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Abstract

Purpose Sewage sludge land application is strongly recommended to improve soil quality and fertility despite the presence
of pollutants, pathogens and antibiotic resistance genes. This study aimed to assess the fertilization value of low and recom-
mended by law sewage sludge dose (15 t ha™).

Materials and methods In a 540-day field study, the effect of sewage sludge on the soil physicochemical and microbial
parameters, emphasising antibiotic and metal resistance spread, was investigated.

Results In contrast to expectations, sewage sludge did not improve the organic matter, nutrient content and microbial activ-
ity in the soil; therefore, the fertilization effect was not achieved. Moreover, an increase in the bioavailable Cd, Ni and Cu
content was observed. Canonical correspondence analysis revealed that these increases mainly explain the changes in the
soil microbial community. Sixteen resistance genes and four integron classes were detected in both the total DNA and on
plasmids isolated from sewage sludge. Obtained plasmids confer f-lactam resistance or extreme resistance to tetracycline
(>256 pg mL™!). Two antibiotic resistance genes (blayps ,, tetA) were transferred into the fertilized soil and detected up to
6 months after the fertilization.

Conclusion Our results provide evidence that the regulated dose of sewage sludge, even when characterized by low total
metal content, may affect soil microbial microbiome and resistome. Therefore, these findings provide critical data that have
public health implications, which may raise concerns about the suitability of applying sewage sludge to the soil even at the
low regulated dose.

Keywords Sewage sludge - Soil fertilization - Microbial community - Antibiotic resistance gene - Metal resistance gene -
Plasmid

1 Introduction

Over the past several decades, sewage sludge land applica-
tion was strongly recommended to improve soil quality and
Responsible editor: Jizheng He productivity, reduce the need for chemical fertilizers and
solve waste disposal problems (European Commission 2014;
Mininni et al. 2015). Sewage sludge is a source of organic
matter and several nutrients for plants, especially nitrogen,
phosphorus, calcium, magnesium and potassium (Seleiman
et al. 2013). Despite substantial nutrient content in sew-
age sludge, its land application can only partially replace
industrial fertilizers. Therefore, some authors argued that
the virtual value of sewage sludge as a fertilizer is low and
overestimated (Kirchmann et al. 2017; de Melo et al. 2018).
Institute of Biology, Biotechnology and Environmental To ensure a reasonable amount of plant essential mineral
Protection, Fa,C”hy,Of Natural Sciences, University elements and organic matter in the fertilized soil, unrealistic
of Silesia, Jagielloriska 28, 40-032 Katowice, Poland . .
high amounts and annually repeated sewage sludge applica-

tion is a common practice (Hamdi et al. 2019; Urra et al.
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2019). Such an approach raises environmental and public
health concerns regarding the adverse effects of metals and
other priority and emerging pollutants such as pharmaceu-
ticals that are often present in the sewage sludge. All these
contaminants may enter soil when sewage sludge is applied
as a fertilizer (Cucina et al. 2019; da Silva Souza et al. 2020).
Therefore, the policy in many countries regulated the doses
of sewage sludge which may be added to the soil to obtain
the fertilization effect (Mininni et al. 2015).

A matter of utmost importance is the presence of antibi-
otic resistant bacteria (ARB) and antibiotic resistance genes
(ARGsS) in sewage sludge, and its contribution to the antibi-
otic resistance spread (Bondarczuk et al. 2016; Chen et al.
2016; Che et al. 2019). Resistance genes are found on bac-
terial chromosomes and mobile genetic elements (MGEs)
such as plasmids, transposons or integrons. The microbial
communities from wastewater treatment plants (WWTPs)
contain an immense variety of MGEs, among which resist-
ance and multi-resistance plasmids occur (Li et al. 2015;
Partridge et al. 2018). Despite our understanding of the prev-
alence and distribution of ARGs in WWTPs, their genetic
location and possible hosts, as well as their fate after they
reach the environment, remain largely unknown. Moreover,
knowledge about which factors affect the proliferation and
distribution of ARGs in the environment, e.g., soil, is still
lacking. Many studies suggest a correlation between ARGs
and metal resistance genes (MRGs). There are growing evi-
dence that disinfectant resistance genes may also be present
on the same genetic element as the ARGs (Pal et al. 2015;
Hu et al. 2017; Partridge et al. 2018).

Considering the current clinical significance of antibiotic
resistance dissemination and the ecosystem role of the soil
environment into which both selective agents and resistant
bacteria are transferred, it is crucial to examine the antibiotic
and metal resistance and the mobile resistome in sewage
sludge and the fertilized soil. Therefore, one of the aims of
this study was to characterize the soil and sewage sludge
resistome. We evaluated the occurrence of class 1, 2 and
3 integron integrase genes, genes conferring resistance to
f-lactams, tetracycline and metals. Moreover, from the sew-
age sludge, plasmids conferring antibiotic resistance were
isolated and characterized. Next, a field study was conducted
to investigate the fertilization effects of a regulated dose of
sewage sludge. During the field experiment, the physico-
chemical parameters (pH, conductivity, organic matter con-
tent, heavy metal content), enzymatic activity (hydrolytic,
urease, phosphatases, nitrification potential), microbial com-
munity (total cultivable bacteria, ARB, metal resistance bac-
teria, functional diversity), total bacterial population based
on the 16S rRNA gene number and the presence of several
ARGs, MRGs and integrons were monitored for eighteen
months. We hypothesize that (1) the regulated dose of sew-
age sludge will improve the organic matter and nutrient
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(N, P, C) content in the soil and the activity of indigenous
microbial communities; (2) the occurrence of antibiotic- and
metal-resistant strains, resistance genes and mobile genetic
elements will be documented in sewage sludge; and (3) hor-
izontal gene transfer between bacteria residing in sewage
sludge and indigenous soil microflora will occur.

2 Materials and methods
2.1 Experimental design

A field experiment was carried out on a green area with no
history of sewage sludge application. The area was located
near agricultural fields in the Silesian Upland, southern
Poland (50° 32 N, 19° 32 E). The soil was sandy loam in
texture with a neutral pH. The experiment was designed as
a randomized complete block (RCB) repeated in time. The
experimental field was divided into five blocks (independent
replications). Each plot was approximately 15X 15 m, which
is a reasonable area for agricultural management. Plots were
fertilized (FS) with stabilized dewatered sewage sludge at a
loading rate of 15 t dry matter ha™!. This is the maximum
allowable dose according to Polish law (Polish Journal of
Laws 2015). The residual sewage sludge was obtained as
was described earlier (Markowicz et al. 2021). The sew-
age sludge was incorporated into 20 cm of the topsoil using
a rotavator. The same agricultural management was used
on the control plots without fertilization (CS). Compos-
ite soil samples were collected on day 1 (FS1, CS1) and
then on days 30 (FS30, CS30), 180 (FS180, CS180), 360
(FS360, CS360) and 540 (FS540, CS540) after the treat-
ment. Each independent soil sample was composed of five
subsamples (approximately 200 g) that were collected at a
depth of 15-20 cm from the four corners and the centre of a
square (1 X 1 m) located in the middle of each plot (Margesin
and Schinner 2005). The soil subsamples were then mixed,
homogenized and sieved through a 2-mm mesh and used for
all analyses. Sewage sludge samples were used for bacteria
enumeration and physicochemical and molecular analyses.

2.2 Physicochemical parameters of the soil
and sewage sludge

The soil and sewage sludge pH, conductivity and moisture
were assessed using ISO standards. The organic matter (OM)
content in the soil and sewage sludge was assessed using
the loss on ignition method (Margesin and Schinner 2005).
The content of available phosphorus (P) and total nitrogen
(N) in the sewage sludge was determined using the Egner-
Riehm double lactate extraction and the Kjeldahl method,
respectively. The total metal (Cu, Zn, Ni, Cd) content in
the soil/sludge samples was determined after HNO5/H,0,
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digestion. The bioavailable metal fractions were extracted
with 0.01 M CaCl, (pH 7.0) and passed through 0.45-pm
filter paper. Both the total (digested samples) and the bio-
available metal fractions were analysed using cold vapour
atomic absorption spectrometry (CVAAS) with inductively
coupled plasma optical emission spectroscope (ICP-OES).

2.3 Enzyme activity in soil

The soil hydrolytic enzyme and urease activities were assessed
according to Adam and Duncan (2001) and Tabatabai and
Bremner (1972), respectively. The activity of the alkaline and
acid phosphatases was assessed as described by Tabatabai and
Bremner (1969). The nitrification potential was determined
using the method of Kandeler (1995).

2.4 Enumeration of the cultivable bacteria in soil
and sewage sludge

The total cultivable oligotrophic bacteria were enumerated
on 0.1 TSA (tryptic soy agar) plates (dilution 107°-107%),
and the metal-resistant (CdR, CuR, ZnR, NiR) (dilution
10~'-107*) bacteria were grown on 0.1 TSA media with
metals added to a final concentration of 1 mM, 2 mM,
3 mM and 3 mM for Cd, Ni, Zn and Cu, respectively. In
addition, the number of tetracycline- and ampicillin-resistant
(AmpR, TetR) bacteria was determined on Mueller—Hinton
agar supplemented with either ampicillin (100 pg mL™") or
tetracycline (10 pg mL™") (dilution 1072-10~%). To inhibit
fungal growth to all media, nystatin was added at final con-
centration 50 pg mL~!. The plates were incubated at 28 °C
for 7 days. The bacteria were counted in triplicate for each
sample.

2.5 Analysis of the soil microbial community
structure using the PLFA method

The soil microbial community structure and biomass were
assessed using a phospholipid fatty acid (PLFA) analysis.
Lipids were extracted from 2 g of soil as was described by
Pennanen et al. (1996) and separated using silica extraction
columns. The phospholipids were subjected to a mild alka-
line methanolysis, and the obtained fatty acid methyl esters
(FAMESs) were separated and detected using gas chromatog-
raphy. The FAMEs were identified using the MIDI Microbial
Identification System software (Sherlock 6.0; MIDI Inc.).
For the quantitative determination of the PLFA, 19:0 was
used as the internal standard. The total biomass (TotPLFA)
was calculated as the sum of all the extracted from soil
PLFAs (Frostegard and Baath 1996). The bacterial biomass
of gram-negative bacteria was calculated as the sum of the
unsaturated, hydroxylated and cyclopropane fatty acids. For
the gram-positive bacteria, both iso and anteiso branched

fatty acid were counted (Supplementary Table S1). The
10Me16:0, 10Mel17:0 and 10Me18:0 were used to establish
the biomass of Actinomycetes. The sum of these biomark-
ers was used to determine the bacterial PLFA biomass. The
unsaturated PLFAs 18:2w6 and 18:1@9c represent the fungal
biomass (Zelles 1999).

2.6 Community-level physiological profiles

Community-level physiological profiles (CLPPs) were deter-
mined using the BIOLOG method and EcoPlate™ (Biolog
Inc.). Briefly, microorganisms were extracted from a 10-g
dry weight (d.w.) equivalent of fresh soil in a 0.85% NaCl
solution and inoculated on an EcoPlate™. The plates were
incubated at 24 °C under dark, humid conditions. Readings
were taken at 590 nm directly after the inoculation and at
12-h intervals for 72 h using a microplate reader. The fol-
lowing microbial indices, the functional diversity index (H’),
substrate richness (Rs), which reflects the number of oxi-
dized C substrates, and evenness (I'), which corresponds to
the equitability of activity across all utilized substrates, were
calculated as described elsewhere (Garland and Mills 1991;
Cycon et al. 2013).

2.7 DNA isolation and real-time quantitative PCR
analysis

Total bacterial DNA was isolated from a 0.25-g (fresh
weight) soil/sludge sample in triplicate using a DNeasy®
PowerSoil® Kit following the manufacturer’s protocol
(Qiagen). Real-time PCR was performed using the specific
primers MF341 and MR907 (Supplementary Table S2) to
quantify the 16S rRNA gene copy number in the soil/sludge
samples (Ishii et al. 2000). qPCR was conducted in a mixture
of Fast Start Essential DNA Green Master PCR Mix with
SYBR Green (Roche), 0.2 pM of each primer and 1 pL of
10-100-fold diluted DNA with the amplification protocol
described previously (Markowicz et al. 2021).

2.8 Exogenous isolation and transformation
of plasmid DNA

Modified exogenous plasmid isolation was conducted accord-
ing to Adamczuk et al. (2015). Briefly, 10 g of a sludge sam-
ple was diluted in 90 mL sterile saline containing Tween and
placed on a shaker (120 rpm, 60 min, RT). One millilitre of
the dilution was transferred to 50 mL LB broth amended with
either ampicillin or tetracycline and incubated overnight at
28 °C. Cells were harvested from 25 mL of the culture and
subsequently subjected to alkaline lysis (Green and Sambrook
2012). The exposure of bacterial suspension to anionic deter-
gents at alkaline pH caused the disruption of the cell wall,
denaturation of chromosomes and proteins and released the
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plasmid DNA into the supernatant. After the denatured mate-
rial has been removed by centrifugation, the native plasmid
DNA was recovered from the supernatant. The obtained
plasmid DNA was then analysed on 1% agarose gels. Plas-
mid DNA was transformed to Escherichia coli DH5x using a
Micropulser Electroporation Apparatus (Bio-Rad) according to
the manufacturer’s protocol. The cell suspensions were plated
on LB agar supplemented with either ampicillin or tetracycline
and grown overnight at 37 °C. Random colonies were picked,
grown in LB broth with appropriate antibiotic and screened
for plasmid DNA using the minipreparation procedure (Green
and Sambrook 2012).

2.9 Susceptibility/resistance testing

Antibiotic and metal resistance profiles conferred by the
plasmids to E. coli DH5a were assessed using Oxoid M.I.C.
Evaluator™ strips and Mueller—Hinton agar according to
the manufacturer’s protocol. The, following antibiotics were
used in the test: amikacin, ampicillin + sulbactam, cefo-
taxime, ceftazidime, ceftriaxone, gentamicin, tetracycline,
clindamycin, imipenem, levofloxacin and tigecycline. Mini-
mal inhibitory concentrations (MIC) of Ni, Zn and Cu were
determined on LB agar plates containing appropriate metals.
The E. coli DH5a strain without a plasmid was used as the
control. The tests were performed in duplicate.

2.10 PCR detection of resistance determinants

The presence of genes coding for the resistance to ampicillin
(blaggyy. ;. blayps o, imp-2, imp-13, ampC, oxa-75), tetracy-
cline (four variants of tetA, tetBSR, tetD, tetG, tetH) and
class 1, 2, 3 and clinical class 1 integron integrase genes on
the isolated plasmids and in the total DNA isolated from the
sewage sludge and soil samples were verified using PCR
screening. Moreover, the genes coding for metal resistance,
cadmium, zinc and cobalt (czcA), mercury (merA), copper
(copA and copB) and nickel (nccA/N), were verified in the
sewage sludge DNA. All PCR reactions were conducted in
a mixture that contained a 10 X Taq reaction buffer (Thermo
Scientific), 2 mM MgCl,, 0.2 mM of dNTP mix, 1 U of Taq
polymerase, the specific primers and 1 pL of 10-100-fold
diluted template DNA. The PCR reactions were performed
with the following program: 94 °C for 4 min and 35 cycles
of 94 °C for 1 min, annealing at appropriate temperature
for 1 min, 72 °C for 45 s and a final extension at 72 °C for
10 min. The sequences of all of the used primers, the ampli-
con size and the annealing temperatures are presented in
Supplementary Table S2. To reduce the generation of false-
positive results, reactions with no template and with the
genomic DNA isolated from E. coli DH5a were performed.
The PCR products were analysed using gel electrophoresis.
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2.11 Statistical analyses

The obtained data from five independent replications were
examined using an analysis of variance (ANOVA) repeated
in time (RCB repeated in time). The statistical significance
of any differences in the measured data was assessed via
a post hoc comparison of the means using the LSD test at
p <0.05. Any difference between the parameters of the sew-
age sludge and the control soil was evaluated using the Stu-
dent’s ¢ test. These statistical analyses were performed using
the Statistica 10.0 PL software package. For visualisation of
trends in soil and microbial parameters during the experi-
ment, a heat map was prepared using the MetaboAnalyst
tool (Xia et al. 2009). For this purpose, only parameters
with statistically significant changes during the experiment
(p <0.05) were used (based on the data from Tables 2 and
S3). The analysis was performed based on Euclidean dis-
tance. The data obtained from the fertilized soil on a specific
day was normalized to the mean from the control soil cal-
culated for a specific sampling time. The autoscale features
option was used to standardize the data for each feature and
to underline by colours any differences in a specific feature
value among the sampling times. A canonical correspond-
ence analysis (CCA) was performed to evaluate the effect
of the sewage sludge application on the environmental fac-
tors and microbial parameters (Past 4 Software). The biplot
presented the effect of the environmental factors on the soil
profiles was obtained using scaling type 2. The significance
of the correlations with each factor was evaluated through
the Monte Carlo permutation test by applying 999 permuta-
tions (Hammer et al. 2001).

3 Results
3.1 Characterization of the sewage sludge and soil

The physicochemical parameters of the sewage sludge and
soil are presented in Table 1. The sewage sludge had an alka-
line pH (8.08), and its application caused only a temporary
and slight increase (p <0.05) in the pH value in the FS on
day 1 compared to the control unfertilized soil (CS) (Table 2,
Fig. 1). The organic matter content was slightly higher in
the fertilized soil, but observed differences between the FS
and CS were not significant during the entire experiment
(p>0.05) The amount of total nitrogen (N) and available
phosphorus (P) in sewage sludge was about 7.5% and 1.1%,
respectively. No significant increase in nutrient content was
observed in the fertilized soil compared to the control soil
(Table 3). The control soil was characterized by a high total
content of Cd and Zn (Table 1) whose reported values were
21.0+2.2 and 2595 +317 mg kg~ d.w. soil for Cd and Zn,
respectively. The total content of Cd, Zn, Cu and Ni in the
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Table 1 Physicochemical parameters of sewage sludge and soil

Properties Sewage sludge Control soil
pH 81+0.1a 7.1+0.1b
Moisture (%) 78.7+35a 103+1.2b
OM (%) 56.3+1.8a 13.9+0.7b
Conductivity (mS cm™h) 220.0+1.0a 0.27+0.11b
Total Zn (mg kg™!) 805.6+419.7b 2595.1+3173 a
Total Cd (mg kg™") 9.0+3.4b 21.0+22a
Total Cu (mg kg™") 226.8+71.1a 31.6+£1.8b
Total Ni (mg kg™ 1.9+03a 1.6+0.5a
Bioavailabile Cd (mg kg™!) 1.5+03a 0.2+0.1b
Bioavailabile Zn (mg kg™") 6.8+1.1a 41+17b
Bioavailabile Cu (mg kg™!) 35+02a 0.2+0.0b
Bioavailabile Ni (ug kg™") 435.6+26.1a 123+2.6 b
log 16S rRNA g.c.n 12.7£04 a 11.0+£04b
log CFU oligotrophic 9.7+0.6 a 8.6+0.8b
log CFU Nit 6.1+03a 51+0.2b
log CFU Cu® nd 34402
log CFU Cd® 52+0.1a 3.8+0.3b
log CFU Zn® 6.9+0.22a 62+0.1b
log CFU TetrR 8.0+0.1a 64+0.3b
log CFU Amp® 8.0+0.2a 7.8+03b

The 16S rRNA is expressed in logl0 gene copy number g~! dry soil
or sewage sludge; the number of cultivable bacteria is expressed in
log10 of colony-forming units g~! of dry soil or sewage sludge. Aver-
age values (n=>5) are represented + SD. Significant changes between
control soil and sewage sludge are indicated by different letters

nd not detected

sewage sludge was low and did not affect the metal content
in the FS compared to the CS (data not shown). The addi-
tion of the sewage sludge into the soil slightly increased
the bioavailable content of Cd, Cu and Ni (the main effect,
p<0.05, p<0.001 and p <0.001, respectively). Additionally,
significant changes (p <0.001) in the content of bioavailable
Ni were observed at days 1 and 360 during the experiment
(Table 2).

3.2 Microbial populations, composition and activity

The total bacteria quantified as a 16S rRNA gene copy num-
ber (g.c.n.) was about one order of magnitude higher in the
sewage sludge (12.7+0.4 g.c.n. g~! d.w. sewage sludge,
Table 1) compared to the control soil. The addition of the
sewage sludge caused differences between the FS and CS
(» <0.05). During the first 180 days of the experiment, the
16S rRNA g.c.n. was higher in the CS than in the FS, but
after that time point, the opposite trend was noticed and sig-
nificant changes were observed at day 540 (Fig. 1, Supple-
mentary Table S3). In the cultivable microbial population,
there were significant differences between the CS and the
FS for bacteria resistant to Cd (CdR), Cu (CuR), Ni (NiR),

tetracycline (TetrR) and ampicillin (AmpR) during the
experiment. All of the aforementioned cultivable bacterial
fractions had lower values in the FS compared to the CS
at day 1. The only exception was observed for CuR bacte-
ria in which no differences were observed at day 1, while
a lower number of these bacteria were discovered in the
FS at day 360. The number of NiR bacteria was lower in
the FS compared to the CS until the day 360 of the experi-
ments, whereas the number of CdR bacteria was lower in the
FS compared to the CS at the end of the experiment (days
360 and 540). Significant differences were observed for the
AmpR bacteria at day 180 on which there were more of
these bacteria in the FS compared to the CS.

Generally, the biomass of microorganisms, measured as
the sum of all isolated from the soil phospholipid fatty acids
(total PLFAs), and the bacterial and fungal biomass, which
was quantified based on the PLFAs biomarkers, was sig-
nificantly lower (p <0.001) in the FS compared to the CS
(Fig. 1, Supplementary Table S3). The functional diversity
of the microbial communities in the soils, assessed using the
Biolog method, revealed significant changes in the diversity
(H'"), the evenness (I') and the richness (Rs) indices during
the experiment (Fig. 1, Supplementary Table S3). There
were significantly higher values of H" and I' indices in the
FS than the CS on days 180 and 360. At the end of the
experiment, all of the analysed indices were significantly
lower in the FS than in the CS. Dose and time interaction has
also significant impact (p <0.001) on the microbial activ-
ity, expressed as average well colour development (AWCD)
on Biolog EcoPlates™. Post hoc test revealed significant
changes between the FS and the CS at the end of the experi-
mental period. The value of AWCD was higher in the FS
on day 360 and was the lowest at the end of the experiment
(day 540). Among the tested enzyme activity, the hydro-
lytic activity (FDAH), alkaline and acid phosphatase activ-
ity changed significantly (p <0.05, p <0.001) between the
FS and CS during the experiment. The hydrolytic and acid
phosphatase activity was significantly higher in the FS com-
pared to the CS on day 1. During the experiment, both the
acid and alkaline phosphatase activities were significantly
lower in the FS compared to the CS, while there were no
significant differences in the urease activity and nitrifica-
tion potential.

Canonical correspondence analysis was used to identify
the most important environmental factors that affected the
microbial parameters in the tested soils (Fig. 2). The micro-
bial profiles of the FS were clearly different than those
from the CS during the 540-day experiment. The identi-
fied factors that had an effect in the FS were the increased
bioavailable Ni, Cu and Cu content and the decreased bio-
available Zn content. These factors significantly affected
the microbial biomass, alkaline phosphatase and urease
activity.
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3.3 Sewage sludge resistome

Resistance plasmids were isolated from sewage sludge and
transformed into E. coli DH5a. Sixty transformants were
screened for plasmid DNA, and 10 plasmids were selected
for further studies based on an electrophoretic analysis.
Of the tested plasmids, seven were ampicillin resistance

Table 3 Nutrient content analysis in sewage sludge, fertilized and
control soils

Proper-  pvalue Sewage Control soil Fertilized soil

ties sludge

TotalN  <0.001 7.54+1.82a 0.54+0.03b 043+0.09b
(%)

Available <0.001 1.09+0.24a 0.04+0.002b 0.04+0.006 b
P (%)

Organic  <0.001 32.67+1.06a 8.08+0.39b 8.17+1.76b
C (%)

C/N <0.05 4.51+098b 14.51+0.23a 16.78+4.26a

Average values are represented +SD

plasmids (pOA1-pOA7) and three were tetracycline resist-
ance plasmids (pOT1-pOT3) (Table 4). A blasg,, , gene,
which encodes class A pB-lactamase, was detected in all of
the ampicillin resistance plasmids. Multi-drug resistance
was confirmed for plasmids pOA3, pOA4 and pOA7 using
the E test. All three plasmids confer resistance to ceftazi-
dime (0.25 ug mL™") and ceftriaxone at concentrations rang-
ing from 1.0 to as high as 2.0 ug mL~! for pOA4, which
was more than 130-fold higher than the minimum inhibi-
tory value for the E. coli DHS5a recipient strain (Table 4).
We did not detect any resistance to amikacin, imipenem,
clindamycin or tigecycline. The isolated plasmids pOT2
and pOT3 conferred resistance to tetracycline at concentra-
tions > 256 pg mL~!, the maximum concentration for the
commercially available strips. The plasmid pOT1 conferred
resistance to tetracycline at a concentration of 96 ug mL™".
No resistance to other antibiotics was detected.

Among the tetracycline resistance plasmids, the gene
responsible for resistance was only identified on plasmid
pOT3. This was a tetH gene, which encodes a tetracycline
efflux pump. Class 1 and 3 integron integrase genes were
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Fig.2 Canonical correspondence analysis (CCA) of soil profiles in
the fertilized (FS) and the control (CS) soils. The biplots present the
effect of the environmental factors on the soil profiles (a) and their

detected on plasmid pOT1. Moreover, the clinical class 1
integron integrase gene (int! KL), which is linked to genes
conferring resistance to disinfectants, antibiotics and met-
als, was detected on plasmids pOT1 and pOA6. Isolated
plasmids conferred no metal (Cu, Ni, Zn) and antibiotic co-
resistance. However, MRGs and ARGs were detected in the
DNA isolated from the sewage sludge (Table 5). Resistance

@ Springer

correlation with the microbial parameters (b). Symbols: dots, day 1;
circle, day 30; triangle, day 180; square, day 360; filled square, day
540

genes, including five B-lactam resistance genes (blaypg.,,
blargy.;» imp-2, imp-13, ampC), six tetracycline resistance
genes (tetA1-A4, tetG, tetH) and five MRGs conferring
resistance to Hg (merA), Cd, Zn, Co (czcA), Cu (copA, copB)
and Ni (nccA/N) were detected in the sewage sludge using
PCR. Moreover, class 1, 2, 3 and clinical class 1 integron
integrase genes were detected in the sewage sludge DNA.
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Table 4 Characterization of isolated plasmids

Plasmid Resistance to antibiotics Detected ARGs Detected integron
integrase genes

pOAL Ampicilin 100 pg mL™! - blazgy -

pOA2 Ampicilin 100 pg mL™! - blazgy -

pOA3 Ampicilin 100 ug mL™! Ceftriaxone 1 ug mL~! ceftazidime 0.25 pg mL™! blargy. -

pOA4 Ampicilin 100 ug mL™! Ceftriaxone 2 ug mL~! ceftazidime 0.25 ug mL™! blargy. -

pOAS5 Ampicilin 100 pg mL™! - blazgy -

pOA6 Ampicilin 100 pg mL™! - blargy., intIKL

pOA7 Ampicilin 100 ug mL™! Ceftriaxone 1 ug mL~! ceftazidime 0.25 pg mL™! blarey.; -

pOT1 Tetracycline 96 ug mL™! - - intl, intlIKL, int3
pOT2 Tetracycline >256 ug mL™! - - -

pOT3 Tetracycline >256 ug mL™! - tetH -

3.4 Soil resistome

Two p-lactam resistance genes blayg,, ; and imp-2 and
tetracycline resistance gene fetG were detected in sewage
sludge as well as in the fertilized and unfertilized control
soil (Table 5). Two genes, blaypg., and tetA2, present in
sewage sludge were detected in the fertilized soil until
day 180. Moreover, another gene (tetA4) was detected in
the fertilized soil at the first two sampling points. Among
the MRGs, only the czcA gene was present in sewage
sludge and both soils. None of other four MRGs ampli-
fied in the total DNA from sewage sludge was amplified
in fertilized soil. Among the identified in sewage sludge
integrase genes, only the class 1 integron integrase gene
was detected in the fertilized soil at day 30 (Table 5).

4 Discussion

4.1 The impact of the sewage sludge on the soil
physicochemical and microbial properties

Previous studies demonstrated that repeated for several
years’ application and/or large, often unrealistic quantities
of sewage sludge causes the increase in soil organic matter
(OM) and plant nutriens (N, P, K) (Hamdi et al. 2019; Urra
et al. 2019). In our study, the sewage sludge was charac-
terized by high OM content and acceptable for a fertilizer
content of plant nutrients: N, P and C/N ratio. The ANOVA
analysis revealed that solely the organic carbon and C/N
ratio were slightly higher in the fertilized soil, but observed
differences were not significant; therefore, the fertilization

Table 5 Antibiotic resistance genes (ARGs), metal resistance genes (MRGs) and integron integrase genes detected in sewage sludge and soils at

each sampling day

Detected antibiotic resisatnce genes (ARGs)

Detected MRGs Detected MGEs

Sewage sludge blargy. ;> imp-2, tetG

blayps ,, imp-13, ampC, tetAl,  czcA
tetA2, tetA3, tetA4, tetH

merA, czcA, copA, intl, int2, int3, int]1 KL

copB, nccA/N

Shared* Transferred**

Shared* Transferred** Transferred™**

CS1 blargy,. ;, imp-2, tetG -
CS30

CS180

CS360

CS540

czcA - -

FS1 blargy.;, imp-2, tetG
FS30

blaypg.», tetA2, tetA4

czcA - -

FS180 blaypg . tetA2

FS360 -
FS540 -

MGEs mobile genetic elements

“Genes detected in sewage sludge and all soil samples

“*Genes detected only in the fertilized soil, transferred from sewage sludge
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effects were not achieved. The relatively low sewage sludge
dose and a single application may have been why there was
no significant increase in OM and nutrient content. Some
authors observed in fertilized soils the increase of enzy-
matic activity, which correlated with the number of sewage
sludge applications (Roig et al. 2012; Arif et al. 2018). In
our study, the hydrolytic and acid phosphatase activity in
the treated soil was higher than in the control soil at the
beginning of the experiment. Afterwards, both the acid and
alkaline phosphatase activity were significantly lower in the
sewage sludge-treated soil. The initial increase in enzymatic
activity can be explained by the organic substances’ sup-
ply prone to enzymatic hydrolysis. Such explanation was
also proposed by Protano et al. (2020), who suggested that
OM in sewage sludge mainly consists of easily degradable
organic compounds that are quickly degraded and do not
accumulate in soil even when unrealistic and extremely high
levels of sewage sludge are applied (Kirchmann et al. 2017,
Protano et al. 2020). On the other hand, the positive effect
may have been counteracted by the presence of metals or
other toxicants in sewage sludge. The current requirements
in European Union (EU) legislation have focused only on the
presence of total content of heavy metals in sewage sludge
and soil (Commission of European Communities 1986;
European Commission 2010). In our study, the total con-
centration of Cd, Zn, Cu and Ni in the sewage sludge did
not exceed the recommended guidelines. Considering only
this requirement, the sewage sludge might be regarded as a
valuable and safe soil fertilizer. The other precautions in EU
policy are connected with heavy metals in soil to which sew-
age sludge can be applied (European Commission 2010). In
our study, of the tested metals, the initial total content of Cd
and Zn in the soil was above the proposed limits. Although
elevated metal contents in agricultural soils are not desirable
for food production, high concentrations of heavy metal can
be detected in soil at a regional level (T6th et al. 2016). In
our study, high content of metals is related with the history
of Upper Silesia because it is a post-industrial area where
mining and coal processing plants have been in operation for
many years (Dudka et al. 1995).

It is well known that for risk assessment, the bioavail-
able metal fraction is more critical than the total content
because bioavailable metal fraction is accessible to plants
and microorganisms (Alloway 2012). In our study, a sig-
nificant increase in bioavailable metal content in fertilized
soil was observed only for nickel. For bioavailable Cd and
Cu ANOVA indicated the increase only as the main effect
(Fig. 1, Table 2). Additionally, the CCA clearly distin-
guished the control and fertilized soils as separate clusters
(Fig. 2). This analysis revealed that sewage sludge caused
alternations in the microbial community. We speculate that
the cumulative effect of changes in the bioavailable metal
content (Cu, Cd, Ni, Zn) was the main driver that impacted
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the microbial communities in fertilized soil. This obser-
vation was hardly expressed based on ANOVA. It should
be considered that sewage sludge may be a source of bio-
available metals and/or cause changes in environmental
conditions that affect metal bioavailability. For example,
biodegradation of sewage sludge organic compounds may
lead to soil acidification (Protano et al. 2020). Moreover, the
increased content of heavy metals may be toxic for plants
and may exert selective pressure on the soil microorgan-
isms, thereby decreasing their diversity and leading to the
proliferation of metal-resistant bacteria. In our study, the
high initial number of metal- and antibiotic-resistant bacteria
in the control soil indicated a notable and diverse pool of
soil resistance (Monier et al. 2011). Although the number of
cultivable metal- and antibiotic-resistant bacteria was higher
in the sewage sludge compared to the soil, there was no sig-
nificant increase of these bacterial fractions in the fertilized
soil compared to the non-fertilized soil. Similarly to the lack
of significant organic matter increase, it may be explained
by a relatively low dose and a single application of sewage
sludge. Moreover, another aspect of sewage sludge applica-
tion is the incorporation of sludge-borne microorganisms
to soil and the increase in the number of microorganisms
and microbial activity. Unexpectedly, the decrease in the
number of cultivable fraction of metal-resistant bacteria
in response to sewage sludge application was observed for
some time points. Our results may suggest that sludge-borne
bacteria, including metal- and antibiotic-resistant, rapidly
died off in soil because of the high competition with soil
bacteria and/or soil conditions that were not favourable for
the proliferation of sludge-borne bacteria (Jamieson et al.
2002; Ellis et al. 2018). Similar die-off of sewage sludge
incorporated microorganisms was observed by Hamdi et al.
(2019), who found no faecal coliform in soil after three
successive annual sludge amendments with high doses of
sewage sludge (40120 t ha~! year™!). Another explanation
may be possible contamination of fertilized soil with other
than heavy metals and toxic compounds present in sewage
sludge (Ostman et al. 2017; da Silva Souza et al. 2020).
Even though sewage sludge addition did not elevate the
level of cultivable soil bacteria or biomass, there was a sig-
nificant increase in microbial diversity. These effects were
temporary and only lasted for a year, and at the end of the
experiment, a biodiversity decline in sewage sludge treated
soil compared to the control soil was observed. These obser-
vations may be explained by the sewage-delivered organic
matter turn-over, which facilitates the diversity of bacteria.

4.2 Sewage sludge resistome
Ampicillin and tetracycline resistance were selected for our

study since both antibiotics are broadly and frequently used
to treat bacterial infections in humans and veterinary practice
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(Kim et al. 2011; Bush and Bradford 2016). Both tetracycline
and ampicillin resistance genes were often found in WWTPs,
sewage sludge and anthropogenic impacted soil (Makowska
et al. 2016; Jang et al. 2018). The bla g, ; gene detected
on the plasmids isolated in our study encodes a class A
B-lactamase, an enzyme that cleaves the p-lactam ring respon-
sible for the antimicrobial activity of the f-lactam antibiotics.
To date, there are known more than 100 variants of TEM
B-lactamase, which are present on various number of resist-
ance and multi-resistance plasmids (Partridge and Hall 2005;
Pagaling et al. 2016). The expansion of the substrate spec-
trum of the broad-spectrum TEM-type p-lactamases led to the
development of resistance to cephalosporins, such as detected
on the plasmids isolated in this study (Pfeifer et al. 2010).
TetH identified on the plasmid and other fet genes detected
in sewage sludge encode the tetracycline efflux pumps that
belong to the major facilitator superfamily (MFS) of the
multi-drug efflux system (Poole 2005). Resistance to antibi-
otics is often co-selected with metal resistance, and resistance
genes may be present on bacterial chromosomes or mobile
genetic elements such as plasmids. In addition, plasmids often
carry integrons which are genetic elements that can capture
genes and transfer them inside a bacterial cell or horizontally
between different species (Gillings et al. 2015). The presence
of the integrase genes detected in the sewage sludge DNA and
on the plasmids isolated in our study indicates the prevalence
of integrons in sewage sludge bacteria (Makowska et al. 2016;
Jang et al. 2018). The clinical class 1 integrons (int!/KL) are
present in many bacteria isolated from clinical and anthropo-
genic impacted environments (Gillings 2018). Antibiotics or
disinfectants used in every household and/or local hospital
that was in the catchment of the WWTP probably assembled
the selective pressure and explained the presence of int/ KL
on the plasmids isolated in our study. It should be taken into
account that plasmid studies are biased by several limitations,
including difficulties in capturing plasmids or the inability
to replicate them in laboratory hosts (Li et al. 2015). Our
study attempted to directly isolate plasmids from the sewage
sludge plasmid metagenome was not successful. To isolate the
plasmids, an enrichment step was necessary to transform the
plasmids into the recipient strain E. coli DH5a. Even though
the plasmid isolation was not efficient, only small plasmids
that could pass via the transformation into the recipient strain
were captured. Because of this potential limitation, we suggest
that other plasmids that carry resistance genes were present
in the sewage sludge. This statement may be supported by the
fact that the ARGs and MRGs detected in the DNA isolated
from the sewage sludge in our study were commonly found on
plasmids (Szczepanowski et al. 2009; Che et al. 2019). These
findings indicate that sewage sludge may be hazardous waste
and that using it as a soil fertilizer especially long-term and
at high doses requires careful consideration.

4.3 The impact of sewage sludge treatment
on the soil resistome

Long-term soil application of sewage sludge leads to the
proliferation of ARGs conferring resistance to all of the
major classes of antibiotics (Chen et al. 2016; Urra et al.
2019). In our study, three resistance genes were detected in
sewage sludge and both soils. Previously described bla;y,, ;
gene was identified in the mid-1970s, and nowadays, it is
still widely detected (Szczepanowski et al. 2009; Pagaling
et al. 2016). The second ampicillin resistance gene, imp-
2, was first detected in 2000. This gene encodes a class B
metallo B-lactamase, which confers resistance to ampicillin,
cephalosporins and carbapenems. These drugs are broad-
spectrum antibiotics that have activity against gram-negative
and gram-positive bacteria, and some of them are the last-
resort drugs (Pfeifer et al. 2010). Although the imp-2 gene
was previously detected in WWTPs (Szczepanowski et al.
2009), its occurrence in soil is quite alarming (Gudeta et al.
2016). The tetG, the third ARG detected in sewage sludge
as well as in both soils, is responsible for tetracycline resist-
ance. This gene is considered persistent in soil since it has
many potential host bacteria in the soil environment (Cheng
et al. 2016; Zhang et al. 2018). As for MRGs, the occurrence
in sewage sludge and soil of the czcA gene, conferring resist-
ance to Cd, Co and Zn, may be related to the high level of
heavy metals in these environments. The czcA gene encodes
a resistance nodulation division (RND) type efflux pump,
which is an active protection against bioavailable toxic met-
als for microorganisms (Karelova et al. 2011). Moreover,
Di Cesare et al. (2016) found strong correlations between
the czcA gene and both sulphonamide resistance and the
class 1 integron integrase genes, suggesting an important
antibiotic resistance co-selection mechanism. However,
this phenomenon was not observed in our study because the
class 1 integron integrase gene was found in the fertilized
soil only once—30 days after the sewage sludge application.
The treatment with sewage sludge caused the appearance
of the blaypg , gene encoding a class D p-lactamase and
two fetA genes that confer resistance to tetracycline. In our
study, these genes were detected in the fertilized soil up to
6 months after the sewage sludge application. Similar find-
ings were reported by Wolters et al. (2019), who observed a
decrease in the abundance of all of the targeted ARGs over
time. It is possible that a year after the fertilization, these
genes were below the detection limit in the fertilized soil
because of the lack of host bacteria. Although the applica-
tion of sewage sludge did not cause the emergence of other
ARGs and MRGs in the fertilized soil, these findings should
not be over-interpreted since resistance genes may be present
in soil in low copy number far below the detection limit of
PCR (Fortunato et al. 2018).
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5 Conclusions

This study extended the knowledge regarding the contribution
of the regulated dose of sewage sludge on the soil microbiome
and resistome under field conditions. The application of sewage
sludge did not improve the plant nutrients and organic matter
contents in soil, and therefore the quality or fertility of tested soil.
However, the regulated dose may increase bioavailable metal
fractions even when low total metal content sewage sludge was
applied. This fact may prevent the fertilization effect of sewage
sludge and explain the negligible impact on microbial communi-
ties. Moreover, this study demonstrated that sewage sludge was
a vast repository of ARGs, MRGs and MGEs. Some of these
genes have the potential to be transferred into the soil. These
findings provide critical data that have public health implica-
tions, which may raise concerns about the suitability of sewage
sludge soil application. However, we are aware that the fertiliza-
tion effect may be soil- and sewage sludge origin-dependent.
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