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Abstract
Fertilization with animal manure is one of the main routes responsible for the introduction of antibiotic residues, antibiotic
resistance genes, and zoonotic bacteria into the environment. The aim of this study was to assess the effect of the use of pig
(swine) manure as a fertilizer on the presence and fate of six antibiotic residues, nine antibiotic resistance genes, and bacteria
(zoonotic bacteria Salmonella spp. and Campylobacter spp. and E. coli as indicator for Gram-negative bacterial species of the
microbiota of livestock) on five fields. To the best of our knowledge, the present study is the first to assess a multitude of
antibiotic residues and resistance to several classes of antibiotics in pig manure and in fertilized soil over time in a region with an
intensive pig industry (Flanders, Belgium). The fields were sampled at five consecutive time points, starting before fertilization
up to harvest. Low concentrations of antibiotic residues could be observed in the soils until harvest. The antibiotic resistance
genes studied were already present at background levels in the soil environment prior to fertilization, but after fertilization with
pig manure, an increase in relative abundance was observed for most of them, followed by a decline back to background levels by
harvest-time on all of the fields studied. No apparent differences regarding the presence of antibiotic resistance genes in soils were
observed between those fertilized with manure that either contained antibiotic residues or not. With regard to dissemination of
resistance, the results presented in this study confirm that fertilization with animal manure directly adds resistance genes to the
soil. In addition, it shows that this direct mechanism may be more important than possible selective pressure in soil-dwelling
bacteria exerted by antibiotic residues present in the manure. These results also indicate that zoonotic bacteria detected in the
manure could be detected in the soil environment directly after fertilization, but not after 1 month. In conclusion, although some
antibiotic residues may be present in both manure and soil at concentrations to exert selective pressure, it seems that antibiotic
resistance is mostly introduced directly to soil through fertilization with animal manure.
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Introduction

Belgian pig production is an important national economic ac-
tivity, with 6.08 million pigs produced in Flanders (the northern
region) of Belgium in 2016. In that year, the pigs produced
about 39.5 kt of nitrogen (N); in total, 126.7 kt N from animal
manure were produced. Animal manure was mostly used to
fertilize grasslands and fields planted with maize, as well as a
sma l l e r numbe r o f vege t ab l e f i e l d s (V l aamse
Landmaatschappij 2017). Concern about the high levels of an-
tibiotic use in intensive pig production has led to increased
awareness about the occurrence and dissemination of antibiotic
residues into the environment. Depending on the antibiotic
used, 30–90% of the administered antibiotics are excreted un-
changed in the urine or the feces (Kumar et al. 2005; Sarmah
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et al. 2006). It has been hypothesized that these residues may
select for antibiotic-resistant bacteria in the soil when manure is
used to fertilize the field (Chee-Sanford et al. 2009). Antibiotic
use in pigs may also lead to selective pressure in the pigs’
gastrointestinal tract. In the gut, resistance genes may be trans-
ferred between different bacteria which are then excreted via
the feces (Chee-Sanford et al. 2012). When that manure is used
for fertilization, antibiotic-resistant bacteria and antibiotic resis-
tance genes are disseminated into the environment which may
lead to a possible exchange of resistance with bacteria present
in soil as demonstrated for Salmonella (Pornsukarom and
Thakur 2017). Another aspect of increasing importance is the
possible dissemination of zoonotic bacteria upon fertilization
with manure (Nicholson et al. 2005). It has been reported pre-
viously that zoonotic bacteria such as Salmonella spp. and
Campylobacter spp. can survive in pig manure (Mannion
et al. 2007; Bui et al. 2011). Zoonotic bacteria can also survive
in the environment for several weeks to months, thereby posing
a potential risk for re-infection of animals or humans (Baloda
et al. 2001; Holley et al. 2006). Additionally, pathogenic bac-
teria can be (multi)resistant to some of the antibiotics used,
possibly threatening successful antibiotic treatment (Jechalke
et al. 2014). Salmonella Typhimurium often shows a high re-
sistance to ampicillin and a weaker resistance to sulfonamides,
streptomycin, and tetracyclines. Multiresistant Salmonella
Typhimurium has been reported to be associated with pigs
(Gebreyes and Altier 2002; Sisak et al. 2006; Vanholme et al.
2015). This resistance may be transmitted to commensal bac-
teria or to other pathogenic bacteria through horizontal gene
transfer (Vanholme et al. 2015).

To the best of our knowledge, no data on the parallel pres-
ence and fate of different antibiotic residues and antibiotic
resistance genes in soil fertilized with animal manure have
been reported. In general, studies on the presence of antibiotic
residues and antibiotic resistance genes in the environment are
scarce. Studies reporting antibiotic resistance in combination
with antibiotic residues mostly report resistance linked to only
one class of antibiotic (Heuer and Smalla 2007; Heuer et al.
2011b; Jechalke et al. 2013).

The aim of this research was to assess the effect of the use
of pig manure as a fertilizer by carrying out a longitudinal
screening on the presence and fate of six antibiotic residues,
nine antibiotic resistance genes, and bacteria (Salmonella spp.,
Campylobacter spp., and E. coli as indicator) on five arable
fields in Flanders, a region with an intensive pig industry.

Materials and methods

Sample collection

Soil samples were collected on five arable fields (1–5) con-
nected to five respective pig farms (1–5) in East and West

Flanders (Belgium) in 2016 and 2017 at five consecutive time
points between March and November. The samplings were
carried out before manure application, on the day of manure
application, after 1 month, after 2 months, and after harvest (5
to 7 months after fertilization). On the date of manure appli-
cation (May 9, 2016, March 30, 2017, April 5, 2017, April 10,
2017, and April 13, 2017 for farms 1, 2, 3, 4, and 5, respec-
tively), a sample from the pig manure was taken directly from
the manure tank on the respective farm as those animals had
produced the manure used to fertilize the field linked to that
farm. For practical reasons, timing of the soil samples taken
before manure application was as follows: for field 1, 2
months prior; for fields 2, 3, and 5, about 2 weeks prior; and
for field 4, on the same day as the manure application. Fields
1, 3, 4, and 5 were planted with maize; field 2 was planted
with potatoes. Field 2 was harvested at the beginning of
October while the other fields were harvested on dates ranging
from mid-October to mid-November. Soil type for all maize-
planted fields was sandy loam; field 2 was clay.

Soil was sampled using a gouge auger on four plots of 10 ×
10 m located at least 30 m from the headland and at least 10 m
from the border of the field. The same plots were sampled for
each consecutive sampling. Within each plot, a mixed soil
sample of 15 individual core samples was produced for each
depth, i.e., 0–10 cm, 10–30 cm, and 30–60 cm. Upon arrival
in the lab, subsamples were taken and stored at − 20 °C for
further analysis of the antibiotic residues and at 4 °C for DNA
extraction, which was carried out within 72 h after sampling.
The remainder of the samples was stored at 4 °C for bacteri-
ological analysis within 24 h after sampling.

Field 1 was fertilized with manure from animals with no
history of antibiotic use as none of the animals contributing
manure for fertilization had been treated either prophylactical-
ly or metaphylactically during the 5 years preceding the first
sampling. For the animals that did receive curative antibiotics,
their manure was deposited into a separate manure pit. The
other fields were all fertilized with manure originating from
animals treated with antibiotics in the 3 months preceding
manure application as shown in Table 1.

Physico-chemical analysis of the manure and soil
samples

The physico-chemical analyses of the soil samples were car-
ried out by ILVO (Merelbeke, Belgium). Iron, potassium,
magnesium, calcium, manganese, sodium, and phosphorus
levels were determined using the methods described in
BAM part 1/11 (VITO 2015). Total nitrogen was assessed
according to ISO 13878, organic carbon according to ISO
10694, and pH according to ISO 10390 (Anonymous 2015a,
2015b, 2016). The analyses of the manure samples were per-
formed by INAGRO, the extension research center for re-
search and advice in agriculture and horticulture (INAGRO,
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Rumbeke-Beitem, Belgium). Dry matter, total nitrogen, calci-
um, phosphorus, potassium, magnesium, sodium, and ammo-
niacal nitrogen were determined using the methods described
in BAM parts 3 and 4 (VITO 2015). The organic carbon and
organic matter were determined as described in NEN 7432
(NEN 1998). Both laboratories are accredited for the
abovementioned analyses.

Quantification of antibiotic residues in manure and
soil samples

Reagents and materials

Acetonitrile (MeCN, LC-MS grade) and formic acid
99% (FA, ULC-MS grade) were purchased from
Biosolve B.V. (Valkenswaard, The Netherlands).
Ammonium formate and trichloroacetic acid (TCA, an-
alytical grade) were purchased from Sigma-Aldrich
(Diegem, Belgium). Water (H2O) was high-performance
liquid chromatography (HPLC) grade (generated by a
Milli-Q Gradient purification system, Millipore,
Brussels, Belgium).

The reference standards of ceftiofur, sulfadiazine,
tylosin tartrate, roxithromycin (internal standard, I.S.),
trimethoprim, doxycycline hyclate, oxytetracycline hy-
drochloride, and methacycline hydrochloride (I.S.) were
purchased from Sigma-Aldrich (Diegem, Belgium).
Sulfadimethoxine-13C6 (I.S.) and trimethoprim-d9 (I.S.)
were purchased from WITEGA Laboratorien Berlin-
Adlershof GmbH (Berlin, Germany), and ceftiofur-d3
hydrochloride (I.S.) was purchased from Toronto
Research Chemicals (Toronto, Canada).

Polyvinylidene fluoride (PVDF) filters were purchased
fromMerck-Millipore (Carrigtwohill, Ireland), polypropylene
(PP) tubes and PP inserts were procured by Novolab
(Geraardsbergen, Belgium) and Grace Alltech Associates
Inc. (Lokeren, Belgium), respectively.

Liquid chromatography-mass spectrometry

The liquid chromatographic system consisted of an Acquity
UPLC H-class system (Waters, Milford, MA). Separation was
achieved on a reversed-phase Kinetex C18 column (100 mm ×
2.1 mm i.d., 1.7 μm) with a SecurityGuard Ultra guard car-
tridge system (Phenomenex, The Netherlands, Utrecht). The
mass spectrometric equipment consisted of a Xevo TQ-S
(Waters) equipped with a Z-spray system.

Sample extraction and quantification

The concentration of the different antibiotic residues (colistin,
sulfadiazine, trimethoprim, doxycycline, oxytetracycline,
ceftiofur, and tylosin A) in each sample was determined as de-
scribed previously by Van den Meersche et al. (2016) for the
manure samples. Briefly, the extraction was carried out bymeans
of shaking and centrifugation using MeCN and trichloroacetic
acid, followed by ultrasonication and filtration. Minor modifica-
tions were made for the soil samples: MeCN/H2O (90/10) was
used as the extraction solvent, and a one-point standard addition
was used instead of amatrix-matched calibration curve as the soil
samples analyzed during one runwere too dissimilar to be able to
use one standard curve for all the samples. Therefore, the results
obtained using this method are semi-quantitative. The samples
were also not diluted prior to filtration. Additionally, the com-
pound colistin was not included in this method as recovery from
spiked soil samples could not be achieved.

Quantification of antibiotic resistance genes in
manure and soil samples

DNA extraction

The DNA extraction was carried out within 72 h after arrival
in the lab. DNAwas extracted from 0.25 g of each manure or
sieved soil sample using the PowerSoil DNA isolation kit

Table 1 Overview of the antibiotic residue concentrations (μg/kg) recovered from the pig manure samples used to fertilize the fields under study. For
each farm, the antibiotic treatment of animals in the 3 months preceding manure application is noted

Compound Farm 1 Farm 2 Farm 3 Farm 4 Farm 5

None AMX, DOX, SUL, TMP* AMX, DOX AMX, DOX, SUL, TMP AMX, DOX, SUL, TMP, TYL

Ceftiofur - - - - -

Colistin - - - - -

Doxycycline - 1 604 8 712 12 093 9 268

Oxytetracycline - - - - -

Sulfadiazine - 83 < LOQ 49 25

Trimethoprim - < LOQ - < LOD < LOD

Tylosin - - - - NQ

NQ, compound detected but not quantifiable due to high measurement uncertainty; < LOD, below limit of detection; < LOQ, below limit of quantifi-
cation; “-”, compound not detected; *AMX, amoxicillin; DOX, doxycycline; SUL, sulfadiazine; TMP, trimethoprim; TYL, tylosin
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(MoBio, Carlsbad, CA, USA) following the manufacturer’s
instructions. DNA quantity and quality were determined with
the NanoDrop® ND-1000 (Thermo Scientific) and the
QuantusTM fluorometer (Promega, Madison, WI, USA).

Quantitative real-time polymerase chain reaction (qPCR)

The abundance of nine antibiotic resistance genes belonging
to three antibiotic classes (tetracyclines, sulfonamides, and
macrolides) and the 16S rRNA gene was quantified in each
sample using qPCR. The 16S rRNA gene was used to normal-
ize antibiotic resistance gene levels to total bacteria within
each sample for comparative analysis. For the tetracycline
resistance genes, different mechanisms of resistance were in-
cluded: two efflux pump genes (tet(B) and tet(L)) and four
genes encoding for ribosomal protection proteins (tet(M),
tet(O), tet(Q), and tet(W)) were selected due to their abun-
dance in animal fecal matter (Aminov and Mackie 2001;
Patterson et al. 2007; Peak et al. 2007; Roberts 2012).
Erm(B) and erm(F) were selected for the macrolide resistance
genes as they are the most abundant and they are commonly
associated with pig excrement (Patterson et al. 2007; Knapp
et al. 2010). Finally, sul2 was chosen as a representative for
the sulfonamide resistance genes as it is predominant in pig
manure (Heuer et al. 2009). Previously published primers and
probes for these resistance genes were compared and aligned
with several GenBank sequences to ascertain whether they
were located in conserved regions. Consecutively, a plasmid
(for the 16S rRNA gene) (Integrated DNATechnologies, Inc
(IDT), Coralville, IA, USA) and two gBlock® gene fragments
(one for the tetracycline resistance genes and one for the sul-
fonamide and macrolide resistance genes) (IDT, Coralville,
IA, USA) containing the consecutive sequences of interest
separated by ATAT were designed and used as standards for
quantification purposes.

First, these gBlock® gene fragments and the plasmid were
used to optimize the concentrations of the primers and the
probes for the selected resistance genes. All primers and
probes were ordered from IDT (IDT, Coralville, IA, USA).
For the sulfonamide and macrolide resistance genes, a gradi-
ent polymerase chain reaction (PCR) was carried out to deter-
mine the optimal annealing temperature. Target efficiency was
90–110% with linearity (R2) of at least 0.985. The impact of
inhibitory substances in the different matrices was assessed by
making three consecutive 1:10 dilutions of the test samples
and analyzing the differences in threshold values. These ex-
periments revealed that for the resistance genes, a tenfold and
a 100-fold (1000-fold for tet(M)) dilution of each DNA extract
was required for the soil and the manure samples, respectively.
For the 16S rRNA gene, a 100-fold dilution of each DNA
extract had to be executed to stay in the range of the standard
curve. qPCR analyses were performed using a LightCycler®
480 System (Roche).

Total 16S rRNA gene abundance and the abundance of the
two macrolide resistance genes, erm(B) and erm(F), and the
sulfonamide resistance gene, sul2, were quantified using
SYBR® Green technology. Each reaction mixture consisted
of 12.5 μl of SsoAdvanced™ Universal Inhibitor-Tolerant
SYBR® Green Supermix (Bio-Rad, Temse, Belgium), the
appropriate amount of each primer (Table S1), 5 μl of DNA
template, and nuclease-free water to create a reaction volume
of 25 μl. For the amplification of the 16S rRNA gene, an
activation step of 10 min at 95 °C was followed by 30 cycles
of 15 s at 95 °C and 1 min at 60 °C. For the macrolide and
sulfonamide resistance genes, an activation step of 10 min at
95 °C was followed by 40 cycles of 15 s at 95 °C and 1 min at
the appropriate annealing temperature (Table S1). The speci-
ficity of the reaction products was assessed by melting curve
analysis. This was performed by gradually increasing the tem-
perature with 0.1 °C/s to 95 °C, with acquisition of data every
2 s. Samples with anomalous melt curves were further ana-
lyzed using gel electrophoresis. Samples without a clear band
of the expected size were not retained.

The abundances of the six tetracycline resistance genes,
tet(B), tet(L), tet(M), tet(O), tet(Q), and tet(W), were quanti-
fied using TaqManTM Assays. The primers and ZENTM

Double-Quenched Probes are listed in Table S1. A total reac-
tion volume of 25 μl was achieved by adding 5 μl of DNA
template to a reaction mixture with the appropriate primers
and probe, 12.5 μl TaqMan® Environmental Master Mix
2.0 (Applied Biosystems, Foster City, CA, USA), and
nuclease-free water. The tetracycline resistance genes were
amplified by an activation step of 10 min at 95 °C, followed
by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C.

Within each run, a standard curve was constructed in du-
plicate using a tenfold serial dilution of the plasmid or a
gBlock® gene fragment, with a range of 10–105 gene copy
numbers for the resistance genes and 103–107 gene copy num-
bers for the 16S rRNA gene used for quantification. The rel-
ative abundance of the different antibiotic resistance genes
was calculated by dividing the abundance of the respective
gene by the 16S rRNA gene abundance. Normalization was
performed to account for differences in extraction and in total
bacterial community.

Detection of Salmonella spp., Campylobacter spp.
and enumeration of E. coli in manure and soil samples

Reagents and materials

Buffered peptone water (BPW) (CM0509), Bolton Broth
(CM0983), modified Bolton Broth selective supplement
(SR0208E), Ringer solution tablets (BR0052), modified
Semi-solid Rappaport Vassiliadis medium base (MSRV)
(CM0910), MSRV selective supplement (SR016E), Xylose-
Lys ine -Desoxycho la t e Aga r (XLD) (CM0469) ,
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Campylobacter Blood-Free Selective Agar (CCDA)
(CM0739), and CCDA selective supplement (SR0155E) were
all purchased from Oxoid (Basingstoke, UK). RAPID’ E. coli
2 agar (356-4024) was purchased from BioRad (Marnes-la-
Coquette, France). Defibrinated horse blood (DHB100) was
purchased from International Medical products (Oudergem,
Belgium).

Detection of Salmonella spp.

Detection of Salmonella spp. was done according to the ISO
6579-1:2017E protocol with minor modifications
(Anonymous 2017). For the raw manure and the soil samples,
99 ml of BPW was added to 11 g of sample. After homoge-
nization for 1 min, three consecutive 1:10 dilutions of the
samples were prepared in BPW. The samples and the dilutions
were then incubated at 37 ± 1 °C for 18 ± 2 h. Subsequently, 3
drops of the pre-enrichment culture were inoculated onMSRV
agar plates supplemented with MSRV selective supplement
and incubated at 41.5 ± 1 °C for 24 ± 3 h. Negative plates
were incubated for an additional 24 ± 3 h. From the positive
plates, a 10-μl loop from the edge of the migration zone was
inoculated on XLD and incubated at 37 ± 1 °C for 24 ± 3 h.
Presumptive Salmonella colonies were further confirmed by
means of a multiplex Salmonella and Salmonella
Typhimurium PCR as described by Aabo et al. (1993) and
Lin and Tsen (1999), respectively.

Detection of Campylobacter spp.

For the raw manure and the soil samples, 99 ml of Bolton
Broth was added to 11 g of sample. After homogenization
for 1 min, three consecutive 1:10 dilutions of the samples were
prepared in Bolton Broth. The samples and the dilutions were
then incubated under microaerobic conditions (85% N2, 10%
CO2, 5% O2) in a Forma Series II 3110 Water-Jacketed CO2

incubator (Thermo Scientific,Waltham,MA) at 41.5 °C for 24
and 48 h. After 24 h of enrichment, 10 μl of the culture was
plated on CCDA plates supplemented with CCDA selective
supplement (mCCDA). The plates were incubated under
microaerobic conditions at 41.5 °C for 24 and 48 h. If no
growth of Campylobacter was observed after 24 h, 10 μl of
the enrichment incubated for 48 h was plated on mCCDA
plates. These plates were also incubated under microaerobic
conditions at 41.5 °C for 24 and 48 h. Colonies of presumptive
Campylobacter were confirmed by means of a multiplex
Campylobacter jejuni and Campylobacter coli PCR as de-
scribed by Linton et al. (1997).

Enumeration and detection of E.coli

For the enumeration of E. coli, 1:10 dilution series of the
original samples with BPW were made in Ringer’s solution.

In total, 100 μl of the original samples and the dilutions were
plated on RAPID’ E. coli 2 plates and incubated at 44 °C for
24 h. For the few samples where enumeration was not possi-
ble, detection of E. coli after enrichment was also performed.
To do so, 10 μl of the pre-enriched samples and dilutions with
BPW (“Detection of Salmonella spp.”section) were plated on
RAPID’ E. coli 2 plates and incubated at 44 °C for 24 h.

Statistical analysis of the data

A log transformation of the data was carried out for the select-
ed resistance genes. Linear regression models were fitted for
each farm with the different antibiotic resistance genes (tet(B),
tet(L), tet(M), tet(O), tet(Q), tet(W), ermB, ermF, and sul2) as
dependent variables and time point and depth (0–10 cm, 10–
30 cm, and 30–60 cm) and the interactions between the two
variables as independent variables. Statistical significance was
considered at P values ≤ 0.05. Analyses were performed with
Statistical Analysis System (SAS version 9.4, SAS Institute
Inc., Cary, NC, USA).

Results

Physico-chemical analysis of the manure and soil
samples

Physico-chemical analyses were carried out on the soil sam-
ples taken before the application of manure on the field and on
the manure samples taken the day of fertilization. The results
are presented in Tables S2 and S3.

Quantification of antibiotic residues

Manure samples

No antibiotic residues were found in the manure sample on
farm 1 (Table 1). For the other farms (2–5), sulfadiazine and
doxycycline were recovered in the manure sample taken. For
sulfadiazine, the concentrations were ranging from < LOQ
(limit of quantification) to 83μg/kg, and for doxycycline from
1604 to 12,093 μg/kg. Trimethoprim was recovered on farm 2
but it was below the LOQ. Tylosin was only found in the
manure from farm 5 at an estimated concentration in the range
of 100 μg/kg but exact quantification could not be carried out
for this compound due to high measurement uncertainty (Van
den Meersche et al. 2016). Colistin, oxytetracycline, and
ceftiofur were not recovered in any of the manure samples.

In order to calculate the concentration of antibiotics applied
through fertilization per kg of soil, assumptions about the
amount of manure applied (39,535 kg pig slurry/ha) and the
amount of soil present in the upper 30 cm in 1 ha of field
(4,350,000 kg soil/ha) had to be made. In addition, as the
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concentrations for the residues recovered from the soil sam-
ples are semi-quantitative, these calculations are rough ap-
proximations. For doxycycline 14.6, 79.2, 109.9, and
84.2μg doxycycline/kg soil is expected to be applied on fields
2, 3, 4, and 5, respectively. Regarding sulfadiazine, 0.75, 0.45,
and 0.23 μg sulfadiazine/kg soil is expected to be applied on
fields 2, 4, and 5, respectively.

Soil samples

None of the selected antibiotics were found in any of the soil
samples taken on field 1. Only sulfadiazine and doxycycline
were recovered from the soil samples taken on fields 2–5. The
results are presented in Table 2 and were obtained bymeans of
a standard addition and thus are semi-quantitative. On field 2
(clay), doxycycline and sulfadiazine residues were present in
the first (0–10 cm) and the second (10–30 cm) layers studied
for the duration of the experiment. Sulfadiazine residues were
present at very low concentrations (below 1 μg/kg), and con-
centrations for doxycycline ranged from 39 to 78 μg/kg.
Samples taken on field 3 contained sulfadiazine and doxycy-
cline residues in the first and the second layers prior to manure
application. After manure application, doxycycline was found
in all of the layers while sulfadiazine was only found in the
upper and middle layers. The concentrations of sulfadiazine
were very low (in the range of 1 μg/kg), and the concentra-
tions of doxycycline ranged from 17 to 118 μg/kg throughout
the duration of the study. For the soil samples collected on
field 4, no antibiotic residues were detected prior to manure
application. Sulfadiazine was only detected in the first and the
third layers after manure application and in the first layer after
harvest, at concentrations below 10 μg/kg. Doxycycline resi-
dues were detected in the upper (105 μg/kg) layer after ma-
nure application, and although they were not detected 1 month
after fertilization, they were again detected 2 months after
manure application (115 μg/kg) and after harvest (70
μg/kg). In the soil samples of field 5, no antibiotic residues
were detected prior to manure application. After fertilization,
both doxycycline (42–733 μg/kg) and sulfadiazine (0.3–8
μg/kg) were observed in all of the layers investigated. For
sulfadiazine, residues were no longer detected after 1 month,
while doxycycline residues were still present until harvest in
the first two layers in the range of 35–321 μg/kg.

Quantification of antibiotic resistance genes

Manure samples

The results of the antibiotic resistance genes in the manure
samples are shown in Table 3 as the mean relative abundances
which means the ratio between the resistance gene copy num-
ber and the 16S rRNA gene copy number in a sample. No
apparent differences were observed between the manure

samples studied of the different farms as also shown in Fig.
1 for farm 1 (with no antibiotic treatment of the animals) and
farm 5 (with amoxicillin, doxycycline, sulfadiazine, trimeth-
oprim and tylosin treatment of the animals). The results show
that the mean relative abundances of the efflux pump genes
tet(B) and tet(L) were lower than the ones encoding for ribo-
somal protection proteins (tet(M), tet(O), tet(Q), and tet(W)).
Within the genes encoding for the ribosomal protection pro-
teins, tet(M) was the most abundant. The macrolide and sul-
fonamide resistance genes, erm(B), erm(F), and sul2 respec-
tively, were present in the same range as tet(M).

Soil samples

With regard to the relative abundances of the studied antibiotic
resistance genes in the soil environment, an overview of the
mean value per time point over all farms and soil layers is pre-
sented in Table 3. The complete dataset per farm with statistical
differences can be found in the supplementary information
(Table S4). The range in 16S rRNA gene copy numbers/g soil
was 8.3–9.6 log. The results show that for most of the antibiotic
resistance genes studied, there were no apparent differences be-
tween the soil layers studied. Tet(B) was the least abundant re-
sistance gene in the soil samples analyzed prior to fertilization (−
7.7 ± 0.8 log) followed by tet(Q) (− 6.3 ± 0.9 log) and ermF (−
5.6 ± 1.2 log.) The other resistance genes studied (tet(L), tet(M),
tet(O), tet(W), ermB, and sul2) were present at about the same
background levels in the range of − 4.4 to − 5.0 log. The back-
ground resistance gene levels observed in the soil environment
prior to manure fertilization were several orders of magnitude
lower than the relative abundances found in the manure, with
the exception of tet(L) where this difference was the lowest.

Immediately after fertilization with swine manure, a signif-
icant increase of the relative abundance of the antibiotic resis-
tance genes was observed. These fertilized soil levels were
still about 1 to 3 log lower than the relative abundances found
in the manure applied on the respective farms for (nearly) all
of the resistance genes studied. The exception was tet(L) for
which no statistically significant increase nor decrease was
observed during the study over all the layers studied (fields
1, 2, and 3) or for which the increase after fertilization was
statistically significant but small (fields 4 and 5) (Table S4). In
Fig. 2, the evolution of the normalized tet(L) abundance is
shown for 2 extremes, farm 1 representing a situation without
antibiotic treatment of the animals, and farm 5 representing a
high antibiotic use of the animals (amoxicillin, doxycycline,
sulfadiazine, trimethoprim and tylosin); for the other farms, a
similar pattern was observed. For the tetracycline resistance
genes encoding for ribosomal protection proteins, the highest
increase immediately after fertilization was observed for
tet(M) and tet(Q). The increase observed for ermB and ermF
was comparable to the increase observed for tet(M) and tet(Q),
respectively.
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In the studied monitoring period, after fertilization, the rel-
ative abundance of all studied antibiotic resistance genes grad-
ually dropped to background levels over time: no significant
difference was observed between the relative abundance of
antibiotic resistance genes before the application of manure
and after harvest in the different layers studied. The only ex-
ception was tet(O) which showed a statistically significant but
very minor difference on field 1 (Table S4). In Fig. 3, the
evolution of the normalized tet(M) abundance is shown again
for the two extremes in antibiotic use, farm 1 and farm 5,
showing an equal pattern of increase followed by a decline
of tet(M) to background levels; for the other farms a similar
pattern was observed.

Presence of Salmonella spp., Campylobacter spp.,
and E. coli

We observed that both Salmonella Typhimurium and
Campylobacter coli can be present in the pig manure. This
was the case on farms 1, 2, and 5, with estimations ranging
from 10 to 103 cfu/g manure (Table 4). Farms 3 and 4 are not
shown as Salmonella Typhimurium and Campylobacter coli
were not recovered from any samples. Salmonella spp. and
Campylobacter spp. were not detected in the soil samples
prior to the application of manure, with the exception of
Campylobacter jejuniwhich was found on field 1 in the upper
layer (data not shown). Immediately after fertilization,
Salmonella Typhimurium and Campylobacter coli could be
detected in the different layers studied if they had been present
in the manure although the amount present in the soil was

lower than in the manure (0.1 to 102 cfu/g soil) (Table 4).
One month after fertilization, these zoonotic bacteria were
not detected anymore (data not shown).

As enumeration of E. coli was not possible in soil prior to
manure application due to low numbers, enrichment of the
fractions had to be carried out. The results are shown in
Table 5 and a table with the complete dataset can be found
in the supplementary information (Table S5). On farms 2, 3, 4,
and 5, the amount of E. coli present in the manure was on
average 5.2 ± 0.5 log cfu/g. The results show an increase in the
amount of E. coli present on the fields immediately after ma-
nure application, from median background values of mostly −
1 to 0 log cfu/g towards 2 to 3 log cfu/g as well as a gradual
reduction over time until harvest back to background levels
for the different soil types studied. On farm 1, with the amount
of E. coli present in the manure about 2 log lower than in the
other manure samples, a smaller increase was observed after
fertilization with a gradual decline to undetectable levels at
harvest.

Discussion

High concentrations of doxycycline are present in pig
manure and in soil

The concentrations of the antibiotic residues recovered from
the different manure samples (Table 1) are comparable to our
own previously published results (Van den Meersche et al.
2016; Rasschaert et al. 2020) as well as those from another

Table 2 Overview of the doxycycline and sulfadiazine residue
concentrations (μg/kg) recovered from the soil samples during the
present study. Field 1 was not shown as it contained no residues. These

results are obtained by means of a standard addition (semi-quantitative)
and are a mean (± standard deviation) of the four plots studied on each
field

Doxycycline Field 2 Field 3 Field 4 Field 5

Clay soil Sandy loam soil Sandy loam soil Sandy loam soil

1 2 3 1 2 3 1 2 3 1 2 3

Before manure application 55 ± 5 33 ± 2 - 32 ± 4 35 ± 7 - - - - - - -

After manure application 59 ± 9 34 ± 5 - 82 ± 24 35 ± 6 17 ± 9 105 ± 43 - 252 ± 118 733 ± 933 42 ± 5 398 ± 380

After 1 month 50 ± 8 78 ± 9 - - 118 ± 48 18 ± 3 - - - 35 ± 27 321 ± 107 84 ± 93

After 2 months 44 ± 5 76 ± 26 - - 80 ± 20 - 115 ± 145 - - 52 ± 21 313 ± 342 -

After harvest 39 ± 1 56 ± 6 - 59 ± 8 51 ± 18 - 70 ± 16 - - 45 ± 5 84 ± 33 -

Sulfadiazine Field 2 Field 3 Field 4 Field 5

1 2 3 1 2 3 1 2 3 1 2 3

Before manure application 0.2 ± 0.04 0.1 ± 0.02 - 1 ± 0.4 1 ± 0.4 - - - - - - -

After manure application 0.6 ± 0.2 0.1 ± 0.02 - 2 ± 0.8 1 ± 0.4 - 3 ± 0.7 - 9 ± 5 8 ± 5 0.3 ± 0.5 5 ± 3

After 1 month 0.3 ± 0.2 0.4 ± 0.09 - - - - - - - - - -

After 2 months 0.1 ± 0.02 0.3 ± 0.08 - - - - - - - - - -

After harvest 0.1 ± 0.02 0.2 ± 0.03 - 3 ± 0.3 2 ± 0.3 - 2 ± 1.7 - - - - -

“-”, Compound not detected; 1, upper layer (0–10 cm); 2, middle layer (10–30 cm); 3, lower layer (30–60 cm)
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recent study (Berendsen et al. 2015). The absence of trimeth-
oprim in the manure from farms 4 and 5 may be explained by
rapid metabolism of this antibiotic: only about 16% is excret-
ed unchanged (Baggot and Giguère 2013). No residues were
present in the manure samples of farm 1. These results were
expected as no animals whose manure was used for fertiliza-
tion were treated with antibiotics during the 5 years preceding
the sampling.

The results of the antibiotic residues in soil samples are
semi-quantitative; therefore, it was not possible to perform a
statistical analysis of these data. A previously published study
reported tetracycline residue concentrations up to 300 μg/kg
on farmed land and sulfonamide concentrations that were two
orders of magnitude lower (Hamscher et al. 2005). These
findings are comparable to the results observed in fertilized
soil in our study (Table 2). No residues were found in the soil
samples of farm 1 which corresponds with their absence in the
manure. On the other fields fertilized with manure from ani-
mals treated with antibiotics, we observed that sulfadiazine
residues were present at very low concentrations after fertili-
zation; and that in the sandy loam soils, these residues were no

longer detected after 1 month. In contrast, in the clay soil
samples (upper layer only, 0–30 cm), they could be detected
at very low concentrations during the duration of the experi-
ment. The results for the sandy loam soils were as expected:
the dissipation half-life of sulfonamides ranges between 2 and
10 days, and these antibiotics have a high mobility and a low
soil sorption (Boxall 2012; Jechalke et al. 2014). The obser-
vations for the clay soil might be explained by slow release of
sequestered antibiotics whereby sub-inhibitory concentrations
of antibiotics may be detectable for extended periods of time
or as a result of reduced leaching due to the soil type (Jechalke
et al. 2014).

For doxycycline, we found that residues can be present at
depths of 30 cm up until harvest in both soil types. It has been
reported previously that tetracyclines may persist in soil for
several months or years and that they exhibit a strong sorption
to the soil (Hamscher et al. 2005; Jechalke et al. 2014). Even
though the residues are bound to soil particles, they may still
be biologically active (Chander et al. 2005). However, their
effect on reducing the microbial population has been sug-
gested to be minimal (Kumar et al. 2005). In the lower layer

Table 3 Overview across all farms and soil layers studied of the mean
of the relative abundance (log) per time point of the different antibiotic
resistance genes under study in the soil samples (n = 60) and in the
manure (n = 5). The abundance of each gene is divided by the abundance

of the 16S rRNA gene copies present in the same sample for normaliza-
tion. The complete dataset with statistical differences can be found in the
supplementary information (Table S4)

Tet(B) Tet(L) Tet(M) Tet(O) Tet(Q) Tet(W) ErmB ErmF Sul2

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Before manure application −7.7 0.8 − 5.0 0.6 − 4.8 0.7 − 4.4 0.4 − 6.3 0.9 − 4.6 0.5 − 4.9 0.6 − 5.6 1.2 − 4.8 0.7

After manure application − 5.4 1.3 − 4.7 0.6 − 2.8 0.7 − 3.7 0.5 − 3.7 0.7 − 3.4 0.6 − 3.0 0.7 − 3.0 0.8 − 3.3 0.7

After 1 month − 5.4 1.1 − 4.7 0.5 − 3.7 0.7 − 4.1 0.4 − 4.8 0.8 − 4.0 0.6 − 3.8 0.8 − 3.6 0.9 − 3.2 0.7

After 2 months − 6.8 1.2 − 4.8 0.6 − 4.2 0.6 − 4.2 0.3 − 5.5 0.8 − 4.3 0.5 − 4.2 0.5 − 4.3 0.9 − 3.8 0.9

After harvest − 7.6 0.8 − 5.0 0.7 − 4.8 0.8 − 4.4 0.6 − 6.4 1.0 − 4.6 0.6 − 4.9 0.9 − 5.4 1.3 − 4.6 0.7

Manure − 3.4 0.3 − 3.6 0.3 − 0.9 0.1 − 2.3 0.4 − 2.0 0.1 − 1.8 0.2 − 1.1 0.2 − 1.0 0.2 − 1.3 0.3

SD standard deviation

Fig. 1 Normalized resistance gene abundances (expressed as the log of
the relative abundance of a resistance gene divided by the relative
abundance of the 16S rRNA gene) in the manure samples of farm 1 and

farm 5. On farm 1, the pigs did not receive antibiotics; on farm 5, the
animals were treated with amoxicillin, doxycycline, sulfadiazine,
trimethoprim and tylosin
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(30–60 cm), doxycycline residues were present in the sandy
loam samples immediately after fertilization and up to 1
month later (for 2 of the 3 soils). This is in contrast to previ-
ously published results by Hamscher et al. (2005) who found
that no tetracycline residues were observed in soil segments
deeper than 30 cm. This may be explained either by the sam-
pling of different soil types or the plowing of the soil in the
present study, which could have transported antibiotic resi-
dues into the deeper soil layers.

For the clay soil, no increase in antibiotic residue concen-
tration was observed after fertilization. As the background
residue concentrations present on field 2 were already high,
the addition of antibiotic residues with pig slurry was not

expected to increase the levels already present in the soil.
Indeed, after calculations, it was expected that about 14.6 μg
doxycycline/kg soil would be applied upon fertilization. This
is lower than the concentration already present in the soil. The
absence of any residue in the lower layer of the clay soil is
probably due to restricted leaching and binding to elements
such as calcium and magnesium as these elements are more
abundant in clay soil (Table S2) (Kumar et al. 2005). The
stronger adsorption and slow release of sequestered antibiotics
may explain why antibiotic residues were already present be-
fore fertilization in this type of soil (Hamscher et al. 2002;
Jechalke et al. 2014). In contrast, in the sandy loam soils, no
antibiotic residues were observed before fertilization with the

Fig. 2 Mean normalized relative abundances for tet(L) (expressed as the
log of the relative abundance of the resistance gene divided by the relative
abundance of the 16S rRNA gene) in soil at different depths and at the
different time points of sampling for farm 1 (no antibiotics found in soil
and in manure) and for farm 5 (doxycycline and sulfadiazine found in

manure and soil; tylosin found in manure). The different soil sampling
times are as follows: A, before fertilization; B, immediately after
fertilization; C, 1 month after fertilization; D, 2 months after
fertilization; E, after harvest. M, manure

Fig. 3 Mean normalized relative abundances for tet(M) (expressed as the
log of the relative abundance of the resistance gene divided by the relative
abundance of the 16S rRNA gene) in soil at different depths and at the
different time points of sampling for farm 1 (no antibiotics found in soil
and in manure) and for farm 5 (doxycycline and sulfadiazine found in

manure and soil; tylosin found in manure). The different soil sampling
times are as follows: A, before fertilization; B, immediately after
fertilization; C, 1 month after fertilization; D, 2 months after
fertilization; E, after harvest. M, manure
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exception of field 3. The latter could be due to the fact that
prior to the first sampling, effluent had been spread onto this
field (personal communication with the farmer). Effluent
is an end-product of biological treatment of pig manure
that may contain antibiotic residues (Van den Meersche
et al. 2019). With regard to field 4 (30–60 cm) and
field 5 (0–10 and 30–60 cm), higher concentrations
were observed than expected based on the rough esti-
mates. In addition, the variation in concentration be-
tween the different plots was high. This may be ex-
plained by the non-homogeneous incorporation of ma-
nure into the soil, leading to potential hot spots of an-
tibiotic residues due to a higher manure fraction.
Extrapolation of these results to other soil types is dif-
ficult because antibiotics are ionizable and may there-
fore be present in the soil environment with either a
positive, a negative, or a neutral charge or as zwitter-
ions, depending on the pH of the soil (Boxall 2012).

With regard to selective pressure as a result of the observed
residue concentrations, the maximal sulfadiazine concentra-
tion in manure was 83 μg/kg, and the concentrations in the
soil samples were below 10 μg/kg. These concentrations are
considerably lower than the epidemiological cutoff values
(ECOFF) for sulfamethoxazole which is between 64 and
128 mg/L (EUCAST 2020). The ECOFF of sulfamethoxazole
was used, as there were no data available for sulfadiazine and
both are members of the same antibiotic class (Agnoletti et al.
2018). Hence, it is expected that these sulfadiazine residue
concentrations will presumably not cause selective pressure.
In contrast, the concentrations of doxycycline residues present
in the manure (1.6–12 mg/L) should be sufficient to be able to
select for resistance as the ECOFF for doxycycline for differ-
ent bacteria is between 0.5 and 8 mg/L (EUCAST
2020). In addition, predicted no-effect concentrations
(PNECs) for resistance selection have been theoretically
determined for an array of commonly administered an-
tibiotics, and the predicted PNEC for doxycycline was 2
μg/kg (Bengtsson-Palme and Larsson 2016). According
to these calculations, the doxycycline concentrations re-
covered in the soil samples (18–733 μk/kg) may also
cause selective pressure. However, the bioavailability in
soil is lower than in the liquid media used to determine
the MIC, and it may vary depending on the soil prop-
erties (organic carbon content, ionic strength, clay con-
tent, texture, and pH) and on the concentration of the
antibiotic. In addition, the PNEC is not determined ex-
perimentally. Therefore, more research is needed to ex-
trapolate these residue values to the soil environment
with regard to selective pressure (Schmitt et al. 2017).
On the other hand, antibiotic residues are not distributed
homogeneously in the soil, and hot spots with higher
concentrations of antibiotic residues may be present
(Jechalke et al. 2014; Schmitt et al. 2017).Ta
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Antibiotic resistance genes temporarily increase
after fertilization with pig manure

Concerning the tetracycline resistance genes, two efflux pump
genes (tet(B) and tet(L)) and four genes encoding for ribosom-
al protection proteins (tet(M), tet(O), tet(Q), and tet(W)) were
selected due to their abundance in animal fecal matter
(Aminov and Mackie 2001; Patterson et al. 2007; Peak et al.
2007; Roberts 2012). Tet(B) was found in 31 Gram-negative
genera, which makes it the most widely distributed efflux
pump gene among Gram-negative bacteria. In contrast,
tet(L) has been identified in 14 Gram-negative and 19 Gram-
positive genera. These efflux pump genes are associated with
plasmids (Roberts 2012). The genes encoding for ribosomal
protection proteins are present in both Gram-positive and
Gram-negative genera and are found on conjugative transpo-
sons, with the exception of tet(O) which has been associated
with conjugative and non-conjugative plasmids (Patterson
et al. 2007; Roberts 2012). All of these resistance genes confer
resistance to doxycycline, an antibiotic used on four of the
selected farms (Chopra and Roberts 2001; Roberts 2012).
Erm(B) and erm(F) were selected for the macrolide resistance
genes as they are the most abundant and they are commonly
associated with pig excrement (Patterson et al. 2007; Knapp
et al. 2010). These resistance genes are also located on
conjugative or non-conjugative transposons (Roberts et al.
1999). For the sulfonamide resistance, sul2 was chosen as a
representative as it is predominant in pig manure (Heuer et al.
2009). For all these selected antibiotic resistance genes, no
apparent differences were observed between the manure sam-
ples under investigation (Table 3, Fig. 1). This may seem
unexpected as no antibiotics were used on farm 1; however,
these results are in accordance with Heuer and Smalla (2007)
who reported that even manure from animals that had never
received antibiotics may still contain abundant numbers of
antibiotic-resistant bacteria. Additionally, it has been reported
that antibiotic resistance genes can persist for many years after
abolishment of antibiotic use, and resistance traits have been

identified in environmental settings in the absence of the cor-
responding antibiotic (Knapp et al. 2010; Heuer et al. 2011a).
This can also clarify the high relative abundance of macrolide
resistance genes in the different manure samples even though
no macrolide antibiotics were used to treat the animals, with
the exception of farm 5. The abundance of ermB in swine
manure in the present study is comparable to previously pub-
lished results (Marti et al. 2014). Another explanation is co-
selection caused by the genetic linkage of erm(B) to tet(M)
and erm(F) to tet(Q) on the same mobile genetic element
(Roberts et al. 1999). The use of doxycycline on all farms
(except farm 1) may thus be responsible for a selective pres-
sure on both tetracycline and macrolide resistance genes,
respectively.

All of the resistance genes studied were already present in
the soil samples taken prior to fertilization with manure. This
is not surprising as antibiotic resistance genes originally
evolved from a defense mechanism in environmental ecosys-
tems (Miao et al. 2012). However, the functions carried out by
these genes in the natural ecosystems might initially not have
been related to antibiotic resistance (Chee-Sanford et al.
2012). The use of antibiotics may select for these antibiotic
resistance genes present in the soil environment (D’Costa
et al. 2011; Chee-Sanford et al. 2012). In addition, the repeat-
ed fertilization of the fields over time may have increased the
background levels of antibiotic resistance genes present in the
soil. The results showed that the relative abundances present
in the soil after fertilization with manure increased (except for
tet(L)). These increased levels were in general about 1 to 3 log
lower than the relative abundances found in the manure.
Similar soil loading rates have been estimated by Marti et al.
(2014). Jechalke et al. (2013) also observed that the differ-
ences between resistance gene levels in soils were comparable
to the differences observed between the manures used for
fertilization. An example from the present study may clarify
this further. Rough estimates were made in order to calculate
expected abundance based on the amount of manure applied
per g of soil for tet(M) and tet(L) as these represent the most

Table 5 First quartile (Q1), median (Q2), and third quartile (Q3) are given for the enumeration or detection of E. coli in soil samples and in the manure
samples (log cfu/g). The values for the different depths studied were compiled. Unless otherwise indicated, all values were obtained after enrichment

Before manure application After manure application After 1 month After 2 months After harvest Manure

Q1 Q2 Q3 Q1 Q2 Q3 Q1 Q2 Q3 Q1 Q2 Q3 Q1 Q2 Q3

Farm 1 - − 1–0 0–1 − 1–0 0–1 2–3 - 0 0–1 − 1–0 − 1–0 1–2 - - − 1–0 3.23

Farm 2 - − 1–0 0–1 1–2 2–3 2–3 − 1–0 0 0–1 - - − 1–0 − 1–0 0–1 1–2 4.98

Farm 3 - − 1–0 1–2 1–2 2–3 3.23* 1–2 1–2 2–3 − 1–0 − 1–0 1–2 − 1–0 − 1–0 0–1 5.71

Farm 4 - − 1–0 − 1–0 1–2 2–3 3.23* 1–2 2 2–3 − 1–0 0–1 1–2 - − 1 0–1 5.51

Farm 5 - - − 1–0 1–2 2–3 2–3 − 1–0 0–1 1–2 - - − 1–0 - − 1–0 − 1–0 4.56*

Q1 or first quartile is defined as the middle number between the smallest number and the median of the data set; Q2 is the median of the data set; Q3 or
third quartile is the middle value between the median and the highest value of the data set *Enumeration without enrichment; “-”not detected
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extreme values in manure. Assumptions about the amount of
manure applied (39,535 kg pig slurry/ha) and the amount of
soil present in the upper 30 cm in 1 ha of field (4,350,000 kg
soil/ha) were made. For tet(M), the expected gene copy
number/g soil after fertilization was 5.3, 5.2, 5.4, 5.5, and
5.5 log for fields 1,2, 3, 4, and 5, respectively. For the same
field, the background gene copy numbers in the soil prior to
fertilization were 2.9, 3.3, 2.8, 1.8, and 2.2 log, respectively;
these values are 1.9 to 3.7 log lower. The use of pig slurry as a
fertilizer is thus expected to increase the gene copy numbers/g
soil for tet(M). For tet(L), the expected gene copy number/g
soil after fertilization was 2.6, 2.7, 2.8, 1.9, and 2.4 log for
fields 1, 2, 3, 4, and 5, respectively. The background gene
copy numbers in the soil of the same fields prior to fertilization
were 2.5, 2.7, 2.9, 1.5, and 1.9 log, respectively. This shows
that the background levels for this antibiotic resistance gene
are comparable with the expected levels after fertilization and
that fertilization is thus not expected to increase the levels
already present in the soil environment for tet(L). Moreover,
the load of tet(L) in manure was the lowest of all resistance
genes investigated.

Direct input of resistance genes through manure
is probably more important than selective pressure
through antibiotic residues in manure or soil

In our study, no apparent correlation is seen between antibiotic
residues present in the soil and the presence of antibiotic re-
sistance mediated by the specifically selected antibiotic resis-
tance genes. This is evidenced by the similar evolution of
these antibiotic resistance genes in soil after fertilization irre-
spective of the antibiotic use on the farm or the concentrations
of antibiotic residues present in the manure or soil. The decline
in relative abundance of resistance genes over time can be
attributed to the presence of resistance determinants in the
manure-borne bacteria, which may not survive for extended
periods of time in soil. It has also been postulated that the
nutrients added upon fertilization may provide a temporary
enrichment of some soil bacteria carrying antibiotic resistance
genes (Jechalke et al. 2013; Marti et al. 2014; Leclercq et al.
2016). But as we observed a narrow range of the 16S rRNA
gene copy numbers/g soil, the declining trend observed in
resistance genes is not due to differences in total bacterial
abundance. Another possible explanation might be the trans-
fer of resistance determinants from manure-borne bacteria to
soil bacteria. The observed return to background levels over
time would indicate that potentially transconjugant bacteria
might not persist in the absence of selective pressure, as the
host fitness is affected by the acquisition of antibiotic resis-
tance (Sengelov et al. 2003; Heuer et al. 2011a). According to
Jechalke et al. (2013), an increase in relative abundance of
sul2 with more than three orders of magnitude was observed
after manure application, followed by a decline over time.

Sengelov et al. (2003) also observed an increase of tetracy-
cline resistant bacteria after fertilization with pig manure
followed by a decline to background levels over a period of
5 months. Marti et al. (2014) noted that a 1-year waiting peri-
od after manure application would reduce the relative abun-
dance of selected antibiotic resistance genes (sul1, erm(B),
str(B)) back to background levels. For individual resistance
genes, all these results are in accordance with the results ob-
served in the present study. However, to the best of our knowl-
edge, the present study is the first to assess resistance to sev-
eral classes of antibiotics in pig manure and in fertilized soil
over time together with measurements of antibiotic residue
concentrations. It is also the first study to report data for
Flanders (Belgium), a region with an intensive pig industry.

Zoonotic pathogens can be temporarily present
in manured soil

The results showed that both Campylobacter coli and
Salmonella Typhimurium can be present in pig manure and
that they may enter the environment through fertilization.
Prior to manure fertilization, no Salmonella spp. nor
Campylobacter spp. were present in the soil (with one excep-
tion for Campylobacter jejuni). Although the concentrations
found in soil samples were lower than in the manure samples,
the presence of the studied zoonotic bacteria is still cause for
concern, as their presence can maintain the infection pressure
on animals or humans through the contamination of the envi-
ronment. One month after fertilization, no Salmonella spp. nor
Campylobacter spp. were detected in the soil. This is in ac-
cordance with the results obtained by Hutchison et al. (2005),
who reported that the longest survival time of Salmonella and
C. jejuni in soil after fertilization with pig manure was 16 days
(Hutchison et al. 2005). Bacterial survival in the soil environ-
ment depends on several factors such as temperature, moisture
content, pH, soil composition, and the presence of other mi-
croorganisms in the soil (Cools et al. 2001).

E. coli can be considered as representative for Gram-
negative bacterial species of the fecal commensal microbiota
of livestock (Hanon et al. 2015). The results obtained for this
fecal indicator organism showed an increase upon fertiliza-
tion. Afterwards, a gradual return to background levels at the
time of harvest was observed. It was also observed that if
higher numbers of E. coli are present in the manure, this will
lead to higher amounts in soil 1 month after fertilization which
may possibly pose a higher risk of transmission to plants.

Conclusion

To the best of our knowledge, the present study is the first to
assess a number of antibiotic residues and resistance to several
classes of antibiotics in pig manure and in fertilized soil over
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time. The doxycycline concentrations found in the pig slurry
used to fertilize the field may be high enough to cause selec-
tive pressure. In addition, low concentrations of antibiotic res-
idues might still be present in the soil at harvest. The relative
abundances of the studied antibiotic resistance genes declined
over time. With regard to dissemination of resistance, the re-
sults presented in this study indicate that fertilization with
animal manure directly adds resistance genes to the soil.
This mechanism may be more important than possible selec-
tive pressure in soil-dwelling bacteria exerted by antibiotic
residues present in the manure or soil.

This is supported by the results obtained for the particular
farm where no antibiotic residues were present in either the
manure or the soil samples. In spite of this, the relative abun-
dance of the different antibiotic resistance genes increased on
this field after fertilization and dropped to background levels
at harvest in a manner comparable with the other fields stud-
ied. Although no zoonotic bacteria were detected in the soil
samples at harvest, contamination pressure on the farm may
be maintained as these zoonotic bacteria may be transferred to
the environment upon fertilization.
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