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Abstract: The degradation of sludge solids in an insulated reactor during Autothermal 

Thermophilic Aerobic Digestion (ATAD) processing results in auto-heating, thermal 

treatment and total solids reduction, however, the ability to eliminate pathogenic organisms 

has not been analysed under large scale process conditions. We evaluated the ATAD 

process over a period of one year in a two stage, full scale Irish ATAD plant established in 

Killarney and treating mixed primary and secondary sludge, by examining the sludge 

microbiologically at various stages during and following ATAD processing to determine its 

ability to eliminate indicator organisms. Salmonella spp. (pathogen) and fecal-coliform 

(indicator) densities were well below the limits used to validate class A biosolids in the final 

product. Enteric pathogens present at inlet were deactivated during the ATAD process and 

were not detected in the final product using both traditional microbial culture and molecular 

phylogenetic techniques. A high DNase activity was detected in the bulk sludge during the 

thermophilic digestion stage which may be responsible for the rapid turn over of DNA from 

lysed cells and the removal of mobile DNA. These results offer assurance for the safe use of 

ATAD sludge as a soil supplement following processing. 
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1. Introduction  

From a public health perspective [1] the need for effective waste treatments and sludge stabilisation 

is ever increasing. With increased travel [2] and tourism the potential for diffusion of infectious 

diseases has increased and throughout Europe and elsewhere many diseases have (re)-emerged 

resulting in major health, ecological, socio-economical and political consequences. The establishment 

of EDEN (Emerging Diseases in a changing European Environment; http://www.eden-fp6project.net) 

is attempting to spread the message of the importance of developing and implementing advanced 

wastewater and sludge treatment systems [3]. As an alternative to standard sludge treatment systems, a 

new, energy-efficient, non-chemical process, autothermal thermophilic aerobic digestion (ATAD) was 

introduced over the past decade or so [4]. ATAD is a biological sludge treatment process that utilises 

the aerobic degradative abilities of microorganisms to convert soluble organic materials to lower 

energy forms [5]. Microbial catabolic processes resulting from aerobic oxidation of biosolids, gives 

rise to significant heat generation, which in turn results in thermal processing of the sludge [6-10]. 

Typically ATAD processes that operate to treat domestic sludge, following primary and secondary 

wastewater processing, involve sludge thickening, followed by a two stage thermal treatment where 

the sludge is highly aerated and the sludge temperature allowed to rise naturally due to microbial 

metabolism in insulated reactors [4,6,8]. This metabolic activity reduces the sludge solids content 

while the elevated temperatures should effectively stabilise the sludge and remove pathogens. In 

typical ATAD systems treating domestic sludge the temperature ranges between 45 °C and 65 °C, 

which ensures the best degradation rates while the temperature rise aids pathogen reduction. However 

above 60 °C, the degree of microbial diversity is markedly decreased, at least in ATAD systems 

treating pharmaceutical wastes, with negative consequences on the degradation process [11].  

Biosolids reuse and disposal practices are currently regulated in Ireland by EU directive [12] and by 

a code of practice for biosolids reuse [13].The EU directive suggests a treatment regime of 55 °C for  

20 hours, an absence of Salmonella in 50 g of sludge and process conditions to reduce E. coli CFU  

to <500 g−1. The pasteurisation ability of an ATAD process to produce such a class A biosolids is 

determined by the interplay between operational parameters, feed composition and its 

biodegradability, the diversity of the ATAD microbial consortia and their metabolic capacities and 

reactor design features such as insulation and aeration control [9,14] and thermotolerent coliforms and 

Enterococci are most often used as indicator organisms to assess the hygienic quality of such treated 

organic waste [15-23]. In addition Salmonella is a relatively common excreted pathogen, often present 

in sludge and sewage and hence is also monitored as an indicator organism [17,22,24].  

The effect of heat on microorganisms has mainly been studied with respect to pathogen removal in 

food and wastewater and it has been assumed that the death kinetics of enteric viruses and protozoa are 

similar [25]. The exponential law of disinfection, referred to as “Chick’s Law” relates the survival of 

pathogens and other microorganisms as a function of temperature: 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3424

Xt/Xo= e−k(t-to) 

where Xt is the surviving fraction following treatment, Xo is the starting population number, t-to is the 

treatment time interval, k is the specific decay rate [17,25,26]. In general, studies on the thermal 

effects and heat inactivation of pathogens have been carried out under laboratory conditions with 

application of test bacteria [17,27], with Salmonella and Escherichia spp. being used as model 

indicator bacteria [28-30]. For the pathogen Salmonella enterica, inactivation is dependent on the 

strain type, and it is most effectively inactivated at 71 °C during 1.2 seconds [27] in a nutrient-rich 

environment. However, inactivation of enterococci in pure culture [17] required 40 days at 45 °C, 3 

days at 50 °C, 15 hours at 55 °C, 2 hours at 60 °C, and 7 minutes at 70 °C . For pathogen inactivation 

in sludge [20], it has been shown that holding for 4 hours at 55 °C or for 30 minutes at 70 °C is 

effective in killing most pathogens, with killing depending on the matrix or media. The heat resistance 

of a pathogen is highly influenced by the strain tested, the type of experimental method used, culture 

conditions prior to the experiment and the heating method and the recovery conditions utilised. Thus 

there are many features that could add to variability in pathogen recovery under real sludge  

treatment conditions.  

For sludge, adequate pathogen reduction can be obtained at time-temperature combinations that are 

described in detail by U.S. EPA’s time–temperature equation [5]. The time-temperature equation in the 

regulation requires that all particles be treated for a specified time at the temperature of operation. In 

brief, this requirement suggests a temperature and time of sludge treatment to achieve desirable quality 

of 65 °C for 1 hour, 75 °C for 136 seconds, 85 °C for 5.5 seconds or 55 °C for 24 hours. These 

requirements differ from the conditions necessary for pathogen inactivation in pure culture under 

laboratory conditions [25,30,32], as in wastewater or sludge microorganisms are often found within 

organic substances or embedded in flocs, which can protect them from pasteurization [25]. It has been 

demonstrated that treating domestic sludge at 60 °C for 35 minutes would reduce pathogens to 

acceptable levels [33], in comparison to pasteurization at 70 °C with a retention time of 30 min while 

at 60 °C full inactivation of pathogens within sludge requires a holding time of 4.78 h [5,34]. 

Cell-free nucleic acid is a potentially important source of energy and nutrients in sludge  

ecosystems [35,36]. However, little is known about the identity, metabolism, and interactions of the 

microorganisms capable of consuming cell-free DNA originating from cell lysis or from the original 

fecal materials. Some may undergo genetic transformation [37], some may be used for DNA or RNA 

synthesis [35,38] or it may give a valuable source of phosphorus depending on the ability of 

microorganisms to take up this macromolecule with passive transport limited to >0.6 kDa [39,40]. 

Some microorganisms are capable of degrading cell-free DNA with extracellular nucleases [42] and 

then consume the hydrolyzed products [35], while DNA that interacts with sludge material may be 

protected [42]. DNA hydrolysing bacteria from aquatic environments have been described [43,44] and 

assigned to mesophilic or psychroplilic organisms in the main. In wastewater ecosystems, it can be 

expected that the size and availability of the cell-free DNA and how microorganisms interact with it 

will have a strong effect on the diversity and metabolism of micro-organisms in wastewater and  

sludge [45]. There have been few reports on such activities with only one by Ruiz [46] describing the 

detection of DNase activity in mesophilic anaerobic wastewater sludge. No data on DNase production 

by thermophilic organisms and its possible role in thermal treatment of sludge has been reported. Such 
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DNases may also play a key role in preventing transmission of viruses, or mobile elements from 

sludge to the wider environment via gene transfer [47] which has contributed to genome plasticity and 

dissemination of fitness-enhancing traits, including antibiotic resistance and virulence factors [48-50]. 

Recent studies suggest that sludge is a specific location where genetic exchange can occur [47] and 

limiting such exchange may be particularly important for domestic sludge where antibiotic-resistant 

bacteria occur [51-54]. Although lysis can occur, natural transformation and DNA uptake is known to 

be responsible for genetic spread under mesophilic treatment conditions [47,55-58] and may even 

occur at thermophilic processing temperatures [59]. 

The first full scale ATAD plant to operate in Ireland is located in Killarney to treat locally produced 

primary and secondary sludge [60]. Insufficient treatment could lead to contamination by pathogenic 

microorganisms when the stabilised sludge is utilised for land spread. Thus we wished to determine the 

suitability of this ATAD process and sludge type for pathogen reduction [21] by monitoring the sludge 

seasonally using traditional culture based and molecular profiling techniques. We also wished to 

examine the effect of high levels of nuclease activity detected in the sludge on eliminating mobile 

DNA elements responsible for transmission of antibiotic resistance determinants.  

2. Experimental Section 

2.1. ATAD Sludge Source and Sampling 

ATAD sludge was sampled from a full scale ATAD plant treating mixed primary and secondary 

sludges at Killarney Ireland. The plant has been described previously [8-10,60]. Briefly, the ATAD 

process consists of sludge thickening to 4–6% Total Solids, concentration on a belt filter followed by 

aeration to allow degradation and thermal treatment. The daily feed rate for the Killarney ATAD is in 

the range of 15–30 m3 d−1. The thickened sludge undergoes thermophilic digestion in a two-reactor 

(Reactor 1A and 2A) semi-batch process before treated sludge is stored in holding tanks where the 

sludge goes anaerobic (when aeration ceases). Reactors 1A and 2A, of 110 m3 capacity, are operated in 

series with partially digested sludge being fed from reactor 1A with and operation temperature range 

of 35–49 °C to the second ATAD reactor termed 2A, where operation temperatures hold in the range  

58–65 °C. The ATAD reactors are followed by one or two holding tanks (275 m3), where the sludge is 

cooled naturally. Details of the plant and operating parameters have been published [8,60]. Samples 

were taken aseptically at different stages of processing and from the middle of the reactors by a  

deep-water sampling device. Total solids (TS) was analysed as per Standard Method 2540 D [19]. 

2.2. Microbiological Analysis of ATAD Sludge Quality  

2.2.1. Enumeration and Detection of the Indicator Organisms 

Fecal coliforms and total enterococci in feed sludge, thickened sludge and ATAD treated sludge 

samples were evaluated using a most probable number assay (MPN) according to method 1680 and 

1681 [19]. Fermentation tubes were incubated for 48 hours at 35 °C and observed at both 24 and  

48 hours for the presence of presumptive growth indicated by gas or acid production. Presumptive 

positive tubes were transferred to fermentation tubes containing sterile EC media and incubated at  
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44.5 °C for 24 hours. Results of the MPN procedure were reported in terms of MPN g−1 total solids 

calculated from the number of positive EC culture tubes. Positive control cultures were included in 

each assay.  

Specific detection of Salmonella was carried out according to method 1682 [19]. Enrichment was 

performed in Selenite Brilliant Green Sulfite (SBG) broth followed by isolation on Xylose-Lysine 

Deoxycholate agar (XLD). XLD was also used for the isolation of Shigella spp. and Providencia spp. 

Culturable populations of indicator bacteria were enumerated by direct plating on appropriate selective 

media [19]. Additionally bacterial cells that might adhere to ATAD biosolids in situ were removed 

using a combination of homogenisation, detergents, and dispersants, to eliminate the potential of 

adhering coliforms in the system. The sludge was dissolved in 0.01 M sodium pyrophosphate 

containing 0.09% (v/v) Tween 80 and stirred at 150 rpm with a magnetic stirrer for 30 minutes or 

homogenised at 3,000 × g for periods up to 30 seconds or vortexed at high speed. After the 

disintegration procedure, a spread plate technique was used for isolation and quantification of 

organisms. Selective bacteriological media included Levine Eosin Methylene Blue Agar (EMB), 

MacConkey Agar (MAC) designed for microbiological examination of sewage were used [19]. All 

media was autoclaved at 121 °C for 15 minutes. Serial dilutions were carried out for plating on 

selective media at 35 °C for 24 hours for total coliforms, 35 °C for 48 hours for fecal streptococci and 

total aerobic colonies and at 44.5 °C for 24 hours for fecal coliforms.  

2.2.2. Biochemical Identification of Microorganisms 

Bacterial appearance on selective agars following MPN selection or via direct plate counts were 

defined as typical or atypical for each bacterial species after 24 hours incubation and identified based 

on known characteristics [19,31,62-65] or deemed negative if none appeared. Bacterial isolates were 

identified via the API profiling system and via biochemical tests [66]. Colonies which showed atypical 

morphological appearance on selective media or which did not show reliable profiles during API 

identification were analysed via molecular profiling.  

2.2.3. Molecular Identification of ATAD Organisms via Intergenic Spacer Region Analysis  

Molecular profiling of ATAD organisms involved PCR amplification of the bacterial intergenic 

spacer region between the genes encoding the small (16S) and large (23S) rRNA subunit in the 

bacterial rDNA operon, with oligonucleotide primers targeted to conserved regions between the 16S 

and 23S genes [68]. The 16S–23S intergenic region, which may encode tRNAs, depending on the 

bacterial species, displays significant heterogeneity in both length and nucleotide sequence [68] which 

has been extensively used to distinguish bacterial strains and closely related species [69,70]. Using the 

technique of Ribosomal Intergenic Spacer Analysis (RISA), the length heterogeneity of the intergenic 

spacer can be exploited. The PCR product (a mixture of fragments contributed by community 

members) was electrophoresed in a polyacrylamide gel, and the DNA visualized by silver staining. 

The resultant complex banding pattern provides an isolate-specific profile, with the PCR banding 

pattern corresponding to a specific bacterial species. In this study the technique was applied to 

maximise the number of screened bacterial isolates and to perform sufficient grouping between 

multiple species cultivated on selective media before further cloning and sequencings procedures were 
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utilised. This approach was found to be rapid, useful and reliable in similar microbiological and 

diagnostics studies [71]. 

2.2.4. DNA Extraction via the CTAB Extraction Method 

Bacteria were cultured in TSB broth for 7 hours at 37 °C to an OD600 of 1.0. A 1 mL aliquot of 

culture was centrifuged at 4 °C for 20 minutes at 4,000 × g. Pellets were kept for DNA extraction and 

resuspended in 567 µL of TE buffer (10 mM Tris Hal, 1 mm EDTA, pH 7.5) by gentle mixing. 30 µL 

of 10% SDS and 3µL of 20 mg mL−1 proteinase K was added and incubated for 1 hour at 37 °C when 

100 µL of 5 M NaCl solution was added. This was followed by addition of 80 µL CTAB/NaCl  

solution [72] and incubated for 10 minutes at 65 °C. Equal volumes of chloroform/isoamyl alcohol 

(24:1) were then added, mixed and centrifuged for 5 minutes at 13,000 × g. Supernatants were 

extracted with equal volumes of phenol/chloroform/isoamyl alcohol (15:24:1) mixed well and 

centrifuged for 5 minutes at 13,000 × g. 0.6 volumes of isopropanol were then added and the solution 

gently mixed before DNA precipitation by centrifugation at 13,000 × g for 15 minutes. The resultant 

pellet was washed twice with 0.5 mL of 70% ethanol followed by centrifugation at 13,000 × g for  

5 minutes and the pellet air-dried for 1.5 hours. This was resuspended in 50µL of TE buffer and 1 µL 

of RNase (DNase free) (Roche) was added and incubated at 37 °C for 20 minutes to remove traces of 

the co-extracted RNA [72]. 

2.2.5. RISA-PCR  

RISA-PCR, reaction mixtures contained 1 × PCR buffer (Bio-Line), 3 mM MgCl2, 500 μg mL−1 of 

BSA, 200 μM of each dNTP, 400 μM of each primer, 2.5 U of Taq polymerase (BioLine) and 

approximately 2ng of template DNA in a final volume of 50 μL. The primers used were S926f 

(universal, 16S rDNA gene), and L189r (Table 1). Reaction mixtures were held at 95 °C for 5 minutes, 

followed by 30 cycles of amplification at 93 °C for 15 seconds, 53 °C for 1 minute, and 72 °C for 1.5 

minutes and a final extension of 72 °C for 9 minutes. To investigate the effect of the PCR cycle 

number on RISA profiles, PCR was also performed with 15, 20, and 25 rounds of amplification by 

using samples of the bacterial DNA. Reaction volumes were 10, 20, and 50 μL, with reagent 

concentrations as described above, except for the template DNA, which was increased by 1.5 to 3 

times the usual amount. 15 μL aliquots were separated by electrophoresis on a native 6% 

polyacrylamide gel run for 12 or 17 hours at 8mA, respectively. Gels were stained with SYBR green 

safe II (Molecular Probes, Leiden, The Netherlands).  

2.2.6. PCR Amplification of the V6-V8 Region of 16S rDNA Genes for Phylogenetic Identification 

Primers U968f and L1401r (Table 1) were used to amplify a 402-bp section of the bacterial 16S 

rDNA gene, including the highly variable V6 region [67,74]. Specific amplification of the target 

sequences was routinely achieved using 1–10 ng of template DNA in a total volume of 80 μL PCR 

reaction mixture [300 mg mL−1 BSA, 1.25 nmol mL−1 of each primer, 200 mM of each dNTP, PCR 

buffer, and 5 U of Taq polymerase (Bio-Line)]. 
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Table 1. List of the oligonucleotides utilized in this study. 

Primer Specificity Sequence (5’-3’) Position Th 
b, (°C) Refs. 

U968 a 

Universal 

bacterial  

AACGCGAAGAACCTTAC 968–984 nt, 16S rDNA 56 [67] 

L1401 CGGTGTGTACAAGACCC 1,385–1,401nt,16S rDNA 56 [67] 

S926f CTYAAAKGAATTGACGG 910 to 926 nt, 16S rDNA 53 [70] 

L189r TACTGAGATGYTTMARTTC  189–207 nt, 23S rDNA 53 [70] 

T7 
pGEM-TA vector 

TAATACGACTCACTATAGGG T7 promoter 53 Promega,UK 

SP6 ATTTAGGTGACACTATAG SP6 promoter 53 Promega,UK 

Int Forw 
Integrase gene,  

R391 ICE 

element 

AACTAGGGCTGGGCTTATAA

CATGGCC 

-------- 56 [73] 

Int Rev AAAGATGGCAGCTTGCCGCA

A CCTC 

------- 56 [73] 

a E. coli numbering; b Th, Primer-specific annealing temperature 

 

After an initial denaturation step of 3 min at 94 °C, PCR temperature cycles of 1 minute 

denaturation at 94 °C, 1 minute of annealing, and 1 minute of primer extension at 72 °C were 

performed. During 10 initial touchdown cycles, the annealing temperature was lowered from 56 °C to 

47 °C in steps of 1 °C per cycle. Subsequently, 25 cycles of 46 °C followed by a final extension step of 

10 minutes at 72 °C were carried out. PCR products were purified on 0.8% (w/v) agarose gels using 

the ‘Promega’ PCR Clean-Up kit. PCR products were separated by electrophoresis on a native 6% 

polyacrylamide gel run for 2 hours at 8mA. Gels were stained with EtBr and observed under UV light. 

2.2.7. Cloning of the 16S rDNA Amplicons 

Purified PCR product was directly ligated into the pGEM-T vector cloning system (Promega) and 

transformed into competent cells as described by the manufacturer. Extracted plasmids were used as a 

template for DNA sequencing. DNA sequencing was performed using a modified version of the  

di-deoxy chain termination method [75], using the SequiTherm Excel II DNA sequencing KiT-LC 

(Epicentre Technologies, Madison, WI, USA), and fluorescence DNA primers (MWG-Biotech (Milton 

Keynes, London, UK), labelled at the 5’- end with the dye IRD-800 (Li-COR Inc., Lincoln, NE, USA). 

Partial 16S rDNA sequences were compared with those in publicly accessible databases by using the 

program Basic Local Alignment Search Tool (BLAST), at the NCBI [76]. 

2.3. Assessment of Sludge Bulk Water for Nuclease Activity with Potential to Degrade Cell-Free DNA  

Five milliliters of sludge obtained from the thermophilic stage of the ATAD reactor was centrifuged 

at 3,000 × g. 200 ng of the genomic DNA extracted from E .coli JM109 was added to 1 μL of diluted 

sludge bulk water. Separate tubes were incubated at both 37 °C and at 55 °C for 1 hour and loaded 

onto a 0.9% agarose gel (TAE buffer). Changes in the integrity and molecular weight of the loaded 

DNA sample were recorded as an effect of nuclease activity [46]. 
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2.4. SXT/R391-like ICE Mobile Element Detection 

Inlet sludge and product sludge were collected and DNA extracted from the sludge as described. 

The product was additionally washed to remove all cell-free DNA in the bulk water. Following 

phenol-chloroform extraction the slurry was centrifuged at 13,000 × g and DNA precipitated from the 

aqueous phase by isopropanol. Primer pairs IntFor1 and IntRev1 (Table 1) capable of specific 

amplification of the hallmark integrase gene of SXT/R391-like enteric mobile genetic elements were 

utilised [73]. The PCR cycle for amplification of the integrase gene was 95 ºC for 10 minutes (to 

denature the DNA), followed by 5 cycles of 95 ºC for 45 seconds, 64.5 ºC for 45 seconds, 72 ºC for 1 

minute, and 30 cycles of 95 ºC for 45 seconds, 61.5 ºC for 45 seconds, 72 ºC for 1 minute, and a final 

elongation step of 72 ºC for 7 minutes. The expected size of the amplicon was 1,378 bp [73]. Products 

of the PCR amplification were analysed on a 1% agarose TAE gel and recorded as negative or 

positive. Signal intensity and copy number estimation of the integrase gene was not analysed during 

this study.  

3. Results  

3.1. Alteration of Process Parameters during ATAD Treatment 

Physico-chemical characteristics of sludge samples obtained from different stages of the ATAD 

process are summarized in Table 2. The overall digestion process was characterized by a continuous 

increase in the pH of the sludge from pH 6.3 in the feed to pH 9.1 in the thermophilic Reactor 2A.  

pH values have previously been described to correspond to the rate of biodegradation of the  

organic-rich material, particularly protein, during the processes, which is related to the release of 

ammonia. Due to the transformation of organic nitrogen to ammonia, and inhibition of microbial 

nitrification and denitrification at thermophilic temperatures [5], the gaseous ammonia is collected in 

the “gas-off scrubber” however some ammonia is solubilised and accumulates in the bulk sludge [4,6]. 

Because of this the pH changes gradually during the ATAD process to alkaline values as the 

temperature increases from 17 to 65 °C. While the temperature of reactor 1A remains at 43 °C, that of 

the second reactor 2A fluctuates due to the addition of new material from reactor 1A and the 

withdrawal of treated sludge to storage (Figure 1). 

Table 2. Temperature, pH and Total Solids content of the sludge during the overall  

ATAD `process. 

Samples utilized in this study 
Temp 
(°C) 

pH 
Total solid 

content (%) 

Feed (Pre thickened) 11 6.3 6.3 
Reactor 1A (Stage 1) 43 7.0 5.8 
Reactor 2A (2 h) (Stage 2 early) 53 8.1 5.1 
Reactor2A (24 h)(Late Stage 2 prior to discharge) 63 9.1 4.2 
Stabilised Product 14 7.8 4.6 
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Temperature values in Reactor 2A of >56 °C are maintained for periods of 21 hours (shown as a 

pasteurisation cycle on Figure 1). Monitoring over many cycles demonstrated that this  

time-temperature regime was maintained during each pasteurisation cycle. The range of  

time-temperature cycles was found to fluctuate from 1,210–1,320 °C h−1 in the Killarney ATAD 

process which is higher than required by the EU directive for high quality sludge production [12].  

Figure 1. Characteristic operational temperature plot in reactor 2A of the feeding and 

pasteurisation stages during ATAD treatment at the Killarney ATAD.  
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This data indicated that the pasteurisation regime more than meets the EU regulations for thermal 

treatment of domestic sludge. The colour of the feed sludge underwent changes from grey to light 

brown during treatment in Reactor 1A (mesophilic-thermophilic stage) to dark brown after treatment 

in the thermophilic stage (Reactor 2A) and may be due to non-enzymatic browning of released sugars 

during prolonged thermal treatment. The total solids reduced from 6.3 to 4.2% during the ATAD 

treatment and this reduction was correlated to microbial activity induced temperature increase. The 

increase in total solids content (0.4%) during prolonged storage in the holding tank (Table 2, “Product 

9 days”) may indicate a potential increase of viable biomass and re-growth of the some anaerobic 

mesophiles during this anaerobic mesophilic storage.  

3.2. Microbiological Analysis of the Indicator Bacteria and Fate during the Sludge Processing 

To examine the microbiological quality of the biosolids produced at the Killarney ATAD plant, 

sludge samples taken before and after ATAD treatment, and post-storage, were examined. After 

thickening of secondary treated sludge (to between 4.5 and 8.6% dry solids) the sludge is heated to 

approximately 35 °C and transferred to the ATAD reactor where it undergoes mixing and aeration 

until the target temperature of between 55 °C and 65 °C is attained. We implemented an optimal 

disintegration and dispersion method determined previously (data not shown) to separate and 

enumerate bacterial numbers from thermophilic sludge. To eliminate potential errors related to 
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variability of cultivation-based methods on the recovery of indicator bacteria, several methods were 

applied in this study including most probable number [MPN] techniques and plating on various 

selective media.  

3.2.1. Non-Presumptive Bacterial Growth on the Selective Plates  

The nature of the bacterial population present in ATAD is largely uncharacterised and therefore the 

nature of organisms that might grow on selective media (even atypical growth) needed to be 

characterized, especially following thermal treatments in ATAD. To identify these colonies we 

initially carried out Gram staining and then utilized the API system and some isolates were subjected 

to DNA extraction and 16S rDNA analysis by PCR amplification and sequence analysis [77,78]. In 

this study, we found that in almost all cases atypical growth on EMBA or MacConkey agar was due to 

growth of Bacillus species, closely related to B. licheniformis (with 95–100% similarity of the 16S 

rDNA sequences) while in the rest of the cases (<1%) growth was due to Pseudomonas species. 

3.2.2. Removal of Pathogens during ATAD Process 

When specific tests for the presence of Salmonella sp. were carried out, following enrichment and 

selective plating, we identified the presence of Salmonella spp. in all the influent samples tested 

following secondary treatment. Confirmation of Salmonella was carried out using the API E20 

Enterobacteriaceae test system and RISA molecular profiling. The data demonstrated that feed sludge 

supplied immediately after primary sludge treatment carried a higher density of indicator organisms 

(total and fecal coliforms) than in the feed sludge which underwent additional secondary treatment 

(Tables 3, 4, 5). However, these numbers were shown to be lower (4–7 logs) than reported for primary 

sludge in a similar study from the Czech Republic (9 logs) [15]. Following ATAD treatment we were 

unable to detect Salmonella on selective media either by direct plating, following enrichment or 

following pre-treatment of the sludge to release adhering organisms. Many of the indicator organisms 

which were abundant in the original feed were significantly reduced (up to 7 logs) after thermophilic 

digestion. Processed ATAD sludge was characterised by an absence of Salmonella spp. in biosolids 

samples, where up to 4 g of total solids were analysed at each stage. In control experiments, where 

select numbers of Salmonella were added to the effluent following treatment as a spike, these could be 

enumerated. This data indicated that the Salmonella sp. present in the effluent were in fact being 

inactivated by the thermal treatment and processing conditions rather than by any inhibitory effects of 

the effluent. This reduction in count upon treatment was equivalent to a minimum 5-log reduction in 

indicator organisms such as coliforms and Salmonella spp.  

A key issue using such determinations is whether the lack of detection might be due to these 

indicator organisms being viable but stressed and non-culturable. Cell counts varied depending on 

selective media, while the count on MacConkey agar was comparatively higher compared to those 

obtained on EMB agar possibly due to sensitivity of the environmental isolates to the dyes in the 

selective media. These selective ingredients (e.g., EMB agar contains Eosin Y and Methylene Blue) 

may exert an adverse influence on the resuscitation of injured cells present in the sludge and alter their 

recovery differentially depending on the selective media and highlights just one of the disadvantages 

of utilising culture based methods. In fact it has been reported that pathogen re-growth may occur in 
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sludges following storage [22-24]. At the Killarney ATAD plant the treated effluent is stored in large 

storage tanks for several months until it can be utilized for land spread. Over a 6 month period this 

stored ATAD sludge was sampled aseptically to determine the possibility of some form of thermal 

shock being responsible for our inability to culture such organisms from fresh thermophilic biosolids 

which could subsequently ‘resuscitate’. Treated ATAD sludge following prolonged storage within the 

holding tanks was therefore subjected to similar microbiological analysis by the same protocol as used 

to examine the non-treated sludge. Our data indicated that the thermal treatment appeared to kill the 

tested indicator organisms and that no re-emergence appeared to occur after post treatment steps under 

our experimental conditions. 

Table 3. Microbiological quality of various sludges before and following treatment at the 

Killarney ATAD plant in relation to fecal and total coliform counts.  

Sample point 
Fecal coliforms 1 

 (McConkey agar) 
Total Coliforms 
(McConkey agar) 

Fecal Coliforms 
(EMBA agar) 

Total Coliforms 
(EMBA agar) 

Primary Sludge 3.6 × 105 6.1 × 107 2.1 × 104 8 × 106 

Secondary Sludge 5.1 × 103 7.1 × 10 5 2 × 103 3.5 × 104 

ATAD Product <1 <1 <1 <1 
1 The results presented are the average of 20 determinations. In all cases indicator organisms were 
not detectable in the ATAD product either on MacConkey and EMB selective agars. Data 
presented are cfu g−1 of dry sludge. 

Table 4. Microbiological quality of various sludges before and following treatment at the 

Killarney ATAD plant in relation to fecal and total coliforms, Salmonella spp. and 

enterococci counts.  

Sampling point Fecal Coliforms Total Coliforms Salmonella spp. Total Enterococci 

Primary Sludge 3.6 × 105 6.1 × 107 1.2 × 104 7.3 × 105 

Secondary Sludge 5.1 × 103 7.1 × 10 5 8 × 102 9 × 103 

ATAD Product Non detectable < 1 Non detectable < 1 Non detectable < 1 Non detectable < 1 

3.2.3. Seasonal Detection of Indicator Bacteria  

Removal efficiency data for pathogens was consistent over the 1 year period sampled and was 

stable as a function of season (when load levels were high or low) and inlet microbial population 

fluctuations. In the summer, when the average human population contributing to the effluent is several 

times that in winter the amount of sludge undergoing treatment increases and of the numbers of 

indicator bacteria also increased. During this time of year (June–September) the ATAD system usually 

increased to 4 reactors with two operating in parallel, to increase the efficiency of the treatment 

without compromising the quality of final product. This approach has been operationally shown to be 

very effective in processing the increased quantity of sludge. Monitoring during both winter, when 

outside temperatures fall below freezing point, and summer periods revealed that the microbiological 

quality of the processed sludge (Table 5) met the regulations for Class A Biosolids for agricultural  

land application.  
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Table 5. Seasonal data for microbiological quality (fecal coliforms, enterococci, 

Salmonella spp.) for ATAD processed sludge assessed by the MPN method. 

Sample point 
Fecal Coliforms 
(MPN/100 mL) 

Total enteroccoci 
(MPN/100 mL) 

Salmonella sp. 

Product (March) below detectable limit below detectable limit below detectable limit 
Product (July) below detectable limit below detectable limit below detectable limit 
Product (October) below detectable limit below detectable limit below detectable limit 
Product (January) below detectable limit below detectable limit below detectable limit 
Detection limit  20 1 20  10  
1 Detection limits in liquid as used in the MPN are higher than those used on solid media as shown 

in Tables 3 and 4. 

3.4. Exogenous DNA Degradation by the Sludge  

We observed that bulk water originating from the thermophilic ATAD sludge showed a high level 

of DNase activity. We examined this by adding exogenous high molecular weight DNA (>13 kb) 

(Figure 2, Lanes 1 and 2) to ATAD derived liquid exudates and observed degradation in a short period 

of time during incubation at 37 °C, with low molecular weight products between 50–2,000 bp being 

obtained (Figure 2, Lanes 3 and 4). Incubating such mixtures of DNA and extract liquid at 55 °C, did 

not inhibit the degradation, but rather appeared to stimulate digestion (Figure 2, Lane 5 and 6). This 

observation was consistently associated only with the thermophilic stage of the treatment and liquid 

extracts from inlet or the low temperature reactor showed no equivalent degradation. It may be that as 

the temperature rises in the thermophilic reactor that lysis of mesophiles occurs releasing DNA and 

although they may release nucleases these may in fact be inactivated by the high temperature. Thus 

although such mesophiles may contribute DNA it is likely that the DNase activities are associated with 

lysed thermophilic populations since the activity is not inhibited at the high temperature. We noted that 

the turnover rates for cell-free DNA were rapid and was approximately 30 min at 55 °C in vitro, 

suggesting that DNA may act as a high-quality nutrient capable of supporting extensive microbial 

metabolism at elevated temperatures. The presence of DNase in the ATAD sludge was shown to be 

constant irrespective of season and may in fact be an intrinsic characteristic of the ATAD process 

particularly at the thermophilic stage (Table 6). 

3.5. Fate of the Mobile Elements during the ATAD Treatment 

We monitored the efficiency of removal of the SXT/R391 group of mobile elements or ICE’s 

(found to be present in inlet sludge) during the ATAD treatment, by utilising PCR probes (Table 6) 

specific to the unique ICE integrase gene as previously described [73]. SXT/R391 specific DNA was 

detected in inlet samples obtained at three periods of the year: during spring, summer and autumn, 

when there is an increase in tourist population numbers and when these elements may be imported 

from areas such as Asia where they are found regularly. During the winter sampling, however, the 

element was not detected. Samples taken from ATAD treated biosolids (from bulk sludge or 

particulate matter) however were PCR-negative for SXT/R391 elements at all times of the year 



Int. J. Environ. Res. Public Health 2010, 7         

 

 

3434

indicating elimination of these mobile genetic elements. DNase activity was detected during all 

seasons during sampling of ATAD wastewater. 

Figure 2. Exogenous DNA (extracted from E. coli JM109) degradation by liquid extracts 

from ATAD sludge incubated at different temperatures.  

M             1            2            3           4           5             6   

0 min 1 hours, 370C 1 hours, 550C

23,130 bp
9,416 bp

4,361 bp

M             1            2            3           4           5             6   

0 min 1 hours, 370C 1 hours, 550C

23,130 bp
9,416 bp

4,361 bp

 
 

Table 6. PCR analysis of the fate of SXT/R391-like ICE mobile genetic elements during 

ATAD treatment. 

 Sampling Point  

Season 

Winter Spring Summer Autumn 

January March July October 

Inlet ND1 D D D 
Biosolids 
 

Bulk water ND ND ND ND 
Particulate matter ND ND ND ND 

1 SXT/R391-like ICE’s were detected using PCR and probes (IntFor1 and IntRev1) to the unique 
ICE integrase gene. (Table 1). Results were scored visually and recorded qualitatively as detected 
(D) or not (ND). Positive controls or R391 were utilised and samples spiked with R391 to show  
its removal. 
 

4. Discussion 

Although ATAD plants treating domestic sludge have been operating worldwide for many years, 

there has been limited systematic analysis of their actual potential to remove pathogens [14,15,79]. 

There has always been the ‘presumption’ that because of the time-temperature relationship between 

sludge holding in the thermophilic reactors that this would lead to the removal of coliforms, making 

the sludge pathogen free and allowing its classification as a Class A Biosolids. 

There are, however, many factors that could effect this presumption. These range from inadequate 

holding times, thermal protection of organisms by the sludge biosolids [61] or re-growth of viable  

non-culturable coliforms after the sludge treatment process.  

Bio-flocculation, production and embedding of microorganisms into a sludge Extra Cellular 

Polysaccharide (EPS) matrix, sludge structure, nutrient availability and heat distribution within 
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reactors can all be important factors influencing the actual performance of a full-scale ATAD sludge 

treatment system. In addition, other factor such as climate, operation, and pathogen densities may 

fluctuate from site to site. Thus we have examined the thermal inactivation of pathogens in a full scale 

ATAD system at Killarney de novo over an extended 15 month period. Using a two-factor Weibull 

model based on temperature and retention time, we were able to obtain good agreement between 

calculated and observed rates of kill of Salmonella spp. and fecal coliforms (Figure 1). Times of 

exposure of the sludge to inactivation temperatures were found to be sufficient to meet the 

requirements of both the EU and the US EPA standards [5,12,13]. Our data provides evidence for 

pathogen reduction and also verifies their absence at the post treatment stage, during storage and prior 

to land spread. Autothermal processing capitalises on microbial exothermic reactions and process 

monitoring at the Killarney ATAD indicates that temperatures regularly reach 65 °C but can fluctuate 

depending on addition of new sludge and other process parameters [60].  

In general ATAD temperatures operate between 55–65 °C on a consistent basis even allowing for 

addition of new sludge and removal of treated matter. In addition to heat, changes in pH (Table 2) due 

to the accumulation of NH3, the presence of metabolic antagonistic compounds produced by 

indigenous microflora, microbiological competition for nutrients with developing thermophilic 

populations [80,81] and water content may all play a synergistic role. During ATAD high levels of 

ammonia are released from the degradation of proteins and as its solubility increases with temperature, 

this result in pH changes in the bulk water. Ammonia is highly soluble in water which is partly 

explained by its polarity and ability to form hydrogen bonds [82]. In aqueous solution, ammonia acts 

as a weak base producing hydroxide ions by the de-protonation of water. Various authors have 

demonstrated that molecular ammonia has a bactericidal effect on enteric pathogen [83-86]. 

Culture based analysis of pathogens applied to ATAD sludge have limitations because of the 

possibility of bacteria entering a viable but non-culturable state (VBNC) as a strategy for temperature 

or adverse condition survival or the inability to provide growth conditions for unknown ATAD 

consortia. DNA based or microscopic analysis are thus needed for routine application which would 

provide data on the presence of pathogens, their survival during treatment and their potential out 

growth later during land application.  

5. Conclusions  

The Killarney ATAD was demonstrated to bring about effective pasteurisation and pathogen 

removal of municipal domestic sludge at scale and reduction of Salmonella spp. and microbial 

indicators of fecal contamination was demonstrated. Removal of indicator bacteria was consistent as a 

function of season over a 1 year test period (ranging between 5–7 logs). In addition to pathogen 

removal, the potential to remove mobile genetic elements was also observed. Our results support the 

hypothesis that a high nucleases activity observed in ATAD bulk water can play a beneficial role in 

reducing exogenous DNA (which could also potentially result in decreased viral loads) and highlights 

the need to examine such effects in other sludge treatment systems. Further research is needed to 

identify potential risks associated with cell-free DNA from sludge and its potential for transmission 

and persistence within soil to which such treated sludge is applied.  
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