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**Department of Civil & Environmental Engineering, Imperial College London, South 15 

Kensington Campus, London SW7 2AZ, UK. 16 

Short title: Decay of C. parvum in air-drying treatment of sewage sludge  

__________ 17 

ABSTRACT 18 

 19 

The inactivation of Cryptosporidium species oocysts during sewage sludge treatment 20 

is important to protect human health when the residual biosolids are applied to 21 

agricultural land. Quantifying the decay of Cryptosporidium species during sludge 22 

treatment for microbiological assurance purposes is difficult if low numbers are 23 

present in wastewater. The rate of decay of Cryptosporidium parvum oocysts during 24 

solar/air drying treatment and in sludge stockpiles in temperate environment 25 

conditions was simulated in laboratory inoculation experiments using sludge 26 

sampled from a mesophilic anaerobic digester. Oocyst numbers were also 27 

determined in settled lagoon sludge samples collected from three operational rural 28 

wastewater treatment plant (WWTP). C. parvum oocysts were enumerated by 29 

immunomagnetic separation followed by staining with vital dyes and examination by 30 

confocal laser scanning microscopy. An air-drying/storage period equivalent to 11 31 

weeks was required for a 1 log10 reduction of viable oocysts inoculated into digested 32 

sludge. Oocyst viability in air-dried and stored digested sludge decreased with time, 33 

but was independent of sludge desiccation and dry solids (DS) content. No oocysts 34 

were detected in sludge samples collected from the anaerobic digester, and the 35 

average concentration of oocysts found in settled lagoon sludge from the rural 36 

WWTP was 4.6 x 102 oocysts/g DS.   37 

 38 
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Keywords: air-dried sludge, Cryptosporidium parvum, biosolids, land application, 39 

microbial safety, confocal laser scanning microscopy. 40 

 41 

_____________ 42 

INTRODUCTION 43 

 44 

Infectious protozoa belonging to the genus Cryptosporidium are a significant cause 45 

of human diarrhoeal disease (Slifko et al. 2000) and are responsible for up to 20% of 46 

cases of gastroenteritis globally, depending on geographical location (WHO 2009). 47 

Most human infections are caused by C. parvum (which also infects cattle) or the 48 

human type, C. hominis. Oocysts excreted by infected humans and animals may 49 

persist in the environment and are highly resistant to chemical disinfection (WHO 50 

2009).  Human infection may be acquired directly by person-to-person contact, from 51 

ingesting food including raw vegetables, or water, contaminated faeces, or through 52 

zoonotic transmission, either directly or indirectly (Thompson et al. 2005, 2008; WHO 53 

2009). The infective dose is low to very low and in the range 1 to 30 oocysts (DuPont 54 

et al. 1995). Infections in adults and children with normal host immunity can lead to 55 

self-limiting diarrhoea typically for about one week, although symptoms may be 56 

severe in children.  Other symptoms may include nausea and vomiting, loss of 57 

weight and abdominal cramps.  However, cryptosporidiosis in immunocompromised 58 

patients is potentially a much more serious condition, causing persistent diarrhoea 59 

(WHO 2009; Kortbeek 2009).  60 

 61 

Infected humans may shed as many as 105-7 oocysts (C. parvum or C. hominis)/g 62 

faeces during the acute phase of the illness (Chappell et al. 1999). Other animals 63 

and birds typically shed Cryptosporidium species that do not generally infect humans 64 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 
 

(WHO 2009). Nevertheless, Cryptosporidium species that infect humans are 65 

important water-borne environmental parasites and international regulatory agencies 66 

require their monitoring and surveillance in potable water supplies (USEPA 2001, 67 

2002; Health Canada, 2004; MHNZ, 2015; UKDWI, 2015).  Numbers of oocysts of 68 

Cryptosporidium species reported in raw wastewater in different countries are highly 69 

variable and in the range from 0 to ~105/L (Robertson et al. 2000; Tonani et al. 2013; 70 

Kitajima et al. 2014; Marin et al. 2014; Halam-Nahovandi et al. 2015; Taran-71 

Benshoshan et al. 2015; King et al. 2016; Ramo et al. 2017).  72 

 73 

Wastewater treatment processes transfer and concentrate the oocysts of 74 

Cryptosporidium species into the sewage sludge (Stadterman et al. 1995). One of 75 

the main objectives of sewage sludge treatment is to reduce the viability of these and 76 

other enteric pathogens potentially present in sludge to protect human health when 77 

treated sewage sludge biosolids are used as an agricultural soil improver. The 78 

microbiological classification of biosolids for land application is determined by the 79 

extent of removal of specified indicator or other pathogenic organisms, but does not 80 

include Cryptosporidium (WHO 1981; ADAS 2001; USEPA 2003; EPA Victoria 2004; 81 

NRMMC 2004; Smith and Reimers 2006).  82 

 83 

Mesophilic anaerobic digestion is widely adopted as a sewage sludge 84 

stabilisation process by the Water Industry internationally, and is moderately 85 

effective at inactivating Cryptosporidium oocysts, achieving approximately a ~2-3 86 

log10 reduction rate (Stadterman et al. 1995; Horan and Lowe 2002; Kato et al. 87 

2003). A risk analysis study based on infection and excretion rates in the general 88 

human population, with calculated pathogen transfer rates to wastewater and sludge, 89 
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predicted that the total number of Cryptosporidium oocysts in mesophilic 90 

anaerobically-digested sludge was in the range 1 to 100 total (viable plus non-viable) 91 

oocysts per g dry solids (DS) (Grant et al. 2012).  92 

 93 

In metropolitan Melbourne, Australia, anaerobically digested sewage sludge is 94 

consolidated by air/solar drying in open pans, followed by storage for a specified 95 

minimum period in stockpiles (Rouch et al. 2011).  Dewatering sewage sludge by 96 

solar/air drying can be a cost effective option and is a widely adopted process where 97 

the climate is suitable and space is available permitting this type of extensive sludge 98 

treatment (Hall and Smith 1997; Idris et al. 2002; Seginer and Bux 2006; Malack et 99 

al. 2007; Tamimi et al. 2007). In rural areas in Victoria, Australia, urban wastewater 100 

is typically treated in lagoon systems, consisting of two or three stabilization ponds in 101 

series, and the final effluent is often recycled for irrigation purposes (Rouch et al. 102 

2013).  The solid fraction settles and accumulates in the primary pond and the 103 

sludge is periodically removed, although usually this only occurs relatively 104 

infrequently. To our knowledge there are no published data available on the content 105 

of C. parvum in rural lagoon pond sludge. 106 

 107 

Reliable, consistent and comprehensive inactivation of relevant pathogenic 108 

organisms during sludge treatment is critical to the advocacy of agricultural recycling 109 

programmes. Therefore, quantitative decay kinetics are required to determine 110 

minimum process conditions and retention times for the effective removal of 111 

important pathogen types. To our knowledge, no information is available in the 112 

literature on the rates of decay of viable Cryptosporidium oocysts during air drying 113 

treatment of sewage sludge. This is partly due to the practical difficultly of measuring 114 
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the decay rates of oocysts under operational conditions, since numbers in sludge 115 

entering drying beds may be too low to be detected. 116 

 117 

Oocyst measurements in environmental samples are generally reported as total 118 

numbers, and do not distinguish between viable and non-viable oocysts. Since non-119 

viable oocysts are not infectious to humans, an assay for viable oocysts is necessary 120 

to accurately assess the risk to health. However, the standard methods available to 121 

count viable oocysts are unsuitable for routine testing of sewage sludge.  The 122 

published methods for enumerating viable Cryptosporidium species oocysts were 123 

reviewed by Qintero-Betancourt et al. (2002) and include: neonatal mouse infectivity 124 

(Enriquez and Sterling,1991); in vitro excystation (Robertson et al. 1993); in vitro cell 125 

culture (Slifko et al. 1997) and exclusion of fluorogenic dyes, e.g., propidium iodide 126 

(PI) (Campbell et al. 1992); Syto-9 or Syto-59 (Neumann et al. 2000). The neonatal 127 

mouse assay detects infectious C. parvum oocysts and has become established as 128 

the reference method for quantifying infectivity (Belosevic et al. 1997; Bukhari et al. 129 

2000). However, this assay is time consuming and expensive to perform and is 130 

therefore unsuitable for routine application to wastewater sludge samples.  131 

Moreover, some genotypes of C. parvum may be specific to humans and unable to 132 

infect mice (Peng et al. 1997).  The excystation method is simple to perform, but 133 

requires expertise in interpretation (Belosevic et al. 1997; Bukhari et al. 2000).  In 134 

vitro cell culture provides similar results to the mouse assay, but is also expensive, 135 

time consuming and requires significant expertise, limiting its application to routine 136 

testing (Rochelle et al, 2002). By contrast, vital dyes offer a simple, cost effective 137 

alternative method for differentiating oocyst viability. This is achieved by the selective 138 

exclusion of vital dyes by viable, or penetration and inner staining of non-viable, 139 
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oocysts depending on the integrity of oocyst membranes (Qintero-Betancourt et al. 140 

2002).   141 

 142 

The aim of the research described here was to quantify the numbers of viable 143 

Cryptosporidium oocysts in air-dried, anaerobically digested sewage sludge, in 144 

controlled experiments to simulate field conditions, and in sludge collected from 145 

operational wastewater treatment lagoons. We selected a vital dye assay to 146 

enumerate Cryptosporidium species above the other possibilities as the analytical 147 

problems paralleled those experienced in detecting viable eggs of Ascaris suum in 148 

biosolids samples, where a similar methodology was successfully applied 149 

(Karkashan et al. 2015). The specific objectives were to: (i) isolate inoculated 150 

oocysts from sewage sludge using magnetic bead separation and detection with 151 

fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody (FITC-C-mAb) , 152 

(ii) evaluate the viability of C. parvum oocysts isolated from sludge using the vital dye 153 

Syto-59, (iii) examine the decay of C. parvum oocyst viability during simulated air-154 

drying and stockpiling of mesophilic anaerobically digested sludge from a major 155 

metropolitan wastewater treatment plant (WWTP) in Melbourne, Victoria, Australia, 156 

(iv) estimate the retention time required for oocyst inactivation in air dried/stockpiled 157 

sludge, and (v) enumerate viable oocysts in sludge from rural wastewater treatment 158 

lagoons.  159 

 160 

________________________ 161 
MATERIALS AND METHODS 162 
 163 

Sludge collection and preparation 164 
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Fresh samples of liquid mesophilic anaerobically digested sludge were collected (in  165 

May 2011) from a WWTP in metropolitan Melbourne, Australia (WWTP A) for air-166 

drying and stockpile simulation under laboratory conditions. Sludge samples were 167 

also collected (during 2012) from the primary ponds of three rural wastewater lagoon 168 

stabilization treatment plants (WWTP B, C, D) for direct enumeration of viable 169 

oocysts. In the case of WWTP B and C, desludging of the primary pond occurred at 170 

a frequency of 10 to 20 years; however, no sludge had been removed from WWTP 171 

D, which began operation 40 years ago. The sample collection coincided with the 172 

operational removal and dewatering (by portable centrifuge) of sludge at WWTP B 173 

and ~60 kg of mechanically dewatered sludge was collected for investigation. Sludge 174 

samples from the other WWTPs (C and D) were collected using a positive 175 

displacement pump (with a flow rate of 10 L/min) attached to a 10 m length of 40 mm 176 

diameter polyethylene pipe. The end of the sampling pipe was submerged at the 177 

bottom of the pond and the output was pumped to a 300 L open container. The 178 

sludge was mixed with a spade to ensure homogeneity and 22 individual aliquots of 179 

sludge, each consisting of ~15 L, were pumped to separate 20 L plastic jerry cans 180 

with sealable lids. Sludge samples were transported to the laboratory at ambient 181 

temperature on the day of collection and upon arrival were settled for 4 days at 20 oC 182 

and decanted to increase the DS content simulating field conditions. This procedure 183 

raised the sludge DS to 3 to 4% for WWTP A and C and to 9% for WWTP D.  The 184 

sludge sample collected from WWTP B was mechanically dewatered and contained 185 

15% DS, therefore no further consolidation measures were required prior to 186 

microbiological analysis in this case. 187 

 188 
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Laboratory simulation of air drying and stockpiling of mesophilic anaerobically 189 

digested sludge 190 

 191 

Source of oocysts and microscopy 192 

A stock inoculum of C. parvum oocysts (3.2 x 106/mL) was supplied by Professor 193 

Una Ryan (Murdoch University, Western Australia). Oocysts were harvested from 194 

laboratory-infected mice and transported to RMIT University in a medium consisting 195 

of sterile phosphate buffered saline (PBS), penicillin (10000 IU) and streptomycin 196 

(10000 g/mL); the oocyst inoculum was stored at 4 oC for a maximum period of 4 197 

months. The total oocyst concentration in the stock inoculum was confirmed (in 198 

triplicate) by phase contrast microscopy at x40 magnification on each occasion 199 

oocysts were removed for the experimental work.   200 

 201 

Experimental conditions 202 

The average duration of air-drying treatment of liquid sludge at WWTP A in 203 

Melbourne, Australia, is ~150 days, with a range of 52 to 410 days, depending on 204 

seasonal conditions (Rouch et al. 2012). Two air drying simulation experiments were 205 

completed using sludge collected from WWTP A on two separate occasions: 206 

Simulation 1 (S1) was conducted during May to September 2011 and had a total 207 

duration of 140 days, and Simulation 2 (S2) was conducted from July to October 208 

2011 for a period of 112 days.  Sludge was incubated at 20 °C to represent the 209 

average daily maximum mid-summer (January) temperature in Melbourne, Australia.  210 

This regime was selected to provide a relatively rapid desiccation rate, to simulate 211 

the shortest and therefore potentially most conservative operational air-drying 212 
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treatment retention time during the summer period for pathogen and indicator 213 

organism decay in air dried sewage sludge.  214 

 215 

The air-drying simulation experiments were conducted in a pair of modified class II 216 

biological safety cabinets, fitted with infrared heaters. The heaters were operated for 217 

7.6 h per day to provide a controlled radiant heat flux of 383 watts/m2/h, equivalent to 218 

the mean infrared exposure rate received during the summer period in Melbourne. 219 

The average linear air flow rate in the cabinets was maintained at 0.42 m/s. The 220 

heating and air circulation treatment was performed on a weekly cycle; the heaters 221 

were switched off and the cabinets were closed to minimise air flow during each 222 

alternate week to control and reflect the rate of sludge desiccation observed under 223 

field drying conditions. 224 

 225 

In both simulation experiments, three 5 L plastic containers were placed in each of 226 

the two cabinets and filled with 4.5 L of settled digested sludge (DS content after 227 

settling was 3.0% - 3.1%) to a depth of approximately 20 cm. After a drying 228 

treatment period of 91-92 days the DS content had increased to 12.5 – 15.0% and 229 

the sludge was formed into piles at one end of the containers to a height of about 10 230 

cm to represent the stockpile condition.  231 

 232 

Assay chamber construction 233 

Inoculated oocysts were confined within an assay chamber to: (i) manage and 234 

control the amount of inoculum required and the volume of inoculated sludge; (ii) 235 

improve control of the inoculation procedure and oocyst density in the sludge; (iii) 236 

increase the uniformity of sampling and treatment exposure; and (iv) provide for the 237 
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general containment of infective material in the laboratory. The inoculation chamber 238 

had an internal volume of 0.5 mL and was constructed from a microcentrifuge tube 239 

fitted with a 0.45 µm spin filter (Merck Millipore, Kilsyth, Australia) and with the tip 240 

removed (Fig. 1).  The open end of the spin filter was also capped with a 0.45 µm 241 

filter. Each batch of filters was leak tested before use.  Assay chambers were 242 

designed to prevent the movement of bacteria and parasites, but sludge components 243 

<0.45 µm could exchange and move freely between the internal and external 244 

environments.  The assay chamber was validated by Rouch et al. (2012) and 245 

provided similar decay coefficients of indigenous Escherichia coli and Enterococcus 246 

species, added bacteriophage P22, and DS values compared to external sludge 247 

samples in open containers during air-drying simulation in the radiant heater 248 

cabinets.  249 

 250 

Inoculation and sampling procedure 251 

The concentrated inoculum of C. parvum (3.2 x 106 oocysts/mL) was mixed by 252 

vortexing for ~20 sec with sludge to give a final oocyst concentration of 3.2 x 105/mL. 253 

Aliquots (0.5 mL) of the inoculated sludge were transferred to the assay chambers 254 

using a 1 mL pipette with a sterile Low Retention Aerosol Barrier (LRAB) Tip 255 

(Interpath Services Pty Ltd). The tips were autoclaved and the fine point of the tip 256 

was removed aseptically using a hot blade, to provide an internal diameter of ~3 mm 257 

to avoid blockage by solid sludge particles.  Sufficient assay chambers for the 258 

duration of each experimental monitoring period were suspended, using 259 

monofilament resistant plastic yarn, and immersed in the liquid sludge at a depth of 260 

approximately 5 cm from the base of the sludge containers.  When the sludge was 261 
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formed into piles, assay chambers were detached and mixed into and completely 262 

covered by the solid sludge matrix. 263 

 264 

Three assay chambers were collected for oocyst recovery immediately after seeding 265 

(time zero control). Triplicate sets of assay chambers were subsequently collected at 266 

intervals of 2 to 4 weeks during the simulation period. The sampling interval was 267 

extended on an iterative basis as the experiment progressed following the theoretical 268 

decay profile of the organism (see equation 1 below). The contents of each assay 269 

chamber were examined for DS content and viable count of C. parvum oocysts.   270 

 271 

Collection and extraction of sludge from assay chambers 272 

Assay chambers were removed from the sludge containers and washed to remove 273 

adherent material from the external surface.  For extracting wet content (sludge 274 

incubation period <100 days), as much sludge as possible (at least 95%) was 275 

removed using a pipette with a LRAB tip with the end removed, and the remainder 276 

was collected by rinsing several times with PBS (Sigma Aldrich, Castle Hill, New 277 

South Wales, Australia).  A different procedure was necessary to extract dry sludge 278 

from assay chambers (sludge incubation period >100 days). In this case, a small 279 

sterile spatula was used to break up and remove the solid material. Dry sludge was 280 

carefully transferred to a 1.5 mL centrifuge tube avoiding damage to the filter to 281 

prevent leakage; residual material in the chamber was collected by washing several 282 

times with PBS to maximise the extraction of visible sludge solids. Dry sludge 283 

samples were prepared for microbiological analysis by vortexing to disperse 284 

aggregated particles.  The volumes of wet sludge and dispersed dry sludge were 285 
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made to 1 mL with PBS, and the samples were stored at 4 °C for a maximum period 286 

of 2 h prior to microbiological examination. 287 

 288 

 289 
Immunomagnetic separation of C. parvum oocysts 290 

Cryptosporidium parvum oocysts were obtained from sludge by immunomagnetic 291 

separation (IMS) using the Dynabeads anti-Cryptosporidium kit (Invitrogen Life 292 

Technologies, Mulgrave, Australia), Dynal Magnetic Particle ConcentratorTM (MPC-1) 293 

and Dynal MX-1, which specifically isolates oocysts of C. parvum.  This involved 294 

adding sludge samples to anti-Cryptosporidium-coated beads, magnetic separation 295 

of coated beads from sludge and, finally, the dissociation of oocysts from the 296 

Dynabeads.  The IMS technique is designed for separation of C. parvum oocysts 297 

from water samples, therefore, the standard bead separation and dissociation 298 

protocols were adapted to improve recovery from sludge.  Previously (data not 299 

shown), we evaluated several detergents, with and without glass beads, to 300 

disintegrate sludge particles and assist the recovery efficiency of C. parvum oocysts 301 

from sludge. A combination of sodium docecyl sulphate (SDS) and Sigmacote-302 

coated glass beads consistently increased the recovery of oocysts from the original 303 

inoculum suspension by a factor of two compared to the recommended protocol 304 

(Kong 2011), although the differences were not statistically significant. The physical 305 

properties of liquid sludge samples with low DS contents were relatively 306 

homogeneous for the first two sampling times of S1 and, in this case, the standard 307 

method was used for oocyst separation. Subsequently, however, the adapted 308 

procedure was followed for drying sludge by adding 8.0 mL sterile PBS, 1 mL of 1% 309 

SDS solution and 1g Sigmacote-coated glass beads (Sigma-Aldrich, Australia) to the 310 

sludge/oocyst suspension obtained following the IMS separation procedure (1.0 mL 311 
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volume) to provide a final volume of 10 mL.  The acid dissociation phase was also 312 

modified by replacing the recommended 1X SLTM buffer with PBS.   313 

 314 

Enumeration of viable and non-viable oocysts 315 

Oocysts obtained by IMS were stained with FITC-C-mAb (Life Research Pty Ltd, 316 

Melbourne, Australia) and Syto-59 (Invitrogen Life Technologies, Mulgrave, 317 

Australia) and examined by confocal laser scanning microscopy (CLSM).  A 318 

combination of Syto-59 with FITC-C-mAb vital dyes was used to distinguish between 319 

viable and non-viable oocysts. Syto-59 penetrates the cell wall of non-viable oocysts 320 

and stains the inner contents red, but is excluded from viable oocysts which take up 321 

FITC to stain the outer membrane green (Belosevic et al. 1997; Neumann et al. 322 

2000). 323 

 324 

An aliquot of 5 µL of FITC-C-mAb (undiluted) was added to 55 µL of purified oocysts 325 

in a 1.5 mL centrifuge tube. The suspension was vortexed for 5 s to ensure uniform 326 

mixing and reaction with the vital stain, and the centrifuge tubes containing the 327 

stained oocysts were wrapped in aluminium foil and incubated at 37 °C for 30 min.  328 

The tubes were removed from the incubator and 5 µL of Syto-59 (1:10 dilution in 329 

sterile deionised water) was added by pipette and the vortex mixing and incubation 330 

steps were repeated. Stained, incubated samples were vortexed for a further 5 s and 331 

8 µL of the oocyst suspension was transferred onto a haemocytometer and observed 332 

with the 60x objective lens of a confocal microscope (Nikon Eclipse Ti-E A1 Laser 333 

Scanning Confocal System, Nikon Instruments Inc, Japan).  Red fluorescence (Syto 334 

59) was observed with a 561 nm laser and 570-620 nm emission filter, and green 335 

fluorescence (FITC) was observed with a 468 nm laser and 500-550 nm emission 336 
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filter.  Spectral interferences between the vital dye, Syto-59, and FITC, used for 337 

specific detection of C. parvum oocysts, were minimal, since the fluorescence 338 

spectra of Syto-59 and FITC do not overlap (Neumann et al. 2000).  339 

 340 

C. parvum oocysts were recorded as viable when there was no internal staining and 341 

the outer membrane was stained green with FITC; by contrast, oocysts with red 342 

internal staining with Syto 59 were recorded as non-viable (Fig. 3). Oocyst numbers 343 

per g DS of sludge were calculated at each sampling point from the total oocyst 344 

counts per mL in assay chambers, adjusting for the differences in DS contents 345 

initially and at each specific sampling time (based on the DS of the external sludge 346 

material, obtained by drying at 105 oC for 24 h in a forced-air oven). The numbers of 347 

viable oocysts were estimated from the proportion of viable to non-viable oocysts 348 

counted at each time, assuming that the recovery efficiency of viable and non-viable 349 

oocysts were equivalent. The limit of detection of C. parvum oocysts in sludge 350 

obtained by the IMS-vital staining technique was approximately 102/g DS. 351 

 352 

Viability determination of C. parvum oocysts using the IMS method was compared 353 

with the standard excystation method, using fresh stocks of oocysts. Excystation is a 354 

process where sporozoites are released from viable oocysts under controlled 355 

conditions. The excystation test was completed as follows: 1% sodium deoxycholate 356 

(DOC) solution in Hank’s Minimum Essential Medium (HMEM) (Invitrogen, Mulgrave, 357 

Australia) and 2.2% sodium hydrogen carbonate solution in Hank’s Balanced Salt 358 

Solution (HBSS) (Invitrogen, Mulgrave, Australia) was prepared 30 minutes before 359 

use; 10 µl of each of 1% DOC and 2.2% sodium hydrogen carbonate solution was 360 

added to 100 µl of a 1:10 dilution of C. parvum. The sample was incubated in a water 361 
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bath at 37 °C for 1 h and 10 µl was pipetted onto a slide and observed under a 100x 362 

objective lens of a phase contrast microscope. Images were captured using an 363 

attached Nikon DS Camera Control Unit DS-L2. 364 

 365 

The proportion of viable oocysts assessed by the IMS method was 95.8 ± 3.6% 366 

(mean of three replicate tests), and duplicate tests by the excystation method gave 367 

slightly smaller viability rates equivalent to 91% and 92%.    368 

 369 

 370 

Data management and calculations 371 

The decay relationship for viable C. parvum in air-dried sludge was described by the 372 

exponential equation: 373 

 374 

y = a * e-k*t  375 

 376 

where: y is the number of viable C. parvum oocysts per g DS at treatment time, t, in 377 

days; a is the initial number of viable C. parvum oocysts per g DS; k is the decay 378 

coefficient.  379 

 380 

Decay coefficients for viable C. parvum oocysts were calculated using natural log 381 

(Ln) transformed data as there is a mathematically linear relation between Ln(y) and 382 

t.  This allowed robust linear regression analysis techniques to be applied to the 383 

statistical examination of the experimental data. 384 

 385 

Numbers of Cryptosporidium parvum in rural lagoon sludge 386 
 387 
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The detection method was modified to increase sensitivity to enumerate small 388 

numbers of C. parvum expected in sludge sampled from treatment lagoons at rural 389 

operational WWTPs (B, C, D).  The alternative approach involved the removal and 390 

settling of large particles of sludge, followed by extraction of oocysts from the 391 

supernatant using a sucrose gradient.   Larger particles were disrupted by a 392 

procedure modified from Iacovski et al. (2004). Wet sludge (1 g DS) was added to 15 393 

mL of freshly prepared extraction buffer (PBS, 1% bovine serum albumin, 0.1% SDS, 394 

0.05% sodium azide); the mixture was vortexed at high speed for 2 min, settled for 395 

20 min at room temperature and the supernatant (15 mL) was decanted and 396 

retained.   A further 15 mL of extraction buffer was added to the sludge deposit and 397 

the process was repeated twice more.  Collected supernatant was centrifuged for 30 398 

min at 1000 g if the initial DS content of the original sample was <6% DS (WWTP C, 399 

WWTP D) or at 1500 g for 15 min if the initial DS was >6% D (WWTP B). The pellet 400 

(3 – 5 mL) was retained and suspended in 50 mL of PBS, Tween-80 was added to a 401 

concentration of 0.1% and the suspension was vortexed for 10 s before centrifuging 402 

at 1500 g for 15 min.  The pellet was resuspended in PBS to a volume of 15 mL 403 

forming a concentrated sludge extract for oocyst extraction.  Sucrose solution with a 404 

specific gravity of 1.18 at 4 °C (10 mL) was transferred to a 50 mL clear plastic 405 

centrifuge tube and underlayed with sludge extract. The mixture was centrifuged at 406 

1500 g for 15 min and oocysts were harvested by gently pipetting approximately 2 407 

mL of solution from the slightly brownish layer just above the interface. The solution 408 

was transferred to a centrifuge tube and PBS was added to a total volume of 50 mL.  409 

After vortexing for 10 s, the suspension was centrifuged and the supernatant was 410 

discarded.  The deposit (optimal volume 0.5 mL) was washed with 50 mL PBS, 411 

centrifuged for 15 min at 1500 x g, and the deposit was made up to a volume of 10 412 
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mL with PBS. Purification of C. parvum oocysts was conducted by IMS as described 413 

above. If the volume of sludge obtained was >2 mL, two separate suspensions were 414 

prepared for IMS separation. The total number of oocysts/g DS was calculated.  415 

 416 

The recovery efficiency of the modified extraction method used for lagoon sludge 417 

was estimated by inoculating 1 g DS of sludge from WWTP B (15% DS) with 2.15 x 418 

105 oocysts. The recovery efficiency was expressed as the percentage of oocysts 419 

obtained by the modified method compared with the original inoculum. The limit of 420 

detection was estimated as the minimum countable number of oocysts and was 421 

equivalent to approximately 43 oocysts/g DS. 422 

 423 

________ 424 

RESULTS 425 

 426 

Isolation of C. parvum oocysts (total, viable and non-viable) from sludge by 427 

IMS 428 

Preliminary experiments in which oocysts were seeded into PBS indicated the 429 

recovery efficiency of oocysts of C. parvum from PBS under controlled conditions on 430 

average was 65.0% ± 4.0%. In contrast, the recovery rate, defined as the total 431 

numbers of oocysts (viable plus non-viable) present in sludge at each time point 432 

during the simulation experiments relative to the initial controlled inoculum size, 433 

varied from 10% to 49%. This recovery rate accounted for loss of oocysts during 434 

treatment as well as recovery efficiency.  However, smaller recovery rates were 435 

generally observed for drier sludge samples compared to samples with higher water 436 

contents (Fig. 2). Thus, the overall mean recovery rate from wet samples (3% to 437 

13% DS) was 32.5% ± 13.3%, and the average value from drier sludge (DS content 438 
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26% to 77%) was equivalent to 17.3% ± 9.7%. Differences in oocyst recovery rates 439 

observed between the simulation experiments may be due to the variation in 440 

properties of the collected digested sludge samples.   441 

 442 

Appearance of viable and non-viable oocysts by CLSM 443 

Selective staining with vital dyes and examination by CLSM readily distinguished 444 

viable oocysts (outer membrane stained green with FITC and no internal staining) 445 

and non-viable oocysts (stained red with Syto 59) in digested sewage sludge (Fig. 446 

3).  Intact particles of sludge were also visible containing magnetic beads and 447 

oocysts (Fig. 3). Incomplete sludge dispersion could therefore represent potentially 448 

an important physical limitation to the staining, separation and detection of oocysts 449 

embedded within intact sludge particles (Fig. 3).  Extracts from dried sludge with DS 450 

contents of approximately 70% frequently contained objects resembling unstained 451 

oocysts that appeared crushed and deformed.  All damaged, but recognisable 452 

oocysts and red-stained oocysts were classified as non-viable; however, significant 453 

numbers of oocysts were so extensively damaged that they resembled sludge 454 

particulate material and could not be clearly differentiated or counted.  Intact oocysts 455 

(round with internal organelles visible) with outer membranes and stained green 456 

were counted as viable. 457 

 458 

Decay of viable C. parvum oocysts during simulated air drying treatment 459 

The initial DS content of liquid digested sludge was approximately 3% at the 460 

beginning of the simulation experiments and the DS value increased slowly for 461 

approximately 70 days when a pronounced rise in the drying rate was observed (Fig. 462 

4). Thus, the sludge DS content increased to ~10% after drying for a period of 70 463 
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days and increased markedly to a maximum value of 70-80% over the following 40 464 

day period. The drying period was extended to a total duration of 140 days in 465 

experiment S1, but the sludge DS value did not increase above this maximum range. 466 

The simulated drying profile of the sludge was consistent with the operational air 467 

drying treatment process observed by Rouch et al. (2012) at WWTP A. 468 

 469 

In both simulation experiments, the estimated numbers of viable oocysts per g DS 470 

decreased relatively slowly, generally following a log-linear decay pattern, 471 

irrespective of the extent of sludge desiccation (Fig. 4). The decay coefficient, k, and 472 

95% confidence limits were consistent in both simulation experiments and were -473 

0.030 (lower confidence limit range: -0.036 to -0.035; upper confidence limit range -474 

0.026 to -0.025). Both decay relationships were highly statistically significant (P < 475 

0.005), with r2 values for S1 and S2 of 0.88 and 0.85, respectively (Fig. 4). Numbers 476 

of viable oocysts declined overall by approximately 1 - 2 log10 during the course of 477 

the simulated drying and storage experiments.  Calculations based on the decay 478 

coefficients showed that 1.0 log10 removal of C. parvum viability in digested sewage 479 

sludge required an air-drying period equivalent to 11 weeks at ambient summer 480 

temperatures in the Melbourne region of Victoria. Over the same period, the 481 

numbers of detectable non-viable oocysts decreased at a similar rate to the decline 482 

in viable oocysts. This was attributed to the destruction of non-viable oocysts during 483 

sludge desiccation, which was consistent with the observed appearance of crushed 484 

oocysts.  485 

 486 

Numbers of C. parvum oocysts in rural lagoon sludge 487 
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The recovery rate of inoculated C. parvum oocysts from lagoon sludge from WWTP 488 

B was 34.4 ± 5.5%. The estimated numbers of viable plus non-viable oocysts in 489 

sludges from the rural lagoon treatment systems were similar, ranging from 6.9 x 103 490 

to 8.7 x 104 oocysts per L, equivalent to 1.7 x 102 to 9.5 x 102 oocysts/g DS (Table 1). 491 

 492 

___________ 493 

DISCUSSION 494 

 495 

Recovery of oocysts from sludge by IMS 496 

A simple, reliable and accurate method is required to measure numbers of viable 497 

oocysts of Cryptosporidium in sewage sludge.  The mean recovery efficiency of 498 

spiked C. parvum oocysts (~105/mL) measured here in PBS by IMS (65%) was 499 

within the typical range reported (62 to 100%) for different water sources (Bukhari et 500 

al. 1998; Rochelle et al. 1999; McCuin et  al. 2001; Feng et al. 2003).  However, 501 

sewage sludge presents a more challenging matrix for detecting C. parvum oocysts, 502 

due to the presence of solid organic matter and other microorganisms and, 503 

consequently, poorer recoveries were obtained. For example, Rochelle et al. (1999) 504 

used a Dynal IMS bead assay to detect oocysts in seeded bovine faeces and found 505 

recovery efficiencies were considerably smaller (4.5%) than from water samples (62 506 

- 100%), depending on the turbidity and oocyst seeding density. Here, the mean 507 

recovery efficiency for lagoon sludge from WWTP B (15% DS) spiked with oocysts of 508 

C. parvum was 34%. The recovery rate of total oocysts (viable plus non-viable 509 

relative to the initial inoculum density) of C. parvum inoculated into liquid digested 510 

sludge from WWTP A (DS 3% to 13%) measured at different time points during 511 

simulated solar/air drying  was up to 49%, but could be as low as approximately 10% 512 

with an overall mean value of 33%. These values were within similar ranges of 513 
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oocyst recovery efficiencies reported by Molloy et al. (2006) for liquid (4-5% DS) and 514 

dewatered (19-20% DS) primary sludge, equivalent to 22 ± 3.5% and 43 ± 11.4%, 515 

respectively.  516 

 517 

Microscopic observations suggested that the decay of oocysts undergoes several 518 

stages: viable, non-viable with intact surface, non-viable with damaged surface, and 519 

finally, disintegration. Indeed, we observed extensive amounts of physical damage to 520 

the parasite, such as partially crushed and disintegrating oocysts, and damaged 521 

outer membranes, particularly in the later stages of air drying treatment. The total 522 

number of oocysts observed at each sampling time included viable oocysts (stained) 523 

and non-viable oocysts. However, the presence of damaged (unstained) oocysts or 524 

oocysts that failed to bind with the IMS reagents, because they were embedded 525 

within intact sludge particles, would reduce the apparent recovery. Therefore, we 526 

took the approach of using the recovery of all observable oocysts to quantify the 527 

inactivation rate rather than separately determining the recovery of viable and non-528 

viable oocysts. Thus, calculated decay rates for viable oocysts represented 529 

conservative estimates.  530 

 531 

 This is the first time that Syto-59 staining following FITC-C-mAb detection has been 532 

applied to the enumeration of viable C. parvum oocysts to quantify inactivation rates 533 

during air drying treatment of sewage sludge. The enumeration of viable C. parvum 534 

oocysts in sludge by IMS, followed by staining with Syto-59 and examination by 535 

CLSM was adopted for several reasons. Firstly, viable oocysts (stained green with 536 

FITC) could be readily differentiated from non-viable oocysts (stained red with Syto-537 

59) by CLSM.  Moreover, the ability to switch between different images of the sample 538 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



23 
 

by CLSM, to select single dye, double dye or unstained views, also assisted in 539 

differentiating and classifying oocysts as viable or non-viable, based on their physical 540 

appearance and staining reaction.   541 

 542 

Our results suggested that vital dye staining can determine the viability of C. parvum 543 

oocysts in sewage sludge treated, for example, by air drying and storage, where the 544 

inactivation mechanism is linked to physical and membrane damage. However, it is 545 

less likely to be applicable where oocyst decay is linked to DNA integrity without 546 

physically damaging the outer membrane structure. For example, UV light or -547 

irradiation in drinking water treatment processes give false-positive reactions to vital 548 

dye staining because the outer membrane remains intact and does not allow entry 549 

and staining of the oocyst interior (Bukhari et al. 1999; Kato et al. 2001). Further 550 

studies are required to compare and confirm the measurement of Cryptosporidium 551 

oocyst viability in sewage sludge by dye permeability with the standard viability 552 

assay based on the neonatal mouse method.  Nevertheless, from a water industry 553 

and microbiological risk assessment perspective, the use of vital dye staining may 554 

offer a suitable, practicable and cost-effective approach to monitor oocyst 555 

inactivation by common sludge treatments where biological and/or physical 556 

environmental factors promote decay of pathogens, such as lagoon and air-drying 557 

treatment processes and storage. 558 

 559 

Decay of C. parvum in simulated pan-drying and stockpiling treatment 560 

The rate of oocyst inactivation measured in the air drying simulation for digested 561 

sludge at 20 ⁰C was highly statistically significant, with a decay coefficient of ~ 562 

-0.030. This value is comparable to previously reported decay data for the bacterial 563 
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indicators: E. coli and Enterococcus species, which exhibited average decay 564 

coefficients of 0.031 and 0.0305, respectively, in operational sludge drying pans at 565 

WWTP A (Rouch et al, 2011).  This suggested that standard enteric bacterial 566 

indicator organisms could also be used to track the decay of C. parvum by air drying 567 

and storage treatment of sewage sludge. The loss of viability during pan drying was 568 

primarily related to storage time, and was generally independent of sludge 569 

desiccation and the increase in sludge DS content (Fig. 3). Furthermore, regression 570 

analysis, utilizing single decay rate models for C. parvum oocysts, provided 571 

statistically robust r2 values, 0.88 and 0.85, with P = 0.005. Therefore, a single log-572 

linear function gave a representative description of the overall decay of C. parvum 573 

for the experimental time periods applied in the air drying simulation experiments. 574 

 575 

Extrapolating the decay profiles measured here for oocysts of Cryptosporidium 576 

species to pan-drying of sewage sludge under ambient environmental conditions in 577 

the State of Victoria indicated that 1 log10 removal may be achieved after 11 weeks 578 

drying treatment. At WWTP A, sludge is treated by mesophilic anaerobic digestion 579 

followed by air drying. Log10 removal values for Cryptosporidium oocysts reported for 580 

sludge anaerobic digestion processes are in the range of 2.15 to 3.20 (Stadterman et 581 

al. 1995; Horan & Lowe 2002; Kato et al. 2003).  Therefore, a combination of 582 

anaerobic digestion followed by air drying for a minimum period of 11 weeks is 583 

forecasted to provide an overall reduction in Cryptosporidium oocysts equivalent to 3 584 

to 4 log10 under ambient summer temperate conditions representative of Melbourne, 585 

Australia. 586 

 587 

Oocyst numbers in lagoon sludge samples from rural WWTPs 588 
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Sucrose gradient extraction reduced the limit of oocyst detection in sludge to 43/g 589 

DS compared to approximately 130/g DS for the standard IMS method. Physical 590 

settlement is a major mechanism for removal of Cryptosporidium oocysts from 591 

wastewater, as the oocysts transfer to the settled sludge solids in sedimentation 592 

tanks or lagoons and we measured up to approximately 3 log10 oocysts/g DS in 593 

lagoon sludge sampled from rural WWTPs (Table 1). The results therefore 594 

suggested further treatment of sludge from lagoon treatment pond systems at rural 595 

WWTP in Victoria would be necessary to eliminate viable Cryptosporidium oocysts. 596 

 597 

The relatively large numbers of C. parvum oocysts found in sludge lagoons tested in 598 

rural Victoria during the study period could be due to unrecognised or asymptomatic 599 

infections occurring in the community at that time. For example, a large increase in 600 

notifications of cryptosporidiosis occurred in 2013 and coincided with large increases 601 

in oocyst numbers detected in sewage sludge in Southern Australia (King et al. 602 

2016). Alternatively, as water birds may transport and deposit viable C. parvum 603 

oocysts in waterways (USEPA 2001), they may also have been an important source 604 

of oocyst inputs to the lagoons as water birds were commonly present in large 605 

numbers at all the lagoon sites investigated. Nevertheless, any potential occurrence 606 

of C. parvum, irrespective of the source, requires appropriate management of the 607 

wastewater treatment system (e.g. by excluding wild animals and birds) and/or 608 

sludge to ensure microbiological safety if application to land is the selected end-use 609 

as an agricultural fertiliser.   610 

 611 

_____________ 612 

CONCLUSIONS 613 
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Immunomagnetic separation, staining with vital dyes and examination by CLSM 615 

provided an effective approach to the isolation and enumeration of viable C. parvum 616 

oocysts in liquid anaerobically digested sewage sludge and after air-drying 617 

treatment.  The limit of detection of C. parvum oocysts was ~130/g DS and was 618 

reduced to ~40/g DS by sucrose gradient separation.  Inoculated oocysts of C. 619 

parvum decayed relatively slowly, with decay coefficients of approximately 0.030, in 620 

laboratory experiments simulating the solar/air drying and stockpiling of digested 621 

sewage sludge under temperate conditions.  The main factor influencing the overall 622 

extent of oocyst inactivation was the duration of the drying/storage period. Air-drying 623 

treatment of digested sludge for 11 weeks provided a 1.0 log10 reduction in the 624 

viability of Cryptosporidium oocysts under temperate summer conditions 625 

experienced in the region of Melbourne, Australia. Numbers of oocysts are typically 626 

small or undetectable in sludge in regions with high standards of public health 627 

management and well developed waste treatment systems. However, open lagoon 628 

wastewater treatment systems may also receive inputs of Cryptosporidium oocysts 629 

from other environmental sources and sludge management practices must ensure 630 

adequate microbiological safety. Nevertheless, the results presented here provide 631 

assurance that a combination of mesophilic anaerobic digestion and air drying for 11 632 

weeks together ensure an overall inactivation rate of viable Cryptosporidium oocysts 633 

equivalent to 3.0 log10.  Based on the predicted numbers of total oocysts in raw 634 

sludge (<100/g DS) estimated from regional epidemiological infection statistics in 635 

Australia (Grant et al. 2012), this degree of oocyst inactivation is sufficient to 636 

effectively control the risk of human infection by Cryptosporidium species from 637 

agricultural utilisation of the treated biosolids. 638 

 639 
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Table 1   849 

Background numbers of viable Cryptosporidium parvum oocysts from environmental 850 

sources detected in lagoon sludge from rural WWTPs in regional Victoria 851 

Sludge source Cryptosporidium parvum^ 

  (oocysts / g DS ± sd) (oocysts / L ± sd) 

WWTP B 2.60 x 102 ± 2.60 x 102 3.90 x 104 ± 3.90 x 104 

WWTP C 1.70 x 102 ± 1.99 x 102 6.93 x 103 ± 7.94 x 103 

WWTP D 9.53 x 102 ± 3.97 x 102 8.68 x 104 ± 3.61 x 104 

 852 

^ limit of detection ~43 oocysts/g DS 853 
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857 
Figure 1   858 

Assay chamber for investigating Cryptosporidium inactivation 859 
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 861 

 862 
 863 

Figure 2 864 

Recovery rate of total oocysts (% relative to the initial inoculum size) during 865 

simulated solar/air drying treatment of liquid mesophilic anaerobically digested 866 

sewage sludge: (a) Simulation Experiment 1 (S1) and (b) Simulation Experiment 2 867 

(S2). Error bars indicate the sd  868 
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 869 

 870 

Figure 3  871 

Appearance of Cryptosporidium parvum oocysts embedded in sludge particles by 872 

confocal laser scanning microscopy following immunomagnetic separation and vital 873 

staining. The sludge was sampled on day 56, Simulation 1. A, is a magnetic bead 874 

used to recover C. parvum oocysts from sludge. B, is a sludge particle with viable C. 875 

parvum oocysts embedded within the particle (surface stained green without internal 876 

stained red). C two non-viable C. parvum oocysts (surface stained green and 877 

internally stained red)  878 
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Figure 4  888 

Decrease in Cryptosporidium parvum oocyst viable counts (  ), non-viable counts 889 

(▲), and total counts (●), in mesophilic anaerobically digested sewage sludge during 890 

simulation air drying treatment and in relation to dry solids (%DS) content () in (a) 891 

Simulation Experiment 1 (S1) and (b) Simulation Experiment 2 (S2). Each data point 892 

represents the mean of three replicate values; error bars show one sd. Vertical 893 

arrows indicate the switch from liquid to solid (stockpile) sludge management phase. 894 

Regression relationships for decay of viable C. parvum are shown: number of viable 895 

oocysts per g DS, y = 1.20 x 108* e-0.03*t for S1, and 1.22 x 108* e-0.03*t for S2, where t 896 

is the treatment time in days; statistical values: r2 = 0.88, P = 0.005 (S1) and r2 = 897 

0.85, P = 0.005 (S2)  898 
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