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Abstract 

 

The inactivation of enteric pathogens in soil is a critical component of the multi-

barrier approach to protect human health when biosolids are applied to agricultural 

land as a fertiliser. Ecological processes may have a central role in eliminating 

enteric bacteria applied to soil in biosolids providing an active mechanism for their 

removal. To test this hypothesis, and to provide long-term decay information on a 

variety of enteric pathogens, a series of field experiments was established on two 

soils of contrasting organic matter and fertility status, amended with different sludge 

types.   

 

E. coli population numbers were monitored in soils amended with biosolids and 

unamended control soils.  Inoculation treatments with E. coli O157, Salmonella 

enterica, Listeria monocytogenes, Campylobacter jejuni, and Clostridium 

perfringens were also monitored.  E. coli were found to be indigenous to both soils 

and their populations were highly dynamic.  Following application of conventionally 

treated biosolids, E. coli and enteric pathogen numbers increased and subsequently 

showed a rapid decline within 20-100 days and were not significantly different from 

numbers in the unamended control soils within 316 days.  E. coli content of 

enhanced treated biosolids was lower than that of unamended control soils prior to 

application.  However, E. coli numbers in soil treated with enhanced biosolids 

increased compared to the unamended controls in response to substrates input.  

Laboratory investigations indicate the direct involvement of the soil ecological 

processes on E. coli inactivation an in particular, bacteriophagous protozoa activity.  

These complex mechanisms are actively stimulated by biosolids addition and 

significantly impact on E. coli decay in biosolids-amended agricultural soils. 

 

The results provide assurance that assumptions relating to soil decay during waiting 

periods stipulated for agricultural use of sludge are highly conservative.  They 

confirm that the cropping/harvesting restrictions prescribed in legislation and 

guidance controlling the application of biosolids on farmland allow for the natural 

attenuation of pathogens to protect human health with a significant margin of safety.  
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CHAPTER 1 

Introduction 

 

Application of a variety of organic residue wastes, biosolids and sludges to 

agricultural land is a widespread practice in the UK, Europe and the USA (Gerba and 

Smith, 2005).  In the UK, approximately 1.4 million t Dry Solids (DS) of sewage 

sludge are produced annually of which, 0.82 million t DS are recycled to agricultural 

land each year as a soil improver (DEFRA, 2006).  Treatment of sewage sludge is a 

multistage process to increase Organic Matter (OM) stability and reduce the 

pathogenic content to prevent environmental problems.  Sewage sludge treated to a 

standard suitable for recycling on agricultural land, for example, is referred to as 

‘biosolids’.  The reuse of biosolids on agricultural land is considered to be both 

economically advantageous and the Best Practicable Environmental Option (BPEO) 

(DEFRA, 2007) while also a beneficial agricultural soil improver (Smith and 

Durham, 2002; Chambers et al., 2003; Smith and Tibbett, 2004; Correa et al., 2005).  

The prohibition of disposal of sewage at sea under the EC Urban Waste Water 

Directive (CEC, 1998) has increased the reliance on agriculture as an outlet strategy 

for the management of biosolids.  However, the potential spread of transmissible 

communicable intestinal disease by the enteric pathogen content of biosolids applied 

to agricultural land for crop production is an area of potential concern to general 

public health (WHO, 1989; Pourcher et al., 2007). 

 

Enteric pathogens are members of the common intestinal microflora and as such can 

be potentially isolated from sewage sludge and biosolids and include pathogenic 

viruses, bacteria, fungi and protozoa (Carrington, 2001; Gerba and Smith, 2005).  

One of the basic underlying principles to protect human health from the presence of 

residual numbers of pathogenic microorganisms that may potentially occur in sludge 

is the multiple barrier approach to prevent disease transmission (WHO, 1989).  This 

involves treating sludge to significantly lower the numbers of pathogenic organisms 

and to adopt land use restrictions to allow the natural decay of pathogens to take 

place in soil (WHO, 1989).  In order to increase acceptance of biosolids as an 

agricultural soil improver a voluntary agreement between the UK water industry and 
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the British Retail Consortium (BRC) specified acceptable sewage sludge treatment 

criteria and land management practices under the Safe Sludge Matrix (SSM) (ADAS, 

2001).  Thus, the voluntary guidelines detailed under the SSM specify that a harvest 

interval of 12 months is required for vegetable crops which are not eaten raw.  For 

ready-to-eat crops such as salad crops the waiting period is increased to 30 months.   

 

Microbiological Risk Assessments (MRA) were aimed at quantifying the risk to 

general public health from the reuse of biosolids in agriculture (Gale, 2005; 

Eisenberg et al., 2008).  Limited decay data for enteric pathogens in biosolids-

amended soils are available for short-term studies and these are extrapolated to cover 

the 12-30 month harvest/cropping restrictions.  Uncertainties with such 

extrapolations restrict the validity of MRA calculations and therefore long-term field 

data quantifying the attenuation of enteric pathogens in biosolids-amended 

agricultural soils are necessary (Gale 2005; Avery et al., 2005; Pourcher et al., 

2007).  A variety of enteric pathogens can be potentially isolated from biosolids with 

contrasting decay profiles (Gale, 2005; Porucher et al., 2007; Eamens et al., 2006) 

which are influenced by species-dependent survival strategies (Chauret et al., 1999; 

Eamens et al., 2006), and strain specificity (Topp et al., 2003).  It is therefore 

important to determine suitable faecal indicator bacteria to quantify the decay of 

enteric pathogens in biosolids-amended agricultural soils (Eamens et al., 2006; 

Pourcher et al., 2007; Sidhu and Toze, 2009).  

 

Factors influencing the natural attenuation of enteric pathogens in biosolids-amended 

agricultural soils include both biotic and abiotic pressures.  Soil temperature and soil 

moisture content have been identified as major factors limiting enteric pathogen 

survival in agricultural soils (Cools et al., 2001; Holley et al., 2006).  However, such 

environmental variables are unlikely to pose a direct stress upon the survival of 

enteric pathogens in UK temperate soil conditions (Lang et al., 2007).  Soil microbial 

ecological processes, such as predation, competition and antagonism have been 

identified as key biotic factors limiting bacterial survival and specifically enteric 

pathogen survival in soils (Topp et al., 2003; Lang et al., 2007; Nasser et al., 2007).  

However, there is little scientific data demonstrating the influence of soil microbial 
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ecological factors on enteric pathogen decay in biosolids-amended agricultural soils.  

Thus, it is necessary to elucidate the complex soil ecological mechanisms driving 

enteric pathogen decay and quantify the long-term natural attenuation of pathogens 

in soils to provide reliable guidelines to protect public health from the potential 

spread of transmissible infectious intestinal disease when reusing biosolids as an 

agricultural soil improver (Gale, 2005; Lang et al., 2007; Pourcher et al., 2007).   
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CHAPTER 2 

Aims and objectives 

 

The principal objecitve of the research was to improve the understanding of potential 

exposure of the general public to infectious pathogens linked to the agricultural reuse 

of sewage sludge and to evaluate the effectiveness of current management practices 

for providing barriers to disease transmission when sludge is used in agriculture.   

This was achieved by meeting the following objectives:  

 

• Develop and validate techniques to enumerate faecal indicator and pathogenic 

bacteria including E. coli O157:H7, Salmonella enterica, Campylobacter 

jejuni, Listeria monocytogenes and Clostridium perfringens, and apply them 

to sewage sludge and soil matrices. 

 

• Perform a programme of medium to long-term field experiments to quantify 

the decay of enteric indicator and pathogenic organisms in sludge-amended 

agricultural soil. 

 

• Increase the understanding of the fundamental ecological processes 

controlling enteric pathogen inactivation in soil, and in particular the role of 

indigenous soil microbial populations in reducing pathogen viability; 

 

• Quantify the effects and significance of soil type and environmental factors 

and interactions on survival of microorganisms in biosolids treated 

agricultural soil. 

 

• Quantify the decay of the indicator organisms Escherichia coli and the 

pathogenic bacteria E. coli O157:H7, Salmonella enterica, Campylobacter 

jejuni, Listeria monocytogenes and Clostridium perfringens in soil under field 

conditions. 
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• Assess the suitability of E. coli and Clostridium perfringens as a faecal 

indicator bacteria of enteric pathogen decay characteristics in biosolids 

amended soils. 

 

• Examine the potential for and significance of the transfer of enteric bacteria 

applied to soil in sludge into the indigenous background soil population. 
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CHAPTER 3 

Literature review 

 

3.1 Introduction  

Wastewater treatment is a multistep operation employing physical, chemical and 

biological processes and comprises of three major steps: primary, secondary and 

tertiary treatment (Figure 3.1).  These are designed to remove the solid colloidal and 

soluble organic matter from the wastewater under controlled conditions to produce 

treated effluent that is acceptable for discharge to the water environment.   

 

Figure 3.1. Schematic of typical wastewater treatment process (Maier et al., 

2000). 
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The polluting load material is transferred to the sewage sludge which also requires 

careful management and treatment to prevent environmental harm.  Recycling of 

sludge to agricultural land is both an economical and best practicable environmental 

option (BPEO).  However, the pathogenic load of sludge is a potential 

microbiological risk to humans, animals and plants when reusing sludge as an 

agricultural soil improver (WHO, 1981).  A wide variety of microbial pathogens 

including bacteria, viruses, protozoa and fungi can be potentially isolated from 

biosolids and are discussed in Section 3.2 (Carrington et al., 1989b).  A multiple 

barrier approach has been adopted to minimise the microbiological risk associated 

with the agricultural reuse of sewage sludge (WHO, 1981).  The multiple barrier 

approach relies on the effective treatment of biosolids to reduce the pathogenic 

content prior to recycling.  A number of processes to suitably reduce the pathogenic 

load (Section 3.1.2) have been evaluated with regulatory and voluntary guidelines 

developed to ensure sufficient removal of pathogens (Section 3.1.1).      The dilution 

and natural attenuation of pathogens in sludge applied to soil is the final 

environmental barrier to the spread of infectious disease (Section 3.3) (Lang et al., 

2007).   

 

Microbiological risk assessments (MRA) to quantify the risk of human infection 

from the consumption of crops produced in biosolids-amended agricultural soils 

show that the potential transmission of infectious intestinal disease is remote (Gale, 

2005).  Management guidelines pertaining to the agricultural reuse of biosolids 

stipulated in the Safe Sludge Matrix (SSM) (ADAS, 2001) also compensate for 

potential lapses in sludge treatment processes and are conservative (Gale, 2005).  

However, the behaviour and decay of micro-organisms in soil is complex and poorly 

understood (Carrington, 2001).  The lack of scientific data on decay processes is a 

source of uncertainty in MRA (Gale, 2005).  Therefore, to ensure the current 

biosolids regulatory framework management guidelines sufficiently allow for the 

decay of enteric pathogens in biosolids-amended agricultural soils, long-term 

scientific data are required to quantify the decay of pathogens in soil and to elucidate 

the processes determining decay characteristics (Avery et al., 2005; Gale, 2005).   
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This research project aims to fill gaps in knowledge and understanding of pathogen 

decay in sludge-amended agricultural soils.  

     

3.2 Management and control of sewage sludge application to farmland 

   

3.2.1 Legislation and guidance 

 

Biosolids reuse in agriculture in the EU is regulated by Directive 86/278/EEC (CEC, 

1986).  The Directive regulates the use of sewage sludge in agriculture to protect the 

environment, plants, animals and humans from any possible harmful effects when 

applying biosolids to land.  EC Directive 86/278/EEC sets an obligatory framework 

for the reuse of sewage sludge in agriculture and prohibits the use of untreated 

sewage unless injected or incorporated below the soil surface.  An obligatory 10 

month harvesting restriction is imposed on land destined for production of crops to 

be eaten raw which has received untreated sewage.  The Directive defines sludge 

treatment as the biological, chemical, physical or other suitable processes to 

significantly reduce the fermentability and pathogen content.    

 

Directive 86/278/EEC was transposed into UK law by the Sludge (Use in 

Agricultural) Regulations (SI 1263, 1989).  UK regulations are complemented and 

supported by the voluntary Code of Practice (CoP) (DoE, 1989), amended in 1996, 

which specifies operational conditions for processes, to effectively treat sewage 

sludge to reduce the pathogen content (Table 3.1).  Microbiological numerical limits 

were not adopted and the pathogen control approach was based on physical 

operational parameters to achieve ≥90 % removal of key indicators, pathogens and 

parasitic organisms. Processes achieving 90 % removal were designated as effective 

treatment processes. Management guidelines for the agricultural use of biosolids 

(Table 3.2) and untreated sludge (Table 3.3) were also included in the CoP (DoE, 

1996) to minimise microbiological risks to human, animal and plant health.  
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Table 3.1. Examples of effective sludge treatment processes in the UK (DoE, 
1996). 

Process Descriptions 

Sludge Pasteurisation 
Minimum of 30 minutes at 70 °C or minimum of 4 hours at  
55 °C (or appropriate intermediate conditions), followed in all 
cases by primary mesophilic anaerobic digestion. 

Mesophilic Anaerobic 
Digestion 

Mean retention period of at least 12 days primary digestion in 
temperature range 35 ± 3 °C or of at least 20 days primary 
digestion in temperature 25 ± 3 °C followed in each case by a 
secondary stage which provides a mean retention period of at 
least 14 days. 

Thermophilic 
Aerobic Digestion 

Mean retention period of at least 7 days digestion. All sludge 
to be subject to a minimum of 55 °C for a period of at least 4 
hours. 

Composting 
(Windrows or 
Aerated Piles) 

The compost must be maintained at 40 °C for at least 5 days 
and for 4 hours during this period at a minimum of 55 °C 
within the body of the pile followed by a period of maturation 
adequate to ensure that the compost reaction process is 
substantially complete. 

Lime Stabilisation of 
Liquid Sludge 

Addition of lime to raise pH to greater than 12.0 and 
sufficient to ensure that the pH is not less than 12 for a 
minimum period of 2 hours. The sludge can then be used 
directly. 

Liquid Storage 
Storage of untreated liquid sludge for a minimum period of 3 
months. 

Dewatering and 
Storage 

Conditioning of untreated sludge with lime or other 
coagulants followed by dewatering and storage of the cake for 
a minimum period of 3 months. If sludge has been subject to 
primary mesophilic anaerobic digestion, storage to be for a 
minimum period of 14 days. 
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Table 3.2. Acceptable uses of treated sludge in agriculture in the United 
Kingdom (UK) (DoE, 1996). 

 

When applied to growing crops When applied before planting crops 

Cereals, oil seed rape  
Grass (1) 
Turf (2) 
Fruit trees (3) 
  

Cereals, grass, fodder, sugar beet, oil seed 
rape etc. 
Fruit trees 
Soft fruit (3) 
Vegetables (4) 
Potatoes (4), (5) 
Nursery stock (6) 

(1)
 No grazing or harvesting within 3 weeks of application 

(2)
 Not to be applied within 3 months before harvest 

(3)
 Not to be applied within 10 months before harvest 

(4)
 Not to be applied within 10 months before harvest if crops are normally in direct 

contact with soil and may be eaten raw 
(5)

 Not to be applied to land or to be used for a cropping rotation that includes 
a. basic seed potatoes 
b. seed potatoes for export 

(6)
 Not to be applied to land used or to be used for the cropping rotation that 

includes the following  
a. basic nursery stock 
b. nursery stock (including bulbs) for export 

 
Table 3.3. Acceptable uses of untreated sewage sludge in the United Kingdom 

(UK) (DoE, 1996). 
 

When applied to growing crops 
by injection 

When cultivated or injected* to soil before 
planting crops 

Grass (1)  
Turf (2) 
  

Cereals, grass, fodder, sugar beet, oil seed 
rape etc. 
Fruit trees 
Soft fruit (3) 
Vegetables (3 
Potatoes (3, (4) 

(1)
 No grazing or harvesting within 3 weeks of application 

(2)
 Not to be applied within 6 months before harvesting  

(3)
 Not to be applied within 10 months before planting if crops are normally in 

direct contact with soil and may be eaten raw 
(4)

 Not to be applied to land used for a cropping rotation the includes seed potatoes 
     * Injection carried out in accordance with WRc publication FR008 1989, “Soil         
Injection of Sewage Sludge- A Manual of Good Practice” (2nd Edition). 
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Despite the management guidelines (DoE, 1996), regulatory framework (SI, 1989) 

and the scientific basis underpinning them the retail sector was concerned about the 

health risks associated with the agricultural use of biosolids.  These concerns were 

heightened by the RCEP Nineteenth Report on Sustainable Use of Soil (RCEP, 1996) 

which highlighted the risks associated with the recycling of improperly treated 

sludge to land.  In order to address these concerns an agreement between the UK 

Water Industry and the British Retail Consortium (BRC), representing major 

retailers, was adopted in the form of the Safe Sludge Matrix (SSM) (ADAS, 2001).   

The SSM built on the pathogen controls in the UK DoE Code of Practice (DoE, 

1996) and introduced a biosolids classification system (Table 3.4) which was in 

agreement with the United States Environmental Protection Agency (USEPA) 

classification of biosolids (Table 3.5).   

 

 
Table 3.4. Pathogen reduction requirements for conventionally treated and 

enhanced treated biosolids specified in the SSM (ADAS, 2001). 
 

Treatment E. coli Salmonella 

Enhanced 
6 log10 reduction and 
< 5 x 102 CFU g-1 DS 

Absent in 2 g DS 

Conventional 2 log10 reduction No requirement 

 

 

Table 3.5. Pathogen reduction requirements for conventionally and enhance 
treated biosolids specified in the SSM (ADAS, 2001). 

 
Classification Pathogen Numerical limit 

Faecal coliforms <1000 MPN g-1 DS 

Salmonella <3 MPN 4 g-1 DS 

Enteric viruses <1 pfu 4 g-1 DS 
Class A 

Viable helminth ova <1 pfu 4 g-1  

Class B Faecal coliforms  < 2 million g-1 DS 
 

The SSM therefore classified biosolids as achieving enhanced treatment status if a 

99.9999% (6 log10) decrease in E. coli numbers is achieved and no Salmonella are 

present in 2 g DS.  In contrast biosolids are classified as conventionally treated when 
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there is a 99% (2 log10) reduction in E. coli numbers across the treatment process 

(Table 3.4). 

 

As well as including microbiological numerical limits for biosolids, the SSM 

prohibited the use of untreated sludge and gave detailed harvesting restriction 

information for the use of conventionally treated biosolids (Table 3.6).  

Conventionally treated sludges are prohibited from use on fruit crops, and 12 and 30 

months harvest intervals apply for vegetables and salad crops, respectively (Table 

3.6).  Enhanced treated biosolids application on soils to produce fruit, salads, 

vegetables or horticulture products is acceptable provided a 10 month harvest 

interval is met.  Grass and forage crops require a three-week no grazing or harvesting 

interval for enhanced treated biosolids.  Conventionally treated biosolids require 

injection into the soil for use on grass and forage crops and a 3-week 

cropping/harvesting interval must also be applied.  Treatment processes suitable to 

achieve biosolids enhanced treatment status were reviewed by Carrington (2001) and 

are summarised in Table 3.7.   

 
Table 3.6. Harvest/Cropping guidelines agreed in the Safe Sludge Matrix (SSM) 

(ADAS, 2001). 

Crop group Untreated sludge 
Conventionally 
treated sludges 

Enhanced treated 
sludges 

Fruit Prohibited Prohibited 
10 month harvest 
interval applies 

Salads Prohibited 
30 month harvest 
interval applies 

10 month harvest 
interval applies 

Vegetables Prohibited 
12 month harvest 
interval applies 

10 month harvest 
interval applies 

Horticulture Prohibited Prohibited 
10 month harvest 
interval applies 

Combinable & 
animal feed 

crops 
Prohibited No restrictions 

10 month harvest 
interval applies 

Grass and 
Forage  -
Grazed 

Prohibited 
3 week no grazing and 

harvest interval 
applies* 

10 month harvest 
interval applies 

Harvested Prohibited 
3 week no grazing and 

harvest interval 
applies** 

10 month harvest 
interval applies 

* Deep injected or ploughed down only 
** No grazing in season of application 
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Table 3.7. Summary of enhanced treatments for sewage sludge (Carrington, 
2001). 

 

Process Parameters 

Windrow 
Batches of sludge (+/- bulking agent) to be kept at 55 ˚C for 4 
hours 

Composting 
Between each of 3 turnings, followed by a maturation period 
to complete the composting process. 

Aerated pile and 
invessel composting 

The batch to be kept at a minimum of 40 ˚C for at least 5 days 
and for 4 hours during this period at a minimum of 55 ˚C. This 
to be followed by a maturation period to complete the 
composting process. 

Thermal drying  
The sludge should be heated to at least 80 ˚C for 10 minutes 
and moisture content reduced to <10%. 

Thermophilic 
digestion (aerobic 
or anaerobic) 

Sludge should achieve a temperature of at least 55 ˚C for a 
minimum period of 4 hours after the last feed and before the 
next withdrawal. 
Plant should be designed to operate at a temperature of at least 
55 ˚C with a mean retention period sufficient to stabilise the 
sludge. 

Heat treatment 
followed by 
Digestion 

Minimum of 30 minutes at 70 ˚C followed immediately by 
mesophilic anaerobic digestion at 35 ˚C with a mean retention 
time of 12 days 

Treatment with 
Lime (CaO) 

The sludge and lime should be thoroughly mixed to achieve a 
pH value of at least 12 and a minimum temperature of 55 ˚C 
for 2 hours after mixing. 

 

 

The EC Directorate General Environment concluded that there was no evidence of 

disease in humans or animals arising from controlled application of biosolids to land.  

Where disease had been associated with the reuse of biosolids it was suggested that 

the regulations associated with the treatment and use of biosolids in agriculture had 

not been met.  The Urban Waste Water Treatment Directive 98/271/EEC (CEC, 

1998) prohibited the disposal of sludge to waters after 1998 which accounted for 25 

% of production in the UK at that time.  Therefore, as the growth in the reuse of 

biosolids in agriculture continues, from approximately 50 % in 1991 to 72 % in 2005 

in England and Wales (DEFRA, 2006), the necessity to provide suitable management 

guidelines to ensure minimal microbiological risk from the agricultural reuse of 

biosolids is of paramount importance.  
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3.2.2 Treatment processes 

 

Sewage sludge treatment processes are designed to stabilise OM content, thereby 

reducing putrescibility and to reduce pathogen numbers to control potential risks of 

infection, and environmental impacts associated with its use as an agricultural soil 

improver (Carrington, 2001).  A variety of treatment processes are currently 

employed in the USA, UK and EU to treat sludge, with UK treatment processes 

summarised here. 

 

3.2.2.1 Mesophilic anaerobic digestion 

 

Mesophilic anaerobic digestion (MAD) is primarily designed to stabilise putrescible 

OM in sludge.  However, due to the growing concern regarding microbiological 

quality of food and the environment, greater importance is now placed on its impact 

on pathogen removal.  This is also because MAD is currently the main treatment 

process employed in the UK, with approximately 60 % of biosolids subjected to 

MAD (Smith et al., 2005).  The treatment process occurs in two stages, primary 

digestion and secondary digestion.  Primary digestion retention time is approximately 

12-15 days at 35 ˚C followed by secondary digestion where sludge is stored without 

heating for a minimum of 14 days.  Typically, an approximate 1 log10 g-1 DS 

reduction in E. coli numbers is observed during each stage and therefore both stages 

are essential for a 2 log10 g
-1 DS pathogen reduction to be achieved during MAD at 

laboratory scale (Horan et al., 2004).    

 

Principal factors causing pathogen decay have been associated with pH value, 

retention time, reactor configuration, microbial competition and chemical 

interactions (Feachem et al., 1983; Smith et al., 2005).  However, Smith et al. (2005) 

concluded that microbial competition and substrate limitation, linked to stabilisation 

of OM are primary mechanisms responsible for pathogen inactivation.  For adequate 

OM stabilisation efficient mixing in the digester is essential (Smith et al., 2005).   
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Pathogen decay during MAD is well studied with declines of 1-3 log10 g
-1 DS in E. 

coli numbers reported (Feacham et al., 1983; Carrington, 1998a; Horan et al., 2004; 

Smith et al., 2005; Godfree and Farrell, 2005).  An approximate 2 log g-1 DS 

reduction of Listeria monocytogenes was reported during MAD (Horan et al., 2004).  

In comparison S. senftenberg declined by approximately 2 log g
-1 DS during primary 

digestion and a further 2 log g-1 DS reduction occurred during secondary MAD 

digestion.  The extent of die-off for pathogens during MAD is a function of numbers 

in the sludge, with increased pathogen reduction rates observed with increasing 

population numbers in sludge prior to treatment (Horan et al., 2004).  However, the 

inactivation of C. jejuni during both stages of MAD was limited and approximately 

0.33 log g
-1 DS (Horan et al., 2004).   Gantzer et al. (2001) reported no reduction in 

viable nematode eggs during MAD.   

 

Horan et al. (2004) showed a 1.66 log g
-1 DS removal of E. coli during primary 

digestion.  Secondary MAD digestion resulted in a further 1.7 log10 g
-1 DS reduction 

in E. coli numbers (Horan et al., 2004).  In comparison Smith et al. (2004) observed 

an approximate 1 log10 ml-1 reduction in E. coli numbers during MAD treatment of 

raw sewage under laboratory conditions.  Greater inactivation of E. coli O148 and E. 

coli O158 was reported, with numbers decreased by approximately 1-2 log10 ml-1 

(Smith et al., 2005).  Nevertheless, a 2 log10 g
-1 DS of E. coli can be achieved during 

MAD treatment of raw sludge and therefore effectively produce biosolids which 

satisfy conventionally treated standards if the treatment process is well managed 

(Horan et al., 2004; Godfree and Farrell, 2005; Smith et al., 2005).  Further treatment 

following MAD can reduce enteric pathogen numbers and are discussed below.   

 

i) Liquid storage 

 

Following MAD storage of liquid sludge can lead to significant reductions of 

pathogens if left for a suitable time period (Carrington et al., 1998a).  Godfree and 

Farrell (2005) reported a 2.65 log reduction in E. coli numbers during liquid storage.  

The code of practice (DoE, 1996) requires that a storage for a minimum of three 

months in lagoons, tanks or cold digesters to ensure suitable pathogen removal.   The 
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code requires that these processes be operated as batch processes and thus at least 

two vessels are required at each site.  The amount of land required in addition to 

odours released when emptying the vessels limit the use of liquid storage to rural 

treatment works.  

 

Hutchison et al. (2005) recorded variable T90 values for various zoonotic agents with 

Cryptosporidium parvum T90 of 232 days compared to 10.7 for Campylobacter jejuni 

in animal faecal wastes.  While T90 were not determined by seasonality it was 

concluded that the type of faecal waste was important and that a 6 month storage 

period prior to application was suitable for pathogen decay, thus limiting the 

potential spread of infectious disease by minimising input of pathogens. 

 

ii) Dewatering and storage 

 

While there is limited evidence evaluating the efficiency of dewatering and storage 

of biosolids it is accepted that the process and resultant material would be a hostile 

environment for human pathogens. An increase in E. coli inactivation following the 

dewatering of MAD (DMAD) has been reported (Feachem et al., 1983; Godfree and 

Farrell, 2005).  Pre-treatment of sludge before dewatering includes the addition of 

lime or polyelectrolyte to reduce pathogen numbers and decrease odours.  A number 

of mechanical processes can be used to dewater sludge and include plate press, belt 

press, vacuum filtration or centrifugation.  If sludge was subjected to MAD prior to 

storage then a retention period of 14 days is required.  If untreated before dewatering 

and storage the retention period is increased to at least 3 months to ensure pathogen 

decay (Carrington, 1998a). 

 

3.2.2.2 Pasteurisation 

 

Pasteurisation involves heating and maintaining sludge at 55˚C for 4 h or 70 ˚C for 

30 minutes.    Pasteurisation is highly effective at pathogen removal (McCormack 

and Spaull, 1987; Bruce et al., 1990), however, it does not control putrescibility of 

biosolids.  Therefore further treatment such as digestion is necessary.  Godfree and 
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Farrell (2005) reviewed the efficiency of pathogen inactivation via pasteurisation 

followed by primary digestion.  Reported log removal ranges from 5.31 to 9.0 for 

enteric bacteria, viruses and protozoa.  It was also reported that Cryptosporidium 

oocysts which survived pasteurisation were completely killed following 2 d of 

digestion.  In comparison Lang and Smith (2005) reported an 8 log10 decimal 

reduction, equivalent to complete removal of the original inoculum, of E. coli, S. 

typhimurium and a thermo tolerant strain of S. senftenberg in small-scale laboratory 

experiments.  Complete inactivation of the target bacteria was achieved following 10 

s of heat exposure at 70 ˚C in liquid raw sewage and it was concluded that instant 

inactivation of bacteria was temperature-related and occurred irrespective of strain 

type (Smith et al., 2005).   

 

3.2.2.3 Thermophilic aerobic digestion 

 

Thermophilic aerobic digestion (TAD) requires a 7-day retention period during 

digestion.  During this process a retention period of 4 h at 55 ˚C is necessary 

(Carrington et al., 1998a).  In comparison with MAD, pathogen inactivation is 

increased due to the higher temperature regime (Carrington et al., 1998a; Gantzer et 

al., 2001). Constant aeration supplies suitable oxygen concentrations allowing 

temperatures to attain the range of 40-70 ˚C.  Godfree and Farrell (2005) reviewed 

the efficiency of thermal drying processes with a 7.14 log reduction of E. coli 

numbers reported.  Gantzer et al. (2001) reported no detectable nematode eggs with 

temperatures maintained at 48 ˚C and complete removal of Salmonella spp..   

 

3.2.2.4 Thermal drying 

  

Thermal drying processes heat sludge to at least 100 ˚C to produce a dry granular 

product which is typically 92-95 % DS (Brown, 2000).  The high temperature 

treatment of sludge is highly effective at pathogen inactivation.  For example Gantzer 

et al. (2001) reported the complete removal of Salmonella spp. and viable nematode 

eggs during thermal drying where sludge had been heated to approximately 108 ˚C.  

Humphrey (1999) reported a 5.14 log10 g
-1 DS removal of E. coli in four operational 
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thermal driers was reported in the UK and 94 % of the reductions were ≥ 6 log10 g
-1 

DS.     In comparison Gantzer et al. (2001) reported a 3.4 log MPN g-1 DS reduction 

in faecal indicators in a thermal drier in the USA.  High operating costs may limit the 

uptake of this treatment process (Brown, 2000; Brown and Jacobs 2001). 

 

3.2.2.5 Composting 

 

Composting of sewage sludge requires the mixing of dewatered raw sludge with 

bulking agents such as straw, woodchips or sawdust (Carrington et al., 1998a).  

Aerobic degradation of OM by microorganisms produces stable humus, also known 

as compost, as well as CO2, heat and water.   The compost is odourless and the 

exothermic process produces enough heat to significantly reduce pathogen numbers 

with the resulting product achieving enhanced treated pathogen guidelines 

(Carrington et al., 1998a).  There are currently two variations of this process utilised 

in the UK, ‘windrows’ and the ‘aerated static plates’, which use different aeration 

techniques to achieve complete composting of sewage sludge (Carrington, 2001).  

Aerated static plates are aerated by passing air through the pile to control 

temperatures.  Emissions can be deodorised by bulking agents or the use of filters on 

exhaust gases.   

 

During both processes the temperature must be kept at 55 ˚C for 4 h.  Windrow 

aerates piles of sludge and bulking agent by frequent turning causing unpleasant 

odours.  Windrow composting requires that temperatures duration requirements be 

met during each of three turns (Carrington, 2001).  For complete composting both 

processes must be followed by a maturation period. 

 

Temperature generated during the composting process is regarded as the major 

environmental variable significantly reducing pathogen numbers in sewage sludge 

(Pereira-Neto et al., 1986; Joshua et al., 1998).  A variety of other factors also 

influence efficacy of pathogen removal during composting including moisture, 

aeration, nutrient content and bulking agent (Liang et al., 2003; Briancesco et al., 

2008).  Briancesco et al., (2008) recorded a 5 log10 g-1 DS reduction in faecal 
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coliforms and a 3 log10 g-1 DS reduction in Salmonella spp. numbers during 

composting of a sludge and green waste mixture (70:30).  Briancesco et al., (2008) 

also showed the complete inactivation of helminth ova from the same sludge green 

waste mixture during windrow composting.  In comparison Mena et al., (2003) 

reported the complete inactivation of S. aureus during the windrow composting 

process and that the resultant biosolids met the enhanced treated regulations (ADAS, 

2001) for numbers of E. coli and Salmonella spp..    

 

3.2.2.6 Lime stabilisation  

 

Alkaline or lime stabilisation destroys enteric micro-organisms by increasing the pH 

value to pH 12 or higher (Metcalf and Eddy, 2002).  This increased pH value must be 

obtained for a minimum of 2 h (Carrington, 2001).  Whereas the increase in pH 

inactivates microorganisms, the OM needed to support microbial growth is not 

destroyed.  The process of lime stabilisation involves a variety of chemical reactions 

altering the chemical composition, some of which are shown below. 

 

Calcium: Ca2+ + 2HCO3
- + CaO → 2CaCO3 + H2O 

Phosphorus: 2PO4
3- + 6H+ + 3CaO → Ca3 (PO4 )2 + 3H2O 

Carbon dioxide: CO2 + CaO → CaCO3  

(Metcalf and Eddy, 2002) 

 

There are three main methods of lime stabilisation commonly used: i) lime pre-

treatment ii) lime post-treatment and iii) advanced alkaline stabilisation technologies.  

If insufficient lime is added the pH value decreases as reactions occur.  Further 

lowering of the pH can arise due to biological processes producing compounds such 

as carbon dioxide.  It is therefore necessary that an excess dosage of lime is used to 

ensure complete stabilisation and pathogen destruction.  

 

Complete inactivation of bacterial species has been reported during lime stabilisation 

of sewage sludge (Godfree and Farrell, 2005).  The complete inactivation was 

equivalent to a 6.1 to 9.7 log reduction.  However efficiency of lime stabilisation in 
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inactivating viable Cryptosporidium is variable, with a 2 log reduction to no loss 

reported (Godfree and Farrell, 2005).  Gantzer et al. (2001) reported approximately a 

5-6 log reduction in E. coli numbers using quick lime and slacked lime at different 

concentrations in three different sludge stabilisation plants in France.  In addition 

Gantzer et al. (2001) showed that stabilisation of sewage using slacked lime (62 %) 

followed by storage for  180 days reduced viable nematode eggs (Ascaris, Trichuris, 

Toxocara, Capillara) to < 1 10 g-1 DS.  In comparison, the use of quick lime (26 %) 

and slacked lime (26 %) did not effectively inactivate nematode eggs despite a pH 

value of 12.4 (Gantzer et al., 2001).   

 

Pecson et al. (2007) reported that lime addition to sewage sludge had little effect on 

the inactivation of Ascaris eggs in sewage sludge at 20 ˚C under laboratory 

conditions.  However, at 30 ˚C increasing the pH value from 7 to 12 increased 

inactivation of Ascaris eggs by approximately 2 log10 (Pecson et al., 2007).  At 40 ˚C 

a 2 log10 decrease in Ascaris egg was observed within 14 days when the pH was 

maintained at pH 7.   In comparison, a 2 log10 decrease was observed within 3.4 days 

when the pH was increased to pH 12 (Pecson et al., 2007).  However, Pecson et al. 

(2007) reported no significant effect of pH on inactivation rates at 55 ˚C and 

suggested that temperature was the main factor influencing Ascaris egg decay at this 

temperature.  In comparison Eriksen et al. (1995) showed that retention time was a 

critical variable in the inactivation process of Ascaris eggs during lime stabilisation 

of sewage sludge.  Holding sludge at pH 12 for 4 weeks reduced viable Ascaris eggs 

by 50 % and this was increased to complete inactivation within a 10-week period 

following the addition of 10 % quick lime to sludge (Eriksen et al., 1995). 

 

3.2.3 Pathogens in biosolids 

 

Pathogens are biological agents capable of causing transmissible disease in humans, 

animals and plants.  Pathogens can be classified as either a ‘frank’ pathogen, which 

interact with host and cause disease in both healthy and immunocompromised 

individuals, or as ‘opportunistic’ pathogens that are only able to affect 

immunocompromised groups (Moe, 2002). Pathogens can be species or strains of 
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bacteria, protozoa, multicellular microscopic animal life, viruses and prion proteins.  

While the last two agents are not deemed to be biologically alive they are parasitic 

and infect the host and subsequently replicate. 

 

Table 3.8 lists pathogens most commonly identified in biosolids.  The spectrum and 

quantity of pathogens found in sewage sludge is representative of human activity and 

the general public health within the catchment area of specific treatment works 

(Jones et al., 1990; Gerba and Smith, 2005).  As well as varying geographically 

pathogen content at treatment sites vary with time due to changes within the general 

public health and environmental factors influencing survival (Jones, 1990; Gerba and 

Smith, 2005).  Therefore it is necessary to investigate a variety of pathogens when 

assessing the decay of pathogens in biosolids applied to agricultural soils as a soil 

improver to ensure complete inactivation in the sludge-soil matrix (Gale, 2005). 

 

3.3 Enteric pathogens and indicator organisms 

 

Pathogens originate from either the infected host or the environment and can 

contaminate air, water, food and fomites.  Transmission of infectious agents can be 

influenced by a number of factors including source of pathogen, mode of 

transmission, survival capabilities of the pathogen, infective dose and host 

susceptibility (Moe, 2002).  Microorganisms transmitted via the faecal-oral route are 

termed enteric pathogens as they infect the gastrointestinal tract.  The potential 

spread of infectious transmissible disease from biosolids reuse in agriculture involves 

a source-pathway-receptor process.  Here the ‘source’ is defined as the pathogenic 

content of biosolids with the contamination of crops as the ‘pathway’ and humans as 

the receptor (Goss and Richards, 2008).    

 

3.3.1 Infection rates in the general population 

 

Transmissible infectious diseases remain of utmost concern to the general public 

health in both developing and developed countries.  The World Health Organisation 

(WHO) reported that globally the under 5 age mortality rate was 18 deaths for every  
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Table 3.8. Pathogenic microorganisms found in sewage sludge (adapted from 
Carrington, 1998b; Deportes et al., 1998; Carrington, 2001).    

 
Bacteria 

Bacillus anthracis 

Campylobacter spp. 
Clostridium botulinum 

Clostridium perfingens 

Escherichia coli 

(enteropathogenic strains) 
Leptopsira spp. 
Listeria monocytogenes 

Mycobacterium spp. 
Pseudomonas aeruginosa 

Salmonella spp. 
Shigella spp. 
Staphylococcus spp. 
Streptococcus spp. 
Vibiro cholerae 

     Yersinia enterolitica 

Fungi 
Aspergillus spp. 
Candida albicans 

Candida guillermondii 

Candida krusi 

Candida tropicalis 

Cryptococcus neoformans 

Epidermophyton spp. 
Geotrichum candidum 

Phialophora richardsii 

Trichophton spp. 
Trichosporon spp. 

 

Viruses 
Adenovirus 
Adenoassociated virus 
Astrovirus 
Calicivirus 
Coronavirus 
Coxsackievirus A and B 
Echovirus 
Hepatitus A-virus 
Influenza virus 
Norwalk 
Poliovirus 
Parvovirus 
Reovirus 
Rotavirus 
Small round viruses 

Protozoa 
Balantidium 
Cryptosporidium spp. 
Entamoeba histolytica 

Giardia intestinalis 

Giardia lambia 

Sarcocystis spp. 
Toxoplasma gondii 

 
 

Helminths 
Ancylostoma duodenale 

Ascaris lumbricoides 

Diphyllobothrium latum 

Echinococcus gramulosus 

Taenia saginata 

Taenia solium 

Toxocara canis 

Toxocara cati 

Tricuris trichura 
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1000 births with 10.2 % of these deaths attributed to diarrhoeal disease.  In 

comparison 1 in 10 children in Africa will die before the age of 5 and approximately 

17 % of these deaths can again be attributed to diarrhoeal disease (WHO, 2006).    

  

In the UK in 2006 a total of 77,998 confirmed cases of common gastrointestinal 

infections were reported to the Health Protection Agency (HPA) (CDR, 2006).  

Numbers of reported infections in 2002, 2004 and 2005 were 82,860, 70,846 and 79, 

230, respectively suggesting this is a major and consistent source of disease in the 

UK population (CDR 2003, 2004 and 2005a).    

 

Of the common intestinal infections reported in 2006, approximately 55, 000 were 

confirmed as enteric bacteria associated disease with Campylobacter spp. 

Escherichia coli O157 and Salmonella spp. the primary agents of infection.  

Approximately 17, 000 cases were attributed to viral infection, specifically Rotavirus 

and Norovirus with the remaining cases associated with protozoan infections such as 

Cryptosporidium spp. and Giardia spp. (CDR, 2006). 

 

Of increasing concern is the rise in reported cases of infection by Listeria 

monocytogenes.  From 1990 to 2002 approximately 50-80 cases of listeriosis 

(Section 3.2.6) were recorded between the periods of January to August each year 

and this increased to approximately 120-150 cases from 2003 to 2005 (CDR, 2005b).  

Groups of particular concern were pregnant women and the over 60 age category, 

with numbers approximately doubling in both groups.  A number of foodborne 

outbreaks of gastrointestinal disease with infection by E. coli O157 spp. Salmonella 

spp. Campylobacter spp. and Listeria monocytogenes have also been reported in the 

USA (Sivapalasingam et al., 2004; Cooley et al., 2007; MMWR, 2008).  Therefore 

this group of enteric pathogens are of particular concern to the health of the general 

public (Sivapalasingam et al., 2004) and will therefore be investigated in this 

research project in relation to their survival in sewage sludge-amended agricultural 

soil. 
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3.3.2 Pathogenic and non-Pathogenic Escherichia coli  

 

Escherichia coli is a species of the family Enterobacteriaceae, are gram-negative, 

facultatively anaerobic, non-spore forming, motile, straight rods.  E. coli ferments 

lactose, produce gas, are catalase positive, oxidative negative and show galactosidase 

activity.  Growth occurs between 7-44.5 ˚C (optimal growth at 37 ˚C) with slow 

growth occurring at low temperatures and resistant to temperatures below 0 ˚C.  E. 

coli are indigenous to the human intestinal tract with colonisation occurring soon 

after birth (Feachem et al., 1983; Nowrouzian et al., 2003).  Colonization of the 

neonate has been associated with maternal indigenous faecal microflora, vaginal 

microflora, transmission from midwife/nurse and environmental colonisation.  As 

indigenous intestinal microflora of humans and animals (Adams and Moss, 2000), E. 

coli is excreted in high numbers in faecal material (Carrington, 1978; Feachem et al., 

1983) and is therefore indicative of faecal contamination for which reason it is 

referred to as a Faecal Indicator Bacteria (FIB).  As normal inhabitants of the gastro-

intestinal tract the majority of E. coli strains are non-pathogenic, however, four types 

of pathogenic E. coli are of concern.  Enteropathogenic E. coli (EPEC), 

enteroinvasive E. coli (EIEC), enterotoxigenic E. coli (ETEC) and 

enterohaemorrhagic E. coli (EHEC) are known to affect human and other warm-

blooded animals (Feachem et al., 1983; Adams and Moss, 2000). 

 

EPEC is the earliest recorded cause of E. coli diarrhoea (Maier et al., 2000) and is 

generally associated with infants under one year of age (Maier et al., 2000, Sussman 

1985).  Symptoms include watery diarrhoea, fever and dehydration with a 50% 

mortality rate due to prolonged and severe diarrhoea.  EPEC is commonly associated 

with warmer seasons and is therefore referred to as ‘summer diarrhoea’.  General 

levels of infection in developed countries have dropped since the 1960s (Maier et al., 

2000; Sussman, 1985).  However, sporadic outbreaks still occur and are generally 

associated with hospitals, day nurseries and community cases.  EPEC remains a 

major cause of infant diarrhoea in South America, Asia and Africa with specifically 

increased outbreaks of community EPEC compared to that in developed nations.  

EPEC is also known to infect pigs and cattle.   Faecal contamination of water 
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supplies, raw beef, raw chicken and infant formula have all been associated with 

EPEC infection (Adams and Moss, 2000; Sussman, 1985; Maier et al., 2000). 

 

EIEC disease is similar to and in some cases clinically indistinguishable from 

Shigella infection (Adams and Moss, 2000; Maier et al., 2000; Sussman, 1985).  

Thus, symptoms are typically similar to Shigella and patients show classical signs of 

invasive bacillary dysentery with fever, severe abdominal pains, malaise and watery 

stools followed by bloody stools.   Invasion of epithelial cells in the colon by EIEC 

has been associated with the presence of large plasmid-encoding surface membrane 

proteins (Adams and Moss, 2000; Maier et al., 2000; Sussman, 1985).    While 

infection rates of EIEC are low, prevalence is considered to be underestimated as 

similarities between Shigella and EIEC may lead to misdiagnosis (Adams and Moss, 

2000; Sussman, 1985).   

 

ETEC is a major cause of diarrhoea in both the young and old in developing nations 

and travellers from developed countries (Black, 1993).  The incubation period is 10-

72 hours with symptoms including stomach cramps, vomiting, watery diarrhoea, 

dehydration and can last for 2-3 days.  A plasmid encoding for fimbriae associated 

with colonisation and attachment to host epithelial cells has been identified as 

necessary for the onset of illness.  Two toxin types, heat-stable (ST) and heat-liable 

toxin (LT), are produced by ETEC during disease (Henriqueta et al., 1983; Sjoling, 

2008).  The LT toxin consists of 5 B subunits responsible for adherence to the host 

epithelial cells and a single A subunit which is translocated into the epithelial cell.  

Once inside the cell the A subunit of the LT toxin stimulates adenylate cyclase with 

the resulting increase of cAMP inhibiting water adsorptions leading to watery 

diarrhoea.  ST toxins can be subdivided into STa and STb toxins (Blanco et al., 

1991; Adams and Moss, 2000; Osek, 2002).  STa toxins stimulate guanylate cyclase 

in host epithelial cells resulting in increased cGMP production which in turn reduces 

water adsorption causing watery diarrhoea similar to LT toxins.  In contrast the 

action of STb is unknown although it cannot induce fluid secretion in the intestines 

of mice.  The combination of fimbriae and toxins is essential for the onset of disease 

following ETEC infection (Henriqueta et al., 1983).   
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EHEC is also known as verotoxin-producing E. coli (VTEC) and is a specific 

serotype known as E. coli O157: H7 which produces two toxins called verotoxin I 

and II (Sussman, 1983).  EHEC is recognised as an important problem in North 

America and Europe with infection rates more common than other diarrhoeagenic E. 

coli (Adams and Moss, 2000).  Illness includes severe stomach cramps and watery 

diarrhoea that later becomes bloody.  Illness is usually self-limiting and lasts up to 

eight days.  However, infection of the very young and old can lead to haemolytic-

uraemic syndrome (HUS) and thrombotic thrombocytopenic puprua (TTP) 

respectively.  Both complications lead to renal failure and haemolytic anemia and 

can result in permanent kidney failure; mortality rate in the elderly can be as high as 

50%.  Outbreaks have been associated with consumption of contaminated beef, pork 

and poultry as well as unpasteurised milk, fruit juices, vegetables and water. 

 

There is little data on the likely counts of E. coli O157 in raw sewage sludge 

although it is argued that by analogy numbers will be approximately equal to 

numbers of Salmonella (Carrington et al., 1998b).  The incidence of E. coli O157 in 

the environment and sewage is poorly understood.  In comparison the incidence and 

outbreaks of E. coli O157 are well documented in relation to animal faecal manures.  

Hutchison et al., (2004) determined that 9.1-20.8 % of UK livestock wastes 

contained E. coli O157 with numbers ranging from 2.5 x103 to 2.9 x 106 CFU g-1 DS.  

However, the infective dose of E. coli O157:H7 can range from <300 CFU- 6.5 log10 

in healthy adults (Feachem et al., 1983; Besser et al., 2002).  In Sakai city, Japan in 

1995, 12, 680 cases were reported with 425 hospitalisations and 3 deaths (Smith and 

Perdek, 2004).  Also reported was an outbreak of E. coli O157:H7 in 2000 in Canada 

that was associated with run off from an agricultural field contaminating drinking 

waters (Smith and Perdek 2004).  There were 2, 300 reported cases with 3 deaths.  

More recently, in 2004, in Italy a family outbreak was associated with pork meat 

salami (Conderdera et al., 2007) which was the first reported case linked to dry cured 

pork meat.  Laine et al. (2005) reported an outbreak of E. coli O157:H7 in multiple 

states associated with beef products.  In comparison the second largest recall, at the 

time, of beef in the USA occurred in June-July 2002 and was associated with ground 
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beef (Vogt and Dippold, 2005).   Afza et al., (2006) reported an outbreak of E. coli 

O157 gastroenteritis in a care home for the elderly in the UK.   While the initial 

source could not be identified the authors argued that the prolonged nature of the 

outbreak suggested person-person transmission.   

E. coli O157:H7 outbreaks have also been associated with fresh produce (Ackers et 

al., 1998).  An outbreak of E. coli O157:H7 in July 1995 resulted in 40 confirmed 

cases amongst residents in Montana with a further 52 residents hospitalised with 

bloody diarrhoea (Ackers et al., 1998).  Ackers et al. (1998) identified lettuce as the 

source of contamination.     More recently Cooley et al. (2007) identified pre-harvest 

contamination of baby spinach in Salinas, a major produce area in California, as a 

source for a E. coli O157:H7 outbreak within the general public.  Approximately 183 

patients were identified as infected with 95 (52 %) patients hospitalised, 29 (16 %) 

had haemolytic uremic syndrome (HUS) and one person died (MMWR, 2006).   

Cooley et al. (2007) identified the potential for E. coli O157:H7 to persist in the 

environment in both river sediment and river water.  Within the watershed of the 

Salinas area the potential of E. coli O157:H7 to be transported from grazing pasture 

to land used to produce spinach was also identified as a potential contaminant of 

fresh produce (Cooley et al., 2007).  While water flow through a creek was shown to 

be a vector of E. coli O157:H7, the presence of pathogenic E. coli was increased 

following rainfall events, more complex transmission processes involving multiple 

sources and methods of transport were identified (Cooley et al., 2007).  The 

continued reporting of E. coli O157 outbreaks and lack of understanding in relation 

to sewage sludge suggest that the organism is of particular interest when evaluating 

the potential risk of sludge application to agricultural soils. 

3.3.3 Salmonella   

Salmonella is a large genus belonging to the family Enterobacteriaceae.  Salmonella 

are gram-negative, non-spore forming, facultatively anaerobic, generally motile with 

peritrichous flagella and are catalase-positive and oxidase negative (Adams and 

Moss, 2000; Maier et al., 2000).  The genus contains approximately 2, 200 serotypes 

and are distinguished by their O, H and Vi antigen (Adams and Moss, 2000).    

Salmonellosis occurs within 12-36 hours after ingestion of contaminated food or 
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water.  Symptoms include nausea, vomiting, abdominal cramps, diarrhoea, fever and 

headache.  All age groups are susceptible although the young, old and 

immunocompromised individuals are at greater risk.   

S. typhi and S. paratyphi A, B and C cause typhoid and paratyphoid respectively, 

which can be clinically different to salmonellosis (Adams and Moss, 2000; Maier, 

2000).  Typhoid is insidious with symptoms including fever, headache, anorexia, 

enlarged spleen, coughing and constipation followed by diarrhoea. Intestinal 

haemorrhage and perforation occur in 1% of cases and septicaemia can lead to 

infection of every organ.  If left untreated, a mortality rate of 10 % is common and 

therefore typhoid and paratyphoid are considered a major risk.  Paratyphoid is similar 

in clinical terms, but is generally milder (Adams and Moss 2000; Maier, 2000).  For 

both typhoid and paratyphoid, following infection a carrier state may occur.  

Following ingestion of Salmonella, bacteria penetrate the intestinal epithelium and 

are carried to the lymphatic and mesenteric lymph nodes.  Once here multiplication 

inside macrophages occurs leading to the destruction and therefore release of 

Salmonella into the blood stream causing septicaemia. 

Salmonella are routinely isolated from raw sewage sludge and treated sludge (Tsai et 

al., 1998) and animal faecal manures (Semenov et al., 2007).  Tsai et al., (1998) 

reported Salmonella spp. numbers ranging from 1x102- 9.2x104 cfu g-1 DS in sludge 

from treated waste water from hospitals.  Hutchison et al., (2004) analyzed animal 

faecal manures including types of cattle, pig, poultry and sheep for the presence of 

Salmonella spp. in the UK and found rate of presence ranged from 5.2- 11% 

depending on type of faecal manure and whether fresh or stored.  Gale (2005) 

estimated the true presence of Salmonellas in raw sewage to be 1 x 1010 t-1 DS.  The 

mean numbers recorded for all positive livestock wastes fell within the range of 102-

103 cfu g-1.  In comparison Vought and Tatini (1998) showed that the infective dose 

of Salmonella enteritidis under certain conditions can be low, 25-50 cells and as low 

as 10 cells in children.  With high infection rates, routine isolation from biosolids and 

animal faecal manures low infection doses, Salmonella spp. are of importance when 

applying biosolids to agricultural soils.   
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Outbreaks of Salmonella associated with food are well documented (Anderson, 1996: 

Rushdy et al., 1998).  The importance of fresh produce as a ‘vehicle’ for Salmonella 

is of growing concern (Sivapalasingam et al., 2004).  Recently a S. saintpaul 

outbreak was associated with multiple fresh produce products in 42 states in the USA 

(MMWR, 2008).  Approximately 1,442 individuals were infected with 286 

hospitalised and 2 deaths associated with the infection.  The major vehicle of 

transmission was identified as jalapeno peppers with serrano peppers and tomatoes 

also indentified as potential routes of transmission (MMWR, 2008).  In England and 

Wales in 2007 an outbreak of S. senftenberg, strain SSFTXB.0014, was associated 

with fresh-packed basil (Pezzoli et al., 2008).  In England and Wales 55 patients 

were identified as infected with S. senftenberg and a further 19 cases were reported 

from the USA, Scotland, Denmark and the Netherlands (Pezzoli et al., 2008).  Fresh-

packed basil from Israel was identified as the potential vehicle for transmission and 

all potentially contaminated products withdrawn from the UK market.  Adak et al. 

(2005) concluded that salmonellosis caused the greatest number of deaths (209) in 

the UK each year from food-related pathogens.  

 

3.3.4 Campylobacter  

 

Campylobacter is the type genus of the family Campylobacteriaceae and is a non-

spore forming, gram-negative, microaerophilic, curved or spiral rods.  The typical 

corkscrew-like motion of the bacterial cell is by either one or more polar or 

amphitrichous flagella.  Campylobacter are unable to ferment or oxidise sugars 

(Adams and Moss, 2000).  Growth occurs at 37 ˚C, with optimal growth for C. jejuni 

and C. coli between 42-43 ˚C.  The genus does not grow below 28 ˚C and survives 

poorly at room temperature and while viability declines with chilling and freezing 

conditions prolonged survival of Campylobacter in the environment at lower 

temperatures has been demonstrated (Jones, 2001). 

 

The main causes of Campylobacter enteritis in humans are the closely related species 

C. jejuni and C. coli, with C. jejuni the predominant cause of infection.   Incubation 

typically lasts between 1-11 days with malaise, diarrhoea, fever, nausea, vomiting 
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and severe abdominal pain as the main symptoms. While complications are 

uncommon, serious problems can occur such as reactive arthritis (1%).  Guillain-

Barre syndrome can cause severe and sometimes fatal paralysis. Campylobacter 

infections preceding the onset of Guillain-Barre oocur in 20% of all patients 

diagnosed with Guillian-Barre (Rees et al., 1995; Hadden and Gregson, 2001; Winer 

et al., 2001).  Camplobacter enteritis has been observed throughout all age groups 

although there is a greater occurrence in both children (under 5) and young adults 

(15-29).  Diarrhoea can vary from profuse and watery to bloody and dysenteric with 

stool samples typically containing 106-109 cells g-1.   

 

While Campylobacter are sensitive to environmental conditions such as temperature, 

drying, pH and are oxygen sensitive, they are routinely isolated under varying 

environmental conditions.  Bolton et al. (1987) isolated C. jejuni from 22 % of 

coastal/estuary samples and from 28 % of river samples.  Brown et al. (2004) 

reported 11 % of non-avian wildlife faeces tested positive for the presence of C. 

jejuni in a 10 km2 rural area of Cheshire, UK.  In comparison, 25-36 % of domestic 

livestock samples tested positive for C. jejuni (Brown et al., 2004).  Campylobacter 

presence in sewage sludge has been reported by Arimi et al., (1988) and Sahlstrom et 

al., (2004). Gale (2005) calculated the concentration of C. jejuni in raw sewage 2.8 x 

109 t-1 DS while the infective dose of C. jejuni can be as low as 500 cells (Kothary 

and Babu, 2001).  Survival and occurrence of Campylobacter in the environment is 

seasonal and Jones (2001) showed increased survival in temperate waters during the 

late spring period.  In comparison, Tam et al. (2006) reported that incidences of 

Campylobacter infections in the UK also peaked in the late spring period from 1989 

to 1999.  This suggests a link between environmental populations and rates of 

infections in the UK as asserted by Kovats et al. (2005).  Frost et al., (2002) 

concluded that the 55, 000 reported cases of Campylobacter infections reported in 

England and Wales in 1999 was an underestimate of actual numbers of cases.  It was 

argued that the true annual incidence was nearer 420, 000 (Frost et al., 2001).  In 

comparison, Adak et al. (2005) reported that food-borne infections associated with 

C. jejuni had the greatest impact on the UK health service compared to other enteric 
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pathogens.  A total of 160, 778 primary care visits and 15, 918 hospitalisations per 

year were attributed to C. jejuni (Adak et al., 2005).    

 

3.3.5 Clostridium 

 

Clostridia are Gram-positive, anaerobic, rod-shaped, spore forming bacteria although 

this genus is heterogeneous.  Of particular interest in this genus is the species C. 

perfringens which causes a variety of diseases in both animals (Table 3.9) and man 

C. difficile.  C. perfringens are relatively large (1 x 3-9 µm), are encapsulated and 

non-motile; growth occurs between the ranges of 15-50 ˚C with optimum growth at 

43-47 ˚C.  Clostridium perfringens is divided into five types based on four major 

exotoxins, designated A-E (although there are eight minor toxins).  Table 3.9 shows 

the designated groups, their exotoxins and their related diseases in animals.   

 

In humans types A and C are of major concern.  Enteritis necrotians in humans is 

caused by Clostridium perfringens type C.  While uncommon it is second only to 

pneumonia as the cause of death in hospital of children after weaning and also causes 

more than half the deaths of other children aged 5-10 (Rood et al., 1997).   It is has 

been associated with children on low protein diets and is generally restricted to 

places such as South East Asia and Papa New Guinea.  Symptoms occur 1-5 days 

after the high protein meal and include severe abdominal pain, diarrhoea containing 

blood and necrotic intestinal mucosal material.  Severe disease develops in patients 

due to intestinal obstruction caused by necrosis of the small intestine. 

 

Clostridium perfringens type A is the most commonly isolated organism from 

trauma-induced gas gangrene patients and is also a cause of food poisoning.  The 

only major toxin produced by C. perfringens type A is α-toxin which plays an 

important role in gas gangrene.  The α-toxin is a phospholipase C, a group of 

enzymes that cleave phospolipids and thus attack cell membranes causing local tissue 

damage (Rood, 1997).  Tissue death is accompanied by gas production and can 

become systemic.  While cases are rare the mortality rate is high (25%).  C. 

perfringens type A also causes food poisoning but here the α-toxin plays no role.   
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Table 3.9. Veterinary diseases caused by C. perfringens (Rood et al., 1997). 
Clostridium 

Type 
Diseases in domestic animals 

Major 

Toxins 

A 
Myonecrosis, fowl necrotic enteritis, bovine and ovine 
enterotoxemia, porcine necrotic enterocolitis, equine 

colitis, canine hemorrhagic gastroenteritis 
α 

B Dysentery, chronic enteritis in lambs, ovine hemorrhagic 
enterotoxemia, equine and bovine hemorrhagic enteritis 

Α,β,ε 

C 
Fowl necrotic enteritis, neonatal hemorrhagic or necrotic 
enterotoxemia (ovine, porcine, bovine, caprine, equine), 

ovine enterotoxemia 

Α,β 

D Enterotoxemia (lambs, calves), caprine enterocolitis, 
bovine enterotoxemia 

α,ε 

E Bovine, ovine enterotoxemia, rabbit enteritis Α,λ 

 

 

The onset of illness usually occurs within 8- 24 h after food consumption; symptoms 

such as nausea, abdominal pain, diarrhoea and occasionally vomiting are typical.  

Once ingested vegetative cells that survive the stomach pass to the intestine where 

sporulation occurs.  An enterotoxin synthesized by sporulating cells and associated 

with the spore coat is believed to be the causative agent.  Patients with C. perfringens 

food poisoning excrete 103 – 104 spores g-1.  A recovery is normally achieved within 

1-2 days (Rood, 1997).  Due to low infection rates compared to other enteric bacteria 

it is not regarded as a principal pathogen of concern in biosolids-treated soil.  

However, it is suggested as a possible indicator due to its survival and persistence in 

sludge treatment processes and sludge-amended soils (Guzman et al., 2007).  

  

The World Health Organisation (WHO) defined faecal indicator bacteria as bacteria 

typically present in large numbers in faeces and whose presence above standard 

levels is viewed as a sign that levels of all bacteria from faeces are too high (WHO, 

2001).   An ideal indicator organism should be consistently present in high numbers 

in faeces, unable to replicate outside the intestinal tract, be at least as resistant as 

pathogens and survive slightly better to environmental conditions and treatment 

processes, have a strong association with the presence of pathogenic organisms and 
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be easily detectable using laboratory enumeration methods (Payment and Franco, 

1993; Savichtcheva et al., 2006).  Parasitic protozoa such as Cryptosporidium and 

Giardia demonstrate increased tolerance to environmental stresses such as high 

temperatures and pH values compared with the faecal indicator bacteria E. coli 

(Savichtcheva et al., 2006).  This ability of parasitic protozoa to persist under 

extreme conditions is an area of concern when using indicator organisms to evaluate 

the efficacy of sewage treatment processes at pathogen removal.   Therefore the 

ability of C. perfringens to form spores resistant to high temperatures and pH values 

make this enteric organism a potential faecal indicator organism for parasitic 

protozoa and viruses (Payment and Franco, 1993; Savichtcheva et al., 2006; Guzman 

et al., 2007). 

 

Lisle et al. (2004) showed high levels of C. perfringens in untreated sewage at 

approximately 106 CFU g-1 DS.  Eamens et al. (2006) detected C. perfringens spores 

in DMAD at levels of 103 – 104 g-1 DS.   Chauret et al. (1999) reported no significant 

decay of C. perfringens through an aerobic wastewater treatment process.  In 

comparison, Hirata et al. (1991) reported C. perfringens was 3 to 5 times more 

resistant to chlorination than other enteric bacteria.  Gomila et al. (2007) recorded a 

0.2 log10 reduction in Clostridium spp. during UV treatment of wastewater in 

Mallorca, Spain.  A similar 0.3 log10   reduction in enteric viruses and phages was 

observed at the same wastewater treatment works (Gomila et al., 2007).  Also, 

Aitken et al. (2005) recorded no change in numbers of C. perfringens spores 

following thermophilic-anaerobic digestion at temperatures of 51-55 ˚C.  Pourcher et 

al. (2007) showed that C. perfringens numbers remained stable over a two month 

period following the addition of biosolids to agricultural soils until the end of the 

monitoring period.  Eamens et al. (2006) reported a 2 log10 inactivation of C. 

perfringens compared to approximately a 5-6 log10 die-off of E. coli and Salmonella 

spp. in DMAD-amended agricultural soils in Australia.  Therefore, in this research 

the potential of C. perfringens as a faecal indicator organism of enteric pathogen 

decay in biosolids-amended agricultural soils will be evaluated. 
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3.3.6 Listeria 

 

Listeria is Gram-positive, facultatively anaerobic, catalase positive, oxidase negative, 

non-spore forming, coccoid to rod shaped with peritrichous flagella.  Growth occurs 

between 0-42 ˚C with optimal growth between 30-35 ˚C.  There are seven species in 

the genus Listeria.  Although L. seeligeri, L. welshimeri, L. ivanovvi have all been 

associated with disease the only important pathogen is the species L. monocytogenes 

(Adams and Moss, 2000; Jay, 2000).    

 

Gastrointestinal disease is associated with food and can last for 1-3 days with fever, 

nausea, diarrhoea, vomiting, headache and in some cases convulsions.   In general 

Listeriosis more often affects pregnant women, children and the elderly.  

Immunocompromised patients are especially susceptible although occurrence in this 

group is rare.  In pregnancy maternal features are fever, headache and occasionally 

gastrointestinal symptoms and are associated with infection of uterus and vagina.  Of 

more importance is infection of the foetus which can lead to premature birth, 

miscarriage, stillborn or newborn infection.  Infection of newborn can lead to 

pneumonia, septicaemia and meningitis (Huang et al., 2006).  In non-pregnant adults 

Listerosis is most frequently reported as affecting the central nervous system 

(Schlech, 2000; Vazquez-Boland et al., 2001) and can cause septicaemia, meningitis 

and meningoencephalitis.  Here association is greater with patients of 

immunocompromised status.  L. monocytogenes is considered to be ubiquitous in the 

environment and therefore exact routes of transmission and precise mechanisms of 

Listeriosis are poorly understood.  However, with the supposed frequent exposure of 

humans to environmental sources of L. monocytogenes and low rates of infection 

high doses of virulent strains are suggested as necessary for the onset of disease (Jay, 

2000). 

 

Transmission of L. monocytogenes has been associated with raw meats (MacGowen 

et al., 1994) and a variety of other food products (Schlech, 2000; Goulet, 2001; 

Makino et al., 2005).  The mortality rate is high and ranges from 10-44 %.  Listeria is 

also widely distributed in the environment and has been found in soils (MacGowan et 

al., 1994), animal wastes (Hutchison et al., 2004), sewage sludge (Watkins et al., 
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1981; Garrec et al., 2003) and water (Lyautey et al., 2007; Watkins et al., 1981).    

Gale (2005) estimated that L. monocytogenes was present in sewage at 1.5 x 1011 

CFU t-1 DS.  However, Pang et al. (2006) identified the potential infective dose of L. 

monocytogenes in humans could be as low as 100 cells following oral dosing in 

guinea pig models.  With increasing infection rates, high mortality rates and its 

ubiquitous nature, L. monocytogenes, is of interest when applying biosolids to land as 

an agricultural soil improver (Garrec et al., 2003). 

 

3.4 Role of natural attenuation in soil as barrier to transmission 

 

3.4.1 Introduction 

 

The reuse of biosolids as an agricultural fertiliser has been shown to increase crop 

yield (Smith and Tibbett, 2004; Correa et al., 2005).  Biosolids have also been 

associated with increased levels of available nitrogen (N) (Smith et al., 1998; Smith 

and Durham, 2002) and phosphorus (P) (Coker and Carlton-Smith, 1986; Correa, 

2004) for crops.  Repeated applications of biosolids add organic matter to soils 

(Chambers et al., 2003).  Chambers et al. (2003) showed that the application of 

biosolids to agricultural soils in the UK can also beneficially influence soil physical 

properties with soil variables such as topsoil water-infiltration rates and soil porosity, 

which are improved following biosolids application (Chambers et al., 2003).  

Biosolids application also increased the level of plant-available sulphur, magnesium, 

copper and boron (Chambers et al., 2003).   

 

However, biosolids contain an indigenous microbial community which pose a 

potential human health risk when re-using biosolids in agriculture (Feachem et al., 

1983; Carrington, 2001: Gale, 2005).  The WHO (1981) proposed a multi barrier 

approach to minimise the health risk associated with the agricultural re-use of 

biosolids.  Here multiple barriers act as a single barrier where sewage treatment 

reduces the pathogen content (Gale, 2005) prior to land application and the final 

barrier of sufficient cooking of food products eliminate enteric pathogens.  Within 

the multiple barrier approach to minimise microbiological risk from agricultural 
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reuse of biosolids is the process of natural attenuation of enteric pathogens in soil 

(Lang et al., 2007). 

 

Enteric pathogens are adapted to the animal host (Feachem et al., 1983; Savageau, 

1983).  For example the E. coli genome encodes for proteins that mediate resistance 

to pH as well as growth on lactose (Lawrence and Ochman, 1998).  Thus, it has been 

generally considered that enteric organisms such as E. coli are poorly adapted to non-

host survival and as such lose virulence and are unable to replicate in non-host 

environments (Feachem et al., 1983; Winfield and Groisman, 2003), such as soil, due 

to extreme temperatures, moisture levels, competition for available nutrients and soil 

microorganisms.  Indeed, the presence of E. coli in environments such as soil is 

considered to be a result of continuous bulk transfer from human and animal sources 

that maintains a stable population outside the host (Savageau, 1983).  Therefore the 

natural attenuation and decay of enteric pathogens in soil acts as a barrier in the 

multiple barrier approach to prevent disease transmission when recycling biosolids to 

land.  The Safe Sludge Matrix includes land use restrictions to allow for the natural 

attenuation of enteric pathogens in the soil environment.  However, further scientific 

data on microorganisms of concern and long-term information on decay processes in 

soil are required to underpin the scientific basis for the control measures stipulated in 

the SSM.    

 

3.4.2 Temperature 

 

Soil temperature is a major factor driving the decay of enteric pathogens following 

the application of biosolids and animal faecal wastes to soils (Tierney et al., 1977; 

Bell and Boyle et al., 1978; Kibbey et al., 1977; Reddy et al., 1981; Andrews et al., 

1983; Opperman et al., 1988; Topp et al., 2003) and in general, increasing soil 

temperatures have been associated with increased inactivation of enteric pathogens.  

Andrews et al. (1983) reported the time for 90% of the population to decline (T90) of 

Salmonella in biosolids injected into soils was 17 days during the winter period.  In 

contrast the T90 value decreased to 3.4 days during the summer period when the 

temperature was higher (Andrews et al., 1983).  Also, E. coli and Salmonella spp. 
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have demonstrated significantly increased (P<0.05) die-off rates during the warmer 

spring/summer periods compared with the cooler autumn/ winter conditions  when in 

MAD applied to forest soils in New Zealand (Horswell et al., 2007). 

 

In comparison, Topp et al. (2003) demonstrated that, under laboratory conditions, E. 

coli numbers decreased with increasing soil temperatures.  E. coli strains C278 and 

C279 showed similar survival rates at 4 ˚C, yet at 30 ˚C numbers showed a rapid 

decline and the decay rates between the two strains differed.  Cools et al. (2001) also 

demonstrated that lower incubation temperatures increased survival times of E. coli 

and Enterococcus spp. following the addition of pig slurry to soils of varying 

textures.  Numbers of Enterococcus spp. remained constant at 5 ˚C while E. coli 

numbers declined gradually reaching the detection limit by day 68.  In soils 

incubated at 25 ˚C both bacteria declined rapidly with Enterococcus spp. reaching 

the detection limit within 54 days while E. coli decayed to such an extent that within 

26 days numbers were non detectable.   

 

Semenov et al. (2007) showed that decay of Salmonella typhimurium and E. coli 

O157:H7 in soil was also influenced by temperature.  Sterile and non sterile cow 

manure was inoculated with both E. coli O157:H7 and S. typhimurium so that the 

final concentration of cells was approximately 108 CFU g-1 of manure.     Following 

the addition of cow manure to soil microcosoms, significant pathogen decay was 

recorded at constant temperatures of 7, 16, 23 and 33 ˚C for both pathogens.  As 

temperature increased pathogen decay increased so that after 1 week of incubation at 

33 ˚C E. coli O157:H7 numbers were undetectable.  Of particular interest was that 

Semenov et al. (2007) included a temperature fluctuation treatment so that under 

each temperature regime a fluctuation of 0, ± 4, ± 7 ˚C was also included.  S. 

typhimurium and E. coli O157:H7 inactivation was significantly increased with 

temperature oscillation and the effect was more pronounced following a 7˚C 

fluctuation (Semenov et al., 2007).   

 

The infectivity of Cryptosporidium parvum on mice also decreases with increasing 

temperatures.  Using diurnal thermal regimes, Li et al. (2005) showed that C.  
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parvum oocytes in bovine faecal pats were inactivated when faecal material 

temperatures reached 40 ˚C.  Temperatures of bovine pats were recorded with data 

loggers over a 12 month period at 11 dairy farms throughout California.  Once the 

maximum air temperature of 20 ˚C was recorded at each location it was noted that 

bovine faecal pat temperature exhibited peaks of temperatures from 40-70 ˚C 

depending on sunlight exposure.  The diurnal temperature fluctuations in biovine 

faecal pats were simulated under laboratory conditions and rapid inactivation of C. 

parvum occured at a rate of ≥3.7 log per day.    

 

Jenkins et al. (2002) also demonstrated increased inactivation of the enteric pathogen 

Cryptosporidium parvum with increasing temperatures.  C. parvum oocyst 

inactivation was significantly increased in all soil types when the temperature was 

increased from 4 ˚C to 20 ˚C.   For example in the silty loam soil the time for a 99 % 

reduction in numbers (T99) decreased from 2, 302 days at 4 ˚C to 622 days at 20 ˚C.  

Increasing the incubation temperature to 30 ˚C did not have a significant effect on 

oocyte inactivation rates.  Temperature also significantly influences enteric virus 

survival in soil (Hurst et al. 1980).  Davies et al. (2006)   recorded increased 

inactivation of adenovirus 2 at 30 ˚C compared with 20 ˚C under laboratory 

conditions.  At 30 ˚C adenovirus 2 persisted for approximately 4 days whereas the 

virus was detected for 35 d when incubated in soil at 20 ˚C. 

 

The mechanism by which temperature inactivates bacterial populations has primarily 

been determined under laboratory conditions and linked with protein denaturation 

(Mackey et al., 1991).  Temperature linked protein denaturation has been observed in 

a number of bacterial species including E. coli, C. coli, C. jejuni and L. 

monocytogenes (Lee and Kaletunc; Nguyen et al., 2006).  A number of critical 

proteins have been identified as heat liable including ribosomes and in particular the 

smaller 30S subunit which has been shown to be more sensitive to temperature 

related denaturation compared to the 50S subunit (Mackey et al., 1991; Lee and 

Kaletunc, 2002; Nguyen et al., 2006).  Due to the large variety of cellular proteins 

and numerous heat liable characteristics associated with such proteins much debate 

on the critical denaturisation remains (Nguyen et al., 2006).  Nevertheless ribosome 
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denaturation has been shown to occur between 40-80 ˚C (Mackey et al., 1991; 

Nguyen et al., 2006) far above soil temperatures recorded under UK temperate soil 

conditions (Lang et al., 2007).   

 

In comparison membrane lipids of E. coli have been shown to be sensitive to 

temperatures in the range of 20-50 ˚C (Mackey et al., 1991) and may therefore be 

more susceptible to heat inactivation under UK temperate climates.  However, this 

apparent heat sensitivity is a function of growth temperature with membrane lipids 

resistant to an increase in temperature equivalent to approximately 10 ˚C (Mackey et 

al., 1991).  Therefore, it may be expected that lipid membrane sensitivity of enteric 

pathogens could be extended to 10 ˚C above the temperature of their host and 

equivalent to approximately 47 ˚C.  This may suggest that heat inactivation of 

bacteria through protein denaturation under UK temperate conditions is unlikely. 

 

Lang et al. (2007) investigated the decay of E. coli and Salmonella in UK temperate 

soils following the addition of biosolids.  In UK temperate conditions, time was the 

only significant factor driving the decay of pathogens in soil, however, background 

E. coli numbers in field soil responded to seasonal environmental patterns.  Soil 

temperatures recorded by Lang et al. (2007) did not increase above 30 ˚C and on 

average was 19 ˚C and so ambient air temperatures did not directly impact on the 

survival of the indicator bacteria in soil.  Lang et al. (2007) argued that in temperate 

soils such environmental factors may influence biotic processes such a predation 

which may be important in limiting the survival of enteric pathogens in biosolids 

amended agricultural soils.  Enteric bacteria are able to grow at temperatures 

between 4-44.5 ˚C, therefore temperatures in the UK temperate climate are unlikely 

to present a serious stress to enteric bacteria in soil.  Therefore the effect of soil 

temperature upon survival of enteric bacteria may act through indirect biotic and 

ecological processes.   

3.4.3 Moisture 

 

Soil moisture content is considered to be a major factor driving the decay of enteric 

pathogens in soil (Kibbey et al., 1977; Reddy et al. 1981).  However precise 
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mechanisms by which the soil moisture content may eliminate enteric pathogens 

remain unclear.  The decay rate of the enteric bacteria Streptococcus faecalis 

increased under decreasing soil moisture content (Kibbey et al., 1977).  T95 of S. 

faecalis population under soil saturation conditions was 94 days that reduced to 23 

days when soil was air dried at an incubation temperature of 4 ˚C.  A similar impact 

of soil moisture content on S. faecalis was seen under increased temperatures.  At 37 

˚C the T95 decreased from 29 days at soil saturation to 5 days in air dried soils.  Boyd 

et al. (1969) and Reddy et al. (1981) also demonstrated that as moisture content of 

soils decreased the decay rate of enteric pathogens increased.  Cell desiccation may 

be a key mechanism influencing pathogen survival following biosolids application to 

soils (Boyd et al., 1969; Reddy et al., 1981).  Indeed, Nasser et al. (2007) reported a 

3 log10 reduction in infectivity of Cryptosporidium parvum in air-dried soils 

compared to saturated soils.    

 

However the complete desiccation of soil under UK temperate climates is unlikely 

due to natural mechanisms such as soil water suction which draws moisture from the 

soil subsurface to the soil surface.  Indeed Lang et al. (2007) measured E. coli decay 

in UK temperate soils following the addition of biosolids.  E. coli was found to be 

indigenous in the sandy-loam soil used and that numbers of the indigenous E. coli 

soil populations increased during the cooler and wetter spring and autumn periods 

compared to the hotter and drier summer period under UK temperate conditions.  

Lang et al. (2007) reported increased indigenous soil E. coli numbers following 

rainfall events.  It was asserted that a metabolically inactive state enabling 

persistence during environmental stresses and reversion back to a biochemically 

active state under favourable conditions may be responsible.  However, it was 

concluded that soil moisture content did not significantly influence E. coli decay rate 

overall following the addition of DMAD to agricultural field soils in the UK 

temperate environment. 

 

Lang and Smith (2007) also reported increased survival of E. coli in drier soils under 

laboratory conditions.  Following the addition of DMAD to air-dried soils and field 

moist soils T90 values of 100 and 200 days were recorded in a sandy-loam soil and 
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silty clay soil, respectively.  The addition of DMAD to soils in the field moist 

condition had T90 values of 20 days for both soil types.  Lang and Smith (2007) 

argued that while desiccation may alter E. coli biochemical activity it did not directly 

influence decay.  It was argued that the mechanism whereby moisture influences 

survival was via ecological mechanisms such as predation, antagonism and 

parasitism under UK temperate conditions.  Furthermore, soil temperature and soil 

moisture content are autocorrelated, so that warmer soils are also drier soils (Lang et 

al., 2007; Lang and Smith, 2007).  Therefore the influence by which soil moisture 

content reduces pathogen survival may be directly linked to soil temperature rather 

than water availability.  The contrasting evidence for soil moisture content 

influencing enteric pathogen survival in soils amended with biosolids suggests that, 

while it is a significant factor, the precise mechanism whereby soil moisture 

influences survival is poorly understood.   

 

3.4.4 Soil type 

 

Soil texture influences the indigenous microbial community structure.  Therefore the 

survival of added microorganisms following biosolids applied to agricultural soils 

may also be influenced by soil texture.  Indeed a number of studies demonstrate the 

significance of soil type on the survival of enteric pathogens (Hurst et al., 1980; 

Davies et al., 2006).  Increased clay content increases survival of bacterial species 

added to soil ecosystems (Wessendorf and Lingens, 1989).  For example Cools et al. 

(2001) measured increased survival of E. coli in sludge-amended loam soil with an 

increased clay content of 19% compared to that of a sandy soil with a smaller clay 

content of 4 %.  Soils with greater clay content may afford protection to bacteria 

through the provision of microhabitats or niches containing water and nutrients, and 

by sheltering bacteria from predatory activity.  More recently Ngole et al. (2006) 

showed using a variety of soils from Botswana that survival of both faecal coliforms 

and total coliforms were significantly increased in soils with greater clay content.   

Two contrasting soils of varying physico-chemical characteristics will be used in this 

programme of research to quantify the significance of this potentially important 

variable on pathogen survival in sludge amended agricultural soil. 
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3.4.5 Soil pH  

 

Microorganisms are sensitive to pH of the environment with species adapted to 

survive under particular pH conditions.  Most enteric organisms survive for longer 

periods under pH ranges of 6-7, such as Salmonella spp. E. coli and S. faecalis, and 

decay under acidic soils (Ellis and McCalla, 1976 cited in Reddy et al. 1981).  Ngole 

et al. (2006) also reported increased inactivation of faecal coliforms when the soil pH 

value dropped below pH 6 following biosolids application.  A 6-25 % increase in 

activation rates was measured in 4 different soils with the greatest reduction of faecal 

coliforms measured in the soil with the lowest initial pH value.   Adherence of 

bacterial cells to soil particles has been shown to be influenced by soil pH and has 

been identified as the main mechanism by which pH influences enteric pathogen 

survival in sludge-amended soils (Hurst et al., 1980; Lake et al., 2003; Guber et al., 

2005).   

 

Optimal attachment of bacteria to soil particles occurs has been reported at pH 6-7 

(Ellis and McCalla, 1976; Ngole et al., 2006).  However, the bacterial cell also 

influences attachment.  The Deryaguin-Landau-Verwey-Overbeek (DVLO) theory 

suggests that initial contact of bacteria to colloidal particles is determined by the 

additive effect of attractive (van der Waals) and repulsive (electrostatic) forces 

(Guber et al., 2005).  For example Gram-negative bacteria and soil particle surfaces 

are negatively charged and thus makes interaction unfavourable.  A decrease in pH 

would therefore reduce electrostatic repulsion and allow the bacterial cell to 

approach the soil particle to within a distance where van der Waals forces exceed the 

electrostatic repulsion.  Thus, the ability of pH to influence cell attachment is a 

function of both pH and surface charge associated with the micro-organism (Guber et 

al., 2005).  Indeed virus adsorption to soil particles has been shown to increase with 

decreasing pH (Goyal and Gerba, 1979).  Hurst et al. (1980) showed that the survival 

of a variety of enteric virsues, including poliovirus 1 and rotavirus SA11, increased 

with decreasing soil pH.  In particular the bacteriophage MS2 showed 100 % 

adsorption to soil particles at a pH of 4.5 while only 30 % phage adsorption was seen 
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in soils at pH 8.  Therefore the potential impact of pH on pathogen survival is 

directly related to the pathogen of concern. 

 

3.4.6 Application method 

 

To minimise the spread of pathogens following the application of biosolids to land, 

incorporation of biosolids immediately into the soil is required under current UK and 

EU legislation (section 3.1.2) while previously spreading without incorporation was 

a much practiced method.  The injection of sludge into soil was primarily developed 

as a good farming practice as opposed to increasing decay of pathogens or limiting 

pathogen dispersal (Andrews et al. 1983).  Wallis et al. (1985) reported increased 

decay of E. coli in soils where biosolids where incorporated into the soil compared to 

surface spreading.  Although E. coli decay was increased following incorporation 

numbers remained high, 104 g-1 ds, compared to the controls.  Numbers remained 

high and only decreased to non-detectable after several months of freezing 

conditions.  In comparison Andrews et al. (1983) reported decreasing T90 values for 

Salmonella spp. when biosolids were injected into the soil compared to surface 

spread biosolids. 

 

The potential disadvantages of incorporating biosolids immediately into the soil 

involve limiting pathogen exposure to unfavourable environmental conditions such 

as moisture, exposure to UV light and temperature (Andrews et al. 1983).  Hutchison 

et al. (2004) showed that the decay of a number of zoonotic agents including E. coli 

O157, C. jejuni, L. monocytogenes and S. enterica increased following a time delay 

between application and incorporation.  However, the authors argued that despite 

increased decay rates following an incorporation time delay the potential risk from 

spread of pathogens due to rainfall events transporting pathogens into watercourses 

and/or potential transmission via vectors such as wildlife increases.  It was therefore 

asserted that any benefit from incorporation delay was minimised due to the 

increased potential of pathogen transmission.  The increased decay rate of enteric 

organisms incoproated into the soil directly has been linked to soil ecological 

processes determined by the indigenous soil microflora (Hutchinson et al., 2004)    
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3.4.7 Role of the indigenous soil microflora in pathogen decay 

 

3.4.7.1 Introduction 

 

Soil is a complex ecosystem with high microbial diversity containing diverse ranges 

of bacterial species, protozoa, fungi, nematodes and viruses.  Soils can contain up to 

1010 bacteria per g (Torsvik and Overas, 2002).  Competition, predation, parasitism 

and antagonism are all ecological mechanisms taking place in soil. These biotic 

factors as well as abiotic factors assert selective pressures on the indigenous 

microbiota in soil; it follows that the indigenous bacteria will be highly adapted to 

such an environment.  Non-indigenous microorganisms added to such an 

environment, such as those pathogens sludge will also be impacted by these biotic 

pressures (Goss and Richards, 2008).  Previous work has reported a significant 

impact of these pressures on enteric pathogens in soil (Hurst et al. 1980; Davies et al. 

2006; Elsas et al., 2007).  For example Jiang et al. (2002) demonstrated the increased 

decay of E. coli O157:H7 in unsterilised soils compared to sterilised soils and 

suggested that ecological pressures limit enteric pathogen survival in soils. These 

processes and mechanisms are discussed in the following sections. 

 

3.4.7.2 Predation 

 

Predation has been associated with the elimination of bacteria in raw sewage by 

Mallory et al. (1983).  In a series of laboratory experiments, Salmonella typhimurim 

and Klebisella pneumoniae numbers declined in raw sewage.  Under the same 

environmental conditions the numbers of these organisms increased in sterilized raw 

sewage and were maintained at 106 cells per ml.  When protozoa were added to the 

sterilized raw sewage bacteria numbers showed a 2-3 log decay within 2-4 days.  

Mallory et al. (1983) used prokaryotic and eukaryotic inhibitors and demonstrated 

that specifically protozoan predation and not abiotic factors, competition or 

parasitism, were responsible for eliminating the bacteria in raw sewage.    
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Marino et al. (1991) found that protozoan grazing also limited the survival of Faecal 

Coliforms (FC) and Faecal Streptococci (FS) in storm drain sediments.  FC and FS 

were able to grow to 3-5 log10 above their initial inoculation level, when added to 

sterile storm water and sediment under laboratory conditions.  Storm water and 

sediments were treated with cycloheximide to remove protozoa and fungal predators.  

Under these conditions FC and FS numbers increased by 1-2 log10 compared to 

untreated samples.   Other laboratory studies have also demonstrated increased 

survival of bacteria following protozoan inhibition in soils (Sorensen et al., 1999) 

and water (Gonzalez et al., 1992).  Conversely, bacterial numbers decreased 

following the addition of protozoa to soils (Ronn et al., 2001). 

 

Despite the available evidence suggesting that protozoa influence bacterial numbers, 

little research has focused on their activity following the addition of biosolids and 

animal faecal wastes to soil. Griffiths et al. (1997) found that following the 

application of pig slurry and cattle slurry to soil, indigenous nematode and protozoan 

numbers significantly increased (P<0.05).   Christoffersen et al. (1995) showed that 

predatory activity by nano-flagellate protozoa influenced non-indigenous bacterial 

survival in natural coastal systems.  Protozoan grazing activity removed 3-13 % d-1 

of P. fluroescens in the logarithmic growth phase when added to an enclosed marine 

environment.  This increased to 34-62 % d-1 removal when grazing on starved P. 

fluroescens cells.  Pinheiro et al. (2007) demonstrated the role of protozoan predation 

on the inactivation of viruses in water.  The protozoan ciliate Tetrahymena 

thermophilia was shown to actively engulf the bacteriophage T4.    Low 

temperatures inhibited predation activity and at 4 ˚C T. thermophilia was unable to 

form vacuoles and thus unable to digest their prey (Nilsson, 1972).  Kim et al. (1996) 

also showed the ability of protozoa and metazoan predation to reduce virus numbers.   

The predatory activity of Tetahymena pyriformis and Philodina erythrophtalma on 

poliovirus Type 1 was investigated under laboratory conditions.  The ciliate T. 

pyriformis reduced virus numbers by 50 % within the first hour and thereafter by 80 

%.  The metazoan predator, P. erythrophthalma, showed similar predatory activity 

eventually decreasing viral numbers by 90 %.   
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While much of the previous work has focused on laboratory based research, few 

studies have been conducted under field conditions.  There is also a lack of scientific 

understanding of how predatory activity may influence the survival of enteric 

pathogens in soils amended with biosolids or animal faecal material.  Indeed, as 

Carlholm (2005) asserts, ‘to understand the bacteria involved without considering the 

influence of their predators will be much less informative and possibly even 

misleading’.  

 

3.4.7.3 Parasitism 

 

Bacteriophages are viruses which are only able in infect bacteria and can be routinely 

isolated from all habitats where their hosts are present and are ubiquitous 

components of bacterial communities (Ashelford et al., 2003).  Although phage can 

persist in the environment without the presence of a host their survival is dependent 

on their ability to infect host cells to replicate.  Phages have been shown to be 

competent parasites of indigenous bacteria in both the aquatic and marine 

environments with higher numbers of phages in water associated sediments rather 

than the water body itself (Danovaro and Serresi, 2000).  Ashelford et al. (2003) 

reported an estimated 1.5x107 g-1 in two soils of varying physico-chemical 

characteristics in the UK.  Ashelford et al. (2003) used both typical culture 

techniques and a new direct counting method using transmission electron microscopy 

(TEM).  The two methodologies gave corresponding numbers of phage particle 

numbers in the soils analyzed and no statistical difference was detected between 

numbers by either technique.   Indeed, soil type can influence persistence of phage 

particles due to adsorption to the solid phase of soil, in particularly the clay fraction 

of soil (Chetochine et al., 2006).  Increasing clay content reduces leaching of phage 

particles following washing events under laboratory conditions (Chetochine et al., 

2006; Hinjen et al., 2006).   Phage could have a similar impact on host bacteria in 

soil as they do for aquatic and marine ecosystems.   

 

Increased persistence of indigenous phage in soils would allow phage to maintain a 

viable population in the soil during low host activity and resume multiplication 
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during host growth (Marsh and Wellington, 1994).  Increased host growth following 

the addition of OM, carbon, nitrogen and phosphorus following the application of 

biosolids is likely to stimulate phage replication.  However, it was also suggested that 

phage-host interactions ultimately arrive at an equilibrium state, such that typical 

predator-prey oscillations can be derived (Marsh and Wellington, 1994).  This is of 

particular relevance to parasites such as phage which demonstrate host specificity.  

While this argument holds true, the occurrence of faecal bacteria such as E. coli as 

natural populations in the terrestrial soil ecosystem may alter this typical phage/host 

equilibrium.  Rogers and Smith (2007) argue that stressed, non-indigenous bacteria 

may be more susceptible to phage infection and that indigenous hosts may have 

adapted to avoid phage infection.  Indeed, Smith et al. (1987) isolated phage-resistant 

bacterial mutants from calves when administering therapeutic phage as a means of 

controlling diarrhoea.  Evidence of phage action on enteric bacteria was reported by 

Hantula et al. (1991) who demonstrated high titres of bacteriophages in activated 

sludge with broad host specificity and phage-sensitive bacteria also present.  In 

contrast Muniesa et al. (2003) showed environmental coliform bacteria exhibited low 

susceptibility rates to infection of coliphages (1.14 %).  In comparison Golomidova 

et al. (2007) reported increased bacterial diversity in response to high titre of phages 

in biosolids and suggested that rather than being deleterious, phage activity maintains 

a diverse bacterial community.    

 

3.4.7.4 Competition 

 

In contrast to parasitism there is relatively little literature on the role of competition 

between soil microorganisms (Alexander 1981) and specifically on the influence of 

microbial competition on the decay of pathogens in agricultural soils amended with 

biosolids.  Much of the work that has been published on this complex subject has 

focused on bacterial species involved in the nitrogen cycle.  Verhagen et al. (1992) 

investigated competition for ammonia between the chemolithotrophic ammonium 

oxidizing species Nitrosomonas europea and the heterotrophic species Arthrobacter 

globiformis.  In sterile soil columns with added glucose, numbers of heterotrophic 

bacteria A. globiformis increased while ammonium-oxidizing activity and numbers 
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of N. europea both decreased.  Although N. europea numbers decreased, cells were 

present but inactive, suggesting glucose or products of glucose metabolism from A. 

globiformis inhibited the nitrifying bacteria by competition.   Jansson et al. (1952) 

also showed that mixed heterotrophic populations successfully out-competed 

nitrifying bacteria for limited amounts of ammonium in soils. 

 

It is apparent that competition in the microbial soil ecosystem influences the 

indigenous community structure.  However, the possible influence of competition on 

enteric pathogens following biosolids application remains a relatively poorly 

researched area.  One of the few papers to have focused on such competition 

suggests that competition with indigenous soil bacteria may limit the potential for 

enteric pathogens to become an established member of the soil ecosystem 

(Byapanahalli and Fujioka 2004).  Under laboratory conditions the heterotrophic 

bacterial population of Hawaiian soils was inhibited using 0.15 % bile salts.  

Subsequently naturalised soil E. coli numbers increased by approximately 2 log10 g
-1 

ds compared to the untreated control soil.  This increase was further supplemented by 

the addition of glucose which raised numbers further, by approximately 3 log10 g
-1 ds 

compared to the untreated controls.  In comparison, the addition of glucose alone to 

the soil raised the E. coli population by only 0.5 log10 g-1 ds (Byapanahalli and 

Fujioka 2004).  This suggested that competition for available nutrients may be a 

limiting factor regulating faecal-bacteria survival in soil. 

 

3.4.7.5 Antagonism 

   

The presence of soil antagonists and their subsequent multiplication following the 

addition of organic nutrients from the addition of biosolids will influence the decay 

of enteric bacteria (Smith, 1996).  Fungi are a common inhabitant of the terrestrial 

soil ecosystem with the ability to produce a variety of antibiotics that could influence 

enteric pathogen survival.  Other inhabitants of soil can also produce antibiotics such 

as the Acintomycetes.  Of particular interest in this group is the Streptomyces genera.  

A variety of antibiotics are produced by this genera such as aminoglycosides by S. 

griseus, which is known to affect most Gram-positive bacteria.  S. aureofaciens 
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produces tetracyclines which are known to inhibit both Gram-positive and Gram-

negative bacteria, while S. venezuelae produces the broad spectrum antibiotic 

chloramphenicol which is used as a treatment for typhoid.    

 

As well as producing antibiotics, antagonistic enzymes produced by the indigenous 

soil microbiota could influence the survival of enteric pathogens.  Indeed, Nasser et 

al. (2002) investigated the effect of proteases on enteric viruses.  Protease type XIV-

bacterial from S. griseus inactivated 90 % of Cox-A9 virus particles in a sandy clay 

soil, but had little effect on hepatitis-A virus (HAV), poliovirus-type 1 and MS2 

coliphage.  In contrast, extracellular activity of Pseudomonas aeruginosa resulted in 

a 99 % inactivity of both cox-A9 virus and HAV seeded into sterile soils.  C. parvum 

oocysts showed a 100 % loss of viability following exposure to P. aeruginosa 

proteninase-pronase under laboratory conditions (Nasser et al. 2002).  In the same 

experiment it was also demonstrated that extracellular P. aeruginosa activity reduced 

C. parvum infectivity by 1 log10.     

 

3.5 Summary 

 

Wastewater treatment aims to reduce the organic matter content and pathogen 

content in order that water is suitable for discharge into the environment or reuse for 

human activities.  Sewage sludge is a residue of this process which after treatment to 

a status suitable for recycling to land is defined as biosolids.  Recycling of biosolids 

to agricultural land is considered the best practicable environmental option (DEFRA, 

2007).  Biosolids application also adds organic matter, nutrients and moisture to soils 

and improves crop yields (Smith et al., 2004; Correa, 2004).    However, the 

indigenous pathogen content of biosolids may pose a potential health concern to the 

general public (WHO, 1989; Pourcher et al., 2007). 

 

 

The WHO proposes a multiple barrier approach to limit the risk to human health 

from enteric pathogens associated with biosolids.  A key aspect within the multiple 

barrier approach is the natural attenuation of enteric pathogens in soil following 
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biosolids addition.  Management guidelines stipulated in the safe sludge matrix aim 

to provide sufficient cropping/harvesting restrictions ensuring the inactivation of 

pathogens and thus minimise the risk of spread of transmissible infectious disease 

(ADAS, 2001).   Microbiological risk assessments (MRA) attempt to quantify the 

risk to general health from the recycling of biosolids in agriculture (Gale, 2005).  

However, a lack of scientific data on the long-term decay characteristics on a variety 

of enteric pathogens   introduces an error of uncertainty in MRA calculations.  

Sufficient scientific data is therefore necessary to further validate the reuse of 

biosolids in agriculture (Gale, 2005). 

 

A number of key factors, including abiotic and biotic, have been identified as 

influencing enteric pathogen decay kinetics in biosolids-amended agricultural soils.  

In particular the role of soil temperature and moisture content has been shown to 

influence pathogen decay with numbers reduced in warm dry soils.  However the 

precise mechanisms involving decay remain unclear.  Temperatures required to 

denature or inhibit metabolic activity occur above approximately 47 ˚C (Lee and 

Kaletunc 2002; Nguyen et al., 2006).  Soil temperatures under UK temperate soil 

conditions are unlikely to reach such values and thus will pose little challenge to the 

stability of bacterial proteins (Lang et al., 2007).  Indeed, Lang et al. (2007) have 

shown in UK soils time to be the main factor influencing pathogen decay.   

 

A number of authors have demonstrated the deleterious effects of predation, 

parasitism, competition and antagonism on bacteria in soil (Mallory et al., 1983; 

Jiang et al., 2002; Nasser et al., 2002).  In particular bacteriophagous protozoan 

predatory activity has been suggested as a major cause of bacterial inactivation in 

sewgae (Mallory et al., 1983: Rutherford and Jumi 1992).  Protozoa activity has been 

shown to increase under laboratory and field conditions within the temperature range 

of 15-37 ˚C and following biosolids addition to soils (Trevisan et al., 2002).  It 

therefore follows that these complex soil ecological processes and in particular 

protozoa ingestion of enteric pathogens may be an essential factor involved in the 

natural attenuation of pathogenic micro-organisms (Lang et al., 2007).  Therefore 

long-term field trials and laboratory based experiments are essential to further our 
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understanding of these potentially significant ecological factors influencing a 

pathogen inactivation in biosolids-amended agricultural soils.  Furthermore, 

understanding key processes influencing the decay of enteric pathogens and the 

provision of long-term data quantifying the inactivation of pathogenic micro-

organisms will provide practical implications to ensure the safe agricultural reuse of 

biosolids (Gale, 2005) 
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CHAPTER 4 

 
GENERAL MATERIALS AND METHODS 

 

4.1 Introduction  

 

4.1.1 Site location 

 

Four field trial experiments were carried out at the Imperial College farm, Wye, Kent 

in the South East of England (Figure 4.1).  Experimental field trials were established 

on two sites with contrasting soil physico-chemical characteristics, North Sidelands 

(Ordnance Survey Reference 606600, 146500) and Brices Field (Ordnance Survey 

Reference 605800, 146500) (Figure 4.1).   Field trials covered two spring-summer 

periods and two autumn-winter periods from 2005-2007 (Section 4.1.2).   

 

 

  

 

                                                                       a 

 

                                                                 b 

 

 

 

 

 

 

 

Figure 4.1. Location of the field trial sites (a) North Sidelands and (b) Brices 
Field on Imperial College Farm, Wye, Kent, UK 
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4.1.2 General soil characteristics 

 

General physico-chemical properties of the soils were determined by a NAMAS 

accredited external laboratory (NRM Ltd. Laboratories, Bracknell, Berkshire, UK). 

The soils from both sites differed in composition and cation exchange capacity 

(CEC) (Table 4.1).  North Sidelands soil was a moderate alkaline silty clay/clay with 

pH value in the range 7.9-8.2 compared with Brices Field, which was a moderate 

acidic sandy silt loam/clay loam with pH 5.7-6.8 (Table 4.1). North Sidelands had 

the greatest CEC (13.9-22.3 meq 100 g-1), reflecting the higher organic matter and 

clay contents of the soil. The organic matter content in North Sidelands soil (2.4-

4.5% ds) was approximately twice that measured in soil from Brices Field (1.4-2.2 % 

ds).   Neither soil demonstrated any nutrient deficiency (see Appendix 1). 

 
Table 4.1. General physico-chemical characteristics of soils from the field sites 

(dry soil (ds) basis). 
 

Field 
trial 

Soil pH 
Organic 
matter 

(%) 

Sand 
(%) 

Silt  
(%) 

Clay 
(%) 

Composition 
CEC  

(meq 100g-1 ) 

Brices 6.8 2.2 39 44 17 
Sandy silt 

loam 
15.7 

FT1 
North 

Sidelands 
8.2 4.5 16 46 38 Silty clay 18.4 

Brices 6.0 1.8 30 53 17 
Sandy silt 

loam 
11.7 

FT2 
North 

Sidelands 
8.1 3.6 10 46 44 Silty clay 13.9 

Brices 5.7 1.4 21 54 25 Clay loam 12.1 

FT3 North 

Sidelands 
7.9 3.2 16 38 46 Clay 22.3 

Brices 6.6 1.4 23 53 24 Clay loam 13.0 

FT4 North 

Sidelands 
8.1 2.4 18 42 40 Clay 20.3 
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4.2 Biosolids, sludges and livestock manures/slurries  
 

The sources of animal faecal manures, slurries and biosolids are shown in Table 4.2.  

Sub-samples (1 kg) were taken for microbiological analysis at time of application to 

field sites. (Section 4.5 and 4.6).  10 g triplicate samples were then taken from the 

original 1 kg subsample.  The dry matter content of dewatered samples (500 g) was 

determined by drying for 24 h at 105 ˚C in a forced-air oven (Maff, 1986).  Biosolids 

were subsequently weighed prior to application and left in a cool, dry storage shed, 

for approximately 2-6 days, located at Silwood Park, Imperial College London, 

Berkshire.  

 
Table 4.2. Biosolids and livestock manures and slurries used in the field 

investigations. 
 

Material/treatment type Source 
Field 
trial 

Perry Oaks dewatering Facility, 
Thames Water 

1 Dewatered mesophilic 
anaerobically digested  
(DMAD) Ashford, Southern Water 2,3,4 
Dewatered raw (DRAW) Little Marlow, Thames Water 1,2,3,4 
Liquid mesophilic 
anaerobically digested 
(LMAD) 

Little Marlow, Thames Water 1 

Lime stabilised cake 
(Lime) 

Anglian Water 1,2,3 

Thermally dried 
dewatered mesophilic 
anaerobically digested 
(TDMAD) 

Fords Farm, Southern Water 1,2 

Composted (Compost) Little Marlow, Thames Water 2 
Farm yard manure (FYM) Imperial College Farm, Wye, Kent 1 
Cow slurry (Cow) Imperial College Farm, Wye, Kent 1 
Pig slurry (Pig) Imperial College Farm, Wye, Kent 1 

 

The general physico-chemical characteristics of materials used in the field 

experiments and the abbreviations used in this thesis are shown in Table 4.3.  The 

dry solids (DS) contents of DMAD and DRAW were in the approximate range of 20-

30 %.  As may be expected the DS content of TDMAD was the largest overall (93-95 

%) compared to the other materials examined.  The pH value of most materials was  
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Table 4.3. General physico-chemical characteristics of the organic amendments 

applied to the field trials. 

Treatment 
type  

Field trial 
Dry 

solids 
(%) 

pH 
Organic 
matter 
(% DS) 

Total E. 

coli (100 
g-1 DS 
log10) 

1 23.5 7.0 62.7 7.31 

2 29.8 7.9 61.1 8.16 

3 30.7 6.96 59.2 7.77 
DMAD 

4 30.3 7.03 58.9 9.67 

LMAD 1 1.77 7.7 61.0 5.63 

1 21.3 6.3 73.0 6.25 

2 24.5 6.7 76.2 6.97 

3 17.0 6.16 75.7 7.41 
DRAW 

4 22.2 5.77 74.4 8.47 

1 38.3 11.6 56.2 0.87 

2 (North 
Sidelands) 

34.3 9.6 60.6 0.90 Lime 

2 (Brices 
Field) 

36.5 10.8 52.2 0.49 

1 94.9 7.1 48.1 0.32 
TDMAD 

2 93.1 7.7 66.2 1.38 

Compost 2 56.5 8.0 59.6 4.13 

PIG 1 0.72 7.3 48.6 5.64 

COW 1 3.08 7.1 44.4 4.80 

FYM 1 24.1 7.7 67.8 3.69 

 

near neutral (pH 6-8). The exception was the lime, which had an alkaline pH in the 

range 9.6-10.8, typical of this biosolids type due to the addition of calcium oxide.  

Lime addition also explains the increased DS content, which was in the range of 50-

60% (Table 4.3), compared with the other mechanically dewatered cake materials.  

Untreated materials, DRAW and FYM, had the highest organic matter (OM) contents 

overall equivalent to 75 % and 67.8 %, respectively, compared to approximately 50-

60 % in digested biosolids (Table 4.3). 
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Interestingly, the samples of treated DMAD biosolids examined here had larger E. 

coli contents (7.3-9.7 log10 100 g-1 DS) compared to unstabilised DRAW (6.3-8.5 

log10 100 g-1 DS) (Table 4.3).  Nevertheless the values were within expected ranges 

for both sludge types. The apparent differences in numbers between the two sludge 

types may therefore be explained because the DRAW and DMAD were obtained 

from different treatment works.  As would be expected, the smallest E. coli contents 

were measured in the enhanced-treated biosolids types (0.3-4.1 log10 100 g-1 DS). 

 

4.3 Experimental field trials 

 

The experimental areas were located on arable fields managed according to 

conventional intensive agricultural practice.  In situ cereal crops and minor weed 

cover were destroyed by herbicide application (paraquat) applied approximately 2-3 

weeks before the biosolids were applied. The herbicide treatment was effective and 

very little crop debris was visible on the plots at the time of experimental 

establishment. All other agrochemical inputs were excluded from the areas.  

Treatment plots were arranged in three replicate randomised blocks (Appendix 1). 

The experimental plot size was 4 m2 (2 x 2 m) with a 1-2 m distance between plots 

(Figure 4.2).  Solid sludges and FYM were applied to the plots by hand at a rate of 

10 t DS ha-1 and incorporated to a depth of 10 cm using a pedestrian operated rotary 

cultivator (Figure 4.3). LMAD and animal slurries were applied only in FT1.   

 

Figure 4.2. Experimental treatment plots amended with different 
sludge/manure types in Brices field. 
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Figure 4.3. Sludge incorporation by pedestrian operated rotary cultivator to a 
uniform depth of 10 cm. 

 
 

4.3.1 Soil sample collection 

 

Soil samples were collected using a gouge auger to a depth of 10 cm.  Five cores 

were sampled from each replicate plot and were pooled to provide a composite 

sample per replicate.  These were subsequently mixed by hand within the sampling 

bag to avoid contamination.  A 10 g sub-sample from each replicate plot was used 

for microbiological analysis.   Lose soil was removed from the auger with a metal 

‘scrapper’ and then both the scrapper and auger was sterilised between each plot with 

industrial spirits applied using a hand-held atomiser spray (Figure 4.4).  Soil samples 

were placed in folded polythene samples bags and were transported to the laboratory 

in cooler boxes containing frozen ice-packs. At the laboratory, the soils were placed 

in a cold-room set at 4˚C and microbiological enumeration of the soils began on the 

day following sample collection.  The duration, sampling regime and dates of the 

field experiments are detailed in Table 4.4.   
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Figure 4.4. Sampling sterilisation procedure. 
 
Table 4.4. Sampling dates and day number from the start of each field 

experiment. 

FT1 FT2 FT3 FT4 

Date Day No Date Day No Date Day No Date Day No 

20/04/2005 0 18/10/2005 0 19/04/2006 0 26/10/2006 0 

26/04/2005 6 26/10/2005 8 24/04/2006 5 03/11/2006 8 

03/05/2005 13 01/11/2005 14 02/05/2006 13 10/11/2006 15 

10/05/2005 20 08/11/2005 21 08/05/2006 19 17/11/2006 22 

24/05/2005 34 21/11/2005 34 15/05/2006 26 27/11/2006 32 

31/05/2005 41 28/11/2005 41 22/05/2006 33 08/12/2006 43 

07/06/2005 48 12/12/2005 55 30/05/2006 41 15/12/2006 50 

21/06/2005 62 19/12/2005 62 05/06/2006 47 12/01/2007 78 

05/07/2005 76 05/01/2006 79 19/06/2006 61 26/01/2007 92 

19/07/2005 90 16/01/2006 90 26/06/2006 68 09/02/2007 106 

22/09/2005 155 30/01/2006 104 03/07/2006 75 22/02/2007 119 

  14/02/2006 119 17/07/2006 89 08/03/2007 133 

  27/02/2006 132 07/08/2006 110 23/03/2007 148 

  13/03/2006 146 21/08/2006 124 12/04/2007 168 

  03/04/2006 167 31/08/2006 134 08/05/2007 194 

  24/04/2006 188   05/06/2007 222 

  15/05/2006 209   07/09/2007 316 

  05/06/2006 230     

  03/07/2006 258     

  07/08/2006 293     

  31/08/2006 317     
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4.3.2 Environmental monitoring 

 

Soil temperature in the field experiments was measured using remote data loggers 

(Tiny Tag Transit Temperature range H TG-0050, Omni Instruments, Dundee, UK). 

Three loggers were randomly located on the plots at each field site at a depth of 5 cm 

and the ambient soil temperature was measured at 1h intervals. Gravimetric moisture 

content was measured by loss in mass of the soil (MAFF, 1986) for individual soil 

samples by drying in a forced-air oven at 105 ˚C until constant weight was achieved, 

approximately 12 h. The gravimetric moisture content was calculated as follows:  

 

Gravimetric moisture content (%) = [(mass of fresh soil – mass of oven dried soil) 

/mass of wet soil] x100.   

 

Environmental data are presented and discussed in Section 5.3.1.2. 

 
 
4.3.3 Field trial 1 (FT1) 

 

Biosolids samples were collected from the sewage treatment works on 11th April 

2005 and were weighed out into experimental applications on 12th April 2005.  There 

were a total number of 16 treatments (Table 4.5). The experimental plots were 

marked out at the field site on 18th April.  Biosolids and animal faecal material were 

applied and incorporated on 19th April 2005. Sub-samples of each biosolids and 

manure/slurry type were taken for microbiological testing (Section 4.3).  LMAD and 

slurries were applied at a rate of 100 m3 ha-1.  Sludge application by deep soil 

injection was simulated in Treatment 7.  A pit was dug manually to a uniform depth 

of 10 cm.  LMAD was applied at a rate of 100 m3 ha-1 to the base of the pit and the 

soil was replaced.  The sampling depth for the simulated injection plots was 

increased to 15 cm depth to ensure capture of the injection zone.  

 

The microbiological enumeration method (Section 4.2) was chosen on the basis of 

anticipated E. coli counts following dilution in the soil.  Thus, the sensitive 

enumeration most probable number (MPN) method (Section 4.2.2) was used for 

treatments (Table 4.5) where E. coli numbers were expected to be below 
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approximately <3 log10 100 g-1 ds.  All other samples were processed by membrane 

filtration (MF) (Section 4.2.3) until numbers declined below the detection limit, 

when enumeration by the MPN method was performed as well.   

 
 
Table 4.5. Matrix of experimental treatments in Field Trial 1 and the associated 

E. coli enumeration method. 
 

No. Treatment description 
E. coli 

Method 

1 Control (no amendments) MPN 

2 
Control + grass (no 

amendments) 
MPN 

3 DMAD MF 

4 DMAD + grass MF 

5 DRAW MF 

6 LMAD MF 

7 
LMAD (simulated 

injection) 
MF 

8 
TDMAD (enhanced treated, 

low micro content) 
MPN 

9 Pig slurry (PIG) MF 

10 Cow slurry (COW) MF 

11 Farmyard manure (FYM) MPN 

12 Lime-treated cake (Lime) MPN 

13 Protozoa inhibition MPN 

14 
DMAD + protozoa 

inhibition 
MF 

 
 
 
4.3.4 Field trial 2 (FT2) 

 
 
Field trial (FT2) was set up and maintained over the autumn/winter period 

2005/2006.  Biosolids were collected on the 10th, 11th and 12th October 2005 (lime 

cake was delivered by Anglian Water).  The total number of treatments was nine per 

block as listed in Table 4.6. Plots were marked out on 17th October 2005 and the 
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biosolids treatments were applied, incorporated and samples taken on the 18th 

October 2005. The experiment included a protozoan inhibition treatment with thiram 

application at a rate equivalent to 10 g m2 to inhibit the soil protozoa population 

(Ekundayo, 2003).  Thiram was added to unamended and DMAD-amended soil 

treatments at both sites.   

 

Table 4.6. Experimental treatment matrix for FT2. 
 

No. Treatment 
E coli 

Method 

1 
Control (no 

amendments) 
MPN 

2 DMAD MF 

3 DRAW MF 

4 Compost MF 

5 Lime cake MPN 

6 TDMAD MPN 

7 Protozoa inhibition MPN 

8 
DMAD + Protozoa 

inhibition 
MF 

9 
DMAD + E. coli 

O157:H7 inoculant 
MF 

 
 
An inoculation treatment was included to examine the decay of a non-verocytogenic 

strain of the pathogen E. coli O157:H7 (NCTC 12900).  Dewatered mesophilic 

anaerobic digested cake (DMAD) was prepared for inoculation by adding 90 L of 

mains supplied water to 90 kg of sludge (fresh weight) on 11th Octobers 2005 and 

allowing the mixture to equilibrate over night. The re-wetted sludge mixture was 

thoroughly stirred before adding the inoculum the following day.  The E. coli O157 

inoculum was grown overnight in 250 ml of nutrient broth at 37 ˚C.  The bacterial 

suspension was spun at 7000 rpm using a laboratory centrifuge.  The supernatant was 

discarded and the pellet was re-suspended into 1 L of phosphate buffer saline (PBS) 

(Appendix 1).  The concentration of E. coli O157 inoculum added to the biosolids 

was approximately 10 log10 ml-1.   The DMAD slurry was thoroughly mixed before 

and after inoculum addition to ensure the inoculated bacteria were fully dispersed in 
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the sludge.  The inoculated sludge was transferred into sealed 25 L vessels for 

transportation to the field site. The sludge was thoroughly mixed again at the site, 

applied to the soil manually in buckets at a rate of 10 t DS ha-1, and immediately 

incorporated to 10 cm using a pedestrian operated rotary cultivator.  The field tools 

and equipment were decontaminated with a 1 % solution of laboratory cleaning agent 

(Virkon).      

 
4.3.5 Field trial 3 (FT3) 

 

There were six experimental treatments per randomised block in FT 3 (Table 4.7).  

Biosolids were collected on 10th April 2006.  DMAD and DRAW were inoculated 

with a suite of bacterial pathogens including: E. coli O157, Campylobacter jejuni, 

Clostridium perfringens, Listeria monocytogenes and Salmonella enterica.  All 

pathogens were grown for 24 h at 37 ˚C in 250 m1 nutrient broth (Oxoid, 

Basingstoke, UK).  The resulting suspension was pelleted at 7 000 rpm in a lab 

centrifuge.  Numbers of E. coli O157:H7 in inoculated DMAD and DRAW was 8.18 

and 7.77 log10 100 g-1 DS, respectively.  The estimated size of the other bacterial 

pathogens was approximately 8-10 log10 100 g-1 DS.  Phage (MS-2) was also 

included to assess viral decay and was inoculated into a separate batch of DMAD to 

avoid the possible influence of phage on bacterial decay (Section 3.3.6.3).  MS-2 

phage was inoculated directly from the NCTC vial into both sludge types.  The 

specific strains used are listed in Table 4.8 and were chosen to include environmental 

strains which express robust survival characteristics compared to laboratory and 

pathogenic strains (Smith et al, 2005).  The inoculation treatments were prepared by 

mixing 100 kg (w/w) of DMAD with 100 L of water to enable dispersion of 

inoculated bacteria.  In the case of DRAW 140 kg (w/w) of sludge was mixed with 

with 140 L of water.  Plots were marked out on the 18th April 2006 and treatments 

applied on the 19th April following the application and incorporation procedures 

described for FT2.  The first soil samples were collected on the 19th April and 

subsequently at weekly intervals until the 31st August 2006 (Table 4.4).   

 



 82 

Table 4.7. Experimental treatment matrix for FT3. 

No. Treatment E. coli Method 

1 
Control (no 

amendments) 
MPN 

2 DMAD MF 

3 DRAW MF 

4 
DMAD bacterial 

inoculation 
MF 

5 
DRAW bacterial 

inoculation 
MF 

6 
DMAD Phage 

inoculation 
MF 

 

Table 4.8. Organisms and strains used for inoculation in DRAW and DMAD. 

Organism Strain Source 

E .coli O157: H7 NCTC12900 
Veterinary Laboratory Agency 

(VLA), Weybridge 

L. monocytogenes 
Environmental 

isolate 
School of Civil Engineering 

University of Leeds 

S. enterica NCTC 12416 NCTC 

C. perfringens 
Environmental 

isolate 
CREH Analytical, Leeds 

C. jejuni NCTC11168 London School of Hygiene and 
Tropical Medicine 

 

 

4.3.6 Field trial 4 (FT4) 

 

Biosolids were collected from the treatment works on 19th and 20th October 2006 and 

equivalent inoculation treatments to FT3 were prepared. Plots were marked out on 

25th October and the treatments were applied and incorporated on 26th October 2006.  

The first samples were collected on 26th October 2006. The enteric pathogen 

numbers in the inoculated sludges are listed in Table 4.9. 
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Table 4.9. Numbers of pathogens recovered from DMAD and DRAW used in 
FT4 following inoculation of sludges. 

Mean bacterial numbers (CFU 100 g-1 log10 DS) 

Bacterial species Inoculated DMAD  Inoculated DRAW  

E. coli 9.77 8.52 

E. coli O157:H7 11.46 11.17 

L. monocytogenes 11.76 9.92 

S. enterica 9.48 8.81 
C. perfringens 8.23 7.79 

C. jejuni 7.89 7.81 
 

 

4.4 General bacterial enumeration procedures  

 

4.4.1  Introduction 

 
The decay of enteric pathogens was quantified using modified culture techniques 

based on methods designed to measure pathogens in water, soil and biosolids 

(HMSO, 1994; APHA, 1998; Humphrey, 1999).  A membrane filtration (MF) 

method was adapted for the enumeration of all bacterial species investigated.  A most 

probable number method (MPN) was also used to determine E. coli numbers below 

the detection limit of MF (4 log10 100 g-1 ds) (Humphrey, 1999; Jagals, 2000).   

 

4.4.2 Sample preparation 

 

Sample preparation followed standard microbiological procedures (Humphrey, 

1999).  Soils and solid biodegradable materials were aseptically weighed (10 g) and 

transferred to sterile 250 ml Duran bottles containing 90 ml of phosphate buffer 

solution (PBS).  Approximately 10 g of glass beads (2.5-3.5 mm) were added and the 

sample was homogenised by shaking on a laboratory shaker for 4 mins at 230 rpm.  

Liquid sludge and slurry samples (10 ml) were stomached (Stomacher® 400 

circulator, Seward) with 90 ml PBS for 2.5 min at 200 rpm. Serial dilutions were 

performed by transferring 1 ml aliquots to 9 ml of PBS.  Each serial dilution was 
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mixed by vortexing for 1–5 seconds.  For the pathogens Salmonella spp., Listeria 

spp., Clostridium spp., and Campylobacter spp., an additional centrifugation step 

was used to reduce interference and overgrowth of indigenous microflora on the 

membrane plates by removing suspended solids from the homogenised sample 

(Bown and Keevil, 2000).  A 1 ml aliquot of the homogenised sample was therefore 

removed and centrifuged at 2,000 rpm for 1 min.  The pellet was discarded and the 

supernatant was used for the subsequent serial dilutions. Full details of the 

developmental and validation tests of the optimised methodology are presented in 

Section 4.5. 

 

4.4.3 Membrane filtration (MF) 

     

The MF technique followed the general procedure described in Humphrey (1999).  

Vacuum filtration funnels were sterilised by rinsing with 1 % Virkon solution and 

sterile deionised water (SDW).  Sterile funnels were placed in a water bath set at 100 

˚C before use and were flamed with a Bunsen burner when in position on the vacuum 

manifold.  Sterile gridded membrane filter papers (0.45 µm or 0.1µm) (Whatman 

Ltd. Maidstone, England) were aseptically transferred onto the porous disc of the 

funnels.  Aliquots (1 ml) of each serial dilution were transferred onto the membrane 

filter and 20 ml of SDW were added to each filter to increase dispersion.  A vacuum 

was applied and was removed immediately after filtration to minimise air flow 

through the membrane filter.  Filter papers were aseptically transferred to agar plates.  

The process was repeated beginning with the highest dilution in the series and the 

funnels were flamed with the Bunsen burner at each step to minimise cross 

contamination.  The plates were incubated under the appropriate conditions 

according to the requirements of the target organism to be enumerated (Section 4.5). 

The number of colonies per 100 g dry solids (DS) or dry soil (ds) was determined by 

the following calculation: 

DS x  x 

c
  dsor  DS gcfu   . 1-

dv
coliE

∑
=  
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Where Σc is the number of positive colonies counted on membrane filter, v is the 

volume of the sample filtered, d is the dilution factor, and DS is the dry solids 

content or ds for dry soil content. 

 

4.4.4 Most probable number (MPN) 
 
 
An MPN technique was applied to soil and biosolids samples where E. coli counts 

were small and below the determination limit of MF (<3 log10
 100g-1 DS)  (APHA, 

1998; Bown and Keevil, 2000).  After initial preparation (Section 4.2.2), 10-fold 

serial dilutions were prepared by taking 1 ml of the initial dilution and adding this to 

9 ml of PBS and vortexing for 1-5 seconds.  This process was repeated to provide 

serial dilutions to 10-4.  The MPN matrix was prepared by transferring 1 ml of the 10-

2 dilution to each of five MPN tubes containing 10 ml of lauryl tryptose broth 

containing 0.01 g L-1 bromocresol purple (LTBBP).  Each tube therefore contained 

0.01 g of sample.  Five LTBBP tubes, for the second series of MPN, were inoculated 

with 0.1 ml of the 10-2 dilution.  Each of these tubes contained 0.001g of sample.  

Thus, the third and fourth tubes in the MPN series contained 0.0001 and 0.00001 g of 

sample, respectively.  Inoculated tubes were incubated at 36˚C ± 1.0˚C for 48 h.  

Tubes were scored as a positive by the presence of acid, indicated by a yellow colour 

(Figure 4.5).  

 

 

Figure 4.5. LTBBP cultures for E. coli enumeration; yellow colour indicates the 
presence of E. coli. 
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Two tests were performed to confirm positive tubes for the presence of E. coli: (a) 

tryptone water (TW) (Appendix 1) and (b) brilliant green bile (BGB) broth (2%) 

(Appendix 1) incubated for 24 h at 44 ˚C (Humphrey, 1999; Lang et al., 2007).  For 

TW tubes, a dark red colouration on the addition of 0.2-0.3 ml of Kovac’s Reagent 

(Appendix 1) indicated a positive reaction.  BGB tubes showing turbidity and gas 

production indicated a positive reaction and confirmation for E. coli.  

 

The MPN score was calculated from MPN index tables (APHA, 1998).  The highest 

dilution giving positive results in all five tubes and then the subsequent two higher 

dilutions were selected to determine the MPN value.  The following equation was 

applied: 

 

A/(B*C)= MPN E.coli g-1 DS 

 

Where A is the MPN score from the MPN index table, B is 10/actual sample weight, 

C is the percentage DS content in decimal form.   

 

The result was adjusted and reported as the MPN of E. coli as log10 100 g-1 ds or DS. 

 

4.5 Methods validation  

 

4.5.1 Introduction 

 

Bown and Keevil (2000) specified a centrifugation step to homogenise biosolids 

samples prior to serial dilution in the standardised MF enumeration method for 

enteric pathogens.  This step was omitted for enumeration of E. coli O157:H7 due to 

concerns over the potential loss of organisms prior to enumeration that could lead to 

an underestimation of potential pathogen survival (see Section 4.6 for further 

rationale and details).  However, during FT3 no discreet colony formation was 

observed for the other enteric pathogens on the growth media and enumeration plates 

were uncountable due to overgrowth with non-target indigenous microorganisms. 

Therefore, a validation experiment was conducted to optimise the sample preparation 
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and resuscitation times and conditions (Table 4.10) for enteric pathogens prior to 

establishing FT4. The inoculated DMAD and DRAW experimental treatment 

samples from FT3 were stored at 4 ˚C and used in the validation process. 

 

Table 4.10.  Matrix of sample treatment processes used in the method validation 

experiment. 

Centrifugation 
step 

Resuscitation 
media  

Resuscitation 
time  

None 
 

Broth 4 

 Broth 8 

 Broth SRT* 

200 g 1 min Broth 4 

 Broth 8 

 Broth SRT* 

None  Solidified  4 

 Solidified 8 

 Solidified SRT* 

200 g 1 min Solidified 4 

 Solidified 8 

 Solidified SRT* 

   

                 * SRT: Standard resuscitation time for the target organism. 

 

4.5.2 Centrifugation    

 

Centrifugation improved the formation of discreet colonies for the enteric pathogens 

examined and reduced the extent of overgrowth with non-target organisms which 

interfered with colony counting (Figure 4.6). Mean numbers of L. monocytogenes, 

for example, were 6.15 log10 100 g-1 ds in centrifuged samples and 6.11 log10 100 g-1 

ds without centrifugation. Therefore, there was no evidence that centrifugation 

reduced the overall recovery of enteric bacteria from the sample matrices and, 
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consequently, centrifuging was routinely adopted for enumeration of the pathogenic 

microorganisms investigated here (except E. coli O157 – see Section 4.6).   

 

 

 

 

Figure 4.6.  Growth of Listeria monocytogenes on Harlequin Listeria Agar after 
24 hours resuscitation using centrifuged and non-centrifuged sampled serial 

dilutions.  L. monocytogenes colonies are black. 

 

 

4.5.3 Resuscitation media 

 

Liquid resuscitation media was identified as potentially inhibiting the formation of 

discreet colonies by liberating bacteria from membrane filters over the 16-24 h 

resuscitation period.  This was evidenced by the formation of the target chromogenic 

pigmentation for each bacteria on plates but without discreet colonies.  Therefore 

liquid media was solidified using agar to potentially aid the formation of colonies.  

Figure 4.7 shows the effect the addition of agar (1.5 %) to the resuscitation media for 

L. monocytogenes.  Discreet colonies formed on the growth media when the 
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resuscitation medium was solidified, but no colonies were visible using the 

conventional broth resuscitation stage.  A similar result was seen for S. enterica, C. 

jejuni and C. perfringens.  Therefore, solidification of resuscitation media by 

addition of bacteriological agar (Oxoid, Basingstoke, UK) was adopted for the 

enumeration of these organisms by MF.   

 

 

 

Figure 4.7. Growth of L. monocytogenes on Harlequin Listeria Agar after 
resuscitation on solidified media (1.5 % agar). 

 

4.5.4 Resuscitation period 

 

The recommended resuscitation period for enteric bacterial pathogens is 6 – 24 h 

(Bown and Keevil, 2000). However, preliminary observations with reduced 

resuscitation times suggested improved recoveries may be obtained by reducing the 

resuscitation period. Therefore standard 24 h resuscitation was tested and compared 

to 4 and 8 h. Optimum numbers of L. monocytogenes numbers were recovered 

following a 24 h (Figure 4.8) resuscitation compared to 4 or 8  h resuscitation (Figure 

4.6) and therefore the standard enumeration protocol was adopted for this bacteria. 

Similar results were also observed for S, enterica, E. coli O157:H7 and C. jejuni 

where standard resuscitation periods (16, 16 and 24 h respectively) yielded optimal 

bacterial numbers and therefore these organisms wer enumerated by the standard MF 
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method (Bown and Keevil 2000). However, C. perfringens numbers declined with 

increasing resuscitation times (Figure 4.8). Therefore, the recommended resuscitation 

period (4 h) (Unchalee et al., 2005) was adopted in this case.        

 

 

Figure 4.8. Growth of Clostridium perfringens on TSC Agar after 24 and 4 hours 
resuscitation using centrifuged and non-centrifuged soils.  C. perfringens 

colonies are black. 

 

4.6 Bacterial enumeration of specific organisms  

 

4.6.1 Introduction  

 

Table 4.11 shows the resuscitation and growth conditions and media adopted for the 

specific organisms used in the field experiments.  Details of each media are given in 

the following sections and specific concentrations and media preparation guidelines 

are detailed in Appendix 1.  Microaerophilic and anaerobic conditions were 

simulated using Anaerogen and Campygen atmospheric generation systems using an 

AnaeroJar (Oxoid, Basingstoke, UK).  ChromAgar O157 is highly specific to E. coli 

O157 and this is enhanced by the selectivity of the incubation temperatures (Wallace 

et al., 1996; Wallace et al., 1997; Bettelheim, 1998; Ogden et al., 2001). Therefore, 

no centrifugation step was required prior to the procedures described in Section 4.4.3 
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for the enumeration of E. coli O157.  However, to minimise potential interference 

from indigenous microflora the modifications to the enumeration procedures  

described in Section 4.5.3 were adopted for S. enterica, L. monocytogenes, C. jejuni 

and C. perfringens . 

Table 4.11. Resuscitation and growth media/conditions for the pathogenic 
bacteria examined in Field Trial 4. 

Bacterium 
Incubation 

medium 
Incubation 
conditions 

Growth 
medium 

Growth 
conditions 

E. coli MLGA 
30 ˚C for 4 

hours 
MLGA 

44 ˚C for 14 
hours 

E. coli 

O157:H7 

Solidified 
tryptone 

soya broth 

37˚C for 16 
hours 

ChromAgar 
O157 

41 ˚C for 24 
hours 

Salmonella 

enterica 

Tetrathionate 
broth 

(USA)2 

37°C for 16 
hours, aerobic 

Rambach agar4 
37°C for 24/48 
hours, aerobic 

Listeria 

monocytogenes 

Buffered 
Listeria 

enrichment 
broth2 

37°C for 24 
hours, 

microaerophilic 

Harlequin 
agar5 

37°C for 24/48 
hours, 

microaerophilic 

Campylobacter 

jejuni 

Blood-free 
enrichment 

broth3 

37°C for 24 
hours, 

microaerophilic 

Chromogenic 
Campylobacter 

medium3 

37°C for 24/48 
hours, 

microaerophilic 

Clostridium 

perfringens 

Perfringens 
enrichment 
medium1 

37°C for 4 
hours, 

anaerobic 
TSC agar2 

44°C for 24/48 
hours, 

anaerobic 
1 Poumeyrol and Billon (1995) 
2 Oxoid, UK 
3 Bown and Keevil (2000) 
4 M-Tech Diagnostics, UK 
5 Lab M, UK 

 

4.6.2 E. coli  

 

E. coli colonies were enumerated on membrane lactose glucuronide agar (MLGA) at 

30 ˚C for 4 h, then at 44 ˚C for 14 h (HMSO, 1994; Humphrey, 1999; Lang et al., 

2007).  MLGA contains the chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-D-

glucuronide (BCIG) ( 200 mg L-1) to detect specific enzyme activities of E. coli, and 

lauryl sulphate inhibits gram-positive organisms.  The majority of E. coli strains (94 
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– 96 %) produce β-glucuronidase (GUD) (Feng et al., 1982) which cleaves BCIG 

staining E. coli colonies blue.  Fermentation of lactose in the media produces acid 

which is detected by the dye phenol red, staining colonies yellow.  Thus, the 

combination of two biochemical reactions stains E. coli colonies green (Figure 4.9) 

and is highly specific for E. coli (Bown and Keevil, 2000).   

 

 

Figure 4.9. E. coli colonies appear green on MLGA. 
 

However, to aid in identification of colonies, confirmation tests were carried out to 

increase confidence of scoring the slight variations in colony morphologies and 

colours (Section 4.2.4). 

 

4.6.3 E. coli O157:H7 

 

The protocol adopted for enumerating E. coli O157:H7 was a modified version of 

Bown and Keevil (2000) using CHROMAgar O157.  Due to the specificity of 

ChromAgar O157 and the selectivity of incubation temperatures, pre-sample 

clarification (Bown and Keevil, 2000) was unnecessary to reduce the background 

microflora.  While the selective agents for CHROMAgar O157 are not specified by 

the manufacturer, a number of authors have demonstrated the high specificity of 

CHROMAgar O157 for enumeration of E. coli O157:H7 compared to other selective 

media (Wallace et al., 1996; Wallace et al., 1997; Bettelheim, 1998; Ogden et al., 

2001).   Presumptive E. coli O157:H7 colonies are identified by the development of a 

purple colour (Figure 4.10).   
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Figure 4.10.  E. coli O157 colonies appear purple on CHROMAgar O157. 

  

 

4.6.4 Salmonella enterica   

 
Tetrathionate broth was solidified by adding agar (1.5 %) for the resuscitation of S. 

enterica to increase recovery and enumeration of sub-lethally injured cells. Non-

intestinal bacteria were inhibited through the inclusion of bile salts (1 g L-1) while 

tetrathionate and thiosulphate (30 g L-1) inclusion inhibits bacterial growth of other 

bacteria. However, Salmonella spp. produce the enzyme tetrathionate reductase and 

are able to grow in the resuscitation media.  The antibiotic novobiocin was also 

added (40 mg L-1) to inhibit the growth of other bacteria species, such as Proteus 

spp. which can produce tetrathionate reductase.  Rambach agar selectively isolates 

Salmonella spp. by propylene glycol metabolism producing acid (Rambach, 1990), 

which is highly specific for Salmonella spp..  The inclusion of the chromogenic 

indicator, β-galactosidase, differentiates other Enterobacteriaceae spp. from 

Salmonella spp. and desoxycholate is also included to inhibit Gram-positive bacteria 

(Rambach, 1989). After incubation, plates were removed and pink colonies were 

scored as presumptive Salmonella enterica (Figure 4.11). 
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Figure 4.11. Salmonella enterica colonies appear pink on Rambach agar. 

 

4.6.5 Listeria monocytogenes 

 
Buffered Listeria enrichment broth was solidified with 1.5 % agar for resuscitation of 

L. monocytogenes at 37 ˚C for 24 h under microaerophilic conditions in an Anaerojar 

system (Oxoid, Basingstoke, UK).  Filters were aseptically transferred to Harlequin 

Listeria medium (Oxoid, Basingstoke, UK) for the growth phase under 

microaerophilic conditions and incubated at 37 ˚C for 48 h.  Harlequin Listeria 

medium contains CHE-glucoside (0.25 g L-1) which is hydrolysed by Listeria spp. to 

form 3,4-cyclohexenoesculetin (CHE).  CHE complexes with ferric ions in the 

medium forming a black precipitate producing easily distinguishable colonies (Smith 

et al., 2001).  After incubation, plates were removed and black colonies were 

enumerated (Figure 4.12).  

 

4.6.6 Campylobacter jejuni  

 
Enumeration of C. jejuni was performed using solidified blood-free enrichment broth 

for the resuscitation stage and chromogenic Campylobacter media for the growth 

phase.  The chromogenic Campylobacter spp. media uses the chromogen 5-bromo-4-

chloro-3-indolyl sulphate (0.1 g L-1) to detect the presence of aryl sulphatase (Bown 

and Keevil, 2000).   After incubation, plates were removed and enumerated by 

scoring blue/green colonies as presumptive Campylobacter spp. (Figure 4.13).  
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Figure 4.12.  Listeria monocytogenes colonies appear black on Harlequin Listeria 

media. 

 

 

 

Figure 4.13.  Campylobacter jejuni colonies appears blue on chromogenic 
Campylobacter media. 

 
4.6.7 Clostridium perfringens  

 
A standard MF method was adopted for the enumeration of Clostridium perfringens 

based on Sartory et al. (1986) using solidified perfringens enrichment medium 

(PEM) for the resuscitation period and Tryptose Sulphite Cycloserine (TSC) agar as 

the selective growth phase.  Sodium metabisulphate (1 g L-1) and ferric ammonium 



 96 

citrate (1 g L-1) were included in the media as an indicator of sulphite reduction by 

Clostridia spp. (Sartory 1986; Sartory et al., 1998).  D-cycloserine (400 mg L-1) was 

also included as a highly selective agent for Clostridium perfringens.  After 

incubation Clostridium spp colonies appeared black on the agar plates and were 

scored as presumptive (Figure 4.14). 

 

 

 

 

Figure 4.14.  Colonies of Clostridium perfringens appear black on TSC agar. 

 

 

4.7 Statistical analysis 

 

Statistical analysis was undertaken using the statistical package, SPSS V15.0 (SPSS 

15.0 for Windows©).  Multiple regression models were developed to quantify the 

statistical significance of the effects of experimental treatments as well as soil and 

environmental factors on the decay and population dynamics of non-pathogenic 

(Section 5) and pathogenic E. coli (Section 6.3.4) in agricultural soils.  

Microbiological and environmental data were pooled for all field trials (FT1-FT4) to 

develop the statistical models.  A stepwise selection method was used (Quinn and 

Keough, 2002) and the general forms of the equation can be found in Section 5.2 

 

Simple linear, quadratic and exponential regression models were developed using 

SPSS V15.0 (SPSS 15.0 for Windows©) and Microsoft Excel 2003 to describe the 
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relationships between E. coli numbers  (Section 5.2) and time as well as 

environmental conditions using the pooled data from all field trials.  General forms 

of the equations are described in Section 5.2.  One-way ANOVA analysis was used 

to determine the statistical significant of differences in E. coli numbers between 

experimental treatments in Section 8 and to determine when bacterial numbers were 

not significantly different from the unamended agricultural control soils (Sections 5,6 

and 7).   

 

Simple linear regression models were also developed to quantify the relationships 

between time and the decay of pathogenic enteric bacteria in soil (Chapter 7).  

Further linear regression models were derived to evaluate the use of non-pathogenic 

E. coli and Clostridium perfringens as faecal indicators of enteric pathogen decay in 

sludge-amended soils (Sections 6.3.5 and 7.3.5).   

 

Statistical significance is denoted using symbols of * (P<0.05), ** (P<0.01) *** 

(P<0.001) and NS (not significant). 
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CHAPTER 5 

Long-term field investigations on the factors influencing decay and 
behaviour of Escherichia coli in biosolids and livestock amended 

agricultural soils 
 

5.1 Introduction 

 

Many human, animal and plant pathogens can be potentially isolated from raw and 

treated biosolids (Carrington, 1998b; Deportes et al., 1998; Carrington, 2001).  Such 

pathogens pose a potential health risk when applying biosolids to agricultural soils as 

a fertiliser (Gerba and Smith, 2005).  However, management practices are designed 

to minimise pathogen transmission by implementing barriers to the transfer of 

pathogens to humans.  The World Health Organisation recommended a multiple 

barrier approach (WHO, 1989) to prevent infections when sludge is used in 

agriculture.  Following this system sludge is treated to reduce the pathogenic content 

and land application restrictions prevent the use on crops that may be consumed 

uncooked and also allow the dilution and natural attenuation of the remaining 

pathogenic content in soil.   

 

However, due to the lack of scientific understanding of pathogen decay processes in 

soil, uncertainty remains about the risks to health when biosolids are used as an 

agricultural soil improver (Gale, 2005).  For example, there is a lack of decay data 

for pathogenic organisms over the 12-30 month harvest/cropping (Gale 2005) 

interval stipulated by the Safe Sludge Matrix (ADAS 2001).  This fundamental 

information is essential for microbial risk assessment models (Gale, 2005) to 

quantify the potential risk to human health from the agricultural use of sewage 

sludge.  This chapter describes a series of long-term field experiments to quantify the 

decay profile of a faecal indicator organism, E. coli, in two UK agricultural soils and 

to determine the factors influencing the decay processes.        

5.2 Materials and methods 

 

Details of field trial material and methods can be found in Chapter 4 
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5.2.1 Statistical analysis 

 

The statistical significance of the effects of experimental treatments as well as soil 

and environmental factors on the decay and population dynamics of E. coli in 

agricultural soils was examined by one way ANOVA and simple linear, exponential, 

quadratic and multiple regression analysis techniques (Quinn and Keough, 2002).  

Microbiological and environmental data were pooled for all trials (FT1-FT4).  

Statistical analysis was undertaken using the statistical package, SPSS V15.0. 

 

A stepwise selection procedure was followed to eliminate those explanatory 

variables accounting for the smallest proportions of the total variance in soil E. coli 

concentration data and to identify the statistically significant variables explaining E. 

coli population dynamics and decay.  Simple regression models were fitted to the 

data in relation to time, soil temperature and soil moisture content for unamended 

control soils and soils amended with the different sludge types.  Linear regression 

models had the form: 

 

y = ax + b                           Equation 5.1 

 

where y is the E. coli concentration in the soil (log10 100 g-1 ds), a is the mean rate of 

change in E. coli population in the soil (log10 100 g-1 ds d-1) and b is the initial E. coli 

population in the soil (log10 100 g-1 ds) after sludge addition.  The independent 

variable, x, may be either time (d umber since sludge incorporation), temperature 

(˚C) or soil moisture content (% w/w). 

 

An exponential regression function, describing a symmetrical sigmoidal decay 

response, was also fitted to summarise the decay response of E. coli in agricultural 

soils in relation to time.  The general form of the equation was: 

 

y = a + be (-kx)                Equation 5.2 
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where y is the initial E. coli concentration at x (log10 100 g-1 ds), a is the background 

E. coli in the soil  (log10 100 g-1 ds), b is the size of the decaying E. coli population in 

the soil (log10 100 g-1 ds), a + b is the initial E. coli population in the soil (log10 100 

g-1 ds), k is the rate constant (log10 100 g-1 ds d-1) and x is time (d number since 

sludge incorporation).   

 

Quadratic regression models were also fitted to describe the E. coli time relation as 

well as the E. coli soil temperature relation.  The general form of the equation is: 

 

y = ax
2
 + bx + c                       Equation 5.3 

 

where y is the soil E. coli population at x (log10 100 g-1 ds), a, b and c are rate 

constants (log10 100 g-1 ds d-1) and x is the independent variable representing either 

time (d number of days since the application of biosolids) or soil temperature (˚C). 

 

5.3 Results 

 

5.3.1 E. coli populations in unamended control soils 

 

5.3.1.1 General patterns of response 

 

E. coli were detected in unamended control soil from both field sites within the 

ranges previously reported for UK agricultural soil of 1 – 6 log10 100 g-1 ds (Figures 

5.1a and 5.2a) (Lang et al., 2007).  The indigenous soil E. coli population measured 

in the unamended control soils was consistently and significantly (P<0.001) higher in 

Brices soil compared to North Sidelands soil.  The overall mean background number 

of E. coli measured in unamended control soil from Brices field was  

3.57 log10 100 g-1 ds, calculated from the pooled data from all the field experiments, 

and the pooled mean value for North Sidelands soil was 2.76 log10 100 g-1 ds.   
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(b) Soil temperature
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(c) Soil moisture
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Figure 5.1. (a) Indigenous E. coli numbers populations, (b) soil temperature and 
(c) soil moisture content for Brices soil in relation to sampling date. 
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(b) Soil temperature
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(c) Soil moisture
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Figure 5.2. (a) Indigenous E. coli numbers, (b) soil temperature and (c) soil 
moisture content for North Sidelands soil in relation to sampling date. 
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The results of the microbiological analysis of soil samples from the unamended 

control plots showed the highly dynamic nature of the indigenous background E. coli 

population.  E. coli numbers increased during the spring (April and May) and autumn  

 (September and October) seasons (Figure. 5.1a and 5.2a).  During FT1, E. coli 

numbers were 5.70 and 3.52 log10 100 g-1 ds at the beginning of the experiment in 

April 2005 for Brices and North Sidelands soils, respectively.  Numbers 

subsequently declined from the initial recorded values to a minimum mean result of 

approximately 2 log10 100 g-1 ds after a monitoring period of 90 days in July 2005 in 

both soil types.  During this period, soil temperature at both sites increased from 

approximately 12 ˚C to >20 ˚C (Figure 5.1b and 5.2b).  Soil moisture content was 

also fluctuating during this monitoring period, and was in the range: 8-25 % (w/w) 

and 12-30 % (w/w) in soil from the Brices Field and North Sidelands sites, 

respectively (Figure 5.1c and 5.2c).  E. coli numbers recovered to 3–4 log10 100 g-1 

ds at the final sampling time after 150 days from commencing the experiment 

(Figure 5.1b and 5.2b).  Consequently, the population dynamics of the indigenous 

soil bacteria would have a major bearing on interpreting the decay profiles of 

external inputs of the organism from biosolids.   

 

A similar pattern of E. coli populations was observed during FT2 in the autumn 

winter period 2005-06.  In this case numbers were 3.21 log10 100 g-1 ds in both 

Brices and North Sidelands soils at the start of the experiment in October 2005 

(Figure 5.1a and 5.2a).  Numbers subsequently declined to a value of approximately 

1.50 log10 100 g-1 ds by Day 119 in February 2006 in both soil types and then 

increased until Day 317 during September 2006 to 3.40 and 2.90 log10 100 g-1 ds in 

Brices and North Sidelands soils, respectively.   

 

In contrast to FT1 and FT2, background E. coli numbers measured during the spring-

summer period 2006 in FT3 in North Sidelands soil varied by up to +/- 1 log10      

100 g-1 ds, but showed no clear overall upward or downward trend with time.  E. coli 

numbers in North Sidelands soil initially were 2.87 log10 100 g-1 ds and were 

generally similar throughout the experiment at 2.95 log10 100 g-1 ds on Day 89 and 

2.46 log10 100 g-1 ds on the final sampling event on Day 134 were.  Interestingly, the 
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lowest E. coli numbers of 0.97 log10 100 g-1 ds recorded in North Sidelands soil 

occurred when the soil temperature peaked at approximately 23 ˚C (Figure 5.2b) in 

early August 2006 and soil moisture content had decreased to approximately 16 % 

(w/w) (Figure 5.2c).   E. coli numbers in soil from Brices field followed a similar 

response and declined during a period when the soil was warm and dry in FT3 during 

the summer of 2006 (Figure 5.1a).  During this period E. coli numbers decreased to 

approximately 2 log10 100 g-1 ds (Figure 5.1a) in July 2006, which  corresponded 

with high soil temperatures equivalent to 21 ˚C (Figure 5.1b) and low soil moisture 

contents of 8 % (w/w) (Figure 5.1c).  In general, E. coli numbers in Brices soil varied 

to a greater extent compared to North Sidelands during FT3.  Initially numbers in 

Brices soil were 4.16 log10 100 g-1 ds during May 2006 and declined to 2.95 log10 

100 g-1 ds by Day 89 in July 2006.  Numbers subsequently recovered to 3.61 log10 

100 g-1 ds by Day 134 during September 2006 in this soil type. 

 

For FT4, E. coli numbers were initially 3.39 and 3.74 log10 100 g-1 ds in Brices and 

North Sidelands soils, respectively during October 2006 (Figure 5.1a and 5.2a).  

Numbers decreased to 2.56 and 1.79 log10 100 g-1 ds in Brices and North Sidelands 

soils, respectively, by Day 194 during May 2007.  By Day 316, in September 2007,  

E. coli numbers increased to 4.43 log10 100 g-1 ds in Brices soil and 4.79 log10 100 g-1 

ds in North Sidelands soil.  Some weed development had taken place on the plots at 

the final monitoring point, although this did not apparently influence E. coli numbers 

which were within the normal ranges observed for both soil types during the three 

year period of field experimentation. 

 

5.3.1.2 Statistical models of indigenous E. coli populations in soil 

 

Stepwise multiple regression analysis of the pooled data from all field trials and soil 

types was performed to test the effects of time, the environmental variables and their 

interactions on E. coli populations in unamended control soils (Table 5.1).  The 

multiple regression analysis results were consistent with the linear regression 

analysis and confirmed that soil moisture content had no statistically significant 

(P>0.05) effect on E. coli numbers in soil.  In contrast, time (the number of days 
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since biosolids application) explained 11.9 % of the variance and was statistically 

significant (P<0.001).  Soil type accounted for  10.1 % (P<0.001) of the total 

variance and this was explained by the significantly larger background numbers of E. 

coli in Brices soil compared to North Sidelands soil.  The effect of soil temperature 

on E. coli numbers explained approximately    4.2 % of the total variance in the 

pooled experimental data and was highly significant (P<0.001).  Field trial was also a 

significant factor (P<0.001), but only accounted for a small proportion of the total 

variance equivalent to 2.5 %. 

 

Table 5.1. Statistical significance of environmental and experimental factors 
influencing soil E. coli populations and decay in unamended 
agricultural soils determined by stepwise multiple regression 
analysis of pooled field trial data. 

 

Source of 
Variation 

Proportion of total 
variance explained 

(%) 
Significance level 

Time 11.9 P<0.001*** 

Temperature 4.2 P<0.001*** 

Moisture 
Excluded from 

model 
0.994 NS 

Temp*Temp 8 P<0.001*** 

Temp*Moisture 
Excluded from 

model 
0.282 NS 

Soil type 10.1 P<0.001*** 

Field Trial 2.5 P<0.001*** 

 

To further examine the relationships between time, soil temperature and moisture 

and E. coli numbers in the unamended control soils, linear and quadratic regression 

analysis was performed on the pooled data from all field experiments for each soil 

type.  E. coli numbers in unamended control soil from both sites (Figures 5.3a and 
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Figure 5.3. Relationships between background E. coli numbers in unamended  
control soil from Brices Field and (a) time (b) soil temperature and (c) soil 

moisture. 
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Figure 5.4. Relationships between background E. coli numbers in unamended 
control soil from North Sidelands and (a) time (b) soil temperature and (c) soil 

moisture. 
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5.4a) were highly significantly related to time (P<0.001) and were described by a 

quadratic equation in each case, which accounted for 28.2 and 27.3 % of the total 

variance in E. coli numbers for Brices and North Sidelands soils, respectively.  E. 

coli numbers decreased with time until approximately Day 150. Although the 

intensity of sampling was reduced after Day 150, the results suggested numbers 

subsequently recovered and increased after this period.  E. coli numbers were also 

significantly (P<0.001) related to soil temperature, which accounted for 28 % of the 

total variance in E. coli numbers in Brices soil and 22 % of the total variance in 

North Sidelands soil (Figures 5.3b and 5.4b).  The regression analysis suggested a 

dynamic link between soil E. coli populations and soil temperature and showed that 

numbers increased and were at their highest as soil temperature rose to 

approximately 13-15 ˚C.  However, above this soil temperature threshold, E. coli 

numbers decreased in warmer soil conditions.  This could also be related to low soil 

moisture contents that usually occurred concomitantly with the warmest soil 

conditions.  However, no statistically significant relationship was detected by linear 

regression analysis between E. coli numbers and soil moisture contents for the 

pooled data for all the field experiments at each site (Figures 5.3c and 5.4c).  An 

apparently wide range of soil moisture contents occured during the field trials, 8-30 

% (Figures 5.3c and 5.4c).  However, the results suggested the range of soil moisture 

content values experienced under temperate conditions are not essential to the growth 

or survival of E. coli soil populations. 

 

Upon closer inspection, the environmental data indicated that soil temperature and 

moisture content were correlated with time in both soil types (Figures 5.5 and 5.6).  

In general, soil temperature increased with time from commencing the experiments 

(Figures 5.5a and 5.6b) whereas soil moisture content decreased with time (Figures 

5.5b and 5.6b).  Both relationships were statistically significant (P<0.05) (Figure 5.5 

and 5.6) irrespective of soil type and may be an artefact of the extended sampling 

periods during the summer period FT2 and FT4 (Figures 5.1 and 5.2). 

 

Figures 5.5c and 5.6c show the autocorrelation between these environmental 

variables with soil moisture content decreasing with increasing temperature in both  
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Figure 5.5. Relationships between (a) soil temperature and (b) moisture content 

and time from commencing the field experiments and (c) shows the 
autocorrelation between soil temperature and moisture for unamended Brices 

soil. 
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Figure 5.6. Relationships between (a) soil temperature and (b) moisture content 
and time from commencing the field experiments and (c) shows the 

autocorrelation between soil temperature and moisture for unamended North 
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soil types, as would be expected for UK temperate conditions (Lang et al., 2007).  

Thus, interpreting statistical models of relationships between E. coli numbers in field 

soil and these environmental variables should be undertaken cautiously.  

 

5.3.2 E. coli numbers in soil amended with dewatered raw sludge (DRAW)  

 

5.3.2.1 General patterns of response in relation to time for each field experiment 

 

The addition of DRAW increased E. coli numbers in all field experiments due to the 

E. coli content of dewatered untreated biosolids (see Section 4.1).  In FT1, E. coli 

numbers increased to approximately 6.5-7 log10 100 g-1 ds in both soil types (Figure 

5.7).  A similar response was observed following the addition of DRAW to soils in 

FT4.   In that case, E. coli numbers were increased to approximately 5.5 and 6.3 log10 

100 g-1 ds in Brices (clay loam soil) and North Sidelands (clay soil) soils (Figure 5.8a 

and b), respectively, during FT4 in September 2006.   

 

Following the initial increase in E. coli numbers, associated with the addition of 

untreated dewatered biosolids, a similar pattern of E. coli behaviour occurred in both 

FT1 and FT4.  E. coli numbers showed a rapid decline of approximately 2.5-2.8 log10 

100 g-1 ds over a period of 20-40 days after sludge application during FT1 in May 

2005 (Figure 5.7).  A similar decay of E. coli numbers occurred within 40-50 days 

during December 2006 in FT4 as numbers declined by approximately 1.8 and 3 log10 

100 g-1 ds in Brices (clay loam) and North Sidelands (clay) soils, respectively (Figure 

5.8a and b).   Following this initial rapid period of decay an apparently slower phase 

of decay occurred in both soil types and numbers remained above the control values.  

By the final sampling event, however, E. coli numbers in sludge amended soil were 

not statistically significantly different (P>0.05) to those measured in the unamended 

control soils.     

 

In contrast, E. coli numbers increased to a lesser extent following DRAW application 

to FT2 and FT3, compared with FT1 and FT4.  E. coli numbers initially increased to 

approximately 6.2 log10 100 g-1 ds in Brices soil by DRAW application to FT2 
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(Figure 5.9a), but they only rose to approximately 4.4 log10 100 g-1 ds in North 

Sidelands soil (Figure 5.9b).  Smaller increases in E. coli numbers also occurred in 

both soil types in FT3 compared to FT1 and FT4.  In this case numbers increased 

initially to approximately 3.5 log10 100 g-1 ds in both soil types (Figure 5.10).  E. 

coli populations measured in samples of DRAW used in all the field experiments 

were generally equivalent to 6.5-6.9 log10 100 g-1 ds, therefore, this could not explain 

the varying E. coli population response following DRAW addition to soil.   

 

In September 2005, E. coli numbers in the sandy silt loam soil collected from Brices 

field in FT2 showed a similar pattern of rapid decay after the addition of dewatered 

untreated sludge (Figure 5.9a) compared to FT1 and FT4.  A decline in E. coli 

numbers of approximately 2.5 log10 100 g-1 ds occurred within 50-60 days of sludge 

application in FT2.  In comparison, E. coil numbers in the silty clay soil (North 

Sidelands) declined by approximately 1 log10 100 g-1 ds within 50-60 days following 

application during December 2006 in FT2 (Figure 5.9b).  This smaller decline in 

numbers was consistent with a lower initial population of E. coli following DRAW 

addition.  After 132 days from commencing the experiment (February 2006), 

numbers of E. coli in both soil types amended with DRAW were not statistically 

different to the unamended control soil (P<0.001).  

 

Numbers of E. coli in DRAW amended soils showed a different pattern of behaviour 

in FT3 (Figure 5.10).  In this case, numbers increased to a lesser degree to 3.5 log10 

100 g-1 ds compared to the control in both soil types with DRAW amendment.  

However, numbers fluctuated following a generally increasing pattern until Day 89, 

in July 2006, reaching values of 5.7 and 5.4 log10 100 g-1 ds in Brices (clay loam) 

(Figure 5.10a) and North Sidelands (clay) soils (Figure 5.8b), respectively.  After this 

time E. coli numbers declined until the final monitoring event on Day 134 in August 

2006, when they had decreased to 3.5 and 3.1 log10 100 g-1 ds in Brices and North 

Sidelands soils, respectively, and were not statistically significantly different 

(P>0.05) from the unamended control soils at this time.   
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Figure 5.7. E. coli populations in (a) sandy silty loam (Brices) and (b) silty clay (North Sidelands) soils amended with DRAW in 
FT1, April 2005 to September 2005. 
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Figure 5.8. E. coli populations in (a) clay loam (Brices) and (b) clay (North Sidelands) in soils amended with DRAW in FT4, 
October 2006 and September 2007. 
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Figure 5.9. E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with DRAW during 
FT2, September 2005 to March 2006. 
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Figure 5.10. E. coli populations in (a) clay loam (Brices) and (b) clay (North Sidelands) soils amended with DRAW during FT3, 
April 2006 to August 2006. 
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Nevertheless, in all field trials after approximately 20 days after sludge application E. 

coli numbers in the unamended control soils declined to a greater extent compared to 

the DRAW amended treatment plots (Figures 5.7-5.10).  Numbers showed a general 

pattern of decay but remained approximately 0.5-2 log10 100 g-1 ds higher in the 

sludge-amended soils compared to the unamended control soils.  Within 

approximately 130-316 days numbers in the unamended control soils had increased 

so that there was no significant difference compared to the sludge-amended soils.  

This apparent period of elevated E. coli numbers, following an initial phase of decay, 

could be explained by the responsive indigenous soil E. coli (Section 5.3.1)   

responding to substrate input following sludge incorporation.   

 

5.3.2.2 Statistical models of E. coli population responses to experimental and 

environmental variables 

 

Pooled data from all field experiments and both soil types were collated for a 

multiple regression analysis to test the statistical relationships between the 

environmental and soil variables and E. coli numbers following the addition of 

DRAW (Table 5.2).  The multiple regression model accounted for 38.3 % of the total 

variance in E. coli numbers and was highly statistically significant (P<0.001).  This 

showed time as the major statistically significant factor influencing E. coli numbers, 

which accounted for 20 % of the variance in E. coli numbers (Table 5.2).  Soil 

temperature was also an important factor explaining E. coli numbers in soil, 

accounting for 15.6 % of the total variance (Table 5.2).  Other statistically significant 

factors identified by the model were soil moisture and soil type, but these only 

explained 1.1 % and 1.6 % of the total variance in E. coli numbers, respectively. 

 

These relationships were statistically significant (P<0.001) for Brices (Figure 5.11a) 

and North Sidelands, explaining 15-29 % of the total variance (Figure 5.12a), and 

showed that E. coli populations decreased with time. 
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Table 5.2. Statistical significance of environmental and experimental factors 
influencing soil E. coli population decay in DRAW-amended 
agricultural soils determined by stepwise multiple regression analysis 
of pooled field trial data. 

 

Source of 
Variation 

Proportion of total 
variance explained 

(%) 
Significance level 

Time 20 P<0.001*** 

Temperature  15.6 P<0.001*** 

Moisture 1.1 P<0.001*** 

Temp*Temp Excluded from model 0.632 NS 

Temp*Moisture Excluded from model 0.858 NS 

Soil type 1.6 P<0.001*** 

Field Trial Excluded from model 0.463 NS 

 
 
The linear models were fitted to the E. coli data following a manual least squares 

procedure to restrict the data set only to the decay part of the response.  This 

indicated a linear decay rate for E. coli of  0.01-0.012 log10 100 g-1 ds d-1 relative to 

time (Day 0-194) in DRAW-amended soil.  A similar value was obtained, equivalent 

to 0.09-0.015 log10 100 g-1 ds d-1 , for the exponential decay models, which were used 

to summarise the data without restriction including the asymptote representing the 

stable population of E. coli in the soils. 

 

The relationship between soil temperature and soil moisture content was also 

quantified using simple linear regression analysis.  A quadratic regression model was 

fitted to the pooled data from all field experiments to describe the relationship 

between soil temperature and E. coli numbers following DRAW addition to each of 

the soil types.  Soil temperature was a highly statistically significant factor (P<0.001) 

influencing E. coli numbers in both soil types (Figure 5.11b and 5.12b) accounting 

for 11-23 % of the total variance.  The regression models showed that E. coli 

numbers increased with increasing soil temperature, however the magnitude of the 

response decreased above approximately 15 ˚C.  In contrast to temperature, the 

regression analysis on individual sites showed that soil moisture content was not 

statistically significant (P> 0.05) (Figure 5.11c and 5.12c).   However, as shown in  
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Figure 5.11. Relationships between E. coli numbers and (a) time, (b) soil 
temperature and (c) soil moisture in Brices soil amended with DRAW. 
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Figure 5.12. Relationships between E. coli numbers and (a) time (b) soil 

temperature and (c) soil moisture in North Sidelands soil amended with DRAW. 
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Section 5.3.1.2 the environmental variables were autocorrelated with time which may 

explain the small, albeit significant, influence of soil moisture content on E. coli 

numbers detected in the multiple regression analysis (Table 5.2).   

 

5.3.2.3 Inoculated raw sludge cake 

 

Prior to application to field soil, DRAW was prepared for inoculation of pathogenic 

species as a slurry by mixing with water (Section 4.3.4).  E. coli numbers were also 

measured in the inoculated DRAW treatments and were significantly (P<0.001) 

larger overall (4.86 log10 100 g-1 ds) compared to the DRAW cake amended plots 

(4.32 log10 100 g-1 ds). Consequently these data were analysed separately.  In FT3, E. 

coli numbers increased to approximately 5.2 log10 100 g-1 ds in Brices soil (Figure 

5.13a) and 5.8 log10 100 g-1 in North Sidelands soil (Figure 5.13b) following the 

addition of inoculated DRAW sludge.  In comparison, E. coli numbers initially were 

6.1 log10 100 g-1 ds in Brices soil (Figure 5.14a) and 6.6 log10 100 g-1 ds in North 

Sidelands soil (Figure 5.14b) in FT4.  Numbers declined overall by 1 and 1.5 log10 

100 g-1 ds compared to the initial values in Brices and North Sidelands soils, 

respectively, in FT3 but remained approximately 1-2 log10 100 g-1 ds above the 

control soils (Figure 5.13).    

 

Nevertheless, there was no statistically significant difference (P>0.05) between 

inoculated DRAW amended soils and the unamended control soils by the final 

monitoring event after 134 days.  In contrast, during FT4, E. coli numbers declined 

rapidly and after Day 100 in the summer period of 2007 decreasing by approximately 

2  log10 100 g-1 ds in both soil types (Figure 5.14).   The E. coli population in the soil 

amended with inoculated raw sludge was significantly larger than in background soil 

until Day 200, after which time there was generally no significant difference 

(P<0.05) in E. coli numbers between the experimental treatments.  
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Figure 5.13. E. coli populations in the (a) clay loam (Brices) and (b) clay (North Sidelands) soils amended with inoculated DRAW 
during FT3 from April 2006 to August 2006. 

 
(a)

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300 350

Time (days)

E
. 

co
li

 1
0

0
 g

-1
 d

s 
(l

o
g

1
0
)

 
(b)

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300 350

Time (days)

E
. 

co
li

 1
0

0
 g

-1
 d

s 
(l

o
g

1
0
)

Replicate A
Replicate B
Replicate C
Mean
Contro l

 

Figure 5.14. E. coli populations in the (a) clay loam (Brices) and (b) clay (North Sidelands) soils amended with inoculated DRAW 
during FT4 from October  2006 to September 2007. 
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Table 5.3 presents the results from the multiple regression analysis of E. coli 

numbers in soil amended with inoculated DRAW sludge.  Time was the main factor 

(P<0.001) influencing E. coli and field trial and temperature (Temp*Temp) were also 

significant (P<0.001 and P<0.01, respectively) explanatory variables accounting for 

4.3 and 3.0 % of the total variance, respectively. 

 
Table 5.3. Statistical significance of environmental and experimental factors 

influencing soil E. coli populations and decay in inoculated DRAW 
amended agricultural soils determined by stepwise multiple 
regression analysis of pooled field trial data. 

 

Source of 
Variation 

Proportion of total 
variance explained (%) 

Significance 
level 

Time 50 P<0.001*** 

Temperature  Excluded from model 0.746 NS 

Moisture Excluded from model 0.965 NS 

Temp*Temp 3 P<0.01** 

Temp*Moisture Excluded from model 0.78 NS 

Soil type Excluded from model 0.333 NS 

Field Trial 4.3 P<0.001*** 
 

 

Restricted linear regression models fitted by manual least squares optimisation and 

exponential decay functions summarising the decay in E. coli numbers in soil 

amended with inoculated DRAW sludge are presented in Figures 5.15a and 5.16a.  

Whilst overall E. coli numbers were generally larger in the inoculated DRAW slurry-

amended soil compared to DRAW cake, the patterns of decay were similar for both 

experimental treatments in both soil types.  Thus, linear decay rate constants for 

DRAW applied in slurry form were equivalent to 0.011-0.015 log10 100 g-1 ds d-1 and 

the exponential decay rate values were 0.012-0.013 log10 100 g-1 ds d-1. Soil 

temperature was not a statistically significant factor influencing E. coli decay when 

examined using data from individual sites (Figures 5.15b and 5.16b), whereas soil  
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Figure 5.15. Relationships between E. coli numbers and (a) time (b) soil 
temperature and (c) soil moisture in Brices soil amended with inoculated 

DRAW. 
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Figure 5.16 Relationships between E. coli numbers and (a) time (b) soil 
temperature and (c) soil moisture in North Sidelands soil amended with 

inoculated DRAW. 
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moisture was statistically significant (P<0.001) (Figures 5.15c and 5.16c).  The 

results were consistent with the multiple regression analysis, which showed that there 

was no statistically significant main effect of temperature on E. coli numbers in soil.  

However, the apparently significant effects of soil moisture content in this case, 

compared to dewatered cake (Table 5.2), may be explained due to the addition of 

water to the dewatered raw sludge in preparing the slurry (Section 4.3.4).   

 
5.3.3  Conventionally treated biosolids. 

 

5.3.3.1 Dewatered mesophilic anaerobically digested (DMAD) biosolids 

 

5.3.3.1.1 General patterns of behaviour in relation to time for each field experiment 

 

As would be expected from the E. coli population present in biosolids treated to a 

conventional microbiological standard (ADAS, 2001), E. coli numbers increased in 

both soil types in all field trials following the addition of DMAD.   DMAD increased 

E. coli numbers to 6.9 and 6.8 log10 100 g-1 ds initially in Brices and North Sidelands 

soil, respectively (Figure 5.17).  Numbers subsequently declined by 2.5-2.6 log10 100 

g-1 ds in both soil types by Day 20 (Figure 5.17) and an overall decrease of 

approximately 3 log10 100 g-1 ds occurred by Day 41 (Figure 5.17).  After this time 

E. coli numbers were relatively consistent at approximately 4 log10 100 g-1 ds and 

remained above the unamended control value until the final sampling event on Day 

155 when numbers were not statistically significantly different (P>0.05) to the 

control at both field sites. 

 

The application of DMAD in FT2 increased E. coli numbers in soil to 5.1- 5.5 log10 

100 g-1 ds (Figure 5.18).   In contrast to FT1, E. coli numbers increased after 

biosolids application to 6.8 log10 100 g-1 ds on Day 14 in Brices soil and 6.1 log10 

100 g-1 ds in North Sidelands soil on Day 8.  This was a transient response, however 

and numbers declined by 2.5-2.8 log10 100 g-1 ds by Day 55 (Figure 5.18).  As in 

FT1, E. coli numbers in FT2 were variable, but were within the approximate range of 

4-5 log10 100 g-1 ds and showed a two-phase decay pattern similar to that observed in 

DRAW-amended soils.  In both soil types, E. coli numbers in DMAD-amended soils  
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Figure 5.17. E. coli populations in the (a) sandy silt loam (Brices) and (b) silty clay loam (North Sidelands) soils amended with 
DMAD during FT1 in April 2005 to September 2005.  
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Figure 5.18. E. coli populations in the (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with DMAD 
during FT2 from October 2005 to March 2006. 
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remained elevated compared to the unamended control soils after the initial periods 

of rapid decay (Figure 5.18).  However, by the final sampling event, on Day 134 of 

FT2, E. coli numbers in the unamended control soil increased and no statistically 

significant difference (P>0.05) was detected by ANOVA between the unamended 

control or DMAD amendment treatments. 

 

In FT3, DMAD application to both agricultural soils gave a different pattern of E. 

coli decay in comparison to FT1 and FT2.  Here, E. coli numbers in DMAD 

amended soil increased to approximately 5.7 log10 100 g-1 ds in both soil types 

(Figure 5.19).  Numbers declined consistently over the monitoring period of the 

experiment by approximately 1.7 and 2 log10 100 g-1 ds in Brices (Figure 5.19a) and 

North Sidelands (Figure 5.19b) soils, respectively.  E. coli numbers were not 

significantly different compared to the unamended control soil on the last sampling 

event after 134 days. 

 

The patterns of decay in DMAD-amended soils in FT4 were similar to those 

observed in FT1.  E. coli numbers were increased with biosolids addition to 7.0-7.3 

log10 100 g-1 ds and declined by approximately 2 log10 100 g-1 ds by Day 43 in Brices 

soil (Figure 5.20a).  In North Sidelands soil, numbers decreased by approximately 

2.6 log10 100 g-1 ds by Day 73 (Figure 5.20b).  In both soils, numbers showed a 

general pattern of decline, but remained above the unamended control until Day 194, 

when the indigenous populations in unamended control soils increased and was not 

significantly different (P>0.05) from the values in DMAD-amended soil.  The 

treatment plots were monitored for a total of 316 days in FT4, to provide long-term 

information on E. coli dynamics in biosolids amended agricultural soil.  At that 

stage, however, E. coli numbers in the unamended control soil at North Sidelands 

(4.79 log10 100 g-1 ds) were significantly larger (P<0.001) compared to DMAD-

amended soils (North Sidelands: 3.97 log10 100 g-1 ds).  However, there was no 

practical difference in the numbers measured in the control and DMAD soil even 

though they were statistically significant.  
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Figure 5.19. E. coli populations in (a) clay loam (Brices) and (b) clay (North Sidelands) soils amended with DMAD during FT3 
from April 2006 to August 2006. 
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Figure 5.20.  E. coli populations in (a) clay loam (Brices) and (b) clay (North Sidelands) soils amended with DMAD during FT4 

from October 2006 to September August 2007.
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A number of additional DMAD-amended treatment plots were included in the field 

trials.  During FT1 and FT2 an additional DMAD treatment included the protozoan 

inhibitor thiram (Section 4.3.3).  Also, other DMAD plots in FT1 were established 

with a rye grass crop (Section 4.3.3).  These experimental conditions were included 

to test the effects of the potential inhibition of microbial predation activity and 

rhizosphere impacts on the survival of E. coli in biosolids amended soil.  During FT3 

and FT4, an inoculation treatment was included with a suite of bacterial enteric 

pathogens (Sections 4.3.5 and 4.3.6).  E. coli numbers were therefore also recorded 

in soils amended with these experimental treatments at the same time as the DMAD 

cake plots discussed above.  Decay profiles for E. coli in these additional 

experimental plots were similar to those measured in the DMAD cake treatments.  

Tukey t-tests showed there were no statistically significant differences (P>0.05) in E. 

coli numbers between any of the DMAD treatments.  Therefore all E. coli data from 

the DMAD-amended soils was pooled for each soil type for further statistical 

analysis. 

 

5.3.3.1.2 Stepwise multiple regression analysis- pooled data 

 

Stepwise multiple regression analysis of pooled data for all experiments, including 

all DMAD treatments applied to both soil types, showed that, overall, time was the 

main factor influencing soil E. coli populations (P<0.001) explaining 28.4 % of the 

total variance in bacterial numbers (Table 5.4).   

 

Field Trial accounted for 12.5 % of the total variance (P<0.001).  Soil type was also 

highly significant (P<0.001) but accounted for less than 5 % of the total variance.  A 

statistically significant (P<0.001) interaction between soil temperature and soil 

moisture was detected by the multiple regression model but this only explained 1.3 

% of the total variance and no significant main effects of these environmental 

variables was detected.  Temperature had some influence on E. coli numbers 

(Temp*Temp was significant at P<0.001 but explained <2 % of the variance), but 

the lack of any significant main effect indicated that the magnitude of the response to 

this environmental factor was small overall.   
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Table 5.4. Statistical significance of environmental and experimental factors 
influencing soil E. coli populations and decay in DMAD-amended 
agricultural soils determined by stepwise multiple regression analysis 
of pooled field trial data. 

 

Source of 
Variation 

Proportion of total 
variance explained 

(%) 

Significance 
level 

Time 28.4 P<0.001*** 

Temperature  Excluded from model  0.694 NS 

Moisture Excluded from model 0.335 NS 

Temp*Temp 1.7 P<0.001*** 

Temp*Moisture 1.3 P<0.001*** 

Soil type 4.8 P<0.001*** 

Field Trial 12.5 P<0.001*** 

 

 

5.3.3.1.3 Time, temperature and soil moisture relations-pooled data 

 

Linear and exponential regression models were fitted to the pooled E. coli data to 

quantify the relationships between numbers of the indicator bacteria in soil and time 

(Figures 5.21a 5.22a).  Both relations were statistically significant (P<0.001) and 

showed that E. coli numbers declined with time following soil amendment.  The total 

variance explained for Brices soil by the time-based equations was in the range of 

22-25 % (Figure.5.21a), and was increased to 31-47 % for soil from North Sidelands 

(Figure 5.22a).  The linear models were applied to restricted time data (to minimise 

the residual sums of squares) and summarised the phase of decay in biosolids 

amended soil which occurred over a period of 200 days after DMAD application 

(Figures 5.21a and 5.22a).  The linear decay rates in both soil types were in the range 

of 0.009-0.014 log10 100 g-1 ds d-1.  However, overall patterns of decay and 

behaviour of E. coli in DMAD-amended soil were better summarised by an 

exponential population decay model, which also described the steady state condition 

after the decay phase.  The exponential model indicated a faster rate of decay in  
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Figure 5.21. Relationships between E. coli numbers and (a) time (b) soil 
temperature and (c) soil moisture in Brices soil amended with DMAD. 
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Figure 5.22. Relationships between E. coli numbers and (a) time (b) soil 
temperature (c) soil moisture for North Sidelands soil amended with DMAD. 
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North Sidelands soil, equivalent to 0.022 log10 100 g-1 ds d-1, compared to Brices 

soil, 0.009 log10 100 g-1 ds d-1 (Figures 5.21a and 5.22a).   

 

Simple regression equations were also fitted to the soil E. coli data to test the 

relationship between bacteria numbers and soil temperature and moisture content.  

As an individual explanatory variable, soil temperature explained 11-16 % of the 

total variance (P<0.001) in E. coli numbers for DMAD-amended soil (Figures 5.21b 

and 5.22b).  E. coli numbers increased with increasing temperature to approximately 

12 ˚C.  However, in warmer conditions E. coli numbers declined in both soil types.  

 

The multiple regression analysis (Table 5.5) showed no significant main effect of soil 

moisture content on E. coli numbers, however this appeared to be a significant factor 

when examined as a single explanatory variable (Figures 5.21c and 5.22c).  E. coli 

numbers apparently increased with increasing soil moisture content, but this could be 

explained by autocorrelation between time and moisture content (Figures 5.5b and 

5.6b).  Indeed, the small significant effect of temperature on E. coli numbers may 

also be an artefact of autocorrelation between temperature and time as described in 

section 5.3.1.2 and may explain the small influence of these environmental 

conditions in the multiple regression model (Section 5.3.3.2). 

 

5.3.3.2 Liquid mesophilic anaerobically digested (LMAD) biosolids:  surface 

application and manual injection 

 
5.3.3.2.1 General patterns of behaviour in relation to time 
 

During FT1, two experimental treatments were included incorporating liquid 

mesophilic anaerobically digested biosolids (LMAD).  LMAD was either surface 

spread and incorporated into the soil or manually injected, to simulate direct injection 

of liquid biosolids into the soil profile (see Section 4.2.1).   As would be expected, 

following the surface application of LMAD, E. coli numbers initially increased and 

were 5.4 and 6.4 log10 100 g-1 ds in Brices (sandy silt loam) and North Sidelands 

(silty clay) respectively, during FT1 in April 2005.   Similar numbers of E. coli were 

also measured in the range of 5.9-6.4 log10 100 g-1 ds in soil following the manual 
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injection of LMAD to both soil types on Day 6 of the field experiments.  E. coli in 

soil treated by both LMAD application methods rapidly decayed and declined by 

approximately 2-3 log10 100 g-1 ds in both soil types by Day 41-48.  Following the 

rapid decay, numbers fluctuated and showed a general pattern of slow decline.  No 

significant difference (P>0.05) in E. coli populations were detected by ANOVA in 

the LMAD amended compared to unamended control soil by the final monitoring 

event on DAY 155 (September 2005). Thus E. coli followed a two phase pattern of 

decay similar to that behaviour described for DMAD. 

 

 5.3.3.2.2 Time, temperature and soil moisture relations 

 

A multiple regression analysis of pooled E. coli data for both LMAD treatment 

methods showed the application method had no significant (P>0.05)  effect on E. coli 

decay.  Overall soil type was the main factor influencing soil E. coli populations, 

accounting for 27.6 % of the total variance (Table 5.5).  Thus, the further statistical 

investigation of E. coli populations in LMAD treatments was separated according to 

soil type.    

Table 5.5. Statistical significance of environmental and experimental factors 
influencing soil E. coli populations and decay in LMAD treatment 
amended agricultural soils determined by stepwise multiple 
regression analysis of pooled field trial data. 

 
Source of 
Variation 

Proportion of total variance 
explained (%) 

Significance level 

Time Excluded from model 0.502 NS 

Temperature Excluded from model 0.752 NS 

Moisture Excluded from model 0.844 NS 

Temp*Temp 11.1 P<0.001*** 

Temp*Moisture Excluded from model 0.916 NS 

Soil type 27.6 P<0.001*** 

 

Time was not statistically significant (P>0.05) in the multiple regression model but 

was highly statistically significant (P<0.001) when compared to restricted data set 

following a manual regression optimisation method by removing the final sampling 

point (Day 155) from the analysis (Figures 5.23a and 5.24b).  The linear models 
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Figure 5.23. Relationships between E. coli numbers and (a) time (b) soil 
temperature and (c) soil moisture in Brices soil amended with LMAD.
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indicated the decay rate in  Brices soil (0.034 log10 100 g-1 ds d-1) was approximately 

twice that compared to North Sidelands (0.019 log10 100 g-1 ds d-1). 

 

The effects of soil environmental factors, temperature and moisture content, on soil 

E. coli populations in both soil types were also enumerated by fitting linear analysis 

of pooled data for the LMAD treatments.  In both soils, E. coli populations 

significantly (P<0.01-<0.001) decreased with increasing soil temperature (Figures 

5.23b and 5.24b).  A significant (P<0.001) relationship was also observed between  

E. coli numbers and moisture content of Brices soil and numbers increased with 

increasing moisture, but no significant (P>0.05) relation with moisture was detected 

for North Sidelands soil.  However, these responses should be viewed with caution 

due to the potential autocorrelation of measured environmental variables and time 

(Section 5.3.1.2) which may be more pronounced in LMAD treatments due to the 

single season of experimental monitoring.   

 

5.3.4 Enhanced treated biosolids amended soils 

 

5.3.4.1 Thermally dried mesophilic anaerobically digested (TDMAD) 

 

The E. coli contents of TDMAD samples applied to FT1 and FT2 were 0.32 (Section 

4.3.3) and 1.38 (Section 4.3.4) log10 100 g-1 DS and were significantly smaller 

(P<0.001) in these enhanced-treated biosolids than the numbers measured in the 

unamended control soil (Table 5.6).    Thus, application of TDMAD did not increase 

E. coli numbers in biosolids-amended soils due to the input of enteric bacteria 

contained in the sludge.   
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Table 5.6. Mean E. coli numbers of TDMAD and unamended control soils prior 
to application. 

 

Northsidelands soil Brices soil 

Field 
trial 

 

Treatment 
 

Mean E. 

coli 

content 
log10 100 

g-1 ds 

F 
ratio 

P 

value 

Mean E. 

coli content 
log10 100 g-1 

ds 

F 
ratio 

P value 

Control 3.52   5.76   
FT1 

TDMAD 0.32 77 <0.001 0.32 894 <0.001 

Control 3.23    3.18   
FT2 

TDMAD 1.38 207 <0.001 1.38 11 <0.05 
 

 

Consequently, E. coli populations observed in TDMAD-amended soils generally 

followed similar patterns to the unamended controls for both soil types (Figure 5.25 

and 5.26).  However, there was evidence that numbers increased by approximately 1 

log10 100 g-1 ds compared to the control in TDMAD-amended soil from Brices field 

in FT1 and in both trials for soil from North Sidelands.  This apparent response to 

application of enhanced treated biosolids was statistically significant (P<0.05) 

although by the end of the monitoring period in August 2005 for FT1 and March 

2006 for FT2 there were no significant differences (P>0.05) between biosolids- 

amended and control soils. 

5.3.4.2 Lime stabilised biosolids (LIME) 

 

The E. coli content of lime-stabilised biosolids was <1 log10 100 g-1 ds and was 

significantly (P<0.001) smaller than the E. coli contents of either soil types in FT1 

and FT2.  Therefore, addition of this biosolids types did not directly augment the E. 

coli population of the soils.  However, biosolids application consistently increased E. 

coli numbers, relative to the unamended control soils, in both soil types and field 

experiments by approximately 0.5-1 log10 100 g-1 ds compared to control values 

(Figure 5.27 and 5.28).  This response was statistically significant (P<0.05) for both 

soil types (Table 5.7). 
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Figure 5.25.  E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with TDMAD 

during FT1 from April 2005 to September 2005. 
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Figure 5.26.   E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with TDMAD 
during FT2 from October 2005 to March 2006.
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Table 5.7. One-way ANOVA comparing overall mean E. coli numbers over all 
sampling points in the unamended control and LIME amended soils.   

 

North Sidelands soil Brices soil 

Treatment 
Mean E. 

coli content 
log10 100 g-1 

ds 

F 
ratio 

P 
value 

Mean E. 

coli content 
log10 100 g-1 

ds 

F 
ratio 

P 
value 

Control 3.3 - - 4.1 - - 

LIME 3.9 10.5 0.03 4.8 7.3 0.054 
 

 

Table 5.8. One-way ANOVA comparing mean E. coli numbers in the 
unamended control soil and LIME amended soils after 146 days 
during FT2 in March 2006.   

 

North Sidelands soil Brices soil 

Treatment 
Mean E. 

coli content 
log10 100 g-1 

ds 

F 
ratio 

P 

value 

Mean E. 

coli content 
log10 100 g-1 

ds 

F 
ratio 

P 

value 

Control 2.2 - - 2.5 - - 

LIME 3.5 48 0.002 3.9 69 0.001 
 

 

5.3.4.3 Compost   

 

During FT2 in October 2005 soil E. coli population numbers were initially increased 

to approximately 6 log10 100 g-1 ds on day zero in both the sandy silt loam (Brices 

field) and the silty clay soils (Figure 5.29).  Microbiological analysis of E. coli 

content of the compost samples applied to both soil types showed that E. coli 

numbers were approximately 4.13 log10 100 g-1 DS (see Section 4.3.4) and the 

background value was 3-4 log10 100 g-1 ds.  Thus the addition of compost did not 

increase soil E. coli populations numbers through the addition of input bacteria 

following soil incorporation.    
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Figure 5.27. E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with LIME during 

FT1 from April 2005 to September 2005. 
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Figure 5.28. E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay (North Sidelands) soils amended with LIME during 

FT2 from October 2005 to March 2006. 
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However, E. coli numbers were approximately 2 log10 100 g-1 ds higher in the 

compost-amended soil compared to controls.  It is difficult to explain these increased 

values as the effect was apparently immediate.  The possibility of bacterial regrowth 

in the compost after sampling for microbiological analysis is a possible explanation 

(Zaleski et al., 2005).  Nevertheless, by the final monitoring event after 134-143 days 

there was no significant (P>0.05) difference between E. coli numbers in compost-

amended and control soils.   
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Figure 5.29.  E. coli populations in (a) sandy silt loam (Brices) and (b) silty clay 
(North Sidelands) soils amended with compost during FT2 from October 2005 

to March 2006. 
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5.3.4.4 Statistical modelling 

 

Table 5.9 shows the results for the multiple regression analysis of pooled data from 

both soil types and both field trials for each enhanced treated biosolids type.  Overall,  

time was the major factor influencing E. coli population numbers in soils, accounting 

for 41. 5 % (TDMAD), 18.1 % (LIME) and 38.9 % (Compost) of the total variance 

in E. coli numbers in amended soil. Soil type had a significant effect on E. coli 

numbers in TDMAD and Compost amended soil, but not for LTB cake application 

(P>0.05).   

 

The multiple regression model (Table 5.9) showed a significant (P<0.001) effect of 

on E. coli soil populations following application of TDMAD and E. coli numbers 

were higher in FT1, 4 log10 100 g-1 ds, compared to 3 log10 100 g-1 ds during FT2 in 

both soil types.  However, this only accounted for only 3.6 % of the total variance in 

soil E. coli population numbers, and was therefore a minor factor compared to 41.5 

% explained due to time.   

 

Simple linear regression models were fitted to the pooled E. coli population data 

from both field trials for TDMAD, lime and compost-amended soils to quantify the 

relationship between E. coli soil population numbers with time, temperature and soil 

moisture content (Figures 5.30-5.35).  Overall, E. coli responses were similar 

following the addition of enhanced treated biosolids and followed the unamended 

control soils (Figures 5.3 and 5.4).  Thus, numbers declined with time overall 

following commencement of the field trials, reflecting the trends in the control soil 

during the course of the field experiments.  An apparent increasing response to 

temperature up to approximately 15 ˚C (Figures 5.30a-5.35a) was observed and 

numbers declined to a small extent in warmer conditions, although the multiple 

regression analysis indicated no main effect of this environmental variable overall.  

This may be due to the autocorrelation of soil temperature and time (Section 5.3.1.2) 

and as such requires careful interpretation. In general, there was no statistically 

significant effect of moisture content on E. coli numbers in soil (Figures 5.30c-

5.35c). 
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Table 5.9. Statistical significance of environmental and experimental factors 
influencing soil E. coli populations and decay in enhanced treated 
biosolids amended agricultural soils determined by multiple 
regression analysis, stepwise, of pooled field trial data. 

 

Treatment Source of Variation 
Proportion of total 
variance explained 

(%) 

Significance 
level 

Time 41.5 P<0.001*** 
Temperature  Excluded from model 0.982 NS 
Moisture Excluded from model 0.299 NS 
Temp*Temp 2.6 P<0.01** 
Temp*Moisture Excluded from Model 0.668 NS 
Soil type 12.2 P<0.001*** 

TDMAD 

Field Trial 3.6 P<0.001*** 
Time 18.1 P<0.001*** 
Temperature Excluded from model 0.505 NS 
Moisture 6.7 P<0.001*** 
Temp*Temp Excluded from model 0.673 NS 
Temp*Moisture Excluded from model 0.461 NS 
Soil type Excluded from model 0.241 NS 

Lime cake 

Field Trial Excluded from model 0.108 NS 
Time 38.9 P<0.001*** 
Temperature  Excluded from model 0.538 NS 
Moisture Excluded from model 0.203 NS 
Temp*Temp Excluded from model 0.662 NS 
Temp*Moisture Excluded from model 0.354 NS 

Compost 

Soil type 15.3 P<0.001*** 
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Figure 5.30. Relationship between soil E. coli populations and (a) time (b) soil 
temperature and (c) soil moisture content in Brices soil amended with TDMAD. 
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Figure 5.31. Relationship between soil E. coli populations and (a) time (b) soil 
temperature and (c) soil moisture content in North Sidelands soil amended with 

TDMAD. 
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Figure 5.32. Relationship between soil E. coli populations and (a) time (b) soil 
temperature and (c) soil moisture content in Brices soil amended with Lime 

stabilised cake. 
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Figure 5.33. Relationship between soil E. coli populations and (a) time (b) soil 

temperature and (c) soil moisture content in North Sidelands soil amended with 
Lime stabilised cake. 
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Figure 5.34. Relationship between soil E. coli populations and (a) time (b) soil 
temperature and (c) soil moisture content in Brices soil amended with Compost. 
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Figure 5.35. Relationship between soil E. coli populations and (a) time (b) soil 
temperature and (c) soil moisture content in North Sidelands soil amended with 

Compost. 
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5.3.5 Livestock wastes 

 

Overall, there was no significant effect, of livestock manure application on E. coli 

numbers compared to unamended control soil reflecting the small inputs of the 

indicator bacteria to soil in these organic manures and slurries (Figure 5.36-5.38).  

 

5.4 Discussion 

 

E. coli populations in agricultural soils measured here were highly dynamic and were 

within similar ranges (1-5 log10 100 g-1 ds) (Figures 5.1a and 5.2a) to those reported 

previously for UK temperate soils (Lang et al., 2007).  The seasonal variations in soil 

E. coli were also consistent with general patterns of total bacterial biomass observed 

in temperate soils (Alexander, 1977). The maximum background number of E. coli 

measured in soil was approximately 6 log10 100 g-1 ds, which is within the range 

detected in treated biosolids for agricultural reuse (ADAS, 2001).  At the outset, 

therefore, the close similarity between E. coli numbers in soil and those in biosolids 

used in agriculture implies that there is minimal additional risk to human health from 

the use of sewage sludge on agricultural soil for crop production. 

  

E. coli population numbers fluctuated with seasonal changes in temperature and soil 

moisture content.  Thus, background E. coli numbers increased during the spring 

period (Section 5.3.1) as soil temperatures increased, to 15 ˚C but decreased during 

the summer in warmer soil conditions.  Populations recovered again during the 

cooling cycle in the autumn periods of 2005 and 2006.  Ishii et al. (2006) also 

reported increased E. coli numbers during June to October compared to the February-

May period.   However, the soil conditions considered by Ishii et al. (2006) were 

much more extreme than those recorded here as E. coli populations were exposed to 

significant ‘freeze-thaw’ conditions and low temperature conditions down to -20 ˚C 

during January whereas temperatures increased to 25 ˚C during July/August.  Here 

the minimum soil temperature was 3 ˚C and maximum values of 24 ˚C were 

recorded.    
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Figure 5.36. E. coli population numbers in the (a) sandy silt loam soil (Brices) and (b) silty clay soil following pig slurry (PIG) 

addition during FT1 from April 2005 to September 2005. 
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Figure 5.37 E. coli population numbers in the (a) sandy silt loam soil (Brices) and (b) silty clay soil following cow slurry (COW) 

addition during FT1 from April 2005 to July 2005.
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Figure 5.38 E. coli population numbers in the (a) sandy silt loam soil (Brices) 
and (b) silty clay soil following farm yard manure (FYM) addition in FT1 from 

April 2005 to July 2005. 
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birds.  However, Byappanahalli and Fujioka (2004) isolated E. coli from Hawaiian 

soils where faecal contamination was considered not to be a source of E. coli 

entering the system.  Therefore, although inputs from environmental sources were 

not deliberately excluded from the field experiments described here, the consistent 

behaviour of E. coli populations in unamended control soil also strongly suggested 

the presence of an adapted background community of bacteria surviving in 

agricultural soil. In the Hawaiian case, Byappanahalli et al. (2006) showed that 

indigenous soil E. coli populations formed cohesive phylogenetic groups contrasted 

to faecal strains and Ishii et al. (2006) identified intrinsic soil populations as a 

distinct subtype of E. coli displaying ≥92 % genetic similarity values to faecal types.   

Possible genetic adaptation of the E. coli genome has been suggested as a mechanism 

to explain survival of the enteric bacteria in terrestrial soils (Schellhorn et al., 1998).  

Furthermore, the RpoS encoded sigma-factor, σs
, is a major regulator of a complex 

network of general response genes in E. coli that can afford resistance to 

environmental stresses such as high pH, temperature, osmotic stress as well as 

survival following protozoan ingestion (Schellhorn et al., 1998; Barker et al., 1999).  

These characteristics therefore enable E. coli to survive in terrestrial soil 

environments.  The isolation of distinct genetic subtypes of E. coli from soil habitats 

is therefore necessary to differentiate between faecal-associated E. coli, such as those 

applied to agricultural land in biosolids, and E. coli indigenous to soil.  

 

The long-term monitoring of E. coli decay following the addition of conventionally 

treated biosolids and raw sludge cake to agricultural soils showed that time was 

consistently the most important parameter explaining the reduction in E. coli 

numbers in biosolids-amended agricultural soils, in agreement with previous work on 

temperate soils (Lang et al., 2007; Pourcher et al., 2007).  The pattern of E. coli 

decay was similar following application of both conventionally-treated biosolids and 

untreated dewatered raw sludge cake and was characterised by two phases of decay.  

A rapid phase of inactivation was initially observed when numbers decreased by 2-3 

log10 100 g-1 ds within 20-100 days in both soil types and was similar to previous 

reports (Lang et al. 2007).  Following this period, however, E. coli numbers decayed 

more slowly and declined to the background E. coli numbers measured in the 
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unamended control soils after approximately 130-316 days.  A simple exponential 

regression model provided a suitable description of the relationship between E. coli 

numbers and time following sludge application and showed that the rates of decay 

were comparable in both soil types and T90 values were in the range of 26-88 days in 

both soils following conventionally treated biosolids addition (Table 5.10).    Thus 

soil type had no practical bearing on E. coli decay patterns observed in this research 

project. This is a particularly significant result considering the widely contrasting 

physico-chemical and  biological properties of the soils tested here.   

 

Table 5.10. E. coli decay rates and T90 values in conventionally treated biosolids 
and raw sludge amended soils 

 

Soil type Treatment 
Decay rate  

(log10 100 g-1 ds d-1) 
T90 (days) Day 

DMAD 0.009 88 316 
Brices 

DRAW 0.015 53 316 
DMAD 0.022 26 316 North 

Sidelands DRAW 0.015 64 316 
 

 

In contrast to the significant main effect of time on E. coli decay, stepwise multiple 

regression analysis indicated there were no main effects of the key environmental 

variables (soil temperature and moisture content) generally apparent on E. coli 

removal from sludge-amended soil (Tables 5.2 and 5.4). However, a small response 

to soil temperature was identified and populations increased with increasing soil 

temperature to approximately 15 ˚C (Figures 5.21b and 5.22b), but declined in 

warmer soil conditions consistent with other field work (Horswell et al., 2007; Lang 

et al., 2007).  The temperatures recorded for temperate UK agricultural soils were 

well below the E. coli optimal growth temperature (44.5 ˚C).  Indigenous E. coli 

have been isolated from warmer soil conditions in the subtropical climate in Hawaii 

(Byappanahalli and Fujioka, 2004; Byappanahalli et al., 2006; Whitman et al., 2006). 

Ishii et al. (2006) also observed increased indigenous soil E. coli numbers at 

temperatures exceeding 15 ˚C and showed the ability of E. coli to grow in sterile 

soils under laboratory conditions at 37 ˚C.  Therefore, soil temperatures above 15 ˚C 

are unlikely to stress the bacteria directly or increase decay.  Indeed, previous field 
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experiments on UK agricultural soils reported similar E. coli responses to 

environmental conditions as those reported here (Lang et al., 2007) and also 

suggested that temperature was unlikely to directly impact E. coli survival under 

temperate soil conditions.    

 

Protozoan predation decreases bacterial numbers both in the aquatic (Christoffersen 

et al., 1995) and soil environments (Habte and Alexander, 1975; Tatte, 1978).  

Marino and Gannon (1991) observed increased survival of faecal coliforms and 

faecal streptococci in storm drain sediment following the addition of cycloheximide 

to inhibit protozoan and fungal predators under laboratory conditions.  Faecal 

coliforms numbers increased by approximately 2 log10 100 ml-1 compared to 

untreated drain sediment, over a 12 day period.  In autoclaved storm drain sediment 

faecal coliforms seeded at a concentration of 5 log10 100 ml-1 increased in the sterile 

drain sediment to approximately 7 log10 100 ml-1.  In comparison, Ronn et al. (2000) 

reported a approximately 1 log10 g
-1 ds increase in protozoan numbers in response to 

seeding of soils with Pseudomonas chlororaphis. Darby et al. (2006) reported that 

protozoa were able to excyst at 15 ˚C and encysted at approximately 37 ˚C in 

laboratory conditioned soils.  Ecological stresses, such as predation, may therefore 

explain the dynamic relationship between soil temperature and E. coli population 

numbers following biosolids application to agricultural soils.  Indeed, substrate 

inputs to soil in the form of biosolids may stimulate predatory behaviour.  For 

example, Trevisan et al. (2000) reported that faecal coliforms declined by 

approximately 4 log10 while protozoan numbers increased by approximately 1 log10 

in soil microcosms at 5 ˚C following slurry addition.  Therefore, the results presented 

here strongly suggest that E. coli decay is stimulated by sludge application due to the 

input of substrates to the soil in sludge which increases predatory activity in the soil 

microbial community.  Thus, the decay of bacterial pathogens in sludge-amended 

soil is a self-regulating process that occurs independent of the intrinsic biological 

fertility of the soil itself.          

 

Simple linear regression models showed that, in general, as soil moisture decreased 

E. coli numbers decreased in agreement with previous work (Reddy et al., 1981; 
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Nasser et al., 2007).  However, step-wise multiple regression analysis indicated that 

soil moisture was not a statistically significant factor.  Closer inspection of data 

showed a correlation between soil moisture content and time where soil moisture 

content decreased with time (Section 5.3.1.2). Therefore, the relationship between 

soil moisture content and E. coli numbers in the simple linear regression models may 

be influenced by the relationship between soil moisture content and time.  Indeed, 

pathogenic E. coli strains have been demonstrated to survive extreme cell desiccation 

(Maule, 2000). Therefore, multiple regression models developed from the long term 

field trials reported here suggest that the moisture content of UK temperate field soils 

is unlikely to be a key factor influencing E. coli survival, confirming a previous 

report by Lang et al. (2007).  

 

Soil environmental variables are generally considered to be important factors 

influencing E. coli decay in biosolids-amended agricultural soils (Reddy et al., 1981; 

Topp et al., 2003; Oliver et al., 2006).  However, the data reported here show that, 

under UK temperate conditions, soil temperature and moisture have little or no main 

effect on E. coli decay.  Soil ecological processes, on the other hand, such as 

competition and predation directly decrease enteric pathogen numbers in soils 

(Trevisan et al., 2000; Nasser et al., 2002).  These processes can also be influenced 

by dynamic soil temperature and moisture conditions compared to those recorded 

here in UK temperate soil (Maule, 2000; Trevisan et al., 2000; Nasser et al., 2002; 

Byappanhalli and Fujioka 2004; Darby et al., 2007).  The absence of any main 

effects of soil temperature and moisture content on E. coli decay in the long term 

field experiments described here suggests that the ecological pressures on E. coli 

survival therefore also remain active irrespective of the differences in UK temperate 

seasonal environmental conditions.   

 

The presence of indigenous E. coli populations in UK temperate soils is important in 

interpreting the decay of enteric bacteria in agricultural soils when applying biosolids 

as an agricultural soil improver.  E. coli applied in untreated sludge and 

conventionally treated biosolids decayed by 2-3 log10 100 g-1 ds within a 20-100 day 

period.  This period of rapid decay was observed regardless of soil type or season of 
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application.  Numbers subsequently fluctuated but showed a slower period of decay 

or remained relatively stable and were not statistically significant from indigenous 

soil E. coli populations measured in the unamended control soils within 130-316 

days.  However, due to the limitations of standard microbiological culturing 

techniques employed here, it was not possible to distinguish between added E. coli 

and background numbers in soil.   Thus it is possible that E. coli added to the soil in 

sludge transferred to and therefore survived as a sub-population within the 

indigenous soil community.  Alternatively, elevated numbers of E. coli that persisted 

for long periods compared to the unamended control soil could be explained due to 

the increased growth response of the natural background population to inputs of 

substrates supplied to the soil in sludge.   

 

The application of enhanced treated biosolids increased E. coli numbers in amended 

soil, but this could not be attributed to input bacteria, as these sludge types did not 

augment E. coli numbers directly, due to the low numbers of E. coli present in the 

enhanced treated biosolids.  Indeed, lime-treated biosolids and TDMAD contained ≤ 

1 log10 100 g-1 DS of E. coli,  which was below the background soil population (3.3-

5.8 log10 100 g-1 ds).   Nevertheless, E. coli numbers in both amended soil types were 

consistently larger than the unamended control soils.  Thus, addition of enhanced 

treated biosolids apparently increased the growth response and numbers of 

indigenous soil E. coli, presumably due to the addition of substrates.   Consequently, 

it is plausible that the apparent response of indigenous soil E. coli populations to the 

substrate inputs in biosolids may also explain the elevated populations of E. coli 

persisting after the initial rapid decay in soil amended with conventionally-treated 

and dewatered raw sludge.  However, further work is necessary to demonstrate that 

sludge application modifies the ecological balance of the indigenous soil microbial 

community and to confirm that enteric organisms do not transfer into the soil 

population.  To put this in context, for example, the potential for enteric pathogens, 

such as E. coli O157:H7, to persist in the soil microbial community would have 

major implications for human health when recycling biosolids as an agricultural soil 

improver (Avery et al., 2005).  The application of molecular-based technologies 

would be necessary to distinguish between input bacteria from biosolids and those 
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indigenous to the soil bacterial community to demonstrate that sludge application is 

modifying the ecological balance as a nutrient source and is not increasing long term 

survival of enteric pathogens in soil.  

 

Similar growth responses of enteric organisms have been shown following the 

addition of substrates to soils.   Thus, Ishii et al. (2006) reported that indigenous E. 

coli populations increased by 2 log10 g
-1 ds and were able to utilise soil nutrients 

under laboratory conditions.  Byappanahalli and Fujioka (2004) showed that 

competition for available nutrients limited E. coli populations in Hawaiian soils.  

Naturalised E. coli in Hawaiian soil increased under laboratory conditions by 

approximately 2 log10 g
-1 ds with the addition of 0.15 % bile salts solution to inhibit 

the heterotrophic bacterial population compared to the untreated control soil.  

Numbers increased further by approximately 1 log10 g-1 ds, with the addition of 

glucose to the soil compared to the untreated controls.  In contrast, Lang et al. (2007) 

observed a decline in E. coli numbers in soil amended with enhanced treated 

biosolids.  Lang et al. (2007) argued that the addition of TDMAD and composted 

biosolids decreased indigenous soil E. coli numbers possibly through stimulation of 

predator populations in response to substrate input.  This view was consistent with 

the observed increase in numbers of bacterial-feeding nematode numbers in manure 

amended agricultural soils (Villenave et al., 2003).  Therefore, it would appear that a 

balance exists between increased growth of indigenous E. coli populations (in 

response to substrate input) and their decay (due to increased predatory activity 

following substrate input) following the application of biosolids to agricultural soils.  

It is therefore necessary to further investigate possible soil microbial responses to 

substrate inputs from biosolids to understand the complex ecological processes 

influencing enteric pathogen decay.    

 

The results reported here show the decay of E. coli populations following the 

addition of biosolids to both agricultural soils occurred within the 

harvesting/cropping restrictions advised under the Safe Sludge Matrix (ADAS, 

2001).  E. coli numbers do not decrease to undetectable values, however, due to the 

presence of background populations in soil.  Time was the main factor influencing E. 
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coli decay.  Soil and environmental conditions had no major effect on E. coli 

numbers in sludge-amended soil under UK temperate conditions.   Harvesting and 

cropping restrictions for vegetable and salad crops require 10-30 month waiting 

period after applying conventionally treated biosolids to agricultural soils.  The long-

term field investigations reported here show that E. coli numbers in biosolids-

amended soils are highly dynamic, however they declined to and were comparable 

with the indigenous background E. coli population in the unamended control soils 

within a time period of 316 days, irrespective of soil type, temperature and moisture.  

This is well within the waiting periods stipulated in the controls designed to protect 

human health when sewage sludge is used in agriculture. 
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CHAPTER 6 

E. coli O157:H7 populations in agricultural soils amended with 
biosolids and factors influencing their survival 

 

6.1 Introduction 

 

Chapter 5 showed that the reuse of biosolids as an agricultural soil improver 

following the Safe Sludge Matrix is a safe and viable process when considering non-

pathogenic E. coli as a measure of the health risk associated with biosolids 

application to farmland.  However, in recent years E. coli O157:H7 has emerged as a 

significant pathogen concern for public health in the UK (Strachan et al., 2006).  

Outbreaks of E. coli O157:H7 associated with contaminated food in the UK, other 

European countries, USA and Japan have increased public awareness to this 

emerging pathogen (Patton et al., 1996; Cody et al., 1999; Espie et al., 2006; Brooks 

et al., 2005; Currie et al., 2007).  E. coli O157:H7 food and water outbreaks have 

been associated with animal faecal manure addition to agricultural soils (Bopp et al., 

2003; Licence et al., 2001).  E. coli O157:H7 has been isolated from human faeces 

(Pradel et al., 2000) and wastewater in sewage treatment works (Vernoz-Rozand et 

al., 2002).   Therefore, E. coli O157:H7 is an enteric pathogen of major interest when 

considering biosolids reuse as an agricultural soil improver (Avery et al., 2005) 

 

The natural attenuation of pathogens in soil is the final barrier to prevent the spread 

of gastro-intestinal disease following biosolids reuse on agricultural soils (Lang et 

al., 2007). However, the lack of scientific understanding of soil decay processes is a 

source of uncertainty when assessing the health risks of biosolids reuse on 

agricultural soils (Gale, 2005).  Field-based research is necessary to demonstrate the 

effectiveness of the controls for agricultural use of biosolids at preventing potential 

infections from E. coli O157:H7 (Avery et al., 2005; Gale, 2005).  Therefore a series 

of experimental treatment plots were established within the long-term E. coli field 

trials to assess the behaviour and decay of E. coli O157:H7.  This also provided an 

opportunity to test the suitability of E. coli as a faecal indicator bacterium in 

biosolids-amended agricultural soil for pathogenic strains of E. coli.  
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6.2 Materials and Methods 

 

Materials and methods for the experimental setup and microbiological enumeration 

of target organism are described in Chapter 4.  Statistical analyses were performed 

using SPSS V15 on pooled data from both soil types and all inoculation treatments 

covering three field experiments.  The microbiological counting techniques had an 

enumeration limit of 4 log10 CFU 100 g-1 ds.  When E. coli O157:H7 numbers were 

below this limit, a score of <4 log10 CFU 100 g-1 ds was recorded.   Initial E. coli 

O157:H7 numbers in inoculated sludge types prior to application in FT3 and FT4 are 

shown in Table 6.1.  Numbers were significantly higher in both inoculated sludge 

types prior to application compared to non-pathogenic E. coli numbers.  Sampling 

times and dates are in section 4.3.1. 

 

Table 6.1. Mean E. coli and E. coli O157:H7 content of inoculated biosolids 
prior to land application. 

 

DMAD DRAW 

 

Mean E. 

coli 
O157:H7 

(log10 
100 g-1 

DS) 

Mean 
E. 

coli 

(log10 
100 g-

1 DS) 

F 
ratio 

P value 

Mean E. 

coli 
O157:H7 
(log10 100 

g-1 DS) 

Mean 
E. coli 

(log10 
100 g-1 

DS) 

F 
ratio 

P 
value 

FT3 10.18 9.21 10.96 0.03 9.77 9.30 28.74 0.01 

FT4 11.46 9.77 15.11 0.02 11.17 7.27 355 0.00 
 

6.3  Results 

 

6.3.1 FT2: Autumn/Winter period 2005/2006 

 

Mean numbers of inoculated bacteria detected in DMAD-amended soils were 

initially 6.5-7.5 log10 100 g-1 ds on day zero, in October 2005 (Figure 6.1).  Numbers 

in the sandy silt loam soil (Brices) showed a rapid period of decay and decreased 

below the detection limit by Day 80 in January 2006 (Figure 6.1).  In comparison, E. 

coli O157:H7 numbers in the silty clay soil (North Sidelands) showed an initial rapid 

decay but subsequently recovered on Day 20-40.  However, the populations decayed 
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below the limit of detection by Day 80 (Figure 6.1). The decay rates measured by 

linear regression were similar for both soil types and were 0.042 log10 100 g-1 ds d-1 

for North Sidelands and 0.039 log10 100 g-1 ds d-1 for Brices soil.  
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Figure 6.1. E. coli O157:H7 numbers in the sandy silt loam (Brices) and silty 
clay (North Sidelands) soils amended with inoculated DMAD during FT2 from 

18th October 2005 to 5th January 2006. 

 

6.3.2 FT3: Spring/Summer 2006 

 

DMAD and DRAW were inoculated with E. coli O157:H7 and applied to FT3 in 

April 2006 (Figure 6.2).  Numbers of inoculated bacteria increased to 8.18 log10 100 

g-1 ds in DMAD amended soils (Figure 6.2a and 6.3a) and to 7.7 log10 100 g-1 ds with 
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Figure 6.2. E. coli O157:H7 numbers in the clay soil (North Sidelands) amended with dewatered inoculated (a) biosolids (DMAD) 

and (b) raw sewage (DRAW) in FT3, from 19th April 2006 to 3rd July 2007. 
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Figure 6.3. E. coli O157:H7 numbers in the clay loam (Brices) soil amended with dewatered inoculated (a) biosolids (DMAD) and 

(b) raw sewage (DRAW) in FT3 from 19th April 2006 to 3rd July 2006.
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inoculated DRAW addition (Figure 6.2b and 6.3b).  Inoculated populations rapidly 

decayed in both soil types (Figure 6.2 and 6.3) and followed a similar pattern of 

decay to FT2 decreasing below the detection limit by Day 80.   

 

The  decay rates measured in North Sidelands soil treated with inoculated DMAD 

and DRAW were 0.045 and 0.033 log10 100 g-1 ds d-1, respectively (Figure 6.2).  A 

similar decay rate for both sludge types, equivalent to 0.037 log10 100 g-1 ds d-1, was 

measured in Brices soil (Figure 6.3).   

 

6.3.3 FT4: Autumn/Winter period of 2006/2007 

 

FT4 also included an application treatment with inoculated DMAD and DRAW 

biosolids.  Following DMAD application, E. coli O157:H7 numbers initially were 9 

log10 100 g-1 ds in Brices soil (Figure 6.4a) and 10.3 log10 100 g-1 ds in North 

Sidelands soil (Figure 6.5a).   Seeded DRAW addition increased numbers in Brices 

soil to approximately 7.12 log10 100 g-1 ds (Figure 6.4b) and 6.6 log10 100 g-1 ds in 

North Sidelands soil (Figure 6.5b).   E. coli O157:H7 numbers in both soils rapidly 

decayed declining by 1-5 log10 100 g-1 ds in 50 days (Figure 6.4 and 6.5).  By Day 

50, numbers in the clay soil (North Sidelands) amended with DMAD declined to 

approximately 4.6 log10 100 g-1 ds and to 5.4 log10 100 g-1 ds in this soil type 

amended with inoculated DRAW application (Figure 6.4).   

 

The measured decay rates in both soil types amended with DMAD were similar and 

in the range of 0.031-0.039 log10 100 g-1 ds d-1 (Figures 6.4a and 6.5a).  While overall 

decay patterns were similar following inoculated DRAW addition to both soil types 

decay rates were in the range of 0.007-0.014 log10 100 g-1 ds d-1 and lower compared 

to DMAD-treated experimental plots. 

 

Following an initial rapid period of decay, E. coli O157:H7 numbers remained 

elevated above the detection limit in both soil types during FT4.  To determine 
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Figure 6.4. E. coli O157:H7 numbers in the clay loam (Brices) amended with dewatered inoculated (a) biosolids (DMAD) and (b) 

raw sewage (DRAW) in FT4 from 26th October 2006 to 7th September 2007. 
 

(a)

4

5

6

7

8

9

10

11

0 50 100 150 200 250 300 350

Time  (days)

E
. 

c
o

li
 O

1
5

7
:H

7
 C

F
U

 1
0

0
 

g
-1

 d
s 

(l
o

g
1

0
)

y= 5.1+3.8e (-0.039*x)

r2=0.47

 
(b)

4

5

6

7

8

9

10

11

0 50 100 150 200 250 300 350

Time  (days)

E
. 

c
o

li
 O

1
5

7
:H

7
 C

F
U

 1
0

0
 g

-

1
 d

s 
(l

o
g

1
0
)

Rep A
Rep B
Rep C
Mean
Exponential regression

y= 3.5+3.8e (-0.007*x)

r2=0.64

 
Figure 6.5. E. coli O157:H7 numbers in the clay soil (North Sidelands) amended with dewatered inoculated (a) biosolids (DMAD) 

and (b) raw sewage (DRAW) in FT4 from 26th October 2006 to 9th September 2007.
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whether the low numbers of E. coli O157:H7 persisting in the inoculated DMAD and 

DRAW amended soils were due to background numbers in the soil, unamended 

control soils were analysed for E. coli O157:H7 at the final monitoring period in 

September 2007 after 316 days (Table 6.2).   

 

Mean E. coli O157:H7 numbers measured in the unamended control soil in Brices 

field (Clay loam soil) were similar to the inoculated DMAD and DRAW plots and 

were not statistically significantly different to the sludge-amended soil (P>0.05) 

(Table 6.1).  E. coli O157:H7 numbers measured in the unamended control soil in 

North Sidelands (Clay soil) were approximately 5.5 log10 100 g-1 ds and were 

significantly (P<0.05) larger compared to inoculated sludge amended soil (Table 

6.2).   

 

Table 6.2. Comparison of mean E. coli O157:H7 numbers at the final 
monitoring event (Day 316) during FT4 in September 2007 in 
unamended and inoculated sludge-amended soils by one-way 
ANOVA.   

 

Soil type Treatment 
Mean  

E. coli O157:H7 
(log10 100 g-1 ds) 

F ratio P value 

Control 5.27 - - 

DMAD 4.40 7.87 0.03 Clay 

DRAW 4.54 9.72 0.02 

Control 4.57 - - 
DMAD 4.53 0.02 0.88 Clay Loam 

DRAW 4.57 0.00 1.00 

 

6.3.4 Statistical analysis of E. coli O157:H7 numbers in biosolids amended 

agricultural soils 

 

Overall, E. coli O157:H7 numbers, from pooled data for both soil types and all field 

trials, were significantly (P<0.01) larger in inoculated DMAD amendment treated 

plots (5.94 log10 100 g-1 ds) compared to the inoculated DRAW treatments (5.45 

log10 100 g-1 ds).  Also data was unbalanced for sludge type as inoculated DMAD 

treatment was included in three field trials while inoculated DRAW was included for 
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only two field trials.  Therefore, further statistical analysis to investigate field and 

environmental factors influencing E. coli O157:H7 numbers in biosolids amended 

agricultural soils was performed separately for each sludge type.  Table 6.3 shows 

results for the stepwise multiple regression analysis of pooled data for inoculated 

DMAD and inoculated DRAW amended soils.  

 

Table 6.3. Stepwise multiple regression analysis of experimental and 
environmental factors influencing E. coli O157:H7 numbers in soil 
amended with inoculated DMAD and DRAW sludge types. 

 

Treatment Source of Variation 

Proportion of 
total variance 

explained 
(%) 

Significance 
level 

Time 24 P<0.001*** 
Temperature   P= 0.52 NS 
Moisture  P= 0.92 NS 
Temp*Temp  P= 0.089 NS 
Temp*Moisture  P= 0.86 NS 
Soil type  P= 0.15 NS 

DMAD 
Inoculation 

Field Trial 14.2 P<0.001*** 
Time 25.9 P<0.001*** 
Temperature   P= 0.51 NS 
Moisture  P= 0.34 NS 
Temp*Temp  P= 0.17 NS 
Temp*Moisture  P= 0.9 NS 
Soil type  P= 0.37 NS 

DRAW 
Inoculation 

Field Trial 24.8 P<0.001*** 
 

Time was the main statistically significant factor (P<0.001) explaining changes in E. 

coli O157:H7 numbers with time in inoculated sludge amended soils accounting for 

24-26 % of the total variance (Table 6.3).  Field trial was also statistically significant 

(P<0.001) implying variance between the reproducibility of the field trials.   

However, overall mean E. coli O157:H7 numbers in DMAD amended soil in FT3 

and FT4 were approximately 6.0 log10 100 g-1 ds, compared to 5.68 log10 100 g-1 ds 

in FT2 following inoculated DMAD amended soils.  Mean E. coli O157:H7 numbers 

in DRAW-amended soil were 5.64 log10 100 g-1 ds during FT4 and were 5.1 log10 

100 g-1 ds in FT3.  Therefore, whilst field trial was identified as a significant factor 



 168 

explaining E. coli O157:H7 numbers in soil the differences in overall mean 

population numbers between sludge types and field trials was of no practical 

relevance.  Environmental variables and soil type were not significant factors 

influencing E. coli O157:H7 numbers in either sludge type (Table 6.3).      Further 

investigation of the relationship between E. coli O157:H7 numbers and time 

following inoculated biosolids addition was performed using simple linear and non-

linear regression analysis.    

 

Figure 6.6 shows the linear regression relationship between E. coli O157:H7 

numbers and time in inoculated DMAD and DRAW soils with data pooled from both 

soil types and all field trials.   The linear regression accounted for 23-24 % of the 

total variance in E. coli O157:H7 numbers and the decay rate was 0.008-0.01 log10 

100 g-1 ds d-1 (Figure 6.6).  During FT4 E. coli O157:H7 numbers showed a rapid 

period of decay after which numbers remained above the detection limit but were not 

statistically significant from the unamended control soils at the end of the monitoring 

period (section 6.3.4).  Therefore, an exponential regression model was fitted to the 

data and accounted for 37 % of the total variance of E. coli O157:H7 in inoculated 

DMAD and DRAW amended soils (Figure 6.6), the decay rate was 0.035-0.038 log10 

100 g-1 ds d-1.   

 

6.3.5 E. coli as an indicator organism for E. coli O157:H7 in sludge amended 

soil 

 

The decay patterns and behaviour of E. coli O157:H7 populations in soils amended 

with seeded biosolids were similar to the decay patterns of non-pathogenic E. coli 

observed during the long-term field experiments, described in Chapter 5.  For 

example both non-pathogenic E. coli and E. coli O157:H7 numbers showed a rapid 

period of decay within the first 20-100 days.   
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Figure 6.6. E. coli O157:H7 population numbers in inoculated (a) DMAD and 

(b) DRAW amended soil (data combined for both soil types) in relation to Time. 
 
 

Figure 6.7 shows the relationship between non-pathogenic E. coli and E. coli 

O157:H7 numbers in biosolids amended agricultural soils for field trials three and 

four for both sludge and soil types.  The statistical analysis showed E. coli O157:H7 

were significantly (P<0.001) correlated to numbers of non-pathogenic E. coli (Figure 

6.7).  However, the relationship was not 1:1, but this may be explained by the 

differences in the numbers of both organisms introduced into the soil with sludge, 

since E. coli O157:H7 was added in high numbers artificially whereas non-

pathogenic bacteria were present at the normal values in sludge.  
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Figure 6.7. Relationship between E. coli O157:H7 and non pathogenic E. coli 

numbers in inoculated sludge amended agricultural soils during FT3 from 19th 
April 2006 to 3rd July 2006 and in FT4 from 26th October 2006 to 7th September 

2007. 
 

Table 6.4 shows the observed decay rates calculated from pooled data from all field 

experiments and both soil types in inoculated biosolids amended agricultural soils for 

non pathogenic E. coli and E. coli O157:H7.  E. coli O157:H7 decay rates were 

0.035-0.038 log10 100 g-1 ds -1 and increased compared to non-pathogenic E. coli 

0.005-0.022log10 100 g-1 ds -1 (Table 6.4).   

 
Table 6.4. Decay rate and T90 values of non pathogenic E. coli and E. coli 

O157:H7 in inoculated biosolids amended agricultural soils. 
 
 

Decay rate 
(log10 100 g-1 ds d-1) 

T90 values 
(days) 

 
Inoculation 
Treatment E. coli 

E. coli 
O157:H7 

E. coli 
E. coli 

O157:H7 

DMAD 0.009-0.022 0.038 26-88 11 
DRAW 0.009-0.015 0.035 53-64 14 

 

T90 values were longer for non-pathogenic E. coli compared to E. coli O157:H7 

suggesting E. coli is a suitable faecal indicator bacterium for measuring the decay 

characteristics of E. coli O157:H7 in biosolids-amended agricultural soils.   

However, further work measuring the suitability of E. coli as an indicator of presence 
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and absence of E. coli O157:H7 in biosolids is necessary to further validate the use 

of E. coli as a faecal indicator bacterium. 

6.4 Discussion 

 
E. coli O157:H7 decayed rapidly in soil, irrespective of sludge or soil types and 

declined by 2-5 log10 100 g-1 ds within 20-80 days following biosolids application.  

This response was similar to that previously reported by Bolton et al. (1999).  A 4 

log10 g-1 decrease in E. coli O157:H7 numbers was seen within approximately 50 

days of bovine faecal material being spread onto the surface of pasture grassland 

(Bolton et al., 1999).  Fermaux et al. (2007) also reported a rapid period of decay in 

E. coli O157:H7 numbers in manure piles and numbers showed an approximate 4 

log10 decrease within 15 days.  Similar patterns of decay of non-pathogenic E. coli 

were observed in all field trials, with numbers decreasing by approximately 1.5-3 

log10 100 g-1 ds within 20-100 days (Chapter 5).  During FT2 and FT3, E. coli 

O157:H7 declined to below the detection limit within 60-80 days.  Franz et al. 

(2008) recorded survival times of 54-105 days in 36 field soils, with a mean survival 

time of 80 days in soils amended with animal faecal material under Dutch temperate 

conditions.  The results reported were generally consistent with these patterns of 

behaviour, however during FT4 numbers remained above the detection limit of 4 

log10 100 g-1 ds until the final monitoring period after 316 days in September 2007.  

 

Following the rapid period of decay numbers of E. coli O157:H7 in inoculated 

biosolids-amended soils persisted at low values (approximately 4-5 log10 100 g-1 ds) 

and above the detection limit.  A similar pattern of E. coli O157:H7 decay was 

reported by Williams et al. (2006); in this case numbers declined to approximately 3-

4 log10 100 g-1 ds within two weeks of application of animal faecal wastes, but 

remained above the detection limit for the remaining five weeks of the laboratory 

incubation experiment was halted.  Ibekwe et al. 2007 showed that E. coli O157:H7 

could persist in soils for over 90 days and Bolton et al. (1999) reported the survival 

time of E. coli O157:H7 in bovine manure for up to 99 days under Irish temperate 

conditions.  Avery et al. (2005) showed that 77 % of livestock faecal manures tested 

contained E. coli O157:H7 after a 2 month incubation period at 10 ˚C.  Voidvic et al. 
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(2007) reported survival of E. coli O157:H7 in soils for over 330 days incubated at 

22 ˚C.  Here however, whilst E. coli O157:H7 was detected after 316 days in soil 

amended with inoculated biosolids, there was no statistical significant difference in 

numbers between sludge amended and unamended control soils.  

 

A possible explanation for the apparent detection of E. coli O157:H7 numbers in 

both soil types during FT4 in the summer period of 2007 is the presence of 

indigenous soil E. coli O157:H7 populations responding to the input of biosolids.  A 

similar response was observed for indigenous soil non-pathogenic E. coli populations 

following biosolids application (Section 5.4).  However no previous published work 

has detected E. coli O157:H7 in the indigenous soil microbial population 

(Johannessen et al., 2004; Williams et al., 2006). Ibekwe et al. (2007) reported a 

curve-linear decay relationship between time and E. coli O157:H7 numbers in sandy 

and clay soil types.  The authors suggested that this observed relationship with time 

demonstrated the ability of E. coli O157:H7 populations to increase and persist in 

field soils under laboratory conditions.   

 

E. coli is used as a faecal indicator bacterium to establish an understanding of enteric 

pathogenic bacteria in the environment.  For example, E. coli is routinely used as an 

indicator of biosolids and water treatment quality control in the EU and USA (WHO, 

2001).  The requirements of a suitable indicator are that they be substantial in 

number in relation to other pathogenic bacteria, easily  and economically culturable, 

non-pathogenic and demonstrate survival characteristics representative of pathogenic 

bacteria of concern (WHO, 2001).   The presence of indigenous soil E. coli partially 

detracts from it’s potential use as a FIB.  However, the general decay patterns 

observed for E. coli O157:H7 and non-pathogenic E. coli were similar with a rapid 

period of decay within 20-100 days of biosolids application.  Numbers subsequently 

fluctuated, but were not statistically significantly different or lower compared to the 

unamended control soils by the final monitoring period for either E. coli O157:H7 or 

non-pathogenic E. coli.  Linear regression and exponential regression analyses of 

pooled data confirmed a similar relationship between time and non pathogenic E. coli 

and E. coli O157:H7 decay.  Simple linear regression analyses showed a significant 
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positive relationship between non pathogenic E. coli numbers and E. coli O157:H7 

numbers (Figure 6.7).  E. coli O157:H7 numbers decreased with decreasing non-

pathogenic E. coli numbers.  E. coli O157:H7 numbers were increased by 

approximately 2.3 log10 100 g-1 ds compared to non-pathogenic E. coli, this however, 

is explained by an artefact of the biosolids inoculation treatment.  In practice E. coli 

contents would be considerably larger in biosolids compared to E. coli O157:H7 

(Gale, 2005).  Furthermore, the rate of decay of E. coli O157:H7 was much greater 

compared to non-pathogenic E. coli in sludge-amended soils (Sections 5.3.2 and 

5.3.3).  Therefore non-pathogenic E. coli is a suitable indicator for E. coli O157:H7 

when applying biosolids to agricultural soils as soil improver.   

 

The results presented here show that time was the major factor influencing E. coli 

O157:H7 biosolids amended soils, and numbers decreased with time.  A similar 

relationship between time and non pathogenic E. coli was described in Chapter five.  

The decay rate of E. coli O157:H7 was increased in inoculated DMAD-amended 

soils (T90 11 days) compared to inoculated DRAW-amended soils (T90 14 days).  In 

contrast to non-pathogenic E. coli, soil temperature and soil moisture content were 

not statistically significant factors (in multiple regression models) affecting the decay 

of E. coli O157:H7 in biosolids amended agricultural soils.  Jiang et al. (2002) 

recorded survival times for E. coli O157:H7 in cow manure amended soils of 103 

days at 21 ˚C under laboratory conditions.  Fremaux et al. (2007) showed the 

survival time for E. coli O157:H7 in cow manure varied between 42 to 90 days with 

temperatures in the manure ranging between 20-65 ˚C depending on position in 

manure piles.  Thus, soil temperatures in the UK temperate environment do not 

significantly stress E. coli O157:H7 populations following biosolids application to 

agricultural soils.   

 

However soil temperatures may impact upon E. coli O157:H7 populations via 

indirect processes such as soil ecological processes.  Jiang et al. (2002) showed that 

in autoclaved, manure-amended soils, E. coli O157:H7 numbers survived for 138 

days at 15 ˚C.  Survival decreased to 34 days in unautoclaved manure amended soils 

suggesting that indigenous soil microorganisms contributed to the inactivation of E. 
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coli O157:H7 in soils.  Ibekwe et al. (2007) reported increased survival of E. coli 

O157:H7 numbers in fumigated soils compared to untreated soil types under 

laboratory conditions.  Semenov et al. (2007) observed that E. coli O157:H7 was 

more sensitive to competition from naturalised soil microbial populations compared 

to Salmonella enterica.  Under a constant temperature regime of 33 ˚C E. coli 

O157:H7 numbers decreased by 5 log10 g-1 ds in manure while following manure 

sterilisation numbers remained relatively constant for 15 days during the course of 

the laboratory experiment (Semenov et al., 2007). 

 

Soil moisture content was not a statistically significant factor influencing E. coli 

O157:H7 decay in biosolids-amended agricultural soils and was in agreement with 

previous published work on non-pathogenic E. coli (Lang et al., 2007).   In contrast, 

Voidovic reported increased mortality of E. coli O157:H7 under dehydrated soil 

conditions compared to hydrated soils.  However, Voidovic et al. (2007) compared 

E. coli O157:H7 survival in laboratory based dehydration experiments compared to 

field moist soils.  Therefore the dry conditions used by Voidovic et al. (2007) were 

unrealistic of soil moisture contents in the UK temperate environment.   There is 

evidence, for example, that E. coli O157:H7 can survive dry environments and 

Maule (2000) showed that E. coli O157:H7 survived for 62 days in a desiccated state 

on stainless steel.  Thus, the range of soil moisture contents obtained under UK 

temperate conditions is unlikely to influence E. coli O157:H7 populations directly in 

biosolids-amended soils.   

 
E. coli O157:H7 numbers declined to below the detection limit of a standard 

membrane filtration enumeration method within 100 days during the FT2 and FT3.  

E. coli O157:H7 numbers decreased to levels recorded in the unamended control 

soils by day 316 during FT4.  Therefore current cropping and harvesting restrictions 

regarding the use of biosolids are highly conservative.  The 10-30 month waiting 

period following application of conventionally treated biosolids provides assurance 

that potential transmission of E. coli O157:H7 will be minimised by allowing natural 

attenuation in soils.  Results also suggest the faecal indicator bacteria E. coli is a 

suitable indicator organism when determining the population characteristics of E. 
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coli O157:H7 in biosolids-amended agricultural soils and that  time was the major 

factor influencing the survival of both E. coli O157:H7 and non-pathogenic E. coli.   
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CHAPTER 7 

Enteric pathogenic bacteria and potential indicator bacterial 
organisms in biosolids-amended agricultural soils 

 

7.1 Introduction 

 

The survival of the enteric indicator organism, E. coli, in sewage sludge-amended 

soil has been extensively studied (Eamens et al., 2006; Lang and Smith, 2007; Lang 

et al., 2007).  However, there is considerably less published information available on 

survival of actual pathogenic species in agricultural systems amended with sewage 

sludge.   Indeed, a number of other enteric pathogens and potential indicators isolated 

from biosolids remain of concern when reusing biosolids in agriculture as a soil 

improver (Garrec et al., 2003; Solomon et al., 2002; Avery et al., 2005; Lemunier et 

al., 2005; Pourcher et al., 2007).   For instance Listeria monocytogenes (Al-Ghazali 

and Salwa 1990) and Salmonella enterica (Islam et al., 2004) contamination of crops 

have been associated with manure and biosolids-amended soils.  Here, a field-based 

experiment was designed to measure the population dynamics of Clostridium 

perfringens, Campylobacter jejuni, Listeria monocytogenes and Salmonella enterica 

in conventionally treated biosolids and dewatered raw sewage sludge-amended 

agricultural soils.  Also, the potential use of C. perfringens as a faecal indicator 

bacterium, for measuring the decay characteristics of enteric bacteria in biosolids-

amended agricultural soils, was evaluated (Eamens et al., 2006; Pourcher et al., 

2007). 

 

7.2 Materials and Methods 

 

Field trial 4 (FT4) included the inoculation treatment of sludge with E. coli O157:H7, 

S. enterica, L. monocytogenes, C. jejuni and C. perfringens described in Section 

4.3.6.  Table 7.1 shows the enteric pathogen content of sludge following the 

inoculation treatment.  Un-inoculated DMAD and DRAW were also included as soil 

experimental treatment types as well as unamended control soils (Table 7.2).  Plots 

were marked out on 25th October 2006 and the treatments were applied and 
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incorporated on 26th October 2006.  The first samples were collected on 26th October 

2006 with subsequent sampling dates are shown in Table 7.3.  

 

Table 7.1. Mean bacterial numbers in inoculated biosolids (DMAD) and 
inoculated dewatered sewage sludge (DRAW) prior to land 
application on 26th October 2006 

 
 

Mean bacterial numbers (CFU 100 g-1 ds log10) 

Bacterial species Inoculated DMAD  Inoculated DRAW  

E. coli 9.77 8.52 
E. coli O157:H7 11.46 11.17 
L. 

monocytogenes 11.76 9.92 
S. enterica 9.48 8.81 
C. perfringens 8.23 7.79 
C. jejuni 7.89 7.81 

 

 
Table 7.2. Experimental treatments used during FT4 from 26th October 2006 to 

7th September 2007. 
 

No. Treatment 

1 Control (no amendments) 

2 DMAD 

3 DRAW 

4 DMAD bacterial inoculation 

5 DRAW bacterial inoculation 

6 DMAD Phage inoculation 
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Table 7.3. Sampling dates during FT4 from 25th October 2006 to 7th September 
2007. 

 
Date Day Number 

26/10/2006 0 
03/11/2006 8 

10/11/2006 15 

17/11/2006 22 
27/11/2006 32 

08/12/2006 43 

15/12/2006 50 
12/01/2007 78 

26/01/2007 92 

09/02/2007 106 
22/02/2007 119 

08/03/2007 133 

23/03/2007 148 
12/04/2007 168 

08/05/2007 194 

05/06/2007 222 
07/09/2007 316 

 

7.3 Results  

 

7.3.1 Salmonella enterica decay in field soils 

 

Figures 7.1 and 7.2 show the patterns of decay in S. enterica numbers in the clay 

loam (Brices) and silty clay soil (North Sidelands), respectively, amended with 

inoculated DMAD and DRAW treatments.  Mean S. enterica numbers were initially 

7.4-7.8 log10 100 g-1 ds in treated plots and declined rapidly by approximately 3.6-3.8 

log10 100 g-1 ds within 80 days and to the 4  log10 100 g-1 ds  detection limit 

associated with the other enteric organisms.  Due to the increased selectivity 

associated with the media used for enumeration, monitoring of S. enterica to the 

detection limit of 3 log10 100 g-1 ds was possible.  Decay continued but more slowly 

and numbers were below the detection limit by Day 168 in July 2007.  Numbers 
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Figure 7.1.  S. enterica numbers in clay loam soil (Brices field) amended with dewatered inoculated (a) biosolids (DMAD) and (b) 

raw sewage sludge (DRAW) during FT4 from 26th October 2006 to 7th September 2007. 
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Figure 7.2.  S. enterica numbers in clay soil (North Sidelands) amended with dewatered inoculated (a) biosolids (DMAD) and (b) 
raw sewage sludge (DRAW) during FT4 from 26th October 2006 to 7th September 2007. 
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were also below the detection limit on the final monitoring occasion in September 

2007 after an experimental period of 316 days.  Decay rates from the regression 

models were similar and in the range of 0.014-0.018 log10 100 g-1 ds d-1 irrespective 

sludge or soil type (Table 7.4).  T90 values were in the range of 14-22 days 

irrespective of sludge or soil type (Table 7.4).    

 

Table 7.4. S.enterica decay rates and T90 values measured in the clay loam 
(Brices) and clay (North Sidelands) soils following inoculated DMAD 
and DRAW addition during FT4 from 26th October 2006 to 7th 
September 2007. 

 
Soil 
type 

Experimental 
treatment 

Decay rate 
 (log10 CFU 100 g-1 ds d-1) 

T90 values 

DMAD 0.018 19 Clay 
loam DRAW 0.016 20 

DMAD 0.018 14 
Clay 

DRAW 0.014 18 
 

7.3.2 Listeria monocytogenes decay in biosolids amended field soils 

 

Following the addition of inoculated DMAD and DRAW, L. monocytogenes 

numbers demonstrated similar decay patterns in both soil types and sludge types 

(Figures 7.3 and 7.4).  Initial mean values of L. monocytogenes were 9.3-9.6 log10 

100 g-1 ds followed inoculated DMAD additions to both soil types (Figures 7.3 and 

7.4).  In comparison, numbers were 7.7-7.8 log10 100 g-1 ds in DRAW treatment plots 

on day zero in Aril 2007 (Figures 7.3 and 7.4).  Numbers declined rapidly by 

approximately 4.6 log10 100 g-1 ds  in seeded DMAD treated experimental treatment 

plots and decreased below the detection limit on Day 43 on 8th December 2006.  

Numbers recovered and showed a slow decay but remained above the detection limit 

until the final monitoring period after 316 days.  Similarly, mean L. monocytogenes 

numbers showed a slow decay period after Day 43 and remained above the detection 

limit until Day 316 following inoculated DRAW addition. 

 

Thus, L. monocytogenes showed 2 phases of decay.  Numbers decreased rapidly over 

the first 50 days period of the experiment was followed thereafter by a slower phase 

of decay.  In contrast to S. enterica, however, L. monocytogenes were detectable in 
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Figure 7.3.  L. monocytogenes numbers in the clay loam (Brices field) amended with inoculated dewatered (a) biosolids (DMAD) 

and  (b) raw sewage sludge (DRAW) during FT4 from 26th October 2006 to 7th September 2007. 
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Figure 7.4.  L. monocytogenes numbers in the clay soil (North Sidelands) amended with inoculated dewatered (a) biosolids (DMAD) 

and (b) raw sewage sludge (DRAW) during FT4 from 26th October 2006 to 7th September 2007. 
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both the amended silty clay and clay loam soil types for the duration of the 

monitoring period.    Numbers of L. monocytogenes were also measured in the 

unamended control soils for comparison with sludge-amended soil and this 

commenced on Day 133 in March 2007, (Table 7.5) until the end of the field 

experiment on Day 316 in September 2007.  No statistically significant differences in 

L. monocytogenes numbers were detected between sludge-treated and unamended 

control soils from Day 222 on 5th June 2007 (Table 7.5).   

 

L. monocytogenes decay rates and T90 values were similar irrespective of sludge 

type.  However in general the rate of decay was increased in the clay soil (North 

Sidelands) compared to the clay loam soil (Brices) (Table 7.6).  Thus, T90 values 

were 5-6 days in the clay soil compared to 11-13 days in the clay loam.  

 

Table 7.5. L. monocytogenes numbers in inoculated DMAD and DRAW 
experimental treatment plots compared to the untreated control soils 
from Day 133 on 8th March 2007 to Day 316 on 7th September 2007 
during FT4.   Statistically significant differences between sludge 
amended soil (DMAD or DRAW) and the control are indicated in 
bold and * = P<0.05, ** = P<0.01, *** = P<0.001.   

 
Mean L. monocytogenes 

(log10 CFU 100 g-1 ds) 
Clay (North Sidelands) Clay loam (Brices) 

Day number Control DMAD DRAW Control DMAD DRAW 

133 5.46 5.68 6.19 4.65 5.68* 6.71*** 

168 6.02 5.80 5.87 5.00 5.73* 5.52* 

194 5.28 5.32 6.22* 4.95 5.56 6.09* 

222 6.19 5.21 6.03 5.29 4.73 5.73 

316 5.83 5.31 5.04 6.51 4.15 4.56 
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Table 7.6. L. monocytogenes decay rates and T90 values measured in the clay 
loam (Brices) and clay (North Sidelands) soils following inoculated 
DMAD and DRAW addition during FT4 from 26th October 2006 to 
7th September 2007. 

 
Soil 
type 

Experimental 
treatment 

Decay rate 
 (log10 CFU 100 g-1 ds d-1) 

T90 values 

DMAD 0.04 11 Clay 
loam DRAW 0.041 13 

DMAD 0.054 6 
Clay DRAW 0.087 5 

 
 
7.3.3 Campylobacter jejuni decay in agricultural field soil 

 

Initial C. jejuni numbers were in the range of 5.2-6.5 log10 100 g-1 ds in both soil 

types (Figure 7.5) on September 2006.    In general C. jejuni numbers decreased with 

time and the organism was not detected on Day 194 on 8th March 2007 until Day 222 

on the 5th June 2007.  However, the population increased on Day 316 and was similar 

to the values measured directly after incorporating the inoculated sludge types 

(Figure 7.5).  The behaviour of C. jejuni may be due to the initially low inoculum 

level of both sludge types (Section 7.2) and therefore the general pattern of decay 

was less pronounced compared to the other enteric organisms.    C. jejuni numbers 

were measured in the unamended control soils from Day 168 on 12th April 2007 for 

both soil types until the end of the experimental period on Day 316 on 7th September 

2007 for comparison with sludge-amended soils.  This analysis showed that 

detectable numbers measured in the sludge-amended soils were equivalent to the 

unamended controls and, therefore, sludge application was not responsible for the 

populations of these bacteria found in soil after Day 168.  
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Figure 7.5.  C. jejuni numbers in (a) clay loam (Brices field) and (b) clay soil 
(North Sidelands) amended with inoculated biosolids (DMAD) and inoculated 
dewatered raw sewage sludge (DRAW) during FT4 from 26th October 2006 to 

7th September 2007. 
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Table 7.7. Mean C. jejuni numbers in inoculated DMAD and DRAW 
experimental treatment plots compared to the untreated control soils 
from Day 168 on 12th April 2007 to Day 316 on 7th September 2007 
during FT4.   Statistically significant differences between sludge 
amended soil (DMAD or DRAW) and the control are indicated in 
bold and * = P<0.05, ** = P<0.01, *** = P<0.001.   

 

Mean C. jejuni  

(log10 CFU 100 g-1 ds) 
Clay (North Sidelands) Clay loam (Brices) 

Day number Control DMAD DRAW Control DMAD DRAW 

168 4.58 4.84 4.98 4.69 4.38 4.23 

194 4 4 4 4 4 4 
222 4 4 4 4 4 4 

316 6.61 6.87 5.46 4.72 4.56 4 
 

 

7.3.4 Clostridium perfringens decay in biosolids amended field soils 

 

Initial numbers of C. perfringens in both soil types on Day 0 on October 2006 were 

increased to 4.9-5.92 log10 100 g-1 ds following the application of inoculated DMAD 

and DRAW (Figure 7.6).  Numbers were variable and declined to 4-4.7 log10 100 g-1 

ds in the amended soils (Figure 7.6) by Day 316 in September 2007.   

 

Unamended control soils were enumerated for the presence of C. perfringens from 

Day 168 in March 2007.  However, C. perfringens was not detected in the soil 

microbial community (detection limit of 4 log10 100 g-1 ds). Clostridia spp. are spore 

forming therefore further enumeration methodologies (Section 4.6.6) were used to 

stimulate dormant C. perfringens spores potentially present for enumeration in soils.  

However, this confirmed that, in every case examined C. perfringens were below the 

detection limit.   
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Figure 7.6.  C. perfringens numbers in (a) clay loam (Brices field) and (b) clay 
soil (North Sidelands) amended with inoculated biosolids (DMAD) and 

inoculated dewatered raw sewage sludge (DRAW) during FT4 from 26th 
October 2006 to 7th September 2007. 
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7.3.5 Evaluation of faecal indicator organisms. 

 

The behaviour of C. perfringens in sewage sludge-amended agricultural soils did not 

follow the decay patterns for the suite of enteric pathogenic organisms described here 

and in Chapter 6 nor the non-pathogenic E. coli described in Chapter 5.  The 

relationships between pathogens and E. coli numbers were tested by linear regression 

analysis using pooled data from both soil types and for pooled data from both 

experimentally inoculated treatments with DMAD and DRAW in FT4 from 26th 

October 2006 to 7th September 2007.  The relationship between S. enterica and E. 

coli was highly significant (P<0.001) (Figure 7.7a) and approximated to a 1:1 

relationship.  Similarly, the relationship between L. monocytogenes and E. coli 

numbers and C. perfringens and E. coli numbers were highly significant (P<0.001).  

There was no significant correlation between C. jejuni and E. coli numbers (Figure 

7.7b).  Figure 7.9 shows the relationship between C. perfringens numbers and L. 

monocytogenes.  Generally the L. monocytogenes numbers were positively correlated 

with C. perfringens and the relationship was statistically significant (P<0.001).  

However, C. perfringens numbers showed no general significant correlation with any 

of the other enteric organisms (Figures 7.9 and 7.10) 

 

7.4 Discussion 

 

L. monocytogenes and S. enterica numbers showed similar responses to E. coli 

O157:H7 and non-pathogenic E. coli in both soil types following the application of 

sewage sludge to agricultural field soils.  Numbers rapidly decayed within 60-80 

days.  Thus S. enterica decreased by 3 log10 100 g-1 ds over this time period.  You et 

al. (2006) reported a similar decrease in S. enterica numbers over a similar time 

period of 42-90 days in manure amended soils.  L. monocytogenes decreased by 

approximately 2-3 log10 100 g-1 ds within 100 days of sewage sludge application.  

This was similar to the response reported by Hutchinson et al. (2004) which showed 

an approximate 5 log10 g-1 ds decrease in L. monocytogenes during 100 days of 

storage of liquid livestock slurry.   
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Figure 7.7 (a) S. enterica and (b) L. monocytogenes numbers in relation to numbers of E. coli in inoculated DMAD and DRAW 

amended soils during FT4 from 26th October 2006 to 7th September 2007. 
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Figure 7.8 (a) C. jejuni and (b) C. perfringens numbers in relation to numbers of E. coli in inoculated DMAD and DRAW amended 
soils during FT4 from 26th October to 7th September 2007. 
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Figure 7.9 (a) S. enterica and (b) L. monocytogenes numbers in relation to numbers of C. perfringens in inoculated DMAD and 
DRAW amended soils during FT4 from 26th October 2006 to 7th September 2007. 
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Figure 7.10 (a) E. coli O157:H7 and (b) C. jejuni numbers in relation to numbers of C. perfringens in inoculated DMAD and DRAW 

amended soils during FT4 from 26th October 2006 to 7th September 2007. 



 190 

Results reported here showed that, by day 168, S. enterica numbers had declined to 

below the detection limit of 3 log10 100 g-1 ds. You et al. (2006) also reported S. 

enterica numbers were less than the detection limit of membrane filtration (2 log log10 

g-1 ds) within 158 days of manure application to soil.  In contrast, L. monocytogenes 

numbers decreased by 2-4 log10 100 g-1 ds by day 168 but remained higher than the 

detection limit of 4 log10 100 g-1 ds.  However, L. monocytogenes were also present in 

the unamended control soils and numbers were not statistically significantly different 

from that of the biosolids-amended agricultural soils.   

 

The presence of indigenous enteric bacteria in microbial ecosystems of unamended 

agricultural soils has a major influence on decay patterns of enteric bacteria following 

biosolids addition.  For instance, C. jejuni numbers were highly variable during the 

field trials described here.  This may be explained by the low initial inoculum levels 

in seeded sludge and amended soils.  The statistical analysis of results showed there 

was no significant relationship between C. jejuni numbers and E. coli numbers as 

previously reported (Jones, 2001), but this could be explained by the low inoculation 

dose.   However there was no statistically significant difference in C. jejuni numbers 

in the experimental treatment plots and the unamended control soils by Day 168.  The 

presence of L. monocytogenes and E. coli O157:H7 was also detected in unamended 

control soils of the experiment.  Listeria monocytogenes have been previously found 

in agricultural soils (Botzler et al., 1974).  Nightingale et al. (2004) detected Listeria 

monocytogenes in 27.3 % of US farm pasture soil samples collected where bovine 

listeriosis had been confirmed.  Interestingly in 14.1 % of soil samples from control 

farms (where listeriosis was not present in the bovine herd) soil samples also tested 

positive for the presence of Listeria monocytogenes.  Nightingale et al (2004) also 

showed Listeria monocytogenes ribotype DUP-1045A was not observed among 

clinical isolates yet was associated with control farms and environmental isolates.  

The ribotype DUP-1038B was associated with faecal isolates compared to farm 

environment isolates and was responsible for clinical listeriosis on two farms.  

Therefore L. monocytogenes subtypes may adapt to infect mammalian hosts while 

others adapt to environmental survival.  Thus, the presence of Listeria monocytogenes 

in UK agricultural soils may be expected (MacGowan et al., 1994; Hutchinson et al., 

2004).  It remains unclear whether L. monocytogenes and C. jejuni in biosolids may 
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transfer to and survive in the indigenous soil community.  It is therefore necessary to 

determine the sources of L. monocytogenes and C. jejuni in biosolids amended soil.     

 

The decay profiles of both S. enterica and L. monocytogenes in soils following the 

application of biosolids were similar to E. coli in agreement with previous studies 

(Zaleski et al., 2005a; Semenov et al., 2007).  Consequently it is plausible that similar 

processes influencing E. coli survival are also responsible for the decay of enteric 

pathogens in biosolids-amended agricultural soils as described in chapters five and 

six.  Enteric pathogens are adapted to survival in the mammalian gut where 

temperatures are warmer than in the temperate soil, and they are less able to compete 

for nutrient resources compared to the indigenous microbial community (Bronikowski 

et al., 2001).  In general enteric pathogens are unlikely to grow outside the host 

(Kemp et al., 2005; Eamen et al., 2006).  However, Sidorenko et al. (2004) 

demonstrated the ability of L. monocytogenes to grow in soil under a temperature 

regime of 20-22 ˚C.  In comparison, Semenov et al. (2007) showed that S. 

typhimurium numbers in biosolids-amended agricultural soils decreased to below the 

detection limit of MF by approximately 15 days when incubated under laboratory 

conditions at 33 ˚C.  In contrast S. typhimurium numbers increased by approximately 

1 log in sterile biosolids amended agricultural soils incubated at 33 ˚C under 

laboratory condition.  Semenov et al. (2007) also reported a similar response for E. 

coli O157:H7.  You et al. (2006) reported increased survival of S. enterica in manure-

amended sterilised soils (158 days) compared to manure-amended non-sterilised soils 

(107 days).  Therefore the decay patterns of S. enterica and L. monocytogenes 

reported may also be determined by the indigenous soil microbial community (Botzler 

et al., 1974; England et al., 1993; Jiang et al., 2002; You et al., 2006; Elsas et al., 

2007; Semenov et al., 2007). 

 

Clostridium perfringens was tested to evaluate its potential as an indicator organism 

for enteric pathogens in biosolids-amended agricultural soils.  The moderate decay of 

C. perfringens in soil amended with inoculated sludge was detected over the duration 

of the monitoring period equivalent to 316 days.  Pourcher et al. (2007) reported the 

survival of C. perfringens spores in soils amended with biosolids over a 2 month 

period and showed no discernable pattern of decay.  Eamens et al. (2006) reported 

survival times of C. perfringens spores in biosolids amended soils over a 364 day 
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period similar to those obtained here.  In contrast S. enterica and L. monocytogenes 

numbers showed a rapid decay and were not statistically different from the 

unamended control soils by Day 316.  Linear regression analysis of results showed no 

significant relationship between C. perfringens and S. enterica or E. coli O157:H7.  

There was a correlation between C. perfringens and L. monocytogenes numbers 

although the E. coli L. monocytogenes relationship was stronger.   The relationship 

between E. coli and S. enterica was almost 1:1 in inoculated sludge amended soils.  

Therefore E. coli is a more suitable Faecal Indicator Bacteria (FIB) for target enteric 

organisms, compared to C. perfringens, when measuring enteric bacteria decay rates 

in biosolids amended agricultural soils.   However, the presence of indigenous soil E. 

coli detracts from E. coli use as a FIB and therefore requires further work to validate 

this potential indicator organism.  Further work is also needed to establish the 

suitability of C. perfringens as an enteric indicator organism for parasitic 

microorganisms (Chauret et al., 1999; Pourcher et al., 2007).  

 
 
Increasing occurrence of gastrointestinal disease among the UK population is of 

major concern.  Long-term field trials are necessary to understand pathogen survival 

in soils to minimise the risk of transmission of disease when applying biosolids to 

agricultural soils (Gale, 2005; Eamens et al., 2006; Avery et al., 2005).  The results 

obtained here support the re-use of biosolids as an agricultural soil improver.  The 

Safe Sludge Matrix currently requires a 10-30 month harvesting period following the 

application of biosolids to agricultural soils (ADAS, 2001).  Salmonella enterica 

numbers declined to below the detection limit within 168 days.  L. monocytogenes 

and C. jejuni numbers were not significantly different compared to the unamended 

control soils within 168-222 days.  Decay patterns of the target organisms reported 

here were similar to that of the faecal indicator bacterium E. coli and the pathogenic 

E. coli O157:H7 strain (Chapters 5 and 6 respectively).  Decay rates were potentially 

higher in DMAD amended soils compared to raw sludge.  Therefore, conventional 

treatment of sewage sludge decreases the pathogen content of biosolids prior to land 

application and may potentially stimulate decay in soil.  Consequently 10-month 

harvest/cropping restrictions permitted for the agricultural use of sewage sludge are 

highly conservative and provide an effective barrier to the transmission of 
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communicable infectious intestinal bacterial disease when applying biosolids to 

agricultural soils. 
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CHAPTER 8 

Investigation of the influence of soil ecological processes on E. coli 
decay in biosolids-amended soils under controlled laboratory 

conditions 
 
 
8.1 Introduction 

 

Chapter 5 described a programme of long-term field experiments quantifying E. coli 

decay in biosolids-amended agricultural soils and the inactivation of pathogenic 

bacteria under field conditions was described in chapters six and seven.  The series of 

field investigations identified a number of factors influencing the decay of enteric 

bacteria in biosolids-amended agricultural soils.  Time was the principal highly 

statistically significant factor influencing enteric pathogen decay, and numbers 

declined with time following application and was consistent with previous work under 

UK environmental conditions (Lang et al., 2007).  Soil temperature was also shown to 

influence indigenous soil E. coli populations in unamended control soils (Section 

5.3.1) and E. coli numbers in soil amended with dewatered sewage sludge (Section 

5.3.2) with numbers increasing with increasing temperature to approximately 15 ˚C, 

above which numbers decreased in warmer soils.   

 

However, ambient soil temperatures measured under field conditions were suitable for 

E. coli survival and growth in terrestrial soil habitats (Byappanahalli and Fujioka 

2004: Ishii et al., 2006).  Indeed, the magnitude of the response of E. coli numbers to 

soil temperature declined in enhanced treated biosolids amended soils (Section 5.3.).  

It has been previously suggested that soil temperature may influence soil E. coli 

populations through indirect processes such as soil ecological pressures (Lang et al., 

2007).  Increased protozoan and nematode population numbers have been measured in 

response to manure addition to soils (Griffiths et al., 1998).  Furthermore, protozoan 

predatory activity has been shown to be responsible for decreasing enteric pathogen 

numbers in sewage sludge (Mallory et al., 1983) and animal faecal manure-amended 

agricultural soils (Trevisan et al., 2002).   Therefore ecological processes and 

protozoan activity in particular are likely to be highly important to understanding the 

mechanisms of enteric bacteria decay in sludge-amended agricultural soils (Rogers 

and Smith, 2007)  
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The suitability of E. coli as faecal indicator bacteria for enteric pathogen decay in 

biosolids-amended soils was demonstrated in chapters 6 and 7.  Therefore, this 

chapter describes a laboratory-based incubation experiment designed to investigate 

influence of soil and sludge ecological factors and interactions on E. coli survival in 

biosolids-amended agricultural soils.  This was accomplished by the inoculation of 

sterile and non-sterile biosolids and soil treatments using conventionally treated 

DMAD, and by inoculation with a cultured strain of E. coli and the ciliate protozoa 

Colpoda steinii.  

 

8.2 Materials and Methods 

 

8.2.1 General soil and biosolids characteristics  

 

A laboratory incubation study was established on 16 July 2007 to examine the 

interaction between soil protozoa and the indicator organism, E. coli, in biosolids 

amended soil.  Soil was obtained from Imperial College farm, Wye, Kent (section 

4.1.1) on June 2007 and was sampled from the North Sidelands and Brices field sites 

used for the long term field trials (Chapter 5).  Soil was collected from the top 10 cm 

layer using a spade and sieved through a 4 mm sieve.  General physico-chemical 

properties of the soils were determined by a NAMAS accredited external laboratory 

(NRM Ltd, Berkshire, UK).  As expected the two soil types had contrasting soil 

characteristics.  The texture class of soil from Northsidelands was a silt clay and the 

soil contained 4 % OM content and a pH value of 8.3 (Table 8.1).  Soil from Brices 

field by comparison was a clay loam with an OM content of 1.8 % and pH value of 

6.2 (Table 8.1). 

 

Dewatered Mesophilic Anaerobically Digested cake (DMAD) was collected from the 

Ashford Wastewater Treatment Plant, operated by Southern Water.   The general 

chemical characteristics of the DMAD collected were similar to those for the 

biosolids applied to the field experiments (section 4.2).  The E. coli content of the 

DMAD was 8.1 log10 100 g-1 DS; and  it had a DS and VS (volatile solid) contents of  

28 % and 60 % DS, respectively (Table 8.1), typical of this biosolids product.    
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Table 8.1. General physico-chemical characteristics of soils used during the 
laboratory based incubation experiments (dry soils (ds) basis). 

Soil pH 
Organic 
matter 

(%) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Texture 

Brices Field 6.2 1.8 32 42 26 Clay loam 

North Sidelands 8.3 4.0 13 47 40 Silty clay 
 

 

8.2.2 Incubation procedures 

 

The experimental design included treatment conditions with sterile and unsterilised 

soil and DMAD (Table 8.2).  Treatments were in triplicate with controls measured for 

the presence of E. coli in sterile and non-sterile unamended soil.   The soil and 

biosolids samples were sterilised by a specialist company (Isotron, Wiltshire, UK) by 

exposure to γ-radiation.  Certain treatments were also inoculated with E. coli and a 

soil protozoa species as shown in Table 8.2.  The inoculation with E. coli was 

performed with a strain isolated from dewatered digested biosolids using a standard 

membrane filtration method (Humphrey, 1999).  A single colony was selectivly 

grown on membrane lactose glucuronide agar (MLGA) and confirmation tests 

(Section 4.4.4) showed the isolate was E. coli.  The isolate was subsequently grown 

for approximately 24 h at 37 ˚C at 200 rpm in Luria Bertani (LB) broth to an 

appropriate concentration (McFarland standard 4) before addition to the designated 

inoculation treatments so that the final concentration following inoculation treatment 

was approximately 8 log10 100 g-1 ds and similar to that of the non-sterile DMAD.   A 

culture of the protozoan Colpoda steinii (Culture Collection of Algae and Protozoa, 

UK) was added to treatments requiring protozoa addition, to a final concentration of 

1000 cells g-1 soil.  C. steinii is a common soil ciliate, predominant in many soil types 

(Bamforth, 2001) that feeds on E. coli and has previously been widely used to study 

the ecology of soil protozoa (Wright et al., 1995; Xu et al., 1997).  All treatments 

were repeated in triplicate for each sample point and placed in separate sterile sealed 

bags.  
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Non-sterile and sterile DMAD samples were added to the soils to the equivalent to 10 

t DS ha-1 for comparison with the field trials (Section 4.3).  Before addition to soil, 

DMAD and sterile DMAD were formed into slurry by mixing with phosphate 

buffered saline (PBS) in the ratio of 1:1 (w/v) and stomaching at 230 rpm for two and 

a half minutes to assist blending of the sludge into the soils.  Unamended soil was also 

treated with PBS to ensure no effect of preparation on E. coli numbers.  The soils 

were maintained in a field moist condition.  The required amounts of bacteria (150 

ml) and protozoa inoculum were added to 1.5 kg batches of each sterile and non-

sterile soil types following biosolids application using a hand held 30 ml atomiser.  

After inoculation and sludge amendment, the different soil treatments were 

thoroughly homogenised using a hand-held mixer.  The hand-held mixer was 

sterilised in between mixing samples using 1 % Virkon.  The prepared samples were 

then divided into 50g portions per replicate per time point and transferred into 

sealable plastic bags, which were ventilated with a straw to allow gas exchange.  The 

bags of soil were transferred to a temperature controlled incubator and were 

maintained in the dark at 15 ˚C.  Treatments were sampled weekly for E. coli, using 

standard enumeration MF and MPN (Humphrey, 1999) techniques described in 

sections 4.4.3 and 4.4.4 respectively. 

 

Table 8.2. Sterilisation, inoculation and DMAD application treatments used in 
the laboratory incubation experiment. 

Number Treatment Soil 

1 E. coli Sterile 
2 E. coli + protozoa Sterile 
3 DMAD Sterile 
4 DMAD + protozoa Sterile 
5 No addition Sterile 
6 No addition Fresh 
7 E. coli Fresh 
8 Protozoa Fresh 
9 E. coli +Protozoa Fresh 
10 DMAD Fresh 
11 DMAD + protozoa Fresh 
12 Sterile DMAD Fresh 
13 Sterile DMAD + E. coli Fresh 
14 Sterile DMAD + E. coli + protozoa Fresh 
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8.3 Results 

 

8.3.1 Soil microfloral effects  

Mean E. coli numbers in non-sterile and sterilised soil were initially  increased to 7.2-

7.6 log10 100 g-1 ds in both soils following application of non-sterile DMAD 

(Treatments 3 and 10) (Figure 8.1) compared to a background number of 

approximately 1.5-2 log10 100 g-1 ds in the non-sterile control soils (Treatment 6).  As 

would be expected, no E. coli were found in either the sterile DMAD or soil samples.  

After DMAD addition, mean E. coli numbers in the non-sterile soils rapidly decayed 

and were summarised by a simple statistically significant linear relation with time (r2 

= 0.82-0.86; P<0.05-<0.001) and declined by approximately 5-6 log10 100 g-1 ds in 

both soil types by the end of the monitoring period (Figures 8.1a and 8.1b).    In 

comparison, relatively little decay in mean E. coli numbers was observed in the sterile 

soils amended with non-sterile DMAD. 

Soil sterilisation increased survival and also reduced the decay rate.  Also the 

regression coefficients of the linear models describing decay with time indicated that 

T90 values were increased by a factor of approximately 3 in sterile soil (T90 = 30-45) 

compared to non sterile soil (T90= 11-15) for both soil types.   One way ANOVA 

confirmed that mean E. coli numbers were statistically (P<0.001) smaller in the 

unsterilised DMAD amended soils compared to the sterile condition on the final day 

of the experiment (Day 62).   

In contrast to the decay of E. coli observed in DMAD amended soil, numbers of E. 

coli introduced into sterile soils by inoculation treatment increased by 1-2 log10 100 g-

1 ds  from the initial population size overall immediately after inoculation addition 

(Figure 8.2).  In non-sterile soil however, E. coli numbers declined by 1-4.5 log10 100 

g-1 ds after inoculation treatment (Figure 8.2).    

 

Moderately higher decay was measured in the non-sterile clay loam soil (0.064 log10 

100 g-1 ds d-1) inoculated with E. coli compared to the non-sterile silty clay soil (0.018 

log10 100 g-1 ds d-1).  The increased rate of decay observed in the lower fertility status 

soil (clay loam contained 1.8 % OM) could be explained by the reduced availability 

of substrate limiting the growth and survival of E. coli compared to the higher fertility  
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Figure 8.1.  E. coli numbers in sterile and non-sterile (a) silty clay and (b) clay loam soils following DMAD application (Treatments 3 
and 10). 
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Figure 8.2.  E. coli numbers in sterile and non-sterile (a) silty clay and (b) clay loam soils inoculated with E. coli (Treatments 1 and 7). 
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condition (silty clay contained 4.0 % OM).  T90 values ranged from 16-55 days for 

the sterile soil and these values were higher than those measured in non-sterile soils 

amended with biosolids.  Therefore the results strongly suggest the application of 

biosolids to agricultural soil itself significantly increased the decay of added enteric 

bacteria probably through the addition of available nutrients that stimulate natural 

antagonistic and predatory soil ecological processes that reduce the survival of input 

bacteria.  

 

Moderately higher decay was measured in the non-sterile clay loam soil (0.064 log10 

100 g-1 ds d-1) inoculated with E. coli compared to the non-sterile silty clay soil 

(0.018 log10 100 g-1 ds d-1).  The increased rate of decay observed in the lower 

fertility status soil (clay loam contained 1.8 % OM) could be explained by the 

reduced availability of substrate limiting the growth and survival of E. coli compared 

to the higher fertility condition (silty clay contained 4.0 % OM).  T90 values ranged 

from 16-55 days for the sterile soil and these values were higher than those measured 

in non-sterile soils amended with biosolids.  Therefore the results strongly suggest 

the application of biosolids to agricultural soil significantly increased the decay of 

added enteric bacteria probably through the addition of available nutrients that 

stimulate natural antagonistic and predatory soil ecological processes, such as 

protozoa grazing, that reduce the survival of input bacteria.  

 

8.3.2 Biosolids microfloral effects  

 

Mean E. coli numbers decreased by approximately 1-2 log10 100 g-1 ds following the 

addition of sterile DMAD to both soil types receiving the E. coli inoculation  and the 

decay rates were in the range of 0.02-0.034 log10 100 g-1 ds d-1 (Figure 8.3).  This 

contrasts with the decay rates for E. coli measured in soil amended with non-sterile 

DMAD, that were approximately 2-4 times higher compared to the removal rates of 

inoculated E. coli observed in sterile DMAD (Section 8.3.1).  T90 value measured for 

the silty clay soil following the addition of sterile DMAD was 30 days the T90 

decreased to 15 days in non-sterile DMAD containing a native E. coli population.  A 

similar trend was observed for the clay loam. In this case the T90 was 50 days with  
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(b) Clay loam
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Figure 8.3. Mean E. coli numbers measured in (a) silty clay and (b) clay loam 
following E. coli inoculation treatment and amendment with sterile DMAD 

(Treatment 13). 
 

 

addition of sterile inoculated DMAD and 11 days with non-sterile biosolids-amended 

soil (Section 8.3.1).  E. coli numbers were significantly (P<0.001) smaller in both 

soil types following DMAD application compared to sterile, inoculated DMAD 

incorporation after 62 days of incubation.   Therefore, the results strongly suggest the 

indigenous biosolids microbial community has a significant role in reducing the 

survival of E. coli populations added to the soil in biosolids.  The influence of the 

biosolids microflora on E. coli decay was apparently increased in the low fertility 

soil (clay loam) which may support a less active soil microflora compared to the 

higher fertility soil type (silty clay soil), due to lack of available substrates.   The 
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decay profiles of E. coli added to soil in sterile DMAD (Figure 8.3) were also similar 

to that of DMAD-amended sterile soils (Figure 8.1)   

 

8.3.3 The effect of Predatory protozoa 

    

E. coli and DMAD addition to both sterile and non-sterile soils was repeated with 

added protozoan inoculation treatment (Treatments 2,4,8,9, and 11). Sterile DMAD 

inoculated with E. coli was also repeated with the addition of a protozoan inoculum 

(Treatment 14).  In general, E. coli numbers in the protozoan inoculation treatments 

with sterile soil (Treatment 2) followed the same patterns as the numbers of 

inoculated E. coli without protozoa addition (Treatment 1) (Figure 8.4).  

Nevertheless, one way ANOVA showed values approached significant difference at 

P = 0.06 in the final stages of monitoring the experiment in the silty clay soil (Figure 

8.4a).  However, there was no evidence that protozoan inoculation reduced E. coli 

survival in the clay loam soil (Figure 8.4b). 

  

In contrast to the direct E. coli inoculation of soil, the results suggested that protozoa 

addition to sterilised soil amended with non-sterile DMAD (Treatment 4) 

consistently reduced the numbers of E. coli detected (Figure 8.5).  The differences in 

mean E. coli numbers between the DMAD-amended soil and the equivalent 

treatment with added protozoa were close to statistical significance (P = 0.07) after 

62 days of monitoring for the sterile silty clay soil (Figure 8.5a).  The sterile clay 

loam soil with DMAD amendment also contained fewer E. coli numbers with 

protozoa inoculation overall (Figure 8.5) but in this case the results did not approach 

statistical significance.  In comparison protozoa addition had no overall impact on E. 

coli numbers in the other experimental treatments presumably due to the relatively 

high numbers of protozoa already present in non-sterile soil compared to numbers in 

the inoculum  (Treatments 8, 9, 11,13 and 14). 
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Figure 8.4.  Mean E. coli numbers in the sterilised (a) silty clay and (b) clay loam soil following E. coli addition, with or without 
protozoan addition (Treatments 2 and 1 respectively). 
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Figure 8.5.  Mean E. coli numbers in sterile (a) silty clay and (b) clay loam soil following DMAD application (Treatment 3) and 

protozoa inoculation treatment (Treatment 4). 
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8.3.4 Response of indigenous soil E. coli populations to biosolids application 

 

The mean background numbers of E. coli in the silty clay and clay loam soil types 

were in the ranges of 1.5-2.5 and 0.8-1.7 log10 100 g-1 ds, respectively, in the 

unamended control soil treatments (Figure 8.6) and there was a general trend of 

declining numbers with time.  There was no consistent effect of incorporating sterile 

DMAD on E. coli numbers in the clay loam soil, and the soil population was similar 

to the unamended control.  However, E. coli numbers were generally increased by 

DMAD amendment to the silty clay soil compared to the unamended control 

condition.  Indeed, numbers were significantly increased by sterile DMAD 

application to this soil type by the final sampling event on Day 62 of the incubation 

experiment, compared to the unamended control soil. 

 

8.4 Discussion 

 

The combinations of sterilised and non-sterile soil, and biosolids, conditions tested in 

this incubation experiment provided key insights into how soil and sludge ecological 

dynamics and interactions influence the survival of the enteric indicator organism E. 

coli in the soil environment.  Indeed, in the absence of an active soil ecological 

system, which was removed by sterilisation treatment, E. coli remained at a 

consistent level equivalent to the inoculation concentration or increased (Figure 8.2).  

This suggests that, at least from a physico-chemical point of view, the terrestrial soil 

matrix is a suitable habitat for E. coli and contains suitable substrates to sustain E. 

coli populations and potentially support their growth.  On the other hand non-sterile 

soil was generally a more aggressive environment to E. coli and numbers of 

inoculated bacteria decreased by 1-4.5 log10 100 g-1 ds in both soil types during the 

experimental period (Figure 8.2).  Consequently this provides strong evidence that 

soil ecological processes actively limit E. coli numbers in temperate soil 

environments. 

 

Nevertheless, both the field experimental programme (Chapter 5) and soil incubation 

study reported here showed that temperate agricultural soils also support small  
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Figure 8.6.  Mean E. coli numbers the unamended (a) silty clay soil (b) clay loam 

and following application of sterile DMAD during the during the laboratory 
based incubation experiment. 
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background populations of E. coli, adapted to persistence in the terrestrial soil 

habitat.   

 

The behaviour of this population is evidently very different to the enteric bacteria 

present in sewage, and background numbers in the soil types examined here showed 

that little or only a marginal overall response to sterile DMAD application (Figure 

8.6) which is potentially a rich source of nutrients for microbial growth.  However, 

the results of the soil incubation were consistent with data from the field experiments 

which showed that background numbers may be increased to some extent due to 

biosolids application, presumably a growth response from the improved substrate 

supply (Figure 8.6).  Byappanahalli and Fujioka (2004) reported the presence of E. 

coli in Hawaiian terrestrial field soils while Ishii et al. (2006) also reported soil E. 

coli populations in soil under extreme temperate conditions in the USA.  Under 

laboratory conditions, the addition of glucose to soils, which had been treated with 

bile salts to inhibit the indigenous soil bacteria, stimulated a 1 log10 1 g-1 ds increase 

in E. coli numbers (Byappanahalli and Fujioka, 2004).  A similar response was seen 

in the experimental soils during the laboratory based experiments here, with numbers 

increased by approximately 1-4.5 log10 100 g-1 ds in the sterilised soils compared to 

the unsterilised soils.   

 

Decay patterns of E. coli in non-sterile soil amended with sterile inoculated DMAD 

(Figure 8.3) were similar to decay patterns in sterile soils amended with non-sterile 

DMAD (Figure 8.1).   This decay in soil amended with sterile DMAD is in contrast 

to the persistence of pathogens in sterile sludge alone (Mallory et al., 1983).  Mallory 

et al. (1983) reported approximately a 3 log10 decay of S. typhimurium in unamended 

sewage sludge while numbers showed approximately 1 log10 decrease in sewage 

treated with cycloheximide and no apparent decrease in sewage sludge treated with 

cycloheximide and the eukaryotic inhibitor erythromycin.  Mallory et al. (1983) also 

reported that K. pneumoniae was rapidly eliminated following the addition of 

protozoa (Tetrahymena thermophilus) to sterile sewage and suggested indigenous 

sewage sludge protozoan grazing was a main factor influencing both S. typhimurium 

and K. pneumoniae numbers in sewage sludge.  Mallory et al. (1983) further 
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indentified the susceptibility of both bacteria to protozoa grazing in simple laboratory 

cultures.  In contrast mean E. coli numbers in both soil types amended with sterile 

DMAD declined by approximately 1-2 log10 100 g-1 ds over the 62 day monitoring 

period during this current research project (Figure 8.3).  The decay of E. coli in 

sterile DMAD added to non-sterile soil may presumably be due to invasion of the 

sludge particles by soil predators.  E. coli numbers also declined by approximately 1-

2 log10 100 g-1 ds in sterile soil amended with non-sterile DMAD (Figure 8.1).  This 

suggests that the sludge ecology may also contribute to the inactivation of E. coli as 

previously reported (Mallory et al., 1983)  

 

However, E. coli decay was significantly accelerated when DMAD was applied to 

non-sterile soil.  Thus T90 values of E. coli in biosolids-amended sterile soils ranged 

from 30-46 days, but survival of E. coli was significantly (P<0.001) reduced with T90 

values decreasing to 11-15 days with the addition of biosolids to non-sterile soils.  

Consequently, the results suggested that both the indigenous soil and sludge 

microbial communities have important roles in influencing E. coli decay in biosolids-

amended soil, confirming earlier studies on the ecological dynamics of pathogen 

survival (Nasser et al., 2002; Lang et al., 2007).  In related work, Jiang et al. (2002) 

demonstrated the influence of the soil microbial community on E. coli O157:H7 

numbers in soils amended with animal faecal manure.  In that investigation, survival 

times were doubled in sterile manure amended soil.  Thus, E. coli O157:H7 survived 

for more than 200 days when inoculated into sterile manure-soil matrix (1:100 ratios) 

at 15 ˚C compared to 109 days for the non-sterile conditions (Jiang et al., 2002).  

 

The profound intrinsic effects of biosolids application on E. coli are demonstrated by 

comparison to the equivalent E. coli inoculation treatments without sludge 

amendment (Figures 8.1 and 8.2).  Thus, the T90 of inoculated E. coli added directly 

to the silty clay and clay loam soils was 55 and 16 days, respectively.  However, 

survival markedly decreased with T90 values declining to 15 and 11 days, 

respectively in the biosolids-amended soils (Figure 8.1 and 8.2).  Nasser et al. (2002) 

similarly reported the increased decay of enteric pathogens in soils following the 

addition of activated sludge to soils in a controlled laboratory investigation.  For 
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example, the T99 of Cox A virus decreased from approximately 21 days in 

unamended soils to 7 days in soil receiving activated sludge.  A similar response was 

also observed with the faecal indicator bacteriophage MS2.  In this case the T99 

declined from over 21 days in soil compared to 2 days in soil amended with activated 

sludge.  These observations therefore provide further evidence of the intrinsic effects 

of biosolids properties in the decay of enteric pathogens in sludge-amended 

agricultural soil.  

 

The results from the sterile and non-sterile soil and sludge amendment treatments 

strongly implicate the role of soil and sludge ecological factors in the decay of E. coli 

in biosolids-amended soil.  However, the results from the protozoa inoculation 

treatments whilst suggesting decay was increased the evidence was equivocal.  Thus, 

overall E. coli numbers were generally reduced in the silty clay loam soil following 

DMAD application with added protozoa compared to DMAD amended soil (Figure 

8.5a) but there was no response in E. coli numbers in the clay loam soil (Figure 

8.5b). Bacteriophagous protozoa have been show to actively ingest bacteria in soil 

under both laboratory and field conditions (Mallory et al., 1983; Rutherford and 

Juma, 1992).   Rutherford and Juma (1992) reported the consumption of 

Pseudomonas aeruginosa by an Acanthamoeba spp. in soi, with numbers actively 

reduced by approximately 50-75 % within 4-7 days.  Thus it may be expected that 

protozoa ingestion of bacteria may actively reduce enteric pathogens in biosolids-

amended agricultural soils.  Indeed, Trevisan et al. (2002) observed a significant 

increase in protozoa activity in slurry-amended soils which significantly increased 

faecal coliform (FC) decay.  Faecal coliforms decreased by approximately 3 log10 

100 g-1 ds while during the same time period protozoa numbers increased by 

approximately 1 log10 100 g-1 ds (Trevisan et al., 2002).  Marino and Gonzalez 

(1991) also reported protozoa grazing limiting FC and faecal streptococci (FS) 

numbers in storm drain sediments.  An approximate 2 log10 g-1 increase in FC 

numbers was seen following the inhibition of protozoa (Marino and Gonzalez, 1991).    

 

The limited E. coli response to protozoa treatments may be due to limitations 

associated with the experimental approach in the laboratory-based incubation 
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investigations described here.   While a monoculture of C. steinii has been used 

previously to monitor soil protozoa ecology and is known in actively consume E. coli 

cells (Wright et al., 1995; Xu et al., 1997; Bamforth, 2001), it represents a small 

section of the diverse soil predatory protozoa populations, which contain 

bacteriophagous ciliates, amoebas and flagellates (Bamforth, 2001).  Also due to 

high numbers of indigenous soil protozoa the addition of the protozoa inoculum did 

not increase overall population numbers in the non-sterile soil treatments  

(Treatments 4,8,9,11 and 14) (Rogers et al., 2008) and therefore had no overall effect 

of E. coli decay.         

 

Overall the E. coli content of the clay loam soil was generally lower during the 

laboratory based experiment compared to the high organic matter silty clay soil.   

Competition for nutrients may be responsible for limiting the growth of E. coli 

populations in agricultural soil (Byappanhalli and Fujioka, 2004).  Thus, Ishii et al. 

(2006) recorded smaller populations of naturalised E. coli populations in soils with 

organic matter contents in the range 0.5-1.8 % in the North American extreme 

temperate conditions compared to high organic matter soils in the range of 2.9-56.6 

%.   Hackl et al. (2005) also reported a positive correlation between soil organic 

matter and the size of the microbial biomass in the Austrian temperate environment.  

Therefore nutrient availability may be a significant factor influencing E. coli survival 

in nutrient low soils.  Indeed, T90 values increased from 16 days in non-sterile soil 

with added E. coli (Figure 8.2b) to 50 days following sterile biosolids incorporation 

in the clay loam soil (Figure 8.3b).  In comparison, T90 values, in the silty clay soil 

with high soil organic matter values, decreased from 55 days (Figure 8.2a) to 30 

(Figure 8.3b) days following the addition of sterile DMAD.  Thus, E. coli population 

responses in the clay loam soil may be determined by competition for low nutrient 

availability which is reduced following biosolids application.  In comparison 

predatory and antagonistic ecological pressures may be more influential in the silty 

clay soil with high nutrient availability which may be increased following substrate 

input.   
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Habteselassie et al. (2008) reported increased survival times for E. coli in glucose 

amended soils.  The decay rate of E. coli in soil treated with 1.3 mg C g-1 was 0.12 

log10 d-1 compared to 0.24 log10 d-1 following addition of 0.13 mg C g-1 

(Habateselassie et al., 2008)  The decay rate of E. coli in soil with no C input was 

0.12 log10 d
-1.  Habteselassie et al. (2008) suggested that a C threshold existed above 

which survival was promoted.  These potentially contrasting soil ecological pressures 

demonstrate the complexity of investigating soil ecological mechanisms whereby a 

balance between increased survival (due to substrate input) and increased decay (due 

to predatory predation) may exist and influence enteric pathogen decay.  

Furthermore, any apparent nutrient response observed with sterile biosolids is 

artificial as overall E. coli behaviour is also governed by sludge ecological factors.     

 

The laboratory-based incubation study described here demonstrated the significant 

influence of soil and sludge ecological processes on enteric pathogen decay in 

biosolids amended agricultural soils.  Soil sterilisation permitted the growth of E. 

coli added to both soil types and T90 values of E. coli in non-sterile soils ranged from 

16-55 days.  E. coli decay was increased in biosolids-amended soils compared to the 

unamended control soils with T90 values in the range of 11-15 days.  Sterilised 

DMAD addition decreased E. coli decay rates with T90 values in the range of 30-50 

days emphasising the important role of sludge ecological dynamics on E. coli decay.  

Protozoa addition generally reduced E. coli numbers in the silty clay soil.  The 

results show that complex sludge and soil microbial ecological factors interact and 

determine overall E. coli decay in biosolids-amended agricultural soils.  The 

ecological mechanisms influencing decay may vary between soil types (Trevisan et 

al., 2002).   However, overall these are subtle differences and have no practical 

impact on recycling biosolids as an agricultural soil improver since overall decay 

rates were similar in contrasting soil types.    The results suggest that biosolids 

addition stimulated enteric pathogen decay in soil by i) stimulating the indigenous 

soil ecological dynamics, such as protozoan predation, due to the input of substrates 

from biosolids application, and ii) the addition of an indigenous biosolids microflora, 

specifically predatory protozoa, which may impact upon enteric pathogens in 

biosolids-amended agricultural soils.       
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CHAPTER 9 

General Discussion 

 

9.1 Background E. coli populations in agricultural soils 

 

The long-term field experiments described in Chapter 5 showed that E. coli was a 

member of the indigenous bacterial community in UK temperate soils (Section 5.3.1) 

and numbers were highly dynamic and in the range of 1-6 log10 100 g-1 ds (Figures 

5.1a and 5.2a) supporting previous findings (Lang et al., 2007).  Numbers were 

generally larger in the low fertility soil (Brices Field) compared to the high fertility 

soil (North Sidelands).  Higher fertility status soils with larger organic matter (OM) 

contents usually support increased microbial biomass content due to increased 

nutrient availability compared to low fertility soils of lower OM contents (Anderson 

and Domnsch, 1989; Witter and Kanal, 1989; Yoshikawa et al., 1993).  However, the 

results presented here suggested indigenous E. coli appeared less well adapted to 

survival in soil supporting increased levels of microbial activity presumably due to 

greater competition for nutrients and predation rates. 

 

Soils rich in OM may be expected to support increased predatory and antagonistic 

microflora.  For example, Birar et al., (2007) reported increased bacteriophagous 

nematode populations by approximately 300 times in soils amended with organic 

matter (manure) compared to inorganic fertilisers and concluded nematode and 

microbial biomass populations were stimulated by increasing OM contents.  

Therefore, while high OM soils could potentially support increased indigenous soil 

E. coli populations due to greater intrinsic availability of nutrients, indigenous soil 

predatory activity may also be increased preventing E. coli population development.  

Lang and Smith (2007) also reported increased indigenous E. coli numbers in a low 

compared to a high OM soil.  For example, mean E. coli numbers were 

approximately 2.7 log10 100 g-1 ds in soil containing 3.3 % OM compared to 0.65 

log10 100 g-1 ds in a higher OM (4.3 %) content soil under UK temperate conditions.  

Thus a complex ecological balance, which can be influenced by the OM content of 

the soil, exists between stimulus of cell replication and growth of E. coli and 
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increased predatory and antagonistic behaviour of the indigenous soil microflora and 

probably determines the overall size of indigenous soil E. coli populations (Lang et 

al., 2007).   The results presented here show that while time was the main significant 

factor influencing E. coli numbers (Figures 5.1a and 5.2a), seasonal factors, such as 

environmental factors and substrate availability also influence the dynamic balance 

between cell replication and increased bacteriophagous protozoa activity.  

 

A pre-requisite of a faecal indictor micro-organism is the absence and inability to 

grow in the environment (WHO, 2001).  Therefore the presence of an indigenous soil 

E. coli population partially reduces the suitability of E. coli as a faecal indicator 

bacterium (Byappanahalli and Fujioka 2004).  Indeed, E. coli numbers measured in 

the unamended controls soils were consistently and significantly higher than the E. 

coli content of the enhanced treated biosolids examined here (Tables 5.6-5.8).  Lang 

et al., (2007) also showed that the indigenous soil E. coli population was larger than 

the numbers of the indicator bacteria measured in enhanced treated biosolids.  In that 

case, soil E. coli numbers were in the range of 1-5 log10 100 g-1 ds compared to 0.3-

2.5 log10 100 g-1 ds in enhanced treated biosolids (Lang et al., 2007).  The E. coli 

content of conventionally treated biosolids and dewatered raw sludge measured here 

were also in a similar range compared to the numbers of E. coli apparently 

indigenous to the soil population (Section 5.3.2 and 5.3.3).  This observation places 

the microbiological quality of sewage sludge and treated biosolids into context and 

emphasises that there is minimal additional risk to human health when recycling 

biosolids as an agricultural soil improver compared to crop production without 

biosolids amendment (Gale, 2005; Eisenberg et al., 2008). 

 

Multiple regression models developed from pooled data from all field trials showed 

time to be the main factor influencing indigenous soil E. coli numbers in unamended 

agricultural soils under UK temperate conditions in agreement with previous studies 

(Lang et al., 2007).  Numbers decreased with time from when the experiments 

commenced in the late autumn or spring periods, but subsequently increased (Figures 

5.3a and 5.4a) under favourable conditions (Section 5.3.1) following seasonal trends 

typically observed in soil microbial biomass content (Buchanan and King, 1990; 
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Kaiser et al., 1995).  Indeed, numbers generally increased in cool wet conditions 

(Section 5.3.1.1; Figures 5.1 and 5.2) and were at their lowest in warm dry soil 

conditions, as also observed by Lang et al. (2007) in UK temperate soils. In general, 

soil temperature also had a significant influence on indigenous soil E. coli 

populations in the unamended control soils (Table 5.1).  Soil E. coli populations 

generally increased with increasing temperatures to a threshold of approximately 15 

˚C but numbers decreased in warmer conditions (Figure 5.3b and 5.4b).  Ishii et al. 

(2006) reported that E. coli can grow in soils incubated under laboratory conditions 

at temperatures as high as 30 and 37 ˚C.  Naturalised E. coli have also adapted to the 

soil as a potential habitat for growth under extreme temperate conditions (32 ˚C 

during summer periods, and freezing conditions during winter) in the field 

(Byappanhalli et al., 2006; Ishii et al., 2006).  Therefore the temperature threshold 

observed in the field experiments reported here for UK temperate soils are probably 

not directly stressful to the survival of indigenous soil E. coli, but suggest that the 

temperature conditions influence other soil ecological factors indirectly affecting E. 

coli numbers (Ishii et al., 2006). 

 

It is well known that the soil microbial biomass and predatory protozoa are 

influenced by environmental temperature conditions (Ekelund and Ronn, 1994; 

Dalal, 1998).  Trevisan et al. (2000), for example, found soil protozoa to be relatively 

inactive at 5 ˚C compared to 20 ˚C.  Interestingly, increased protozoan activity in the 

warmer temperature condition was associated with increased faecal coliform 

inactivation in the soil (Trevisan et al., 2000).    Habte and Alexander (1978) 

reported an approximate 2 log10 ml-1 reduction in Klebsiella pneumoniae numbers in 

culture with the protozoan ciliate Tetrhyymena pyriformis at 30 ˚C under laboratory 

conditions.  In soil, Rhizobium spp. numbers declined by six-fold in soil in 18 days 

whereas Colpoda spp. numbers increased by 100 % in soil incubated at 30 ˚C (Habte 

and Alexander 1978).   Carlholm (1981) showed naked amoeba effectively reduced 

the soil bacterial biomass by approximately 10-fold in Swedish soils in September 

during the late summer period with warm soil conditions.  Smith et al. (1990) 

reported a 10-fold increase in the soil protozoan Heteromita globosa in soils under 

fluctuating temperature regimes increasing from 1˚C to 15 ˚C over a 6 h period every 
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24 h under laboratory conditions.  E. coli is certainly capable of growing in 

temperate soil conditions above 15 ˚C (Byappanahalli and Fujioka, 2004; Ishii et al., 

2006), but warmer soil conditions are also associated with increased predatory 

activity which may be a plausible explanation for the apparent reduction in E. coli 

numbers that occur as soil temperatures rise.  

 

Indeed, the results obtained in the laboratory based incubation experiment reported in 

Chapter 8 identified complex intrinsic soil ecological processes that may 

significantly increase pathogen decay in agricultural soils supporting previous work 

(Mallory et al., 1983; Dowe et al., 1994; Nasser et al., 2002; Byapanahalli and 

Fujioka, 2004).  E. coli numbers increased by approximately 1-2 log10 100 g-1 ds 

from the initial inoculum size when added to sterile soils incubated at 15 ˚C under 

laboratory conditions (Figure 8.2).  Byappanahalli and Fujioka (2004) recorded a 

similar response measuring approximately a 2 log10 g
-1 ds increase in E. coli in soils 

inhibited with bile salts incubated at 25 ˚C.  Dowe et al., (1994) reported a 1 log10 g
-1 

ds increase in L. monocytogenes numbers in sterile soil at temperatures ranging from 

25-30 ˚C under laboratory conditions.  This suggested that the soil habitat was a 

suitable matrix to support enteric pathogen cell replication and cell growth.  In 

contrast E. coli O157:H7 numbers declined by approximately 5 log10 g
-1 ds within 

190 days in unautoclaved soils incubated at 22 ˚C (Voidovic et al., 2007).  A similar 

response was observed in the laboratory experiments described here since, in contrast 

to the sterile soil condition when inoculated E. coli numbers increased, E. coli 

declined by 1-2 log10 100 g-1 ds within 62 days of incubation in non-sterile soil at 15 

˚C in both soil types (Figure 8.2).  Thus intrinsic soil ecological processes were 

implicated in enteric pathogen survival in unamended agricultural soils (Dow et al., 

1994).      

   

Soil moisture content is often identified as a critical environmental variable 

influencing pathogen survival in soil with increased survival in wet conditions and 

shorter survival times in dry soils (Kibbey et al., 1978; Opperman et al., 1988). 

However, the detailed field investigations completed here for two sites with 

contrasting soil moisture retention abilities and four separate seasons showed there 
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was no significant main effect of soil moisture content overall on indigenous soil E. 

coli (Section 5.3.1.2) in agreement with previous published work under UK 

temperate conditions (Lang et al., 2007).  Analysis of environmental data showed 

that temperature and soil moisture content were autocorrelated (Figrues 5.5c and 

5.6c), with drier soils under warmer temperatures compared to wetter soils under 

cooler conditions, as would be expected.  However, moisture content was not 

significant even if fitted on its own or before temperature in the multiple regression 

analysis.  The results suggest that moisture content is not a critical factor in 

controlling E. coli behaviour in temperate soil conditions, implying that it also 

probably does not have a major influence on pathogen decay in biosolids-amended 

agricultural soil (Lang and Smith, 2007).  Indeed, under temperate soil conditions, 

increasing moisture availability may have a positive benefit by supporting the 

antagonistic and predatory ecological processes responsible for controlling 

indigenous E. coli populations in soil (Lang and Smith, 2007). 

 

9.2 E. coli and pathogen population responses in biosolids-amended 
agricultural soils 

 

9.2.1 Enhanced treated biosolids sludge   

 

The E. coli content of enhanced treated biosolids varied between 0.3-4 log10 100 g-1 

DS and was significantly lower than that of both field soil types (Section 5.3.3).  

Thus, the addition of enhanced treated biosolids did not directly augment indigenous 

soil E. coli numbers.   Nevertheless, following the addition of enhanced treated 

biosolids to both soil types E. coli numbers increased (Figures 5.26-5.29).  The 

potential of soil E. coli populations to respond to substrate inputs may explain this 

apparent population response.  The ability of E. coli to synthesize cellular 

components from glucose and simple minerals (Brock, 2000) suggests that this 

microorganism has the potential to replicate in the soil habitat provided there is 

suitable nutrient availability (Byappanhalli et al., 2006; Ishii et al., 2006).  Indeed, 

Habteselassie et al. (2008) reported a significant increase in E. coli survival and 

higher first-order survival rates of -0.1 d-1
 following the addition of 12.5 mg of 

glucose to soil compared to -0.2 d-1
 on adding 0.125 mg of glucose.  Byappanhalli 
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and Fujioka (1998) also showed a similar response of E. coli in soil following the 

addition of nutrients.  Numbers increased by approximately 0.5 log10 g
-1 ds in soil 

treated with glucose after 9 days of incubation at 25 ˚C under laboratory conditions.  

The growth response of E. coli increased in sterile soils, however, and was 5 log10 

100 g-1 ds within 9 days of glucose addition in the absence of microbial competition, 

predation and antagonism (Byappanahalli and Fujioka, 1998).   E. coli numbers were 

similarly significantly increased by 0.5-1 log10 100 g-1 ds with inputs of enhanced 

treated biosolids compared to the unamended control soil in the field experiments 

reported here.  

 

Therefore, the addition of enhanced treated biosolids probably stimulated the growth 

of indigenous soil E. coli due to input of substrates. This is not always a consistent 

response, however, since Lang et al., (2007) found indigenous soil E. coli were 

significantly reduced in soil amended with enhanced treated biosolids compared to 

the unamended control soils. For example, indigenous soil E. coli numbers were 

approximately 0.6 log10 100 g-1 ds smaller in soil amended with enhanced treated 

biosolids, compared to unamended control soils. Lang et al., (2007) therefore 

concluded that OM addition in the biosolids had stimulated predatory activity 

reducing indigenous E. coli through predatory grazing.  This highlights the dynamic 

nature of microbial ecosystems in soils and emphasises that the addition of organic 

matter in biosolids can significantly influence the growth or suppression of 

indigenous enteric bacterial species adapted to survival in soil, due to increased 

substrate availability (Rochette et al., 2000).    

 

9.2.2 Conventionally treated and raw sludge   

 

9.2.2.1 Effect of time on decay of E. coli and enteric pathogens    

 

E. coli numbers added to agricultural soils from conventionally treated biosolids and 

dewatered raw sludge declined rapidly by approximately 2-3 log10 100 g-1 ds within 

20-100 days (Sections 5.3.2.1 and 5.3.3.1) in agreement with previous published 

work (Lang et al., 2007).  Subsequently, E. coli numbers fluctuated and showed a 
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general pattern of slow decay.  Thus, the E. coli population followed a two-phase 

decay response (Section 5.4).  Lang et al., (2007) also showed E. coli numbers in 

biosolids-amended agricultural soils under UK temperate conditions followed a two-

phase decay pattern and declined to a minimum number, but were not reduced to 

below detectable limits using a sensitive MPN technique. Here, E. coli O157:H7 and 

L. monocytogenes numbers showed a similar two-phase decay pattern and declined 

by approximately 2-6 log10 100 g-1 ds within 20-80 days followed by a period of 

slower decay.  In contrast, S. enterica declined rapidly and were non-detectable 

within 168 days.  A similar pattern of behaviour was reported by Eamens et al. 

(2006) under warmer and dryer Australian conditions in biosolids-amended soils.  S. 

typhimurium numbers declined by approximately 6 log10 g-1 within approximately 

300 days following DMAD application to agricultural soil (Eamens et al., 2006).  

 

9.2.2.2 Influence of sludge application on long-term survival of E. coli 

 

The response of indigenous soil E. coli to substrate input in UK temperate soils has a 

major bearing on apparent decay patterns of enteric pathogens in biosolids-amended 

agricultural soils.  Following the rapid decay of E. coli numbers a slower period of 

decay was observed and numbers remained 1-2 log10 100 g-1 ds above the 

unamended control soils for approximately 100-300 days from sludge incorporation 

(Section 5.3.2 and 5.3.3).  Lang et al. (2007) reported a similar slower rate of decay 

was observed after approximately 80 days following DMAD application to UK 

temperate soils.  Numbers fluctuated in the range of 3-5 log10 100 g-1 ds from 80-133 

days after sludge application (Lang et al., 2007).  Here, while numbers in DMAD 

and DRAW amended soil were transiently above the unamended control soils they 

were still within the 1-6 log10 100 g-1 ds range observed for indigenous soil E. coli in 

UK temperate soils (Lang et al., 2007).  This period of elevated numbers could be 

explained by the apparent increase in indigenous soil E. coli in response to substrate 

addition in sludge compared to the unamended control treatment discussed in Section 

9.2, thus increasing the overall background population size (Byappanahalli and 

Fujioka, 1998; Byappanahalli and Fujioka, 2004; Habteselassie et al., 2008) as 

opposed to survival of input bacteria.  Indeed, the addition of sterile DMAD to the 
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high OM content soil significantly increased E. coli numbers compared to the 

unamended control soil during the laboratory based incubation experiment (Figure 

8.7a), supporting this explanation for the E. coli response in field soils.   However, 

further work is urgently required to elucidate the source of the soil E. coli population, 

to differentiate between background organisms from those added to soil in sludge 

and potentially able to survive long periods and that may transfer into the indigenous 

soil populations.  The use of nucleic acid based methodologies are essential to 

evaluate the possible transmission of enteric pathogens such as E. coli O157:H7 into 

the soil microbial community. 

 

9.2.2.3 Influence of environmental conditions on E. coli and pathogen survival  

 

Environmental variables, such as temperature and moisture content, have been 

shown to significantly influence enteric pathogen decay in soils (Kibbey et al., 1977; 

Cools et al., 2001; Topp et al., 2003; Li et al., 2005; Holley et al., 2006; Nasser et 

al., 2007; Semenov et al., 2007).  Topp et al., (2003) showed that E. coli numbers 

decreased by 1 log10 g
-1 in manure amended soils incubated at 4˚C.  In comparison, 

numbers declined by approximately 2-3 log10 g
-1 at 37 ˚C under laboratory conditions 

(Topp et al., 2003).  Nasser et al., (2002) reported T99 values of Cox A9 and MS2 

bacteriophage were 7 and 21 days respectively at 15 ˚C in soil treated with waste 

water effluent.  T99 values were significantly reduced to 2 and 3 days respectively 

when soils incubated at 30 ˚C (Nasser et al., 2002).   Soil moisture content has also 

been shown to influence enteric pathogen numbers in biosolids amended agricultural 

soils.  Kibbey et al., (1977) showed increased inactivation of enteric pathogens in 

dried soils.  In soil saturated conditions S. faecalis  had a T95 value of 94 days, which 

decreased to 23 days in air dried soils (Kibbey et al., 1977). In comparison, the T90 

value of E. coli in cattle manure amended soils containing 50 % moisture (w/w) was 

29 days (Oliver et al., 2006).  The decay rate declined in dryer soils and the T90 was 

39 days in soil containing 25 % (w/w) following manure amendment.   

 

However, the extreme environmental conditions often reported in laboratory 

incubation experiments on pathogen survival in soil (Kibbey et al., 1977; Cools et 
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al., 2001; Nasser et al., 2002) do not reflect the natural variations in temperature and 

moisture contents recorded under field conditions and particularly in the temperate 

UK environment (Lang et al., 2007; Semenov et al., 2007).  The mechanism by 

which environmental conditions influence pathogen decay in soil is also poorly 

understood.  For example, the cps gene cluster in E. coli encodes for 

exopolysaccharides which have been shown to enable resistance to cell desiccation 

by providing a microclimate around the cell to increase water retention (Ophir and 

Gutnick, 1994).  In comparison, Garmiri et al. (2008) reported the persistence of S. 

typhimurium to air-drying for 24 h with the O-polysaccharide of the outer membrane 

conveying resistance to cell desiccation via a similar mechanism to that of E. coli 

exopolysaccharides.  The truB gene of E. coli encodes for pseudouridine-55 which 

has been shown to convey resistance to temperatures of 50 ˚C (Kinghorn et al., 

2002).  Thus, moisture content and temperatures of soils under temperate field-

conditions are unlikely to pose a direct stress upon enteric pathogens.  Indeed, Dowe 

et al. (1994) demonstrated the ability of L. monocytogenes to grow in soils incubated 

at 37 ˚C under laboratory conditions.   

 

Enteric pathogen decay in soils in response to ambient environmental conditions has 

been linked to the behaviour of the soil microflora (Jiang et al., 2002; Lang and 

Smith, 2007).   Jiang et al. (2002) reported a significant influence of temperature on 

E. coli O157:H7 decay in manure-amended soils. Thus, E. coli O157:H7 survived for 

longer periods at higher temperatures for 131 days at 21 ˚C compared to 49 days at 5 

˚C (Jiang et al., 2002).  Jiang et al., (2002) suggested that at 21 ˚C growth of the 

antagonistic microflora, that limit E. coli O157:H7, may be considerably reduced 

under high temperatures.  Lang and Smith (2007) also reported the effect of 

environmental conditions on intrinsic ecological processes influencing enteric 

pathogen decay kinetics.  In moist field soils the T90 value of E. coli following 

DMAD addition was 20 days.  Air-drying the soil increased E. coli survival in 

biosolids-amended soils and in this case the T90 value was 100-200 days.  Lang and 

Smith (2007) suggested that the soil microflora were involved in the decay process 

and severe moisture limitation under laboratory conditions inhibited soil ecological 

activity responsible for E. coli decay thus increasing survival in biosolids-amended 
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agricultural soils.  In temperate climates, however, field soils rarely experience the 

extreme desiccating moisture conditions that would directly influence pathogen 

survival or ecological suppression processes in biosolids-amended agricultural soil.  

 

Lang et al., (2007) reported no significant effect of temperature or soil moisture 

content on E. coli numbers in agricultural soil amended with DMAD under UK 

temperate field soil conditions.  This evidence is entirely consistent with the 

responses of E. coli and E. coli O157:H7 populations in biosolids-amended soils 

observed during this research for UK temperate soils since no overall main effects of 

these environmental variables on the organisms were detected (Tables 5.2, 5.4, 6.3).   

Time was the main factor influencing E. coli and E. coli O157:H7 decay in sludge-

amended soils, as previously reported by Lang et al., (2007).  

 

9.2.2.4 Influence of substrate addition in biosolids 

 

The absence of any significant main effect of environmental factors on decay may be 

explained by the underlying influence of soil biotic processes on enteric pathogens, 

which under UK temperate conditions apparently significantly reduce enteric 

numbers in sludge-amended soil irrespective of environmental conditions.  Jiang et 

al. (2002) showed the increased decay of E. coli O157:H7 in soils amended with 

increasing manure application rates.  At 15 ˚C E. coli O157:H7 survival was 

approximately 109 days in a soil-manure mixture of 1:50 and 1:100 ratio.  In 

comparison survival was significantly reduced to 34 days following an increased 

application rate of manure at a 1:10 ratio (Jiang et al., 2002).  Furthermore, 

sterilisation of the soil prior to application of manure significantly reduced E. coli 

O157:H7 decay and numbers declined by approximately 2 log10 100 g-1 ds within 40 

days compared to only approximately 5 log10 100 g-1 ds in non-sterile soil (Jiang et 

al., 2002).  In the laboratory based incubation experiments DMAD addition 

significantly increased E. coli decay with a approximate 5-6 log10 100 g-1 ds decrease 

in numbers compared to 1-4.5 log10 100 g-1 ds decrease in unamended soils (Section 

8.3.1).  Therefore the addition of biosolids may stimulate the indigenous soil 

microflora suppressing the survival of enteric pathogen.  Thus, the results presented 
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here support the hypothesis (Lang et al., 2007) that pathogen decay in temperate soils 

is an active process stimulated by inputs of substrates to soil in biosolids that 

enhance biotic suppression mechanisms that operate irrespective of environmental 

factors or intrinsic differences between soil type. 

 

9.2.2.5 Influence of soil type 

 

The stimulation, by sludge addition, of soil ecological processes influencing enteric 

pathogen decay could also explain the absence of any significant effect of soil type 

on pathogen decay in sludge-amended agricultural soils during the long-term field 

trials reported here (Table 5.2-5.3 and 6.3).   Soil type has previously been 

indentified as a significant factor influencing pathogen reduction in soils (Cools et 

al., 2001).  For example Ngole et al. (2006) showed that survival of faecal coliforms 

and total coliforms were significantly increased in soils with greater clay and organic 

matter (OM) contents.  It was suggested that the clay content provided niches 

sheltering bacteria from predatory activity and that the lower OM content of soils 

supported a reduced biomass content thereby reducing the suppressive ecological 

factors determining pathogen decay kinetics (Cools et al., 2001; Ngole et al., 2006).   

 

However, the addition of OM in sludge to soils may alter the OM soil content (Kelly 

et al., 2007) thereby negating any possible influence of soil type on pathogen decay.   

Thus, following the addition of DMAD, input E. coli decay patterns were similar and 

in the range of 0.003-0.01 log10 100 g-1 ds d-1 with no overall main effect of soil 

characteristics on the decay of E. coli (Lang and Smith, 2007).   In comparison, 

decay patterns were similar in both soil types in the laboratory investigation reported 

here with T90 values in the range of 11-15 days for both soil types (Figure 8.1).  Soil 

type  had little overall effect on E. coli (Section 5.3) and no significant impact of 

pathogenic E. coli O157:H7 numbers during the long-term field trials reported here 

(Table 6.3).  Thus, soil type may determine the effects of intrinsic soil ecological 

processes on E. coli inoculated directly into soil, as well as indigenous E. coli 

numbers in unamended soils (Table 5.1) (Cools et al., 2001; Ngole et al., 2006; Lang 

et al., 2007). However, following biosolids application, intrinsic soil ecological 
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processes are stimulated by the increased nutrient availability, due to the input of 

substrates and significantly influence from sludge thus masking the influence soil 

type on pathogen decay in sludge-amended systems (Lang and Smith, 2007).    

 

9.2.2.6 Influence of soil microbial community 

 

Soil biotic factors have been previously identified as influencing enteric pathogen 

decay in biosolids-amended agricultural soils (Dowe et al., 1994; Jiang et al., 2002; 

Lang and Smith, 2007).   You et al., (2006) showed that S. typhimurium persisted for 

significantly longer periods in manure-amended sterile soils compared to non-sterile 

soil amended with manure.  T90 values at 25 ˚C under laboratory conditions were 

23.5 and 31.4 days in sterile and non-sterile soils, respectively (You et al., 2006).  

Biotic stresses which may influence enteric pathogen decay in sludge-amended soils 

include predation, competition and antagonistic factors (Mallory et al., 1983; Nasser 

et al., 2002; Byappanhalli and Fujioka, 2004).  

 

Nasser et al., (2002) reported the T99 value of Cox A virus in soil at 15 ˚C saturated 

with secondary waste effluent was 7 days.  The T99 value was reduced to 400 

minutes when the soil was treated with extracellular enzymes from Pseudomonas 

aeruginosa at a rate of 0.05 mg ml-1, highlighting the significant impact of 

antagonistic factors on pathogens in soil (Shoda, 2000; Nasser et al., 2002).  

Byappanahalli and Fujioka (2004) reported a 2 log10 g-1 ds increase of E. coli 

numbers in soil treated with bile salts to inhibit competing indigenous soil bacteria, 

compared to unamended control soils at 25 ˚C under laboratory conditions.  Mallory 

et al. (1983) observed a 2 log10 ml-1 reduction in S. typhimurium numbers following 

the addition of T. thermophilus while eukaryotic inhibitors added to sewage removed 

protozoa and enabled K. pneumoniae to persist in sewage at approximately 5 log10 

ml-1 for approximately 7 days under laboratory conditions.   

 

It follows that the addition of enteric pathogens in biosolids to agricultural soils will 

also be significantly influenced by soil ecological processes (Lang et al., 2007).  E. 

coli numbers were significantly reduced in non-sterile biosolids-amended soil 
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compared to sterilised treatments for both soil types in the laboratory incubation 

experiment completed here (Figure 8.1).  Decay rates were increased in fresh soil 

amended with DMAD with T90 values in the range of 11-15 days in both soil types 

(Section 8.3.1) compared to DMAD-amended sterile soil which had T90 values that 

were approximately three times higher and in the range of 30-45 days (Section 

8.3.1).  This supports previous evidence that soil ecological pressures significantly 

increase enteric pathogen decay in biosolids-amended agricultural soils (Jiang et al., 

2002; Lang and Smith, 2007; Lang et al., 2007). 

 

The addition of substrate to soils has been shown to influence the indigenous soil 

microbiota (Griffith et al., 1994; Dowe et al., 1994; Fujioka and Byappanahalli, 

2004).  Thus the addition of substrates to agricultural soils in biosolids may have the 

potential to stimulate suppressive ecological factors and increase the decay of enteric 

pathogens when conventionally-treated biosolids are applied to agricultural soils. 

However, nutrient additions appear to also stimulate growth of indigenous soil E. 

coli populations (Section 9.1).  In comparison, Griffiths et al., (1998) reported the 

increase of predatory protozoa numbers in UK soils in response to substrate input 

following the addition of bovine manure.  They also argued that this response would 

be expected to increase enteric pathogen inactivation rates in manure-amended soils 

(Griffiths et al., 1998).  This supports the assertion by Lang et al. (2007) that 

substrate input can stimulate ecological processes which may increase E. coli decay.  

Thus, the decay of enteric pathogens in biosolids-amended agricultural soils is a self-

regulating process where agricultural reuse of biosolids actively increases 

suppressive ecological factors reducing pathogen survival (Lang et al., 2007).   

 

Furthermore, indigenous sludge microflora may also influence enteric pathogen 

decay processes.  Mallory et al. (1983) reported S. typhimurium and K. pnuemoniae 

numbers increased by approximately 2 log10 ml-1 in sewage filtered and treated with 

eukaryotic inhibitors to remove protozoa compared to unamended sewage.  

Following the addition of protozoa, S. typhimurium numbers declined by 

approximately 2 log10 ml-1 (Mallory et al., 1983).  The sterilisation of DMAD 

significantly reduced the decay of E. coli in both soil types and numbers decreased 
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by approximately 1-2 log10 100 g-1 ds over 62 days compared to 5-6 log10 100 g-1 ds 

in soils amended with non-sterile DMAD in this project (Sections 8.3.1 and 8.3.2).   

Thus intrinsic biosolids ecological factors significantly influence the decay of enteric 

pathogens in sludge-amended agricultural soils. Protozoa are active in biological 

wastewater treatment (Curds, 1975) and have also been recently recognised as 

having a role in anaerobic treatment processes (Priya et al., 2007). Therefore, 

bacteriophagous protozoa surviving in mesophilic anaerobically digested sludge that 

are activated when the sludge is mixed in aerobic soil may have a critical role, in 

addition to the soil ecology, in eliminating bacterial pathogens. This is the first time 

such evidence concerning the active role of sludge microbiology on pathogen 

inactivation has been presented and it is an area deserving further research 

investigation to quantify these active mechanisms and their significance in protecting 

human health when sludge is recycled to farmland. 

 

The long-term field trials and laboratory based incubation experiments reported have 

demonstrated the active and rapid removal of enteric pathogens following biosolids 

application to UK temperate soils.  E. coli is also identified as an indigenous 

component of the soil microbial community and numbers vary with soil and 

environmental conditions (Byappanahalli and Fujioka, 2004; Lang and Smith, 2007; 

Ishii et al., 2006) due to their influence on the activities of the indigenous soil 

microflora and particularly microbial competition and predation processes 

(Byappanahalli and Fujioka, 2004; Lang and Smith, 2005).  The behaviour of 

background E. coli numbers has a major bearing on decay of enteric bacteria in 

biosolids amended agricultural soils.  Following the addition of sludge, enteric 

pathogens are actively eliminated from the soil microbial community due to complex 

ecological processes (Jiang et al., 2002; You et al., 2006). The increase in substrates 

supply following biosolids application stimulates these important ecological 

processes such that environmental variables and soil conditions ultimately have little 

overall impact on decay rates (Lang et al., 2007).  Furthermore, the indigenous 

biosolids microflora can significantly influence enteric pathogen decay in sludge-

amended soils (Mallory et al., 1983: Trevisan et al., 2002).  Thus, enteric pathogen 

inactivation in UK temperate soils following biosolids application is a self-regulating 
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process where sludge amendment stimulates soil ecological processes, thereby 

actively increasing pathogen decay irrespective of soil and environmental conditions. 

 

9.3 Faecal indicator bacteria (FIB) in biosolids-amended agricultural soils 

 

The requirements of a faecal indicator bacteria (Payment and Franco, 1993; 

Savichtcheva et al., 2006) are that they should: 

 

• Be present in large numbers in the faeces,  

• Be absent from the environment,  

• Display survival characteristics at least as long and preferably longer than that 

of the target organism,  

• Be unable to replicate outside the host,  

• Have a strong association with the presence of other pathogenic organisms  

• Allow simple laboratory methodology.  

 

E. coli is currently widely used as the primary indicator bacteria for enteric 

pathogens in sewage sludge treatment processes (Horan et al., 2002; Smith et al., 

2005) and biosolids-amended agricultural soils (Eamens et al., 2006; Pourcher et al., 

2007; Lang et al., 2007).  However, the similar survival characteristics of C. 

perfringens in comparison with other enteric parasites make this organism an 

interesting candidate when considering a variety of enteric organisms displaying 

varying degrees of survival in biosolids-amended agricultural soils (Schijven et al., 

2003; Pourcher et al., 2007).   Therefore in this current research project both E. coli 

and C. perfringens were evaluated as potential faecal indicators of enteric pathogen 

decay charateristics.  

 

Recent findings have identified E. coli as an indigenous bacteria in the soil microbial 

community and is routinely isolated from soil (Ishii et al., 2006; Lang et al., 2007).  

The isolation of E. coli from the soil habitat under UK temperate conditions was also 

observed in this current project (Section 9.1), which reduces the application of the 

organism as a faecal indicator under these circumstances.  For example, 
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Byappanahalli and Fujioka (2004) reported background numbers of E. coli in 

Hawaiian soils were in the range of approximately 1-2 log10 g-1 ds.  The apparent 

faecal contamination of local streams in Guam was identified as indigenous soil E. 

coli leaching into the water body (Byappanahalli et al., 1999).  In this current project 

E. coli numbers in both soil types were in the range of 1-6 log10 100 g-1 ds consistent 

with previous published work (Lang et al., 2007).  Following the rapid decay of E. 

coli in sludge-amended soil the apparent response of indigenous soil population to 

substrate inputs showed a 2-phase decay pattern for input E. coli using current 

standard enumeration protocols and culturing techniques (Section 5.3.2 and 5.3.3).  

Therefore, the presence and response of indigenous E. coli to substrate input in soil 

(Section 9.2) limits the potential of E. coli as an indicator of enteric pathogen decay 

kinetics in biosolids-amended agricultural soils when standard culture techniques are 

applied, as these are unable to differentiate between the different sources of bacteria 

(is sludge, soil, wildlife).  However, molecular techniques would enable 

discrimination between indigenous E. coli and input E. coli to determine the 

behaviour of sludge E. coli when population numbers decline below the background 

level.   

 

Clostridium perfringens has been shown to survive sewage treatment processes and 

was included in this research project to evaluate its potential use as a faecal indicator 

bacterium.  However, following biosolids application to soil C. perfringens numbers 

showed no overall pattern of decay.  Numbers were initially approximately 5 log10 

100 g-1 ds and fluctuated, remaining above the detection limit of 4 log10 100 g-1 ds 

without showing any general decay pattern (Figure 7.6) as previously reported 

(Eamens et al., 2006).  Eamens et al. (2006) reported C. perfringens numbers were 

approximately 4 log10 g
-1 following DMAD addition to agricultural soils in Australia.  

Numbers subsequently fluctuated between 2-4 log10 g-1 ds over a 42 day period 

following incorporation into the soil and spreading onto the soil surface with no 

overall pattern of decay was observed (Eamens et al., 2006).  Pourcher et al. (2007) 

also reported stable numbers of C. perfringens following biosolids-application to soil 

and found that numbers of the organism varied between 2-3 log10 g-1 ds over a 

approximate 2 month period.  Pourcher et al. (2007) concluded that C. perfringens 
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was a useful indicator organism due to the prolonged period of stability in sludge-

amended soils and therefore provided a conservative estimate of enteric pathogen 

decay.  

 

However, the behaviour of C. perfringens observed in this project was in direct 

contrast to the decay patterns of other principal enteric pathogens studied in the field 

trials (Sections 7.3.1 and 7.3.2).  Eamens et al. (2006) also reported a significant 

reduction in E. coli and S. typhimurium numbers by approximately 6 log10 g-1 

following biosolids application to agricultural soil.  In comparison, numbers of C. 

perfringens remained relatively stable during the same time period and in the range 

of 2-4 log10 g
-1 (Eamens et al., 2006).  Analysis of the two potential faecal indicator 

bacteria, E. coli and C. perfringens, in this current project showed E. coli to be the 

more suitable indicator bacterium.  The relationship between E. coli S. enterica was 

approximately a 1:1 relationship (Figure 7.7a).  E. coli was also significantly related 

to L. monocytogenes (Figure 7.7b) and E. coli O157:H7 (Figure 6.7).  In comparison 

C. perfringens showed a correlation with L. monocytogenes (Figure 7.9), but no 

significant relationship with the numbers of the other enteric bacteria was detected 

(Section 7.3.5).  The survival of an FIB in biosolids-amended agricultural soils when 

all other enteric pathogens have undergone natural attenuation would severely 

overestimate the health risks associated with the agricultural use of sludge. 

Therefore, the lack of correlation with the decay of other enteric bacteria species 

demonstrates clearly that C. perfringens may be an unsuitable FIB of enteric bacteria 

decay characteristics in sludge-treated soil.  Further experimental work involving C. 

perfringens and other spore forming pathogens is necessary to further validate the 

reuse of biosolids in agriculture and to show the minimal risk to general public 

health. 

 

Further work is also needed to evaluate the potential of C. perfringens as a faecal 

indicator organism for other parasitic species.  For example, parasitic protists such as 

Cryptosporidium spp. and Giardia spp. have complex survival stratergies which 

include the ability to encyst and/or form oocyst (Chauret et al., 1999; Hutchinson et 

al., 2004).  Chauret et al., (1999) reported Cryptosporidium oocysts and Giardia 
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cysts were more persistent in aerobic waste water treatment and declined by 1-2 log10 

compared to enteric bacteria, including the faecal indicator bacterium E. coli, which 

were reduced by more than 3.35 log10.  However, C. perfringens spores and 

vegetative cells decayed by only 0.89 log10 and a 0.96 log10, respectively, through the 

same treatment process (Chauret et al., 1999). The ability of C. perfringens to form 

spores has been shown to increase resistance to environmental conditions and biotic 

pressure such as predation.  This may explain the prolonged persistence in sludge-

amended soils.  Nevertheless, further work is warranted to validate C. perfringens as 

a suitable FIB for parasitic organisms in sludge since detection and enumeration is 

considerably more straightforward than for parasites.  It is therefore necessary for 

further work to ensure pathogens with complex survival characteristics are 

effectively inactivated during management guidelines stipulated in the safe sludge 

matrix. 

  

9.4 Microbiological safety and implications of regulatory and management 
guidelines on the agricultural reuse of biosolids 

 

Regulatory restrictions and guidelines for the agricultural use of biosolids aim to 

reduce the microbiological risk to the general public and environment (DOE, 1996; 

ADAS, 2001).  Microbiological risk assessments (MRA) evaluating the potential for  

infectious disease transmission to the general public by the agricultural use of 

biosolids demonstrate the minimal risk to health from the controlled application and 

management of sewage sludge following the requirements of the Safe Sludge Matrix 

(SSM) (Gale, 2005). However, a lack of long-term field data regarding enteric 

pathogen decay in biosolids-amended agricultural soils and of the paucity of 

scientific understanding on the factors determining decay processes was a basis for 

uncertainty in the MRA calculations (Gale, 2005).  Therefore, this project aimed to 

partly fill the data requirement for long-term survival information for pathogens 

under realistic field conditions to underpin the MRA and the harvesting and cropping 

restriction specified in the SSM to protect human health from the potential 

transmission of infectious transmissible disease when sludge is used in agriculture. 
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The decay profiles observed in the current project for S. enteric, L. monocytogenes 

and E. coli O157:H7 show that the cropping and harvesting restrictions in the SSM 

allow for the natural attenuation of enteric pathogens with a considerable margin of 

safety.  Actual pathogen numbers in biosolids are small in practice, and considerably 

smaller compared to the artificially increased numbers used in the field-trials 

reported here (Horan et al., 2004; Gale, 2005).  For example, Gale (2005) calculated 

Salmonella numbers to be approximately 104 CFU g-1 DS in raw sewage sludge.  

Assuming a 99 % reduction in numbers following treatment as stipulated in 

management guidelines (ADAS, 2001) numbers would be approximately 102 CFU g-

1 DS. Thus is much smaller than the numbers of Salmonella  inoculated into the 

sludge applied to the field experiments reported here, which contained approximately 

106 -107 CFU g-1 DS (Table 7.1).  Similarly, E. coli O157:H7 numbers were 

approximately 109 CFU g-1 DS in the inoculated sludges used here whereas Gale 

(2005) estimated the number of pathogenic E. coli O157:H7 in biosolids to be 

approximately 10 CFU g-1 DS in practice.  Therefore, inactivation times of 

pathogenic bacteria are much shorter in practice than the values measured 

experimentally with large inoculated populations due to the low initial bacterial 

content of biosolids.  Thus S. enterica numbers declined to the detection limit of 3 

log10 100 g-1 ds within 168 days but this would be equivalent to a period of 

approximately 2-3 weeks assuming the same rate of decay for the background 

population of Salmonella in sludge. In comparison, E. coli O157:H7 values were 

within the range of background numbers in soil within 316 days (Table 6.2) and, 

therefore in practice natural numbers present in biosolids and treated soil would also 

be reduced to similar levels within 2-3 weeks.  This further highlights the minimal 

residual potential concern to human health when recycling biosolids to agricultural 

land. 

 

The SSM has prohibited the agricultural reuse of untreated sludge.  Decay data 

obtained here suggested that the application of untreated sewage sludge to 

agricultural land following the cropping and harvesting restrictions stipulated for 

conventionally treated biosolids would pose no significant increase in potential 

exposure to enteric pathogens.  T90 values of non-pathogenic E. coli were in the 
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range of 26-88 days (Table 5.11) in soils amended with conventionally treated 

biosolids.  In comparison, T90 values in soils amended with dewatered raw sludge 

were in the range of 56-64 days (Table 5.11).  T90 values for  E. coli O157:H7 were 

in the range of 11-14 days for both DRAW and DMAD sludge types.  Therefore, 

current land application management practices for the agricultural use of biosolids 

allow for the possible reduced efficiency of sludge treatment processes by providing 

an adequate time period for the natural active attenuation of enteric pathogens to 

occur if only partially treated sludge were applied to land. The safety margin 

provided by the land use restrictions was also identified by Gale (2005) in the MRA 

for the agricultural use of sludge, and has been confirmed here by field 

experimentation. 

 

Overall this research project has shown E. coli to be indigenous to UK agricultural 

soils and that numbers of the bacteria in soil are highly dynamic (Lang and Smith, 

2005; Lang et al., 2007).  E. coli O157:H7, L. monocytogenes and C. jejuni were also 

isolated from both soil types (Dowe et al., 1994; Cooley et al 2007).  Indigenous soil 

E. coli populations were higher than that of enhanced treated biosolids and similar to 

conventionally treated and untreated sludge (Lang et al., 2007).  This highlights the 

minimal potential exposure of the general public health to transmissible infectious 

disease associated with recycling biosolids in agriculture and helps to place the risks 

into context.  It also indicated the importance of understanding the behaviour of these 

background soil populations of enteric organisms in interpreting and quantifying the 

impacts of the microbiological quality of biosolids on human health.   

 

Results show that enteric pathogens undergo an initial period of rapid decay 

following biosolids application which is dependent on intrinsic soil ecological 

pressures (Jiang et al., 2002).  Decay characteristics are similar irrespective of soil 

type, although the precise ecological mechanisms may differ between soil types 

(Lang and Smith, 2005).  Complex ecological processes including predatory activity 

and microbial competition significantly influence E. coli decay (Mallory et al., 1983; 

Trevisan et al., 2000; Hebatelassie et al., 2008).  The data challenge the accepted 

view that soil environmental variables determine decay characteristics under UK 
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temperate conditions and suggest that in such an environment, the stimulation of 

intrinsic soil ecological factors due to substrate input actively eliminates enteric 

pathogens, supporting recent findings (Lang and Smith, 2007; Lang et al., 2007).  

Results show that large doses of enteric pathogens inoculated into sludge decay to 

within the background levels of soil numbers measured in unamended control soils 

within approximately 300 days of sludge application (Jiang et al., 2002; Lang et al., 

2007). This translates to actual decay periods in soil for typical ‘natural’ numbers of 

pathogens in sludge of 2-3 weeks.  Therefore, current cropping/harvesting 

restrictions are highly conservative and allow for the natural attenuation of enteric 

pathogens in soils providing a significant margin of safety with regard to the 

potential microbiological risk to human health when recycling biosolids to land as an 

agricultural soil improver. 
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CHAPTER 10 

Conclusions 

 

10.1 Suitability of standard microbiological enumeration protocols in 

determining enteric pathogen decay 

 

• The identification and enumeration of micro-organisms in sewage sludge and 

sludge-amended soil is necessary to determine the microbiological quality of 

sludge, to comply with numerical pathogen and indicator reduction 

requirements and to monitor the behaviour and decay of enteric organisms in 

the environment when sludge is used as an agricultural fertiliser.   While 

identification of enteric pathogens from laboratory cultures is relatively 

straightforward, the monitoring of environmental samples poses challenges due 

to interferences from the indigenous microflora in the samples as well as matrix 

effects of the samples on the enumeration process. Standard published methods 

were suitable for the enumeration of E. coli and inoculated E. coli O157 in 

biosolids and biosolids-amended soil samples, but showed severe limitations 

for the detection of other species including S. enterica, C. perfringens, C. jejuni 

and L. monocytogenes. 

 

• An objective of this project was to apply standard microbial enumeration 

techniques to measure enteric pathogen decay in biosolids-amended 

agricultural soils.  However, standard methods for C. perfringens, S. enterica, 

C. jejuni and L. monocytogenes required modification to reduce interference 

and overgrowth of indigenous microflora to allow counting of the target 

organism on culture plates.  A centrifugation step was tested and optimised 

prior to the resuscitation stage for these organisms. This significantly reduced 

interferences aiding colony counting but did not reduce the numbers of 

pathogens recovered from sludge-soil samples (Section 4.5.2).  The 

solidification of resuscitation media (4.5.1) was also tested and improved 
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discreet colony formation while optimisation of the resuscitation time period 

increased the recovery of C. perfringens (Section 4.5.2).  

• Standard MF techniques were adapted and successfully applied to enumerate 

enteric pathogens in biosolids and biosolids-amended agricultural soils. These 

techniques are suitable for measuring the enteric indicator E. coli and 

concentrations of other enteric species when these are inoculated in high doses 

into biosolids or amended soil. However, MF techniques have relatively high 

detection limit thresholds and generally do not allow differentiation between 

species or strains of particular bacterial species. Therefore they cannot trace the 

decay of enteric bacteria to extinction, or the origin and sources of particular 

bacterial strains. 

 

10.2 Enteric bacteria indigenous to the soil microbial community 

 

• The terrestrial soil habitat supports a highly diverse and dynamic microbial 

community.  Recent published work has identified E. coli as a natural 

component of indigenous soil microbial ecosystem under both sub-tropical 

(Byappanahalli and Fujioka, 2004) and temperate conditions (Lang et al., 

2007).  Here, non-pathogenic E. coli was consistently isolated from two 

contrasting agricultural soil types and numbers were highly dynamic and in the 

range from 1-6 log10 100 g-1 (Figures 5.1a and 5.2a).   

 

• Enteric pathogens were also present in the unamended control soils at both field 

sites and numbers of L. monocytogenes, E. coli O157:H7 and C. jejuni were in 

the range of 4-6.6 log10 100 g-1 ds, similar to or exceeding the numbers reported 

in conventionally treated biosolids.  This evidence indicated that these potential 

enteric pathogens were also probably indigenous to the soil microbial 

community.  Alternatively they may originate from the continuous bulk transfer 

of the pathogenic organisms into the soil from the faeces of wild animals and 

birds.  However, S. enterica was not isolated from the unamended control soils 

and is apparently not present in the soil microbial community in contrast to the 

other pathogens examined.  The presence of enteric pathogens in unamended 
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agricultural soils at values higher than those in sludge is of major importance 

when considering the context and risk to human heath when recycling biosolids 

to land.   

 

• Enhanced treatment of sludge significantly reduces the pathogenic content of 

biosolids reducing the potential spread of transmissible infectious disease when 

reusing biosolids as an agricultural soil improver.  E. coli numbers in enhanced 

treated biosolids (Table 4.3) were significantly lower and did not directly 

augment the indigenous soil E. coli populations (Section 5.3.4.2).   

 

• Indigenous soil E. coli populations also responded to environmental conditions, 

and numbers of background bacteria increased in cooler moist soils (≤ 15 ˚C) 

and declined in warmer drier soils (>15 ˚C).  Time was the main statistically 

significant factor influencing indigenous E. coli numbers while soil temperature 

was also identified as a statistically significant facor.  This response is 

consistent with reported responses of predatory activity to environmental 

conditions which control bacterial numbers in soil.  In particular, soil protozoan 

numbers are known to increase in moist soils above in the temperature range of 

5-15 ˚C compared to warmer drier soils.  Thus soil ecological pressures are 

strongly implicated in explaining the dynamics of indigenous soil E. coli 

populations and imply that the processes may also suppress the survival of 

enteric pathogens applied to the soil in biosolids.      

     

10.3 Faecal indicators and potential faecal indicator organisms 

 

• Faecal indicator bacteria are routinely used to determine the microbiological 

quality of sludge and the risk of infectious intestinal disease to human health 

when applying biosolids to agricultural soils.  Due to the varied enteric 

pathogen content of sludge and the variety of survival characteristics of 

pathogens a main objective of this project was to evaluate the use of E. coli as 

faecal indicator bacteria in measuring enteric pathogen decay kinetics in 

biosolids-amended agricultural soils.  Pathogen decay was strongly correlated 
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with the removal of E. coli from soil.  However, E. coli also showed increased 

survival patterns compared to the enteric pathogens studied. Therefore the 

experimental evidence from the programme of field investigations on pathogen 

and E. coli survival in sludge-amended soil indicated the selection of E. coli as 

a suitable faecal indicator organism to evaluate the risk to human health from 

enteric bacteria when reusing biosolids in agriculture.  However, the presence 

of substantial indigenous E. coli populations in soil does influence the 

interpretation of E. coli survival profiles in soil and standard enumeration 

assays do not permit differentiation between these different pools. 

• The potential faecal indicator bacteria C. perfringens expresses increased 

survival characteristics during sludge treatment processes compared to other 

enteric organisms due to its ability to form spores.  It was therefore included in 

the field experiments to evaluate its suitability as an indicator organism.  

However, C. perfringens did not show a general pattern of decay in contrast to 

other enteric and indicator organisms and numbers were not correlated to 

enteric bacteria following sludge application to agricultural soil.  Thus, C. 

perfringens does not fulfil the basic requirements of an indicator species for 

measuring decay characteristics and is therefore unsuitable for indicating 

survival of the enteric bacteria investigated here. It could, however, have 

potential as an indicator organism for more persistent parasite organisms, if 

these were prevalent in sludge. 

 

10.4 The decay of input enteric bacteria and factors influencing the processes 

 

• A main objective of this research was to perform a program of medium to long-

term field experiments to quantify the decay of faecal indicator organisms and 

enteric pathogens providing scientific data underpinning microbiological risk 

assessments (MRA) and thus to quantify the risk to human health from the 

agricultural reuse of biosolids following SSM guidelines.  As expected 

application of conventionally treated biosolids and untreated sludge increased 

E. coli numbers above ambient values but survival was limited to 

approximately 300 days.  Further research using molecular techniques may 
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show reduced survival times by differentiating between sources of E. coli such 

as indigenous soil populations and sludge E. coli.  Nevertheless pathogen 

inactivation occurred safely within the cropping and harvesting restrictions 

defined in the SSM and irrespective of soil type or time of application.   

 

• A variety of enteric bacteria are the main cause of gastrointestinal disease 

within the general public and are of particular importance when evaluating the 

microbiological risks of recycling biosolids.  Enteric pathogens rapidly decayed 

and were within background values after 80-300 days.  Due to low numbers in 

sludge, in practical terms survival will be greatly reduced to approximately 2-3 

weeks.  Thus, cropping and harvesting restrictions are highly conservative and 

allow for the natural attenuation of enteric bacteria in sludge-amended soils. 

• Soil temperature and moisture contents have been implicated as major factors 

influencing pathogen inactivation by other researchers.   However, under UK 

temperate soils environmental conditions are unlikely to pose a serious stress to 

enteric pathogens in sludge-amended soils.  Environmental conditions 

measured here had no significant influence on the decay of enteric pathogens 

with inactivation a constant process regardless of season of biosolids 

application. Results provide assurances that harvesting and cropping 

restrictions defined under the SSM suitably implements a final environmental 

barrier to the spread of communicable intestinal disease and is not dependent 

on season of sludge application.         

• Soil ecological processes such as predation, competition and antagonism limit 

and influence bacterial populations in agricultural soils.  The addition of enteric 

pathogens from the microbiological load of biosolids may therefore also be 

influenced by these factors.  Sterilisation of agricultural soils removed the 

indigenous soil microflora and E. coli numbers subsequently showed a slow 

period of decay following DMAD application to both soil types during the 

laboratory based incubation experiment (Figure 8.1).  In non-sterile soils with 

an intrinsic soil microbial community E. coli numbers rapidly declined and 
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were significantly reduced compared to sterile soils (Figure 8.1).  Thus 

providing evidence of the significance of the role of the indigenous soil 

microbial community in the inactivation of enteric pathogens following 

biosolids application to agricultural land as a critical barrier to the spread of 

enteric disease. 

• The indigenous soil microbial community has previously been shown to be 

influenced by a number of factors including temperature, soil moisture content 

and available nutrients.  The application of sludge to soil has also been shown 

to increase substrate availability. Biosolids application increased E. coli decay 

rates compared to E. coli in unamended control soils (Figures 8.1 and 8.3).  

Therefore, biosolids recycling to land actively stimulated the natural 

attenuation of enteric pathogens providing and active mechanism and barrier to 

the risk of infectious disease associated with crop production in agricultural 

soils. 

• Sludge contains an active indigenous microbial community which significantly 

reduced E. coli numbers in a soil incubation experiment with sterile and non-

sterile soil and DMAD treatments.  The indigenous biosolids microflora is an 

important factor influencing enteric pathogen inactivation, with sterilisation of 

biosolids significantly reducing the inactivation of E. coli following sludge 

incorporation compared to non-sterile biosolids added to both soil types.   Thus, 

in addition to stimulating the ecological suppression processes in soil, biosolids 

themselves provide an antagonistic environment to pathogen survival due to 

their intrinsic microbial activity which is activated when digested products are 

mixed in aerobic soil conditions. Therefore, the environmental/soil barrier 

controlling the decay of enteric pathogens is a self-limiting process due to soil 

ecological processes as well as intrinsic microbiological properties of sludge 

itself.  
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10.5 Microbiological safety and implications of regulatory and guidelines 

pertaining to agricultural reuse of biosolids. 

• The results presented here support the multiple barrier approach to limiting the 

spread of infectious intestinal from biosolids recycling in agriculture and show 

pathogen decay occurs well within the waiting periods and harvesting 

restrictions stipulated in the SSM for conventionally treated biosolids.  They 

further indicate that land use restrictions are unnecessary when biosolids are 

treated to enhanced status.  

• Treatment of sludge prior to land application actively reduces the pathogen 

content to minimise the health risk associated with biosolids recycling.  

Pathogen inactivation was increased in DMAD-amended soils compared to 

DRAW-amended soils (Tables 6.4 and 7.4).  There was no practical difference 

between E. coli inactivation rates between sludges with different input E. coli 

numbers (Table 5.11).  Therefore, critical microbiological limits on the quality 

of sludge may be unnecessary and could simplify the microbiological standard 

regime allowing the reuse of dewatered untreated biosolids.    

• Results from the long-term field trials reported here show the 10-30 month 

harvesting/cropping restrictions allow for the active attenuation of enteric 

pathogen in sludge-amended agricultural soils and are highly conservative.  

Furthermore, results suggest that the multiple barrier approach to limiting the 

spread of infectious intestinal disease is an effective approach where, sludge 

treatment reduces the pathogenic risk associated with biosolids prior to reuse.   

The highly conservative management guidelines ensure the active elimination 

of enteric pathogens and allow for variability within the microbiological quality 

of biosolids as a result of varying efficiency in treatment processes. 

. 
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CHAPTER 11 

Further work 

 

Current standard culturing techniques used here allowed for the quantification of 

decay processes for enteric pathogens (Chapters 6 and 7) and E. coli (Chapters 5).  

However, they do not allow researchers to discriminate between bacteria from 

different sources such as soil, sludge and wildlife.  For example, the indigenous soil 

E. coli population increased in numbers in response to substrate input following 

enhanced treated biosolids application (Section 5.3.4).  The standard culturing 

techniques did not allow for discrimination between the source of increased E. coli 

numbers be it indigenous soil E. coli or input E. coli originating from biosolids.  

Therefore the potential for input E. coli to become an established member of the soil 

microbial community remains an area of concern to public health when recycling 

biosolids to land (Avery et al., 2005).  Development of molecular-based 

methodologies such as quantitative RT-PCR and FISH would enable discrimination 

between intrinsic soil bacteria and input enteric pathogens from biosolids application 

(Ishii et al., 2006; Cooley et al., 2007) and may identify survival strategies employed 

by soil bacteria.  Highly selective molecular detection methods would enable the 

determination of kinetic decay models for enteric pathogens in biosolids amended 

agricultural soils.  These complex molecular based technologies would also enable 

researchers to determine if enteric pathogens are entering a viable but non-culturable 

(VBNC) state. 

 

The ability of C. perfringens to form spores increases this organism survival 

characteristics by inferring resistance to unfavourable environmental conditions such 

as high temperatures and low moisture contents and implicates this organism as a 

potential faecal indictor organisms (Chauret et al., 1999; Pourcher et al., 2007).  The 

response of C. perfringens populations in sludge-amended soils differs to that of 

other enteric bacteria and is therefore an unsuitable indicator of enteric bacteria.  

However, C. perfringens demonstrates complex survival strategies similar to other 

potential enteric pathogens such as Cryptosporidium spp., Giardia spp and other 

spore forming bacteria such as Bacillus subtilis and Clostridium difficile. (Chauret et 



 240 

al., 1999).  Therefore long-term field trials evaluating the use of C. perfringens as a 

faecal indicator bacteria for complex enteric pathogens is recommended to determine 

if it is a suitable indicator for this group of pathogens in biosolids-amended 

agricultural soils. 

 

This current research project shows current treatment processes and land use 

restrictions effectively reduces the risk from bacterial pathogens to human health 

when recycling biosolids in agriculture.  However, virus-associated intestinal disease 

within the general public remains an area of uncertainty associated with biosolids 

reuse.  Indeed, enteric viruses such as norovirus are the second greatest cause of 

intestinal disease in the UK general public after enteric bacteria.  Little scientific data 

regarding decay rates and factors influencing decay is available although the ability 

of viruses to survive higher during sludge treatment is well documented.  Thus the 

inclusion of enteric viruses in long-term field trials so that their behaviour may also 

be predicted based on decay patterns of a suitable indicator is essential.  Due to 

enumeration problems associated with enteric viruses, such as mammalian cell line 

production, limit the potential study of this important group of enteric pathogens and 

suggest a suitable indictor organism is essential to evaluate the efficacy of land use 

restrictions in limiting the potential spread of enteric viruses.  Bacteriophages are 

potentially a group of suitable indicators due to relatively simple laboratory 

enumeration protocols compared to enteric viruses (Nasser et al., 2002).  The 

inclusion of bacteriophages as potential viral indicators in long-term field trials 

would allow the prediction in conjunction with molecular based methodologies 

would enable the development of kinetic decay models for enteric viruses and the 

identification of a suitable indicator for pathogenic enteric viruses in biosolids-

amended agricultural soils. 

 

Intrinsic soil ecological pressures influence enteric pathogen decay kinetics in 

biosolids-amended agricultural soils under UK temperate soil conditions.  However, 

scientific data on the influence of specific ecological pressures on decay kinetics 

under field conditions remains limited. Protozoa predation has been identified as a 

major factor determining pathogen decay.  Manipulating predators by the addition of 
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inhibitors such as thiram is a useful tool in determining the influence such organisms 

on enteric pathogen decay kinetics.  Indeed, under laboratory conditions the use of 

eukaryotic inhibitors has been used to show increased survival of enteric pathogens 

by eliminating potential predators.  However, under field conditions here the use of 

thiram was limited in effectiveness, presumably due to dilution effects following 

application and thus reducing the concentration to below an effective value (Section 

5.3.3.1.1).  Therefore, tracing enteric pathogens through the soil microbial food web 

using radio nucleotide or molecular based techniques is an alternative approach to 

understanding the complex ecological pressures influencing decay rates.  Radio 

nucleotide labelling is a particularly interesting tool which would enable researchers 

to label the enteric pathogen of interest and monitor transition through the microbial 

ecosystem, for example, to indentify the grazing effect of predatory protozoa which 

would ingest the bacterium and incorporate the radio nucleotide into the cell.  

Similarly fluorescent in situ hybridisation (FISH) would allow source tracking of a 

number of pathogens although this technique may be limited by the cost of both 

nucleic probes and the microscope for visualisation.  Nevertheless the use of 

molecular and radionuclide methodologies would provide a tool to track enteric 

pathogens and potentially quantitatively assess the influence of predation on enteric 

pathogens in biosolids amended agricultural soils.  

 

While predatory protozoa and nematodes are of particular importance in enteric 

pathogen decay kinetics in biosolids-amended agricultural soils other soil ecological 

processes such as competition and parasitism may also significantly influence 

pathogen decay (Sections 3.4.7.4 and 3.7.4.5).  Thus, further work is also required on 

the ecological dynamics of decay and the significance of interaction between 

competition, predation and parasitism to better understand and predict the long term 

survival of enteric pathogens in biosolids-amended agricultural soils.  A series of 

field trials and laboratory based incubation experiments incorporating molecular 

techniques and radio nucleotide labelling may allow an in-depth analysis of the 

overall soil microbial community.  Of particular interest would be the use of 

metagenomics to determine the structure of the bacterial community which may 

compete with enteric pathogens for available nutrients which may limit pathogen 
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growth and prevent enterics from replenishing numbers following predatory grazing.  

Analysis of the soil ecological mechanisms influencing enteric pathogen decay 

would provide further scientific evidence and justification for the multiple barrier 

approach limiting the microbiological risk to human health when recycling biosolids 

to agricultural soils.        
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Appendix 1 

Experimental Methods 
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 Table A1:  Nutrient concentrations in dry soil  basis (ds) at Brices Field and North Sidelands for each field experiment  

 

Field Trial 
Soil 

NO3-N 
(mg kg-1) 

NH4
+-N 

(mg kg-1) 
Available N  
(kg N ha-1) 

Ext P 
 (mg kg-1) 

Ext K 
(mg kg-1) 

Ext Mg  
(mg kg-1) 

SO4
2- 

(mg kg-1) 

Brices 21.86 0.66 30.0 68.0 173.0 82.0 14.7 
FT1 

North Sidelands 27.80 0.60 37.9 19.7 99.0 24.0 22.9 

Brices 3.68 0.09 5.0 61.7 120.0 90.3 48.3 
FT2 

North Sidelands 0.74 0.12 1.2 29.7 124.3 25.5 42.2 

Brices 7.66 6.94 19.5 54.5 121.4 90.1 17.8 
FT3 

North Sidelands 16.01 1.72 23.6 26.5 131.5 30.8 25.5 

Brices 4.99 1.79 9.0 81.0 195.9 95.7 18.4 
FT4 

North Sidelands 12.66 10.05 30.3 24.8 84.5 27.9 17.4 

 

 



 272 

Field trial plot arrangements 

 

 

A 5
2 m

3 1 2 4 6

2 m

B 1 5 6 4 2 m 2 3

2m

C 3 6 4 1 5 2

 

  Figure A1: Example of the experimental plots lay-out. The numbers in the plots        
correspond to the different treatments randomly assigned 
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QC/QA procedures: 

 

Following media preparation all media was incubated overnight at 36 ˚C to ensure no 

biological contamination was present. 

 

Media: 

 

Blood-free enrichment broth (BFEB) (solidified) 

 

Formulation g L-1 

Nutrient broth no.2 25 

Casein hydrolysate 6 

Yeast extract 6 

Ferrous sulphate heptahydrate 0.5 

Lithium chloride 15 

Sodium metabisulphite   0.75 

Sodium carbonate  1 

α-ketoglutaric acid  1 

Activated charcoal 4 

Sodium pyruvate 0.75 

Agar  15 

  

 

Directions 

Suspend 73.5 g of dehydrated media in 1 L of distilled water and autoclave for 15 

minutes at 121 ˚C.  Leave to cool to 50 ˚C add 1 vial of CAT supplement (Oxoid 

SR174E) for every 500 ml of medium.  Pour in to sterile 55 mm triple vented petri 

dishes. 
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Brilliant green bile broth  

 

Formulation g L-1 

Peptone 10 

Lactose  10 

Ox bile (purified)  20 

Brilliant green 0.0133 

  

 

Directions 

Dissolve 40 g in 1 L of distilled water and sterilise at 121 ˚C for 15 mins.  pH 7.4 ± 

0.2   

 

Buffered Listeria Enrichment Broth (solidified)  

 

Formulation g L-1 

Tryptone soya broth 30 

Yeast extract 6 

Potassium di-hydrogen 

orthophosphate 
1.35 

Disodium hydrogen 

orthophosphate  
9.60 

Agar 15 

  

 

Directions 

Suspend 23.5 g of dehydrated media in 500 ml of distilled water and autoclave at 121 

˚C for 15 mins.  Cool to 50 ˚C and add a vial of Listeria selective supplement 

(Nalidixic acid 20 mg, Cycloheximide 25 mg, Acriflavine hydrochloride 7.5 mg).  

Pour into sterile 55 mm triple vented plastic perti dish.  pH 7.3 ± 0.2   
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Campylobacter chromogenic medium  

 

Formulation g L-1 

Nutrient agar 28 

Cysteine  0.5 

5-bromo-4-chloro-3-indolyl 

sulphate  
0.1 

Sodium pyruvate 0.25 

Sodium metabisulphate 0.25 

Ferrous sulphate    0.25 

  

 

 

Directions 

Suspend 22.75 g of dehydrated media in 500 ml of distilled water and bring to the 

boil to dissolve.  Autoclave for 15 minutes at 121 ˚C.  Leave to cool to 50 ˚C add 1 

vial of CAT supplement (Oxoid SR174E) for every 500 ml of medium.  Pour in to 

sterile 55 mm triple vented petri dishes. 

 

 

ChromAgar O157  

 

Dissolve 29.2 g in 1 L of distilled water and bring to the boil.  Cool to 50 ˚C and 

pour into sterile 55 mm triple vented petri dish. 

 

 

 

 

 

 

 

 



 276 

Harlequin Listeria agar  

 

Formulation g L-1 

Peptone mix 30 

Meat extract 5.7 

Starch 1 

Sodium chloride 5 

Lithium chloride 15 

Ferrous gluconate  1 

Sodium pyruvate 0.5 

CHE-glucoside 0.25 

Agar  15 

  

 

Directions 

Suspend 73.5 g of dehydrated media in 1 L of distilled water and autoclave for 15 

minutes at 121 ˚C.  Leave to cool to 47 ˚C add 1 vial of oxford supplement (Lab-M 

x123).  Pour in to sterile 55 mm triple vented petri dishes.  pH 7.0 ± 0.2 

 

 

Iodine-Iodine solution 

 

Formulation Concentrations 

Iodine 6 g 

Potassium iodide 5 g 

Distilled water 20 ml 

  

 

Directions  

Add iodine (6 g) and potassium iodide (5 g) to 20 ml of distilled water and filter 

sterilise through 0.45 and 0.2 µm filters.  Make at time of use.  
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Kovacs reagent  

 

Formulation  

paradimethylaminobenzaldehyde 5 g 

Amyl alcohol  75 ml 

Concentrated hydrochloric acid 25 ml 

  

 

 

Lauryl tryptose broth bromocresol purple (LTBBP)  

 

Formulation g L-1 

Tryptose 20 

Lactose  5 

Sodium chloride  5 

Dipotassium hydrogen phosphate 2.75 

Potassium dihydrogen phosphate  2.755 

Sodium lauryl sulphate    0.1 

Bromocresol purple 0.01 

  

 

Directions 

Dissolve 35.6 g in 1 L of distilled water and add 0.01 g L-1 of Bromocresol purple 

and sterilise at 121 ˚C for 15 mins.  pH 6.8 ± 0.2   
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Membrane lactose glucuronide agar (MLGA)  

 

Formulation g L-1 

Peptone  40 

Yeast extract 6 

Lactose 30 

Phenol red 0.2 

Sodium lauryl sulphate 1 

Sodium pyruvate   0.5 

Agar 10 

X-Glucuronide (BCIG) 0.2 

  

 

Directions 

Suspend 88 g in 1 L of distilled water and sterilise at 121 ˚C for 15 mins.  Cool to 50 

˚C and pour into sterile 55 mm triple vented petri dishes.   

pH 7.4 ± 0.2   

 

Nutrient broth No. 2  

 

Formulation g L-1 

Lab-Lemco powder 10 

Peptone 10 

Sodium Chloride 5 

  

 

Directions 

Dissolve 25 g in 1 L of distilled water and sterilise at 121 ˚C for 15 mins.  pH 7.5 ± 

0.2   

 

 



 279 

Perfringens enrichment medium (PEM) (solidified) 

 

Formulation g L-1 

Tryptone 15 

Yeast extract 5 

Sodium chloride 2.5 

Sodium thioglycolate 0.5 

L- cysteine 0.5 

Agar 15 

  

 

Directions 

Disperse the components in water and autoclave for 15 minutes at 121 ˚C.  Leave to 

cool to 50 ˚C and add a vial of TSC supplement (D-cycloserine 200 mg 500 ml-1).  

Pour into sterile 55 mm triple vented petri dishes.   

 

Phosphate buffered saline 

 

Formulation g L-1 

Sodium chloride  8 

Potassium chloride 0.2 

Disodium hydrogen phosphate 1.15 

Potassium dihydrogen phosphate 0.2 

  

 

Directions 

Dissolve 10 tablets in 1 L of distilled water autoclave at 121 ˚C for 15 mins.  pH 7.3    
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Rambach agar 

 

Formulation g L-1 

Opaque agar  20 

Propylene glycol 10.4 

Peptones 8 

Yeast extract 8 

Chromogenic and selective mix 2.7 

  

 

Directions 

Suspend 30.7 g in 1 L of distilled water and add the liquid content of the supplement 

vial and bring to the boil.  Cool to 50 ˚C and pour into sterile 55 mm triple vented 

petri dishes.   

pH 7.2 ± 0.2   

 

Tetrathionate broth (solidified) 

 

Formulation g L-1 

Casein peptone 2.5 

Meat peptone 2.5 

Bile salts 1 

Calcium carbonate 10 

Sodium thiosulphate 30 

Agar 15 

  

 

Directions 

Suspend 46 g of dehydrated media in 1 L of distilled water and bring to the boil.  

Cool to 50 ˚C and add novobiocin (40 mg L-1) and 20 ml of filter sterilised iodine-

iodine solution. 
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Tryptone water (TW) 

 

Formulation g L-1 

Tryptone 10 

Sodium Chloride  5 

  

 

Directions 

Dissolve 15 g in 1 L of distilled water and sterilise at 121 ˚C for 15 mins.  On 

addition of 0.2 ml of Kovacs reagent a dark red colour indicates a positive indole 

test.  pH 7.5 ± 0.2   

 

Tryptose sulphite cycloserine (TSC) agar 

 

Formulation g L-1 

Tryptose 15 

Soya peptone 5 

Yeast extract 5 

Sodium metabisulphate 1 

Ferric ammonium citrate 1 

Agar 19 

  

  

 

Directions 

Suspend 23 g in 500 ml of distilled water and heat gently to dissolve the agar and 

autoclave at 121 ˚C for 15 mins.  Allow medium to cool to 50 ˚C and add 200 mg of 

D-Cycloserine.  Pour into sterile plastic 55 mm triple vented petri dishes.  pH 7.6 ± 

0.2 

 
 
 


