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Abstract  
 Sewage sludge is the accumulated solids collected during sedimentation in the wastewater 
treatment process. While it can be used as a cost-effective alternative to chemical fertilisers, there are 
continual concerns regarding the potential of pathogens originating in the sewage to enter the food 
chain. The research reported here considers the importance of sewage sludge loading (i.e. proportion 
of sludge to soil) on the persistence of inoculated model pathogenic bacteria in soil. The hypothesis for 
this experiment postulated a positive correlation between increasing ratios of sludge to soil and the 
survival of inoculated bacterial pathogens. Overall, there were no significant correlations between 
varying proportions of sludge to soil and the survival of the inoculated pathogens. However, the 
presence of indigenous microorganisms in treated sewage sludge was a potentially significant 
observation, as they appeared to interact and out-live the inoculated strains of bacteria. 
 
Introduction 
 Sewage sludge is the accumulated solids collected during sedimentation phases of the 
wastewater treatment process. It is a highly variable, semi-solid material, with composition depending 
upon its source material and the treatment processes it undergoes [1]. External factors such as 
temperature, humidity and pH can also enhance its physicochemical and biological variability [2]. 
Furthermore, it is rich in nutrients and organic matter (OM), which can be utilised as a sustainable 
substitute for mineral fertilisers in agricultural systems [3]. As of 2008, it was reported that 40% of the 
circa 9 million dry tonnes of sludge produced per year in Europe was applied to land as fertiliser [4]. 
 Sludge can also contain heavy metals, chemical contaminants, pharmaceutical products and 
pathogenic microorganisms [5]. Pathogenic microorganisms are often shed in the faeces of infected 
individuals, leading to their accumulation at wastewater treatment facilities. Legislation, such as the 
Urban Waste Water Treatment Directive (UWWTD) 91/271/EEC and the Water Framework Directive 
(WFD) 2000/60/EC, is used to stabilise the composition of waste water and its by-products. They also 
aid in reducing the presence of these hazardous materials. However, whilst these treatment protocols 
aim to minimise the presence of these microorganisms, there is evidence that suggest they may survive 
for extended periods of time in the natural environment. Protocols in place within the WWTF, leading 
to cross contamination, and the resilience of particular pathogenic strains may have a significant effect 
on their presence within the treated end-products. Thus there are continuing concerns regarding the 
potential of these pathogens to persist in the natural environment and subsequently entering the food 
chain. 
 As of 2013, there is no legal requirement in the EU to decrease pathogen load in sewage 
sludge prior to land application. This is a salient oversight as previous work has shown that naturally 
occurring strains of E. coli can survive in the soil environment for more than 9 years [6]. The Soil 
Framework Directive (SFD) (COM(2006)232) provides a potential response to this omission by 
providing a more precise and focused framework to mitigate exposure to such harmful 
microorganisms [7]. Several EU member states have also implemented their own sets of regulations, 
such as The Code of Practice for Agricultural Use of Sewage Sludge and the voluntary Safe Sludge 
Matrix [8,9]. These regulations are often more stringent than the core policies outlined by the EU 
itself. However, more research is required to differentiate between abiotic and biotic stressors acting 
upon bacterial pathogens found in sewage sludge. Such understanding could aid in highlighting the 
selective pressures acting on the introduced bacterial pathogens and better inform the legislative 
process. 



 The research reported here considers the importance of sewage sludge loading (i.e. proportion 
of sludge to soil) on the persistence of inoculated model pathogenic bacteria in soil. The hypothesis for 
this experiment postulated a positive correlation between increasing ratios of sludge to soil and the 
survival of inoculated bacterial pathogens. It was proposed that the interface between the sludge and 
the soil matrices would affect the extent of competition and interaction between both the soil and 
sludge microbial communities. Thus, increasing quantities of soil would lead to a greater extent of 
interaction between the two microbial communities and a significant decline in the model pathogens 
present within the microcosms. 
 
Materials and Methods  
 The top 0-30 cm of loamy, Eutric Cambisol supporting a pasture used for silage at Johnstown 
Castle, Ireland (53°20′N, 6°15′W) was sampled following a random sampling method. The sewage 
sludge, a dewatered cake with a dry solids content of 35%, was provided by United Utilities, UK. All 
samples were stored at 4°C until use. Samples were assessed for inherent physicochemical 
characteristics and background levels of pathogens, to ascertain their prevalence prior to the start of 
the experiment.  
 Aliquots (0.1 ml) of cell suspensions containing 2.18x108 CFU/ml E. coli and 1.18x109 
CFU/ml S. Dublin, derived from overnight culture, was added to the sludge and shaken in gently. The 
sludge was then incorporated into the soil to establish treatments as follows: (i) 100 % soil; (ii) 75% 
soil to 25% sludge; (iii) 50% soil to 50% sludge; (iv) 25% soil to 75% sludge; (v) 0% soil to 100% 
sludge; (vi) sterile control; (vii) 100% soil control; (viii) 100% sludge control. The number of 
surviving cells was determined in 3 independent replicates incubated overnight at 37°C, on successive 
occasions over two months. A modified protocol [10] was followed for the extraction.  Quarter 
strength Ringers (10 ml) was added to the microcosms.  They were then shaken gently by end-over-
end rotation at a speed of 100 rmp for 30 minutes and vortexed for 10 seconds. Serial dilutions of the 
extracts were made up using a 1 in 10 dilution series. Selected dilutions were plated on to Sorbitol 
MacConkey agar and xylose lysine deoxycholate agar. Death rates were then calculated from the 
resulting data, which was then analysed using a Students T-test analysis. 
 
 
Results and Discussion   
Background analysis 
 Basic physicochemical and biological analysis was performed on each matrix before the start 
of the experiment, to assess baseline properties. The data shown below indicates typical values for 
each matrix, with low count of both E. coli O157 and Salmonella species. 
 
Table 1. Physicochemical and biological characteristics of the loamy, Eutric Cambisol  and sludge cake 
(Mean, ± SEM, n=3) *n=2 

Analysis Eutric Cambisol  Sludge Cake  

Moisture content (%) 31.83 ± 0.30 64.78 ± 0.15 

pH 6.37 ± 0.11 7.54 ± 0.08 

Total Exchange Capacity (ME 100 g-1) 12.26 ± 0.23    

Presumptive E. coli O157 (CFU ml-1) 283 ± 6 5000 ± 24 

Presumptive Salmonellae  (CFU ml-1) 233 ± 7 0 ± 0 

Total Heterotrophic Count (CFU ml-1) 45000 ± 42.04* 700000 ± 176 

NO3
- (mg Kg-1) 49.57 ± 0.51 4.74 ± 0.73 

NH4
- (mg Kg-1) 6.07 ± 0.25 286.01 ± 5.64 

P** (mg Kg-1) 108.00 ± 0.77 438.32 ± 6.98 

P as P2O5 (mg Kg-1) 504.33 ± 2.15 1004.37 ± 10.56 

K (mg Kg-1) 228.33 ± 0.89 84.37 ± 3.06 

** Mehlich III Extractable       



 
 

Survival of model pathogenic bacteria 
 Both model pathogens showed a persistent and gradual decline within the microcosms for the 
duration of the experiment. Similar results were obtained by [11] and [12], when studying the survival 
of E. coli  in bovine faeces and stomach contents. However, no consistent significant effects of the 
sludge:soil ratio were observed, though microcosms containing E. coli showed a far greater variability 
in their decline over time. The 100% sludge control treatment for E. coli showed consistent numbers 
of presumptive E. coli, which were assumed to be indigenous to the sewage sludge (Fig. 1).  This 
impacted our ability to draw significant conclusions for this model pathogen, as they may have 
competed for the same resources and thus impeded the survival of the inoculated pathogens. 
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Figure 1.  Survival of (a) S. Dublin and (b) E. coli in microcosms containing mixtures of 
sewage sludge and soil (n=3, ±SEM).  Key: 100% soil, 75% soil to 25% sludge, 

 50% soil to 50% sludge,  25% soil to 75% sludge,  100% sludge,  
control 100% soil,    control 100% sludge. 

Death rates 
 The death rates for both E. coli and S. Dublin were reduced when sewage sludge was present 
within the treatment (Treatments ii-v), though the amount of sludge used did not significantly alter the 
death rates. The death rate for Treatment (iv), when inoculated with S. Dublin, was significantly lower 
compared with Treatment (i). Data also indicated that presumptive E. coli, within the sewage sludge, 
may have negatively affected the survival of the inoculated bacteria, as can be seen in the high 
variability of death rates for E. coli (Figure 2b). 
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Figure 2. Death rates for (a) S. Dublin and (b) E. coli in microcosms containing mixtures of sewage 
sludge and soil (n=3, ±SEM) 

 



Conclusion and Perspectives  
 This work endeavoured to clarify parameters affecting the survival of pathogens, using 
environmentally appropriate conditions. These conditions include relevant temperatures and unaltered 
sludge and soil matrices. It considered the importance of sewage sludge loading on the persistence of 
inoculated model pathogenic bacteria in soil. Overall, there were no significant correlations between 
varying proportions of sludge to soil and the survival of the inoculated pathogens.  Thus the initial 
hypothesis postulating ‘a positive correlation between increasing ratios of sludge to soil and the 
survival of inoculated bacterial pathogens’ was rejected. However, the presence of presumptive E. 
coli, apparently indigenous to the treated sewage sludge, may have skewed the results by interacting 
with the inoculated lab strain of E. coli. 
 The use of lab strains of bacteria in environmental persistence studies may have to be 
reassessed. They may not be adapted to survive in the natural environment, in a manner similar to 
environmentally-derived bacteria, which are used to far more dynamic conditions. The quantity with 
which they are added to the natural matrix may also hinder true understanding of their persistence, as 
adding such high numbers of model pathogens may be above the carrying capacity of the habitat being 
studied.  
 Work that is currently in progress aims to build on this study, by analysing the survival of 
indigenous E. coli within sewage sludge, thus reflecting the natural system. It uses similar treatment 
protocols whilst maintaining the indigenous coliform population.  
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