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Abstract: Anaerobic digestates derived from agricultural mesophilic biogas plants are mainly used as
organic fertilizers. However, animal derived pathogens could persist in the anaerobic digestates (ADs)
posing an epidemiological risk. The present study investigated whether storage of ADs could reduce
Salmonella Typhimurium, Listeria monocytogenes, and ESBL carrying Escherichia coli and whether
reduction rates are dependent on temperature and substrate. Quantified bacterial suspensions were
used to inoculate ADs derived from five biogas plants using different input materials to investigate
the substrate dependence of the pathogen reduction. ADs were stored over six months with four
different temperature profiles each representing six consecutive months, and, thus, the four seasons.
Pathogen reduction during storage was shown to be strongly dependent on the temperature but also
on the type of AD. This influence was higher at low temperatures. At higher temperatures (spring and
summer profiles), a 5-log reduction was achieved after twelve weeks for S. Typhimurium, after twenty
weeks for E. coli (ESBL) and after twenty-four weeks for L. monocytogenes in all ADs, respectively. In
contrast at lower temperatures (autumn and winter profiles), a 5-log reduction was reached after
twenty-four weeks for S. Typhimurium and not reached for ESBL-E. coli and L. monocytogenes. In
conclusion, storing the ADs after the biogas process improves the hygienic quality and reduce the
risk of introducing pathogens to the environment, but each case should be evaluated individually
considering the composition of the ADs and the storage temperatures.

Keywords: anaerobic digestate; biogas plant; Salmonella Typhimurium; Listeria monocytogenes;
ESBL-carrying Escherichia coli; pathogen reduction; temperature

1. Introduction

Over the last few decades, intense livestock farming has strongly increased resulting
in high amounts of manure. However, manure is known to harbor a wide range of microor-
ganism, some of which could be pathogenic to both human and animals, or multiresistant
to antimicrobials [1–6].

Many farms use manure as a co-substrate in anaerobic digesters for biogas production
and the resulting anaerobic biogas digestates (ADs) are mainly used as organic fertilizers
and soil conditioners. However, pathogenic bacteria could persist in ADs and application
of digestates poses an epidemiological risk to animals and humans [7,8]. Maintenance or
re-infection with already existing pathogens in the farms might occur if in-house input
materials for the biogas plants are processed. In addition, it is common for biogas plants to
use slurry and manure from different livestock farms and, thus, animal species as input
material. ADs from these biogas plants pose an increased risk for the introduction of
pathogens and, thus, infections into animal farms. Moreover, it is increasingly common
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for ADs to be used not only as fertilizers but also, in their separated form, as alternative
bedding material. The direct contact of the animals with the separated ADs significantly
increases the risk of infection. Possible transmission to humans could also be a problem
due to potential contamination of food or groundwater as well as through aerosols. Impor-
tant pathogens including Salmonella spp., Listeria monocytogenes, and Escherichia coli were
intensively investigated [7,9–12]. Furthermore, substantial health problems associated with
multiresistant bacteria in feces (e.g., manure, sludge, and slurry) are increasingly attracting
attention [6,13–15]. Therefore, it is necessary to reduce the microbiological risk potential of
ADs before the different application scenarios.

For this, three different options are possible, i.e., inactivation during the fermentation
process within the biogas plant, pretreatment of the input material, or disinfection of
the output ADs, each of which has specific advantages and disadvantages concerning its
inactivation efficacy and especially its practicability. Pathogen reduction during anaerobic
fermentation depends on many factors, such as fermentation temperature, fermentation
time, and the initial number of bacterial species in the feedstock [6]. Temperature profiles
are crucial for pathogen inactivation and several studies have reported that mesophilic
temperature is able to reduce but not to fully inactivate pathogens and antibiotic resistance
carrying Enterobacteriaceae [9,13,16,17]. Thermal treatment of the input material or the
output ADs would be an effective option for the inactivation of pathogens, however,
also associated with major technical and financial efforts by the operator. A subsequent
composting of AD and, thus, sanitation is conceivable, but also associated with greater
technical and logistical efforts. However, the temperature profiles used in each biogas plant
are primarily optimized for biogas yield not for sanitation.

Another possible solution may be the inactivation of pathogens during storage of the
AD over a defined time. Storage of organic fertilizers including ADs is one important part
of the legal requirements before their application. It is well known that storage of solid
and fluid manure is suitable to reduce pathogens, thus, improving the microbiological
quality of organic fertilizers [2,18–21]. Moreover, storage as an inactivation option can
easily be included in the agrarian daily routine. However, the efficacy of the inactivation
undoubtedly depends on management and storage conditions especially the temperature
profile during the storage process as well as pH value and slurry dry matter content mainly
influenced by the kind and nature of the used input materials [18,19,22–26]. A slurry
store or solid manure heap may often consist of excreta of different ages from different
animal houses and pathogen inactivation in manure is likely to be longer during winter
than in summer, because of lower ambient temperatures [27]. Nevertheless, storage as an
inactivation option should easily be included in the agrarian daily routine.

Therefore, the aim of the present study was to evaluate the disinfection potential of the
storage of ADs derived from different input materials at defined temperature conditions
mimicking the four seasons. For this, survival of Salmonella enterica ssp. enterica serovar Ty-
phimurium, Listeria monocytogenes, and ESBL carrying Escherichia coli as zoonotic pathogens
was monitored over a time of six month. The results of this study provide new information
on the safety success of long-term storage of AD in dependence on time, temperature, and
substrate, and, therefore, the potential for routine application.

2. Materials and Methods
2.1. Anaerobic Digestate Preparation

Anaerobic digestate samples (referred to as AD-A to AD-E) were derived from five
different mesophilic biogas plants from five different farms. Each biogas plant (A to E) was
operated with different input materials (different portions of manure and slurry from cattle,
swine, horses, and poultry as well as maize silage). The input material compositions are
listed in Table 1. Before the start of the laboratory trials, ADs were kept at 4 ◦C until use. The
AD samples were analyzed for pH and for total nitrogen and nitrogen in ammonium nitrate
before and after ending the experiments at the State Office for Agricultural Chemistry,
University of Hohenheim.
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Table 1. Different anaerobic digestates (ADs) as defined by the input materials of the corresponding
biogas plants.

AD Input Material of the Biogas Plant

A 70% pig and cattle slurry
30% maize silage

B 60% pig slurry
40% maize silage

C 60% cattle slurry
40% horse, cattle and poultry manure and maize silage

D 60% poultry slurry and poultry manure
40% maize silage

E 60% cattle slurry, cattle, and horse manure
40% maize silage

2.2. Pathogen Inoculum Preparation

Salmonella Typhimurium, L. monocytogenes and an ESBL-E. coli were selected as pathogens
for this study. The strains S. Typhimurium and L. monocytogenes originated from digested
residues derived from mesophilic biogas plants, and the used ESBL-E. coli (2081/3009) from
bovine feces (diagnostic isolate). All used isolates were proved for taxonomical identity
and biological characteristics using 16S rDNA sequencing and biochemical assays. The
ESBL status of the E. coli isolate was proved by Agar diffusion assay and PCR. Pure cultures
were grown on trypticase soy agar (TSA; Oxoid, Wesel, Germany) at 37 ◦C for 24 h. Bacteria
were collected by washing the plates with sterile phosphate buffered saline (PBS). Bacterial
counts of each suspension were determined. For this, serial dilutions (10−1 to 10−12) of
each suspension were plated in duplicate on PALCAM Agar (Oxoid) for L. monocytogenes,
XLT 4 Agar (Oxoid) for S. Typhimurium and Brilliance ESBL Agar (Oxoid) for ESBL-E. coli.
The agar plates were incubated at 37 ◦C for 24 h at least before the colony forming units
(cfu) were counted.

2.3. Experimental Setup

Each anaerobic digestate (n = 5, A to E) was inoculated with S. Typhimurium,
L. monocytogenes and an ESBL-E. coli, respectively, and thoroughly mixed to obtain ho-
mogenous mixtures. Final concentrations of pathogens in the ADs were 1.0 × 108 cfu/g
for ESBL-E. coli and S. Typhimurium and 1.0 × 107 cfu/g for L. monocytogenes, respectively.
For each testing, three replicates were incubated.

To assess the reduction of the pathogens in the anaerobic digestates during storage the
inoculated ADs were incubated under defined conditions in four temperature chambers
simulating the average monthly temperature over six months. Chamber 1 simulated the
period from January to June, chamber 2 from April to September, chamber 3 from July to
December, and chamber 4 from October to March. Each monthly temperature was held
for 30 days, then samples were taken, and the temperatures changed accordingly to the
following month. The temperatures used in the climate chambers are shown in Table 2
and represent the long time monthly average temperature in Hohenheim. The data was
provided by the Institute of Physics and Meteorology, University of Hohenheim. Every
month, the temperatures in the chambers were changed accordingly.

2.4. Quantitative Microbiological Analyses during Storage Experiments

To indirectly quantify the pathogens in the inoculated ADs, monthly drawn samples
(20 g) were suspended in 180 mL 0.9% NaCl. The NaCl suspension was serially diluted,
and 1 mL of the diluted samples (10−1 to 10−9) were used to inoculate three vials of growth
media: MacConkey broth (selective; Merck, Darmstadt, Germany) for ESBL-E. coli, buffered
peptone water (non-selective; Merck) for S. Typhimurium, and Listeria enrichment broth
(selective; Merck) for L. monocytogenes. The inoculated MacConkey broth and buffered
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peptone water samples were incubated at 37 ◦C for 24 h. Listeria enrichment broth samples
were incubated at 30 ◦C for 48 h. After 4 h incubation, Listeria enrichment supplement was
added to each sample. After 24 h, 0.1 mL from each vial of the buffered peptone water was
transferred into 10 mL of Rappaport–Vassiliadis medium (Merck) and incubated for further
24 h at 37 ◦C.

Table 2. Overview on temperature profiles.

Month Jan Feb March April May June July Aug Sept Oct Nov Dec

Temperature (◦C) 1.1 1.9 5.5 10.2 14.3 17.8 19.1 18.8 14.5 10.3 5.5 1.8

profile 1
(winter-spring) 1
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After enrichment procedures contents of each vial was streaked in duplicate on selec-
tive agar (PALCAM Agar for L. monocytogenes, XLT 4 Agar for Salmonella Typhimurium and
Brilliance ESBL Agar for ESBL-E. coli). All plates were incubated at 37 ◦C. Growth of E. coli
and Salmonella was assessed after 24 h of incubation, and Listeria colonies were evaluated
after 24 and 48 h post inoculation. Enumeration of pathogens was performed using the
MPN table according to DeMan (1983).

2.5. Data Analysis

Data analysis was performed with Microsoft Excel 2019 and SAS for Windows statis-
tical software version 9.4. A mixed model analysis was applied with the bacterial count
as the dependent variable. A macro was used to plot the letters in cooperation with the
Department of Biostatistics, University of Hohenheim [28,29]. Letters are indicated in the
respective figures. Identical letters mean no significant differences, different letters mean
significant differences between the anaerobic digestates. The value p < 0.05 was considered
significant. Means and standard deviation were calculated using Microsoft Excel 2019.

3. Results
3.1. Analysis of the Anaerobic Biogas Digestates

At the beginning and after 24 weeks of storage, the composition of the anaerobic
digestate samples regarding pH, total nitrogen, and nitrogen bound in ammonium ni-
trate (N-NH4) was determined. The results are presented in Table 3. The initial pH in
the different AD samples varied from 7.7 to 8.3 at the beginning of the experiment. In
the experiments, the pH values were variable with the lowest pH of 7.4 in the anaerobic
digestate AD-E (containing 60% cattle slurry/manure and horse manure and 40% maize
silage) after the incubation with the temperature profile 2 conditions (spring-summer) and
the highest pH of 8.8 in AD-C (60% cattle slurry and 40% mixture of horse, cattle, and
poultry manure and maize silage) after incubation with either the temperature profile 1 con-
ditions (winter-spring) or the temperature profile 4 conditions (autumn-winter). Nitrogen
contents remained nearly constant during the experiments with the highest variation in
the AD-A (total nitrate from 0.460% to 0.392%; N-NH4 from 0.210% to 0.196%). Statistical
evaluation of the composition parameters revealed no significant differences. Therefore,
these parameters were not further considered.
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Table 3. Analysis of the anaerobic digestates (pH, total nitrogen, and NH4-N).

Before Storage After 24 Months of Storage

Anaerobic
Digestate

Temperature
Profile 1

Temperature
Profile 2

Temperature
Profile 3

Temperature
Profile 4

total N 1 % 0.46 0.415 0.392 0.456 0.444

AD-A NH4-N 2 % 0.21 0.217 0.196 0.246 0.243

pH 7.7 7.7 7.8 7.5 8.4

total N % 0.69 0.694 0.696 0.694 0.94

AD-B NH4-N % 0.43 0.496 0.476 0.477 0.491

pH 7.9 7.9 7.7 7.8 7.8

total N % 0.71 0.705 0.706 0.707 0.699

AD-C NH4-N % 0.36 0.405 0.396 0.407 0.392

pH 8.3 8.8 8.0 7.7 8.8

total N % 0.76 0.761 0.750 0.748 0.756

AD-D NH4-N % 0.40 0.374 0.43 0.428 0.415

pH 8.1 7.9 8.3 7.9 8.3

total N % 0.44 0.433 0.415 0.231 0.399

AD-E NH4-N % 0.12 0.131 0.147 0.016 0.124

pH 7.7 8.2 7.4 8.1 7.6
1 Total nitrogen. 2 Nitrogen bound in ammonium nitrate.

3.2. Survival of Salmonella Typhimurium, Listeria monocytogenes, and ESBL Carrying Escherichia coli

To investigate the influence of seasonal differences on the pathogen reduction, the
four seasons were simulated in four temperature chambers in parallel. The long-term
monthly mean temperature values measured at the University of Hohenheim (located in
the southwest of Germany) were used to create seasonal temperature profiles that cover a
six-month-storage period throughout the year. This procedure enabled recording possible
influences of the storage temperature and, thus, of the season. The following periods and
associated temperatures were chosen for the experiments (Table 2): profile 1: January to
June (winter-spring profile), profile 2: April to September (spring-summer profile), profile 3:
July to December (summer-autumn profile), and profile 4: October to March (autumn-
winter profile). Two reduction thresholds were used: Threshold 1 is defined as a reduction
of 4 log10 levels according to Fröschle et al., 2015 [30], threshold 2 was set as a reduction of
5 log10 levels according to the Regulation (EU) No. 142/2011.

To investigate the dependence of the reduction rates on the composition of the ADs,
we inoculated ADs from five different used biogas plants operated with different input
materials (Table 1). All ADs contained different proportions of maize silage as well as of
slurry and manure from different animal species. All used ADs were tested negatively for
the presence of naturally occurring salmonellae, Listeria, and ESBL-E. coli.

3.2.1. Inactivation during Storage in Temperature Profile 1 Conditions (January to June)

The inactivation rates in temperature profile 1 conditions (January to June, Table 2)
for S. Typhimurium, L. monocytogenes, and ESBL-E. coli in the five different anaerobic
biogas digestates (AD-A, AD-B, AD-C, AD-D, AD-E) are shown in Figure 1. Overall, we
found significant differences in the reduction rates between the inoculated ADs for all
pathogens. In addition, the storage with profile 1 temperatures resulted in significant
differences between the investigated pathogens. The highest reduction rates in temperature
profile 1 were observed for S. Typhimurium. The S. Typhimurium content reached the
predetermined 4-log reduction limit after 12 weeks for the AD-D and AD-E, after 16 weeks



Agriculture 2022, 12, 67 6 of 15

p.i. for AD-B and AD-C, and after 24 weeks for AD-A. The 5-log reduction threshold
was reached for all inoculated ADs after 24 weeks of storage. Storage of L. monocytogenes
resulted in 4-log reduction rates only for AD-C after 20 weeks and for AD-A and AD-B
after 24 weeks of storage. The L. monocytogenes content of AD-D and AD-E remained
above both predetermined thresholds. For ESBL-E. coli also only moderate reduction rates
were observed after 16 weeks of storage independent of the inoculated AD. The set 4-log
threshold value was reached after 20 weeks for AD-B and AD-C and after 24 weeks for the
remaining ADs. ESBL-E. coli contents met the 5-log limit value after 24 weeks for only three
ADs (AD-B, AD-C, and AD-D). Significant differences in the reduction rates were observed
during storage in the different inoculated ADs for all investigated pathogens throughout
the experiments (p ≤ 0.05). Only for ESBL-E. coli, significant differences in the reduction
rates in the different inoculated ADs were found only after 16 weeks for one AD, and for
two ADs after 20 and 24 weeks of storage (Figure 1).
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digestates (AD-A, AD-B, AD-C, AD-D, and AD-E; Table 1). The dashed line indicates the 4-log
reduction threshold, the dotted line indicates the 5-log reduction threshold. (B): Quantitative re-
isolation of S. Typhimurium, L. monocytogenes, and ESBL-E. coli and statistical evaluation of the
influence of the different anaerobic digestates (AD-A to AD-E) on the inactivation of Salmonella
Typhimurium, L. monocytogenes, and ESBL-E. coli under temperature profile 1 conditions. Different
letters (a, b, c) as indicated on the respective bar mean significant differences between the anaerobic
digestates (p < 0.05).

3.2.2. Inactivation during Storage in Temperature Profile 2 Conditions (April to September)

Storage under temperature profile 2 conditions also revealed several significant differ-
ences between the different pathogens and between different Ads (Figure 2). Salmonella
Typhimurium reduction was higher than for L. monocytogenes and E. coli-ESBL until week
16. In detail, the content of S. Typhimurium reached the 4-log reduction threshold after
12 weeks (AD-B, AD-C, AD-D, and AD-E) or after 16 weeks (AD-A). The 5-log reduction
value was reached in AD-B and AD-C also after 12 weeks, in AD-D and AD-E after 16 weeks,
and only in AD-A after 20 weeks of storage. For ESBL-E. coli, the predetermined 4-log
reduction value was reached after 12 weeks for two inoculated ADs (AD-B, AD-E), after
16 weeks for AD-A and AD-C, and only after 20 weeks for AD-D. The threshold of 5-log
reduction was met after 12 weeks for AD-B, after 16 weeks for AD-A, AD-C, and AD-E, or
after 20 weeks of storage for AD-D. Anaerobic digestates inoculated with L. monocytogenes
reached both the 4-log and the 5-log reduction threshold after 16 weeks (AD-E) or after
20 weeks (AD-D) or after 24 weeks of storage (AD-A, AD-B, AD-C), respectively. Significant
differences in L. monocytogenes reduction rates between the different inoculated ADs were
found throughout the experiments (p ≤ 0.05; Figure 2).

3.2.3. Inactivation during Storage in Temperature Profile 3 Conditions (July to December)

The highest reduction rates were observed during temperature profile 3 for all three
pathogens (Figure 3). Again, significant differences between the different pathogens and
different ADs could be observed (p ≤ 0.05; Figure 3). The S. Typhimurium content reached
both predetermined limits (4-log and 5-log reduction levels) after eight weeks of storage
for all ADs except for AD-B (after 12 weeks of storage). Significant differences between
the different ADs were found only at analysis time point four, eight, and 12 weeks post
inoculation. ESBL-E. coli contents also reached the 4-log limit after eight weeks of storage
except for AD-D (after 16 weeks of storage). The 5-log limit was also met after eight weeks
for AD-A, AD-B and AD-C, after 12 weeks of storage for AD-E and after 16 weeks for
AD-D. Storage in AD-D resulted in significant differences of the bacterial content when
compared to the other ADs during the whole experiment.

3.2.4. Inactivation during Storage in Temperature Profile 4 Conditions (October to March)

During the storage in the temperature simulating the months October to March, we
observed the lowest reduction rates for all pathogens (Figure 4). For all pathogens signifi-
cant differences (p ≤ 0.05; Figure 4) could be observed between the different inoculated
ADs at all time points investigated except for L. monocytogenes after 12 weeks of storage. All
pathogens remained detectable in all inoculated ADs until the end of the storage periods of
24 weeks. In detail, Salmonella Typhimurium was coincidently reduced to values below the
4-log as well as 5-log reduction thresholds in three inoculated ADs (AD-A, AD-B, AD-C)
after 12 weeks and in AD-E after 16 weeks of storage. The 4-log reduction level in AD-D
was achieved after 12 weeks and the 5-log reduction level only after 24 weeks of storage.
Storage of ESBL-E. coli in AD-A and AD-E under temperature profile 4 conditions could
not reduce the bacterial content ≥ 4-log ranges after 24 months. In AD-C and AD-D,
ESBL-E. coli were reduced ≥5-log ranges after 20 weeks. In AD-D, the 4-log reduction level
for ESBL-E. coli was reached after 20 weeks, and the 5-log reduction level after 24 weeks
of storage. A similar situation was found for L. monocytogenes: Only storage in two ADs
(AD-A and AD-E) fulfilled reduction rates ≥ 4-log ranges. In AD-A, both predetermined
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reduction limits were reached coincidently after 24 weeks. In AD-E, the reduction level of
≥4-log ranges was observed after 20 weeks and the set reduction level of ≥5-log ranges
after 24 weeks. In AD-B, AD-C, and AD-D, storage under temperature profile 4 conditions
did not reduce the bacterial content ≥ 4-log ranges after 24 months.
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Figure 2. (A): Reduction rates of S. Typhimurium, L. monocytogenes, and ESBL-E. coli during storage
in temperature profile 2 as a function of time (weeks of storage) and the composition of anaerobic
digestates (AD-A, AD-B, AD-C, AD-D, and AD-E; Table 1). The dashed line indicates the 4-log
reduction threshold, the dotted line indicates the 5-log reduction threshold. (B): Quantitative re-
isolation of S. Typhimurium, L. monocytogenes, and ESBL-E. coli and statistical evaluation of the
influence of the different anaerobic digestates (AD-A to AD-E) on the inactivation of Salmonella
Typhimurium, L. monocytogenes, and ESBL-E. coli under temperature profile 2 conditions. Different
letters (a, b, c, d) as indicated on the respective bar mean significant differences between the anaerobic
digestates (p < 0.05).
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Figure 3. (A): Reduction rates of S. Typhimurium, L. monocytogenes, and ESBL-E. coli during storage
in temperature profile 3 as a function of time (weeks of storage) and the composition of anaerobic
digestates (AD-A, AD-B, AD-C, AD-D, and AD-E; Table 1). The dashed line indicates the 4-log
reduction threshold, the dotted line indicates the 5-log reduction threshold. (B): Quantitative re-
isolation of S. Typhimurium, L. monocytogenes, and ESBL-E. coli and statistical evaluation of the
influence of the different anaerobic digestates (AD-A to AD-E) on the inactivation of Salmonella
Typhimurium, L. monocytogenes, and ESBL-E. coli under temperature profile 3 conditions. Different
letters (a, b, c, d) as indicated on the respective bar mean significant differences between the anaerobic
digestates (p < 0.05).
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Figure 4. (A): Reduction rates of S. Typhimurium, L. monocytogenes, and ESBL-E. coli during storage
in temperature profile 4 as a function of time (weeks of storage) and the composition of anaerobic
digestates (AD-A, AD-B, AD-C, AD-D, and AD-E; Table 1). The dashed line indicates the 4-log
reduction threshold, the dotted line indicates the 5-log reduction threshold. (B): Quantitative re-
isolation of S. Typhimurium, L. monocytogenes, and ESBL-E. coli and statistical evaluation of the
influence of the different anaerobic digestates (AD-A to AD-E) on the inactivation of Salmonella
Typhimurium, L. monocytogenes, and ESBL-E. coli under temperature profile 4 conditions. Different
letters (a, b, c, d, e) as indicated on the respective bar mean significant differences between the
anaerobic digestates (p < 0.05).
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4. Discussion

Livestock animals often excrete a variety of pathogens that could persist and propagate
in manure and even during the mesophilic anaerobic digestion in biogas plants [31]. One
possible strategy to reduce pathogen contents in manure and manure-derived substrates
and to minimize epidemiological risks could be storage of the organic materials [32,33].
Environmental factors known to influence the survival behavior of pathogens in organic
materials like composts or ADs include temperature, moisture, pH, particle size, and
indigenous microbiota [34–36]. In the present study, the survival behavior of the three
zoonotic pathogens S. Typhimurium, L. monocytogenes, ESBL-E. coli was investigated in five
different ADs stored in in different temperature profiles. To include a practical orientation
in our study, the used temperatures were adapted to long-term monthly mean temperature
values. All ADs were derived from different biogas plants, which were run with different
input materials (manure from different animal species and different compositions). We
observed that all inoculated ADs can principally provide long-term survival conditions
for the three pathogens. For example, S. Typhimurium and ESBL-E. coli survived storage
for >6 months in all inoculated ADs during the temperature profile 1 (January to June)
and profile 4 (October to March) and L. monocytogenes for >6 months in all inoculated
ADS during all applied temperature profiles. Other studies investigating the survival
in ADs are rare. However, our findings are supported by studies investigating other
animal derived organic materials. For example, Wang et al. (2017) [37] found that STEC
survived for over 125 days in dairy compost stored at 4 ◦C and 22 ◦C. Another study
showed that organic composts derived from dairy and poultry could provide long-term
survival of E. coli and S. enterica for >168 days at 5 ◦C [36]. Fukushima et al. (1999) [38]
found the long-term survival of Shiga toxin-producing E. coli (STEC) in dairy manure
with up to 12 weeks at 25 ◦C, up to 18 weeks at 15 ◦C, and up to 14 weeks at 5 ◦C. In the
study of Vinnerås (2007) [39], Enterococcus sp., Salmonella sp. and Clostridia sp. remained
detectable in pig manure after 50 days of storage at 20 ◦C. Obviously, the high inoculation
doses in our study are responsible for the long survival periods. However, the high levels
of 107 to 108 bacteria/mL material are necessary if the maximum inactivation potential
of a hygienization method is to be investigated in a comparable way. The Regulation
(EU) No. 142/2011 defined a reduction of 5 log10 levels (threshold 2 in our study) for
S. Senftenberg and Enterococcus faecalis in biogas plant processes for a sufficient reduction
of biological risks. Other authors define a reduction of 4 log10 levels (threshold 1 in the
present study) as sufficient sanitation to minimize epidemiological risks [30].

As expected, the reduction levels for all three pathogens were strongly dependent
on the temperature profile. Both, threshold 1 (4 log10 reduction) and threshold 2 (5 log10
reduction) were reached fastest in temperature profile 3 (mimicking July to December),
followed by temperature profile 2 (April to September). This is in accordance with other
laboratory studies showing that Salmonella and/or E. coli showed higher reduction rates
in organic waste, livestock waste, in manure and manured soil stored at higher tempera-
tures [18,19,26,40–46].

Nevertheless, our study also clearly showed that other matrix factors contribute to
the pathogen reduction because our reduction rates significantly differed in the different
inoculated AD in almost all experimental approaches. Looking at the reduction rates at the
last sampling time after 24 weeks, it was found for ESBL-E. coli that in AD-D (consisting
of 60% turkey manure/turkey solid manure and 40% NawaRo) the reduction rates were
lowest in all temperature profiles. Significant reduction rate differences between the ADs
became also obvious for S. Typhimurium and L. monocytogenes after 24 weeks of storage,
especially during temperature profiles 1 and 4. So, it was shown that S. Typhimurium
had the lowest reduction rates in AD-A and AD-E, L. monocytogenes in AD-C and AD-D
(temperature profile 1) and AD-B, AD-C and AD-D (temperature profile 4), respectively.
Obviously, the substrate-dependent effects found are less pronounced at higher tempera-
tures. A substrate dependence of the tenacity of pathogens is also described in the study of
ARRUS et al. (2006) [42], in which the tenacity of Salmonella in pig slurry from different pig
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farms (breeding, rearing, and fattening) was investigated. Salmonella survived significantly
longer in manure from breeding at 4 ◦C and significantly shorter at 37 ◦C compared to
manure from other farms (rearing, fattening). These differences were attributed primarily
to differences in nitrogen contents of the manure [42]. The ADs used in this study also
showed differences in total nitrogen and ammonium nitrogen content, with AD-A and
AD-E having the lowest nitrogen concentrations. However, since the reduction rates of
the three pathogens studied were very different with respect to the ADs, the present study
does not allow any general statements to be made as to whether a high ammonium con-
tent increases or decreases the tenacity of bacterial pathogens in fermentation products.
Other factors potentially influencing the bacterial survival in different ADs include pH
and metal concentrations [26,40,47] but also different indigenous microbial flora. Other
studies reported that composts the degree of maturation influences the reduction rates of
L. monocytogenes [48,49].

Interestingly, the overall reduction rates of L. monocytogenes were significantly lower
than those of S. Typhimurium and ESBL-E. coli, respectively. Higher survival rates and/or
longer persistence of L. monocytogenes in different animal derived wastes compared to
other pathogens were also found in other studies. Nicholson et al. (2005) [20] reported
that L. monocytogenes survived longer in stored slurry and wastewater than E. coli O157,
S. Typhimurium and Campylobacter jejuni. The anaerobic digestion biogas process was
shown to have less ability to reduce L. monocytogenes contamination [50]. In addition,
longer persistence of L. monocytogenes compared to Salmonella Derby, and Campylobacter
coli was also described in ADs [51]. Listeria monocytogenes is long known to be a ubiquitous
opportunistic pathogen and particularly resistant to different environmental factors [11],
including bacterial growth at low temperatures and in a wide pH range. In addition,
L. monocytogenes is known to harbor an extensive genomic regulatory repertoire, which was
assumed to be the reason for the high adaptation capacity to different environments and also
the ability to adapt expression patterns to specific niches (transcriptional reshaping; [52,53].

5. Conclusions

In conclusion, considering the results obtained in our study pathogenic bacteria like
L. monocytogenes, S. Typhimurium, and ESBL-E. coli do not grow but survive during storage
of anaerobic digestates for certain time periods. However, the amount of the three inves-
tigated pathogens significantly decreased over the storage time. The ratio of reduction
significantly depends on the storage temperatures but also on the AD composition. To
circumvent epidemiological risks, every storage of ADs should be considered individually
because there are no general biosafety recommendations available that could be applied to
all plants and anaerobic digestates.
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