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A B S T R A C T   

Manure contains vast amounts of biological contaminants of veterinary origin. Only few studies analyse clinically 
critical resistance genes against reserve antibiotics in manure. In general, resistances against these high priority 
antibiotics involve a high potential health risk. Therefore, their spread in the soil as well as the aquatic envi
ronment has to be prevented. 

Manures of 29 different swine livestock were analysed. Abundances of facultative pathogenic bacteria 
including representatives of the clinically critical ESKAPE-pathogens (P. aeruginosa, K. pneumoniae, A. baumannii, 
E. faecium) and E. coli were investigated via qPCR. Antibiotic resistance genes against commonly used veterinary 
antibiotics (ermB, tetM, sul1) as well as various resistance genes against important (mecA, vanA) and reserve 
antibiotics (blaNDM, blaKPC3, mcr-1), which are identified by the WHO, were also obtained by qPCR analysis. The 
manures of all swine livestock contained facultative pathogenic bacteria and commonly known resistance genes 
against antibiotics used in veterinary therapies, but more important also a significant amount of clinically critical 
resistance genes against reserve antibiotics for human medicine. To illustrate the impact the occurrence of these 
clinically critical resistance genes, comparative measurements were taken of the total wastewater of a large 
tertiary care hospital (n = 8). Both manure as well as raw hospital wastewaters were contaminated with sig
nificant abundances of gene markers for facultative pathogens and with critical resistance genes of reserve an
tibiotics associated with genetic mobile elements for horizontal gene transfer. Hence, both compartments bear an 
exceptional potential risk for the dissemination of facultative pathogens and critical antibiotic resistance genes.   

1. Introduction 

The occurrence and spread of antibiotic resistance genes is a widely 
known and discussed problem of our today’s society (Kaspar et al., 2016; 
Rossolini et al., 2014; Sib et al., 2020; WHO, 2019). One major point of 
these discussions is to locate different main sources of antibiotic resis
tance gene emissions into the environment. As already shown, waste
waters of either municipal, hospital or even industry origin can be major 
hotspots for clinically relevant resistance genes. The dissemination of 
antibiotic resistance genes can be prevented by advanced wastewater 
treatment at these hotspots in an either centralized (at wastewater 
treatment plants), or decentralized (at main discharge points) manner 
(Alexander et al., 2020; Hembach et al., 2017; Jäger et al., 2018; Savin 
et al., 2021). Other potential sources like stormwater overflow basins or 

the usage of manure for fertilization are often overlooked. In addition, 
most studies regarding these sources focus on widely used antibiotics 
that are no longer crucial for human therapy and whose resistance genes 
are ubiquitous (J. C. Chee-Sanford et al., 2001; Heuer et al., 2011; 
McKinney et al., 2018). Resistance genes against high priority or reserve 
antibiotics for human therapy are rarely part of studies involving 
food-producing sectors. 

The use of antimicrobial agents in husbandry is considered the most 
important factor for the selection of antibiotic resistant bacteria in 
manure (Jayarao et al., 2019; Murphy et al., 2017), although the total 
sale of antimicrobial agents has decreased by 34.6% in the EU from 2001 
to 2018 (More, 2020). Nevertheless, this decrease does not appear to be 
sufficient to control the burden of antibiotic resistance genes, due to 
their dissemination and environmental persistence (McKinney et al., 
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2018; Savin et al., 2021). However, antibiotic turnover only correlates 
directly with the antibiotic resistance burden in human populations, 
when high standards of sanitation infrastructure and hygiene practices 
are maintained, so that environmental factors do not have an impact on 
the transmission of resistant bacteria to humans and animals (Collignon 
et al., 2018). A relevant environmental factor that plays a role in the 
persistence and spread of antibiotic resistance into the environment is 
the increase in average temperatures associated with climate change. 
This factor alone may play a role in colonization with facultative path
ogenic bacteria or even increase transfer of antibiotic resistance genes 
(Kaba et al., 2020). In addition, increased temperatures can also be 
considered as a stress situation for certain microorganisms and animals, 
which can be causative for an increased incidence of animal infection 
and consequently intensify the use of antibiotics with concomitant se
lection of resistance (Koutsoumanis et al., 2021). 

The food-producing sectors have a direct or indirect role in the spread 
of antibiotic-resistant bacteria and antibiotic resistance genes in human 
settings, animal-related settings, and the environment (Hölzel et al., 2010; 
Sib et al., 2020). Antibiotic resistance genes, in bacteria or as extracellular 
DNA (i.e. eDNA), are released into the environment (soil surfaces, 
wash-off into surface waters, seepage, etc.) via faecal wastewater from 
food production (here, animal fattening) or via fertilization (Binh et al., 
2008a; Su et al., 2014; Wichmann et al., 2014; Zhang et al., 2017). 

Therefore, animal manure must be considered as a source in the 
transmission of antibiotic resistant bacteria and antibiotic resistance genes 
to the environment, and pig manure seems to be the highest contaminated 
source of resistance genes (Enne et al., 2008; Marti et al., 2014; McKinney 
et al., 2010; Pu et al., 2020). Fertilizers of faecal origin (such as manure) 
have already been identified as a route of entry of veterinary important 
antibiotic resistant bacteria and resistance genes into the environment and 
highlighted by WHO (WHO, 2020). 

After reaching the environment, antibiotic resistant bacteria can 
colonize humans via serval routes by direct contact, e.g., by handling 
manure, by contact with contaminated water or by aerosol formation 
during manure spreading (Huijbers et al., 2015). The observation, that 
even vegetables which had been grown on manured fields contained 
increased abundances of resistance genes not only at harvest, but also on 
retail-level is a concerning issue (Rahube et al., 2014; Wang et al., 2015; 
Yang et al., 2018; Zhang et al., 2019; Zhu et al., 2017). Therefore, top 
fertilization of vegetables with liquid manure is forbidden in Germany. 
Besides direct health risks, the application of manure to fields has a 
major impact on the resistome and microbiome of the soil and the 
adjacent environment, increasing the persistent abundance of antibiotic 
resistance genes which in the long run also increases the overall risk 
potential (J. C. Chee-Sanford et al., 2001; Pu et al., 2020; Ruuskanen 
et al., 2016). 

As mentioned above, most of the published research focuses on anti
biotic resistances genes that are already very widespread and, despite 
playing a major role in medicine, are not clinically critical. The majority 
of already performed research focus on resistances against substances 
that are not used as reserve antibiotics like tetracyclines, sulfonamides. In 
consequence, the potential health risks and their distribution pathways 
are known, but have been put into the wrong perspective by focussing on 
old and widespread resistances, which have a limited risk potential for 
human healthcare. In addition, colistin, which has been adopted as a 
reserve antibiotic in human medicine after the rise of the carbapenems, 
has a long history of veterinary applications. 

This work comparatively quantifies the abundances of antibiotic 
resistance genes with clinically importance in manures and clinical 
wastewater. Manure gets brought directly to the environment without 
major concerns, whilst clinical wastewater gets treated at conventional 
wastewater treatment plants. Our previous works suggest, that even 
conventional wastewater treatment is not sufficient for the retention of 
facultative pathogenic bacteria and antibiotic resistance genes (Jäger 
et al., 2018; Sib et al., 2020; Voigt et al., 2020). 

2. Materials and methods 

2.1. Sample collection and preparation 

To observe the contamination of manure by antibiotic resistance 
genes and facultative pathogenic bacteria, 29 grab samples (100 mL) 
from different swine-producing facilities of different size were obtained 
(Table 1). Depending on the management of the farms, the manure had 
been stored for different lengths of time since the last manure spreading, 
which was between 2 and 10 months, as indicated in Table 1. It was 
unknown, if during the last withdrawal of manure, the complete storage 
tank had been emptied or whether only fractions of even older manure 
remained. Of each grab sample 6 mL liquid manure was centrifuged for 
15 min and the DNA of the resulting pellet was extracted utilizing the 
FastDNA Spin Kit for Soil and FASTPREP® Instrument (MP Biomedicals, 
Santa Ana, CA). DNA concentrations were measured via an intercalating 
dye using a Qubit 3.0 system (Thermo scientific, Waltham, USA). 

To compare the resistance situations of manures (n = 29) and raw 
hospital wastewater samples (n = 8), qPCR analyses were also per
formed. These hospital wastewater samples originated from the major 
sewer pipe containing sewage from a large, maximal care hospital with 
38 independent clinics and more than 1200 beds. For each sampling 50 
mL wastewater were filtrated through a polycarbonate membrane with a 
pore of diameter 0.2 μm (VWR, Germany) and DNA was extracted as 
mentioned above. 

2.2. Molecular biology detection of antibiotic resistance genes and 
facultative pathogenic bacteria 

For detection of both antibiotic resistance genes as well as facultative 
pathogenic bacteria, quantitative polymerase chain reaction (qPCR) was 
performed utilizing specific primers for a range of different microbial 
parameters (see SI Table 1). Derived from a list of facultative pathogens, 
which were defined by the WHO (World Health Organization, 2017) 
being responsible for 66% of all hospital acquired, nosocomial infections 
(National reference center for surveillance of nosokomial infections, 
2016; Navidinia, 2016; Rice, 2008), the abundance of Enterococcus 
faecium (cys), Pseudomonas aeruginosa (ecfx), Klebsiella pneumoniae 
(gltA), Acinetobacter baumannii (secE), and E. coli (ycct) were analysed 
utilizing specific primers targeting the indicated taxonomic specific re
gions. Furthermore, the occurrence of three different veterinary asso
ciated antibiotic resistance genes (ermB, tetM, sul1) and five different 
clinically critical resistances genes (mecA, blaNDM, vanA, mcr-1, and 
blaKPC3) were analysed. Resistance genes, that are associated with 
frequently employed veterinary antibiotics mediate resistances against 
tetracylines (tetM), sulfonamides (sul1), and marcolides (ermB) make up 
42% (300 t) of the antibiotics used in veterinary medicine (BVL, 2019). 
The selected critical antibiotic resistance genes are directed against last 
line of resort as well as other clinically relevant antibiotics like glyco
peptides (vanA), carbapenems (blaNDM, blaKPC3), polymyxins (mcr-1), 
and methicillin in S. aureus (mecA) (Nordmann et al., 2011; Skov & 
Monnet, 2016). PCR assays contained specific primers for each resis
tance gene and taxonomic marker genes for facultative pathogenic 
bacteria. The qPCR-temperature profile consisted of an initial activation 
at 95 ◦C for 5 min followed by 40 cycles of 15 s denaturation at 95 ◦C and 
1 min at 60 ◦C for annealing and elongation. The qPCR analyses were 
performed with 10 μL of Maxima SYBR Green Mastermix (Thermo Sci
entific, Waltham, USA), 0.8 μL of each 0.5 mM primer stock solution 
(Sigma Aldrich, Darmstadt, Germany), and 7.2 μL nuclease free water 
per reaction according to Hembach et al. (2019). A volume of 1 μL of 
extracted DNA solutions was added to each qPCR reaction. For addi
tional quality control, qPCR amplicons were verified by electrophoresis 
and a melting curve analysis at the end of each run to assure both 
specificity and selectivity of each quantification. The detection limits of 
each primer system are also listed together with the other quality pa
rameters in SI Table 1. 
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2.3. Cultivation based detection 

Supplementary methods of classical cultivation have also been per
formed. It became obvious, that commercially available selective media 
has limitations for liquid manure as unspecific growth was observed. 
The cultivation of such bacteria in environmental samples is also dis
cussed in Schreiber et al. (2021). 

2.4. Statistical analysis and data presentation 

Each qPCR analysis was performed in technical triplicates and gene 
copies were calculated from the mean ct-values with the target specific 
calibration curve and normalized to 100 mL sample volume and 100 ng 
DNA, respectively. For data presentation for each parameter the mean of 
all 29 manure samples, as well as the mean of the 8 hospital wastewater 
samples were calculated. In Fig. 1 each individual measurement is 
represented by a dot, whilst a bar represents the calculated mean of all 
samples. Gene abundances of individual swine livestock and hospital 
samples are listed in SI Tables 2–5 

3. Results and discussion 

The average value of extracted DNA from 1 mL of manure was 7357 
ng DNA (±46%) whilst 1 mL clinical wastewater contained on average 
1331 ng DNA (±59%). The high variation in DNA yields was caused by 
the wide natural variety of different samples. As no discrimination be
tween living bacteria, dead bacteria or bacteria which were viable but 
not cultivable (VBNC) was performed, the DNA yields represent the 
entirety of all physically intact bacteria. DNA from lysed bacteria and 
free DNA, which would be available for horizontal gene transfer, was not 
analysed since free DNA is removed by the DNA extraction method. 
Hence, the utilization of molecular biology techniques like qPCR allows 
capturing data from both aerobic and anaerobic bacteria, injured and 
dead but morphologically intact bacteria of the whole community. 

3.1. Contamination of manure with clinically relevant antibiotic 
resistance genes and bacteria 

Analysis of the manure samples showed, that besides resistance 
genes against antibiotics that are frequently used in veterinary medicine 
(tetM, ermB), both facultative pathogenic bacteria that belong to the 
ESKAPE group as well as clinically critical resistance genes were present 
in manure originating from swine farming. Resistance genes against the 
veterinary antibiotics were present in the highest abundances from 1.17 
× 1010 gene copies/100 mL (ermB) to 1.2 × 1011 gene copies/100 mL 
(tetM). The sulfonamide resistance gene (sul1) was found in similar high 
abundance. The taxonomic gene markers specific for facultative path
ogenic bacteria could be detected over a broad range of concentrations, 
from 6.0 × 103 (P. aeruginosa) to 2.3 × 107 (E. faecium) gene copies/100 
mL. Here species of the intestinal microbiota (E. coli and E. faecium) were 
more abundant than the facultative pathogenic bacteria P. aeruginosa, K. 
pneumoniae, and A. baumannii, which are also associated with municipal 
or hospital wastewaters (Alexander et al., 2020). The clinically critical 
antibiotic resistance genes were present in significant abundances be
tween 5.2 × 104 (vanA) to 1.2 × 106 (blaNDM) gene copies/100 mL (see 
Fig. 1A) in manure samples. No correlation between farm size and 
resistance gene contamination could be established, neither by total 
hectare sizes nor by livestock. Fig. 1 shows the mean abundance of 
facultative pathogenic bacteria as well as antibiotic resistance genes, 
which were present in all 29 analysed manure grab samples. 

In addition to the volume-based evaluation, abundances of faculta
tive pathogenic bacteria were referred to 100 ng DNA extracted from 
manure samples (Table 1 and Fig. 1C). These values were about 3–4 
log10 units fold lower, when compared to the abundances per 100 mL 
manure (Fig. 1A), indicating that the high loads with resistance genes 
and facultative pathogens per 100 mL was caused by the overall high 
bacterial density in the manure. The composition of the observed 
ESKAPE-pathogens favoured intestinal flora (3.3 × 102 gene copies/100 
ng DNA for E. coli and 3.6 × 103 gene copies/100 ng for E. faecium) 

Table 1 
Farm size, storage time, time since last spreading, sampling point, and yielded DNA concentration after DNA-extraction of all 29 sampled swine livestocks.   

Farm size Average storage time 
[months] 

time since last spreading 
[months] 

sampling point DNA concentration after extraction ng 
DNA/μL eluate 

1 190 ha 9 2 elevated tank 253,4 
2 4000 fattening places 6 3 elevated tank 419,5 
3 455 sows 9 2 beneath slatted 

floor 
430,5 

4 1400 sows for breeding 10 5 elevated tank 150,9 
5 unknown unknown unknown unknown 324,6 
6 1400 sows for breeding 10 5 elevated tank 324,2 
7 unknown unknown unknown unknown 247,8 
8 2200 fattening places 6 3 elevated tank 216,8 
9 unknown unknown unknown unknown 288,7 
10 1300 fattening places 6 6 elevated tank 223,55 
11 560 sows, 3000 piglets 9 7 elevated tank 228,35 
12 540 sows + piglets 10 8 elevated tank 432,6 
13 50 ha 6 2 elevated tank 393,4 
14 100 ha 9 4 elevated tank 184,4 
15 220 sows; 1000 breeding places, 1000 

fattening places 
8 4 elevated tank 154,8 

16 125 ha 12 3 elevated tank 226,3 
17 185 ha unknown unknown elevated tank 213,3 
18 185 ha 9 2 preliminary tank 301,7 
19 117 ha 3 2 preliminary tank 148,2 
20 250 ha 3 4 preliminary tank 331,0 
21 520 fattening sows 8 6 preliminary tank 179,85 
22 1650 fattening sows unknown unknown unknown 213 
23 unknown unknown unknown unknown 400 
24 2600 fattening sows unknown unknown unknown 140 
25 2800 piglets, 500 sows unknown unknown unknown 194,9 
26 2200 fattening sows, 1200 piglets unknown unknown unknown 90 
27 1900 fattening sows unknown unknown unknown 162 
28 unknown unknown unknown unknown 446 
29 5700 fattening sows unknown unknown unknown 232  
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whilst the clinically more relevant facultative pathogenic bacteria 
(P. aeruginosa, K. pneumoniae, and A. baumannii) were with 1.1–36.0 
gene copies/100 ng DNA less frequently detected. The same trend can be 
seen within the spectrum of the different antibiotic resistance genes. 
Veterinary resistance genes were with 1.4 × 106 (ermB) to 1.4 × 107 

(tetM) gene copies/100 ng DNA present in a greater relative abundance 
of the population than the clinically critical antibiotic resistance genes 
with 5.8 to 2.3 × 102 gene copies/100 ng DNA. In conclusion, clinically 
critical pathogens made up a quite small part of the overall microbiome 
in contrast to the different categories of antibiotic resistance genes. 
However, through the overall high bacterial load of manure, the amount 
of facultative pathogenic bacteria and antibiotic resistance genes spread 
to the field without further treatment display a critical situation. In 

general, manure contributes to the microbial pollution with antibiotic 
resistance genes and clinically relevant bacteria are disseminated via the 
food producing chains into the environment (Heuer et al., 2011; Savin 
et al., 2021; Venglovsky et al., 2009; Zhu et al., 2017). 

For an improved comparability with other wastewater compart
ments the complex texture of manures containing uncharacterised ani
mal derived liquids, solid fractions, but also waters from farming 
operations have to be considered. Therefore, the DNA concentration- 
based evaluation delivers a more realistic state of contamination. 

In most reports only resistance genes of veterinary commonly used 
antibiotics are analysed and therefore solely detected (Chee-Sanford 
et al., 2009; McKinney et al., 2018). It is noteworthy that in our study 
also critical resistance genes, which mediate resistances against reserve 

Fig. 1. Abundance of facultative pathogenic bacteria and antibiotic resistance genes in 100 mL (A&B) and per 100 ng DNA (C&D) in liquid manure (A&C) and clinic 
wastewater (B&D). 
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antibiotics, were detected in significant abundances in manure samples. 
These critical genes were present in the majority of the manure samples 
without any information about the carrier microorganisms. Neverthe
less, the first clinical isolates harbouring are facultative pathogenic 
bacteria of the ESKAPE group. Most of these antibiotic resistance genes 
are located on mobile genetic elements which participate in horizontal 
gene transfer. Such transfer events may happen during manure pro
cessing or storage time from pathogenic bacteria to manure inherent 
microorganisms or vice versa. 

3.2. Antibiotic resistance genes and facultative pathogenic bacteria in 
hospital raw wastewater in comparison to manure results 

To compare and assess the urgency of the problem regarding clini
cally critical antibiotic resistance genes in manure, Fig. 1 displays the 
contamination of clinical wastewater from a large hospital (n = 8) in 
both volume-based (B) and DNA-based (D) abundances. The values for 
blaNDM, sul1, and mcr1 have been published previously by Sib et al. 
(2020). 

In clinical wastewater, facultative pathogenic bacteria could be 
detected with 5.5 × 105 (P. aeruginosa) and 3.6 × 106 (K. pneumoniae) 
gene copies/100 mL at a higher abundance than in manure from swine 
livestock. As mentioned above, the selected biological parameters were 
adapted to monitor hospital associated targets. Therefore, the higher 
loads in hospital wastewater were expected. Their share of the micro
biome is conclusive. On one hand, the abundances of intestinal 
E. faecium decreased in comparison to the manure. On the other hand, 
the proportion of nosocomial facultative pathogens rose up to 3.2 × 103 

gene copies/100 ng DNA for K. pneumoniae (36 gene copies per 100 ng 
DNA in manure) and for A. baumannii to 9.2 × 102 gene copies per 100 
ng DNA (12 gene copies per 100 ng DNA in manure). Antibiotic resis
tance genes of older antibiotics, which are also used in veterinary set
tings, were determined with 1.5 × 104 (tetM) and 3.2 × 104 (ermB) gene 
copies/100 mL, i.e. about 3 log10 units less abundant in the hospital 
wastewater than in manure. The resistance gene sul1 was with 8.1 × 106 

gene copies/100 mL more abundant and determined in a comparable 
range in both hospital wastewater and manure. This higher frequency 
might be caused by the class 1 integron (intl1), a hospital associated 
mobile genetic element, which contains a sul1 gene in its genetic 
backbone (Hall, 1997). Fig. 1D illustrates the impact of frequently used 
antibiotics in infectious therapy on the resistome of the bacterial 
wastewater population. The carbapenemase resistance genes blaNDM and 
blaKPC3 made up the majority of the clinically critical antibiotic resis
tance genes. A dominant facultative pathogenic bacterial species could 
not be observed, as all taxonomic gene markers were present within one 
log10 unit range between 3.0 × 102 and 2.0 × 103 gene copies/100 ng 
DNA. 

Interestingly, the clinically critical resistance genes (mecA, vanA, 
mcr-1) were 2 log10 units less frequent in hospital wastewater than in 
manure. Only the resistance genes blaNDM and blaKPC were more abun
dant in clinical wastewater, with 1.7 × 107 (blaNDM) and 2.8 × 106 

(blaKPC) gene copies/100 mL (1.2 × 106 resp. 1.6 × 105 gene copies/100 
mL in manure). 

3.3. Consequences of clinically relevant resistances in manure 

Manure is not only highly contaminated with veterinary associated 
and commonly found antibiotic resistance genes, but it also contains 
high loads of clinically relevant resistance genes, like blaNDM and 
blaKPC3, and in a lower abundance with vanA and mcr-1. Thus, manure 
poses a high potential risk, especially when applied to fields. It is as 
strongly contaminated as untreated clinical wastewater. But in contrast 
to hospitals, food producing facilities, and wastewater treatment plants, 
manure is not in the main focus of interest for dissemination of antibiotic 
resistance genes to the environment (Alexander et al., 2022; Hembach 
et al., 2017; Jäger et al., 2018; Savin et al., 2021). As a consequence, the 

dissemination of clinically critical antibiotic resistance genes through 
manure is not noticed sufficiently by the regulatory authorities and 
political societies. 

Highly contaminated wastewaters from hospitals are treated at 
wastewater treatment plants before they are released to the environ
ment. Conventional wastewater treatment plants do not remove all 
antibiotic resistant bacteria, but additional treatment technologies exist 
and their application is discussed (Alexander et al., 2016; Hembach 
et al., 2019; Sib et al., 2020). In contrast, manure is spread on the fields 
mostly without further treatment beside storage, only relying on the 
filter and degradation properties of the soil to protect the water re
sources from contamination. 

They key objective of previous actions, to minimize the usage of 
antibiotics in veterinary did obviously not reached the expected results 
so far and further actions have to been taken to protect water resources 
(Durso & Cook, 2014; Pruden et al., 2013). Frequently, the storage is 
mentioned as an additional step to reduce antibiotic resistances and 
facultative pathogenic bacteria loads in manure. But as the manure 
samples were stored up to 7 months before sampling, the effect of 
storage times under realistic conditions is depicted in the 29 samples 
(Table 1). Indeed, it has already been documented, that bacterial path
ogens are able to persist in animal manure under typical 
farming-conditions (Venglovsky et al., 2009). Typical storage conditions 
did not result in an significant contamination reduction during this 
research. This finding confirmed already mentioned doubt about the 
ability of digestion or composting to reduce the occurrence of antibiotic 
resistances in manure (Tien et al., 2017; Tran et al., 2021). Former 
studies have demonstrated that storage over a certain time is not suffi
cient to eliminate bacteria, but that specific fermentation is necessary for 
an efficient removal of unwanted bacteria and resistance genes (Tien 
et al., 2017). Earlier research showed that fermentation or even anaer
obic composting significantly reduces the load of resistance genes 
(Anjum et al., 2017; Gou et al., 2018). Although removal via anaerobic 
digestion shows species selection processes towards gram positive bac
teria (Tran et al., 2021). 

It is known that manure supports horizontal gene transfer, and 
furthermore that antibiotic resistance genes accumulate on manured 
fields (Gotz & Smalla, 1997; Heuer et al., 2007; Knapp et al., 2010). In 
addition, the application of manure to the fields leads to an unwanted 
mixing of resistomes from different origins. Hence the manure resistome 
containing both, resistance genes against veterinary antibiotics, facul
tative pathogenic bacteria, and resistance genes critical for human 
health (e.g. against reserve antibiotics like mcr-1, blaNDM), comes in 
contact with the biggest and most concerning origin of antibiotic resis
tance, the environment. Such a blending of factors leads to an enormous 
potential health risk. On one hand an emerging environmental pathogen 
might acquire an additional healthcare relevant resistance gene (HGT 
from the human related to the environment bacteria), on the other hand 
a new resistance mechanism might be transferred to a well-known 
facultative pathogen (HGT from the environment to a human path
ogen) or the combination of the two (Knapp et al., 2010). Especially the 
latter situation is not limited to resistance genes, but also to other 
beneficial traits for the bacterium. In addition to the introduction of 
clinically critical resistance genes, manure has been shown to promote 
horizontal gene transfer (e.g. via elevated phosphorous concentration), 
which further speeds up the merging of the resistomes (Alegbeleye & 
Sant’Ana, 2020; Binh et al., 2008b; Von Wintersdorff et al., 2016). The 
focus of public interest lies nevertheless upon hospital wastewater or 
even wastewater in general, where discussions about additional treat
ment steps for reduction of the dissemination of resistant bacteria are 
already under way (Alexander et al., 2022). As there is a strong emphasis 
on preventing critical antibiotic resistance genes reaching the environ
ment, the blending of resistomes caused by the application of manure to 
the field could stand for a significant drawback in the approach to fight 
against the spread of antimicrobial resistances (Levy & Bonnie, 2004; 
Organization, 2001). 

N. Hembach et al.                                                                                                                                                                                                                              



Environmental Pollution 313 (2022) 120128

6

As all the farms investigated in this research regularly bring their 
manure to the field, there is a relevant health risk of spreading clinically 
critical resistances, which has been ignored so far. Beside the analysed 
resistance genes, it is assumed that a broader spectrum of resistance 
genes reaches the resistome of the environment, where their persistence 
might lead to an increasing health risk (Heuer & Smalla, 2007; Knapp 
et al., 2010; Wright, 2010). Thus, the risk potential is shown to be (1) the 
occurrence of genetically mobile resistance genes in an overall microbial 
population that may be available for horizontal gene transfer, (2) the 
simultaneous occurrence of clinically relevant bacteria in the overall 
bacterial population that may act as donors or recipients of the resis
tance genes, and 3) people including farmers become colonized with 
such bacteria. Another step contributing to the assessment of manures’ 
risk potential would be (4) to document the presence or absence of the 
combination of both pathogenic bacteria harbouring resistance genes 
via cultivation-based methods. It has been shown, that crops or even 
commercially available vegetables grown on manured fields have an 
high intracellular load of antibiotic resistance genes previously origi
nating from field soils (Zhang et al., 2019; Zhu et al., 2017). These ex
amples ultimately demonstrate the dynamics of resistance genes of 
clinically relevant antibiotics in the food chain. Additional risks are 
posed by the infiltration of high loads of biological contaminations into 
the environment, where even critical organisms or genes reach adjacent 
water sources like rivers, groundwaters, and reservoirs for drinking 
waters (Cole et al., 1999). 

4. Conclusion 

Based on the findings of this research, it is suspected that manure as 
direct animal waste not only plays a major role in the spread of antibiotic 
resistance genes in general, but more specifically also contributes sub
stantially to the spread of antibiotic resistance genes against critical 
reserve antibiotics for human medicine. Manure is collected from live
stock, stored and applied to agricultural land without further inactiva
tion measures. In case of other hotspots of dissemination of facultative 
pathogenic bacteria and antibiotic resistance genes (like urban waste
water), there is an ongoing discussion about an implementation of 
advanced purification technology aiming at removal of micropollutants 
and antibiotic resistances. Actually, the application of manure for 
fertilization of fields is not intensively discussed for the spread antibiotic 
resistances and is in consequence not regulated at all. The highly 
contaminated material, which is comparable to raw hospital waste
water, but without any downstream treatment at wastewater treatment 
plants, is brought into the environment without further thought about 
consequences or subsequent health risks. After reaching the environ
ment, antibiotic resistance genes are able to persist and spread via 
horizontal gene transfer to the endogenous bacterial population, thus 
incorporating the resistance genes into the environmental resistome, 
and resulting in unnecessary additional health risks for humans upon 
colonization either via diverse activities, groundwater or agricultural 
goods. 

The use of manure as a natural soil fertilizer thereby creates a 
reservoir for transmissible antibiotic resistance genes and facultative 
pathogenic bacteria as possible recipients of antibiotic genes. This 
dissemination path of critical genes needs to be further assessed and 
even more importantly regulated. 
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