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A PCR-based method and a reverse transcriptase PCR (RT-PCR)-based method were developed for the
detection of pathogenic bacteria in organic waste, using Salmonella spp., Listeria monocytogenes, Yersinia
enterocolitica, and Staphylococcus aureus as model organisms. In seeded organic waste samples, detection limits
of less than 10 cells per g of organic waste were achieved after one-step enrichment of bacteria, isolation, and
purification of DNA or RNA before PCR or RT-PCR amplification. To test the reproducibility and reliability
of the newly developed methods, 46 unseeded samples were collected from diverse aerobic (composting)
facilities and anaerobic digestors and analyzed by both culture-based classical and newly developed PCR-based
procedures. No false-positive but some false-negative results were generated by the PCR- or RT-PCR-based
methods after one-step enrichment when compared to the classical detection methods. The results indicated
that the level of activity of the tested bacteria in unseeded samples was very low compared to that of freshly
inoculated cells, preventing samples from reaching the cell density required for PCR-based detection after
one-step enrichment. However, for Salmonella spp., a distinct PCR product could be obtained for all 22
nonamended samples that tested positive for Salmonella spp. by the classical detection procedure when a
selective two-step enrichment (20 h in peptone water at 37°C and 24 h in Rappaport Vassiliadis medium at
43°C) was performed prior to nucleic acid extraction and PCR. Hence, the classical procedure was shortened,
since cell plating and further differentiation of isolated colonies can be omitted, substituted for by highly
sensitive and reliable detection based on nucleic acid extraction and PCR. Similarly, 2 of the 22 samples in
which Salmonella spp. were detected also tested positive for Listeria monocytogenes according to a two-step
enrichment procedure followed by PCR, compared to 3 samples that tested positive when classical isolation
procedures were followed. The study shows that selective two-step enrichment is useful when very low numbers
of bacterial pathogens must be detected in organic waste materials, such as biosolids. There were no false-
positive results derived from DNA of dead cells in the waste sample, suggesting that it is not necessary to
perform RT-PCR analyses when PCR is combined with selective enrichment. Large numbers of added non-
target bacteria did not affect detection of Salmonella spp., L. monocytogenes, and Y. enterocolitica but increased
the detection limit of Staphylococcus aureus from <10 to 104 CFU/g of organic waste. Overall, the detection
methods developed using seeded organic waste samples from one waste treatment facility (WTF) needed to be
modified for satisfactory detection of pathogens in samples from other WTFs, emphasizing the need for
extensive field testing of laboratory-derived PCR protocols. A survey of 13 WTFs in Germany revealed that all
facilities complied with the German Biowaste Ordinance, which mandates that the end product after anaerobic
digestion or aerobic composting be free of Salmonella. In addition, all biosolids were free of L. monocytogenes,
Staphylococcus aureus, and Y. enterocolitica, as evidenced by both classical and PCR-based detection methods.

Biological waste can be converted by means of aerobic or
anaerobic digestion into biosolids that are usable as soil con-
ditioners and fertilizers in gardening, agriculture, and land-
scaping. For environmental and health reasons, the product
should be tested for the absence of pathogenic microorganisms
before its application. As far as pathogenic bacteria are con-
sidered, according to German legislation, biosolids have to be
free of the indicator organism Salmonella spp., as verified by
a classical enrichment procedure (16). However, numerous
other pathogenic bacteria are potentially associated with bio-

logical waste (54, 59), including Listeria monocytogenes, Yer-
sinia enterocolitica, and Staphylococcus aureus. Classical detec-
tion methods are time and labor intensive, since they are
usually based on several enrichment steps and subsequent bio-
chemical and serological identification. For this reason, there
is a need for alternative, more modern detection methods that
are more efficient and faster to perform.

PCR (48) is a powerful tool that allows the species-specific
detection of organisms based on nucleic acid amplification. It
has been used not only for the identification of isolated bac-
teria but also for analysis of food (10, 17, 35, 46), clinical (61),
and environmental (57) samples. While it is easy to amplify
DNA derived from pure cultures, problems arise if the sample
investigated is as complex as food, soil, or biological waste,
since the PCR is easily inhibited by numerous substances, in-
cluding humic acids, fats, and proteins (47, 62). Therefore,
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DNA has to be isolated and purified efficiently, and any PCR-
based procedure has to be critically evaluated for its detection
limit and reliability. Furthermore, it has to be considered that
when using PCR, the DNA of both viable and nonviable cells
is amplified. This problem can be overcome either by using an
enrichment step before nucleic acid extraction (7, 23) or by
performing reverse transcriptase PCR (RT-PCR) to amplify
only specific mRNA (28).

This work aimed at developing a PCR- and RT-PCR-based
procedure for sensitive, reproducible detection of active bac-
teria in organic waste samples, which is suited for routine
analysis. The research goal was to test the suitability of the
PCR for detection of pathogenic bacteria in biological waste,
using Salmonella spp. (12), L. monocytogenes (14), Y. entero-
colitica (27), and S. aureus (4) as model organisms. At first,
detection procedures were developed using seeded samples.
To verify the sensitivity and reproducibility of those newly
developed methods, nonseeded organic waste samples before
and after treatment were collected from diverse aerobic (com-
posting) facilities and anaerobic digestors. They were analyzed
by the PCR- and RT-PCR-based methods, as well as the clas-
sical detection methods, and the results obtained were com-
pared directly.

MATERIALS AND METHODS

Organic waste samples. For method development, both freshly suspended
waste and anaerobically digested organic waste were used for inoculation exper-
iments. The organic waste was obtained from Kaufbeuren, Germany, and con-
tained biological waste from households with a total solids content of approxi-
mately 10% (wt/vol). Samples that were free of the target bacteria were
inoculated with the corresponding bacteria as described below.

For validation of the method, 46 samples were collected from diverse aerobic
(composting) facilities and anaerobic digestors. The samples consisted of either
fresh biological waste from households, which is used as input material for
treatment facilities, or of aerobically or anaerobically treated organic waste
collected from various stages of the process. To protect the facility owners’
identity, the origin of the samples and the type of treatment process were kept
anonymous as a precondition to obtaining access to facilities. The total solids
content of samples varied from 1.3 to 45.9%.

Bacterial species and inoculation of the organic waste. Salmonella enterica
serovar Typhimurium strain 96 BR 385, Salmonella enterica serovar Senftenberg
strain DSM 10062, L. monocytogenes strain I HE/92/1104/666-2 serovar 1/2a, S.
aureus strain DSM 3464, and Y. enterocolitica strain DSM 11503 were used as
seed organisms. All strains except Y. enterocolitica DSM 11503, which was grown
at 30°C, were cultivated in sterile Luria-Bertani (LB) broth at 37°C. Cultures
were collected after overnight enrichment. The strains were washed twice and
resuspended in 0.9% NaCl solution. Cell numbers were determined by using a
Neubauer counting chamber and by plate counting. For inoculation, organic
waste samples were used that did not contain the bacterial species to be analyzed,
as confirmed by classical isolation methods. One-milliliter portions of dilutions
containing 10 to 109 cells were added to 9-ml portions of organic waste, and the

preparations were mixed by vortexing. Unseeded waste was used as a control.
Experiments were carried out either with freshly seeded organic waste or with
samples previously kept for 1 week at 4°C or at room temperature, in order to
simulate environmental conditions. Where needed, pasteurization of samples
prior to inoculation was achieved by heating to 75°C for 30 min.

Detection of pathogenic bacteria by classical isolation procedures. The isola-
tion procedure for Salmonella spp. was performed essentially according to Ap-
pendix 2 of the German Biowaste Ordinance (16). For isolation of Salmonella
spp., suspended organic waste was diluted 1:10 in peptone water and incubated
at 37°C for 20 h. Aliquots of 0.1 ml of this broth were then diluted in 10 ml of
Rappaport Vassiliadis medium (Merck) and kept at 37 and 43°C for 24 h (58).
Isolation of bacteria was carried out on xylose lysine deoxychlorate plates
(Merck) by incubation at 37°C for 24 h (13).

In the case of other pathogens, proven isolation techniques reported in the
literature were assessed by testing them on seeded biosolid samples. In general,
one to two selective enrichment steps in broth were made before plating on solid
selective media. For L. monocytogenes, 1 g of waste sample was inoculated in 9
ml of UVM-I broth (Merck) and kept at 30°C for 24 h (45). Next, 0.1 ml was
transferred into 10 ml of Fraser broth (Merck) and incubated for 24 h at 30°C
(37). Cells were plated on Oxford selective agar (Merck) and incubated for 48 h
at 37°C (11). L. monocytogenes formed gray colonies with a black diffusion zone.
For isolation of Y. enterocolitica, 1 g of waste sample was inoculated into 9 ml of
Yersinia selective enrichment broth according to Ossmer and incubated for 24 h
at 30°C (49) The suspension was streaked on CIN Agar (Merck) and kept
another 24 h at 30°C (1, 49). To detect S. aureus, 1 g of biological waste was
mixed with 9 ml of Giolitti-Cantoni medium (Merck) containing potassium
tellurite as selective reagent and incubated anaerobically (with a layer of sterile
paraffin) for 24 h at 37°C (18). The suspension was streaked on Baird Parker (3)
agar plates (Merck) and kept at 37°C for 48 h (2). Presumptive colonies were
confirmed by PCR analysis as described below. For identification of Salmonella
spp., the Wellcolex color Salmonella test (Abbott) was used as described by the
manufacturer.

Confirmation of presumptive colonies by PCR. Presumptive colonies were
picked from the agar plate, suspended in LB broth, and incubated for about 1 h
in a shaking incubator at 37°C (Salmonella spp., L. monocytogenes, and S. aureus)
or at 30°C (Y. enterocolitica). Two microliters of cell culture was added to the
PCR mixture as a template.

Enrichment of samples prior to nucleic acid extraction. Before extraction of
DNA or RNA, biological waste was suspended in enrichment broth at a ratio of
1:10. When inoculation experiments were performed, usually 1 g of waste sam-
ples was mixed with 9 ml of enrichment broth, so the term “detection limits”
refers to 1 g of organic waste. When unseeded samples were tested, usually 10 g
of waste was diluted in 90 ml of enrichment broth. One-step enrichment was
performed as indicated in Table 1, depending on the target bacterium. Enrich-
ment broth, incubation time, and temperature for optimal detection were deter-
mined in preliminary experiments with inoculated samples.

For L. monocytogenes and Y. enterocolitica, selective enrichment turned out to
be advantageous, while Salmonella spp. was enriched in nonspecific peptone
water leading to sensitive detection (7). For enrichment of S. aureus, no potas-
sium tellurite was added as a selective reagent, since its addition led to markedly
higher detection limits (104 instead of 10 cells per g), indicating inhibition of the
target organism itself. For detection of Salmonella spp. in nonamended samples,
a two-step enrichment was performed with Rappaport Vassiliadis medium (58)
as the second, selective enrichment broth prior to nucleic acid extraction and
PCR (Fig. 1). Similarly, for detection of L. monocytogenes in unseeded samples,

TABLE 1. Enrichment procedures prior to nucleic acid extraction and reference strains used

Target bacterium Reference strain Enrichment broth
Incubation

Temp (°C) Length (h)

Salmonella spp. S. enterica serovar Typhimurium 96 BR 385 Peptone water 37 20
S. enterica serovar Senftenberg DSM 10062

L. monocytogenes I HE/92/1104/666-2 serovar 1/2a UVM-1 medium 30 24
Y. enterocolitica 11503 Ossmer broth 30 24

DSM 4780
DSM 9499
DSM 1502

S. aureus DSM 3464 Giolitti-Cantoni brotha 37 24

a Broth was overlayed with sterile paraffin; no potassium tellurite was added.
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nucleic acid extraction was performed after one-step enrichment and after a
second enrichment step in Fraser bouillon (Fig. 2).

DNA isolation. The extraction procedure was performed essentially as de-
scribed before (7) with slight modifications. After one-step enrichment, the
mixture was centrifuged at 200 � g for 5 min to allow bigger particles to settle
(This step can be omitted after the second enrichment step.) One milliliter of the
supernatant containing bacterial cells was transferred into a 2-ml Eppendorf cap,
and cells were pelleted at 20,800 � g for 5 min in a cooled microcentrifuge (4°C).
After careful removal of the supernatant, the pellet was suspended in 400 �l of
lysis buffer (0.5% N-laurylsarcosine, 50 mM Tris-Cl, 25 mM EDTA [pH 8.0]),
containing freshly prepared glycogen (0.03 �g/�l). One microliter of proteinase
K (20 mg/ml) was added to the suspension, and the mixture was incubated for 1 h
at 37°C. After incubation, 600 �l of an NaI solution (6 M NaI in 50 mM Tris-Cl,
25 mM EDTA [pH 8.0]) and 1 ml of isopropanol were added, and the mixture
was centrifuged at 20,800 � g for 5 min. The pellet was washed with 35%
isopropanol and resuspended in 100 �l of sterilized water by pipetting.

Crude DNA extracts were purified with the Wizard PCR Preps DNA purifi-
cation system (Promega, Madison, Wis.) as described by the manufacturer by
using 2-ml syringes to pass the extract through the minicolumn. The DNA was
eluted by using 50 �l of hot (80°C) TE buffer (10 mM Tris-Cl, 1 mM EDTA [pH
8.0]). For detection of Salmonella spp., S. aureus, and Y. enterocolitica, the extract
was purified over one minicolumn. For successful amplification of DNA from
organic waste seeded with L. monocytogenes, it was necessary to pass the extract
through a second minicolumn.

RNA isolation. RNA extraction was performed after enrichment with the
RNeasy-Mini kit (Qiagen). After incubation, the enrichment broth was centri-
fuged at 200 � g for 5 min, and 1 ml of supernatant containing bacterial cells was
transferred into an RNase-free 1.5-ml Eppendorf cap (BioPur; Eppendorf) and
centrifuged at maximum speed for 5 min. After carefully removing the superna-
tant, 100 �l of TE buffer containing 6 �l of a 50-mg/ml lysozyme stock solution
(lysozyme stock solution stored in single-use aliquots) was added to the pellet,
mixed by pipetting, and incubated for 15 min at room temperature. After adding
350 �l of RLT buffer (kit component) containing 10 �l of �-mercaptoethanol per
ml of RLT and vigorously vortexing the mixture, the solution was centrifuged at
maximum speed for 2 min. For the following steps, only the nucleic acids-
containing supernatant was used, which was purified as described by the manu-
facturer. RNA was eluted from the column with 50 �l of RNase-free water.

Since the RNA extract was still contaminated with amounts of DNA that can
be coamplified by the RT-PCR, a DNA digestion was performed. Ten microliters
of the extracted RNA-solution was transferred into a 500-�l RNase-free Eppen-
dorf cap, 3 �l of RQ1 RNase-free DNase (Promega) was added (1 U/�l), and the
resulting solution was mixed carefully. The DNA was digested by incubating the
cap at 37°C for 30 min. For inactivation of the DNase, the solution was heated
to 75°C for 5 min and subsequently cooled on ice. The resulting solution was
either immediately used for RT-PCR or frozen at minus 80°C. Instructions
concerning the handling and storage of RNA are given in Appendix A of the
RNeasy Mini Handbook (Qiagen).

Selection of primers. Primers utilized for PCR and RT-PCR are indicated in
Table 2. They were selected after a literature research and extensive testing on
pure cultures. In addition, databases available at the National Center for Bio-
technology Information were searched by BLAST to exclude matches with other
known sequences. The primer pairs were selected not only for specificity of the
target organism, but also for their suitability for mRNA detection by RT-PCR.
For Salmonella spp., a primer pair was chosen that amplifies a 159-bp-long
fragment within the ompC gene. It has been described as being specific for
Salmonella spp. (31) and being constitutively expressed along the growth curve at

high levels at both low and high osmolarities (36), which makes it suitable as well
for mRNA detection. A primer pair amplifying a species-specific sequence within
the iap gene (6) was selected for detection of L. monocytogenes. Klein et al. (28)
described this gene as a good target for specific detection of viable L. monocy-
togenes based on RT-PCR amplification. For detection of S. aureus, the nuc gene
encoding the thermostable nuclease (5) was selected as the target gene for both
PCR and RT-PCR. No literature about mRNA expression of this gene was
available, but preliminary experiments showed easily detectable RT-PCR prod-
ucts when pure cultures were used. Primer pairs for genes that were described as
suitable for detection of pathogenic Y. enterocolitica did not amplify DNA de-
rived from four available strains of Y. enterocolitica (DSM 4780, DSM 9499, DSM
1502, and DSM 11503). Therefore, a primer pair specifically binding to a 16S
ribosomal DNA (rDNA) sequence of Y. enterocolitica (55) was selected for
Y. enterocolitica-specific PCR and RT-PCR. Hence, in this case, rRNA and not
mRNA was amplified by RT-PCR.

PCR amplification conditions. PCR was performed in 100-�l reaction mix-
tures using the HotStar Taq DNA polymerase (Qiagen). The PCR mixture
contained 10 �l of 10� PCR buffer (containing 15 mM MgCl2), 2 �l of de-
oxynucleoside triphosphate (dNTP) mix (containing 10 mM each dNTP), 0.5 �l
of each primer solution (100 �M), 0.5 �l of the HotStar Taq DNA polymerase
(5 U/�l), the template DNA (2 �l of the DNA extract), and deionized water for
a final volume of 100 �l. The reaction mixture was subjected to PCR under the
following conditions: an initial step for activation of the HotStar Taq DNA
polymerase at 95°C for 15 min followed by 35 cycles of denaturation at 94°C for
45 s, primer annealing for 1 min (annealing temperatures are indicated in Table
2), and DNA extension at 72°C for 1 min. After the last amplification cycle,
samples were kept for final extension at 72°C for 10 min and immediately cooled
to 4°C.

RT-PCR amplification conditions. For RT-PCR, both the rTth DNA polymer-
ase (Perkin-Elmer) and the Qiagen one-step RT-PCR kit were applied to com-
pare the efficiencies of the two systems. The reactions were done according to the
manufacturers� instructions. When the rTth DNA polymerase was used, the
reaction was performed in a total volume of 100 �l. First, 20 �l of a mix was
prepared for reverse transcription, containing 1� rTth RT buffer, 1 mM MnCl2,
200 �M each dNTP, the downstream primer (0.75 �M), the rTth DNA poly-
merase (5 U), and 2 �l of the RNA extract, and then the mixture was subjected
to 60°C for 35 min. In the presence of MnCl2, the rTth DNA polymerase reverse
transcribes RNA at elevated temperatures. Subsequently, the assay was cooled
on ice, and 80 �l of a mixture for DNA amplification containing 8 �l of chelating
buffer, 6 �l of MgCl2 solution (25 mM), 1 �l of the upstream primer solution
(100 pM), and 65 �l of water was added. The final concentration of the com-
ponents in the combined RT-PCR–PCR mix was 0.8� chelating buffer, 15 mM
MgCl2, and 0.15 �M upstream primer. DNA polymerase activity is enhanced by
chelating Mn2� and adding MgCl2. The resulting mixture was subjected to the
corresponding PCR temperature cycles.

When the Qiagen one-step RT-PCR kit was used, the volume of the total
reaction mixture was 50 �l. The mixture contained 10 �l of 5� Qiagen one-step
RT-PCR buffer (including 12.5 mM MgCl2), 2 �l of dNTP mix (containing 10
mM each dNTP), 0.6 �M each primer, 2 �l of Qiagen one-step RT-PCR enzyme
mix (containing the two RTs Omniscript and Sensiscript and the HotStar Taq
DNA polymerase), the template RNA (2 �l of the RNA extract), and deionized
water for a final volume of 50 �l. The mixture was subjected to RT-PCR without

FIG. 1. Flowchart for the detection of Salmonella spp. using differ-
ent methods of enrichment prior to nucleic acid extraction and PCR.

FIG. 2. Flowchart for the detection of Listeria monocytogenes using
different methods of enrichment prior to nucleic acid extraction and
PCR.
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the need to open the vials during the reaction. For reverse transcription, the vial
was kept at 50°C for 30 min. Subsequently, the temperature was raised to 95°C
for 15 min in order to activate the HotStar TaqDNA polymerase. At the same
time, RTs were denatured. From then onwards, PCR amplification was per-
formed with the corresponding PCR program as described above.

Gel electrophoresis. PCR products were identified by estimating sizes after
agarose gel electrophoresis on a 1.3% agarose gel (100 mA/80 V) and staining
with ethidium bromide.

RESULTS

Detection limits achieved by DNA extraction and PCR using
inoculated waste samples. DNA extraction and PCR detection
were performed after various steps to assess the reliability of
the detection procedure and simulate environmental condi-
tions. Detection limits were less than 10 cells per g of waste
sample for all bacterial strains tested (Table 3) when an en-
richment step was performed prior to DNA extraction (Table
1). The number of bacterial cells in the mixture of waste sam-
ple and enrichment broth (1:10) needed for positive PCR de-
tection in the absence of incubation was 106/ml, corresponding
to 107/g of organic waste for all target organisms except S.
aureus, for which it was 1 order of magnitude less (Table 3).
Detection limits in inoculated waste samples that had previ-
ously been pasteurized were similar to those in samples that
were just suspended but not incubated in the enrichment broth
(Table 3). For this experiment, waste samples were spiked and
pasteurized as described in Materials and Methods. Next they
were subjected to the complete detection procedure, including
one-step enrichment, DNA extraction, and PCR. Due to the
enrichment step, dead cells were excluded from detection at

concentrations below 107 cells (Salmonella spp., L. monocyto-
genes, and Y. enterocolitica) or 106 cells (S. aureus) per g of
waste sample.

To simulate natural conditions, inoculated waste samples
were kept for 1 week at room temperature or 4°C. In the case
of Salmonella, detection limits remained at 10 originally inoc-
ulated cells per g of waste, whereas detection limits for the
other bacteria tested changed (Table 3). The reason for this
change is most likely a loss of cell viability during storage.
Samples were also inoculated with a large number (107/g) of
the other three strains of bacteria tested in addition to the
target organism. For Salmonella spp., L. monocytogenes, and
Y. enterocolitica, detection limits were not affected. However,
the detection limit of S. aureus changed markedly in the pres-
ence of large numbers of nontarget bacteria (Table 3). This
result may be due to the loss of selectivity of the enrichment
medium by omitting potassium tellurite.

Detection limits achieved by RNA extraction and RT-PCR
using inoculated waste samples. For detection of RNA, inoc-
ulated samples were enriched under the same conditions used
for DNA extraction (Table 1). The RT-PCR detection limits
achieved by one-step enrichment, RNA extraction, and RT-
PCR with either rTth DNA polymerase (Perkin-Elmer) or the
Qiagen one-step RT-PCR kit were as follows. Using rTth DNA
polymerase, no reproducible RT-PCR products could be de-
tected unless a nested RT-PCR was performed (results not
shown). However, the reproducibility of RT-PCR results was
good if the same RNA extract was amplified by the Qiagen
one-step RT-PCR kit, with a detection limit of �10 CFU per

TABLE 2. Primers for DNA and RNA amplification

Target bacterium
(target gene) Oligonucleotide sequences (5�33�) Amplification

region (bp)
Annealing
temp (°C) Reference

Salmonella spp. (ompC) S18: ACCGCTAACGCTCGCCTGTAT 159 56 31
S19: AGAGGTGGACGGGTTGCTGCCGTT

L. monocytogenes (iap) ELMIAPF: CAAACTGCTAACACAGCTACT 371 60 28
ELMIAPR: GCACTTGAATTGCTGTTATTG

S. aureus (nuc) nuc1: GCGATTGATGGTGATACGGTT 270 55 5
nuc2: AGCCAAGCCTTGACGAACTAAAGC

Y. enterocolitica (16S rDNA)a Y.16S-86f: GCGGCAGCGGGAAGTAGTTTA 416 53 55
Y.e.eur. 16S-455r: CAATCACAAAGGTTATTAACCTTTATG

a rDNA, ribosomal DNA.

TABLE 3. Detection limits of bacteria tested by DNA extraction and PCR in inoculated organic waste samples

Target organism

PCR detection limit (CFU/g of waste sample)a

After
enrichmentb

Without
enrichmentc

Pasteurized
samplesb,d

After 1 wk of incubation at: In the presence of
nontarget bacteriab,e

Room temp 4°C

Salmonella spp. �10 107 107 10 10 10
L. monocytogenes �10 107 107 102 102 10
Y. enterocolitica �10 107 107 102 103 10
S. aureus �10 106 106 104 104 104

a This specification refers to 1 g of waste being suspended in enrichment broth.
b Enrichment was performed as indicated in Table 1.
c Waste samples were suspended in enrichment medium and extracted immediately.
d Samples were heated to 75°C for 30 min before enrichment.
e The sample was additionally seeded with a large number (107/g) of each of the other three bacterial strains tested that were not target organisms in the experiment.
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g of waste for Salmonella spp., L. monocytogenes, and Y. en-
terocolitica. For S. aureus, the detection limit was 104 CFU/g of
waste. These results indicate that the RNA extracts derived
from organic waste samples used in our experiments were
amplified much more efficiently by the Qiagen one-step RT-
PCR kit. This observation shows that it is advisable to test
different enzyme mixtures for amplification of nucleic acid
extracts derived from the same samples. The Qiagen one-step
RT-PCR kit was used for all further analyses.

Since amplification of the RNA extracts by PCR without
prior reverse transcription did not result in PCR products, it
was concluded that the RT-PCR products were derived from
bacterial RNA and not from DNA. A DNA digestion step
prior to amplification was crucial to the procedure.

Detection of pathogenic bacteria by classical isolation meth-
ods in unseeded biological waste samples. For the comparison
of the PCR- and RT-PCR-based detection methods with the
classical isolation procedures, samples were taken from various
organic waste treatment facilities. Salmonella spp. could be
detected in 22 of the 46 samples taken by classical isolation
techniques (Table 4). Eight of the positive samples had not
been treated, and 14 samples were from intermediate stages of
a digestor. All of the facilities tested produced biosolids free of
Salmonella. Three of the 22 samples were also positive for L.
monocytogenes. However, neither Y. enterocolitica nor S. aureus
was detected in the 46 waste samples analyzed by classical
isolation methods.

Detection of Salmonella spp. in unseeded samples by DNA
extraction and PCR. Each sample taken was analyzed by nu-
cleic acid extraction and PCR. When DNA was extracted after
one-step enrichment (in peptone water), a Salmonella-specific

PCR product could be obtained only for 6 of the 22 samples
that tested positive for Salmonella spp. by the classical isolation
method (Table 4). Therefore, the PCR detection method
needed to be further optimized. The most effective way of
gaining optimal sensitivity was to carry out a further enrich-
ment step before DNA extraction. Hence, DNA extraction was
performed after three different enrichment protocols (Fig. 1).

Thirteen of the 22 culture-positive samples tested positive by
PCR, when DNA was extracted after enrichment in peptone
water and in Rappaport Vassiliadis medium incubated at 37°C.
However, after a two-step enrichment in peptone water and
Rappaport Vassiliadis medium that had been incubated at
43°C, a temperature that is more selective than 37°C, a PCR
product could be obtained for all the 22 culture-positive sam-
ples, but for none of the culture-negative samples. Salmonella-
specific PCR products obtained from three samples (samples I,
J, and M) after three different methods of enrichment are
shown on an ethidium bromide-stained agarose gel (Fig. 3).
For sample I, it was possible to obtain a PCR product after
one-step enrichment, whereas a second enrichment step in
Rappaport Vassiliadis medium was necessary for PCR detec-
tion in sample J. Similarly, for sample M, a PCR product
visible on the agarose gel was generated only after a second
enrichment step in Rappaport Vassiliadis medium at 43°C.
There was no correlation between total solids content and
enrichment procedure necessary to obtain a PCR product (Ta-
ble 4). Therefore, it can be concluded that only cell number
and cell activity were decisive factors for DNA amplification.

None of the 24 samples that tested negative for Salmonella
spp. by the classical procedure showed PCR amplification of
Salmonella-specific DNA regardless of the enrichment proto-

TABLE 4. Pathogen detection in waste treatment facilities by classical isolation procedures and detection of Salmonella spp. after various
enrichment procedures followed by DNA extraction and PCR or RNA extraction and RT-PCR

Waste treatment facility
sample (only Salmonella-

positive samples
[n � 22])

%
Total
solids

Detection by classical isolation of:

Detection of Salmonella spp. after enrichment in:

Peptone water
Peptone water � RV

37°C 43°C

Salmonella spp. L. monocytogenes S. aureus Y. enterocolitica PCR RT-PCR PCR RT-PCR PCR RT-PCR

A 5.4 � � � � � NDa � ND � ND
B 8.5 � � � � � � � � � �
C 5.1 � � � � � � � � � �
D 7.5 � � � � � ND � ND � ND
E 33.9 � � � � � ND � ND � ND
F 5.0 � � � � � ND � ND � ND
G 1.3 � � � � � ND � ND � ND
H 6.9 � � � � � ND � ND � ND
I 33.4 � � � � � ND � ND � ND
J 10.2 � � � � � ND � ND � ND
K 1.5 � � � � � ND � ND � ND
L 36.3 � � � � � ND � ND � ND
M 28.9 � � � � � � � � � �
N 7.0 � � � � � � � � � �
O 33.8 � � � � � � � � � �
P 45.9 � � � � � � � � � �
Q 29.1 � � � � � � � � � �
R 29.7 � � � � � � � � � �
S 5.9 � � � � � ND � ND � ND
T 1.3 � � � � � ND � ND � ND
U 34.0 � � � � � ND � ND � ND
V 5.9 � � � � � ND � ND � ND
Total (no. positive/no. tested) 22/22 3/22 0/22 0/22 6/22 0/8 13/22 4/8 22/22 8/8

a ND, not determined.
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col used. Hence, there were no false-positive results due to the
presence of dead cells, free DNA, or unspecific amplification
associated with the procedure developed based on DNA ex-
traction.

Detection of Salmonella spp. in unseeded samples by RNA
extraction and RT-PCR. Eight of the samples that tested pos-
itive for Salmonella spp. were also analyzed by RNA extraction
and RT-PCR. The enrichment procedures were the same as
those used before when extracting DNA (Fig. 1). Here, a
two-step enrichment was essential to achieve an RT-PCR
product for all samples investigated. After a second step of
enrichment in Rappaport Vassiliadis broth at 37°C, only half of
the samples showed an amplification product, whereas all of
the samples tested positive by RT-PCR after two-step enrich-
ment at 43°C (Table 4).

Detection of L. monocytogenes in unseeded samples by PCR
or RT-PCR. Only 3 of the 46 samples tested positive for L.
monocytogenes by classical isolation methods. Isolation of
DNA and RNA was performed either after one-step enrich-
ment in UVM-I broth (30°C, 24 h) or after two-step enrich-
ment in UVM-I broth and Fraser broth (30°C, 24 h; Fig. 2).

In none of the three samples was it possible to detect L.
monocytogenes after one-step enrichment by DNA extraction
and PCR, but in two samples, two-step enrichment resulted in
positive detection. Hence, in one of the three samples, no
RT-PCR product that would be visible on an agarose electro-
phoresis gel was obtained after one-step or two-step enrich-
ment.

Detection of Y. enterocolitica and S. aureus in unseeded sam-
ples by PCR or RT-PCR. Neither Y. enterocolitica nor S. aureus

was detected in any of the 46 samples by the PCR or RT-PCR
procedure. This was consistent with the results obtained by the
classical procedure. However, for both organisms, the detec-
tion procedure was based on just one-step enrichment.

DISCUSSION

Salmonella spp. and a number of other pathogenic microor-
ganisms are frequent contaminants of biological waste. Within
the scope of this study, 48% of the 46 samples investigated
tested positive for Salmonella, which could be detected in both
untreated and treated waste samples during intermediate
stages of treatment. Before applying biological waste to fields
or gardens, it has to be certified as being free of pathogenic
microorganisms to avoid any possible infection risks for human
beings and grazing animals (16). A great deal of time and effort
is required to detect food-borne pathogens in biological waste
when only classical enrichment methods are considered. Fur-
thermore, the results obtained on selective and differential
media are often ambiguous, which necessitates further testing
by biochemical and serological tests. For this reason, we eval-
uated the application of PCR technology to organic waste
samples.

Generally, PCR enables a sensitive species-specific detection
without the necessity of cell cultivation. However, there are
some aspects that have to be considered if PCR is applied for
the detection of microorganisms in environmental samples.
Complex samples like biological waste contain numerous in-
hibitory substances (e.g., humic acids) that can inhibit the PCR
completely or might lead to high detection limits (47, 62).
Frequently, the number of target organisms is small against a
background of large numbers of nontarget cells (9). Moreover,
DNA is quite stable and might be detected not only as part of
living cells but also as part of dead cells or as free DNA (26,
38). Hence, for successful, sensitive PCR detection of viable
cells, it is necessary to remove inhibitory substances efficiently,
concentrate target organisms (33), and use a system that ex-
cludes dead cells from detection. In this study, the combined
effect of those three factors could be addressed by including
two enrichment steps prior to nucleic acid extraction. How-
ever, DNA and RNA extracts still needed to be purified by
passing them through commercially available clean-up col-
umns.

Selection of target genes for PCR and RT-PCR detection.
The first step in method development was to select target
genes that are suitable for detection of both DNA and mRNA,
with the latter indicating cell viability. For successful amplifi-
cation of mRNA, not only is it necessary to choose a gene that
is selective for the target organism, but in addition, the gene
should be expressed at a high level at the time RNA is ex-
tracted.

The ompC gene of Salmonella enterica serovar Typhi en-
codes a major outer membrane protein and is found to be
highly conserved in different Salmonella serotypes (42). It is, in
contrast to Escherichia coli, highly expressed at both high and
low osmolarities (36, 44). Its structure is similar to that of the
E. coli ompC gene, yet it differs in some regions (43). The
primer set used in these investigations was derived from those
heterologous regions (31). Preliminary experiments showed
that after enrichment in peptone water at 37°C for 20 h, ompC-

FIG. 3. Agarose gel electrophoresis of PCR-amplified DNA from
the ompC gene of Salmonella spp. derived from various biological
waste samples under different conditions of enrichment (Fig. 1) and
DNA extraction. Lanes: 1, 100-bp ladder as size marker; 2, pure cul-
ture of S. enterica serovar Typhimurium as positive control; 3, waste
sample I (Table 4) with enrichment in peptone water; 4, waste sample
I with enrichment in peptone water and RV medium at 37°C; 5, waste
sample I with enrichment in peptone water and RV medium at 43°C;
6, waste sample J with enrichment in peptone water; 7, waste sample
J with enrichment in peptone water and RV medium at 37°C; 8, waste
sample J with enrichment in peptone water and RV medium at 43°C;
9, waste sample M with enrichment in peptone water; 10, waste sample
M with enrichment in peptone water and RV medium at 37°C; 11,
waste sample M with enrichment in peptone water and RV medium at
43°C; 12, water as a negative control; 13, 100-bp ladder as size marker.
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specific RT amplification of extracted RNA resulted in well-
detectable amplification products.

For detection of L. monocytogenes, the iap gene encoding
p60, a major extracellular protein that is possibly associated
with invasion of nonprofessional phagocytic cells (29), was
chosen as a target for PCR and RT-PCR amplification. Al-
though the p60-related proteins occur in all Listeria species,
nucleotide sequences of the corresponding iap genes demon-
strated common and variable regions within the p60 proteins.
On this basis, a specific primer set for detection of L. mono-
cytogenes has been designed (6). Klein and Juneja (28) inves-
tigated the detection of viable L. moncytogenes by RT-PCR by
amplifying three different genes, including the iap gene by
using the primers reported by Bubert et al. (6). Furthermore,
the hly gene coding for the 58-kDa virulence factor listeriolysin
O (39) and the prfA gene coding for a 27.1-kDa protein that
has been shown to positively regulate the expression of several
Listeria virulence factors (8) were tested for their suitability as
target genes for amplification of specific mRNA. According to
the experiments of Klein and Juneja (28), the sensitivity for
detection of the iap gene in L. moncytogenes cultures by RT-
PCR was markedly higher than those for hly and prfA. Based
on these results and successfully performed preliminary exper-
iments with inoculated waste samples, the iap gene was chosen
as a target gene for both PCR and RT-PCR detection in this
study.

S. aureus DNA and mRNA were amplified with a primer
pair targeting the nuc gene, which encodes the thermostable
nuclease of S. aureus. Brakstad et al. (5) selected a primer pair
on the basis of the published sequence of the 966-bp nuc gene
of S. aureus (50). The primers had been successfully tested by
the authors with 90 reference or clinical S. aureus strains,
whereas 80 other strains, including staphylococcal species pro-
ducing a thermostable nuclease, were PCR negative. Prelimi-
nary experiments conducted in the present study showed that
the mRNA expressed by the nuc gene was also a good target
for RT-PCR detection after overnight enrichment at 37°C in
GC broth, since an easily detectable RT-PCR product was
generated. Thus, the nuc gene was selected as a target for PCR
and RT-PCR using the primer set published by Brakstad et al.
(5).

For Y. enterocolitica, no specific gene suitable for PCR de-
tection was found. There are several PCR systems described in
the literature for identification of pathogenic Y. enterocolitica
targeting the chromosomally encoded ail gene for attachment
and invasion (30, 40) and the yst gene encoding a heat-stable
enterotoxin (25). However, although the four strains of Y.
enterocolitica tested (DSM 4780, DSM 9499, DSM 11502, and
DSM 11503) were clinical isolates, no PCR product could be
obtained. Therefore, a primer pair targeting rRNA described
by Trebesius et al. (55) was selected. With this primer pair,
amplification products were generated from all test strains.
Hence, in this case, the more stable rRNA was amplified by
RT-PCR.

PCR detection based on DNA extraction. Several authors
directly extracted DNA from complex materials, such as soil
(51, 56, 63), sediments (34), or food (35). Drawbacks of direct
extraction of DNA include the codetection of dead cells and
the fact that due to inhibitory substances, detection limits are
usually higher than those achieved by classical isolation meth-

ods. In this work, we aimed at developing and field-testing a
method that excludes the detection of dead cells and shows the
same sensitivity as the classical isolation procedure. A simple
means intended to favor the detection of viable cells and, at the
same time, lower the detection limit is to include an enrich-
ment step prior to DNA extraction. This approach has been
reported mainly for the qualitative detection of pathogens in
food (15, 19, 47, 52, 60). In this study, sensitive detection could
be achieved with samples containing freshly inoculated cells of
Salmonella spp. after enrichment in nonselective peptone wa-
ter. However, as the experiments with unseeded samples
showed, sensitive detection within an environment of target
bacteria can be markedly improved if highly selective enrich-
ment is performed that allows only the target bacteria to mul-
tiply.

Experiments with seeded samples showed that when one
enrichment step was applied before DNA extraction, dead
cells were only detected if present at a very high level (107/g),
whereas freshly inoculated cells could be detected at levels less
than 10 cells per g of waste sample. Hence, when using the
procedure mentioned above, dead cells were for the most part
excluded from detection.

RT-PCR detection based on RNA extraction. Another way
of detecting only viable cells is the amplification of mRNA,
which is present only in active cells. However, when detecting
mRNA, there are some aspects to be considered. First, due to
the ubiquitous and very stable RNAses, mRNA is quickly de-
graded unless those enzymes are destroyed or at least inhib-
ited. Second, small amounts of DNA are concurrently ex-
tracted and result in an amplification product by RT-PCR,
unless they are completely digested by DNases. Otherwise,
false-positive results might be generated, possibly derived from
DNA of dead cells.

Moreover, the expression of different genes varies strongly,
depending on the gene product and on environmental condi-
tions, which makes the selection of suitable primers more dif-
ficult. In this study, as in the case of detection of DNA, an
enrichment step turned out to be advantageous for the detec-
tion of mRNA, due to the fact that the number of target cells
and thus of detectable RNA molecules increases markedly.
Many genes are expressed at their highest level in active cells,
and it was not possible to achieve a sensitive detection based
on DNA or RNA extraction without performing an enrichment
step. It is interesting to note that one commercial kit gave
superior results to another, underscoring the observation by
Al-Soud and Rådstrõm that components in biological samples
can have different effects on different polymerases in PCR (1).

Discrepancy between unseeded and inoculated samples. As
shown in this study, detection limits were different when bio-
logical waste samples inoculated with fresh bacterial cells from
a laboratory culture were compared to unseeded samples with
target cells showing lower activity. With freshly inoculated
samples, detection limits for all bacteria tested were low (�10
per sample) when using the originally developed detection
procedure, which is based on single-step enrichment. In con-
trast, it was not possible to obtain the same sensitivity as the
classical detection procedure when analyzing unseeded sam-
ples from various waste treatment facilities. This is due to the
fact that not only cell number but also cell activity plays an
important role, especially when an enrichment step is involved.
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Both cell activity and parameters such as the presence and
activity of target bacteria can alter detection limits dramati-
cally. Those facts have an impact on how fast and to what level
bacterial cells grow in an enrichment culture.

Hence, for Salmonella spp. and L. monocytogenes, a two-step
enrichment prior to nucleic acid extraction was essential to
achieve a sensitivity by PCR analysis equal to that of classical
detection. This was the case for both the DNA-based and
RNA-based procedures. The fact that neither Y. enterocolitica
nor S. aureus was detected in natural organic waste samples
might be due to insufficient enrichment, since for detection of
those organisms, only one-step enrichment was employed.

These results indicate that both the number and activity of
target cells were probably low in most of the organic waste
samples tested, differing from laboratory samples inoculated
with bacterial cells from fresh cultures. They underscore the
importance of subjecting procedures that have been developed
under laboratory conditions to critical field conditions using
unseeded samples. Otherwise, reliable predictions cannot be
made concerning the appropriateness of a newly developed
detection procedure. In a study designed to enumerate relative
concentrations of pathogens in stormwater drain samples, de-
tection limits were found to be highly dependent on the type of
organism tested for (33). Detection limits were calculated as a
function of volume of sample processed through filters, recov-
ery of organisms from filters, inhibition of PCR assays, and
fraction of sample analyzed by PCR. It was shown that for
Giardia lamblia and Shigella, the detection limit was influenced
mostly by the sample volume employed, whereas for Salmo-
nella, E. coli O157:H7, and Cryptosporidium parvum, detection
was highly affected by inhibitory substances. The detection
limits for viruses were influenced by both filter recovery and
PCR inhibition. Enrichment procedures were not utilized in
that study, and the authors stressed the importance of defining
detection limits on a sample-by-sample basis (33). Clearly,
environmental matrices present a formidable barrier to PCR-
derived pathogen detection methods.

Sensitivity of PCR product detection. There are several ways
to increase the sensitivity of PCR product detection, including
nested PCR (60), Southern blotting (53), and quantitative real-
time PCR (20).When using nested PCR, the risk of contami-
nation due to DNA aerosols increases strongly, since vials with
amplified DNA have to be opened to add reagents needed for
a second PCR. Several nested PCR procedures were tested
during this research, leading repeatedly to false-positive re-
sults. Hence, we do not recommend nested PCR for routine
analysis. Southern blotting not only increases the sensitivity of
the PCR product detection (28), but also verifies the product
when a specific hybridization probe is used. However, South-
ern blotting adds a significant additional expenditure of time
and effort; thus, it is more appropriate for nonrecurring appli-
cations to verify ambiguous PCR products than for routine
analysis. A very promising approach is the use of real-time
PCR (20) based on the fluorogenic 5�-nuclease technique (32),
which increases both sensitivity and specificity of product de-
tection due to a specifically binding, labeled probe between the
pair of primers. Additionally, amplified DNA molecules can be
analyzed not only qualitatively but also quantitatively, although
the same restrictions due to matrix-related inhibition of PCR
apply. There is no need for gel electrophoresis, since the

amount of the PCR product is measured directly by the in-
crease in fluorescence in the vial. These qualities make it very
well suited for routine analysis, and several protocols have
been developed for the detection of bacterial pathogens, in-
cluding L. monocytogenes (21, 41), S. enterica (24), and S. au-
reus (22). Promising results obtained by this technique have
also been generated with DNA extracts derived from organic
waste samples (M. Lebuhn, M. Effenberger, A. Gronauer,
P. A. Wilderer, and S. Wuertz, submitted for publication).
Although both initial and current costs are considerably higher
for real-time PCR than for conventional PCR, it might be
practicable and cost efficient in standard testing laboratories
when taking labor and time into account.

In conclusion, testing of nonamended samples revealed that
reliable, highly sensitive detection of Salmonella spp. in organic
waste samples could be performed after enrichment in peptone
water at 37°C for 20 h and subsequent enrichment in Rappa-
port Vassiliadis medium at 43°C for 24 h prior to extraction of
nucleic acids, PCR, and agarose gel electrophoresis. Those
samples that tested positive by the classical detection proce-
dure as specified in the German Biowaste Ordinance (16) could
also be detected by the PCR method after two-step enrich-
ment.

Based on this observation, it is not necessary to base a
detection system on extraction of mRNA, since after two-step
enrichment, it is highly unlikely that any DNA derived from
dead cells is present. This is confirmed by the fact that there
were no false-positive results derived from DNA of dead cells
in unseeded samples, when DNA-based PCR was performed
following an enrichment step. Likewise, results obtained with
the other bacteria tested indicated that selective enrichment
prior to nucleic acid extraction and PCR was necessary to
achieve highly sensitive detection in a complex, environmental
sample.

Although the procedure developed still requires selective
cultivation of cells, the isolation and further differentiation of
isolated colonies can be omitted, thus shortening the classical
procedure. Hence, the chosen method is a compromise be-
tween the conventional enrichment technique and modern mo-
lecular biological diagnostics. In this way, the benefits of both
the classical procedure (such as high sensitivity in the presence
of a large number of nontarget cells and inhibitory substances)
and molecular techniques (such as high efficiency) can be taken
advantage of.
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über die Verwertung von Bioabfällen auf landwirtschaftlich, forstwirtschaft-
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