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Accurate modeling of the infectious aerosol risk associated with the land application of biosolids requires an
in-depth knowledge of the magnitudes and changes in pathogen concentrations for a variety of class A and class
B stabilization methods. The following survey used quantitative PCR (qPCR) and culture assays to detect
environmentally resistant bacterial and viral pathogens and biosolid indicator organisms for 36 biosolid grab
samples. Biosolids were collected from 14 U.S. states and included 16 class B mesophilic anaerobic digestion
(MAD) samples and 20 class A biosolid samples from temperature-phased anaerobic digestion (TPAD), MAD
plus composting (COM), and MAD plus heat pelletization processes. The indicator concentrations of fecal
coliforms and male-specific coliphages as well as pathogen genome concentrations for human adenovirus
species, Legionella pneumophila, Staphylococcus aureus, and Clostridium difficile were significantly lower in the
class A samples, and a multivariate analysis of variance ranked the stabilization processes from the lowest
pathogen/indicator load to the highest as (i) class A COM, (ii) class A TPAD, and (iii) class B MAD. Human
adenovirus genomes were found in 88% of the class B samples and 70 to 100% of the class A samples. L.
pneumophila, S. aureus, and C. difficile genomes were detected at the qPCR assay detection limits in 19 to 50%
of the class B and class A anaerobic digestion samples, while L. pneumophila was detected in 50% of the class
A compost samples. When considering all the stabilization methods, both the fecal coliform and the male-
specific coliphage concentrations show a significant linear correlation with the pathogen genome concentra-
tions. This survey provides the necessary pathogen concentrations to add to biosolid aerosol risk and pathogen
exposure analyses and clarifies the effectiveness of class A stabilization methods with the pathogen and
indicator loads in biosolids.

Domestic sewage sludges that have been stabilized to reduce
pathogen content are termed biosolids; their beneficial reuse
for agricultural applications constitutes approximately 60% of
the 7 million dry tons generated each year in the United States
(6). Driven by health complaints from residents living near
application sites, concern has been expressed that a hazardous
exposure is created when biosolid aerosols are spread onto
fields, incorporated into soils, and released during high-wind
events (23, 36). Research in the last 5 years has made signifi-
cant progress in estimating the human exposure to total bio-
solid aerosols and biosolid indicator microorganisms. Ad-
vances include both the development and calibration of
theoretical and empirically based microbial aerosol models to
assess off-site exposure during land application operations (8,
16, 31, 54) and the application of culture and DNA-based
microbial-source tracking methods to these aerosols (5, 14).
However, the paucity of information on the viral and bacterial
pathogen content of biosolids has limited model use and ef-
fectiveness.

The U.S. Environmental Protection Agency (EPA) classifies
end-product biosolids as class A (pathogen free) or class B
(contains pathogens) based on indicator content and/or tech-

nologies used for stabilization (48). It is therefore important to
distinguish between regulatory classes and treatment classes
when describing the pathogen load in biosolids. In large U.S.
municipalities, biosolids are most commonly stabilized with
mesophilic anaerobic digestion (MAD) to produce a class B
product, but current trends show that U.S. utilities have or are
considering options for upgrading stabilization technology to
produce class A biosolids. This includes the conversion to
temperature-phased anaerobic digestion (TPAD) operations
and/or composting the biosolids after anaerobic digestion
(COM) (20). Meeting class A status requires the monitoring of
fecal coliforms for estimating pathogen content, while the
monitoring of enteric viruses, helminth ova, and Salmonella
spp. is not required as long as “time and temperature” require-
ments are met. The majority of U.S. class A operations choose
to meet class A status with time and temperature treatment-
based alternatives. Based on these regulatory monitoring tar-
gets, most culture- or PCR-based biosolid studies have focused
on these microorganisms and similar enteric pathogens (i.e.,
Listeria monocytogenes, enterovirus, and Clostridium perfrin-
gens) but have not diversified to other relevant airborne patho-
gens, like Legionella pneumophila, that may proliferate during
stabilization where enteric pathogens cannot (1, 9, 22, 28, 34,
40, 41, 53). Only recently, and in limited sample sizes, have
researchers begun to directly compare the diverse sludge sta-
bilization methods available, including MAD, liming, and com-
posting, to understand how selected enteric pathogens and
indicators are removed (18, 22, 32, 34).
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Comprehensive surveys that include dominant class A and class
B stabilization practices have not been undertaken, and relevant
airborne pathogens such as Legionella pneumophila and adenovi-
rus have not been quantified in biosolids. Furthermore, the rela-
tionships between resistant-pathogen concentrations and fecal in-
dicators have not been studied. This lack of information precludes
meaningful aerosol pathogen exposure analysis, and subsequent
regulatory and infrastructural decisions (such as requiring class A
standards for land application) cannot be accurately evaluated.
The production of such information has therefore been placed as
a top priority among concerned citizens, biosolid researchers, and
practitioners (4, 19, 21, 38).

To address these needs, the following study evaluates se-
lected indicator and human pathogen levels in a library of class
A and class B biosolids. A total of 16 class B and 20 class A
samples were collected from treatment plants across the
United States; these biosolids were produced using the com-
mon class B stabilization method of MAD and class A stabi-
lization methods, including TPAD, COM, and MAD, plus heat
pelletization (MH). The relationship of culturable bacterial
and viral indicators with quantitative PCR (qPCR)-derived
pathogen concentrations was investigated for each class and
stabilization method to ascertain how indicators could be used
to estimate human pathogen levels. The pathogens considered
include the respiratory- and gastrointestinal-related human ad-
enovirus species, the airborne pathogen Legionella pneumo-
phila, and two environmentally resistant pathogens, Staphylo-
coccus aureus and Clostridium difficile, which are capable of
extended survival under desiccation, UV irradiation, and oxi-
dative-stress conditions (13).

MATERIALS AND METHODS

Sampling. Biosolid samples were collected from 29 wastewater utilities across
the United States in states where agricultural application is the primary biosolid

end-use regimen. The targeted stabilization processes included MAD (class B; 16
samples), TPAD (the time and temperature treatment option for class A; 8
samples), class A COM (10 samples), and class A MH (2 samples). For six
treatment locations, both an anaerobically digested and a compost sample were
obtained, and two compost samples were taken from one facility as two different
end products, one having a longer curing time. All facilities treated a mixture of
primary and secondary sludge. Table 1 provides a summary of the solid retention
times, stabilization temperatures, and dewatering processes used for the biosolid
samples in this survey.

The anaerobically digested samples were aseptically collected at conveyor belts
at the end of the treatment process or the truck loading area in accordance with
U.S. EPA-recommended procedures in method 1680 (50). The compost samples
were collected from curing piles that were ready for agriculture application. Five
100-g samples were shipped overnight on ice to the laboratory and processed
within 24 h of collection. Upon arrival, the five 100-g samples were mixed
together to form a composite biosolid sample, and the sample was subsequently
split into fractions for immediate culture analysis and gravimetric solid content
analysis (15) or frozen at �80°C for qPCR analysis.

Culture enumeration. Biosolid indicators, including fecal coliforms, male-
specific coliphages, and sulfite-reducing Clostridia, were enumerated by cultur-
ing. For bacterial indicator analyses, duplicate 15 to 25 g (wet) samples were
eluted in sterile 0.1% peptone water with 0.05% Tween 80 (29) followed by
mixing for 1 h at 250 rpm. Serial dilutions were made in sterile 1� phosphate-
buffered saline (0.14 M NaCl, 0.01 M phosphate, 0.03 M KCl [pH 7.4]), and
indicator bacteria were quantified using membrane filtration with 0.45-�m-pore-
size, 47-mm-diameter filters (Millipore Co., Billerica, MA). Fecal coliforms were
cultured for 24 h at 44.5°C on mFC agar (Difco, Inc., Detroit, MI) with 0.01%
rosolic acid and identified as dark blue colonies (15). Sulfite-reducing clostridia
were cultured with egg-yolk-free tryptose sulfite cycloserine agar (Difco, Inc.,
Detroit, MI) in anaerobic chambers (BBL GasPak; Becton Dickinson, Inc.,
Sparks, MD) for 48 h at 37°C (42). Black colonies were identified as sulfite-
reducing clostridia.

Male-specific coliphages were eluted from biosolids following a modified U.S.
EPA method for the recovery of viruses from sludge (35, 51). Briefly, 25 ml of
sterile 10% beef extract buffer was added to duplicate 5- to 9-g (wet) biosolid
samples and adjusted to a pH of 9. The samples were stirred for 2 h at 250 rpm,
followed by centrifugation in sterile Teflon tubes at 10,000 � g for 30 min at 4°C.
The supernatant was collected, adjusted to a pH of 7.2, 0.2-�m filter sterilized,
and analyzed by the double agar layer method (49). For the double agar layer
method, serial dilutions were made in sterile phosphate-buffered saline, and
duplicate 1-ml aliquots of each biosolid dilution were combined with 4 ml molten

TABLE 1. Operational parameters for biosolid stabilization processes

Stabilization process
and configuration

Parametersa

Solid content (%)b

1 2

MAD 35–37°C for �20 days (5), for 20–25 days
(6), and for �25 days (4)

High-solids centrifuge (6), belt filter press (5),
solid-bowl centrifuge (2), and none (2)

22 � 2.9, 17 � 3.0, 22, 1

TPAD
Meso-Thermo 38–41°C for 15–20 days, 55°C for 5–15 days

(2)
High-solids centrifuge (4), belt filter press (3),

none (1)
29 � 3.2, 19 � 1.3, 3

Thermo-Meso 55°C for 15–30 days, 35–37°C for 15–30
days (3); 55°C aerobic for 5–10 days,
32–37°C for 15–30 days (1)

Thermo-Thermo 54–56°C for 20 days, 48–56°C for 3–5 days
(2)

MH 35–37°C for 10–20 days, dewatering,
followed by a low-pressure oxidation
drying system (2)

High-solids centrifuge (1), solid bowl
centrifuge (1)

93, 91

COM Agitated windrow method (8) Sawdust, green waste, woodchips, and paper
(6); no amendment (2)

45 � 12.4; 80 � 2.2

In-vessel composting (1 short and 1 long
curing)

Sawdust, woodchips, paper (2) 38 � 1.4

a Parameters for the MAD, TPAD, and MH stabilization processes are temperatures and solid retention times (no. of samples) in column 1 and the dewatering
processes (no. of samples) in column 2. Parameters for the COM stabilization process are composting configurations (no. of samples) in column 1 and amendments
in column 2.

b Solid content percentages correspond to the averages � standard deviations for the respective dewatering methods and amendments.
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tryptic soy agar (0.7%) and 1 ml of log-phase Escherichia coli ATCC 15597
(American Type Culture Collection, Manassas, VA) and poured onto tryptic soy
agar plates. The plates were incubated for 24 h at 37°C, and the plaques in the
E. coli lawn were identified as male-specific coliphages. Escherichia coli phage
MS2 (ATCC 15597-B1) was used as a positive control.

For the culture-based bacteria and bacteriophage indicator assays, detection
limits were calculated based on the wet sample weight and the sample’s biosolid
content, which varied primarily by the stabilization treatment. For each biosolid
treatment, the ranges of detection limits (geometric average, maximum, and
minimum, respectively, in CFU/dry g) calculated for the bacterial assays were
17.6, 139.8, and 7.1 for MAD; 12.0, 19.3, and 7.9 for TPAD; 6.8, 13.5, and 3.4 for
COM; and 3.9, 4.8, and 3.1 for MH. The ranges of detection limits (in PFU/dry
g) for the bacteriophage assays were 26.1, 321.8, and 14.2 for MAD; 20.0, 60.6,
and 11.7 for TPAD; 9.5, 17.1, and 5.2 for COM; and 4.6, 4.8, and 4.4 for MH.

Pathogen genome enumeration with qPCR. The quantification of human
pathogen genomes in biosolids was performed using TaqMan real-time qPCR.
Prior to the qPCR analyses, experiments were conducted to optimize biosolid
inhibitor removal during DNA extraction and the qPCR assay. An exogenous
external control was also used to control for inhibition in each biosolid DNA
extraction prior to the qPCR analyses.

(i) Extraction of nucleic acids. DNA was extracted from 0.05 to 0.3 g wet
biosolids with the Mo Bio PowerSoil DNA kit (Mo Bio Laboratories, Carlsbad,
CA) according to the manufacturer’s instructions for high yields of DNA. For the
composted biosolids, greater inhibition and brown discoloration were initially
noted, so the amount of starting material was decreased in the composting matrix
(�0.15 g). To increase the DNA yields, the following modifications were used.
The initial cell lysis utilized an additional heat step at 70°C for 10 min followed
by bead beating (Mini-Beadbeater; Biospec Products, Bartlesville, OK) at 2,500
rpm for 3 min instead of vortex agitation. The incubation with buffers S2 and S3

was increased to 10 min at 4°C, and a second centrifugation step was used to
maximize the supernatant recovery at each step. Also, the final DNA elution
from the silica filter was performed by adding Tris-EDTA buffer heated to 50°C
and incubating for 5 min at room temperature before the final centrifugation.

DNA extraction efficiencies were determined for each biosolid matrix and
used in the final calculation of the pathogen genomes/dry g biosolids. To calcu-
late the DNA extraction efficiency of the Mo Bio PowerSoil DNA kit, Entero-
coccus faecalis pure cultures were spiked at a concentration of 107 total cells/0.25
g biosolids and extracted using the previously described extraction protocol. The
E. faecalis genomes were then diluted and quantified using the Enterococcus
genus qPCR assay specified in Table 2. E. faecalis was chosen for its extraction
efficiency due to its gram-positive cell wall and relatively high resistance to cell
lysis. Parallel DNA extractions were performed on biosolid samples that were
not spiked to determine the background qPCR Enterococcus levels and to ensure
that the levels were at least 3 orders of magnitude less than the spiked E. faecalis
concentration. The average biosolid DNA extraction efficiency was calculated by
dividing the amount of E. faecalis genomes recovered from the biosolid matrix by
the amount recovered from E. faecalis spiked in tubes with no biosolids. The final
extraction efficiencies were based on the average of five biosolid samples for each
biosolid matrix (MAD, TPAD, and COM).

(ii) qPCR assays. Previously published qPCR primers and TaqMan probes
were used for the qPCR amplification of pathogen genomes; the sequences used
are listed in Table 2. Commercial TaqMan probes were labeled with 6-carboxy-
fluorescein and butylhydroquinone (Biosearch Technologies, Novato, CA). For
all the TaqMan qPCR analyses, triplicate 20-�l qPCRs were prepared with 2�
TaqMan PCR master mix with ROX passive reference dye (Roche Diagnostics,
Indianapolis, IN), 0.4 mg/ml bovine serum albumin, 1.5% polyvinylpyrrolidone
(molecular weight, 25,000; Sigma-Aldrich, St. Louis, MO), and 5 �l DNA tem-
plate (34). Adenovirus species and internal control reactions used 250 nM of

TABLE 2. PCR primers, probes, and parameters used in the study

Target group (gene) ID Sequence (5�–3�) Size (bp) Tempanneal
a

(oC), time
Standard curve slope,

intercept (R2)b Reference(s)

Adenovirus spp. (all 51 types)
(hexon)

18895F GGA CGC CTC GGA GTA CCT GAG 120 55, 60 s �3.380, 43.187
(0.992)

27

18990R ACN GTG GGG TTT CTG AAC TTG
TT

18923P CTGGTGCAGTTCGCCCGTGCCA
Staphylococcus aureus (nuc) F CGCTACTAGTTGCTTAGTGTTAAC

TTTAGTTG
124 60, 60 s �3.572, 42.635

(0.979)
2

R TGCACTATATACTGTTGGATCTTC
AGAA

P TGCATCACAAACAGATAACGGCGT
AAATAGAAG

Clostridium difficile (tcdB) F GAAAGTCCAAGTTTACGCTCAAT 177 57, 60 s �3.571, 42.456
(0.998)

52

R GCTGCACCTAAACTTACACCA
P ACAGATGCAGCCAAAGTTGTTG

AATT
Legionella pneumophila (mip) 409F AATGGTGTTAAACCTGGTAAA

TCGG
114 60, 60 s �3.550, 44.161

(0.989)
17

523R CCTGAAAAGTAGCTGGCTTAC
CAGT

460P CGTCTGATTGATGGTACCGTTTTT
GACAG

Enterococcus spp. (23S)c 748F AGAAATTCCAAACGAACTTG 96 60, 120 s �3.379, 39.750
(0.976)

24

854R CAGTGCTCTACCTCCATCATT
813P TGGTTCTCTCCGAAATAGCTTTAG

GGCTA
puc19 exogenous control 49F CGG AGA CGG TCA CAG CT 94 55, 120 s N/A 46, this study

448R TTG CAT GCC TGC AGG T
200F ATTCAGGCTGCGCAACTGTTG
294R TTAATCGCCTTGCAGCACAT
231P TCGGTGCGGGCCTCTTCGCTA

TTAC

a Tempanneal, annealing temperature.
b Standard curve values represent the average of the results from at least three independent standard dilutions. Concentrations (CT) were determined with the

following formula: CT 	 slope � log(concentration) � y intercept. N/A, not applicable.
c Standard curve calculations account for the four 23S gene copies in each Enterococcus cell.

166 VIAU AND PECCIA APPL. ENVIRON. MICROBIOL.



each primer and 125 nM of TaqMan probe, while all bacterial analyses were
conducted with 300 nM of each primer and 100 nM of TaqMan probe. The
qPCRs were run on an ABI Prism 7500 sequence detector under standard
thermal-cycling conditions, consisting of an initial 10 min of denaturation at
95°C, followed by 45 cycles of 15 s of denaturation at 95°C and 60 s of annealing/
extension (the assay-specific temperatures are listed in Table 2).

Standard curves were developed for each qPCR bacterial pathogen assay using
genomic DNA. Starting nucleic acid concentrations were determined by a Nano-
drop ND-1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilming-
ton, DE). Three to five independent dilution series were aliquoted from 100 to
106 genomic units (GU)/reaction with the genomic DNA of Legionella pneumo-
phila subsp. pneumophila (ATCC 33152), Staphylococcus aureus subsp. aureus
strain MU50 (ATCC 700699), Clostridium difficile (ATCC 90556-M6S), and
Enterococcus faecalis (ATCC 19433). For adenovirus species standard curves, a
301-bp region of the hexon gene from adenovirus serotype 40 was PCR amplified
with previously published primers (3). The PCR amplicon was subsequently
cloned into a pCR4-TOPO plasmid vector, transformed into competent E. coli
following the manufacturer’s instructions (TOPO TA cloning kit; Invitrogen,
Carlsbad, CA), and purified with a QIAprep spin miniprep kit (Qiagen, Inc.,
Valencia, CA). The hexon gene plasmid DNA was then quantified and diluted as
previously described for genomic DNA. Standard curves were used to relate a
threshold cycle value to genome concentrations in biosolid samples, and standard
log regression parameters are listed for each assay in Table 2. Negative controls
and a standard curve were included with every assay. Each qPCR pathogen assay
could consistently detect 10 pathogen genomes per reaction, while cases with one
pathogen genome were typically detected in only one out of three replicates.

Prior to any qPCR pathogen analyses, DNA inhibition was explored in each
biosolid DNA extract using an exogenous external control (the pUC19 plasmid)
assay. The pUC19 plasmid was spiked into each biosolid sample with no dilution,
a 1:2 dilution, and a 1:5 dilution at 104 copies puc19/reaction. The percent
difference in threshold cycle values from each biosolid dilution was compared to
the control, and in cases where inhibition was observed (Student’s t test, P �

0.05), the biosolid DNA extract was diluted until inhibition was removed (12).
The inhibitory effects were also checked for each pathogen assay by spiking
known concentrations of genomic DNA for the relevant pathogen and compar-
ing to the standard curve with at least two biosolid samples from each treatment.

(iii) Pathogen confirmation with DNA sequencing. Pathogen serotypes were
determined for a subset of the positive biosolid qPCRs with DNA sequencing.
After qPCR, positive reactions were purified with the MinElute reaction cleanup
kit (Qiagen, Inc., Valencia, CA). Sequencing was performed on an AB 3730xl
DNA analyzer, and phylogenetic analyses were conducted using MEGA version
4 (45). To ascertain further differences in the sequences for L. pneumophila and
adenovirus species, nested PCR followed by sequencing was also performed
using previously described assays (3, 10).

Statistical interpretation. All culturable indicator and pathogen genome data
were log10 transformed and evaluated for lognormality using the Andersen-
Darling test. Analysis of variance (ANOVA) followed by Tukey’s postcompari-
son tests were used to show the differences between the concentrations of
pathogens and indicators (P � 0.05) for each biosolid stabilization treatment.
Multivariate ANOVA (MANOVA) was used to rank biosolids based on all
indicator and pathogen data. Lognormal data were also analyzed with Pearson’s
correlation coefficient and linear regression to understand the relationships be-
tween culturable indicator and human pathogen concentrations. Statistics were
calculated in Minitab version 15.0.

RESULTS

The following results present a comparison of biosolid indi-
cators and human pathogen genomes in biosolid samples orig-
inating from domestic wastewater sludges stabilized via the
following methods: MAD (class B), TPAD (class A), COM
(class A), and MH (class A). Since the goal of the survey was
to capture trends between different treatment processes and
because the concentration data were found to be lognormally
distributed, the results are presented as the geometric (log)
average and standard deviation for each treatment type rather
than for individual biosolid samples. The class A MH results
are shown for comparison purposes but are not statistically
evaluated because of the limited sample size (n 	 2).

Culturable indicators in biosolids. Figure 1 depicts the con-
centration of culturable indicators in biosolids from the four
stabilization methods using a box-plot format. Comparisons
between each biosolid stabilization treatment show that indi-
cator concentrations in class A biosolids are lower than class B
biosolids for fecal coliforms, male-specific coliphages, and sul-
fite-reducing clostridia (ANOVA, P � 0.005). Mean fecal co-
liform concentrations corresponded to U.S. EPA regulatory
limits for each biosolid class (class B, 2 � 106 CFU/dry g; class
A, 103 CFU/dry g), with class B MAD samples averaging 1.5 �
105 CFU/dry g and all but seven class A samples with fecal
coliform concentrations below the detection limits. Two of 16
class B MAD samples exceeded the allowable U.S. EPA fecal

FIG. 1. Box-and-whisker plots of the log biosolid indicator concentrations after four stabilization treatments (pooled data for 16 MAD, 8
TPAD, 10 COM, and 2 MH samples). The inner box lines represent the geometric medians, while the outer box lines represent the 25th and 75th
data percentiles (inner quartile range [IQR], the whiskers extend to 1.5 times the IQR, and the unfilled circles indicate data outliers.
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coliform limits but were not higher than 107 CFU/dry g, while
only one TPAD sample surpassed the U.S. EPA class A allow-
able limit of 103 CFU/dry g. Male-specific coliphages were
detected in the class A treatments when fecal coliforms were
not, especially in the TPAD samples, which averaged 102 to 103

PFU/dry g. Since sulfite-reducing clostridia are known to grow
well in anaerobic digesters, their presence was expected in the
high concentrations seen here (4.5 � 106 CFU/dry g for MAD
samples and 2.0 � 106 CFU/dry g for TPAD samples). Sulfite-
reducing clostridia were also present in the class A COM
samples but at two logs lower (1.3 � 104 CFU/dry g) than both
the MAD and TPAD biosolids (ANOVA, P � 0.005). Overall,
the magnitude differences between class B and class A treat-
ments were highest for fecal coliforms (5-log difference), while
1- to 3-log differences were observed for male-specific coli-
phages. Male-specific coliphage concentrations can be used to
rank the stabilization methods using Tukey’s postcomparison
tests, with the rank order as follows: class B MAD (8.7 � 103

PFU/dry g) � class A TPAD (6.4 � 102 PFU/dry g) �� class A
COM (8 PFU/dry g). On the other hand, Tukey’s postcompari-
son tests for fecal coliforms show only that class B biosolids ��
class A TPAD and COM, while no differences are revealed
between the class A treatments.

Human pathogen genomes in biosolids. Before human
pathogen genome detection was performed with qPCR, both
the inhibitory effects of the biosolid DNA extracts and the
qPCR detection limits were evaluated. This evaluation com-
pared common laboratory DNA extraction methods (5) and
commercial kits used for environmental matrices (Qiagen
Miniprep, Mo Bio PowerSoil DNA, and Mo Bio UltraSoil
DNA kits) and found that the Mo Bio PowerSoil DNA kit
effectively removed inhibitors in all biosolid treatment types,
whereas other kits did not (data not shown). Next, to ensure
that there was no inhibition during qPCR, the qPCR amplifi-
cation for an exogenous external control (the puc19 plasmid)
in each biosolid DNA extract was compared to a control stan-
dard in a noninhibitory matrix. No significant decreases in
amplification efficiency (�5%) were noted in most biosolid
samples, and in those with a greater-than-5% decrease in ef-
ficiency, a 1:5 dilution of the biosolid DNA extract removed
this effect. The qPCR detection limits were next determined as
shown in Table 3; these detection limits varied from sample to
sample due to differences in the biosolid moisture content, the
need to dilute templates, and the DNA extraction efficiency for

a particular treatment. Average DNA extraction efficiencies
were used to calculate both the final pathogen concentrations
and detection limits for each biosolid treatment (Table 3).
Based on the calculated qPCR assay sensitivity, pathogen con-
centrations should be at least 3.8 � 103 GU/dry g for MAD,
6.3 � 102 GU/dry g for TPAD, and 5 � 102 GU/dry g for COM
to be detected by the qPCR method.

Human pathogen genomes were detected by qPCR in both
class A and class B biosolids. Table 4 shows the detection
frequencies for genomes of adenovirus species, Staphylococcus
aureus, Clostridium difficile, and Legionella pneumophila for
each treatment. The detection frequencies were highest for
adenovirus genomes because concentrations were detected
well above the detection limits. On the other hand, bacterial
pathogen genomes were observed at or near the detection
limits, so the higher detection frequencies for the class A
treatments in Table 4 likely resulted from the ability to detect
lower log concentrations than for the class B biosolids. In most
samples, genomes from at least one pathogen were detected.
The exceptions were samples within the class A treatments and
included 2 COM samples, one with the longest curing time,
and a TPAD sample that utilized both aerobic and anaerobic
digestion. Genomes from multiple pathogens were detected in
16/36 biosolid samples; concurrent encounters of L. pneumo-
phila and adenovirus species were most frequently observed
(10/36 samples).

Figure 2 provides qPCR results for the selected viral and
bacterial pathogen genomes. When pathogen genomes were
present, the geometric average concentration for all pathogen
genomes was lower for the class A biosolids relative to that of
the class B biosolids. The differences were greatest for adeno-
virus species genomes in class B MAD biosolids (5.0 � 105

GU/dry g) compared to class A COM biosolids (2.5 � 104

GU/dry g) (ANOVA, P � 0.05). While S. aureus and C. difficile
genomes were found more frequently in class A TPAD sam-
ples (Table 4), their concentrations were significantly lower
than class B MAD concentrations (ANOVA, P � 0.05).

To confirm the qPCR results, a subset of positive samples
was sequenced. For the adenovirus species, types 31 (subgenus
A), 3 (subgenus B:1), and 41 (subgenus F) were isolated; these
strains correspond to human adenovirus causing gastrointesti-
nal (subgenus F) and acute respiratory infections (subgenera
B:1 and A) (3). L. pneumophila sequences were closely related
to serotypes L. pneumophila subsp. Dallas and L. pneumophila

TABLE 3. DNA extraction efficiency and quantitative PCR assay
detection limits for each biosolid matrixa

Treatment

Solid content
(%)

DNA
extraction

efficiency (%)

Log detection
limit/dry gb

Avg SD Avg SD Min Avg Max

MAD 17 7.4 10.8 8.6 3.38 3.58 4.29
TPAD 22 9.5 45.9 34.3 2.65 2.87 3.36
COM 51 18.2 55.5 39.3 2.48 2.71 2.89
MHEAT 92 NA ND ND 2.52 2.54 2.55

a Avg, average; SD, standard deviation; Min, minimum; Max, maximum; NA,
not applicable; ND, not determined.

b Detection limits were calculated as (1 genome/qPCR volume) � DNA elu-
tion volume/(wet weight � solid content � % DNA extraction efficiency).

TABLE 4. Percentage of biosolid samples with detectable
pathogen genomes

Human pathogen

% of positive samples

Class B MAD
(n 	 16)

Class A

TPAD
(n 	 8)

COM
(n 	 10)

MH
(n 	 2)

Virus
Adenovirus spp. 88 75 70 100

Bacteria
Legionella pneumophila 31 25 50 0
Staphylococcus aureus 19 50 0 0
Clostridium difficile 25 38 0 0
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subsp. Corby in 5 MAD, 2 TPAD, and 3 COM samples but not
to the control, which was L. pneumophila subsp. Philadelphia.
S. aureus was also confirmed for 100% of the MAD and TPAD
samples tested, but the 124-bp amplified region of the nuc gene
used in the qPCR did not allow for differentiation among S.
aureus serotypes. Similarly, C. difficile-positive biosolids were
confirmed at the species level for all positive MAD and TPAD
samples.

Finally, MANOVAs were used to rank the biosolid stabili-
zation methods by giving equal weight to the pathogen genome
and indicator concentrations. From the method with the lowest
to the highest pathogen and indicator loads, the biosolid sta-
bilization methods can be ranked as follows: (i) class A COM,
(ii) class A TPAD, and (iii) class B MAD (MANOVA, P �
0.005).

Statistical relationships between indicators and pathogen
genomes. Linear correlations between culturable indicators
and pathogen genomes were investigated for both the pooled
data set (all treatments) and data from each stabilization treat-
ment. For the bacterial pathogen genomes, only results with
pathogen presence above detection limits are included in this
analysis. Since each biological parameter was lognormally dis-
tributed, parametric statistics were used first to determine sta-
tistically significant correlations (Pearson’s correlation coeffi-
cient [rp] and P value) and to then understand the behavior and
variance of correlated pathogen-indicator pairs (linear regres-
sion equation [R2]). In general, an rp of �0.6 shows a strong
positive correlation, and an rp of �0.3 but �0.6 shows a weak
to moderate positive relationship. When the biosolids data
were analyzed together, strong positive correlations were
noted between both indicator-indicator and pathogen-indica-
tor pairs. Fecal coliforms, the chosen U.S. EPA indicator, were
positively correlated to human pathogen genomes, including
adenovirus species genomes (rp 	 0.613; P � 0.005) and C.
difficile genomes (rp 	 0.749; P � 0.05), and weakly correlated

to L. pneumophila genomes (rp 	 0.493; P 	 0.10). Correla-
tions were also observed between male-specific coliphages and
adenovirus species genomes (rp 	 0.506; P � 0.005), C. difficile
genomes (rp 	 0.851; P � 0.05), and S. aureus genomes (rp 	
0.685; P � 0.10). All indicator-indicator relationships were
strongly significant (e.g., fecal coliforms to male-specific co-
liphages, rp 	 0.773 and P � 0.005), but no pathogen genome-
pathogen genome relationships were found. The sulfite-reduc-
ing Clostridium indicator was only correlated to other
indicators but not to the bacterial and viral pathogens in this
study. The data analyzed within a single treatment did not
reveal significant pathogen-indicator relationships, likely due
to the limited number of points and small spread of concen-
trations found for each treatment.

Positive correlations between pathogen genomes and in-
dicators are shown in Fig. 3, which shows the fitted-line plots
for each significantly related pathogen-indicator pair. Both
fecal coliform and male-specific coliphage indicators can
predict weak to moderate linear increases in pathogen ge-
nomes (R2, 24 to 72%). The major trend that emerges within
the linear regression equations is that the slope of the line is
both positive and similar for a specific indicator, regardless
of the pathogen. The culturable fecal coliforms (Fig. 3a to c)
increase 5.4 logs for each l-log change in pathogen genomes,
while the culturable male-specific coliphages (Fig. 3d to f)
average a 2.8-log increase for every 1-log increase in patho-
gen genomes.

DISCUSSION

Biosolids are increasingly diverted for agricultural applica-
tion in the U.S. and worldwide. The concerns over infectious
risk, coupled with recent trends to upgrade stabilization tech-
nologies to produce class A biosolids, underscore the need to
understand how indicator and pathogen contents vary for com-

FIG. 2. Box-and-whisker plots of the log pathogen genome concentrations of positive samples for each biosolid stabilization method. The inner
box lines represent the geometric medians, while the outer box lines represent the 25th and 75th data percentiles (IQR), the whiskers extend to
1.5 times the IQR, and the unfilled circles indicate data outliers. For each treatment, the dashed line represents the minimum detection limit within
the treatment.
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FIG. 3. Linear regression analyses between significantly correlated pathogen genomes (GU) and culturable indicators. Only positive samples were
used for the linear regression of bacterial pathogen genomes. Stabilization methods are represented by the following symbols: black circles, MAD; unfilled
circles, TPAD; and gray circles, COM. For each plot, the best-fit linear regression line (solid line) and 95% confidence intervals (dashed lines) are shown
for the linear equation below the y axis. R2 values are presented to indicate how much variance is described through the linear regression analyses.
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monly used stabilization processes. The survey results pre-
sented here allow for an enhanced understanding of biosolids
and associated biosolid aerosol pathogen loads as a function of
class and stabilization, demonstrate the utility of quantifying
pathogen genomes in biosolids, and provide new information
on the effectiveness of indicators used in the U.S. EPA land
application regulations.

Reduced pathogen genome and indicator loads in class A
biosolids. Both culturable indicator and pathogen genome
concentrations were consistently lower in class A biosolids
compared to class B biosolids. These concentration differences
were greater for culturable indicators (Fig. 1) than pathogen
genomes (Fig. 2). Of the four biosolid stabilization technolo-
gies targeted here, class A COM and class A MH provided the
lowest levels of both culturable indicators and pathogen ge-
nomes, followed by class A TPAD and finally class B MAD.
Indicator concentrations were comparable to previously re-
ported values (1, 18, 22, 32, 33, 40) and were homogenous
within treatment types, even with highly diverse operation pa-
rameters (Table 1). For the pathogens considered, only ade-
novirus species genomes have been previously quantified in
biosolids. In this previous study, which was limited to MAD
samples (7), adenovirus genome concentrations were 1 to 2
logs lower than those reported for MAD samples in our study.
One difference that partially explains the concentration differ-
ence is the inclusion of DNA extraction efficiencies in our
study.

While our approach was to identify trends using averaged
treatment values, an analysis of individual plant data showed
one notable exception. In contrast to the average decreasing
trend from class B to class A, three of the five plants that
provided influent (MAD) and effluent (COM) samples had an
increase in Legionella pneumophila genomes. Of the three in-
dicators and four pathogens considered, L. pneumophila ge-
nomes were the only ones to show an increase during com-
posting. L. pneumophila is associated with warm, aerobic
environments similar to that of a compost heap and appears to
have the potential to proliferate during composting. The trans-
mission of Legionnaires’ disease from garden compost has
been documented (11), and L. pneumophila has also been
shown to grow on heat-killed microbial cells in thermophilic
environments (47). It is important to note that our research
focus was not on L. pneumophila inactivation in compost and
we are not aware of other reports detailing the inactivation or
growth of L. pneumophila in compost heaps. We therefore list
this as a noteworthy observation that merits further investiga-
tion rather than as a firm conclusion.

This study also reports the first detection (by culture or
PCR) of Staphylococcus aureus and Clostridium difficile in bio-
solids. Special attention should be given to the detection of S.
aureus genomes here as a link has been suggested between this
organism and infection in residents living near agricultural
class B land application sites (30). Rusin et al. (41) previously
applied culture-based methods to detect S. aureus in 2 raw
sewage sludge, 6 MAD, 10 lime-treated, 1 TPAD, 1 COM, and
4 MH biosolid samples from across the United States. Cultur-
able S. aureus was detected only in one of two untreated sew-
age sludge samples and not in finished biosolid products (41).
Our study was able to detect S. aureus genomes in 3/16 class B
MAD and 4/8 class A TPAD biosolids with all concentrations

at or near detection levels. While our qPCR results and the
detection of S. aureus in untreated sludges suggest that there
is potential for infectious Staphylococcus aureus to be in
biosolids, there is still no evidence of infectious S. aureus in
biosolids.

qPCR and pathogen viability. Studies with pathogens in a
broad variety of environmental samples suggest that the con-
centration of total genomes is typically 2 to 4 orders of mag-
nitude greater than that of culturable or infectious pathogen
concentrations (25, 34, 37, 55). An indirect comparison of
pathogen genomes to culturable indicators in this study delin-
eates a similar result, even with the incorporation of DNA
extraction efficiencies and the assurance of no qPCR inhibition
from each biosolid matrix. The qPCR results presented here
provide two useful ways for interpreting the pathogen load in
biosolids. First, the observed reduction in pathogen genome
concentrations in class A biosolids was consistent with the
decrease observed in culturable indicators (Fig. 3). This reduc-
tion suggests that as pathogens are inactivated, there will be an
associated loss in genomic material. Whether that loss in
genomic material is less than or equivalent to the loss in cul-
turability or infectivity is not known and will likely be a func-
tion of pathogen physiology and the environment which caused
the inactivation.

Secondly, in a matrix that has very little information on
pathogen load, qPCR results provide a conservative estimate
of risk. We note that the degree to which qPCR values are
conservative is not certain as the use of culturable values in risk
assessment can actually underestimate concentrations by not
detecting viable but not culturable bacteria (39). Relevant to
biosolids, nonculturable Salmonella spp. have shown reactiva-
tion potential in composted biosolids with increasing moisture
content and storage (43, 44). Similarly, nonculturable fecal
coliforms in TPAD-treated biosolids have demonstrated the
ability to recover culturability during dewatering by high-
speed centrifugation (26). In cases of possible reactivation,
qPCR has been shown to be a more accurate measure of
viable E. coli.

Quantitative microbial risk assessments for biosolids report
that the highest risk of human infection results from an aerosol
exposure in workers at the dewatering belt or entrepreneurs
spreading their own biosolids; this infectious risk was based on
an inhalation dose of one infectious adenovirus particle (54).
Here, we show high adenovirus genome concentrations, but we
can only assume the rate of infectivity based on a previous
estimation that 0.1% of these genomes are infectious in water
samples (25). If we apply this infectious percentage to ade-
novirus genome concentrations in biosolids analyzed in our
study, this would correspond to 100 to 300 infectious viral
particles per gram in class B MAD samples and 1 to 5
infectious adenovirus particles per gram in class A TPAD
and COM samples. We can translate these infectious ade-
novirus concentrations in bulk biosolid samples to a down-
wind aerosol concentration using a previously described and
calibrated aerosol transport model for respirable biosolid
material at off-site locations (31). Table 5 lists the off-site
predicted infectious aerosol values for a biosolid-disking
scenario at distances from 0 to 165 m.

Indicator monitoring and predictive indicator-pathogen re-
lationships. Fecal coliforms are the primary indicator used to
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represent the level of pathogen inactivation achieved for a
particular stabilization method and also as a proxy for the
presence of human pathogens. Of the indicators and pathogen
genomes considered in this study, fecal coliforms demon-
strated the largest decrease in concentration between class B
and class A biosolids. Fecal coliforms are either the least re-
sistant to stresses in digesters and compost heaps, or current
stabilization procedures have evolved to preferentially remove
fecal coliforms. In a cross section of biosolid samples (Fig. 1),
male-specific coliphages appear to be a more stringent test of
inactivation. When either fecal coliforms or male-specific co-
liphages are compared to pathogen presence in Fig. 3, predic-
tive relationships emerge for both indicators, irrespective of
whether the pathogen is of bacterial or viral origin. Because
male-specific coliphage presence was more likely in biosolid
samples than fecal coliforms, pathogen concentrations for a
given sample were more comparable to male-specific coliphage
values; this result suggests that they would be more useful for
documenting pathogen presence than fecal coliforms. These
observations are further supported by laboratory studies of
thermal inactivation in sludge where bacterial indicator resis-
tance was markedly lower than male-specific coliphages, and
recommendations were made for using coliphages to indicate
E. coli and Salmonella sp. inactivation with a factor of safety
(33). Male-specific coliphages are more heat-resistant than
fecal coliforms but have also shown the necessary temperature-
dependent inactivation required of a good indicator both in
batch-scale studies at relevant digester temperatures (�55°C)
and in the present study when MAD and TPAD samples are
compared (1). These findings support the mounting body of
literature that recommends monitoring biosolids with male-
specific coliphages. Finally, we note that the linear correlations
between indicators and pathogens were enabled in this present
study by quantifying pathogen genomes and because of the
log-order range of indicator and pathogen concentrations
found throughout different biosolid treatments; further studies
are warranted to understand how these relationships are rele-
vant according to specific inactivation mechanisms and to
other pathogens and environmental matrices.

While no correlations were found between sulfite-reducing
clostridia and the pathogens studied, high concentrations of
this indicator were found in all biosolid treatments. The low
reductions of sulfite-reducing clostridia were expected, since

many are thermotolerant and can proliferate in the anaerobic
digester environment. Class A COM samples are generated
from a MAD product, so even with aerobic conditions during
composting, this study and others show the ability of sulfite-
reducing clostridia to survive (40). The spores of sulfite-reduc-
ing clostridia have been proposed and used as an indicator of
the presence of biosolids and have successfully been used in
tracking class B biosolid aerosols from land application sites
when fecal coliform concentrations were not detected (5, 14).
The results here suggest that their use can be extended to
tracking class A COM and TPAD biosolids in the environ-
ment. Guzman et al. and others also suggest the use of sulfite-
reducing clostridial spores as an indicator of parasites, includ-
ing Cryptosporidium oocysts and helminth ova (22).

Conclusions. The survey results presented here quantify hu-
man pathogen genomes that may survive aerosolization or be
transmitted by aerosol routes and relate these pathogens to
culturable indicators with a focus on differences in stabilization
methods and U.S. EPA class designations for agricultural ap-
plication. Class A biosolids had less-frequent and lower con-
centrations of pathogen genomes and indicators than class B
biosolids. The reduction from class B to class A was greater for
culturable indicators than for qPCR, suggesting that while the
qPCR values can reveal inactivation, it may underestimate this
inactivation. The addition of qPCR pathogen results to aerosol
transport models revealed conservative estimates of aerosol
pathogen doses to receptors downwind of land application
sites. Finally, the survey results support previous laboratory
inactivation studies and environmental observations that pro-
mote male-specific coliphages as a more accurate and stringent
indicator of pathogen inactivation in class A and class B bio-
solids.
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