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Abstract: The reuse of stabilized (under thermophilic conditions) sewage sludge and manure on
agricultural soils is a common practice. The aim of this study was to evaluate the risks associated
with their repeated applications on the spread of pathogenic bacteria and antibiotic resistance
genes (ARGs) that encode resistance to tetracycline (tetA and tetW), sulphonamide (sul1 and sul2),
erythromycin (ermB), vancomycin (vanA) and integron genetic element (intI1). The trial fields has
been regularly fertilized every 3rd year since 1996 with manure (MF; 330 kg N/ha) and sewage
sludge (SF; 330 kg N/ha and SF3; 990 kg N/ha). Unfertilized soil (CF) served as a control. Samples
were collected at different time points: (i) right before fertilization (which was also 3 years after the
last fertilization), (ii) 5 months after fertilization, and (iii) 11 months after fertilization. The relative
abundance of amplicon sequence variants (ASVs) assigned to potentially pathogenic bacteria was
low (0.3% and 0.25% in sludge and manure, respectively), and no association with the application of
these fertilizers was found. On the other hand, our data indicate that an increased relative abundance
of the ARGs sul1 and tetW was significantly associated with these fertilizer applications, and sul1
was increased in all treatments regardless of the time. It is suggested that sul1 should be monitored
in organically fertilized soils to prevent its spread and possible further accumulation in crops.

Keywords: sludge; manure; antibiotic resistance; pathogenic bacteria; soil

1. Introduction

A common practice to maximize crop yields is the application of organic fertilizers
on arable soil. Among the well-known benefits of their application is the improvement
of soil fertility by enriching it with nutrients (especially phosphorus and nitrogen), pH
alteration [1,2], and the replenishment of soil organic matter, the depletion of which is a
serious problem [3]. Stabilised sewage sludge and animal manure are traditionally used as
organic fertilizers which, in some European countries, are the primary means of municipal
and industrial organic waste reuse [4]. For example, in the Czech Republic, 13 million tons
of manure and 61,000 tons of sludge were applied to agronomic soils in 2018 [5,6].

The reuse of organic waste in agriculture has been motivated not only by its beneficial
impact on soil fertility, but also by the recent approval of Directive 2018/851/EC, amending
Directive 2008/98/EC on waste. This directive guides waste utilisation management
and strategies by promoting the minimisation of waste production and supporting the
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principles of the circular economy [7]. Therefore, the reuse of organic waste, such as
stabilised sewage sludge (biosolids) and animal manure, in agriculture seems to be a
feasible and cheap way to meet the goals of “Closing the loop”, an EU action plan for the
circular economy [8,9].

Although such fertilizers are beneficial in many aspects, they can pose a risk due
to their contamination with pollutants or pathogenic microorganisms that can be trans-
ferred into the arable soil. The reuse and recycling of organic waste, therefore, has to be
implemented with consideration for the environment in order to avoid causing a potential
contamination burden. Directive 86/278/EEC sets the limits for heavy metals and several
organic pollutants, e.g., polychlorinated biphenyls and polyaromatic hydrocarbons [10–12].
However, the presence of many other contaminants is not regulated.

Emerging pollutants that are currently the focus of worldwide attention include
antibiotic resistance genes (ARGs) and antibiotic residuals [13–16]. Although the occurrence
of ARGs in soil bacterial communities is natural, it is thoroughly established that the
application of animal manure and sewage sludge increases the diversity and the number
of ARGs in the soil environment [17–19]. The elevated presence of antibiotics in sludge
and manure exists because only 10 to 40% of antibiotics are metabolised, and the rest are
released into the environment either in urine or faeces [19–21]. In several studies, sewage
sludge and manure were identified as hotspots for the dissemination of ARGs when applied
to soil [2,13,16,22]. Furthermore, it is known that ARGs can persist in soil and be further
spread even when the levels of antibiotics are at sub-inhibitory concentrations [23].

Despite the implemented restrictions on antibiotic (ATBs) usage in veterinary and
healthcare clinics (the World Health Organization (WHO) developed a methodology to
monitor antibiotic consumption [24]), worldwide production of antibiotics is still rising.
The global animal consumption of ATBs was estimated at 63,200 tons in 2010, representing
a 30% increase in antibiotic consumption over the previous 10 years [25]. With no policy
changes, global antibiotic consumption is predicted to rise by 200% between 2015 and
2030 [26]. Due to population growth and the need for intensification of crop and animal
production [25], higher production of sewage sludge and manure together with their
continuous reuse in agronomy is expected. Therefore, it is necessary to monitor ARG levels
in regularly fertilized arable soils over time and determine indicator ARGs that signal an
increased health risk.

Besides ATBs and ARGs, sludge and manure amendments can also pose a potential
risk due to the presence of pathogenic microorganisms originating from human or animal
faeces [27,28]. Directive 86/278/EEC does not specify the limits for pathogens; however, most
countries have their own regulations that include limits for several indicator microorganisms
(e.g., Escherichia coli, Salmonella spp., Enterococci species, or Clostridium perfringens) [7]. The
indicator microorganisms, though, do not reflect the actual contamination by a diverse
spectrum of pathogens. To minimise the risk of any pathogen transmission from organic
fertilizers to fresh produce, the time between manure application and crop harvest is limited
to 120 days with and 90 days without direct contact of the edible parts of the crop with the
fertilized soil [29,30]. Unfortunately, these limits do not seem to provide sufficient control
over possible pathogen transmission in general. The survival duration of Escherichia coli
O157:H7 was reported to be significantly influenced by spatiotemporal factors (e.g., site,
year, season) supporting its survival beyond 90 days in fertilized soils [31]. Furthermore,
pathogen transfer despite the 90- and 120-day limitations has also been demonstrated by
a number of reported outbreaks, for example: vegetable contamination with E. coli from
raw bovine manure [32]; recent E. coli O157:H7 outbreaks associated with romaine lettuce
in 2018 and 2019 from waterborne contamination [33,34]; or Salmonella outbreaks related
to organic tomato production from irrigation water and soil amendments [35]. Although
it is known that animal manure and sewage sludge can transfer a spectrum of potential
human pathogens into the soil, there is still limited information about the survival of such
pathogens in long-term, regularly fertilized soil.



Agronomy 2021, 11, 1423 3 of 13

2. Materials and Methods
2.1. Samples Collection

The soil samples were collected from a field located in the Czech Republic
(50◦7′40′′ N, 14◦22′33′′ E), that was covered with chernozem with a pH 7.8 ± 0.4 and
contents of clay 2.18%, silt 71.8% and sand 26.03%. The field had been organically fer-
tilized since 1996 with: (i) sewage sludge (330 kg N/ha/3 years; SF), (ii) sewage sludge
(990 kg N/ha/3 years; SF3), and (iii) cattle manure (330 kg N/ha/3 years; MF). The unfer-
tilized soil was used as a control group (CF). Potatoes (Solanum tuberosum L.), winter wheat
(Triticum aestivum L.), and spring barley (Hordeum vulgare L.) were grown in the field using
3-year rotation systems that also included fallow periods. The fertilizers were only applied
to soil before the potato sowing, i.e., every 3 years.

Soil sampling was performed 3 times per year: right before fertilization
(September 2015), 5 months after fertilization (March 2016), and 11 months after fer-
tilization (September 2016). Given the repeated fertilizer application, soil samples col-
lected in September 2015 also represented soil 3 years after fertilization performed in
September 2012.

For the microbial community analyses, 4 replicates of soil samples were collected
from the soil of each fertilized variant. Each sample was a homogenized mixture of 6 soil
sub-samples, sampled with a sampler probe. In total, 16 composed soil samples were
collected each time and stored at −20 ◦C until further analyses. The sewage sludge applied
to the soils in October 2012 and 2015 was obtained from a wastewater treatment plant in
Prague. The University Farm Estate Lány (https://lany.czu.cz/en, accessed on 6 June 2021)
provided the cow manure. The samples were stored at −20 ◦C until further analyses.
More information about the experimental field, the fertilizer application, and the sample
collection procedure can be found in our previous publication [36]. For the ARG abundance
mapping, 2 out of the 4 collected replicates were analysed, each of which was run in
3 technical replicates.

2.2. DNA Isolation and 16S rRNA Amplicons Generation

Metagenomic DNA from samples of soil, manure, and sewage sludge was isolated
using a FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) and purified with a
Genomic DNA Clean and Concentrator kit (ZYMO Research, Irvine, CA, USA) according
to the manufacturer’s instructions. The DNA concentration was normalised to 10 ng/µL
before the amplicon generation process was initiated.

Amplicons were generated with two polymerase chain reactions (PCRs), the procedure
of which was adopted from a previous study [37]. Briefly, the first PCR master mix contained:
0.02 U/µL KAPA HiFi HotStart ReadyMix (Kapa Biosystems, USA), 0.3 µM of both 515 for-
ward (5′-GTGYCAGCMGCNGCGG-3′) and 926 reverse (5′-CCGYCAATTYMTTTRAGTTT-3′)
primers, and purified metagenomic DNA (~10 ng/µL). Water for molecular biology (Sigma-
Aldrich, USA) was used to fill the master mix volume up to 15 µL. For the second PCR,
the primers were modified with internal barcode and adaptor sequences [38]. The second
PCR master mix (25 µL) contained 0.02 U/µL KAPA HiFi HotStart ReadyMix, 0.5 µL
of the product of the previous PCR, 1 µM of each modified primer (Sigma-Aldrich, St.
Louis, MI, USA), and water for molecular biology. The temperature programs used for
the first and second PCR, respectively, were as follows: (i) 5 min at 95 ◦C, 20 s at 98 ◦C,
15 s at 56 ◦C (28–30 cycles), 15 s at 72 ◦C, and a final extension of 5 min at 72 ◦C; and (ii)
5 min at 95 ◦C, 20 s at 98 ◦C, 15 s at 50 ◦C (8–10 cycles), 15 s at 72 ◦C, and a final extension
of 5 min at 72 ◦C. The generated amplicons were eventually purified with SPRIselect mag-
netic beads (Beckman Coulter, Brea, CA, USA), and sent on ice packs to the Core Facility for
Nucleic Acid Analysis at the University of Alaska Fairbanks for Illumina Miseq sequencing.
The DNA concentration was normalized to 1–2 ng/µL (SequalPrep Kit, Thermo Fisher
Scientific, Waltham, MA, USA) prior to the sequencing process.

https://lany.czu.cz/en
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2.3. Data Processing and Analysis

Raw sequences obtained after sequencing were processed using the DADA2 package
and procedure following the DADA2 pipeline version 1.16 [39] in the program R [40].
During this step, the sequences were trimmed and filtered (truncLen function) according
to the parameters that were calculated automatically based on the sequences’ quality. Se-
quences were dereplicated with the following removal of sequencing errors: The forward
and reverse reads were merged, and the amplicon sequence variant (ASV) table was con-
structed. Eventually, the chimeric sequences were identified and removed. The taxonomy
was assigned to the ASVs using the rdp_train_set_16 [41] database for 16S rRNA gene se-
quences (assignTaxonomy function, minimal bootstrap value 50). As a result, the taxonomic
assignment of individual ASVs was performed, and individual genera in each sample were
determined. All obtained MiSeq reads were deposited in the NCBI Short Read Archive
under BioProject accession number PRJNA681506 (organic fertilizers, samples collected in
September 2015 and 2016) and PRJNA587449 (samples collected in March 2016).

The potential human pathogens were identified by comparing the ASVs to a database
of 122 potential pathogenic bacteria adopted from previous studies [27,36]. The comparison
was performed using a local BLAST+ search, while the sequence identity was set to 99%,
and the expected value cutoff was set to 1.0× 10−1 [36]. The alpha-diversity of the bacterial
community in soil samples, described by the Shannon diversity index [42], was assessed
using the phyloseq package [43] and vegan package in R [44], and the significant difference
of the index among fertilization treatments, time, or their interaction was tested using
the Kruskal–Wallis rank sum test. The association of fertilization regime and prokaryotic
community structure was analysed using an ANOVA-like permutation test. The tests
were performed on data transformed to relative abundances, and each time point was
analysed separately.

2.4. qPCR Assays

The antibiotic resistance genes (ARGs) subjected to quantitative real-time PCR (qPCR)
analysis included sul1, sul2, tetA, tetW, intl1, ermB, and vanA. The qPCR reactions were
conducted in 96-well plates and analysed with a CFX96 Touch qPCR System (Bio-Rad, USA)
according to an adapted protocol described by Xu et al. [45]. Primers targeting the ARGs
of interest together with 16S rRNA gene are listed in Supplementary Table S1. The qPCRs
assays were carried out with the following cycle conditions (35 cycles): 3 min at 98 ◦C, 3 s
at 95 ◦C, 20 s under annealing temperature (Supplementary Table S1), 15 s at 72 ◦C, and
a final extension of 5 min at 72 ◦C. Master mix (20 µL) for one reaction was prepared as
follows: 10 µL KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Wilmington, MA, USA),
0.6 µL of ROX High Reference dye (Kapa Biosystems, USA), 4.74 µL of water for molecular
biology, 0.33 µL of each primer (100 mM) targeted to the ARGs (Supplementary Table S1),
and 4 µL of DNA (3 ng/µL). The qPCR amplification was performed using SYBR Green
and ROX as fluorophores. Each sample was analysed in 3 technical replicates.

Ten-fold serial diluted samples of reference genes were tested on the same qPCR plate.
The purpose of such samples was to construct standard calibration curves for determining
the absolute abundance of ARGs or 16S rRNA gene in real samples. The preparation
procedure of the standard calibration curves (both ARGs and 16S rRNA) for qPCR assays
is described in detail in the supplementary material.

2.5. Statistical Analysis of ARGs Abundance

The abundances of ARGs were normalized to 16S rRNA in order to compare relative
abundance in the different samples. The influence of the fertilization regime on the relative
abundance of the ARGs was tested using the non-parametric Kruskal–Wallis test and pair-
wise Wilcoxon signed-rank test because the data did not meet the conditions of normality
(Shapiro–Wilk test). The FDR correction was applied to obtained p-values [46]. The box-
plots showing the relative abundance of ARGs among fertilization regimes through time
was conducted using ggplot2 package version 3.2.1 [47] in R. Concentrations of ARGs in
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soils and organic fertilizers were compared using one-way analysis of variance (ANOVA),
and a significant difference was assumed at the level p ≤ 0.05.

3. Results and Discussion
3.1. Microbiological Safety of the Organic Fertilizers

Microorganisms occur in manure and sewage sludge naturally due to their involve-
ment in anaerobic digestion processes leading to the breakdown of complex organic poly-
mers [48]. However, because animal manure and sewage sludge are of urine and faecal
origin, some of the microorganisms may be pathogenic to humans or animals [49]. In
this study, manure harboured 501 unique 16S rRNA gene ASVs belonging to 150 bac-
terial genera, and sewage sludge harboured 161 unique ASVs assigned to 71 bacterial
genera. While the manure microbial population mainly consisted of three phyla (45%
of Bacteroidetes, 20.5% of Proteobacteria, and 20% of Firmicutes), sewage sludge was
predominantly inhabited by Firmicutes (88%).

The Kruskal–Wallis test revealed that bacterial diversity had significantly changed
through time (p < 0.001), but was not significantly influenced by the fertilization regime
(Figure 1). The Shannon diversity index showed that the bacterial diversity in all samples
was highest in soils sampled in September 2016 (Figure 1), which may have been caused
by differences in meteorological conditions (Supplementary Table S2), e.g., air temperature
and total precipitation. The microbial community structure, though, was associated with
both fertilization and time (p ≤ 0.01).
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Figure 1. Shannon diversity index calculated from sequence data obtained from soils sampled at 
different time points. Fertilization treatments: control soil (CF), manure (MF; 330 kg N/ha), sewage 
sludge (SF; 330 kg N/ha), sewage sludge (SF3; 990 kg N/ha). 

Figure 1. Shannon diversity index calculated from sequence data obtained from soils sampled at
different time points. Fertilization treatments: control soil (CF), manure (MF; 330 kg N/ha), sewage
sludge (SF; 330 kg N/ha), sewage sludge (SF3; 990 kg N/ha).

Application of manure and sludge to soil did not influence the alpha-diversity, but
it did significantly shape the structure of the microbial communities living in both the
soil and the endosphere of the cultivated crop. Similar trends were found in our previ-
ous research [36]. Opitutus, Chitinophaga, Solirubrobacter, Romboutsia, Rhodanobacter, and
Pseudoxanthomonas or Nitrosospira were all found to be significantly enriched in organically
treated soils (MF, SF, and/or SF3) [37]. Whereas such changes were largely attributed
to changes in soil nutrient profile, also reflected by alterations in enzymatic activity [37],
some studies point to the possible introduction of Allochthonous microorganisms from
organic fertilizers into the soil environment [50,51]. To avoid potential pathogen trans-
mission, the digestion process of fertilizers can be placed under mesophilic (35–37 ◦C)
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or thermophilic (55–57 ◦C) conditions [52]. The thermophilic conditions are known to
have a better hygienization effect than the mesophilic, and therefore the occurrence of
pathogens in materials processed under these conditions is generally lower [27,53]. Further-
more, the thermophilic stabilization is also sufficient to reduce indicator microorganisms
such as E. coli, Salmonella spp., or Enterococcus sp. [53–55]. In this study, both manure and
sewage sludge were stabilized under thermophilic conditions before their soil applica-
tion [36]; hence, the relative abundance of ASVs assigned to potentially pathogenic bacteria
was low (0.3% and 0.25% in sludge and manure, respectively). These sequences were
only assigned to Mycobacterium phlei (both fertilizers) and Alcaligenes faecalis (identified
in sewage sludge). Mycobacterium phlei, which is a nontuberculous mycobacterium [56],
was previously detected in sludge and cattle faeces [27,57], and the opportunistic pathogen
Alcaligenes faecalis [58] was isolated from various environments, such as water and soil.

Potentially pathogenic microorganisms were monitored in soils before fertilization
(September 2015), 5 months afterwards (March 2016), and 11 months
afterwards (September 2016). In contrast to other studies that reported an increased
prevalence of pathogens after organic fertilizer application [59–61], no potential human or
animal pathogens were detected in fertilized soils in September 2015
and March 2016. However in September 2016, Mycobacterium phlei, Mycobacterium fortuitum,
and Bacillus anthracis/Bacillus cereus were detected in soil samples across all fertilized vari-
ants (MF, SF, SF3). Given the time interval between the fertilizer application and the first
detection of potential pathogens in soils, we do not think that their occurrence was asso-
ciated directly with the fertilizer application. Besides, Mycobacterium fortuitum was also
detected in CF. The detection of the potential pathogens can be also attributed to bacterial
diversity (regardless of the fertilization treatment), which was highest in September 2016,
suggesting that a broader spectrum of microorganisms, including pathogens, was present.

Such findings correspond with our previous study [36], in which the transfer of
potential pathogens from fertilized soils into the tubers of Solanum tuberosum L. was not
observed. The thermophilic anaerobic stabilization of organic waste therefore seemed
to be sufficient to prevent soil contamination by pathogens [62]. However, as the meta-
analysis shows, when raw (not stabilized) manures are used as amendments, the soils are
contaminated with pathogens (e.g., E. coli and Salmonella spp.) and their survival is mainly
affected by the daily average temperatures. Their log reduction was significantly higher at
temperatures above 20 ◦C [63].

3.2. Abundance of ARGs in the Organic Fertilizers

The ARGs whose abundance was mapped in the organic fertilizers and soils in-
cluded genes encoding resistance to tetracycline (tetA and tetW), sulphonamide (sul1
and sul2), erythromycin (ermB), vancomycin (vanA), and integron genetic element (intI1).
Their relative abundance in the organic fertilizers applied to soil in September 2012 and
2015 is listed in Table 1. Their abundance differed not only between the manure and
sewage sludge, but also depending on the fertilization year (2012 vs. 2015). It is the
variation between the years that reflects the fact that even though the organic fertilizers
are produced in order to meet nutrient and selected pollutants content regulations (e.g.,
Nitrate Regulation 91/676/EEC, Directive 86/278/EEC), ATB and ARG contamination is
poorly controlled.
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Table 1. The relative abundances of ARGs in fertilizers applied in the years 2012 and 2015. Grey highlights mean that the
relative abundances of ARGs in manure or sewage sludge did not statistically differ (one-way ANOVA, p ≥ 0.05) between
the years 2012 and 2015.

ARG Manure 2012 Manure 2015 Sludge 2012 Sludge 2015

tetA/16S-rRNA 1.46 × 10−2 ± 4.90 × 10−4 2.69 × 10−2 ± 1.69 × 10−2 1.19 × 10−2 ± 1.47 × 10−3 2.06 × 10−3 ± 1.18 × 10−3

tetW/16S-rRNA 3.59 × 10−3 ± 4.43 × 10−4 4.93 × 10−2 ± 6.36 × 10−3 6.36 × 10−3 ± 1.06 × 10−3 4.42 × 10−4 ± 2.91 × 10−5

sul1/16S-rRNA 7.97 × 10−3 ± 2.02 × 10−3 2.69 × 10−2 ± 1.69 × 10−2 2.59 × 10−3 ± 2.36 × 10−3 3.02 × 10−2 ± 9.55 × 10−3

sul2/16S-rRNA 2.60 × 10−4 ± 1.16 × 10−5 4.56 × 10−4 ± 6.94 × 10−5 2.19 × 10−4 ± 6.83 × 10−5 2.08 × 10−4 ± 3.07 × 10−5

ermB/16S-rRNA 5.53 × 10−6 ± 2.25 × 10−6 9.35 × 10−4 ± 5.57 × 10−4 2.24 × 10−3 ± 8.60 × 10−4 1.35 × 10−2 ± 3.45 × 10−3

vanA/16S-rRNA 2.05 × 10−5 ± 1.92 × 10−5 2.29 × 10−5 ± 1.01 × 10−5 2.02 × 10−3 ± 3.31 × 10−3 3.44 × 10−6 ± 3.00 × 10−6

Intl1/16S-rRNA 3.51 × 10−2 ± 1.82 × 10−3 2.96 × 10−1 ± 3.2 × 10−2 4.19 × 10−1 ± 1.69 × 10−1 5.30 × 10−2 ± 2.67 × 10−2

Generally, the highest relative abundances were found for intI1, tetA, tetW, and sul1.
The relative abundance of intl1, ranging from 2.96 × 10−1 to 5.30 × 10−2, is not surprising
for several reasons. Integrons play a major role in bacterial adaptation and are associated
with the horizontal gene transfer of antibiotic or metal resistance [64,65]. Intl1, which is a
class 1 integron, encodes integrase protein, primarily widespread among Gram-negative
bacteria [66]. Similar levels of intl1 in sludge were also documented by An et al. [67] and
are usually predominant over intI2 and intI3 [67,68].

The higher levels of sul1, sul2, tetA, and tetW in organic fertilizers are often detected
because sulphonamides and tetracyclines are among the most extensively used antibi-
otics [69,70]. They are used not only in healthcare clinics, but also in veterinary clinics,
intensive animal farming, and agriculture for crop protection [71,72]. In sludge and manure,
the abundance of tetA, tetW, and sul1 was higher than other ARGs (Table 1). The lower
prevalence of sul2 compared to sul1 (12- to 145-fold difference) might be explained by the
structure of the microbial community or the mechanisms of gene mobility. Different species
were found to prefer one resistance mechanism over the other; e.g., while Salmonella spp.
use sul1 as a dominant resistance mechanism against sulphonamides, sul2 was found more
frequently in E. coli [73]. Therefore, the sul1 and sul2 distribution in the environment may
be attributed to the microbial composition [73,74]. In contrast to sul2, sul1 is typically
associated with integrons (class 1), which facilitate ARG transfer [73,75,76]. However, both
genes can be co-located with other resistance genes; thus, the selective pressure of other
antibiotics could also induce their spreading [75].

ErmB encodes the resistance to macrolides traditionally used in human and veterinary
medicine against both Gram-positive and Gram-negative bacteria [77]. Although the
macrolides are often used against bovine mastitis, the abundance of ermB in cattle manure
ranged only from 4.67 × 10−4 to 8.30 × 10−6. These concentrations were more than
28 and 264 times lower than in the sewage sludge used in 2015 and 2012, respectively. The
relative amount of vanA, encoding the resistance against vancomycin that is used against
Gram-positive bacteria [78], was detected at similar levels in both fertilizers (Table 1).

3.3. ARGs Fate in Fertilized Soils

In this study, the two organic fertilizers had been applied to soil regularly every
3rd year since 1996. Therefore, the samples collected in September 2015 represent not
only the soil right before fertilization in 2015, but also the soil 3 years after fertilization
in 2012. In these samples, sul1 was the only ARG with a significantly higher relative
abundance (pfdr < 0.05, pairwise Wilcoxon test) in all the fertilization treatments (MF, SF,
SF3) compared to CF. The increased abundance of sul1 was previously associated with the
application of sewage sludge or manure [79–81], but it is the 3-year persistence of sul1 in
soil that was alarming. The possible reasons for this are as follows: (i) sul1 is frequently
transferred between different bacterial taxa, allowing the gene to be ubiquitous [82]; (ii)
the sul1 gene is often associated with class 1 integrons, which facilitate its spread [73], and;
(iii) sulfonamides bound to soil particles [83] and organic matter in fertilizers significantly
increase the sorption tendency [84], which might lead to the natural selection of resistant
bacteria in soil. The significantly higher abundance of sul1 (pfdr < 0.05, pairwise Wilcoxon
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test) in SF-, SF3-, and MF-treated soils compared to CF was also observed in March 2016
and September 2016 (Figure 2). The highest abundance, detected in March 2016 (5 months
after fertilization) implies that sul1 dissipates over time. However, that dissipation might
take more than 5 years [85]. That is probably also the reason why the sul1 abundance was
still significantly increased in September 2015. Particular attention should therefore be paid
to the crop that follows the fertilization treatment, as the transfer of ARGs into the plant
from the soil was also documented [86,87]. Compared to sul1, sul2 was not detected in any
of the treatments, suggesting that sul2 dissemination does not pose a health threat.
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Figure 2. The relative abundance of ARGs and integron Int1 in soils collected over 1 year. When there is a significant
difference (pfdr < 0.05) in relative abundance of ARGs in amended soil versus control soil, the treatment is marked with
asterisk. Fertilization treatments: control soil (CF), manure (MF; 330 kg N/ha), sewage sludge (SF; 330 kg N/ha), sewage
sludge (SF3; 990 kg N/ha).

Tetracyclines were often detected in soil at higher concentrations than sulphonamides,
as summarized in a review of [69], which could be due to their longer half-life [20]. Thus,
the resistance genes for tetracyclines were prevalent in various environments [88,89]. A sig-
nificant enrichment of tetW in MF-treated soil was only detected in March 2016, 5 months
after fertilization (Figure 2). This enrichment was probably caused by the 1000-fold higher
relative abundance of tetW in manure than in the control (CF). In contrast, fertilization was
not significantly associated with the increased relative abundance of tetA in fertilized soils.
Despite the connection between anthropogenic activities and the increased abundance
of ARGs, pristine environments were also confirmed to harbour an indigenous soil resis-
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tome [90]. Furthermore, Tang et al. [91] found low ARG variation in bulk and rhizosphere
soils over 69 years without anthropogenic activities. Thus, the background abundances of
ARGs in CF soil (Figure 2) might be connected with indigenous soil microbiota, previous
contamination, or other environmental conditions.

In contrast to other studies [92,93] that showed the abundance of intl1 positively
correlate with several ARGs, our study showed no significant increase in intl1 in any of
the fertilized soils (Figure 2) at any time (pfdr > 0.05, pairwise Wilcoxon test). This may
be due to the low relative abundance of intl1 in the organic fertilizers, which was only
25 and 4 times higher (manure and sewage sludge in 2015, respectively) than its abundance
in CF (1.19 × 10−2) in September 2015. That is a remarkable difference in ratios compared,
for example, to sul1, the abundance of which was approximately 2000 times higher in both
fertilizers compared to CF. The presence of intl1 in CF can be explained by the fact that only
14.6% of function proteins encoded on integron cassettes are related to antibiotic resistance,
while the rest of the cassettes encode proteins involved in processes such as biosynthesis,
regulation, transport, repair mechanisms, and resistance to heavy metals [67]. Therefore,
the occurrence of intl1 may not necessarily be only associated with ARGs, as they also
support other cell processes.

Also, the abundance of vanA and ermB in amended soils (MF, SF, SF3) was not signifi-
cantly higher than that in CF (Figure 2) (pfdr > 0.05, pairwise Wilcoxon test). With vanA,
such results can be explained by its low abundance in manure and sludge applied in 2015,
ranging from 10−5 to 10−6, which is not significantly different from the vanA abundance in
CF. In contrast to that, the relative abundance of ermB in sewage sludge applied in 2015 was
almost 480 times higher than in CF, and therefore, its increase in fertilized soils would be
expected. However no significant difference was found in any of the fertilization treatments
(SF, SF3, and MF) compared to CF (pfdr > 0.05, pairwise Wilcoxon test). Such findings might
be due to the gene being predominantly located on a chromosome [94,95], making the gene
transfer less frequent than genes located on plasmids or associated with mobile genetic
cassettes [79]. Based on the obtained results, it seems that two factors appeared to play a
crucial role in the enrichment of ARGs in fertilized soils—the difference in ARG abundance
in organic fertilizers versus CF and the gene mobility mechanism.

4. Conclusions

We proved that the regular application of animal manure and sewage sludge (treated
under thermophilic conditions) did not introduce any potential human or animal pathogens
to agronomical soil, and therefore did not pose a direct health threat to final consumers.
Furthermore, repeated fertilization did not significantly increase the relative abundance
of tetA, sul2, intl1, ermB, or vanA in soil. However, both manure and sewage sludge were
significantly associated with an increased relative abundance of sul1 and tetW. While the
abundance of tetW was significantly increased in MF-treated soil only 5 months after
fertilization, sul1 was significantly higher in MF, SF, and SF3 treatments regardless of the
time. Therefore, sul1 should be monitored in organically fertilized soils to prevent its
spread and possible further accumulation in crops.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11071423/s1. Materials and methods: Preparation of samples for standard calibra-
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Sigma-Aldrich, USA) targeted to 16S rRNA and antibiotic resistance genes (ARGs) used in qPCR
assays; Supplementary Table S2: Comparison of meteorological data at different sampling points.

Author Contributions: Conceptualization, H.S., J.C., and M.K.; methodology, H.S. and M.K.; formal
analysis, M.K. and H.S.; investigation, M.K., T.V., and M.B.; data curation, M.K.; writing—original
draft preparation, H.S. and M.K.; writing—review and editing, K.D.; visualization, M.K.; supervision,
H.S. and K.D.; project administration, H.S. and J.B.; funding acquisition, K.D. and J.B. All authors
have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/agronomy11071423/s1
https://www.mdpi.com/article/10.3390/agronomy11071423/s1


Agronomy 2021, 11, 1423 10 of 13

Funding: We wish to thank the Czech Science Foundation (project no. 19-02836S) for funding this
research, within which the methodology applied for data analysis was developed.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to also thank Benjamin John Watson-Jones MEng for English
language correction and the Institute of Arctic Biology’s Genomics Core Lab at the University of
Alaska Fairbanks for the Illumina-sequencing of generated amplicons (INBRE 2P20GM103395).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Y.T.; Shen, H.; He, X.H.; Thomas, B.; Lupwayi, N.Z.; Hao, X.Y.; Thomas, M.C.; Shi, X.J. Fertilization Shapes Bacterial

Community Structure by Alteration of Soil pH. Front. Microbiol. 2017, 8, 1325. [CrossRef]
2. Sorinolu, A.J.; Tyagi, N.; Kumar, A.; Munir, M. Antibiotic resistance development and human health risks during wastewater

reuse and biosolids application in agriculture. Chemosphere 2021, 265, 129032. [CrossRef]
3. Gómez-Sagasti, M.T.; Hernández, A.; Artetxe, U.; Garbisu, C.; Becerril, J.M. How Valuable Are Organic Amendments as Tools for

the Phytomanagement of Degraded Soils? The Knowns, Known Unknowns, and Unknowns. Front. Sustain. Food Syst. 2018, 2,
68. [CrossRef]

4. Eurostat. Sewage Sludge Production and Disposal from Urban Wastewater. 2017. Available online: https://ec.europa.
eu/eurostat/statistics-explained/index.php?title=File:Sewage_sludge_disposal_from_urban_wastewater_treatment,_by_
treatment_method,_2017_(%25_of_total_dry_mass).png (accessed on 5 May 2021).

5. Czech Statistical Office, C.S. Consumption of Fertilisers in the Crop Year. 2018. Available online: https://vdb.czso.cz/vdbvo2
/faces/index.jsf?page=vystup-objekt&pvo=ZEM11#w= (accessed on 5 May 2021).

6. Czech Statistical Office, C.S. Production and Disposal of Wastewater Digested Sludge. 2018. Available online: https://www.czso.
cz/csu/czso/3-environment-v440y0ba3f (accessed on 5 May 2021).

7. Collivignarelli, M.C.; Abba, A.; Frattarola, A.; Miino, M.C.; Padovani, S.; Katsoyiannis, I.; Torretta, V. Legislation for the Reuse of
Biosolids on Agricultural Land in Europe: Overview. Sustainability 2019, 11, 6015. [CrossRef]

8. EUR-Lex. Closing the Loop—An EU Action Plan for the Circular Economy. 2015. Available online: https://eur-lex.europa.eu/
resource.html?uri=cellar:8a8ef5e8-99a0-11e5-b3b7-01aa75ed71a1.0012.02/DOC_1&format=PDF (accessed on 5 May 2021).

9. Urra, J.; Alkorta, I.; Garbisu, C. Potential Benefits and Risks for Soil Health Derived From the Use of Organic Amendments in
Agriculture. Agronomy 2019, 9, 542. [CrossRef]

10. Stiborova, H.; Kolar, M.; Vrkoslavova, J.; Pulkrabova, J.; Hajslova, J.; Demnerova, K.; Uhlik, O. Linking toxicity profiles to
pollutants in sludge and sediments. J. Hazard. Mater. 2017, 321, 672–680. [CrossRef] [PubMed]

11. Clarke, R.M.; Cummins, E. Evaluation of “Classic” and Emerging Contaminants Resulting from the Application of Biosolids to
Agricultural Lands: A Review. Hum. Ecol. Risk Assess. Int. J. 2015, 21, 492–513. [CrossRef]

12. Lee, W.; Park, S.H.; Kim, J.; Jung, J.Y. Occurrence and removal of hazardous chemicals and toxic metals in 27 industrial wastewater
treatment plants in Korea. Desalin. Water Treat. 2015, 54, 1141–1149. [CrossRef]

13. Rizzo, L.; Manaia, C.; Merlin, C.; Schwartz, T.; Dagot, C.; Ploy, M.C.; Michael, I.; Fatta-Kassinos, D. Urban wastewater treatment
plants as hotspots for antibiotic resistant bacteria and genes spread into the environment: A review. Sci. Total Environ. 2013, 447,
345–360. [CrossRef] [PubMed]

14. Stiborova, H.; Bacakova, A.; Musilova, L.; Demnerova, K. From Natural Phenomenon of Antibiotic Resistance in the Environment
to Emergence of Multiresistant Strains. Chem. Listy 2018, 112, 833–839.

15. Checcucci, A.; Trevisi, P.; Luise, D.; Modesto, M.; Blasioli, S.; Braschi, I.; Mattarelli, P. Exploring the Animal Waste Resistome: The
Spread of Antimicrobial Resistance Genes Through the Use of Livestock Manure. Front. Microbiol. 2020, 11, 9. [CrossRef]

16. Pazda, M.; Kumirska, J.; Stepnowski, P.; Mulkiewicz, E. Antibiotic resistance genes identified in wastewater treatment plant
systems—A review. Sci. Total Environ. 2019, 697, 134023. [CrossRef]

17. Chen, C.Q.; Pankow, C.A.; Oh, M.; Heath, L.S.; Zhang, L.Q.; Du, P.; Xia, K.; Pruden, A. Effect of antibiotic use and composting on
antibiotic resistance gene abundance and resistome risks of soils receiving manure-derived amendments. Environ. Int. 2019, 128,
233–243. [CrossRef] [PubMed]

18. Chen, Z.Y.; Zhang, W.; Yang, L.X.; Stedtfeld, R.D.; Peng, A.P.; Gu, C.; Boyd, S.A.; Li, H. Antibiotic resistance genes
and bacterial communities in cornfield and pasture soils receiving swine and dairy manures. Environ. Pollut. 2019, 248,
947–957. [CrossRef] [PubMed]

19. Han, X.-M.; Hu, H.-W.; Chen, Q.-L.; Yang, L.-Y.; Li, H.-L.; Zhu, Y.-G.; Li, X.-Z.; Ma, Y.-B. Antibiotic resistance genes and associated
bacterial communities in agricultural soils amended with different sources of animal manures. Soil Biol. Biochem. 2018, 126,
91–102. [CrossRef]

http://doi.org/10.3389/fmicb.2017.01325
http://doi.org/10.1016/j.chemosphere.2020.129032
http://doi.org/10.3389/fsufs.2018.00068
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Sewage_sludge_disposal_from_urban_wastewater_treatment,_by_treatment_method,_2017_(%25_of_total_dry_mass).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Sewage_sludge_disposal_from_urban_wastewater_treatment,_by_treatment_method,_2017_(%25_of_total_dry_mass).png
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Sewage_sludge_disposal_from_urban_wastewater_treatment,_by_treatment_method,_2017_(%25_of_total_dry_mass).png
https://vdb.czso.cz/vdbvo2/faces/index.jsf?page=vystup-objekt&pvo=ZEM11#w=
https://vdb.czso.cz/vdbvo2/faces/index.jsf?page=vystup-objekt&pvo=ZEM11#w=
https://www.czso.cz/csu/czso/3-environment-v440y0ba3f
https://www.czso.cz/csu/czso/3-environment-v440y0ba3f
http://doi.org/10.3390/su11216015
https://eur-lex.europa.eu/resource.html?uri=cellar:8a8ef5e8-99a0-11e5-b3b7-01aa75ed71a1.0012.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:8a8ef5e8-99a0-11e5-b3b7-01aa75ed71a1.0012.02/DOC_1&format=PDF
http://doi.org/10.3390/agronomy9090542
http://doi.org/10.1016/j.jhazmat.2016.09.051
http://www.ncbi.nlm.nih.gov/pubmed/27694046
http://doi.org/10.1080/10807039.2014.930295
http://doi.org/10.1080/19443994.2014.935810
http://doi.org/10.1016/j.scitotenv.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23396083
http://doi.org/10.3389/fmicb.2020.01416
http://doi.org/10.1016/j.scitotenv.2019.134023
http://doi.org/10.1016/j.envint.2019.04.043
http://www.ncbi.nlm.nih.gov/pubmed/31059918
http://doi.org/10.1016/j.envpol.2019.02.093
http://www.ncbi.nlm.nih.gov/pubmed/30861417
http://doi.org/10.1016/j.soilbio.2018.08.018


Agronomy 2021, 11, 1423 11 of 13
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92. Szekeres, E.; Chiriac, C.M.; Baricz, A.; Szőke-Nagy, T.; Lung, I.; Soran, M.L.; Rudi, K.; Dragos, N.; Coman, C. Investigating
antibiotics, antibiotic resistance genes, and microbial contaminants in groundwater in relation to the proximity of urban areas.
Environ. Pollut. 2018, 236, 734–744. [CrossRef]

93. Sabri, N.A.; Schmitt, H.; Van der Zaan, B.; Gerritsen, H.W.; Zuidema, T.; Rijnaarts, H.H.M.; Langenhoff, A.A.M. Prevalence of
antibiotics and antibiotic resistance genes in a wastewater effluent-receiving river in the Netherlands. J. Environ. Chem. Eng. 2020,
8, 102245. [CrossRef]

94. Jackson, C.R.; Fedorka-Cray, P.J.; Barrett, J.B.; Ladely, S.R. Effects of Tylosin Use on Erythromycin Resistance in Enterococci Isolated
from Swine. Appl. Environ. Microbiol. 2004, 70, 4205–4210. [CrossRef] [PubMed]

95. Khan, A.; Nawaz, M.; Khan, S.; Steele, R. Detection and characterization of erythromycin-resistant methylase genes in Gram-
positive bacteria isolated from poultry litter. Appl. Microbiol. Biotechnol. 2002, 59, 377–381. [CrossRef] [PubMed]

http://doi.org/10.1016/B978-0-12-818882-8.00004-8
http://doi.org/10.1186/s43170-020-00001-y
http://doi.org/10.1128/AAC.49.2.836-839.2005
http://doi.org/10.1016/j.scitotenv.2016.11.187
http://doi.org/10.3389/fmicb.2019.01787
http://www.ncbi.nlm.nih.gov/pubmed/31428076
http://doi.org/10.3389/fmicb.2019.00748
http://doi.org/10.1101/cshperspect.a025395
http://www.ncbi.nlm.nih.gov/pubmed/27527699
http://doi.org/10.3390/vetsci4010006
http://doi.org/10.1016/j.scitotenv.2018.10.030
http://doi.org/10.1111/j.1462-2920.2006.01185.x
http://doi.org/10.1016/j.mib.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21546307
http://doi.org/10.1016/j.envint.2018.05.009
http://doi.org/10.5402/2012/159189
http://doi.org/10.1016/j.chemosphere.2008.06.066
http://doi.org/10.1139/cjm-2017-0642
http://doi.org/10.1016/j.envres.2019.108608
http://doi.org/10.1016/j.envint.2019.104912
http://doi.org/10.1073/pnas.1222743110
http://doi.org/10.1016/j.biortech.2020.124620
http://www.ncbi.nlm.nih.gov/pubmed/33429314
http://doi.org/10.1093/femsec/fiaa172
http://www.ncbi.nlm.nih.gov/pubmed/32816017
http://doi.org/10.1016/j.chemosphere.2020.128985
http://www.ncbi.nlm.nih.gov/pubmed/33228990
http://doi.org/10.1016/j.envpol.2018.01.107
http://doi.org/10.1016/j.jece.2018.03.004
http://doi.org/10.1128/AEM.70.7.4205-4210.2004
http://www.ncbi.nlm.nih.gov/pubmed/15240302
http://doi.org/10.1007/s00253-002-1013-9
http://www.ncbi.nlm.nih.gov/pubmed/12111173

	Introduction 
	Materials and Methods 
	Samples Collection 
	DNA Isolation and 16S rRNA Amplicons Generation 
	Data Processing and Analysis 
	qPCR Assays 
	Statistical Analysis of ARGs Abundance 

	Results and Discussion 
	Microbiological Safety of the Organic Fertilizers 
	Abundance of ARGs in the Organic Fertilizers 
	ARGs Fate in Fertilized Soils 

	Conclusions 
	References

