application rate of -69089 Llha (118 kg N/ha).

Manure application rate determinations and nitrogen analyses were provided by Manitoba

Conservation (Winnipeg, Manitoba),

3.1 Water quality monitoring

3.1.1 Groundwater sampling sites

The groundwater monitoring system consisted of sampling wells at 67 sites on the

fields (Table 3,l). There were a total of 26 piezometer nests (a piezometer is a non-

pumping well, generally of small diameter, that is used to measure the elevation ofthe

water table). There were six in each of the four fields and two additional nests at the

south eastern edge, an area of lower elevatior¡ to determine background water levels and

quality. Each field was subdivided into three zubsections for management reasons and

piezometers were located within each subsection. The wells were professionally installed

using hollow stem auger drilling techniques. In each of the nests there was a well drilled
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to thc level of the v/ater table (termed a shallow depth well) and a piezometer was located

2-3 m below the watertable (termed an intermediate depth well). At every second nest

and at the background nests there was an addition¿l piezometer 5-6 m below the water

table (termed a deep depth well). Each of the individiral wells had a manually activated

Waterra pump (Mississauga, Ol9 for sampling. Each of fields 2,3, and 4 contained l5

wells. Field I had 16 wells and the background field had 6 wells, giving a total of 67

sampling wells. The water from the wells was sampled 9 times over & 20 month period,

Table 3.1: Tabulated description of relative location of wells drilled at the Green Farm
experimental area

North

Background section One @GD-l)' Background section Two (BGD-2)
w96t (D)2 / v/963 (n3 / w964 ($4 w965 (D) / w966 (Ð / w967 (sl

Field One ß1) Field Two G2) Field Th¡ee G3) Field Four G4)
wel6 (s)
wer5 (Ð
wel4 (s)
wel3 o)
wel2 (D)

rw9l0 (t)
weoe (Ð

ïr/e08 (s)
we07 (r)

we26 (s)
we2s (D
we24 (s)
we23 (Ð

we4l (s)
we40 (D
we3e (s)
we38 (t)

we56 0)
wes5 (s)
we54 (D)
we53 (t)

Subsection
Two (S2)

welr (s) we27 (p) we42 (p) we57 (sì

we04 (t)
weo3 (s)
we02 (t)

we3l (s)
we30 (D
weze (s)
we28 G)

we20 (t)
wele (s)
wel8 G)

we46 (s)
we45 (Ð
we44 (s)
we43 CI

we3s (D
we34 (s)
we33 (Ð

we6l (Ð
we6o (s)
\ryese (D)
wess (t)

weso (s)
we4e (D)
we48 (t)

Subsection
Three (S3)5

Subsection
One (S1)

we06 (p) we22 (p) we37 (p) wes2 (sl
weo5 (s) we2l (s) we36 (s) wesl (D

weol (p) welT (p) we32 (p) we47 (s)

South

t Bacþround sections @GD-l md BGD2) each contained 3 we[s (W962 to W967)
2 D = deep well (5ó m below water table)
3 I = intermediate well (2-3 m below water table)

a S = shallowwell (drilledto wder table)

5 Each srùsectíonre,lnesented one tlird of e¿ch field and contained 5 wells



3.1.2 Water sampling procedune

Before water sarnpling, each well was purged ofthree well volumes of water.

The tip of the Waterra punp hose was wiped with a sterile cloth saturated with a70Yo

aqueous isopropanol solution before samples were taken. Samples of I00 to 125 ml of

well water were taken in sterile bottles from each well at each sample time. The samples

were placed in a cooler with ice packs and stored at 4-5oC until analysis. Coliforrns were

analyzed within 2+72 h after sampling while Pseudomonas aeruginosø were analyzed

within 5-7 d.

Water sampling dates (including days since last manure treatment) \ry'ere: October

13,2000 (fields I and 4: 132 d and frelds 2 andS:349 d); March 14 (fields I and 4: 284 d

and fields 2 andS'. 349 d); April 30 (fields I and 4: 331 d and fields 2 and 3: 548d); May

24 (all four fields: 2l d); July 13 (all four fields: 7l d); September 7 (all four fields: 127

d), in 2001; March 15 (fields I and 4: 186 d and fields 2 and 3: 14 d) and May 9 (field 1:

371 d, fields 2 and3 199 d, field 4: 15 d) in20}2. Coliform analysis was performed on

all samples, whereas Pseudomonss was analyzed in water samples from March 14, July

13, SeptemberT, andNovember 5,2001aswell as onMarch 15 andMay 9,2002.

3.1.3 Coliform analysis of water samples

The protocol used was the standard total coliform multiple tube most probable

number (NPÐ fermentation technique from Standard Møhods for the Examination of
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Water and Wastewater (Standard Methods, 1989). In briet for the prezumptive phase,

double strength lauryl sulfate tr5ptose broth (LST, BBL, Becton Dickinson, Cockeysvillg

MD) was used. From each sample five l0 rnl portions were inoculated into 5 separæe

tubes of double strength LST containing inverted Durham fermentation vials. Inoculated

tubes were incubated at 35oC for 2448 h with the presence of any amount of gas

production regarded as a positive result,

For confirmation of coliforms, 0.1 ml from the positive LST tubes was transferred

into brilliant green lactose bile broth (BGLB, BBL) tubes with inverted fermentation

vials. Tubes r¡/ere incubated at 35oC for 24481ç where gas produøion represented a

positive result.

Fecal coliform determination was carried out by transferring 0.1 ml from the

positive LST tubes into BC broth (EC, BBL) tubes containing inverted fermentation vials,

Tubes were incubated at M.soC for 24-48 h, and gas production indicated a positive

result. Results were then evaluated using an MPN table (Standard Methods, 1989) to

determine the sample MPN index/100 ml of sample. Positive cultures were streaked onto

Eosin Methylene Blue agar for confirmation @MB, Difco Becton Dickinson, Sparks,

MD) and incubated ú,35oC for 2448h.
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3"1,4 keudomonøs aeragínosa anaþsis of water samples

The procedure followed was a multiple tube MPN technique for Pseudomonas

aeruginosa (Standard Methods, 1989), From each water sample five 10 ml portions were

inoculated into 5 separate tubes containing l0 ml double strength Asparagine broth

(Standsrd Methods, 1989). Tubes were incr¡bated at 35-37'Cfor 2448 h, Positive

results were determined under long wave ultraviolet light (Specfo F15T8-BLB 22watt

bulb, Lamp model 1801-3, L&L Manufacturer, Specro Electric Ind., Scarborouglç ON.),

where the production of a greenish fluorescent pigment indicated a positive result.

A confirmed test was performed on presumptive positive tubes by spread plating

0.1 ml onto Acetamide agar plates (Standard Methods, 1989). A positive result occurred

with the development of a purple colour on the plates within 24-36 h of incubation at 35-

3fC, Results were evaluated using an MPN table (Standard Methods, 1989) to

determine the MPN of P. aeruginosall0} ml of water sample.

3.1.5 Coliphage analysis of well water

Analysis for coliphage was performed on well water collected at the fleld site on

May 9, 2002fromthe following wells: 901, 903, 905,929,931,934,936,957,960 and

964. Samples were collected using 1000 ppm chlorine-ste¡ilized 4litre plastic þgs and

stored atf-SoC for 5 days until analysis. Each sample was also analyzed for coliforms as

described previously.
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From each container 100 ml well water was divided in half, placed in sterile

cont¿iners and was frozen at -l8oC until analysis. The remaining sample was

concentratd by aluminum hydroxide adsorptior/precipitation as described in Standa¡d

Methods (1989) and analyzed for coliphage presence. The concentrated samples were

tested using E coli C (ATCC 13706) wd E. coli C3000 (ATCC ts597) as the host

cultures. E. coli C was obtained from the Dept. Microbiology (Univ, Manitoba) and E

coli C3000 was obtained from the American Type Culture Collection (ATCC, Manassas,

VA). Concentrated samples of well water were analyzed undiluted and enumerated on

host-inoculated modified tfyptic soy agar (Standard Methods, 1989). The plates were

incubated at 35oC for 4 to 6 h and examined for coliphages according to Standard

Methods (1989). The method for coliphage recovery was evaluated by inoculating well

water samples with 105 or 106 plaque forming units (pfu) of MS2 bacteriophage (ATCC

15597-Bl) which is specific forE coli C300O. Samples were concentrated as previously

described.

3.2 Pathogen presetrce in m¡nure

3.2.1 Analysis of manure for Salmonellø

The liquid hog manure analyzed was aseptically sampled from the manure

applicator tank reservoir on May 3, 2001. Eight samples were taken and stored for 48 h

at 4-5oC until analysis.
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The procedure followed was after Hu and Gibbs (1995), where 60 g of sample

was diluted tenfold with buffered peptone water (Difco, Becton Dickinson, Sparks, MD)

and incubated overnight at37'C. One ml ofthis pre-enrichment culture was then

transferred to Rappaport-Vassiliadis Rl0 broth (Difco) and incubated at 43ocfor 4g h.

The sample v/as then sub-cultured on Xylose Lysine Desorycholate e(LD) agar @BL)

and incubated for 24 h at 35"C. Colonies were subsequentially transferred to MacConkey

agar without salt @ifco) and incubated at 35oC for 24 h. Colonies were then inoculated

onto slants of Triple sugar lron agar (TSI, Difco) and Lysine Iron agar (LIA, BqL).

Both sets of slants were incubated at 35oC for 24 h. Growth from tubes which both

showed positive results on TSI and LIA (Tsl-alkaline (red) slanr and acid (yellow) butt,

with or without HzS (blackening) production;LlA-alkaline (purple) reaction with or

without HzS blackening reaction), was transferred to Trypticase Soy Agar (TSd BBL)

plates and incubated 4E h at 35oC. Single colonies were then tested for agglutination with

salmonella o poly A antiserum @acto, Difco, Detroit, MI). cultures which were

positive on both TSI or LIA and agglutinated with poly A Salmonelløantiserum were

chatactenzed biochemically with API20E strips (bioMerieu4 Hazelwood, MO) after

further gfowth on TSA.
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3.2.2 Ãnilvsis of manure for yersìnìø

The liquid hog manure analyzed was aseptically sampled from the manure

applicator tank reservoir on May 3, 2001. Eight samples were taken and stored for 4gh at

4-5oC until analysis.

The procedure used was from the Bacteriological Anal¡ical Manual (BAM,

1998). Ten g of manure was added to 90 ml of peptone sorbitol bile broth (BAM, 199g),

and incubated at l0oC for l0 d. Following incubation, 0.1 ml was inosulated into t ml of

0'5% KoH in0j% saline and mixed for l0 s. Following this, the solutions were

streaked onto MacConkey agar @ifco, Becton Dickinson, Sparks, MD) and Cefsulodin

kgasan Novobiocin (CßD agar, which is also known as Yersinia Selective agar base

@ifco), containing Yersinia antimicrobic supplement CN (Difco). An additional 0.I ml

of enrichment culture was inoculated into lml of 0.5% saline, mixed for l0 s and

streaked again on MacConkey and CIN agars. AII plates were incubated at 30"C for 24 h.

After the plates were examined for growth, a single colony was inoculated on a Lysine

Arginine Iron agar slant (LArd BAI\4 199g), a christensen,s lJrea agar prate (BAM

1998) and a bile esculin agar plate @ifco, Becton Dickinson, Sparks, MD) and incubated

at 22"C for 48 h. Positive cultures (isolates which gave an alkaline slant and acid butt, no

gas or H2S in LAL\ which were also ureâse positive and negative for esculin hydrolysis
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(no blackening of agar) were gro\ryn on TSA (BBL) and then further chacterized on ApI

20E strips (bioMerieux).

3.2.3 Analysis of manure Íor Escherìchìa colí

The liquid hog manure analyzed was aseptically sampled from the manu¡e

applicator tank reservoir on May 3, 2001, Eight samples were taken and were stored for

48h at 4-5oC until analysis,

A 50 g sample was placed in 450 mI buffered peptone water @ifco). After

mixing one ml was then inoculated into 3 separato LST (BBL) tubes with inverted

Durham fermentation vials and incubated at 35t for 24h. positive tubes (showing any

gas production) were streaked ontoE colikunbow agar @iolog, Hayward, cA) and at

the same time tenfold serial dilutions of samples in0.l%peptone were inoculated onto

Petrifilm E. colilcoliform count plates (3M Microbiology, st. paul, Nßr). Both were

incubated at 35oC for 2448 h. As well, 0.1 ml from LST tubes was inoculted into EC

broth @BL) and kept at 44oC for 24-48 h. After examinatior¡ serial dilutions inl,lyo

peptone were perficrmed from the gas positive EC broth tubes, These were also

inoculated onto PetrifilmE. coli/coliform count plates. From the inoculated petrifilm

plates which originated from the LST tubes, colonies were streaked onto Eosin

Methylene Blue agar (EMB, Difco, Becton Dickinson, sparks, MD) and incubated æ

35oc for 2448 h. Afterwards the cultures were inoculated into TsB @BL) and
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incubated at 35oC for 24 h. Cultures were then subjected to indole, methyl red, Voges-

Proskauer and citrate (IMViC) testing as outlined in the BAM manual (BAM, l99g).

3.3 Anaþsis of field soil samples for potential pathogens

Analysis of soil for Salmonella, Yersinia and E. coli was carried out as described

for the manure analysis. The exception was that l0 rnt (50 units) of alpha amylase

(Sigma-Aldrich Co., St. Louis, MO) enzyme was added to l0 g of soil with incubation at

35-37"c for 18 h @risou, 1995). Then buffered peptone water @ifco) or peptone

sorbitol bile broth (BAI\4 1993) was added to create a I in l0 dilurion of samples. Other

steps followed are as previously outlined.

The first set of soil samples was collected November 17,2000 byMaple Leaf

Drilling (Carberry, MB). The samples were stored at ÇS"Cuntil analysis. The sample

designation was GGB I through 10. The location of the samples (along with GpS

Iocation) were as follows: GGB I (0454303/5534565) is approximately wesr ofwell 904,

GGB 2 (04543rc/5534072) is approximately wesr ofwellglz,GGB 3

(0454348/5534968) is west of well 912, GGB 4 (0454351/5534564)is jusr wesr ofwell

904, GGB 5 (0454445/5534562) is west of well 931, ccB 6 (0454452/55j4g62)is wesr

of well 921 (Fig.3,1). The remaining four samples were collected in the farm field

immediately south from the Green Farm study site near the Green Farm hog barn and had
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the following GPS locations: GGB 7 (0454424/5533708), GGB I (0454437/5533704),

GGB 9 (04s4478/5533702)and GGB l0 (0454517/5s33708).

The second set of soil samples were collested on Mray 2l,2O0l by Maple Leaf

Drilling (carberry, MB). The samples were stored at 5oc until analysis. sample

designation consisted of each of the fields l-4 (Fl, F2, F3 and F4) in combination with

each subsection l-3 (Sl, 52 and 53) being sampled. A subsection consisted of one third

of a field and included 5 wells (\À¡ith the exception of field I, where subsection 3

contained 6 wells). The two background sections IBGD-I and BGD-2), each containing

three wells,'r¡/€re also sampled.

Soil cores (8 cm diameter), to a I m depth were collected from the site on Oct. 10,

2002by Maple Leaf Drilling (Carberry,lvlB) from the experimental freld. These soil

columns were transferred to 9 cm diameter polycarbonate tubes (sleeves), which were

previously sterilized with 1000 ppm chlorine and capped. The columns ìryere kept at 4-

5oC until analysis, The outside plastic sleeve of each soil column was sterilized with 70

To ethanol prior to opening by cutting with a dremmel saw lengthwise down opposite

sides of the column. Once the sleeve of the column was cut open, the top 5 crn of soil

was removed from çolumns taken from the 0-60 cm depth and placed inside a sterile

stomacher bag (Fisher Scientific Ltd., Nepean, ON,), In addition, a mixture of 50 g of

each of the top (0-5 cm), middle (28-32 cm) and bottom (56-60 cm) sections of each of
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the columns were placed in a sterile stomacher bag (Fisher Scientific Ltd., Nepean, Olg,

using a spoon sterilized with flamed95 % ethanol. The bags of soil were stored æ 4-5"C

until analysis.

The fi¡st set of soil core samples wÍrs analyzed for Yersinia, Salmonella and E

coli. These sections were designated GGB I tkough l0 with the number of samples for

each depth as follows. These soil samples were sectioned into 3 depths: top 5 cm (cores

of GGB I through 10), 5-90 cm (cores GGB I through 10) and 90-180 cm (cores GGB I

through 6), Cores GGB 7-10 were not long enough to allow sampling at the 90-180 cm

depth,

The second set of soil core samples were taken from the experimental site, and

were from all the four fields (with 3 subsections identified within each field designated

Sl, S2 and S3), The background soil areas were also analyzed and samples were

designated BGD-I and BGD-2. These core samples were also divided into the top 5 cm,

0-60 cm, 60'120 cnr, 120-180 cm and 180-240cm. Samples were nottaken in some

cases at all depths. For the 120-180 cm depth and 180-240 cm there was not a complete

range of samples because the drilling company had difficuþ obtaining intact cores from

g!@t$ depths.
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3.4 Su¡vival of zoonotic pathogens in water

3,4.1 Standardízation of bacterial cultures

One culture of Salmonella,2 cultures of E. coli and 2 cultur es of yersinia

(frederelcsenii and intermedia) eachisolated and purified from hog manure before

application to the fields, as well as one culture of E. coli from the soil at the field site,

were used in this study. Cultures were inoculated from TSA (BBL) plates into 5ml

Tryptic Soy Broth (TSB, BBL) and incubated at35-37oc for 4h (Satmonella and E. coti)

or 8 h (Yersinia) One ml of each culture was transferred into a fresh flask containing

200 ml of TSB and reinsubated for 4 h (Salmonella and E. coli) or 8 h (yersiniø)

Cultures were then placed into sterile 250 ml bottles and centrifuged at 3000 x g for l0

min at 22"C. The supernatants were discarded and the pellets were resuspended in 100

ml sterile distilled \¡¡ater. Cultures were centrifused again at the same speed and the

supernatant discarded. Cell pellets were resuspended again in 50 ml sterile distilled water

and were adjusted to an optical density (oD) of 0,6-0.g ar 600 nm with a

spectrophotometer ([Jltrospec z}}},Pharmacia Biotech Baie d'Urfe, eC) using sterile

distilled water as a blank. To confirm bacterial numbers present at specific OD, cultures

were serially diluted in peptone water, spread-plated on TSA (BBL), incubated at 35oC

for 48 h (25"C for Yersinia) and counted. These cultures were used in the next section to

study their survival in water.
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3.4.2 Pathogen survival in sterite and non-sterire water

Cultures (l ml) ofthe three organisms with an ODeoo of 0.65_0.7 (approximately

6'7 log cfir/ml) were separately placed in duplicate sterile flasks containing either 200 ml

untreated non-sterilized well water (obtained from the Green Farm Site) or 200 ml

autoclaved well water (obtained from the Green Farm Site). This represented the high

inosulum study. Forthe low inoculum study, ODeoo adjusted cultures were diluted \¡/ith

0.1% peptone to 3 log cfi.r/ml before inoculation into similar flasks of water. Inoculated

samples were held at 5"c and regularly sampred as noted below for up to 9l d.

At sampling, one ml ofwater was takerq serially dituted in o.|%peptone and 0,I

ml was spread plated on TSA (BBL) and a selective agar as described below, in

duplicate. Fot Yersinia, Yersinia selective agar base @ifco, Becton Dickinson, Sparks,

MD) was used with the Yersiniaantimicrobic supplement CN @ifco). For Salmonella,

the selective agar was Brilliant Green agar @G,\ Difco). Far Escherichia coli,Eosin

Methylene Blue agar (EMB, Difoo) was used as the selective medium. plates were

incubated at35-37oC for Sølmonetla and E. coli,and at 25oC for yersinia. Colonies on

plates \ryere counted after 24-48 h of incubation.

Sampling ofthe high inoculum Salmonellatreatment was done for 63 d at regular

3 or 4 d intervals. For the high inoculum Yersinia tests, sampling was done at 3 or 4 d

intervals for 3 I d and at weekly intervals thereafter until day 9l . Sampl ing for E. coli at
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the high inoculum level was done at 3 or 4 d intervals for the first week and at weekly

intervals thereafter until day 91.

For the low inoculum treatments with all organisms, samples were taken weekly

for three weeks. For Yersinia, sampling continued weekly for 7 weeks. Since initial

numbers of Yersinio were low, plating of samples for this organism up to 2l d was

duplicated and the volume used was increased (0.1 mVplat e Yersinia selective agar x 5

plates) to increase recovery sensitivity.

3.5 Salmonellø suwival in inoculated soit

Sqlmonella Typhimurium 02-8421(a human isolare obtained from R. Ahmed,

Health Canada, Winnipeg, MB.), resistant to ampicillin and tetracycline, was used in

these tests. Its preparation and optical density adjustment were performed as mentioned

previously. The culture was adjusted to an ODooo of Q.720to yield about T log cñr/ml.

Both dry (moisture unadjusted) and moisture saturated soil treatments were used. Soil

was saturated with water by slowly adding sterile water to one kg soil in a Buchner

funnel' Soil was saturated when water dripped from the funnel after mixing the soil. Soil

was aseptically weighed and 250 gof each sample in duplicate was placed in sterile

stomacher bags (Fisher Scientific Ltd., Nepean, OlÐ. One ml ofthe Salmonellaculture

was added to the high moisture soil and mixed. Salmonella culture addition to the dry

soil was made slowly in 0,I ml increments followed by mixing until 1.0 ml was reached.
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Soil used was from a soil profile from the Green Farm Site ând consisted of a mixtr¡re of

the top, middle and bottom portions of the soil column. The sample moisture content was

ll.6yo forthe unsaturated soil and 30.99% forthe saturated soil sample. Inoculated soil

stored in sterile stomacher bags at 22oC was sampled up to l2 d.

Numbers of salmonellawere determined on Macconkey agar @ifco)

supplemented with 100 ppm each of teFacycline (Sigma-Atdrich Co., St. Louis, MO) and

ampicillin (anhydrous) (Sigma-Aldrich Co.). At sampling a renfold dilution was

preparedbyplacing25 gsoil in225 mlofbufferedpeptonewater@ifco). Furrherten

fold dilutions were prepared with 0.lYo peptone and 0.1 ml of the samples were spread-

plated in duplicate on the antibiotic-supplemented plates. Incubation was for 48 h at 35-

3fC.

samples were taken and analyzed on days 0, 1,2,4,6, 8, l0 and 12. when bags

of soil were not being sampled they were stored loosely sealed with a twist tie at22oC.

3.6 Salmwtellatransport through soil columns

soil cores measuring about 8 cm diameter x I m were taken from the

experimental site near Carberry using a commercial mobile welt drill (Maple Leaf

Drilling, Carberry, MB). one m cores were removed from the upper 2 m of the soil

profile from fields 3 and 4 planted with alfalfa. Intact cores were transferred to sferile

polycarbonate tubes of similar internal diameter, sealed and brought to the laboratory
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where they were stored at 4oC before use. For the experiments where the movement of

Salmonella through the columns was to be studied, a single core in a plastic tube (a

column) was removed from storage and a rubber stopper, the same diameter as the

column, was used to plug the bottom ofthe column. Each stopper contained a small hole

which allowed glass tubing to be inserted through it to allow passage of water. The glass

tubing was secured with water resistant caulking to prevent leakage, From the bottom of

the soil column a small amount of some soil was removed to ensure the stopper fit tightly

without any space remaining. The stopper was secured with several layers of duct tape.

The column was then placed upright and clamped to a stand.

Tygon tubing with two different diameters was used to pass water through the

column using a Technicon II auto analyzer proportioning pump @ulse Instrumentatiorq

Saskatoon, Sask')' Tubing with a flow rate of 0.32 mVmir¡ @ulse Instrumentation) was

used to catry tap water from a glass reservoir to the top ofthe column where it was

allowed to drip on the centre of the soil column. Tubing with a flow rate of 0.42mvmin.

@ulse Instrumentation) was used to drain the column at the bottom and collect the wat€r

sample in a sterile flask for microbial analysis.

3.6.1 Me¡surement of salmonellø movement through the soil columns

Before Salmonellø was added tothe column, the pump was run for approximately

4 h, prior to addition of inoculum a sample of 100 ml of watçr was collected to verifu
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Salmonella absence from the soil, After the Salmonella 02-B4Zl inoculum was

standardized at ODeoo to contain 106 CFU/ml in}.g1yosaline, l0 ml was applied using a

sterile syringe to the centre ofthe top of the column. A2SO ml, 500 ml or I L sterile

collection flask was placed at the bottom ofthe column and a sterile foam stopper held

the column exit tubing in place during sample collection. There were g perfusion tests

preformed. Six columns were studied with the addition of Salmonella and2 columns

were controls run with saline. There were no columns which \ryere Íun twice. The

experiments were conducted with the columns atZloCduring testing. Samples not

analyzedfor fulmonellaimmediately were stored at 4oC and were plated within 12 h of

collection.

Sarnple collection intervals were 3-4 h prior to the addition of Salmone¡a, O-lO h

after addition, every 2'4 huntil 28 h and approximately every 8 h thereafter until

completion ofthe run at 48'62.5 h. Pooled sample volumes in the exit flask ranged from

60 to about 250 ml.

To approximate the movement of Salmonettattvoughthe column, 10 rnl 0.gS%

NaCl without Salmonella was added to the top of a new column prior to its elution with

'!¡/Bter' Conductivity readings of the column eluant were taken using a conductivity meter

(YSI Model 32 Conductance Meter, Yellow Springs Instrument Co. Inc., yellow Springs,

OH.) and the volume of sample collected at each interval was measured. The volume at
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which elution of NaCl occurred (as measured by an increase in conductivity) was taken

as the point where Salmonella should exit the column. For Salmonel/a analysis, 0.1 ml of

column eluant was spread-plated in duplicate on MacConkey agar supplemented with

100 ppm of each tetracycline and ampicillin as previously described. Colonies were

enumerated after incubation at 3S-37oC for 4g h.

When colonies lryere recovered on agar plates from the column eluant, plates were

sealed and stored at 4"C until further biochemical analysis could be performed.

Biochemical tests were performed on colonies transferred and grown on TSA. Catalase,

oxidase, Gram stain reaction and microscopic morphology were determined for typical

suspect colonies, as well as reactions of the isolates on TSI and LIA agar slants to verify

that organisms recovsred were Salmonella.

3.6'2 Examinatlon of corumn soir for residuar sølmonella

The soil from Salmonella inoculated columns was removed from each of the four

çolumns within 24 h of completion ofthe Salmonellatansport experiment. The outer

surface of the columns was sterilized with 70% (vlv)ethanol and were cut into l0 cm

sections using an alcohol-sterilized hacksaw. Each soil section was aseptically removed

from the column and placed into sterile stomacher bags. The bags of soil were sealed and

stored at4oc until analyzed for Salmonellø, Tenfold dilutions were made by placing l0 g

of soil into 90 ml ofbuffered peptone water. Further serial dilutions of samples were
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made by transferring I ml to 9 ml o.lYo peptone. Samples .were spread-plated on

MacConkey agr containing 100 ppm each of tetracycline and ampicillin. Colonies were

enumerated after incubation at 35-3TC for 48 h.
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Chapter 4

REST]LTS

4.0 Water annlysis quality and monitoring

4.0.1 Presumptive, confirmed and fecal coliforms in water sampres

The fi¡st manure application to fields 2 and 3 occurred on October 30,lggg,whereas

fields I and 4 received manure on June 3,2000. Upon the first r¡/ater sampling on

October 13,2000 fields 2 and 3 showed a combined total of 3 wells with presumptive

positive coliforms but no confirmed coliforms were present. The interval between the

last previous manure application and water sampling was 349 d. Fields I and 4 contained

a total of 12 wells which were presumptive positive for coliforms at 132 d from the last

manure application (Table 4.1). For confirmed coliforms, among these samples, one well

in each of field I and field 4 showed a positive rezult at 2 MPN/lOOmt (Table 4.2). Field

4 also showed a positive result for fecal coliforms with an MPN/lO0ml of Z (Table a.3).

The water sampling performed on March l4,2OAl, occurred 284 dafterthe last manure

application to fields I and 4 and 501 d following manure application to fields 2 and3.

Tests showed presumptive positive coliform results in I or 2 wells in each of fields I to 4

regardless of the number of days since the last manure application. However fields t and

4had average MPN/l00ml values of 10.8, which were higher than the 5.S MPN/lOOmt

values found in fields 2 and 3 (Table 4.1). The higher MPN values of presumptive
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coliforms seemed unrelated to manure application. For confirmed coliforms, field 3

showed 2 positive wells, and each of the other 3 fields (1,2 and 4) had I well positive for

confirmed coliforms. These were highest in field I at 8.0 MPN/lO0ml (Table 4.2). None

of the wells in any field were positive for fecal coliforms (Tabre 4.3).

The April 30, 2001 water sampling occurred 331 d after the last manure application to

fields 1 and 4, and 548 d after the last manre application to fields 2 and,3. Field 4 had 5

wells which were presumptive positive for coliforms, with an average MPN of 4/l00ml.

Each of the other 3 fields had a single well positive for presumptive coliforms (Table

4.1). However, field 3 had the highest number present in a single well at 13 MPN/10061.

Fields I and 2 had no wells positive for confirmed or fecal coliforms (Tables 4.2, 4.3).

Fields 3 and 4 eachhad one and three wells, respectively, which were positive for

confirmed coliforms but not for fecal coliforms (Tables 4.2,4.3).

The May 24,2001 sampling occurred 2l d after the last manure application to all four

fields. Field t contained wells which were negative for presumptive coliforms, wheroas

fields 2,3 and 4 had wells which were presumptive positive (Table 4, 1). Wells in fields I

and 3 were negative for confirmed and fecal coliforms, where¿s fields 2 and4 each had

one well which was positive for confirmed coliforms at 2 MPN/100m1(Table 4.2),but

both were negative fur fecal coliforms (Table 4,3).

Seventy-one days after the last previous manure application, water sampling was

performed on July 13,2001. For presumptive positive coliforms, wells in field I were
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negative, but field 2had I well, and fields 3 and 4had2 wells which were positive (Table

4.1). Each of fields 2,3 and 4 had one well which was positive for confirmed coliforms

(Table 4.2). Fecal coliforms were absent from all wells tested at this sampling time

$able a.3).

At the September 7,2001 sampling, there was only one field (field 4) thathad positive

results for presumptive and confirmed coliforms (Tables 4.1,4.2). In this field there were

three wells with both presumptive and confirmed positive coliforms at a level of 2.7

MPN/l00ml. fhisandotherfieldslastreceivedmanure 127 dpriortothisdate. There

were no positive results for fecal coliforms (Table 4.3).

From the November 5, 2001 water sample analysis, Fields I and 4, which receivçd

manure treatment 186 d previously, showed presumptive positive coliforms in a total of 7

wells, with field I only having one well positive. Fields 2 and3 last received manure 14

d prior to sampling and had 6 and 7 presumptive positive wells, respectively (Table 4.1).

However upon performing the confirmational testing, freld,2 and field 4 eachshowed a

single well with a confirmed coliform result at a level of 2 MPN/IO0mI (Table  e.
There were no positive results for fecal coliforms (Table a.3).

The March 15,2002 water sampling yielded no positive results for presumptive,

confirmed or fecal coliforms, regardless ofthe last manure application date(l44or 316 d

previously) or well depths (Tables 4.1,4,2,4.3).
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On May 9,2002 fields I and2 showed no presumptive or confirmed coliforms even

though the two fields differed in their last manure application dates (Tables 4.1,4.2).

Field 3 showed 2 presumptive positive wells and was manured 199 d prior to sampling,

and Field 4 showed one well presumptive positive and it lvas manured 15 d prior to the

sampling date. There was also a prezumptive positive result ûom one of the background

wells (Table 4.3). However, the onty confirmed coliform was found in a background

well and the sample was also positive for fecal coliforms (Tables 4.2,4.3).

Over the nine sampling dates ûom 603 possible positive results (67 wells multiplied by

the 9 nine sampling dates), there were only 69 water samples prezumptive positive for

coliforms. Ofthe total of 67 wells, there were 37 which were positive for presumptive

coliforms at least once over the nine sampling dates. Therefore there were 30 wells

which never contained presumptive positive coliforms. These wells were: 902, gO3, g04,

905,906,908,909,910,912,914,915 (field l); 9z0,gzl,925,g27,yzg,g3,o,93l (field

2);933,937,942,943,944,946(freld3);949,959(field 4);andg61,963.,964and966

(background wells).

For confirmed coliforms, there were 14167 wells which showed positive results over the

nine sampling dates (agairL 603 possible positive results), There were I I shallow wells

which were confirmed positive for coliforms (91 l, 916, grg,926, gzg, g4l, g5o, g52,

955,960 and 967) and nvo intermediate depth wells (953 and 961) which were also

positive for these organisms. Well932 (field 3) was the only deep well which was

positive for confirmed coliforms.



Table 4.1: Presumptive ooliforms in grouldwater from ttp Green Farm siûe over 20 montt¡s

Humber of Wells Number of Average

October 13,2000 Fl€S I
FH2
Fl€ld 3

Fleld 4

Date Fleld Number

lllarch {4, 20Ol

Aprll30,2001

Fleld I
Fi€ld 2

F¡eld 3

Fldd 4

Wr¡terWheat 16 5
Wntef Wheat 15 1

AllÇaffa 15 z
Atfalfa 15 z
Atfalfa 6 1

May 24,2t'01

F¡€ld I
Fleld 2

Fl€{d 3
FþId 4

øÊ16 1

Oats 15 1

Altdh 1s 2

All.affa 15 z

F¡eld PositlveWblls Mpil / l@ml

Fleld 2 Oats i5 1 4 Shaltwr T1
Fþld 3 Alfalfa 15 Z 2 S¡Ìa¡lo\,r, T1FHd4 Afalfa ß Z g Shalkã,v 11

September 7, 2001 Fleld 1 øÊ 16 O _ _ elFleld2 OatÊ 15 O _ - n7

July lg, 2001

Alfalfa 6 O

Fleld 1

Fleld 2

Fleld 3

FþId 4

Oats 16 1

oats 1s 1

Alúalfa 15 1

A.lfalfa 15 s
Alf¡lÊa 6 O

Fleld l øs 16 O

Oats 16 O

øs152
AlfaÌfa t5 3
Atfidfa l5 2

Alfalh 6 o

7

4

12.5

10.1

Fl€ld3AlfattalSO-_pl
Fl€ld 4 Alhlfa 15 g 2.7 s and I n7Aac{lgrourlq Æhlfa 6 O

Wel

13

4

7.5

8.5

5

s, l,D
Shalbûv

landD
SarÉl

2

2

t3
4

Shallow

Shallcffv

SandD
Sandl

lnterval (d) slnce
Last Manure Trestment

2

2,7

2

Shdlo¡r

Shallow

DeeÐ

Sandl

132

349

349

132

2U
501

5û1

2U

Sffilolv
SandD
Shalloì,

331

548

5¿18

331

21

21

21

21

o\
oo



l{ove¡nber 5, 2(þ1

March 15,2002

Fleld t{umber

Ftdd 1

Fldd 2

FþId 3

Fr€ld 4

May 9,20û2

Fleld I
FIAA2

FþId 3

Ftdd 4

Oat6

OdE

Alfalfa

Affialfa

Allalf¿

Shallo¡v (S) < 4.5 m b/9, lntermedHe (l) 4.5 - 8.0 m Èrlg, Deep (D) >8.0 m tfg
*-' denotes not apd¡caH€ te6f c[¡e to zero pæltiye 

'¿'relb 
b be teefed br an MpN wlue

l{umber of Welle llumber of

Fldd 1

FlsH 2

Reld 3

FþTd 4

Canota

Canoh

Atfatfa

Allialh

Alfalfa

Fleld

16

15

15

15

6

Canoh

Canola

A¡falfa

AÌfaffa

AJfalfa

Positlve Welùs ArPl{, l0&lrt

16

15

15

15

6

t
6

7

6
0

Average

l6
15

15

15

6

0

0

0

0

0

2

4.5

2.6

3.3

0

0

2

1

1

lnlermedde
S, I,D
s,t,D
s,t,D

2

2

2

hterva¡ (d) efnce
l¿st Manure Trcatmont

186

14

14

186

Sandl
Sfnflow

ShalåDir

316

144

144

316

371

199

199

15

o,
\Ô



Table 4.2: Gonfinned colibrms in groundwater fron¡ the Gresr Farm sib ws Z}monfüs

lfumber of Wells Number of Average lnhrval (d) slncesample Date Fi€ld Number crop TyPe, per lietd Posft¡vl ltÊtls Mpf{ / loorEl well(s),Depth l*ast Manure Trest¡ne'lt

-

Octobcr 13, æ00 FleH 1 VV¡ntef Wh€at 16 I - 2 Shallow 1.:JzF¡dd2 Wlñterwh€ãt 15 O O _ 34gFleld3 Alfaffs 15 O O - 349
Fidd 4 AJfalfa 15 1 2 shethr ß2

Fl€kl 2 Oats 15 1 4 Shallori, S01
Field 3 Atfalfa lS 2 7.5 Deep, Shalloìrv 5O1FþH4 ¡úhlfa 15 1 4 ShallorÂ, 2U

0-
Aprll30, ã¡01 Fþtd 1 O# 16 O

Fkddz Oats 15 0 O 54S
F¡eld 3 Alfalfa 15 1 4 Deep s4g

March 14 2001 FHd l Oat6 le

lvlay 24,2(X,t

FleH 4 Alfatfu 15 g Z Shallo¡ 331

July 19, 2001

FþId 1

Fleld 2

F¡€H 3

F¡eH 4

SoptemberT,2@l Fþld i Od6 t6
127F¡eld2 øs 15 O O _ nTFl€ld3 Alfslfa 15 0 O - 1Zl

F¡eld 4 Atfalfa 15 g 2.7 Shallow, lntermettcÉe 121
0-

ÁJfidÞ 6 O o

Fl€ld 1

F¡€ld 2

F¡dd 3

FleH 4

øsi6Oo
OatB 15 1 z
Athlfa 15 O O

Alfalfa 15 1 2

ryraE6oo
oab16oo
Oats 15 1 4
Atfalfa 15 1 2
Alfr¡lfa l5 1 z

^tfatr 
6 O o

2U

Shallc¡â,

Shalblv

Shallø
Shallo\iv

Shallor¡,

21

21

21

21

71

71

71

71

\¡ô



Table 4.2 (confd): Confirmed colibrms in groundwater from the Gree¡r Farm siúe over 20 monfüs

Sam

November 5, 2001

Daúe Field ìlumber C

March 15,2002

Fleld 1 Oats
Flsld 2 Oats

Flsld 3 Alliãlfa

FleH 4 Alf;df,¡

May 9, 2002

Fl€ld 1

Fleld 2

FþH 3

F¡eld 4

Shallor¡v (S) < 4.5 m bú9, lntennedide (t) 4.s - B.o m b/g, Deep(D) > 8.0 m Ug

Number of Wells

Atfalfa

FHd 1

Fleld 2

Fleld 3

Fleld 4

Canoþ

Canola

AfÊalfa

AIF¿|fa

Æfafa

Fl€ld

16

15

l5
l5
Þ

Canob

Canoh
¡úfa]fa

AJfatfe

Alfalfã

lfumber of Arcrage
Posltlre We{ls Mpfl, l00ml

16

15

l5
15

I

00
1Z
00
12
00

1ø

15

15

15

6

00
O0
00
00
o0
0

0
0

0

1

Shalll'v

lnterrnediate

0

0

o

0

lnbrval (d) rlnco
l¡et Manure Treatnent

186

14

14

186

Shallow

316

141

144

316

371

199

199

15

{



Table 4.3: Fecal colibrrrs in groundwabr tom ttre G¡een Farm sib over 20 months

llumber of Wells Number of Averag€
Sam

October 19, 2(Xt0 FleH I
Fl€ä 2

Flold 3

Fftdd 4

Date Fleld Number

Èlarch 14, 2û01

Aprll 30, 2001

F¡eld I
FþId 2

Fl€ld 3
Fleld 4

W¡nt€rwhæt 16

Wlntêrwh€at t5
Alfalfa 15

¡úfalfa 15

Alfalfâ 6

May 24, 2001

FþId 1

Fidd 2
Fleü 3
Fleld 4

(h 16

æ1s
Alfalfa 15

Atfalfa 15

Atralh 6

Field

July 13,Z(X)'l

FþId 1

FþId 2

Field 3

Fie{d 4

Oab 16

Oats 15

¡úÊalfa 15

AtfaÌÊa 15

Alfatfa 6

Pæltive !ìlells l!lPÎ{ /

September 7, 2@l F¡€ld I O# 16 . O

o
o
0

1

o

F¡rJd 1

F¡eld 2

Flsld 3

Fl€H 4

æ160
Oat6 l5 O

Alfalh 15 O

Athlfa 15 O

Bscl(ground, ¡tl¿atta 6 O

¡úFdfa 6 0

0
o

0

0

Oats 16 0
Oats 15 O

AJÊ¿]fe 15 O

A¡úalh t5 O

F¡eld2O#iSO_-n7
Fleld3 AtfElfa 15 O _ _ El
Fleld 4 Alfatra 15 O _

Alfalfa 6 O

0

0

0
0

Shalknfl

lnterval (d) rlnce
Treaùnent

13.2

349

349

132

2e4

501

501

2U

127

331

548

w
331

21

21

21

21

127

71

71

71

71

*J
t\)



November 5, 2001

Date Fleld Number

Marcñ 1õ.2002

Fi{td I
Frdd 2

Fleld 3

FHd 4

ftilay 9, 2002

c

Ftdd I
F¡eld 2

FþId 3

F¡eld 4

Oat6

Oats

Alfatfa

Æfaffa

Æfalfa

Shallor (S) < 4.5 m Ug, lnternc,ffie (l) 4.S - B.O m btg, De€p (D) > 8.0 m Ug

ltumberof Welle

FHl
FþH2
Fleld 3
FþId 4

Canola

Canola

A¡falfa

Artutfa

Fleld

16

15

15

15

6

Ajfclfa

Canoh

Canola

Alfalfa

Alfalta

Number of
PocitiveWells

16

15

l5
15

6

0

0

0

9
0
o

0

0

0

Average

MPN / 1æml

't6

15

15

t5

0

0

0
o

l¡¡terval (d) clnce
l-a¡t Manure Tfoatment

186

14

't4

f88

i-
316

14
14
316

371

199

199

l5

{
UJ
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For fecal coliforms, only two wells showed a positive rezult from all 67 wells over the

nine sampling dates, These wells were 960 in field 4 on October 13, 2000 (almost a year

after the last manure application) and 967 in the background field on May 9, 2002 (freld

4, which is adjacent, and had been manured 15 d previously). Both of these wells were

classified in the shallow depth range.

4.0.2 Presumptive and confirm ed Pseudomonas øeruginosa inwater samples

Following the analysis of the water samples from March l4,20}l for pseudomonas it

was found that every well was presumptive positive (Table 4.4). Howwer after

performing confirrnational testing, the numbers of positive wells decreased (Tabte 4.5).

The background wells had the highest MPN/100 ml value at2l.0 (Table 4.5). Fields I

and 4, which were manured 284 d prior to sampling, showed l0 confirmed positive wells

each. Fields 2 and 3, manured 501 d previously, together had l}wells showing positive

results (Table 4.5).

From the July 13 , 2001 samples (last manur ed 7l d prior to sampling), the number of

presumptive positive wells were 54/67 (Table 4.4). Once samples were confirmed, field

2hadthe highest m¡mber of positive wells at 7, but field 3 showed the highest

MPN/lOOrnt value at 4.7. The background well MPN/lO0ml was greater than the field I

value and these were 4.0 and 3.6, respectively (Table 4.5).
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After 127 d following the last manure application to all fïelds, the water samples from

September 7,20o1were analyzed. Fields t and 3 each showed l0 wells which were

presumptive positive (Table 4.4), Upon confirming for P. aeruginowpresence, field I

had only one well positive, whereas field 3 showed the most wells positive at 6.

However, the average MPN/l0Oml was 2.0 and was the same for fields 1,4 and.

background wells (Table 4,5).

The November 5, 2001 water sampling showed fields 2 and3 with a lower number of

presumptive positive wells (9 and 6, respectively), than fields I and 4 (r4 and 12,

respectively) (Table 4.4). Fields I and 4 were manured 14 d prior to sampling, whereas

fields 2 and 3 were last manured 186 d prior to sampling. Again upon con-firmation, it

was seen that the less recently manured fields (2 and 3) had a slightly lower number of

positive wells (3 and 1, respectively). However, the average MPNi l00ml for both pairs

of fields was similar (3.9 and 4.0 for fietds I and 4,and fields 2 and3, respectively)

(Table 4.5),

For the March 15,2002 samples, fields 2 and 3 showed a totâl of 22 presumptive positive

P. aeruginosø wells after their last manure treatment 144 dprior to sampling. Fields I

and 4 (treated with manure 316 d earlier) showed l9 presumptive positive wells (Table

a'4)' Field 2hadthe lowest MPN/I00nd confirmed value at2.0 and only had a single

well positive, which was the same as the background wells (Table a.fl. Field 3 had the

highest number of positive wells at 5, whereas field I had the highest average MpN at

7.1/l00ml for its 3 wells that were confirmed positive for P. aeruginosa(Table a.5)
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Field I and 4 from the May 9,2002 samples showed the same number of wells

presumptive positive at I l. However, the last manure application to these fields was 371

d and 15 d prior to sampling for field I and 4,respectively. Fields Z and3 showed the

same number ofwells presumptive positive at 12 each(199 d following manure

application) (Table 4.4). Following the confirmation testing, field I had no positives,

whereas field 4 had 4 confirmed positive wells, but also had the lowest average

MPN/100m1 (other rhan rhe background wells) at 2.s MpN/lOOml (Table a.5),

Each of the 67 wells was prefl¡mptive positive forP. aeruginosaon at least one ofthe 6

sampling dates. There were 55/67 wells where confirmed positive p. aeruginosa were

found over the 6 sampling dates. There were 24 shallow wells, 22 ittermediate depth

wells and 9 deep wells which were confirmed positive for this organism. The 12 wells

which were not positive for confirmed P. øeruginosq onany sample date were: gol,g03,

908, 909, 912 (freld l),922 (field 2),932,933,937, g40, g45 (field 3), and well 956

(field a)' The wells in the background field (g62-g67)were all positive at least once for

confirmed P. aeruginosa.

4.0.3 Coliphage recovery

No coliphage were found in the concentrated water samples from the shallow wells.

Each concentrated well water sample was plated in quadruplicate using two different.E

coll hosts (8. coli C and E. coli C3000) for the two different sets of four plates. All 9

concentrated shallow well water samples from all four fields (wells 901, 903, gOS,g2g,



Table 4'4: Presumptive Fser¡don¡rylas occwrence ln groundwaûer from the Green Farm slb over ãl nronths

I{umb€r of Wells f{umber of Average lntervat (d) slnce
:lsa1pl.iTS iillgimhr -çropTvp-s, perF¡eld Poslt¡vewells Mpi¡/loomt weil(s)Dspüi t¡otManureTreaûnent-March l4, rO0i nef¿ f - -----Oats- 16 16

Fl€ld2 Oats 15 15 2O.9 S, t, D SOlFþld 3 Atfalfa 15 15 21.6 S, t, D 5Oi
Fleld 4 Alfalfa lS jS Z3.o S, t, D zuBackground._ AltaÍa 6 6

July 19, 20Ol Fleb l O"tr - 16
7'l

F¡etd 2 Oats t5 13 3.9 S, l, D 71
Fl€ld 3 Atfalfa iS 10 4.0 S, l, D 7I
Fl€ld 4 Æt¿lfa 15 13 5.2 S, t, D 71. Bqdqro{¡nd Atfalfa 6 q

*0r""
Fleld 2 Oab 15 6 g.O S, t, D 1zlFloH 3 Alfatfa 15 10 2.4 S, t, D ,e7
Fleld4 Affalfa 1s 4 z.s s, l, D p7
EaÈq$eqnd A¡faha _ 6 4 2.o Sardt

Itovembcr5, ãÐt FHd l ()ats 16
Fleld2 oats 1s g 4.4 S, l, D M
Fleld 3 Ajfalfa 15 6 3.3 S, l, D ßFþld 4 ,ùfdfa lS 12 4.6 S, t, D 186Backgfound Alfalfa 6 3

U"*¡ fq
Fl€ld2 Canota 15 10 2.6 S, l, D 1UF¡dd 3 Alfalfa 15 12 3.O S, l, D U4Fleld4 Ærdlfa 15 tO 3.o S, t, D 316. BsclQround AJfaÍa 6 4

u"vá, zooz ne¿ r ;-__FleU 2 Canota 15 12 Z.S S, t, D 199F¡€ld 3 Alfatta 15 12 3.S S, l, D læ
F¡eld 4 Atfiafa 15 fi 2.2 S, l, D 15

St'à

\¡\¡



Table 4.õ: Gonfirmed Æe¿Éomon¡rs occuren@ in grourÉwater fronr the Green Farm sÍÞover 20 monfüs

Nunber of Wells Number d Arerage lnbrvat (d) s¡ncs
::qPli:Tï, , F¡etdltum*r cropTvpc p,erF¡eH Posidvewefls !¡pr¡/toomt wet{s)Dep$ Las;';;;;;,Ea;orr

Fl€U 2 OatB 15 7 1g.4 S, l, D so1
FleH 3 Alf¿tFa 15 S 12.6 S and O sol
Field 4 A¡hlta 15 tO ãt.O S, t, D zus 210 s,j,Ð

July 13, 200l Fleld l gab 16 5 
" 
Fi e --¡ r

September 7, 200l Fidd l O"t6- 16
Fþld 2 OatE 15 S 3.2 S and I p7
Flold 3 Alfalfa iS 6 2.3 S ard f 122Field4 AlfalFa 15 2 Z.O S and I n7

ttovunUe

nü2 Oats 15 3 4.0 S ard I M
FleH 3 ,qfafa 1s 1 4.O Shallo'r¡ 14
Field 4 Atfalfa tS 4 S.B S and I 1Bo

- Shdloly
Marcà 16 2002 Fleld l Canoh 16 g

Fleld 2 Cano*a 15 1 Z.O Shallow 1u
FieH 3 AtÉatra lS S 2.4 S arìd I 1U
Fî€E 4 AtÉ¿lfa 15 4 4.O S md I 316

ilf"V S, ZOõZ
371

Fleld 2 Cano,þ 1s 6 z.Z S and I tgs
Fl€ld 3 Alfalfa 15 s 4.0 s end I læ
F¡eld 4 A¡rara ís a 2.s s arüd I 15

*

Fleld 2 Ods 15 T 4.1 S and I 71
Fldd 3 Atfatfq 15 3 4.7 S and I Z1
F¡eH 4 Afralh 15 4 4.s S and I t1At fa 6 1 4.o

5 3.6 Sandl - n

\t
æ
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931,934,936,957, and 960) were plated undiluted. Field 1 was manured3Tl d, fields 2

and 3 was manured 199 d and field 4 was manured 15 d prior to the water sampling.

There \¡/as no plaque formation on any of the four plates of each sample plated with each

E. coli host. \ilhen MS2 bacteriophage was used in water and plated on its specific E

coli host (C3000) in control tests, there \¡/as some clearing or plaque formation. This

confirmed that the protocol used was capable of detecting coliphage if they had been

present and that the assay did work, The well water used from the experimentat site did

not contain detectable coliphage. All of the samples tested negative for confirmed and

fecal coliforms using the MPN fermentation technique.

4.1 Analysis of Manure for Potential pathogens

4.1,1 Salmonella identification

Of 8 ¡nanure samples taken from the tanker before field application ofthe manure, one

sample was positive for Salmonella and was identified according to ApI 208 as

Salmonella spp. subgroup 3 (bioMerieux, Hazelwood, MO).

4.1.2 YersínÍ¿ identifïcation

Eight manure samples taken lVlay 3, 2001 from the manure spreader tank reservoir just

priorto field application were analyzed for Yersinia species. Six of the 8 samples were

positive for the presence of Yersinia. Identity confirmation and serotyping of yerinia
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spp' were conducted by the Enteric and Environmental Microbiology and Special

Procedures Laboratories Branch in Etobicoke ON. Seven isolates were confirmed to be

Yersinia, with 5 cultures identified as Y. frederiksenll, one as Y. intermedia and one

confumed as non-pathogenic Y. enterocoliticabiotype 1A (with untypable serotype).

4.1.3 Escheríchia colì identification

The same manure samples were also analyzed for E. coli and atl 8 samples were positive.

The average level of E. coli when plated on Petrifilm from LST broth was 8.2 log cfir/ml,

and coliforms v/ere present at7.3 log cfi¡/ml. When the EC broth tubes were plated on

Petrifilm the average result for all I samples was 7 .6 tog cfir/ml. When the 8 samples

were diluted and plated on Rainbovi agar for E. coli Ol57:H7 no black colonies were

present and thus this organism was absent from the sampled manure.

4.2 Analysis of soil for potential pathogens

4.2.1 Soil sample set I

The fust set of soil core samples taken November 17,2000 were analyzed for

Yersinia, Solmonella, coliforms and.E coli. These soil cores were sectioned into 3

depths: top 5 cnq 0-90 cm and 90-180 cm. The most recent manure addition prior to the

soil sampling occurred October 30,1999 (fields 2 and 3) and June 3, 2000 (fields I and

4).
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Table 4.6: Mcrobiological analysis of set I soil core samples (0-5cm depth) for
coliforms, E. coli, Salmonella andYersinia."

Soil sample colilorm E. coli Sølmonella Yersinia

GGB.I
GGB.2
GGB-3
CIGB-4

GGB-5
GGB-6

GGB-7

GGB.8

GGB-9

GGB-I0

+
+
+
+

+
+

+

+

+

+

f.f"fO'

5.Oxl08

l.6xl0e

l.0x10e

LOxl0e

") Soil samples were taken at the Green Farm site near Carberry, MB.
Values reported indicate colony formiug units per gram soil sample
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Table 4.7: Microbiological analysis of set I soil core samples (5-90cm depth) for
coliforms, E. coli, Salmoneila andyersinia.Ê

Sold st¡ntple cribfolm E. col¡ Salmonella yers¡nø

GGB.I
GGB.2
GGB.3
GGB-4

GGB.5
GGB.6

GGB-7
GGB.8

GGB-9
GGB.IO

,b+

.b-t-

u) soil samples were taken at the Green Farm site near carberry, MB.
values reported indicate colony forming units per gram soil sample
b) 

The organisms were confirmed as H2S positive E. coli
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Table 4'8: Mcrobiological analysis of set I soil core samples (90-t80cm depth) for
colifonns, E. coli, Salmonella andyersinia.,

soil sample coliform E. coli satmon¿la--6t¡na

GGB-I
GGB.2
GGB.3
GGB-4
GGB.5
GGB.6

") soil sarnples were taken at the Green Farm site near carberry, MB,
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In the top 5 crn, all samples, GGB-I through CIGB-10 were positive for coliforms.

The level of E. coli present in the top 5 cm samples varied substantially. Samples GGB

1,2,3,4 and 6 contained no E. coli. sample GGB-7 contained g.7 log cUg,samples

GGB 5, 9 and l0 contained 9.0 log cfrr/g while sample CIGB-8 contained 9.2log cfu/g E.

coli (Table 4.6).

At the 0-90 cm depth, all samples (GGB-I through GGB-10) were positive for

coliforms but were negative when tested for E. coli and Yersinla (Table 4.7). Two

samples tested positive for Salmonella (GGB-7 and GGB-9) however, when the cultures

were sent for confirmation to the National Laboratory for Enteric Pathogens (Winnipeg,

MB), they were found to be strains of^E coti (HzS positive).

At the 90-180 cm depth, samples designated GGB-I through GGB-6 and were all

negative for coliform s, E. coli, salmonella and yersinia (Table 4. g).

4.2.2 Soil sample set 2

The second set of soil cores s¡ùmples analyzed were taken from the Green Farm on

May 24,2001. The Green Farm was divided into 4 fields (Fl, F2, F3 and F4), with three

subsections identified within each field (Sl, 52 and S3). There were two background

sectiorts sampled (BGD-I and BGD-2). The core samples were divided into the top 5

cm, 0-60 cm, 60-120 cm, 120-180 cm and 180-240 cm and analyzedseparately. All four

fields had manure applied on May 3,ZQ}l.

All the samples, regardless of depth or location at the farm tested negative for

sa lmone I Ia and Ye r si nia, but were positive for presumptive coliforms.
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Table 4.9: Mcrobiological analysis of set 2 soil samples at the 0-5 cm depth from
the Green Farm

Coliforms
(Lsr)

Fecal

Coliforms
E. coli (cfi¡/g) Salmonella

Petrifilm
Yersinia

Sanple

Flsr
FI52
FI53
F2Sl

F252

F2S3

F3SI

F3S2

F353

F4SI
F4S2

F4S3

BDG.I
BGD-2

+
+
+
+

+
+

+

+

+

+
+
+
+
+

+

+

+

+

+

+

+

4.Ox106

l.2xl08

l.6xl08

6.4x108

5.Oxl07

F: field; S: site location within field
BGD: background location (untreated with manure)
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Table 4.10: Mcrobiological analysis of set 2 soil samples at the 5-60 cm depth from
the Green Farm

Sample

Coliforms
(Lsr)

Fecal E. coli (cfi¡/S) Salmonella yersinia

(EC Broth)

Flsl
FI52
Frs3
F2SI

F2S2
F253

F3SI

F352

F3S3

F4SI

F4S2

F4S3

BDG.I
BGD-2

+

+
+
+

+
+

+

+

+
+

+
+
+
+

Coliforms Petrifilm

+
+

+

+

+
+

+

l.Oxl0e

l.2xlOe 
: :

8.5x108

+.S*f On : :
3.4xl0e

5.Oxl0e

8.Oxl0e

+

+

+

F: field; S= site location within field
BGD: background location (untreated with manure)
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Table 4.1l: Mcrobiological anatysis of set 2 soil samples at the 60-120 cm depth
from the Green Farm

Coliforms FeÆal E. coli (cfi¡/Ð fulmonella Yersinia
Sample (LST) Coliforms Petrifilm

(EC Broth)

Flsl
Fls2
FIS3
F2Sl

F2S2
F2S3

F3S1

F3S2

F353

F4SI

F4S2

F4S3

BDG.I
BGD-2

+

+
+
+

+
+

+

+

+

+

+
+
+
+

+

+

+

+

+

+

+

I.Oxl0e

2.2xl0e

5,Oxl08 - :
4.2xl0e

2.lxl}e
3.4xl0e

2.4xl0e

F: field; S= site location within field
BGD: background locæion (untreated with manure)
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Table 4.12: Mcrobiologicat analysis of set 2 soil sarnples ar the 120-l g0 cm depth
from the Green Farm

Coliforms Fecal E
Sample (tST) Coliforms perrifilrn

(EC Broth)

+
+

+

+
+

+
+

+
+
+
+

Fts2
FI53

F2Sl

F2S2
F253

F3SI
F352

F353

F4S3

BDG.I
BGD-2

+

+

+

+

f .¡*f O'

9.5x108

8.3x108

1.6xl0e

F= field; S= site location within field
BGD: background location (untreated with manure)
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Table 4.13: Msrobiological analysis of set 2 soil samples at the l80-240 cm depth
fromthe GreenFarm

Coliforms Fecal E. coli (cfi/g) Salmoieila yers¡n¡a
Sample (LST) Coliforms Petrifilm

(EC Broth)

F2S3 +
F4S3

F: field; S: site location within field
BGD: background location (untreated with manure)
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Soil samples from the 0-5 cm depth contained confirmed fecat coliforms and the

numbers of E. coli on Petrifilm found (Table 4.9) were as follows: F2SZ 6.6lo9 cfir/g

F3Sl 8'l log cfi'r/8, F3S2 8,2log cfr¡/g, F3S3 8.8log cfir/g and F4Sl had¿.7log cfir/g.

Five samples in three fields Q,,3 and4) contained fecal coliforms at levels between 6.6

and 8.8 log cfi-r/g. Seven of 12 samples from all four fields contained between g.9 and

9.9log cfu fecal coliforms/g soil fecal coliforms in the 5-60 cm depth (Table 4.9). Soil

from FlSl at the 5-60 cm depth contained E. coli 0157:H7,since colonies on Chrome

and Rainbow agars were typical ofthis organism.

As sampling proglessed deeper through the soil columns (Tables 4.10,4.11,4.12)

beyond 120 cmfewer samples were found positive for fecal coliforms and, E. coli, and

when positive for the latter organism, numbers were slightly lower. An exception.was

sample F2Sl which was positive for E. coli at 12G180 cm (Table 4,12)butnegarive for

this organism at depths more shallow in the soil column (Tables 4.g,4.10,4.11). soil

samples taken at the 180-240 cm depth were negative for fecal coliforms and E. coli

(Table 4.13).

4.3 Well water survival studies (high inoculum)

4.3.1 S almon elln s urvival

Immediately following inoculation of sterilized water samples, 6.5 log cfir/ml were

recovered when plated on TSA and 6.3 log cfu/ml were found when plated on BGA after

48 h at 35-37oC' After 49 d storage at 5oC, viable numbers had decreased to 5.0 and 1.0
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cfu/ml when plated on the two agars, respectively. When water was sampled at 56 and

70 d and plated on TSA and BGA agars, neither agar contained viable colonies, even

when en¡iched in TSB for 3 h prior to plating on the agars (Fig. 4.1). For the native or

non-sterile water experiments, followin g Salmonella inoculation the initial numbers were

6'4logcfi¡/ml when plated on TSA and 6.5 log cfi.r/ml whån plated on BGA. After 2t d

storage at 5oC there were 55 cfi.¡/ml on TSA and 2.5 cfi¡/ml on BGA. Neither of the non-

sterile water samples contained viable Salmonella at2ï dof storage, even after

enrichment (Fig. a.l),

Thus, Sølmonella numbers decreased more rapidly in non-sterile inocqlated water than in

sterile samples. In untreated well water viable Salmonella disappeare d25 dearlier than

in inoculated sterile water stored at 5oC.

4.3.2 Escherìchíø cpli surviv¡l

In the first replication ofthe E. coli experiment, in initially sterile \¡/ater, using a manure

isolate (manure l), initial levels of E. coliwere 6.4log cfi.r/ml when plated on TSA and

6.5 log cfi¡/ml when plated on EMB agar. After 77 dtheplate counts \ryere 1.0 cfi¡/ml

when plated on TSA and after 70 d the numbers on EMB were 2.0 cfi.¡/ml (Fig. a.Ð.

When native well water was inoculated, the initial plate counts rvere 6.5 log cfi¡/ml when

plated on both TSA and EMB agars. At the completion of the experiment on day 91, the

viable cells numbered25 cfi.¡/ml and 1.0 cfi¡/ml, respec'tively, on TSA and EMB agars

Fis a 2)
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A second replication was performed with another E. coli isolate from manure (manure 2),

For the sterile water samples, the initial numbers were 6.2lo9 cfir/mt and 6.1 log cfir/ml,

when recovered on TSA and EMB agars, respectively. On day 63,the final recovery on

TSA was 2.0 cfu/ml. On EMB at day 56 numbers recovered were also 2.0 cfir/ml (Fig.

4'3). For the non-sterile water, the initial plate counts rryere 6.2logcñ¡/ml and 6,I log

cfi¡/ml for samples plated on TSA and EMB agars, respectively. E. coti remained viable

in these water samples at least until day 91. On TSA the final plate coì¡nt was 43 cfu/ml

while on EMB the final plate counr was 2.0 cfi¡/ml (Fig. a,3).

The third replication of the E. coli water survival experiment was performed with an

isolate recovered from the soil section F2S2 (0-2). For the sterile water samples, the

initial plate count was 6,3 log cft/ml for both TSA and EMB agars. The final

recoverable plate counts on these samples on days 49 and42werel.0 cfu/ml on TSA and

EMB agars, respectively. In the non-sterile water, the initial plate counts were 6.2lo9

cfi¡/ml for both TSA and EMB, E. coli in these non-sterile water samples were

recoverable on both agars until the experiment was ended on day 91, The finat TSA

count was 1.6 cfi¡/ml and the final EMB count was 1,0 cfi¡/ml @ig. a.a).

Overall, all three E. coli strains showed greater persistence in the non-sterile v/ater

samples, with organisms in three replications zurviving until day 91. When sterile water

samples were plated on EMB, recovery of organisms from stored samples was for a

shorter period than when plated on TSA. This may have been be due to the selective

nature of the agar making it harder for the organism to grow over time. Differences in



8.00

7.00

6.00

â

ì 5.00
lro
o

$ +.oo

o
o
'È s.oo
tr
1r'

2.00

f .00

0.00

'1t14212835124956637077€
Time (daysl

Figure 4'22 E' coti (manurc isotate 1) survlval in sterile (s) and non.sterile (NS) well water at
SoC plated on TSA and EMB

-*-TsA (Ns) .-Õ-EMB (NS)
--û-TSA (s) {-EMB (S)

\oÈ



Ð
l¡.(,
o

Ctto
u,Eo

=!,

5.00

4.00

3,00

2.00

1.00

0.00

Time (days)

Figure 4.3: E coli (manure isolate 2) survlval in sterile (S) and non-sterile (NS) welt water at
5oC plated on TSA and EMB

-*-TSA (NS) -fl-EMB (NS)
-+-TSA (s) --ÞEMB (s)

\o
t.¿r



7,00

ô.00

5.00
=ts
Ð
b 4.oo

C'

Et
o

g s.oo

3
(t,

2.00

1.00

0.00

047141721æ35124956637077f4
Time (days)

Figure 4-4: E. coli (soil isolate) survival in sterile (S) and nonsterile (NS) we¡ water at 5oC
plated on TSA and EiIB

-.+-TSA (NS) {-EMB (NS)
--ù.-TSA (s) {-EMB (S)

\o
o\



â
Ð
b +.oo

I

E
c¡b g.oo

v,

2.00

Time (days)

Figure 4.5: E coli suMval (mean of 2 manurc isolates, Figs. 4.2 and 43) at 5oC when recovered
on TSA and EMB

-ù-TSA (NS) .--g-EMB (NS)

d-TSA (s) {-EMB (S)

\o\¡



98

the zurvival of the manure isolates in the two types of water are shown in Fig. 4.5 as a

mean of the results presented in Figs. 4.1,4.2,4.3. Bacterial numbers recovered from

sterile water on TSA were significantly higher (p< 0.05) than from non-sterile water from

day 29 to 45, but thereafter to day 91 thç reverse \¡/as true. With bacteria recovered on

EMB, numbers from sterile \ilater were significantly higher (p< 0.05) than from non-

sterile water at day 28 to 49 and agair¡ the reverse was true from day 63 to 91 (Fig. a.5).

4.3.3 Yersinia ìnte¡medía suruivnl

Following inoculation of sterile water the initial numbers of Yersinia intermedia were 6.4

log cfrr/ml when plated on both TSA and YSA. After 91 days the final numbers were 5.4

log cfir/ml and 4.3log cfi.r/ml when plated on TSA and YSA agars, respeotively. For the

non-sterile water studies, the initial numbers were 6.4log cfir/ml on both TSA and YSA.

Completion of the experiment was on day 9l where the final plate counts were 5.0 log

cfu/ml and 5.6 log cfir/ml on TSA and YSd respectively. It was observed thatYersinia

was able to survive in all four samples (two sterile and trvo non-sterile samples) of water

beyond day 9l (Fig. a.6).

4 "3.4 Yercinía frederíkseniì suw w al

For Yersiniafrederiksenii,the initial numbers in sterile water were 6.2lo9 cfir/nrl and 5.5

log cfi.r/ml on TSA and YS,{ respectively. After 91 days the final plate counts were 6,4

cfi¡/ml and 4.6 cfr¡/ml on TSA and YSA" respectively. In the native well water
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experiments, the initial numbers on TSA and YSA were 6.1 log cñr/ml and 5,1 log

cfi.¡/ml, respectively. After 9l days, when the experiment was terminated, the final

numbers were 4.8 log cfrr/ml and 4.1 log cfir/ml, when plated on TSA and YSd

respectivel y (Fig.  .7).

Overall, Yersiniq was able to survive storage in sterile or non-sterile water in greater

numbers than Salmonella or E. coli. This may have been due in part to the

psychrotrophic nature of Yersinia, since samples of water were stored at 5"C.

Yersinia \¡/ere recovered from the two test media (TSA and YSA) and from both sterile

and non-sterile water until the termination of experiments on day 9l and were probably

viable for much longer. BothYersinlø strains (Fig. a.6 and a.7) lost viability during the

first th¡ee weeks but then grew back to initial numbers by day 70. E. coli were recovered

at least until day 91 from thq non-sterile samples with shorter survival in sterile water. In

contrast, Salmonella was ablç to survive longer in the sterile water samples, but only until

day 49-52.
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4.4 Survivsl of SøImonella" E colí and Vercìniø spp. in well water at ¡ow initial

inoculation

The water experiments were repeated with a low inoculum levcl in unautoclaved well

water. The initial Salmonella level was 4.2logcfi/ml, and after Zl ditreached 44

cfi¡/ml when plated on TSA agar. This represented a reduction of > 3 log cfir/ml (Fig.

4 8).

The initial number of E. coli on TSA in this test was 4.I log cfu/ml On day 21, the final

plate count was 2.4log cfrr/ml. This represented a reduction of 2logcfi,¡/ml (Fig. a.9).

The Yersinia intermedia initial plate count on TSA was 4.2log cftr/ml and after 49 d,

numbers reached 5.3 log cfu/ml. This represented an increase in viable bacteria of L3

log cfi.r/ml (Fig. a.10).

Ttre Yersinia intermedia experiment was repeated using a selective agar (ySA) for

plating, Initially the number of Yersinia present was 2.9log cfrr/ml, and by 2I d,

numbers reached 3.3 log cñ¡/mt. This represented an increase of 0.4 log cfi.r/ml (Fig.

4.tt).
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overalf Yersinia had the greatest survival in the untreated well water at 5oC over the

e4perimental period. However, at the low inoculum level, all three organi sms (8. coli,

salmonella and Yersinlø) were able to zurvive for at least 2l d.

4.5 Salmonella suntìval in inoculated soil

Salmonella Typhimurium02-8421was inoculated into \¡/ater-saturated soil (moisture

content of 3 I .0 Yo w/w) and also into dry (unamended) soil with a moistu¡e content of
ll'2% w/w, Soil was obtained from a soil column taken from the experimental site. The

soil and Salmonella mixture was kept at22oC. Following inoculatioq Salmonella

remained viable and was recovered throughout the l2d sampling period, but at decreased

numbers (Fig' 4.12)' The saturated (wet) soil allowed for slightly better survival ofthe

organism compared to the dry soil. The initial plate cotrnt ofthe dry soil on MacConkey

agar containing tetracycline and ampicillin, was 5.9log cfu/g. After l¡d there were 3.9

log cfrr/g present. The initial numbers present in the saturated wet soil were 6,I log cfir/g

(6'0log cfir/g on a dry weight basis). After 12 d storag e at22oCfinal numbers reached

4'2logcfu/gØ I log cfi.r/g on a dry weight basis). In both cases the organism survived

throughout the 12 d storage period.
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4.6 Salnonelløtransport through soil columns

The fust column tested was inocurated with r0 mt of 0.g5% Nacl containing

approximately 8.0 log cfir/ml of SalmoneltaTyphimurium 02-g42L Unforn¡nately, no

Salmonella lvere recovered from the column effluent when plated on Macconk ey agar

supplemented with 100 ppm each of ampicillin and tetracycline. The peak conductivity

reading occurred 14-16 h after the inoculum was added (Table 4.r4).

Salmonella were recovered from the efiluent taken from a second column during a

repeated experiment. Numbers recovered represented only 0. ll%o of thetotal inoculum

added (9'0log cfu/10 ml). The highest recovery of organisms occurred within the first l0
h, and this represented 65.6 7o of recovere d Salmonella. Thus Salmonellamoved through

the'column faster than the added NaCl (Table 4.15),

During a third trail (Table 4'16) acontrol column containing only added saline \¡/as run.

No salmonella wererecovered from the corumn effruents.

During the fourth trial of the experiment (Table 4.17), Salmonellawere recovered from

the column effluent. The peak conductivity reading was betwe en l6-z0h of the 6z.s h

column run' About <0'01 %o of Sølmonella addedwere recovered from the initial

inoculum of 9.0 log cfir/I0 ml, Within the first 10 h of adding the inoculum, 473% of
the recovered organisms were found.
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During a fifth replication (Table 4.18), <0.olyo of the organisms added were recovered

from the column efiIuent. The greatest percentag e (49.2yo) wasfound within the

effluent collected within the first l0 h of the start of the test. Agairç Salmonellatraversed

the column faster than the NaCl.

During a sixth replication (Table 4.lg), a control test was done with no Salmonella

addition' No Salmonellawere recovered from the column effluent over a period of 59 h.

The peak conductivity reading was found in the effluent discharged from the column

between 12-20h.

During a seventh replication (Table 4.20),following inoculation , no Salmonella were

reoovered from the column effluent samples. The conductivity peak occurred at20-2gh.

During an eighth replication of the experiment (Table 4.21) g.oz%ofthe total inoculum

of 9'0log cfi'r/I0 ml was recovered in the column effluent. The greatest percentage of

recovered organisms was found between g-r0 h and represented 30,69 %o of the

organistns recovered. The peak conductivity reading occurred at lO-Z¡h after addition of

the initial inoculum.

Colonies recovered fromMacConkey agar containing ampicillin and tetracycline were

subjected to biochemical testing, including oxidase, catalase and Gram stain testing, as

well as morphological determination by phase contrast microscopy. AII colonies

examined were Gram negative, oxidase negative and catalase positive. Cells were rod
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shaped. Isolated colonies were transferred to TSI and LIA agars. polyvalent O antiserum

agglutination testing was also carried out. All isolates gave results typical of Salmonella.

control columns were also run (Tables 4.16,4.I9) to ensure that no background

organisms were being detected. Therç were no additional organisms recovered from the

control column runs where 0.85 %saline was added and passed through the column

without added salmonella, Thus the prating medium used was able to prevent

interference from naturally present organisms eluted from the soil columns.

4.7 Analysis of soil from the salmonella-inoculated columns

After the columns were run, soils from 4 of the columns (Tables 4.17,4.1g,4.20,4.21)

were separately divided into sections 10 cm in length and arnlyzed for Salmonella.

Thç first set of soil sections (Table 4.17) analyzed yielded a total of 6.9 log cfu

Salmonella' The majority (96.1%) of the Salmonella recovered were found in the top 20

cm ofthe soil column, When this number was added to the number recovered from the

column effluent, a total of 6.9 log cfrr Salmonellawere accounted for. This representod

an overall recovery of 0.7BYo of the added organisms (Fig. a,l3).



Tablø 4'14: salmonetla o2-tÉ,2l movemer¡t through a soil core perfused with 0.E5% saline atûcgxperiment #1)

(mD

4 hours prior 78 _ 0.319 0 O O

Oto 10 Z1O

10to 12 M

12to 14 40

14 to 16 41

16to 18 44

18to20 M

20lo 22 42

22to 24 44

24lo 28

2E to 36

36 to 48

46 to 54

2U

294

335

379

423

465

509

593

757

999

1116

Totals 1194 ml

Column experiment performed from March 14 - 1T,2AOg

0.243 0 o

0.42s 0 0

0.794 0 g

0.909

0.843 0 s

0.621 0 o

0.s48 0 g

0.*47 0 o

0.470 0 I
0.394 0 g

0.349 0 o

o.æ7 0 o

84

164

242

117

0

0

0

0

0

0

0

0

0

0

1..)



Table 4.15: Sa/ïel/a movementfhrough a soil core perfused with 0.8s% satine allã:} (Experiment *Ê2)

Collected VolumtC

4hbeforeinoculation æ - 0.299 O 9 0.00

0 to 10 Z1Z - 0.309 >3000 >636000 S5.56

10 to 12 42 25* 0.508 >3000 >126000 r.3o

12lo 14 49 2s7 0.807 1930 B29gO B.5S

14 to f 6 45 942 0.916 720 g24oo 3.34

16 to 18 43 385 0.818 405 17415 1.EO

18 to 20 44 429 0.712 290 12760 1.s2

20 to 22 44 4Tg O.ffi 2SS 11ZZO 1.16

22lo 24 € 516 0.S4s 130 5S9O o.SB

24 to 2E 65 601 0.445 1ZS 10625 1.10

2E to 36 174 775 0.366 E0 13920 1.43

36 to 40 E6 861 0.298 105 9030 o.9A

40 to 48 174 1035 0.æ 70 .o18o 1.26

Totals l tlE mt

Column experiment performod from March 2g _ 30, 2æg

l¿)



Table 4'16: Saline movement through a soil core perfused with o.BSoÁ saflne atztcfixperiment #O)

3.5 h before saline added Zg - 0.236 0 O O

0 to 10 214 O.ZZS 0 O O

10 to 12 ß ZS7 0.gg9 0 O o

12 to 16 64 34i 0,959 0 O 0

t6 to 20 U 425 0.SE2 0 O 0

20to24 E6 Sll 0.998 0 O o

24to 28 84 S9S O.Zg4 0 O 0

Zg to 36 14A 74g O.Zß O O O

36 to 40 U AZ7 0.196 0 O O

40 to 48 170 997 0.19ô 0 O 0

48 to 62.s gl0 lgOT O.ZU 0 O o

Totals 1360 mt

Control Column was run from April 4 -Z, ZtOg

è



Table 4,17: Salmonella movement through a soil core perfused with o.Eso/o saline at22"c (Experiment #4)

3.5 h before inoculation 72 - 0.263 0 O O

0 to l0 Z1o ZlA 0.2Sg 45 s4S0 47.gO

10 to 12 42 ZS2 0.297 lt| T3SO g6.7s

12 to 16 U 396 0.361 15 1260 0.31

f6to20 82 418 0.E28 0 9 0

20to?4 83 SOf 0.696 o 0 0

21to 28 æ SB4 O.UT 0 g 
O

28 to 36 146 7gO O.\ZT O 0 0

36 to 40 g2 A1Z O.Zß S 410 2.0S

40 to 48 166 gZE O.?ZE 0 g 0

4E to 62.5 gOZ 12gO 0.26 s lsf O 2.56

Totals 1352 ml

Column #1 was run from April 4 - 7, ZOO}

199E0

U¡



Taþle 4.1E: Salmonelta movement through a soÍl coro perfused with 0.85% saline at?2o7 (Experiment #S)

3.5 h before inoculation 79 - 0.245 0 O O

0 to 10 214 214 O.?29 gS Z49O 4s.Zg

10 to 12 49 ZS7 O.Zæ 160 6880 4s.?J

12 to 16 ES UZ O.2gS S 425 z.7s

16 to 20 U 426 0.E66 S 4ZO 2.T6

20 to 24 A4 SlO 0.699 O 0 0

24to 28 E5 SgS 0.369 0 o 0

28 to 36 i4g T4g 0.281 0 O o

36 to 40 E3 E26 0.217 0 O o

¿10 to 48 168 994 0.204 0 O 0

48 to 62.5 310 f 304 0.225 0 o o

Totals ß71 ni

Column #2 was run from April ¿ - 7, 2003

15215

q\



Table 4.19: Salino movement through a soil core perfused with 0,8S% saline ãlZZ"C (Experiment #6)

2.5 h before saline addition Sl _ 0.40g 0 O 0

0to2 g2 - 0.407 0 o

zto 4 49 El 0.399 0

4to6 4t p5 O.31Z O

6 to I 41 166 O.sZ4 0

8 to 10 44 Z1O O.U7 O

10 to 12 gZ Z4Z 0.415 0

12to 20 106 415 0.77s 0

20 to 2E 1õ7 SB2 O.Sg 0

28 to 36 167 749 0.303 o

3ô to 44 166 915 0.298 o

44to 52 168 f083 g371 o

52 to 59 l¡m lZZg 0.352 0

Totals 1280 mt

Control Column run f¡om May 3 - 5,2003

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

\¡



Table 4.20: Salmonella movoment through a soil core perfused with 0.BS% saline at?AoC (Experiment #Z)

2.5 h before inoculation 49 - 0.3S 0 O 0

0to2 39 - 0.3g2 0 O o

2to 4 4g 82 0.926 o 0 o

4to6 44 n6 0.315 0 O 0

6to8 42 t6A O.æ7 0 O 0

8to10 42 Z1O O.Z7 0 O O

l0to 12 4g ZSg 0.298 0 O o

12to 20 179 426 0.485 0 0 0

20 to 28 174 ô00 0.752 O 0 g

2E to 86 116 Tt6 0.274 0 O o

36 to 44 172 948 O.æg 0 O 0

44 to 52 116 1124 0.3 O 0 g

52 to 59 1SZ 1Zt6 0.283 0 O 0

Totals 1325 mt

Column # I run from May g, S, 2O0g

co



Table 4'211 Salmonella movement through a soil core perfused with 0.859o saline alZ2"C (Experiment #g)

2.5 h before inoculation

0to2

Zto 4

4to6

6toE

Eto 10

10 to 12

12lo 20

20 to 28

28 to 36

36 to 44

44to 52

52 to 59

53

39

43

4

42

43

43

172

172

172

172

172

152

me q¡mutative votume conduciivity plate count rotal ptaate cor¡nt

E2

126

166

211

2æ

426

598

770

942

1114

1266

0.403

0.375

0.3ô4

0.35

0.303

0.414

0.633

0.633

0.538

o.271

0.259

0.304

0.295

Totals 1319 ml

Column #2run from May 3 - S, 2003

0

0

0

385

1255

1305

2s0

60

40

45

25

45

5-

0

0

0

16940

52710

56115

12470

10320

6880

7740

4300

7740

7600

0

0

0

9.n

28.83

30.69

6.82

5.65

3.76

4.23

2.35

4.23

4.16

182E15

\o
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From the second set of column soil sections (Table 4.lB) a total of 6.7 log cfu Salmonella

were recovered' When this was combined with the number recovered from the water

samples eluted from the column it gave a total of 6.7log organisms. Therefo re 0.57yo of

the added Salmonella were recovered from this column, with 96.2%of the organisms

recovered within the first 20 cm depth of soil analyzed(Fig. a.l3),

During analysis of the third set of soil sections (Table 4.20),where there had been no

Salmonella recovered from the column effluent, there were 7.2log cfu Salmonella inthe

soil' The majority of the organisms (99.4%)recovered were in the top 20 cmdepth of the

column (Fig. a.13).

The final soil column sections analyzedwere from the eighth replication of the

experiment (Table 4.21). The total number of Solmonettafromthe column soil was 6.g

log cfu' When this number was added to the number recovered from the column effluent,

a total of 6'8 log cfir Salmonella were accounted for, which represented 0.7To/oof the

organisms added to this column. The majority of the organisms recovered from the soil

sections (87.r%) were in the top 20 cmof the column (Fig. a.l3).

Colonies were subjected to oxidase, catalase, Gram staining and microscopic morphology

testing. All colonies were Gram negative, oxidase negative and catalase positive.

Colonies were also streaked onto TSI and LIA agars and following insubation were

tested for agglutination with poly O Salmonella antiserum. All isolates gave reactions

4'pical of Salmonellø.
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Chapter 5

DISCUSSION

5.0 Indicator organisms in wells at the Green Farm

5.0.1 Coliform occurrence

Only 2'3 % of 603 water samples from wells at the Green Farm over 20 months

contained confirmed positive coliforms. The shortest interval between manure

application and water sampling of all four fields was 2l d, and at this sampling time it

was found that two welis contained2MPN/l00mt confirmed coliforms each. With fields

2 and 3 following an interval of 14 d from manure application to sampling, one positive

well was found in freld 2,btttthere were none in field 3. In other water samples taken

from fields I and 4 at the same time (which had been manured 186 d previously) there

was one well positive in each field. Thus, there was no apparent effect of manure

addition upon the frequency with which wells were positive for confirmed coliforms.

There were more confirmed coliform samples from the shallow wells, which is

reasonable given the proximity of the water to probable sources of contamination. Since

on one occasion a well in the untreated background field contained a confirmed coliform,

it is probable that there were sources of confirmed coliforms other than the manure

applied to the treated fields (wild or uncontrolled domestic animals), which may also be

true for the soil samples as well. When field cropping practices and occurrence of well

contamination were ø<amined, 5.5Yo of wpter samples were found positive for confirmed
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coliforms from wells in fields planted with alfalfa" and2.7,3.2 andO% of well water

samples from fields containing annual crops (oats, winter wheat and canol4 respectively)

were positive for these organisms. It is possible that bacterial movement through the

undisturbed soil under the alfalfa crop was greater than through soil under the annual

crops which was periodically tilled at planting (Mawdsley et a7.,1995; McGechan and

Lewis, 2002). However, since differences in coliform recovery were small it is untikely

that the type of crop present on the field affected the bacterial stafirs of well water.

In water samples, there were only two instances where fecal coliforms were detected.

one positive fecal coliform rezult was in a shallow well in field,4, sampled l3z d

following manure application and the other positive result for fecal coliforms was in the

untreated background field in 2002 ofthe study.

Although the presence of coliforms and fecal coliforms in well water seemed un¡elated to

manure application at the Green Farm site it is important to note that intervals between

manure application and water sampling were mostly >100 d after manure application.

This interval may have provided opportunity for bacterial contamination from manure

application to disperse, die offin t}re \À/ater or be adsorbed to soil particles and thus not be

recovered by water analysis, Unfortunately there is little information in the literature on

the levels of coliforms and fecal coliforms present in similar environments for

comparison. It is important to note that the Canadian guideline for drinking water is

0/l00ml for bothE coli and for total colifon¡s (flealth canada,2002).
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5.O.2 Pseadononas aerugínosø occurrence

There were only 12 wells that were not positive for confirm ed, P. aeruginosa over the 6

sampling dates. The remaining 55 wells (including the background wells) were all

positive on at least one occasion, Of confirmed P. aeruginosain samples, 29.4yowere

found in fields 3 and 4, which were planted with alfalfa, and P. aeruginow were

identified in32.3 and 16,l% of samples from fields containing oats and canola,

respectively. The water samples from background wells were positive for confirmed p.

aeruginosa in33.3Yo of samples . P. aerugino.sa recovery appeared un¡elated to manure

application to the soil. While most wells including those in thebackground (untreated)

plots were periodically positive, there was one well in each of fields 2 and 4 (gZZ@) and

958 (Ð, respectively) which were consistently negstive forP. aeruginosa. There were 5

wells in each of fields I (901 (D), 903 (S), 908 (S),909 (I), and 912 (D) and 3 (932 @),

933 (I),937 (D),940 (I), and 945 (I)) which were coitsistently negative for P, aeruginosa.

Difference in levels of Pseudomonasbetween the background and manure treated field

wells were not evident. Even when manure was appliedZl dprior to sampling, there was

minimal difference between the numbers present in the fields and background sections.

There were several occasions where the number of Pseudomonas cellsin the background

wells remained constant at2.0 MPN/100rn1. When manure was applied 14 d (Nov, 2001)

or 15 d (May 2002) prior to testing, we observed that those fields appeared to have higher

numbers when compared to the background untreated samples. This leads to the

conclusion that the application of manure to fields can cause an increase in the number of

Pseudomonas cells present, The organism is very versatile and has been shown to
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colonize groundwater systems (Leclerc and Moreau ,2002)and has been shown to

survive >100 d in groundwater at lO"C (Filip et al., l9s8). In the lauer worþ organisms

isolated from two wells (151 and 182 meters in depth) pumping groundwater had I and 3

cfu of Pseudomonaslmlpresent, respectively. However, these represented only 0.4 and

1.2% of the total bacteria present in each of the wells. Pseudomonas is capable of

gowth in water with low available nutrient concentrations (Stetzenbach et al., 19g6).

Again, it is unfortunate that there is little information reported on the levels of

Pseudomonas found in the agricultural environment. These organisms can cause illness,

especially in immunocompromised individuals (Teixeira et al., z00l).

5.0.3 Coliphage occurrence

No coliphage was detected in the water samples analyzed. This observation is consistent

with the absence of confïrmed and fecal coliforms in the well water analyzedby the MpN

fermentation method. The absence of coliphage from the shallow wells tested is also not

surprising in view of the low frequency of coliform and fecal coliform recoveries.

Coliphage are considered to be a reliable indicator of water quality and groundwater

contamination (snowdon and cliver, 1989; Er-Abagy et al., lggg). Even though the

method used (Standa¡d Methods, 1989) has some drawbacks, such as a lack of colour

definition on agar plates and is somewhat limited in its detection of low numbers

(Ijzerman et al.,19¡94), this merhod is still considered the best technique available @l_

Abagy et al., 1988), It has numerous advantages such as being sirnple to perfornç is
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inexpensive and provides results in a timely manner @l-Abagy et al., lggg; sim and

Dutk4 1987).

5.1 Pathogen analysÍs of soil samples

Results from microbial analysis of the hog manure applied to the test fields revealed the

presence of Salmonella, several Yersinia spp. and E. coli. However, E. coli Ot57:H7 was

absent from the sampled manure on this one occasion (May 3, 2001). It is probable these

organisms (Salmonella,Yersinia and.E'. coli)werepresent atothertimes manure from

this barn was spread on the test fields, Upon analyzingthe effect of manure management

strategies on pathogen detection, Hutchison et al. (2005) found that the age of the oldest

manr¡re in the storage ¿lrea was not useful as an indicator of pathogens, since many farrns

are continually adding to their storage, It is important to reduce pathogen numbers

applied to fields and therefore the storage of manure (slurry, solid or compost) prior to

application is important (Guan and Holley,2003). Manure application can lead to

extended viability of pathogens due to greater nutrient availability and a 30 d day wait

between manure application and use (planting) of the land is recommended (tlolley et al.,

2006). There has been much recent research in the area of manure,handling and on

factors affecting bacterial pathogen survival prior to the application of manure to fields.

It has been shown by Amrs et al. (2006)that Satmonellais capable of survival at 4oC fo¡

>300 d in hog manure slurry, and therefore could contaminate fields after winter storage

during springtime application. It is also important to consider using composting and

drying methods, since these can decrease the number of pathogens (Kudva et al., 1998).
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Aeration of manure carr shorten pathogen survival, E. coli survival in aerated ovine and

bovine manure was 4 months and 47 d, respectively, compared to more than one year

when the manure was non-aerated (Kudva et al., 1998). Opportunity for contamination

of produce with zoonotic pathogens is increased following use of untreated manure as a

fertilieer. The potentiat hazard to human health could be significant (Hutchison et al,,

200s).

5.1.1 SoiI sample set I

In the first set of soil samples taken from the Green Farm, there were no yersinia or

Salmonella present regardless of the depth from which the sample was taken. E. coli was

recovered in 5 of t0 samples from the 0-5 cm depth. However, at the 5-90 cm depth

there was no E. coli recovered from any of the samples. Therefore, these pathogens may

have been injured tbrough environmental exposure or unfavourable conditions were

present for the movement of bacteria through the soil (for example reduced precipitation).

Soil set I samples were taken 6 months to almost a year after manure addition. Thus, it

was not surprising that Salmonella andYersinia were not recovered from the soil.

Isolation of E. coli from samples suggests a source of contamination (wild animals) other

than the previously applied manure.
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5.1.2 Soil sample set 2

There were no Yersinia or Salmonella recovered from any of the samples at any of the

depths analyzed. E. coli was present in some of the soil samples. Some samples had E'.

coll present throughout consecutive depths (F2s2, F3sl, F3s3) up to lgOcm. other

samples showed E' coli inegularly at only certain depths up to 180 cm. Since the second

set of soil samples was taken from test fields within 2l d of manure application, the

absence of Salmonella and Yersinia from samples suggests the organisms rapidly died

following the application of manure. Fecal coliforms \¡/ere present in the 0-60 cm

samples of soil from all four fields and numbers were < g log cñ¡/g, These probably

originæed from the hog manure, These organisms did not penetrate >lB0 cm. The

presence of E- coli Ol57'.H7 in one soil sample was of interest since it occurs only rarely

in hog manure and could have come from an undomesticated animal, such as deer.

It is unlikely that E' coli from manure \¡/as transferred to the aquifer water since they did

not penetrate >180 cm in the soil. The same is probably true for Salmonella and

Yersiniø, þut we do not have equivocal proof to support this statement since all soil

samples were negative for these organisms.

5.2 Survival of pathogens inoculated in well water

Of the three pathogens studied for their survival in well water, Yersiniapersisted in the

highest numbers throughout the 91 d of the test. .E coli was also døectable in samples
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until the experiment was terminated, but at lower numbers thanYersinia. Sølmonella

survived least well, with viable cells recovered ûom samples stored from 2l to 56 d.

Initially, Yersinia intermedia andYersiniafrederiksenil declined over a period of 2l d but

tåen recovered and their numbers increased during the remainder of the tests to reach

initial numbers. Karapinar and Gonul (1991), found that I enterocoliticasurvived up to

64 weeks when inoculæed into sterile spring water at 4"C,with an increase in cell count

observed afr.er 7 weeks. Yersiniahas been shown to have extended zurvival at low

temperatures in water (Terzieva and McFeters, 1991; Filip et al., t98g). yersinia is

capable of growth during storage at 5oC since it is psychrotrophic (Terzieva and

McFeters, l99l) and could be problematic ifthe organism reached the groundwater.

E. coli survived significantly better in the non-sterile than in sterile well water and this

was observed whether the isolate used was from soil or manure. When E. coli recovery

was monitored by plating on EMB agar, numbers of viable cells were lower and the

organism could be detected up to 63 d. Better recovery on TSA indicated that during

storage in water at 5oC, E. coli cells were injured. The significantly (p < 0,05) grearer

zurvival of bacteria (on both TSA and EI\{B) in non-sterile water from 2g-91 d storage at

5oC may reflect lower rates of predation by protozoans, their death and consequent

increase in available nutrients, supporting longer E. coli s.lrvival in the non-sterile water.

E. coli has been found to survive for 110 d at 10oC in groundwater (Filip et al,, lggS), In

oontrast with the results presented above, Wang and Doyle (l9BB), found that E. coli

Ol57:H7 survived 91 d at 8oC, with better zurvival in pure (filtered and autoclaved)
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lvater, compared to lake or reservoirwater, which can contain higher microbial counts

and bacterial inhibitors.

Salmonella survived better in sterile autoclaved than non-sterile well water and use of

TSA as a plating medium improved Salmonella recovery by 1.5 log æ 56 d. Salmonellø

survived only 24 d in non-sterile well water with the selective medium BGA giving lower

recovery' indicating a segment of the population was injured, In other work at I0oC, ,S,

Typhimurium was found to survive for a period of 100 d in groundwater (Filip et al.,

1988)' Santo Domingo et al. (2000) found better survival of Salmonella inuntreated

water (non-filtered, non- autoclaved) compared to filtered river water, which led them to

conclude that predators did not play an important role in Salmonellarecovery. While

results from the present study with Salmonella uein agreement with the previous work,

it is unlikelythat E. coli was affected by protozoan predation in unsterile water samples.

When pathogens were inoculated in non-sterile well water at 3 log cfi¡/ml, stored at 5oC,

and plated on TSd it was found that E. coli and Salmonella survived szl d. yersinia

numbers increased by I log cfu during storage at 5oc up to 49 d (when plated on TSA)

and by 0.5 log up ro 2l d (end oftest) when plated on ySA.

It is highly unlikely based on experiments in sterile and non-sterile water tbat Salmonella

would survive 120 d in these ïvaters. Yersinia species tested could persist longer at 5oC if
present in the aquifer.
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5.3 Sølmonelløtransport through soil columns

The Cl- tracer probably moved througü columns faster than did Salmonella. Harvey and

George (1989) found simila¡ results withE. coli.

Fromthe six soil columns inoculated withsalmonetlain0.BlYosaline, Salmonellawas

recovered in the column effluent in 4 instances, No Salmonellawas recovered in the

effluent collected from the othertwo columns. From two of the 4 positive columns

<0.olyo of the total inoculum was recovered, with the greatest number of organisms

recovered in the first l0 h (which represented 47.3 and 49.2%of the total viable

Salmonella found). From a third column 0.02% of Salmonella addedwere recovered

within 8-10 h and this represented 30.69/o of the remaining viable organisms. The

gxeatestrecovery of Salmonellawasseeninthefourthcolumnwithin l0hwhere 0.llo/o

ofthe added inoculum (which represented 65.6%of the viable organisms remaining)

were recovered.

Four Salmonella positive columns were s€parately divided into l0 cm soil lenghs and

analyzedfor Salmonellø distnbution within the column, The majority of Salmonella

recovered (ranging from 87.I to99.4%) were found in the top Z0 cm of the soil columns.

This, when combined with the number of Salmonella recovered in the column effIuent

represented only 0.57-0.78Yo of the organisms added to the columns.
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The recovery of viable Salmonella from total column effluents ranged from 0.01 to 0,l l

%o of the inoculum added. Times at which peak number of organisms were found ranged

from 8-10 h following addition of the inoculum to the columns, Extremely low

recoveries of viable organisms from columns \¡/as unexpected. The variation in peak

elution times of Salmonella \ilas not large in the four tests where Salmonella was

recovered. In the other 4 positive columns total recovery ofadded Salmonellafrom both

eluant and soil was less than2Yo. Thus the organism used (a clinical isolate with

ampicillin and tetracycline resistance, recovered on antibiotic containing media) seemed

susceptible to soiUmoisture expozurc at25oC, In spite ofthe observation that Salmonella

were able to pen€tratethe 54-70 cm length of perfirsion columns, results also indicated

that the soil in columns was an effective bacterial filter (even though columns were from

field 4, underlying a > 3 year old alfalfa crop) since during two soil perfusion tests all

inoculateð Salmonella were retained in the soil columns.

Cote and Quessy (2005) analyzed2O emdepth soil sample s for Salmonella and E. coli

after the application of liquid hog manure. When the manure was analyzed over the 3

years of applicatiorq E. coli was recovered in the second and third years, while

Salmonella was discovered in the third year of the experiment. In the sandy loam which

was analyzed, Salmonella was present at 14 d(3/4 samples) and at27 d(2/4 samples).

Salmonella was also detected in some of the loamy sand sample replicates at 14,27,40

and 54 d. Thereforg there is the potential of crop corúamination from the soil particles.

Cote and Quessy (2005) recommend a 100 d timeframe between manure application and

harvest. Inthepresørtworkthemajority of Salmonellawererecoveredinthe topZ0cm
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of the dissected soil columns, regardless of Salmonella presence or absençe in the eluant.

We also may have seen more consistent recovery of the organism if shorter columns had

been used for our experiments, It was concluded by van Elsas et at. (1991), that as the

column length increased, the numbers of organisms in the effluent decreased. Salmonella

was found in 15 cm soil cores upto 32 d after the application of inoculated farmyard pig

manure (Nicolson et al., 2005),

There could have been some improvement in Salmonella snwval if the organism had

been rnixed with manure before addition to the columrL since this would have provided

additional protection from environmental stress. When intact 15-16 cm soil columns

were used by Gagliardi and Karns (2000) for the recovery of applied E. coli, there was an

increase of 0.53-1.32 log cfu in the total number of organisrns recov€red when manure

was used compared to non-manured columns. It was felt that this difference was due to

nutrient addition from the manure. Salmonellawas shoum to survive up to 120 d when

inoculated into dairy cattle manure slurry and spread onto soil (flutchison et a1.,2004)

and for up to 231 d when applied to soil with poultry manure compost (Islam et aL 2004).

The present experiment was performed without manure addition because the organism

was previously found to be able to survive for 12 d when added to soil.

Based on the results obtained it appears that the soil profiles from the Green Farm were

capable of filtering large quantities of Salmonells from contaminated water.



134

Chapter 6

CONCLUSIONS

Evidence obtained from this study indicated that hog manure application to sandy soil did

not result in the penetration of fecal coliforms to a depth greater than 180 cm through the

soil profile. Growth of annual or perennial plants on test fields did not affect the extent

ofwater or soil contamination by organisms from applied manure. Water samples from

wells in the test fields were not contaminated by zoonotic pathogens found in the applied

manure' Although repeated analysis were conducted over a period of 20 months, in

10/13 sample series collected after manure had been applied, it was > 4 months after

manqre application before samples were obtained for study. In 3 sample sets manure

application was within 3 weeks of manure application.

In vitro laboratory work showed that Salmonella, Yersinia and E. coli wereable to

survive in water from the test site for up to 3 weeks , and Yersinia wereable to grow. If
organisms ûom manure were able to reach the groundwater underlying the test field,

there would be signifioant potential for transpoÉ in the Assiniboine aquifer which passed

under this field.

Results from microbiological testing showed that background wells located in field areas

not treated with manure were contaminated with fecal coliforms periodicall¡ and

suggested that a source unrelated to manure application,
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From soil percolation experiments it appeared that one meter of sandy soil from the test

field was capable of removing or inactivatrnggg.g%of a challenge dose of Salmonella

added in a saline solution. This ability was significant and may serve to prevent

contamination of groundwater after application of hog manure ofuncertain

microbiological quality.
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Chapter 7

RECOMMEhIDATTONS FOR FUTURE STTIDNOS

o Development of an effective monitoring method based on a single indicator organism

for the determination of recent contamination of soil and water by manure would be

useful' A standardized sampling protocol and reporting system, readily available for

use by researchers, regulatory agencies, and industry would also be valuable.

o Research to determine the effect of the initial levels of pathogens applied to fields

upon the period pathogens remain viable in the environment would help better

chwac'terize minimum intervals necessary between manure treatment and planting to

prevent crop conta.mination. Further studies with regards to the cumulative effect of
repeated manure application to agricultural fïelds upon the pathogen status of treated

soil would be useful.

o Further study and implementation of better manure management shategies (e.g.

limited co-mingling of manure) including monitoring of pathogens, so asto deternine

the influence of individual practices upon the survival and persistence of zoonotic

pathogens is desired.

e Further study of manure storage practices in the field (such as alternating

aetation/anaerobic treatments) upon pathogen survival and manure nufrient

composition is needed.
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Establishment of safe intervals befween manure application and harvesting of treated

produce based on Manitob a datawould be valuable

Further study of the survival of human pathogens in hog manure and their survival in

soil and water environments is needed, especially for those organisms which have

extended survival at cool groundwater ternperafures such tis yersinia.
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Appendix 1: Presumptive coliform oocurenoe in groundwater over 20 months (values Reported as lr¡lpN/100 ml)

Sample Date

WellNumber D"
901 Deep 4 <2 <Z ¿2 1902 lntermediate <z <z <2 <2 <z e <2 <2 <z 1903 Shallow <Z <2 <2 <Z <Z <2 <Z <2 <Z 1904 lntermediate <z <2 <z <z <2 <2 <2 <z <z 1905 Shallow <Z <2 <Z <Z <2 <Z <2 <Z <Z 1906 Deep <2 <2 <2 <2 <2 <2 <2 <2 <2 1907 lntermediate z <z <2 <2 <2 <z <2 <z <z 190E Shallow <Z <2 <Z <Z <Z <Z <Z <2 <Z 1909 lntermediate <2 <2 <z <2 <z <z <z <z <z 1910 lntermediate <z <z <2 <2 <2 <z <z <z <z I911 shallow zg 13 z <z <z <z <2 <2 <z 1912 Deep <Z <Z <2 <2 <Z <2 <2 <Z <2 1913 lntermediate 4 <z <z <2 <2 <2 z <z <z 1914 Shallow <Z <Z <2 <2 <Z <Z <2 <Z <2 1915 lntermediate <z <2 <2 <2 <2 <2 <z <z <2 1

---$$_-j|gt,o* 2 <z <z <Z <2 <2 <z <2 <z 1

918 lntermediate <2 <2 <2 <z <2 <2 z <z <z 2919 Shallow <2 <Z <Z <Z <2 <Z Z <Z <Z 2920 lntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 2921 Shallow <Z <2 <Z <2 <Z <Z <2 <2 <Z 2922 Deep <Z <Z <Z <2 <2 <Z 4 <Z <2 z923 lntermediate <2 <2 <2 <z <z <z rg <z <z 2924 Shailow <Z <Z <Z <Z <2 <Z Z <Z <Z z925 lntermediate <z <2 <z <z <2 <z <z <z <z z926Shaflow442Z4<Z<Z<Z<2z
927 Deep <Z <2 <Z <Z <Z <Z <Z <2 <2 zgz9 lntermediate <2 <z <z <z <z <z <z <z <2 2929 Shallow <2 <Z <Z 2 <2 <2 <Z <2 <Z z930 lntermediate <z <2 <z <z <z <z <z <z <z z<2<2<2:Ze<Zz

Èo\



Appendix 1 (cont'd): Presumptive coliform occurenoe in groundwaterover20 months (values Reported as MpN/100 ml)932 Deep 2g 13 19 2 <Z <Z 2 <2 <Z 3933 rntermediate <2 <z <z <z <z <z <z <2 <z 3934 Shallow <Z <2 <Z 4 2 <2 2 <2 2 g935 rntermediate <z <z <2 <z <z <z z <z <2 3936 Shallow <Z <Z <Z <2 <2 <2 4 <2 <Z g937 Deep <Z <Z <Z <Z <2 <2 <2 <Z <Z 3938 lntermediate <2 <2 <z <z <2 <z 4 <z <2 3939 Shallow <2 <2 <Z <2 <Z <Z Z <Z <2 3940 rntermediate 2 <2 <2 <2 <2 <2 2 <2 <2 3941 Shallow <Z 2 <2 2 2 <2 <2 <Z <2 3942 Deep <2 <Z <Z <Z <Z <Z <2 <Z <2 3943 rntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 3944 Shallow <Z <Z <2 <Z <2 <Z <2 <Z <2 g945 rntermediate <z <z <z <2 <z <2 <2 <2 z 3946 Shallow <2 <2 <2 <Z <2 <2 <2 <2 <Z 3

-

gz
949 rntermediate 2 <2 <2 <2 <2 <2 <2 <2 <2 4949 Deep <Z <Z <2 <Z <Z <Z <Z <2 <Z 4950ShailowZ<242ZZ<Z<Z<Z4
951 lntermediate <2 <2 <2 <2 <2 <2 4 <Z <Z 4952ShailowB4<2<244Z<Z<Z4
953 lr¡termediate 29 ig 4 <Z <Z Z <2 <2 <2 4954 Deep <z <z <2 <2 <Z <z 4 <Z <Z 4955 Shallow <Z <Z Z Z <Z <Z <2 <Z <2 4956 rntermediate <2 <2 <2 <2 <2 <2 4 <2 <2 4957 Shaltow 29 <2 <2 <Z <Z <2 <2 <2 <Z 4958 lntermediate <Z <2 <Z <2 <Z <2 4 <Z <Z 4959 Deep <2 <2 <2 <2 <2 <2 <2 <2 <2 4960 Shallow 2 <Z g <Z <2 <2 <Z <Z <Z 4

e63 tntermectiate <z <z <2 <2 <2 <2 2; ;; :; B[31964 Shallow <Z <2 <Z <Z <Z <2 <Z <2 <Z Bkgd965 Deep 4 <z <z <2 <2 <z <2 <z .i Bkgd966 lntermediate <Z <2 <Z <2 <Z <2 <2 <Z <Z Bkgd967 Shallow <Z <Z <2 <Z <Z <2
è\¡



Appendix 2: Confirmed coliform occuffence in groundwater over 20 months (Values Reported as MpN/100 ml)

Sample Date

Wellj!1mþer ?ePth Oct.@ Mar,=01 ApriLol May.01 July.o1 Sept 01 Nw,ot tr¡ar,Oz tUay,oZ f¡eto*901 Deep <2 <2 <Z 
1902 lntermediate <2 <Z <Z <Z <Z <Z <Z <Z <Z 1903 Shallow <Z <Z <Z <2 <Z <Z <2 <2 <Z 1904 lntermediate <Z <Z <Z <Z <2 <Z <2 <2 <Z 1905 Shallow <2 <Z <2 <2 <Z <Z <2 <Z <Z 190ô Deep <Z <2 <2 <2 <2 <2 <2 <2 <Z 1907 lntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 1908 Shallow <Z <Z <2 <Z <Z <2 <Z <2 <Z 1909 lntermediate <2 <2 <Z <Z <Z <2 <2 <2 <Z 1910 lntermediate <Z <Z <Z <Z <2 <Z <2 <2 <2 1911 ShaHow <Z I <Z <Z <2 <2 <Z <2 <Z 1912 Deep <Z <2 <Z <2 <Z <Z <2 <Z <Z 1913 lntermediate <2 <Z <Z <Z <2 <Z <2 <Z <Z 1914 Shatlow <Z <Z <Z <2 <Z <Z <Z <Z <2 1915 lntermediate <Z <2 <Z <Z <2 <2 <Z <2 <Z 1

919 Shattow 2 <2 <2 <2 <? <Z <Z <2 <Z 1917 Deep <2 ¿Z
91E lntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 2919 Shallow <2 <Z <Z <Z <Z <Z Z <2 <Z z920 lntormediate <Z <Z <Z <Z <Z <2 <Z <2 <Z 2921 Shallow <Z <2 <2 <Z <Z <2 <2 <2 <2 z9?2 Deep <2 <Z <2 <2 <Z <Z <2 <Z <Z z923 lntermediate <z <z <2 <z <2 <z <z <2 <z z924 Shallow <Z <Z <2 <2 <2 <Z <2 <Z <Z z925 lntermediate <2 <z <z <z <z <z <z <z <2 z926 Shallow <2 4 <Z <Z 4 <2 <Z <Z <Z z927 Deep <Z <2 <2 <Z <2 <2 <Z <Z <2 z928 lntermediate <z <2 <z <z <z <z <2 <z <2 2929 Shaltow <Z <Z <Z Z <Z <Z <Z <Z <2 ,930 lntermediate <2 <z <z <2 <2 <z <z <z <2 z931 Shallow .<2 <2 <2 <2 <2 <2 <Z <Z <Z z

5
0ê



Appendix 2 (cont'd): Confirmed coliform occr¡rence in groundwater over 20 months (Values Reported as MpN/i00 ml)932 Deep <Z 13 4 <Z <2 <Z <Z <Z <Z 3933 lntermediate <Z <2 <Z <Z <Z <2 <2 <Z <2 3934 Shallow <Z <2 <2 <Z <Z <2 <Z <Z <2 g
935 lntermediate <Z <Z <2 <2 <2 <Z <Z <Z <Z g
936 Shallow <Z <Z <Z <2 <2 <2 <2 <Z <Z 3937 Deep <Z <2 <Z <Z <Z <2 <2 <Z <2 3936 lntermediate <2 <Z <Z <2 <Z <2 <Z <2 <2 3939 Shallow <2 <2 <2 <Z <Z <2 <2 <2 <Z 3940 lntermediate <2 <2 <2 <2 <Z <2 <Z <Z <Z 3941 Shallow <2 2 <2 <2 Z <Z <Z <Z <Z 3942 Deep <Z <Z <Z <2 <Z <Z <2 <Z <Z 3943 lntermediate <2 <2 <Z <Z <Z <2 <Z <2 <2 3944 Shallow <Z <Z <Z <Z <2 <Z <2 <Z <Z 3945 lntermediate <2 <Z <Z <2 <Z <Z <Z <2 <Z 396 Shallow <2 <2 12 <2 _<Z <2 <2 <2 <Z g
947 Shallow <2 ¿Z l948 lntermediate <Z <Z <Z <Z <Z <Z <2 <Z <Z 4949 Deep <Z <2 <Z <2 <Z <2 <2 <2 <Z 4 .

950 Shallow <Z <Z 2 2 <2 Z <2 <Z <2 4951 lntermediate <Z <Z <2 <2 <2 <2 <Z <Z <2 4952 Shallow <2 4 <Z <Z Z 4 <Z <Z <Z 4953 lntermediate <2 <2 <Z <Z <Z Z <Z <2 <2 4954 Deep <Z <Z <Z <Z <Z <Z <Z <2 <Z 4955 Shallow <2 <Z 2 <2 <2 <2 <Z <2 <Z 4956 lntermediate <z <z <z <z <z <2 <z <z <z 4957 Shallow <Z <Z <Z <Z <Z <Z <Z <Z <Z 4958 lntermediate <z <z <z <2 <z <z <z <z <2 4959 Deep <Z <Z <Z <2 <2 <Z <Z <2 <Z 4960 Shatlow 2 <Z 2 <2 <Z <Z <Z <2 <2 4991 tntelmediate <? <2 <2 <2 <? <Z Z <Z <Z 4962 Deep <z
963 lntermediate <z <z <z <z <2 <z <z <2 <2 Bkgd964 shallow <z <z <z <z <2 <z <2 <2 <z Bkgd965 Deep <Z <2 <Z <2 <2 <Z <Z <2 <2 Bkgd906 lntermediate <z <z <2 <2 <z <z <z <2 <2 Bkgd,967 , shallow <2 <2 <2 <2 <2 <2 <z <z z Bkod

Þ\ô



Appendix 3: Fecal coliform occt¡renc€ in groundwater over 20 months (values Reported as MpN/100 ml)

Sample Date

welllllmber FPth octi0O Mar,01 APr!LO1 May.01 July.O1 sept*01 tr¡ov,ot lvlar,,oz tvtay,oz rielo*901 Deep <2 12 <Z <2 <2 1902 lntermediate <2 <2 <2 <2 <2 <2 <Z <2 <Z 1903 Shallow <2 <Z <2 <2 <2 <2 <2 <Z <2 1904 lntermediate <z <z <z <2 <2 <z <z <z <2 1905 Shallow <2 <2 <Z <2 <2 <2 <Z <Z <Z 1906 Deep <2 <Z <2 <2 <Z <2 <Z <Z <2 1907 rntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 1908 Shallow <Z <Z <2 <2 <Z <Z <2 <Z <2 1909 lntermediate <z <2 <z <2 <2 <2 <z <2 <z 1910 lntermediate <z <z <z <2 <2 <z <2 <z <z 1911 Shallow <Z <Z <Z <Z <Z <Z <Z <Z <Z 1912 Deep <2 <2 <Z <2 <Z <Z <Z <Z <Z 1913 lntermediate <z <z <2 <2 <z <z <2 <z <z 1914 Shallow <2 <Z <Z <2 <Z <Z <2 <2 <2 1915 lntermediate <2 <z <z <z <z <2 <z <z <2 1919 Slailo.w <? <? <? <2 <2 <? <2 <2 <2 1917 Deep <2 
-91E lntermedíate <z <z <z <2 <2 <z <2 <2 <2 z919 Shallow <Z <Z <2 <2 <2 <Z <Z <Z <Z z920 lntermediate <z <z <z <z <2 <z <2 <z <z z921 Shallow <Z <Z <Z <2 <2 <Z <2 <Z <2 29?2 Deep <Z <2 <Z <Z <2 <Z <Z <2 <Z z923 lntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 2924 Shallow <Z <2 <2 <2 <Z <Z <2 <2 <Z 2925 lntermediate <z <2 <z <z <z <2 <z <z <z z926 Shallow <Z <2 <Z <2 <Z <2 <Z <Z <Z z927 Deep <2 <Z <2 <Z <2 <Z <Z <Z <2 z928 lntermediate <z <2 <z <2 <z <z <z <z <2 z929 Shallow <2 <Z <Z <Z <2 <Z <Z <Z <Z 2930 rntermediate <2 <2 <2 <2 <2 <z <2 <2 <2 2931 Shailow <Z <Z <Z <2 <Z <Z <Z <Z <Z z

(â



Appendix 3 (cont'd): Fecal coliform occufrence in groundwaler over 20 months (values Reported as MpN/100 ml)932 Deep <Z <Z <Z <2 <Z <Z <Z <Z <Z 3933 lntermediate <z <z <z <z <z <2 <z <z <z 3934 Shallow <Z <Z <Z <Z <2 <Z <2 <Z <2 3935 lntermediate <2 <z <2 <2 <z <z <2 <z <2 g936 Shailow <Z <Z <Z <Z <Z <Z <2 <Z <2 3937 Deep <2 <2 <2 <2 <Z <2 <2 <Z <2 g938 lntormediate <2 <z <z <z <2 <2 <z <z <z 3939 Shallow <Z <2 <Z <2 <2 <Z <2 <Z <Z 3940 rntermediate <2 <z <z <z <z <z <2 <z <2 3941 Shallow <Z <2 <2 <2 <Z <Z <2 <2 <Z 3942 Deep <Z <Z <Z <2 <2 <Z <Z <2 <Z 3943 lntermediate <z <z <z <z <z <z <2 <z <z 3944 Shallow <Z <2 <Z <2 <2 <Z <Z <Z <Z 3945 lntermediate <2 <2 <2 <2 <z <z <2 <2 <2 39{6 Shallow <2 <Z <Z <2 <2 <2 <2 <2 <Z 3

948 lntermediate <Z <Z <2 <Z <2 <Z <2 <2 <Z 4949 Deep <2 <Z <Z <Z <2 <Z <Z <Z <Z 4950 Shallow <Z <2 <Z <2 <Z <2 <Z <Z <2 4951 rr¡termediate <2 <2 <2 <2 <2 <2 <2 <2 <2 4952 Shallow <Z <Z <2 <Z <Z <Z <2 <Z <Z 4953 lntermediate <Z <Z <2 <2 <Z <2 <Z <2 <Z 4954 Deep <Z <Z <2 <Z <2 <2 <Z <Z <Z 4955 Shallow <2 <Z <2 <2 <Z <2 <2 <2 <2 4956 rntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 4957 Shallow <Z <Z <Z <Z <2 <Z <2 <Z <2 4958 rntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 4959 Deep <Z <2 <2 <2 <2 <2 <Z <2 <2 4960 Shallow 2 <2 <Z <2 <Z <2 <Z <2 <2 4Æt" <2 <2 <2 <z <z <z L<z <z 4962
963 lntermediate <Z <Z <Z <Z <Z <Z <Z <2 <Z efgJ964 Shallow <Z <Z <Z <Z <2 <Z <Z <2 <2 Bkgd965 Deep <2 <Z <z <2 <Z <Z <2 <Z <2 Bkgd966 rntermediate <2 <2 <2 <2 <2 <2 <2 <2 <2 Bkgd<2 <Z <Z <z <2 2 Rknrt

(¡
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Appendix 4: Presumptive Pseudomonas oocu¡Tence in groundwater over 20 months(Vatues Reported as Mptrl/t00mt)

wel Depth Mar, o1 ,r,". ;iTJe 
Date

g9i'
902 lntermediatel344Z2Zl

;;904 lntermediate 23 13 4 Z <Z Z I905Shailow2322Z13Z1
999DeepBzs4<2zi907 lntermediate 23 4 <Z 2 <2 Z 1908Shailow2g244Z<21
909 lntermediate 23 g <2 <Z <2 <Z 1910 lntermediate21 222BZl911ShailowZB<22421
91?Deep294<22241
913 lntermediate 23 Z <2 4 <2 <2 1

915 lntermedlate 23 <2 Z 2 <Z ; ,i

lz1
918 lntermediate 2 z919 Shailow Zg 2
92O lritermediate 23 4921 Shailow 29 <2
922 Deep 23 4923 lntermediate 13 z924 Shailow Zg 13925 lntermediate 23 <zg2A Shattow 2g 4

2<222
<2<22<2
<2<24
<2<2<22
<2<2<22
<24<2<2
<2<2<24
224<2

4
4
4

2
2
2

4
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2
2
2
2

927 Deep 2g 2 <z
928 lntermediate 2l zg2g Shailow 29 Z <z930 lntermediate 23 4931 Shailow 23 <2vrrq¡ruw zo ¿ <z 4 <2 2 2

;--

82
84

933 lntermediate 2
934 Shattow Zg
935 lntermedlate 23

23
23

2
<2
I
4

<2
2
4
2
4
I

<2
<2
4
2

2
2
2

<2
2
4
2
2
2

<2
<2

2
4
<2

4
<2
2
<2
<2

2
<2
<2
<2
<2
<2
4

<2
4

4
<2
2

<2
4
2
2
I
2

<2
2
2
2
4

<2
4
2

<2
<2
2
4
4
4
4
I
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3

938 lntermediate 2g
Shallow 29

940 lntermediete 2t

936
937

941
942

23
23

Shallow
Deep

Shallow
Deep

943 lntermediate 23
Shallow 29

945 lntermediate 23
946 Shailow 23
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Appendix 4 (contd): presumptive pseudomonas occurence over 20 months(Values Reported as Mptrl/100mt)

weil D"t"

94S
949DeepZg2<28<224
950Shailow2g192¿144
951 tntermediate2gZ<22i24

tlÏlli^_ ?? .? <2 z <2 <2 4953 lntermediate294<Z+iZ4
9lDeep2sB¿2224955 Shallow Zg 4 <2 4 iZ <2 4956 lntermediate Zg Z <2 <2 4 <Z 4957 Shallow 2g 2 <2 4 .e Z 4958tntermediate292213iZ4
9?9Deep29<2<24224960Shailow29B2<2224
961 lntermediate 2g I

963 lntermediate Zg
964 Shaltow 29
965 Deep 29
966 lntermediate 29
967 Shatlow 2g

Bkgd
Bkgd
Bkgd
Bkgd
Bkgd

4
<2
2
4

<2

42
<2 <2
2<2
<24
<22

4<2
<22
42
2<2
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Appendix 5: Confirmed Pseudomonas occr¡rrence over 20 months
(Values Reported as MPN/I00mf)

Sample Date

Well Depth Mar, 01 July, 01 Sept, 01 Nov, 01 Mar. 02 May. 02 Fietd #
Deep <2901

902 lr¡termediate 4
903 Shallow <2
904 lntermediate 23
905 Shallow I
906 Deep I
907 lntermediate 2
908 Shallow <2
909 lntermediate <2
910 lntermediate 2
911 Shallow <2
912 Deep <2
913 lntermediate 23
91,1 Shallow 23
915 lntermediate 23
916 Shallow 23

<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2

<2

2
<2
<2
13
<2
<2
<2
<2
I

<2
<2
<2
<2
<2
<2

<2 <2 <2
4<2<2
<2 <2 <2
<2 <2 <2
2<2<2
<2 <2 <2
<2 <2 <2
<2 <2 <2
<2 <2 <2
222
8<22
<2 <2 <2
2<2<2
<2 <2 <2
<2 <2 <2
<2 <2 <2

1

1

1

1

1

1

1

1

1

1

1

I
1

1

1

I
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

<2 <2 <2 <2
2<2<22
<2<22<2
<2 <2 <2 <2
<2<2<22
<2 <2 <2 <2
<24<2<2
<2<2<24
2<2<2<2
2<2<24
<2 <2 <2 <2
8<2<2<2
<2<2<22
24<22
<24<2<2

<2
<2

2
4
<2
<2

2
13
<2

4
<2
2
<2
<2
2

<2
23

926
927

Deep 23917
918 lntermediate <2
919 Shallow 23
920 lntermediate <2
921 Shallow 23
922 Deep <2
923 lntermed¡ate 13
924 Shallow <2
925 lntermediate <2

Shallow
Deep

gzÛ lntermediate I
929 Shallovv <2
930 lntermediate 23
931 Shallow <2

3
3

<2 <2 <2 <2
<2 <2 <2 <2
2<2<24
2<2<2<2
<2 <2 <2 <2
<2 <2 <2 <2
4<222
2<22<2
<2 <2 <2 <2
2<224
<2 <2 <2 <2
<2<2<29
2<222
<2 <2 <2 <2
<244<2

<2
<2
<2

I
<2
<2
<2
4
<2
<2
<2
<2
<2
<2
2

2
<2

936
937

932 Deep <2

3
3
3
3
3
3
3
3
3
3
3
3
3

933 lntermediate <2
934 Shallow <2
935 lntermediatÞ <2

Shallow
Deep

938 lntennediate <2
939 Shallow 23
940 lntermediate <2
941 Shallow 23
942 Deep 13
943 lntermediate <2
944 Shallow <2
945 lntermediate <2

Shallow9¡Í6
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Appendix 5 (contï): Confirmed Pseudomonas occurence over 20 months
(Values Reported as MPII/I00mf)

Sample Date

Well Depûh Mar, 01 July, 01 Sept, 01 Nov, 01 Mar, 02 May, 02 Field {947 Shallow 23 4 <2 <2 2 <2 4
948 lntermediate I I <2 <2 I <2 4
94s
950

Deep
Shallow

951 lntermediate 23
952 Shallow 23
953 lntermediate <2
954 Deep 23
955 Shallow <2
956 lntermediate <2
957 Shallow 23
958 lntermediate <2

Deep
Shallow

961 lntermediate 23

I
23

<2<2<2<2<24

959
960

<22<2<24
<2 <2 <2 <2 <2
<2<22<2<2
<2<2442
<2 <2 <2 <2 <2
4<2<2<2<2
<2 <2 <2 <2 <2
<2<24<2<2
2213<2<2
<2 <2 <2 <2 <2
<2<2<222
<2<2<2<22

23
<2

4
4
4
4
4
4
4
4
4
4
4
4

4 <2 <2 <2 <2 Bkgd
<2 2 <2 <2 <2 Bkgd
<222<22Bkgd
<2 <2 <2 <2 <2 Bkgd
<2 <2 <2 2 <2 Bkgd
<2 <2 2 <2 <2 Bkod

23
23

964
995

962 Deep 23
963 lntermedlate 13

Shallow
Deep

966 lntermediate <2
967 Shallow 23


