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Introduction: Antimicrobial resistance (AMR) can spread in microorganisms
through the transfer of antimicrobial resistance genes (ARGs). Livestock
husbandry is one of the pathways for AMR emergence and transmission.
Chicken manure contains valuable nutrients for agricultural field fertilization
and can be used as input material for biogas production by anaerobic
digestion (AD). However, usually, chicken manure also contains quite high
levels of ARGs. In this study, we investigated the presence and temporal
dynamics of ARGs against different antibiotic classes in chicken manure and
anaerobic digestate as a source of AMR spread.

Methods: To get an overview of the ARG profiles, we quantified the abundances of
374 ARGs by high-throughput (HT)-PCR. We studied eight selected ARGs (tetA,
tetX, sull, sul2, InuF, emrD, aadA, and tnpA) using gPCR in chicken manure from
different flocks and animal ages and in digestate from different AD time points.

Results: Chicken manure showed higher amounts of ARGs compared to digestate,
which was characterized by a higher ARG diversity. We observed that the effect of
chicken age differed between the flocks. ARG abundances in digestate from different
time points and different treatment conditions did not exhibit major changes.

Conclusion: The flocks' variability had no relevant effect on ARG abundances in
chicken manure, likely due to similar growth conditions. However, manure ARG
content increased with the age of the chickens. In our experimental batch setup,
AD was more effective in reducing AMR microorganisms than reducing ARGs.
Further investigations on process optimization or the application of pre-
treatment methods could enhance ARG reduction. Notably, pre-mixing
chicken manure with material from a biogas plant prior to processing resulted
in a lower ARG load compared to untreated chicken manure.
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1 Introduction

Antibiotic resistance is a global problem [World Health
Organization, 2023]. The WHO estimated that 1.27 million
deaths were directly attributed to antibiotic resistance and 4.95
million deaths were associated with antibiotic resistance in 2019
worldwide (World Health Organization, 2023). The reason for
antibiotic resistance is antimicrobial-resistant (AMR) bacteria
harboring antibiotic resistance genes (ARGs), which can spread
between bacteria of animals, humans, and the environment
(Zhuang et al., 2021). Ding et al. (2023); Skandalis et al. (2021),
and Zhuang et al. (2021) described the pathways through which
ARGs are transferred between different environments, including
hospitals and farms. The connection among all these environments
contributes to the One Health concept, which emphasizes the
interdependence of human, animal, and environmental health.
German livestock husbandry consumed 309 tons of antibiotics in
2023, and, therefore, farms are one of the sources of AMR
emergence and spread (German Federal Institute for Risk
Assessment, 2025). In 2023, the European Union (EU) produced
20.6 tons of pork and 13.3 tons of poultry meat (eurostat Statistics
Explained, 2024), leading to huge manure production. Kéninger
etal. (2021) reported that annually approximately 1.4 billion tons of
livestock manure were produced in the EU and the United
Kingdom between 2016 and 2019. Manure is a valuable source
for agricultural field fertilization as it contains different
nutrients. However, it can transfer different pollutants, such
as ARGs, into the environment (Peng et al., 2022). One suitable
way to use manure for energy (biogas) production and pollution
reduction is anaerobic digestion (AD) (Congilosi and Aga, 2021;
Zhang et al., 2013, 2012). This process is suitable for the reduction
of pathogens and AMR bacteria (Atanasova et al., 2025; Thomas,
2023). AD also leads to ARG reduction (Mortezaei et al., 2024; Song
et al., 2017).

The following genes are examples of those that are widespread
and of particular concern due to their relevance in both human and
animal health. The genes emrD and tetA encode efflux pumps. The
genes tetX and InuF encode enzymes that inactivate antibiotic
molecules. Resistance to aminoglycosides can be transferred by
aminoglycoside nucleotidyltransferase encoded by aadA. The genes
sull and sul2 encode an enzyme that replaces the antibiotic target in
the bacterial cell, therefore, enabling resistance to sulfonamide
(CARD: https://card. mcmaster.ca/analyze/rgi; Alcock et al., 2023).
Together with ARGs, mobile genetic elements (MGEs) play a role in
transferring antibiotic resistance. One example that is frequently
encountered in the environment is the transposon tnpA, which was
shown to be associated with antibiotic resistance (Partridge et al.,
2018). Associations between MGEs and ARGs could indicate
horizontal gene transfer (Waseem et al., 2019). Investigating
ARGs and their dynamics in chicken manure and during AD
helps to assess AMR spread in the environment. There are only a
limited number of studies that compare the amount of frequent
ARGs in chicken manure from different flocks, animal ages, and at
different AD time points. Therefore, the aims of this study were 1)
to identify frequently appearing ARGs in chicken manure and
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anaerobic digestate from chicken manure, 2) to investigate
the variation in ARG abundances in chicken manure from
different flocks and chickens of different ages, and 3) to
determine ARG temporal dynamics during AD in the mesophilic
temperature range.

2 Materials and methods
2.1 Study design and sampling

Details of the performed AD experiments were described in the
study of Atanasova et al. (2025). In brief, chicken manure for AD
was collected from a conventional broiler farm in Brandenburg,
Germany. Inoculum for AD was collected from a biogas plant
running on maize silage and cow slurry. Four different setups were
used for the experiment: 1) AD with chicken manure at 30°C, 2) AD
with chicken manure and sawdust addition at 30°C, 3) AD with
chicken manure at 37°C, and 4) AD with chicken manure and
sawdust addition at 37°C. Sawdust additions served as an additional
carbon source and optimized the AD reaction to a higher biogas
yield. During the AD experiment, digestate samples were collected
every day from day 0 until day 9 and every second day from day 10
until day 20 and stored at -20°C. For ARG quantifications by qPCR,
we selected digestate samples from days 0, 1, 3, 6, 14, 17, and 20
(Table 1). Samples from day 0 and day 1 were chosen as
representatives of the starting condition at the beginning of the
AD experiment. Microbiological cultivation results (Atanasova
et al,, 2025) showed a rapid change in E. coli survival during the
first week of the experiment. Therefore, we performed qPCR
analyses of samples from day 3 as a middle time point before E.
coli was undetectable. On day 6, cultivated E. coli were under the
detection limit at 37°C. On day 14, E. coli in digestate samples from
reactors at 30°C were below the detection limit (see Atanasova et al.,
2025). Day 17 was the last day of microbiological and chemical
analyses and day 20 was the last day of sampling.

For monitoring selected ARGs in chicken manure, broiler litter
was collected from the same conventional farm in Brandenburg,
Germany a few months later. We took samples from five different
flocks (4, 5, 6, 10, and 11) at three different time points (chickens
that were 1 week, 3 weeks, and 5 weeks old). Additionally, the
farmer provided us with information regarding the medical
treatments (date, drug, dose, and duration) for each flock.

2.2 DNA isolation

DNA isolation from chicken manure was performed using a
QIAamp Fast DNA Stool Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. For DNA isolation
from the digestate samples, the samples were processed according to
the manufacturer’s instructions using the Soil FastDNA"™ SPIN Kit
(MP Biomedicals, California, USA). DNA concentration and purity
were measured using a NanoDrop (NanoPhotometer® N60/N50,
IMPLEN, Munich, Germany).
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TABLE 1 Digestate samples.

Sample Time, day Temp, °C Content of digestate

1 0 30 Manure
2 0 30 Manure with sawdust
3 0 37 Manure
4 0 37 Manure with sawdust
5 1 30 Manure
6 1 37 Manure
7 3 30 Manure
8 3 37 Manure
9 6 30 Manure
10 6 30 Manure with sawdust
11 6 37 Manure
12 6 37 Manure with sawdust
13 14 30 Manure
14 14 30 Manure with sawdust
15 14 37 Manure
16 14 37 Manure with sawdust
17 17 37 Manure
18 17 30 Manure
19 17 37 Manure with sawdust
20 20 37 Manure
21 20 30 Manure with sawdust
22 20 37 Manure with sawdust

2.3 HT-gPCR SmartChip

To get an overview of the ARG composition and abundance in
chicken manure and digestate, we sent one mixture of chicken
manure DNA and one mixture of anaerobic digestate DNA to

TABLE 2 Primer list.

10.3389/frabi.2025.1612886

Resistomap (Helsinki, Finland). We pooled several DNA samples
from different time points together to cover a wider range of the
presented ARGs. In the results, we named the samples “Chicken
manure” that contained DNA of 1-week and 3-week-old chicken
manure, from 2 and 3 different barns, respectively. “Digestate”
samples consisted of DNA samples from AD with chicken manure
at 37°C on day 3 and 14; chicken manure and sawdust at 37°C on
day 6, and at 30°C on day 14. At Resistomap, a SmartChip HT-
qPCR (Wafergen Inc, USA) with 384 genes (374 ARGs, 9
taxonomic genes, and 16S rRNA) was performed. The abundance
of each gene was quantified in triplicate. As a result, relative
abundances were calculated using the AC method, with 16S
rRNA serving as the reference gene. The selection of ARGs was
the standard setup of the ARG2.1 chip or the One Health Package.
ARGs measured by the chip represented resistances against all the
important antibiotic classes, some integrons, and MGEs associated
with AMR. A detailed list of ARGs measured by HT-qPCR is shown
in Supplementary Figures 1, 2. As output, we obtained gene
abundances relative to 16S rRNA and gene copy numbers.

2.4 qPCR

We investigated the detailed abundance and temporal dynamics
of eight ARGs (aadA, emrD, InuF, tetA, tetX, sull, sul2, and tnpA) in
chicken manure and digestate samples using qPCR. One of the
main criteria for ARG selection was their high abundance detected
by the SmartChip system, reflecting their widespread occurrence in
the environment. Additional selection criteria for qPCR genes
included the use of specific antibiotic classes on the farm during
the study period, such as sulfamethoxazole and lincomycin, and the
clinical relevance of these ARGs in both human and veterinary
medicine. Primer (Merck Millipore, Missouri USA) information is
shown in Table 2. The efficiency of all the primers was tested and it
was 90%-100%. All samples were measured in triplicate. Each
reaction mixture contained 20 uL, including 1 uL of DNA, 10uL
SYBR Green Master I (Light Cycler 480 SYBR Green I Master,
Roche), 1 pL forward primer, 1ul reverse primer (10 mM), and 7 pL
MiliQ water. Samples were measured in a thermocycler (BioRad

Name Forward (5'-3’) Reverse (5'-3') Reference Tm, °C
aadA GTTGTGCACGACGACATCATT GGCTCGAAGATACCTGCAAGAA Muurinen et al. (2017) 60
emrD CTCAGCAGTATGGTGGTAAGCATT ACCAGGCGCCGAAGAAC Okonkwo (2023) 60
InuF ATACCGGTCATTTCCACTTGGC GCATCAGGCTGATGAGGTTCAA Muurinen et al. (2017) 62
sull GCCGATGAGATCAGACGTATTG CGCATAGCGCTGGGTTTC Mortezaei et al. (2024) 59
sul2 GATATTCGCGGTTTTCCAGA CGCAATGTGATCCATGATGT Jaleta et al. (2024) 55
tetA CTCACCAGCCTGACCTCGAT CACGTTGTTATAGAAGCCGCATAG Mortezaei et al. (2024) 60
tetX AAATTTGTTACCGACACGGAAGTT CATAGCTGAAAAAATCCAGGACAGTT Stedtfeld et al. (2018) 60
tnpA CCGATCACGGAAAGCTCAAG GGCTCGCATGACTTCGAATC Mortezaei et al. (2024) 58
16S rRNA GGGTTGCGCTCGTTGC ATGGYTGTCGTCAGCTCGTG Mortezaei et al. (2024) 59
Frontiers in Antibiotics 03 frontiersin.org


https://doi.org/10.3389/frabi.2025.1612886
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Atanasova et al.

CFX384 Real-Time system, California, USA) under the following
program: pre-incubation cycle for 180s at 95°C, 40 cycles of
amplification for 10s at 95°C, primer annealing for 20 s at the
primer-specific temperature (55°C-62°C, according to Table 2), and
elongation for 20 s at 72°C. Additionally, a melting curve analysis
was performed from 65°C to 95°C with a temperature increase of
0.5°C every 5s. The abundances of all the ARGs were normalized to
16S rRNA abundance. Fold change values were calculated by
dividing the abundance of the measured samples by the reference
sample, which was always the first one in the time series (week 1 for
chicken manure and day 0 for AD).

2.5 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics,
version 25 (SPSS, Inc., Chicago, IL). We applied a linear regression
analysis with the fold change of genes as the dependent variable and
several independent variables [for AD: days, temperature, and
substrate additive (sawdust); chicken manure: time and flock]. All
two-way interactions were included, and non-significant ones were

10.3389/frabi.2025.1612886

removed stepwise. Hochberg’s post-hoc tests were run for pairwise
comparisons of the days (AD) or time and flock (chicken manure).
Confidence intervals at 95% were calculated when applicable. A p-
value <0.05 was considered significant.

3 Results

3.1 ARGs by HT-gPCR in chicken manure
and digestate

Out of 374 ARGs potentially detectable on the Resistomap
ARG2.1 chip, the maximum detected ARG number was 277 in
digestate compared to 167 in chicken manure (Figure 1). In the
digestate sample, the number of different detected ARGs was 110
(approx. 66%) more than in the chicken manure sample. This
meant that the ARG diversity in the digestate was higher than in
chicken manure. The ARG classes with the most detected genes
were in both types of samples: MGE, multidrug resistance (MDR),
aminoglycosides, and macrolide-lincosamide-streptogramin B
(MLSB). In chicken manure, the two dominant ARG classes were

200

150

Total 167

100

50

Number of detected antimicrobial resistance genes

Chicken manure

m Aminoglycoside m Beta-Lactam = MLSB
® Trimethoprim  mVancomycin Phenicol
m Integrons = MGE Other

FIGURE 1

Number of detected antimicrobial resistance genes using a Resistomap HT-qPCR SmartChip in chicken manure and digestate. MDR, multidrug
resistance; MLSB, macrolide-lincosamide-streptogramin B; MGEs, mobile genetic elements.
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MGE (29 detected genes) and aminoglycosides (28 detected genes),
whereas for digestate, the two dominant ARG classes were MGE (39
detected genes) and MLSB (36 detected genes).

The relative abundances of ARG classes in chicken manure were
much higher compared to digestate (Figure 2), except for beta-
lactams, where both were similar (relative abundance in chicken
manure was 0.093 and in digestate was 0.101). The highest relative
abundance was observed for integrons class, consisting of four
different genes (Supplementary Figures 1, 2), with 0.978 for
chicken manure and 0.036 in digestate. The ARGs with the
highest relative abundance in chicken manure were the
aminoglycoside, MLSB, and tetracycline classes. Similarly,
digestate showed the highest abundances of the aminoglycoside,
MLSB, and beta-lactam ARG classes.

The analyses of the relative abundances of single ARGs
(Supplementary Figures 1, 2) in the aminoglycoside group
revealed that the genes aadA_I (0.079), aadAl_2 (0.071), and
aadA2_3 (0.069) showed high detection frequencies in chicken
manure, while aadA7 (0.028) was predominantly in digestate. In
chicken manure, the MLSB class gene [nuC (0.018) was the most
abundant, while in digestate, the dominant genes were lnuB (0.037)
and ermF_1 (0.035). Chicken manure contained high levels of sull
(0.004) and sul2 (0.012) from the sulfonamide group, as well as tet39
(0.246), tetX (0.098), and tetW (0.079) from the tetracycline class.
Tetracycline resistance genes tetM (0.011) and tetD (0.008) were
mainly present in the digestate. In the integrons class, intl1_1 (1.73)
and intI2_2 (0.083) were highly abundant in chicken manure and
intI3 (0.032) was more frequent in digestate. Chicken manure
showed a high abundance of the MGE, tnpA_I (0.120), while
digestate had high levels of trbC (0.012).
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3.2 ARGs in chicken manure by qPCR

After getting an overview of the ARG diversity and abundances
in chicken manure and the anaerobic digestate by the SmartChip
HT-qPCR, we focused on a more detailed investigation of eight
selected ARGs using qPCR. All the selected genes (tetA, tetX, sull,
sul2, tnpA, emrD, InuF, and aadA) were detectable in chicken
manure from animals of different ages and from different flocks.

Age and flock significantly influenced all the genes, but the
effect of age differed between the flocks (Supplementary Table 1).
The abundance of the tetA gene increased between week 1 and week
3, except for flock 4, where it decreased and had a maximum on
week 5. Flock 6 had significantly lower values (p <0.001) than all
other flocks (Figure 3). Concerning tetX, the values increased
significantly in flock 6 (p <0.001), but remained relatively stable
in all other flocks. In flocks 4 and 6, tnpA had the highest values on
week 3, while flock 11 had its lowest values at that time point.
Concerning sull and sul2, flock 11 again had the lowest values on
week 3, with all other flocks peaking on week 3. The abundance of
the emrD gene had increasing trends in flocks 6, 10, and 11, but
decreased in flocks 4 and 5. The values of InuF peaked on week 3 in
flocks 4 and 6, while flock 11 showed the highest values on week 5.
Flocks 4 and 6 had very similar abundances of tnpA, sull, and
InuF (Figure 3).

3.3 ARGs in digestate by qPCR

The results of the regression models for the digestate samples
are shown in Supplementary Table 2. For all genes, except for emrD
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Age, week

Estimated mean from UNIANOVA model for all of selected genes (aadA, emrD, [nuF, sull, sul2, tetA, tetX, and tnpA). Non-estimated means are not

plotted. Error bars show 95% confidence interval.

and tetX, sawdust had no significant impact, while temperature had
a significant impact on the fold change of all genes. The genes aadA,
tetA, sull, sul2, and tetX had significantly lower fold changes at 30°C
compared to 37°C, while emrD had higher values at 30°C.
Regarding the substrates, significant interactions between the
substrate and the temperature were observed for ftetX. For the
emrD gene, the effect of substrate also differed between the days,
with higher values in the sawdust group at days 6, 14, and 20, but
not at day 0. Interactions between day and temperature occurred for
both emrD and fetX. These genes had interactions between the
independent parameters day-sawdust (p = 0.016, resp., 0.015) and
day-temperature (p <0.001, resp., 0.005), meaning temperature and
sawdust were significant depending on the day.

4 Discussion

4.1 ARGs by HT-qPCR

In our study, ARGs from the aminoglycoside, MLSB, and
tetracycline classes were dominant in chicken manure. Similar
findings were reported by Peng et al. (2022); Blazejewska et al.
(2022), and Sun et al. (2024), who investigated ARGs in manure
from broiler farms and confirmed our results. Chicken manure is
used for biogas production. Notably, Germany is the largest
biomethane producer in Europe (European Biogas Association,
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2020). Already in 2018, 9,000 biogas plants were performing
anaerobic digestion (Appunn, 2016). The AD process starts with
hydrolytic and fermentative bacteria, followed by acetogens and
methanogens (Yangin-Gomec et al., 2020), which come from biogas
plants, mainly consisting of maize silage and cattle slurry, and
finally, chicken manure is mixed with this inoculum. In our
digestate (chicken manure and inoculum), the majority of fresh
matter by weight (approx. 99%) came from maize silage and cattle
slurry. However, this is only 6% of the dry matter weight because
the highest proportion of digestate is water. We compared raw
material (manure) to digestate (manure with inoculum) to estimate
the impact of the inoculum on chicken manure. Due to the fact that
our digestate contained a mixture of biogas plant inoculum and
chicken manure, it had higher ARG diversity and lower ARG
relative abundance (Figure 2). Peng et al. (2022) compared the
ARG content in different types of manure. Cattle slurry showed the
lowest abundance of ARGs compared to poultry and pig manure,
which is in agreement with our study. The differences in ARG
content can be attributed to variations in the microbiome. Several
studies have investigated this question. Peng et al. (2022) and Wang
et al. (2019) related ARG abundance to different microbiome
compositions in chicken manure and cattle slurry. Yue et al.
(2022) and Gurmessa et al. (2021) considered Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes to be phyla
associated with ARG abundance. Gurmessa et al. (2021) reported
Firmicutes and Bacteroidetes were the dominant phyla in cattle
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slurry, while Firmicutes and Actinobacteria were the prevalent phyla
in poultry manure. Additionally, the microbiome changed during
the AD process, which could contribute to ARG changes as well.
Riaz et al. (2020) reported a slight increase in the prevalence of the
phyla Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes
after anaerobic digestion. This can lead to no decrease or even an
increase in ARG abundance. Yangin-Gomec et al. (2020) reported
differences between inoculum and digested chicken manure
microbiomes. The inoculum, which initially contained a diverse
range of phyla without a high prevalence of any specific one,
became a digestate with a dominant prevalence of Firmicutes and
Actinobacteria, which are associated with the abundance of ARGs.

The chemical characteristics of poultry manure and cattle slurry
contribute to different microbiomes, leading to different ARG
abundances, as indicated by Gurmessa et al. (2021). One
noticeable difference is the moisture content in cattle slurry (~
86%) compared to chicken manure ( ~ 24%), which is likely to
cause microbiome differences. Peng et al. (2022) described a
correlation between the chemical characteristics and ARG
abundances of cow and sheep manure, which have low ARGs
abundance and a poor nutritional content compared to poultry
and pig manure, which have a higher amount of ARGs and a richer
nutritional content. This suggests that there may be significant
differences between raw chicken manure and digestate, which are
the result of natural changes in chemical characteristics and
microbiome composition during the anaerobic digestion process.
Lower ARG relative abundances in digestate might be a sign of
AMR reduction, but higher diversity in the future under certain
conditions could lead to an increase in AMR.

WHO reported that aminoglycosides are critically important
antimicrobials and tetracycline, lincomicide and sulfonamide are
highly important antimicrobials. These antibiotics are frequently
used in veterinary and human medicine (World Health
Organization, 2024). Genes aadA (aminoglycosides), tetA, tetX
(Tetracycline), sull, sul2 (sulfonamides), and InuF (lincomicides)
were detected in our study by HT-qPCR. Gene tetA encodes an
efflux pump for tetracycline residues. Another example of an efflux
pump encoding is emrD. This pumps efflux of amphipathic
molecules (Yin et al, 2006) and belongs to MDR ARGs. Gene
tnpA is associated with ARGs because it transfers ARGs. Li et al.
(2020) reported genes tetX and sul2 on the same plasmid with tnpA,
and Tada et al. (2016) reported sull. Allmeier et al. (1992) reported
transposon Tn1721, including tnpA sequence, with gene tetA.

4.2 ARGs in chicken manure by qPCR

Chicken manure, as a raw material for anaerobic digestion, was
investigated, aiming to identify ARG developmental trends in the
farms. First, we focused on ARG diversity in chicken manure from
different flocks. We analyzed the association of the fold change
observations with the flocks’ diseases and treatments. At the
beginning of the fattening period, flocks 10 and 11 had
colibacillosis and Enterococcus infection, while flocks 4, 5, and 6
had colibacillosis and dysbacteriosis. All flocks received the same
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treatment of lincomycin, sulfamethoxazole and thrimethoprim,
corresponding to the genes InuF, sull, sul2 (selected genes), dfrA,
and dfrK, which had relative abundances similar to tetA, tetR, and
tetM (Supplementary Figure 1). Burow et al. (2020) correlated AMR
with antibiotic usage, including aminoglycosides, sulfamethoxazole,
and trimethoprim. The flocks in our study were significantly
different from each other, but we did not observe any association
or difference between single flocks. Peng et al. (2022) compared the
relative abundances of ARGs in broiler manures from different farm
sizes and other types of manure. In chicken manure, single genes,
such as tetX, cfr, and aadAl, varied between the farms (up to 10*),
while for cfxA, tet(32), and tetO_02, the differences in relative
abundances were much lower (approximately 10%). Peng et al.
(2022) reported a significant difference between broilers raised
under traditional and intensive conditions. ARG levels were
higher in those from intensive farms due to high density and
intensive feeding. However, no association between ARG levels
and farm type for other livestock species was found. Another factor
we considered in our study was age, because manure characteristics
are impacted by chicken age (Prado et al, 2022). There was a
general trend for all investigated ARG abundances as they all
increased with chicken age. During the fattening period, the
temperature in the barn is approximately 25°C, and chicken’s
body temperature is approximately 40°C. This is a suitable
temperature range for the spread of human pathogens
(temperature 35°C-37°C) (Gutierrez et al., 2018). An increase in
bacteria could cause a spread of AGRs by mobile genetic elements.

4.3 ARGs in digestate by qPCR

To sum up the results, even though there have been observed
some significant differences between individual days and different
AD setups (Supplementary Figure 3), the differences were marginal
(lower than two-fold) and therefore negligible. Zahedi et al. (2022)
reported a significant decrease only of gnrS genes, while other genes,
including sull do not show changes after AD. Additionally, an
increased temperature (55°C compared to 35°C) did not result in a
higher ARG reduction. Similarly, Riaz et al. (2020) reported no
change in the relative abundance of ARGs such as sull, aadA, and
tetX during the first 5 days of semi-continuous chicken manure AD
and mixing with sawdust. Zhang et al. (2019) observed changes in
the relative abundance of tetX mostly after day 20. In our study, the
experiment was stopped after 20 days, the ARG changes that were
analyzed during the first 20 days showed no changes in tetX fold
change. A stable ARG level during the AD process was observed for
tetM, emrF, mefA, and sul2 by Zhang et al. (2019), and in our study
as well, except for emrD, which slightly increased during AD. ARGs
can be transferred across various environments, making them
difficult to track. Although several models have been developed to
predict their spread, one of the most recent approaches involves the
use of machine learning (Li et al., 2018). This complexity
contributes to the challenge of accurately predicting and
quantifying ARGs that pose a significant risk to human health.
Zhang et al. (2019) reported changes in the microbial community
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during anaerobic digestion. On day 0, the dominant phyla were
Firmicutes and Proteobacteria, and their relative abundances
remained stable over 20 days. In contrast, the abundance of
Bacteroidetes increased by approximately 20%, while
Actinobacteria remained steady at approximately 5%, making it
the fourth-most prevalent phylum. All of these phyla are known to
be associated with ARG abundance. These findings suggest that the
dominant phyla remained largely unchanged during the digestion
process, indicating that ARGs likely had stable microbial hosts to
persist and proliferate.

Anjum et al. (2017) showed that after thermophilic AD of poultry
manure, selected ARGs were no longer detectable, except for sull and
sul2. Song et al. (2017) investigated ARGs in swine manure and
observed an increase in the abundance of tetX, sul2, and tetQ during
the AD process. Song et al. (2017) tested the influence of different
biomasses (swine manure mixed with different amounts of wheat
straw). The experimental setup with the highest manure content
showed maximum abundance of ARGs on day 3, while samples
with less manure had their maximum on day 25. Additionally, the
experimental setup with a higher proportion of manure to wheat (7:3)
showed a decrease in total ARG abundances. Furthermore, Gao et al.
(2022) reported a decrease in the abundance of sull and emrC in pig
manure during AD in a high-solid anaerobic system at a mesophilic
temperature, but the abundance of genes sul2 and aadA did not show
a strong decrease. In our study, sawdust addition had no relevant
impact on ARG loads, similar to the findings of the microbiological
analysis (Atanasova et al.,, 2025), where authors reported no significant
differences between E. coli concentration with and without sawdust.
Based on the studies by Gao et al. (2022) and Song et al. (2017),
anaerobic digestion is more suitable for ARG reduction in AD of
swine manure compared to poultry manure. AD showed good results
in reducing pathogens and AMR bacteria (Atanasova et al, 2025;
Thomas, 2023). Furthermore, ARG reduction was achieved through
AD of sewage sludge (Mortezaei et al.,, 2024) and pig manure (Anjum
et al,, 2017; Song et al,, 2017). In our research, AD did not show a
reduction in the abundance of ARGs, which remained stable in our
setups with chicken manure. However, AMR results obtained by
microbiological cultivation (Atanasova et al., 2025) showed a rapid
decrease in the number of viable E. coli during AD. The selective
cultivation method for AMR analyses is labor-intensive, selective of
only a limited number of bacterial species, and restricted to viable
bacteria. This means that selective cultivation alone is not able to cover
the abundance and distribution of ARGs within a sample. gPCR
enables the selection of more bacterial species and viability-
independent, sensitive, and precise quantification of selected ARG
abundances. Therefore, AD chicken manure is a suitable process for
the reduction of AMR E. coli, while we did not observe a reduction of
ARGs in our laboratory batch setups.

5 Conclusion

This study has confirmed that ARGs are present in high
amounts in chicken manure. The types and levels of ARGs can
vary depending on factors such as chicken feeding, keeping, health,
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treatment, animal age, and microbiome composition. In this study,
we demonstrated that the trend of ARG abundances increased with
the chickens’ age, while the ARG profiles between different flocks
varied only marginally. Chicken manure was mixed with inoculum
from a biogas plant that contained cattle slurry and maize silage for
anaerobic digestion, which decreased the total ARG levels but
increased ARG diversity. While AD is a common and suitable
process for pathogen and AMR bacteria reduction, we did not
observe a reduction of selected ARGs during the AD process in our
laboratory batch experiments. This means that the risk of ARG
spread to the environment by manure field fertilization may not be
reduced by AD. Even if pathogens and AMR bacteria are reduced
after AD, ARGs could be integrated into bacteria from the
environment, and hence, acquire and spread antibiotic resistance.
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