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Abstract

Treated sludge from wastewater treatment plants is commonly used in agriculture as
fertilizers and to amend soils. The most significant health hazard for sewage sludge
relates to the wide range of pathogenic microorganisms such as protozoa parasites.The
objective of this study was to collect quantitative data on Cryptosporidium oocysts and
Giardia cysts in the treated sludge in wastewater treatment facilities in Spain.

Sludge from five wastewater treatment plants (WWTPs) with different stabilization
processes, has been analyzed for the presence of Cryptosporidium and Giardia in the
raw sludge and after the sludge treatment. A composting plant (CP) has also been
assessed.

After a sedimentation step, sludge samples were processed and (0o)cysts isolated by
immunomagnetic separation (IMS) and detected by immunofluorescence assay (IFA).
Results obtained in this study showed that Cryptosporidium oocysts and Giardia cysts
were present in 26 of the 30 samples (86.6%) of raw sludge samples. In treated sludge
samples, (0o)cysts have been observed in all WWTP’s analyzed (25 samples) with
different stabilisation treatment (83.3%). Only in samples from composting plant no
(oo)cysts were detected. This study provides evidence that (0o)cysts are present in
sewage sludge-end products from wastewater treatment processes with the negative
consequences for public health
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Introduction

Cryptosporidium and Giardia are infectious protozoan parasites capable of causing
gastrointestinal illnesses in both animals and humans. An infected person can shed up to
3x10° oocysts [1] or up to 5x10% cysts over the course of infection.[2] In fact, these
parasites are the most common food and waterborne protozoa that affect humans and a
wide range of animals, which can shed large numbers of the transmissive stages of these
enteropathogens, (oo)cysts, in their surroundings.[3-7] Livestock operations and
irrigation with polluted water can lead to the contamination of soil and vegetables with
zoonotic faecal pathogens, in which Giardia duodenalis cysts and Cryptosporidium
parvum oocysts are included.[8-11] Cryptosporidium and Giardia (oo)cysts are
environmental resistant stages, and can survive at different temperatures and
conditions.[12]

Aerobic wastewater treatment plants use sludge activated sludge process to
reduce water pollution and the presence of microorganisms. Many of these
microorganisms are trapped in, or adsorbed to particulates and are concentrated in the
sludge. For example, during the separation of solid material from wastewater in both
primary (settling) and secondary treatments, numerous pathogens remain associated
with particulates thus concentrating them in the sludge.[13-14] Therefore, sludge can
contain many of these parasites.[15-18]

Sewage sludge is the solid, organic material which remains after wastewater is
treated and discharged from a wastewater treatment plant. Sludge is treated to stabilize
the organic matter and reduce the amount of human pathogens.[19] Several treatments
can be employed to reduce the pathogen content in sewage sludge, such as heat-drying,
addition of hydrated lime (calcium hydroxide) to increase pH, composting, and
biological digestion.[13] Biological digestion is the treatment method most frequently
used to achieve stabilization, and involves decomposition of organic matter by
microorganisms either in the presence of oxygen (aerobic digestion) or in its absence
(anaerobic digestion).

Applications of sewage sludge-end products are an ecologically important
means for the utilization of nitrogen and phosphorus. However, spreading sludge on
agricultural lands, which has increased during the last years due to economic and
environmental reasons,[20] facilitates circulation of Cryptosporidium and Giardia in the

environment. It also contaminates shallow aquifers, potable waters [21] and food



cropped from land, thus posing a threat to human and animal health. During rainfall,
(oo)cysts may end in surface and groundwater.[3] The very low infective dose of these
parasites also suggests a health risk for workers exposed to sewage.[22]

Various studies have identified high levels of Cryptosporidium oocysts and
Giardia cysts in both treated and untreated sewage sludge. [17-20,23-27] However,
information on the effectiveness of sludge treatments on the inactivation of
Cryptosporidium and Giardia is incomplete.[20,28-30] Consequently, it is important to
quantify the risks of contamination associated with this practice, which in turn requires
accurate methods to quantify the levels of Cryptosporidium and Giardia in biosolids,
such as sewage sludge.

Several methods have been described to enumerate Cryptosporidium oocysts
and Giardia cysts in different biosolids. These methods include ECP (ether clarification
procedure), [31] NaCl flotation and differential density centrifugation with percoll-
sucrose [32,33] and immunomagnetic  separation (IMS) followed by
immunofluorescence assay (IFA).[34-36,18] Recovery efficiencies associated with
these methods have been determined by a number of researchers, but the results exhibit
a considerable degree of variation.[37] A sedimentation step before immunomagnetic
separation has been established by Massanet-Nicolau.[37] This method was used to
recover stained cysts and oocysts (spiked organisms) from primary settled sewage
sludge, anaerobically digested sewage sludge, and bovine manure.

The aim of this study was to determine the occurrence of Cryptosporidium
oocysts and Giardia cysts in raw and treated sludge from five wastewater treatment
plants and from a composting plant to evaluate the levels of (00)cysts present after each

stabilization treatment .

Materials and Methods
Sludge samples and sampling sites

A total of 60 sludge samples (30 raw sludge and 30 treated sludge) have been processed
from five wastewater treatment plants (WWTP) located in Eastern Spain: (WWTP1
WWTP2, WWTP3 WWTP4 WWTP5), that served different population (between
20,000 and 200,000 equivalent inhabitants) with different sludge treatments (Table 1)
and which also received both agricultural and industrial inputs. Moreover, five samples
from a composting plant (CP), which received sludge from some WWTPs, have also
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been evaluated. In the case of the composting plant, dewatered sludge (raw) from
different municipal sewage treatment plants is sent to the thermophilic composting
process. Degradation occurs through longitudinal windrows (covered with a Gore
cover). Ambient air is sucked through the piles during 10 days, where temperature is
approximately 55°C. The final product (from now on, referred to as compost) is stored
for 30 days.

Samples were collected monthly over five samplings, from March to July in
WWTP1, WWTP2 and WWTPS3, and from September to January in WWTP4, WWTP5
and WWTP6. Each sample was transported to the laboratory, kept at 4°C and tested
within the next 12 h.

Cysts and oocysts detection in sludge

A reported method by Massanet-Nicolau [37] for sludge using a sedimentation step
followed of inmunomagnetic separation has been used. One-gram samples of the sludge
were deposited in 50-ml plastic centrifuge tubes (Corning). 25-ml volume of 0.1 M
phosphate-buffered saline (Sigma-Aldrich, St. Louis, MO) was added to the centrifuge
tube containing the sludge sample and vortexed for 60 s. Another 25 ml of phosphate-
buffered saline was then added to the sample, and the tube was inverted five times. The
sample was left to stand for 60 min at room temperature, during which the heavier
particles of debris settled at the bottom of the tube. At the end of the 60-min period, a
10-ml disposable pipette was used to transfer the top 45 ml of liquid to a clean 50-ml
centrifuge tube. During this step, care was taken not to disturb the accumulated solids at
the bottom of the tube. The 45 ml of liquid was then brought to a final volume of 50 ml
with filtered deionized water and centrifuged for 5 min at 1,050 x g (with no braking
during the deceleration phase). The rest of the analytical procedure was based on the
U.S. Environmental Protection Agency Method 1623.[34] The sample was then further
purified by immunomagnetic separation. After centrifugation, the pellet was
resuspended in 10 ml of water in a Leighton tube, and immunomagnetic separation
(IMS) was conducted using the commercially available GC Combo kit (Invitrogen-
Dynal AS Oslo) according to the manufacturer’s instructions. The final concentrate
from the IMS was transferred onto the well of a slide and dried overnight at room
temperature. The slide was labeled with fluorescent monoclonal antibodies fluorescein

isothiocyanate (FITC) for Giardia and Cryptosporidium immunofluorescence assay



(IFA), according to the manufacturer’s protocol, (Meridian Diagnostics, Inc.,
Cincinnati, OH).

Fifty microliters of (4,6-diamidino-2-phenylindole dihydrochloride) DAPI
(Sigma-Aldrich, St. Louis, MO) solution (0.4 mg/ml in PBS) were placed in each well
of the slide and allowed to stand at room temperature for 15 min; excess of DAPI
solution was removed by washing the slides twice in PBS. Slides were placed under
darkness, mounted and examined at 600X magnification using epifluorescence
microscopy (Olympus BX 50, Tokyo, Japan). A blue filter (excitation, 480 nm;
emission, 520 nm) was used to detect fluorescein isothiocyanate—conjugated MADb-
labeled (oo)cysts, and a UV filter block was used for DAPI (excitation, 350 nm;

emission , 450 nm).

Results

The occurrence of (oo)cysts has been studied in sludge from wastewater treatment
plants before and after different stabilization treatments.

Data showed (Table 2) that oocysts of Cryptosporidium and cysts of Giardia
were present in 26 of the 30 raw sludge samples (86.6%). The average concentration of
Cryptosporidium was higher than Giardia’s average in WWTP1, WWTP2, WWTP3
and WWTP4 and lower in the raw sludge arriving to Composting Plant (CP). In
WWTP5 same average of oocysts than cysts was found.

In the treated sludges, (0o)cysts were detected in WWTP1, WWTP2, WWTP3,
WWTP4, and WWTP5 (83.3%). Only in the sludge from CP that was composted, no
(oo)cysts were detected.

In WWTP2, WWTP4 (aerobic digestion) and WWTP5 (lime stabilization and
heat drying) the average of oo(cysts) detected in treated sludge was higher than in
sludge before treatment. In WWTP1 and WWTP3, the average of (0o)cysts was lower
in the sludge after treatment (anaerobic digestion and lime stabilization respectively) but
in some samples, (00)cysts counts were higher in treated sludge than in mixture sludge
before treatment, particularly in WWTPL1 (Table 2). Maximum levels of
Cryptosporidium of 498 oocysts/g and 248 cysts/g of Giardia have been found in
WWTP1 during the sampling 1 (Table 2), although the average of (0oo)cysts was lower
in treated sludge than in raw sludge. Sludge from this WWTP is used in agriculture,



which may pose a health risk. In the CP, counts of (0o)cysts after composting were 0 in
all samplings (Table 2).

Discussion

The sedimentation step followed by IMS —IFA [37] used in this work has proven to be
useful for simultaneous detection of Cryptosporidium oocysts and Giardia cysts in raw
and treated sludge. Recovery efficiencies associated with this method were
approximately 40 to 60% and were significantly greater than those associated with
similar methods based on sucrose flotation (P< 0.001).[37] Other authors [35] also
found high counts of Cryptosporidium oocysts, 70%, using IMS and IFA after a
spontaneous sedimentation. In contrast, Orlofsky et al. [36] obtained better results
avoiding the sedimentation step.

In raw sludge samples, higher counts of Cryptosporidium oocysts than Giardia
cysts have been detected (Table 2). Similar findings were reported in a study in
Ireland.[27]

The different treatments used for sludge stabilisation in the studied WWTPs
(Table 1) have not proven to be effective for total (oo)cysts elimination. Among the
sludge treatments studied in this work, aerobic digestion and lime stabilisation showed
higher average concentration of (oo)cysts in treated sludge than in raw sludge.

Furthermore, Cryptosporidium oocysts counts in treated sludge were higher than
Giardia cysts’ counts in WWTP1, WWTP2, WWTP3 and WWTP4. Only in WWTP5,
higher counts of cysts than oocysts were found. Hence, Cryptosporidium oocysts appear
to be more resistant to treatments compared to Giardia cysts.

Of the different disposal methods available for biosolids, composting presents
certain advantages over more traditional methods, such as direct land application,
incineration or burying in landfills. Composting is known to decrease the load of human
pathogenic microorganisms potentially present in biosolids. It also yields an end
product rich in organic matter and nutrients that can be used as a soil supplement for
different environmental practices. In our study, only in composted sludge, no (0o)cysts
were found. Other authors [38,39] agree that Giardia and Cryptosporidium are
relatively sensitive to heat treatment and are rapidly reduced within thermophilic
composting. In contrast, in a study about occurrence of pathogens in treated sludge,[40]

Cryptosporidium oocysts were still detected in most compost samples. The inactivation



of Giardia and Cryptosporidium (oo)cysts during composting of biosolids was
monitored by Rimhanen-Finne et al. [20] and results showed that 44% and 37.5% of
compost samples were positive for cysts and oocysts respectively after 10 weeks of
composting.

Anaerobically digested biosolids have been reported to contain up to
10%oocysts/g of Cryptosporidium and 10°cysts/g Giardia. [15] In the dewatering
processes, 50% percent of the pathogens were assumed to attach to sludge particulates.
High Giardia cyst numbers (10°cysts/g) following anaerobic digestion were reported in
a study in Perth (Australia). [40] Other authors, [41,42] have also found Giardia cysts in
both digested and undigested sludge, and there were no significant differences between
their occurrence in raw and treated sludge, concluding that Giardia cysts did not appear
to be reduced by anaerobic digestion. In our study, the anaerobically digested sludge
from WWTP1 also contained up to 10%/g (0o)cysts. It is possible that during the sludge
treatment, such as anaerobic digestion where temperature is generally more than 35°C,
(oo)cysts might lose viability and infectivity rapidly. In most of the studies, [15,17,20]
viability assessment of oo(cysts) is either not carried out or was inconclusive.

Regarding aerobic digestion, results obtained in our study in both WWTP2 and
WWTP4, showed that the average of (00)cysts present in sludge after stabilization were
higher than in raw sludge. In a study about efficiency of a wastewater treatment plant
for removal pathogens in Spain, [43] Giardia was detected in the sludge after aerobic
digestion and no Cryptosporidium was detected; other authors [15] found higher
reductions in Cryptosporidium (2.96 log) compared to Giardia’s (1.40 log) during
aerobic digestion of sludge.

In the present study, higher counts of Cryptosporidium oocysts than Giardia
cysts have been detected in treated sludge from wastewater treatment plants, where
sludge treatment was either lime stabilization or anaerobic or aerobic digestion.
However, some authors [25] found that quicklime stabilization treatments reduced the
load of both pathogens to non-detectable levels. Other studies, [29] have reported cysts
of Giardia in sludge after lime stabilization, but no Cryptosporidium oocysts were
detected. Similar findings reported in sewage sludge [31,44] have been explained by
much higher relative incidence of giardiasis than cryptosporidiosis cases, that is, 300 vs.
10, respectively, in communities served byWWTPs.[29] In a study in Poland [25] it was

found that the mean concentration of Cryptosporidium oocysts in sewage sludge



samples in two wastewater treatment plants was significantly lower than the
concentration of Giardia cysts found in these samples. Giardia cysts are more
frequently isolated in higher numbers throughout the year from wastewater and
biosolids than Cryptosporidium oocysts, which showed seasonal variation. [45,46]
Limited information is available on the fate of protozoan pathogens in biosolids.
Moreover, interpretation and comparison of data is difficult due to inconsistencies in
sampling, concentration and recovery procedure. Landfill leachate and sewage sludge
contained high numbers of potentially viable, human-virulent species of
Cryptosporidium and Giardia. [25] Due to the massive amounts of sewage sludge used
by agriculture or deposited in landfills [21,47-49] and the environmental robustness of
these pathogens, [50-53] environmental contamination derived from landfill leachates
and sewage sludge presents serious public and veterinary threats. For the sewage
sludge-end products to be used without restriction on agricultural lands to grow ready-
to-eat crops, the pathogen load must be reduced to a level which does not pose

acceptable public health or veterinary risks.[48,49]

Conclusions

Sludge treatments such as anaerobic and aerobic digestion, lime stabilization and heat
drying do not eliminate Cryptosporidium oocysts and Giardia cysts.

Composting appears to be an interesting alternative to traditional disposal
methods, since it is the only stabilization treatment which eliminates Giardia and
Cryptosporidium (oo)cysts.

More information on the occurrence and levels of pathogens and indicators in
biosolids is necessary to characterize and anticipate the risks associated with treated
sewage sludge. An evaluation of the risks associated with the disposal or use of
biosolids and proper regulations are both necessary from a public health perspective.

Further research is needed to establish whether treatment options could render
the sewage sludge into pathogen-free biosolids, which can be safely disposed into the

environment.
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Table 1: Characteristics of wastewater treatment plants: population served and different
sludge treatments

Wastewater

Population  Secondary Tertiary Sludge
Treatment .
Plant equivalent treatment treatment Treatment
Activated Sand Anaerobic
WWTP1 205650 sludge and filtration, L
. . . Digestion
sedimentation ultraviolet
Activated Aerobic
WWTP2 49702 sludge and None S
. . Digestion
sedimentation
Activated Sand Lime
WWTP3 21255 sludge and filtration, e
) ) . stabilization
sedimentation ultraviolet
Activated Aerobic
WWTP4 20055 sludge and None S
. . Digestion
sedimentation
Activated stablfllir;aetion
WWTP5 20092 sludge and  Ultraviolet
) ) and heat
sedimentation .
drying
CP? - - - Composting

%Composting plant
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1 Table 2: Cryptosporidium oocysts and Giardia cysts in raw and treated sludge

WTP 1 WTP 2 WTP 3 WTP 4 WTP 5 cP
Oocysts/g Cysts/g Oocysts/g Cysts/g Oocysts/g Cysts/g Oocysts/g Cysts/g Oocysts/g Cysts/g Oocysts/g Cysts/g

Sampling raw treated raw treated raw treated raw treated raw treated raw treated raw treated raw treated raw treated raw treated raw treated raw treated
sludge  sludge sludge  sludge sludge _ sludge sludge  sludge sludge  sludge sludge sludge sludge  sludge sludge sludge sludge  sludge sludge _ sludge sludge  sludge sludge  sludge

1 354 498 124 248 21 69 4 4 268 48 85 75 0 55 0 8 0 5 0 1 14 0 1 0

2 140 87 174 83 13 24 3 1 164 125 74 93 0 21 1 31 0 8 1 24 51 0 71 0

3 325 173 213 182 18 18 9 20 171 79 171 27 11 19 6 36 12 8 4 27 48 0 98 0

4 126 104 97 48 2 8 3 3 39 48 30 76 7 25 1 14 5 5 18 58 27 0 63 0

5 59 100 77 100 2 7 2 1 52 17 155 13 5 12 0 22 6 7 0 2 22 0 64 0

Average 201 192 137 132 11 25 4 6 139 63 103 57 5 26 2 22 5 7 5 22 32 0 59 0

Sb 131 174 56 81 9 25 3 8 95 41 59 35 5 17 3 12 5 2 8 23 16 0 36 0

*uncertainty 59 78 25 36 4 11 1 4 42 18 26 16 2 8 1 5 2 1 4 10 7 0 16 0

*SD/ total sampling
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