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Abstract: Liming is a cost-effective treatment currently employed in many Class B biosolids production plants in the
United States. A bench scale modd of lime stabilization was designed to evaluate the persistence of viral, bacterial and
parasitic pathogens. The survival of fecal coliforms, Salmonella, adenovirus type 5, rotavirus Wa, bacteriophage MS-2,
Cryptosporidium parvum oocysts, Giardia lamblia cysts, and Ascaris lumbricoides ova was evaluated under lime
stabilization conditions in a water matrix. Fecal coliforms and Salmonella were undetectable following 2 hours of lime
gtabilization, demonstrating a 7-log reduction. Adenovirus, MS-2 and rotavirus were below detectable levels following 2
h of liming, demonstrating a 4-log reduction. G. lamblia cysts were also inactivated. A. lumbricoides ova remained
viable following 72 hours of liming as did C. parvum oocysts. While this study confirmed that Ascaris ova are resistant
to liming, their scarcity in dudge and low recovery efficiencies limit their use as indicator. The persistence of C. parvum
oocysts after exposure to lime, suggests that this parasite would be a better choice as indicator for evaluating biosolids
intended for land application. The studies done with adenovirus Type 5, rotavirus Wa and male specific bacteriophage
provided preliminary data demonstrating similar inactivation rates. Monitoring anthropogenic viruses is a time
consuming, labor intensive and expensive process. If further studies could demonstrate that phage could be used as an
indicator of other enteric viruses, enhanced monitoring could result in greater acceptance of land application of biosolids
while demonstrating no increased public health threat.
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Introduction

Biosolids are categorized as Class A or Class B. Class
A biosolids contain pathogens below detectable levels
whereas Class B sSludge contains pathogens which are
reduced in number. The requirements for use and disposal
of biosolids depend on the classification. The use of lime
to reduce or eliminate pathogen content in sewage sludge
represents a simple and inexpensive treatment by which
Class B sludge can be generated [1]. Lime stabilization isa
process where calcium hydroxide (Ca(OH),) or calcium
oxide (Ca0) is added and the pH elevated to 12 for 2 or
more hours. Lime has been in use for a number of years
for the disinfection and odor suppression of solid wastes.
Feca coliform bacteria are used to indicate the
potential presence of pathogens in biosolids [2]. With
regard to biosolids and land application, Salmonella and
other bacteria like Staphylococci, are of concern because
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the potential exists for re-growth following treatment [3-5].
The densities of fecal coliforms in sewage can be high [6].
The EPA Part 503 regulations ’ require that fecal coliform
density may not exceed one thousand most probable
number (MPN) or colony forming units (CFU) per gram of
solidsif the sludge is to partialy qualify as Class A sludge,
or less than 2 x10° MPN or CFU per gram solids if the
sludge is to qualify as Class B dudge under Alternative 1.
These regulations also require that treated sewage sludge
must be monitored for fecal coliforms or Salmonella
species and have a Salmonella density of less than three
most probable number (MPN) per 4 grams total solids to
qualify asaClass A sludge.

Previous research to evaluate the persistence of
poliovirus type 1 under lime stabilization conditions
demonstrated that high pH is very effective at reducing or
eliminating the viral load from sludge [8-11]. Currently,
there is little information available on the remova and
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inactivation of human enteric pathogenic viruses, such as
rotavirus and adenovirus, for which culture methods were
not available when the origina studies evaluating the
effects of high-pH lime treatment of sewage were
conducted. Rotaviruses have been detected in water,
wastewater and more recently in biosolids, although very
little data exists on their occurrence in biosolids [12].
These viruses are resistant to environmental conditions and
are present in large amounts in wastewater [13, 14].
Adenoviruses are among the most common and persistent
viruses in wastewater and have been transmitted by both,
recreational and drinking water [15-17]. Information on
the occurrence of enteric viruses in biosolids is primarily
focused on the prevalence of poliovirus in biosolids, and
the effect of treatment °, yet for many processes the
amount of data on virus remova is limited. With the
advent of new and improved cell culture techniques, it is
now possible to assess prevalence and persistence of
pathogens such as rotavirus and adenovirus that were
previously not cultivatable. Bacteriophages have received
agreat deal of attention as indicator organisms due to their
similarity in size and composition to enteroviruses [19],
which suggests that they could represent a better model for
the presence of pathogens and to assess inactivation by
treatment processes. Currently, no data comparing the
inactivation of bacteriophage and enteric virus during
traditional sludge treatment processesis available.

Protozoan  parasites include Giardia and
Cryptosporidium, which cause acute gastrointestina
distress resulting in severe diarrhea and may lead to death
in  immunocompromised individuals [20, 21].
Cryptosporidium parvum is commonly found in surface
water, is highly resistant to conventional methods of water
treatment [22], and therefore may be a better candidate for
the monitoring of human parasites in biosolids for
treatment effectiveness.

Helminth ova are one of the pathogens utilized to
indicate effective treatment of sewage sludge for land
application [23]. Current EPA 503 regulations (Class A,
Alternative 3) reguire sewage sludge to be screened for the
presence of A. lumbricoides ova, however there is little
data available to indicate the effects of lime stabilization
on the viability of this nematode.

The goa of this investigation was to evaluate the
survival of representative viral, bacterial and protozoal
pathogens, as well as A. lumbricoides ova under conditions
simulating lime stabilization. Whereas viruses, bacteria
and G. lamblia cysts were readily inactivated, C. parvum
oocysts and A. lumbricoides ova remained viable.

Materialsand M ethods
Lime Treatments

Lime treatments of viruses, bacteria and parasites
were performed independently in 50-mL volumes of Ca
(OH), solution. Bacteriophage was included in al lime
experiments as an interna control. Adenovirus Type 5 and
MS-2 were inoculated to achieve a final concentration of
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1.0 x 10° tissue culture infectious dose 50% (TClIDs;) and
plague forming units (PFU)/ml respectively. The same
experimental design was employed in separate trials with
Rotavirus Wa and MS-2 at a starting concentration of 1.0 x
10* PFU/ml for each virus. G. lamblia cysts purified from
experimentally infected gerbils were purchased from
Waterborne Inc (New Orleans, LA). Oocysts from C.
parvum were purified from the feces of experimentally
infected mice as described [24]. C. parvumand G. lamblia
were inoculated to achieve a final concentration of 10°
oocysts (+/-5.1%) and 5 x 10° cysts (+/-3.9%) per ml,
respectively. Aliquots of 3,000 A. lumbricoides ova were
resuspended in the matrix for both the control and the test
samples. Samples were continually mixed on a stir plate
and the initial pH and temperature recorded for control and
test beakers. The pH of the test beakers was simultaneously
adjusted to 12.0 using an 8% agueous slurry comprised of
cacium hydroxide and distilled deionized water.
Approximately 0.4 - 0.5 mL of calcium hydroxide slurry
was required to elevate the pH to 12.0, corresponding to a
lime dose of approximately 80 g/kg total solids. The pH
was maintained at 12.0 for 2 hours at which time, 0.1 N
HCIl was added drop by drop until a pH value of 11.5 was
achieved and maintained for the duration of the
experiment. This was done to emulate the akaline
stabilization practices that are currently employed in the
State of New Hampshire. Experiments were performed at
room temperature with temperature and pH readings
recorded hourly for control and test beakers. The viability
of bacteria, viral pathogens and phage were evaluated at
time points 0.1, 2, 12 and 24 hours. The infectivity of
protozoan pathogens was evaluated at 0.1, 2, 12, 24, 48,
and 72 hours. Survival of helminth ova was evaluated at
24, 48 and 72 hours. Following lime stabilization, test
beakers were neutralized with 0.1 N HCI and aliquots were
removed from designated control and test beakers for
enumeration.

Aliquots of control and neutralized test sample
were diluted in phosphate buffered saline and evaluated
immediately for male specific bacteriophage using a
double agar overlay technique [25]. Aliquots of control and
neutralized test sample designated for viral enumeration
were centrifuged for 10 minutes at 1000-x g to remove
precipitated lime. Following centrifugation, the supernatant
was retained and assayed for adenovirus type 5 and
rotavirus Wa by TCIDs, and plague assay respectively.
Trials were performed at room temperature (28°C) with
temperature and pH readings recorded hourly for control
and test beakers.

Fecal Coliforms

Fecal coliform densities in reverse osmosis (RO)
water samples obtained following lime stabilization
experiments were evaluated using a most probable number
assay (MPN) according to method 1680, established by the
EPA for fecal coliform detection in biosolids by multiple
tube fermentation [26]. The MPN assay is an estimation of
bacterial density and employs culture specific media
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combined with elevated temperature to isolate and
enumerate fecal coliforms. A presumptive step using lauryl
tryptose broth (LTB) (Difco) as the selective enrichment
medium and a completed step using E. coli (EC) (Difco)
media permit the recovery and isolation of fecal coliforms.
Ten-fold seria dilutions were created and inoculated into 5
test tubes containing sterile LTB and a Durham
fermentation tube to indicate gas production. 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 in the fermentation tubes. Failure
to produce gas or acid in the LTB media within 48 hours
was recorded as a negative presumptive test. LTB
presumptive  positive tubes were transferred to
fermentation tubes containing sterile EC media EC
fermentation tubes were incubated in a water bath at
44.5°C for 24 hours. Gas production in EC broth in 24
hours was considered a positive fecal coliform reaction.
Failure to produce gas was a nhegative reaction and
indicated fecal coliform bacteria were not present. Results
of the MPN procedure were reported in terms of MPN/g
total solids calculated from the number of positive EC
culture tubes. Positive control cultures consisting of E. coli
were included in each assay to ensure negative results were
not from inhibition.

Salmonella

Salmonella densities following lime stabilization
experiments were evaluated using a most probable number
assay (MPN) according to method 1682 established by the
EPA for Salmonella detection in biosolids by multiple tube
fermentation [26]. Sample dilutions were created using
phosphate buffered saline. Enrichment was accomplished
using selenite brilliant green sulfa (SBG) broth followed
by isolation on xylose-lysine deoxycholate agar (XLD).
Positive samples were confirmed with triple sugar iron
agar (TSl), lysine iron agar (LIA), and urease broth
followed by positive serological typing using polyvalent
antisera. Results of the MPN procedure were reported in
terms of MPN/g tota solids. Positive control cultures
consisting of Salmonella typhimurium and negative control
cultures consisting of E. coli were included in each assay
to ensure negative results were not from inhibition.

Male-Specific Bacteriophage MS-2

Propagation and enumeration of the male-specific
bacteriophage MS-2 was accomplished using an E. coli
bacterial host harboring a conjugative plasmid that confers
streptomycin - and ampicillin - resistance, and pilus
production (E. coli F. Amp HFR). This host was chosen for
its antibiotic resistance, making it useful for studies
involving sludge and wastewater, where the potential for
contamination is very high. The host was grown to log
phase in tryptic soy broth supplemented with 1% (100x)
streptomycin/ampicillin and 1% magnesium chloride at
37°C. MS-2 bacteriophage was added to the log phase E.
coli culture and incubated at 37°C. Following 12-18 hours
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of incubation, the vira suspension was centrifuged at
10,000 rpm (4°C) and the supernatant was collected and
refrigerated at 4°C until use. Phage was enumerated using a
modified double-agar-overlay procedure previously
described [25]. A 0.1 mL portion of sample and 0.2 mL of
E. coli wereinoculated into 5 mL of a sterile tempered agar
overlay and immediately poured onto a sterile tryptic soy
agar plate. Plates were incubated at 37°C and observed 12-
18 hours later for plagues. Plagues, characteristic zones of
clearing in the agar overlay, were counted in the range of
30-300.

Adenovirus

Adenovirus Type 5 was propagated in A549 cells
cultivated in Eagles minimal essentidl medium (MEM)
(Sigma) supplemented with 5% fetal bovine serum (FBS).
A 025 mL portion of an appropriate inoculum of
propagated virus was added to ten wells of a 96-well plate
for enumeration using the TCIDs, method established by
Reed and Muench (1938). Inoculated cultures were
incubated at 37°C in 5% CO, for 90 minutes with periodic
rocking to prevent dehydration and promote maximum and
uniform absorption of the virus. Following absorption,
015 mL of Eagles MEM maintenance medium
supplemented with 2% fetal bovine serum was added to
each well.

Rotavirus

Rotavirus Wa strain was propagated in Mal04 cells
cultivated in Eagles MEM supplemented with 10% FBS.
Following infection, monolayers of Mal04 cells were
maintained with Eagles MEM supplemented with five
micrograms per ml of trypsin (GIBCO). Propagated virus
was enumerated using a modified plague-forming unit
(PFU) method [27]. Céll culture plates with 12 wells of
Mal104 cells were grown to confluency in 5% percent CO..
A 0.1 mL portion of inoculum was added to each well in
triplicate. Inoculated cultures were returned to 37°C in 5%
CO; for 60 minutes with periodic redistribution. Following
adsorption, 2 ml of an agar overlay maintenance medium
consisting of 2X minimal essential medium supplemented
with 1 pg/ml trypsin, and 2% agar (Sigma) was added and
the plates returned to the 5% CO, incubator for four days
a which time cells were fixed with 2 ml of 10%
formaldehyde in normal saline solution overnight. Overlay
plugs were removed from wells by rinsing under warm tap
water followed by the addition of 2 ml of a 0.1% crystal
violet solution.  Excess crystal violet was removed and
plaques counted. Each dilution was enumerated in
triplicate and averaged. The viral titer was determined by
multiplying the average number of plagues by the dilution
factor.

Cryptosporidium parvum

C. parvum oocysts, Moredun (MD) isolate 2%,

propagated in immunosuppressed mice * were used
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throughout this study. Fecal pellets were collected from
infected animals and homogenized in 10 ml of water.
Oocysts were purified by sedimenting on a step gradient of
15%-25%  (w/v) Histodenz (N, N’-bis (2,3
dihydroxypropyl acetamido-2, 4,6-tri-iodo-isophthalamide)
(Sigma) in water [24], brought to 50 ml in water, and
pelleted by centrifugation at 4000 x g for 15 min. Purified
oocysts were resuspended in 1 ml of water. Following lime
stabilization, oocysts were neutralized to pH 7 with 0.1 N
HCl, transferred to 50 ml conica polypropylene centrifuge
tubes, and precipitated by centrifugation at 4000 x g for 15
min. Pellets were resuspended in 2 mL of RO water and
the oocyst concentration determined with a hemocytometer
in duplicate. In some experiments, the presence of
(Ca(OH),) crystals interfered with obtaining accurate
oocyst counts, making it necessary to immunofluorescently
label the oocysts (Merifluor CryptosporidiumyGiardia,
Meridian Bioscience Inc., Cincinnati, Ohio). Oocysts were
then counted by epifluorescent microscopy.

Neonatal CD-1 mice 1-3 days of age (Charles River
Laboratories, Wilmington, Mass.) were orally infected
with oocysts suspended in water *. Infected and uninfected
control mice were sacrificed on day 7 post-infection, the
intestine removed and homogenized in 300 pl phosphate
buffered saline in a microcentrifuge tube. A portion of 10
pl of intestinal slurry from each mouse was spread in each
well of 10-well Teflon coated microscope slides and the
samples  air-dried.  Oocysts were stained by
immunofluorescence and detected by epifluorescence
microscopy. Samples with a minimum of 1
immunofluorescently labeled oocyst were scored as
positive. Positive control mice were infected with oocysts
from the same stock as used for the treatments. Oocysts for
the negative controls were heat-inactivated at 70°C for 20
min [31].

Giardialamblia

Cysts of G. lamblia isolate H3 purified from
experimentally infected gerbils were obtained from
Waterborne, Inc., New Orleans, Louisiana. Cysts were
purified on sucrose and Percoll density gradients and
shipped in PBS supplemented with penicillin, streptomycin
(500 U/ml each) and gentamycin (50g/ml).

To assess the infectivity of the cysts, Mongolian
gerbils  (4-wk-old, Charles River, Wilmington,
Massachusetts) were each orally infected with a 20 pl
suspension of 1000 cysts (first experiment) or 500 cysts
(second experiment) as described [32]. Groups of 8
animals were used for each treatment. Fecal pellets were
collected from the gerbils on day 6, 8, 10, 12, and 14 post-
infection. The presence of G. lamblia cystsin the feces was
monitored by immunofluorescence using the Merifluor
Cryptosporidiumy/Giardia kit (Meridian Diagnostics,
Cincinnati, Ohio) as described [33]. Fecal samples were
scored as positive if a minimum of 1 immunolabelled cyst
was detected.
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Ascaris lumbricoides

Viable ova were purchased from Tropica Biologicals
(Guaynabo, Puerto Rico). These originated from human
fecal samples collected in the Dominican Republic. Ova
were received in a suspension of 2% formol to inhibit
microbial growth. The suspension was stored at 20°-23°C
and aerated daily by removing the lid to exchange the air
inside, replacing the lid and shaking 4-5 times. Storage of
ova for more than two weeks required decanting the
supernatant and replacing with fresh 2% formol every 2-3
weeks. Viability of ova was assessed prior to use following
the EPA Part 503 method. Lime treatment and neutralization
was performed as described for C. parvum. The entire test
and control volumes were centrifuged at 1000 x g for 10
min. The supernatant was decanted and the pellet
resuspended in 10 mL of RO water. Portions of 1 ml were
screened using Sedgwick-rafter counting chambers under
10x magnification. Viability was determined by observing
motile larva in embryonated ova under 40x magnification.
One hundred ova were evaluated for each time point.

Data Analysis

Statistical analysis of treatment effectiveness for
bacteria and virus was conducted using a general linear
model within the SPSS dtatistical software package.
Percent viability was calculated for helminth ova test and
control samples and the difference was used to determine
overall treatment effectiveness. Bacteriophage was
included in each experiment as an internal control.
ANOVA anaysis of the treatment inactivation of
bacteriophage was used to assist in making comparisons
between trials for individual organisms and trials between
classes of organisms. Infectious dose 50% (IDsp) values
for C. parvum were calculated according to Reed and
Muench (1938) and Finch et al.(1993).

Results
Bacteria

The results of three trials conducted with fecal
califorms (E. coli), Salmonella sp. and MS-2, spiked into a
limed water matrix at room temperature are presented in
Fig. 1. In two trias, following 0.1 hours of liming, E. coli
concentrations were below detectable levels (<1 MPN/ml).
In one trial, the concentration of fecal coliforms following
initial liming (0.1 hours) was 6.0 x 10° MPN/ml. In this
trial, fecal coliform concentration were below detectable
levels following 2 hours of liming a pH 12. This data
point was considered an outlier and was not included in the
statistical analysis. In al trids, Salmonella sp.
concentrations were below detectable levels (<3 MPN/ml)
at all time points. Hence, there was a significant effect of
liming on fecal coliforms, Salmonella and MS-2 in al
trials (p value = 0.000).
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Figure 1: E. coli and Sdmondla inactivation by liming
sabilization. Results are from three replicate experiments at
28°C. Following a0.1 h period of liming E. coli counts were
reduced by 6 logs and Salmonella sp. was below detectable
levels, demondrating at least a 4-log reduction. Bacterial
concentrations of 10° were artificialy separated for clarity.
Means and standard deviations are shown. Continuous lines
represent untreated controls, dashed lines treatments.

Virus

The results of three trials conducted in a limed water
matrix at 28°C with adenovirustype 5, MS-2, and rotavirus
are presented in Fig. 2. In al trias, adenovirus was below
detectable levels by TCIDsg, following a 6-min exposure,
indicating complete inactivation. Similarly, MS-2 and
rotavirus were below detectable levels (< 1 PFU/mL) in the
same time period.
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Figure 2 Adenovirus Type 5 and MS-2 inactivation in
three replicate experiments conducted in limed water at
room temperature. MS-2 was below detectable levels
following 2 h of liming demonstrating at least 6-log
reduction. Adenovirus and rotavirus was below detectable
levels following lime dsabilization for 6 min,
demonstrating 4-log reduction. Continuous lines show
untreated controls, dashed lines treatments.
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The treatment effect on adenovirus, rotavirus Wa and
MS-2 was significant (p < 0.001) and both viruses were
below detectable levels following 6 min of liming.
ANOVA of differences in treatment effectiveness for
inactivation of adenovirus, MS-2 and rotavirus indicates
that there was no significant difference between viruses.

Cryptosporidium parvum

Oocyst concentrations in control and treated samples
dropped significantly during the experiment. The average
reduction (n=3) in oocyst concentration was 74.2%
(x18.8%) for the controls and 81.7% (£29.9%) for the
treatments (2 hr and 24 hr treatments pooled). The
reduction in oocyst concentration was not related to the
treatment, since the difference between mock treatment
and the actual treatment was statistically not significant
(p=0.75, paired t-test), nor was it related to the duration of
the exposure (2 hr vs. 24 hr, p=0.41, t-test). The reason for
the loss in oocysts was not investigated, but is likely to
have resulted from the adherence of oocysts to glass and
plastic surfaces and incomplete recovery during
centrifugation.

To assess the effect of liming on C. parvum oocysts,
single-dose experiments were performed with oocysts
exposed to lime solution for 0-72 hr. Immunofluorescence
analysis of the intestinal homogenates recovered 7 day
post-infection from mice infected with limed oocysts
demonstrated that the treatments did not inactivate the
oocysts. Infectious oocysts were detected in all samples,
including those treated for 72 h.
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Figure 3: Inactivation of C. parvum oocysts with lime.
Dose-response curves were obtained using the cumulative
method ¥ (left) and the logit method * (right). The 50%
cumulative infection and O logit used for determining the
IDgo values are shown with dashed horizontal lines. Note
the increase in oocyst infectivity (lower 1Dsg) in response
to treatment.

The infectivity of oocysts treated with lime for 2 h
and 24 h was compared with that of mock-treated control
oocysts using dose-response experiments. Groups of 8
neonatal mice were infected with 6 oocyst doses ranging






