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Fermentation-based antibiotic production results in abundant nutrient-rich fermentation residue with
high potential for recycling, but the high antibiotic residual concentration restricts its usefulness (e.g., in
land application as organic fertilizer). In this study, an industrial-scale hydrothermal facility for the treat-
ment of erythromycin fermentation residue (EFR) was investigated, and the potential risk of the long-term
soil application of treated EFR promoting environmental antibiotic resistance development was evaluated.
The treatment effectively removed bacteria and their DNA, and an erythromycin removal ratio of up to
approximately 98% was achieved. The treated EFR was utilized as organic fertilizer for consecutive field
applications from 2018 to 2020, with dosages ranging from 3750 to 15 000 kg∙hm�2, resulting in sub-
inhibitory levels of erythromycin (ranging from 0.83–76.00 lg∙kg�1) in soils. Metagenomic shotgun
sequencing was then used to characterize the antibiotic resistance genes (ARGs), mobile genetic elements
(MGEs), and bacterial community composition of the soils. The soil ARG abundance and diversity did not
respond to the treated EFR application in the first year, but gradually changed in the second and third year
of application. The highest fold change in relative abundance of macrolide–lincosamide–streptogramin
(MLS) and total ARGs were 12.59 and 2.75 times, compared with the control (CK; without application),
respectively. The soil MGEs and taxonomic composition showed similar temporal trends to those of the
ARGs, and appeared to assist in driving increasing ARG proliferation, as revealed by correlation analysis
and structural equation models (SEMs). The relative abundance of particular erm resistance genes (RNA
methyltransferase genes) increased significantly in the third year of treated EFR application. The close
association of ermwith MGEs suggested that horizontal gene transfer played a critical role in the observed
erm gene enrichment. Metagenomic binning results demonstrated that the proliferation of mac gene-
carrying hosts was responsible for the increased abundance of mac genes (efflux pump genes). This study
shows that sub-inhibitory levels of erythromycin in soils had a cumulative effect on soil ARGs over time
and emphasizes the importance of long-term monitoring for assessing the risk of soil amendment with
treated industrial waste.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
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1. Introduction resistant bacteria (ARB) in environmental media can be promoted
Pharmaceutical manufacturing is a source of antibiotic pollu-
tion [1,2]. Antibiotic resistance genes (ARGs) and antibiotic-
under antibiotic selective pressures caused by such pollution, in
turn contributing to risk of accelerated resistance development
and thus to public health risks [3]. In addition to the wastewater
that is generated from antibiotic production, fermentation-based
antibiotic-production processes lead to large volumes of byprod-
ucts from the bio-fermentation process, which mainly consist of
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microbial biomass, fermentation substrate, and remaining antibi-
otic [4]. Because of its high organic-matter content, antibiotic fer-
mentation residue (also called antibiotic mycelial residue) has
potential as an organic fertilizer or soil amendment; however,
the residual content of antibiotics restricts its use. It would be of
apparent environmental and economic significance for the phar-
maceutical industry if treated antibiotic fermentation residue
could be used as a soil amendment. This has inspired the explo-
ration of industrial operations that would enable such uses of fer-
mentation residues.

Erythromycin is a macrolide antibiotic that is commonly used in
human medicine and livestock production to treat infections
caused by Gram-positive pathogenetic bacteria [5]. Erythromycin
is reasonably persistent in the environment and has been detected
in sewage sludge from wastewater treatment plants in the United
States at a concentration of up to (62.8 ± 5.8) lg∙kg�1 [6]. In addi-
tion, erythromycin is included in the watch-list under the Water
Framework Directive of the European Union [7], due to its poten-
tial risk to ecosystem health. Although water concentrations of
erythromycin above established effect levels rarely or never are
demonstrated in surface waters as a result of use and excretion,
risks cannot be excluded when safety factors are applied. The risk
of resistance promotion was not part of the decision to include ery-
thromycin in the abovementioned watch list; however, resistance
selection could well be a more plausible consequence than other
concerns, given that minimal inhibiting concentrations (MICs) for
bacteria down to 16 lg∙L�1 are reported, resulting in a predicted
no effect concentration (PNEC) of 1 lg∙L�1 in water [8]. In any case,
it is challenging to translate effect levels from aquatic media to
solid or semi-solid media [3].

Because of these potential risks, erythromycin fermentation
residue (EFR) is a good model for investigating the efficacy and
safety of industrial-scale treatment and subsequent soil applica-
tion. It has been reported that many kinds of fermentative antibi-
otics (i.e., antibiotics produced by microbial fermentation) can be
removed by temperature-enhanced hydrolysis from aquatic media,
due to their easy-to-hydrolyze characteristics [9]. Hydrothermal
pretreatment has recently been developed to remove antibiotics
from wastewater, in order to mitigate the spread of antibiotic
resistance in pilot and full-scale biological treatment for antibiotic
production wastewater [10–12]. Hydrothermal treatment has the
advantage of a relatively low cost and ease of industrial-scale
application [13]; moreover, its ability to reduce erythromycin from
EFR has been explored in a lab-scale study [14]. However, it is still
a challenge for an antibiotic manufacturer to use hydrothermal
treatment on semi-solid media such as fermentation residue. Con-
sequently, testing industrial-scale hydrothermally treated EFR as a
soil amendment should be a priority.

A reduced erythromycin concentration in the treated EFR is
likely to reduce its selective pressure on soil microorganisms. A
pot experiment found that the application of treated EFR led to ery-
thromycin concentrations of 300 lg∙kg�1 in soil, but that the abun-
dance of erythromycin-related resistance genes (ermB, ermC, and
ermX) was not increased after incubation for 49 d [15]. Similarly,
a single soil application of treated EFR did not change the abun-
dance of resistance genes [16]. In some contrast, a multiyear expo-
sure experiment involving the direct addition of 10 mg∙kg�1 of
erythromycin to soil found that the erythromycin degradation rate
increased over time, suggesting the proliferation of microorgan-
isms capable of degrading the antibiotic [17]. Some
erythromycin-related ARGs (only msrE and mphE have been mea-
sured) were enriched after the fourth year of exposure [18]. These
results show a gradual, cumulative effect of long-term, repeated
erythromycin applications on soil organisms and ARG abundance.
Nevertheless, a comprehensive understanding of the microbiolog-
ical mechanisms involved is still lacking.
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Erythromycin concentrations in soils after the application of
treated EFR have tended to be in the sub-inhibitory range for soil
bacteria (ng∙kg�1 to lg∙kg�1 level) [15,16], and were found to be
similar to antibiotic concentrations in the environment resulting
from anthropogenic activities [19]. Residual antibiotics may affect
the antibiotic resistome by inhibiting the growth of sensitive bac-
teria and promoting ARG dissemination by means of horizontal
gene transfer [20], thereby contributing to the antibiotic resistance
evolution [21,22]. In addition, the possible introduction of resistant
bacteria present in the treated EFR to soils could contribute to such
risks. Thus, to comprehensively assess the risk of promoting resis-
tance evolution as a result of amending soils with treated EFR, it
would be valuable to ① investigate long-term, consecutive land
application, ② conduct time-series soil sampling, and ③ perform
a systematic profiling of the antibiotic resistome and related
determinants.

In this study, our aim was to provide field-based evidence of the
impact of EFRs in soil ecosystems and to examine a real-world sit-
uation involving the disposal of pharmaceutical waste. The specific
objectives were ① to investigate the remaining erythromycin in
hydrothermally treated EFR and in amended soils receiving differ-
ent dosages of treated EFR, ② to assess the cumulative impact on
soil ARGs over time, and ③ to disentangle the contributions of
the horizontal and vertical pathways of ARG dynamics in soils.
To achieve this, we examined the soil application of hydrother-
mally treated EFR sourced from an erythromycin manufacturer.
The treated EFR was used as organic fertilizer for soil application
for 3 years, in comparison with manure and chemical fertilizer.
The results of the industrial-scale treatment and 3-year field appli-
cation are useful for a risk assessment of EFR and for related
policymaking.
2. Material and methods

2.1. Industrial-scale treatment of erythromycin fermentation residue

EFR is the byproduct of the erythromycin production process;
it contains mainly inactive mycelial dregs, fermentation medium,
erythromycin, and metabolites. In this study, we investigated the
industrial-scale treatment of EFR during 2018 to 2020 at a phar-
maceutical facility in the Xinjiang Uygur Autonomous Region,
China, which intended to produce treated EFR as a soil organic
amendment. The annual handling capacity of the facility is
100000 tonnes of EFR. The steps in the industrial-scale treatment
of the fermentation residue include hydrothermal treatment
(160 �C, over 15 min) and spray drying (450 �C, over 5 s).
Although 160 �C is the optimum temperature, the actual operat-
ing temperature ranged from 130 to 170 �C. In 2020, a thermal
insulation tank was installed after the hydrothermal treatment
process in order to extend the duration of the high-temperature
treatment. In the spray-drying step, a temperature of 450 �C
was maintained for at least 5 s, while the entire heating and cool-
ing process lasted for at least 20 min.

The DNA of raw EFR and of EFR just after hydrothermal treat-
ment were extracted and visualized on agarose gels to evaluate
the reduction in the genetic material present, in order to verify
whether living microorganisms could survive in treated EFR. To
further assess the potential remaining amounts of bacterial DNA,
polymerase chain reaction (PCR) was used in an attempt to amplify
the bacterial 16S ribosomal RNA (rRNA) gene.
2.2. Three-year soil application of treated EFR

Consecutive field applications of the treated EFR were per-
formed for a 3-year period (2018–2020) in a previously undis-
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turbed field located in the Xinjiang Uygur Autonomous Region,
China. Soybeans were planted because the antibiotic-producing
factory uses them as a fermentation medium for antibiotic produc-
tion. The actual agricultural dosage and a higher dosage were
respectively applied to different plots. More specifically, the land
application experiment included three treatments in 2018: the
control (CK; without amendment), EFR_L (low dosage,
3750 kg∙hm�2 of treated EFR), and EFR_H (high dosage,
7500 kg∙hm�2 of treated EFR) (Fig. S1 in Appendix A). In 2019,
the dosage of treated EFR was doubled (EFR_L, 7500 of kg∙hm�2

treated EFR; EFR_H, 15 000 kg∙hm�2 of treated EFR) in order to
investigate both the actual agricultural dosage and an extremely
high dosage. Manure-derived fertilizer and chemical fertilizer were
added as a comparison to the treated EFR (Fig. S1 and Section S1 in
Appendix A), because they have been reported to have an influence
on soil ARGs [23]. In 2020, the experimental scheme was the same
as that in 2019. Considering the complexity of the field study, we
used the erythromycin concentration in the soil—instead of the
treated EFR dosage—as the selection pressure level, ensure that
the data from different years were comparable.

Soil samples were collected with three replicates at three soy-
bean growth stages: before each application, after each application
(about 2 weeks after application), and at harvest (about 3 months
after application) for 3 years. Each soil sample was divided into
two parts, one of which was transferred to the laboratory on ice
and stored at –20 �C for DNA extraction and erythromycin analysis,
while the other was air dried and sieved (2 mm) for other chemical
characterization. In total, 27 samples (3 stages � 3 treatments � 3
replicates) in 2018 and before the application of 2019; 36 samples
(2 stages � 6 treatments � 3 replicates) after the application stage
and harvest stage of 2019; and 54 samples (3 stages � 6
treatments � 3 replicates) in 2020 were pretreated for further
chemical characterization, DNA extraction, and sequencing. More
details can be found in Section S1.
2.3. Analytical methods

An elemental analyzer (Vario MAX cube, Elementar, Germany)
was used to determine the total carbon (TC) and total nitrogen
(TN) content of the treated EFR and soil samples. For erythromycin
A measurement, solid phase extraction (SPE) procedures were per-
formed by an Oasis HLB (6 mL per 500 mg; Waters, USA) [24]. Ultra
performance liquid chromatograph-tandem mass spectroscopy
(UPLC-MS/MS; Waters) was used to determine erythromycin A
concentration using an Acquity UPLC BEH Shield RP18 column
(1.7 lm, 2.1 mm � 100 mm; Waters) and a Waters Micromass
XEVO TQ MS. More details can be found in Appendix A.
2.4. DNA extraction and 16S rRNA gene amplicon sequencing of soils

DNA extraction of the soils was performed using the FastDNA
SPIN Kit (MP Biomedicals, USA) according to the manufacturer’s
instructions, and DNA concentration and purity were measured
using NanoDrop1000 spectrophotometer (ThermoFisher, USA).
The V4–V5 region of the bacterial 16S rRNA gene was amplified
using PCR with the primers 515F (5’-GTGCCAGCMGCCGCGG-3’)
and 907R (5’-CCGTCAATTCMTTTRAGTTT-3’) [25]. High-
throughput sequencing was conducted on an Illumina NovaSeq
PE250 platform at Guangdong Magigene Biotechnology Co. Ltd.,
China. The sequencing data were deposited in the National Center
for Biotechnology Information (NCBI) BioProject database with the
accession number PRJNA650302. More details on the 16S rRNA
gene amplicon sequencing can be found in the Section S1.
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2.5. Metagenomic sequencing for ARG and mobile genetic elements
(MGE) quantification

Metagenomic sequencing was performed on an Illumina X-ten
platform with paired-end 2 � 150 base read lengths at Guangdong
Magigene Biotechnology Co., Ltd., China. Over 12 Gb of raw reads
were obtained for each sample and were deposited in the NCBI
BioProject databasewith the accession number PRJNA647129. After
quality control following a previously published method [26], the
filtered reads were used as inputs to ARGs-OAP v2.2, a pipeline for
the characterization and quantification of ARGs frommetagenomic
datasets [27]. The relative abundance of the ARGs expressed as the
number of copies per cell was calculated by normalizing the ARG
abundance to the cell number [27], which is typical practice for nor-
malizing gene copies in metagenomic data [28]. The ‘‘cell number”
was obtained using the CopyRighter database [29,30]. A custom
MGE database that collects MGE sequences from the NCBI nucleo-
tide database and the PlasmidFinder database [31] was used to
quantify the abundance of MGEs expressed as the number of copies
per cell using Salmon software with the default parameters [32].
More details on the MGE database can be found in Section S1.

2.6. Metagenomic assembly and binning

Metagenomic assembly was performed for filtered reads from
the samples taken after the application stage and the harvest stage
in 2020 using MEGAHIT with default k-mer [33]. Each sample was
assembled individually to obtain the contigs from each sample;
these samples were then pooled and assembled together for bin-
ning. The binning of the assembled metagenomic sequencing was
executed using the metaWRAP pipeline [34] with MaxBin2 for
bin files [35] and Quant_bins module for the abundance of each
bin in each sample. High-quality genome bins (genome quality =
completeness – 5 � contamination > 50%) [36] were chosen for
taxonomy assignments via the Genome Taxonomy Database
(GTDB)-Tk software [37] and for ARG and MGE annotation via
the Comprehensive Antibiotic Resistance Database (CARD’s) Resis-
tance Gene Identifier (RGI) software [38] and Prokka software [39].
The bins were reconstructed microbial genomes obtained from
metagenomic sequencing reads and provided a possibility to link
ARGs to specific hosts [40], although simple correlation analyses
between ARGs and bacterial taxa are notoriously uncertain [41].
Still, when assembling genomes with highly mobile genes (e.g.,
many ARGs), metagenomics assembly also becomes uncertain.

2.7. Statistical analysis

Differences in nonparametric grouped data were analyzed using
the Mann–Whitney U test or Kruskal–Wallis one-way analysis of
variance (ANOVA). Principal coordinate analysis (PCoA), together
with permutational multivariate analysis of variance (PERM-
ANOVA), was used to investigate differences in the Bray–Curtis
similarity of the ARGs, MGEs, and bacterial community between
samples [42]. Enriched ARG subtypes in the treated EFR amend-
ment samples taken in 2020 were obtained by means of linear dis-
criminant analysis effect size (LEfSe) analysis [43]. For correlation
analysis, the Spearman correlation was used between the abun-
dance of ARGs and MGEs, while the Mantel test and Procrustes test
were used between the ARGs and the bacterial community [44,45].
Structural equation models (SEMs) were constructed to evaluate
the direct and indirect effects of erythromycin concentration, the
bacterial community, and MGEs on ARGs using AMOS 22 with a
robust maximum-likelihood evaluation [46]. The models were
required to meet multiple goodness-of-fit criteria, including a non-
significant v2 test (P > 0.05), goodness-of-fit index (GFI) > 0.90, and
root mean square error of approximation (RMSEA) < 0.08 [47].
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3. Results

3.1. Erythromycin concentration in industrial-scale treated EFR and
field soils

The industrial-scale treatment process for EFR included
hydrothermal treatment and spray drying to remove erythromycin
and decrease water content prior to the EFR’s land application as
organic fertilizer (more details can be found in Section 2). From
2018 to 2020, the erythromycin concentration was (1659 ± 202)
mg∙kg�1 dry weight in the raw EFR. This decreased significantly
after the treatment process ((350 ± 12) mg∙kg�1 dry weight in
2018, (320 ± 26) mg∙kg�1 dry weight in 2019, and (38 ± 1) mg∙kg�1

dry weight in 2020). The removal of erythromycin in 2020 reached
97.7%, because the duration of the high-temperature treatment in
2020 was extended by adding thermal insulation. DNA could not
be detected in the hydrothermally treated EFR by means of visual-
ization on agarose gel (Fig. S2 in Appendix A). Attempts to amplify
the bacterial 16S rRNA gene from the treated EFR via PCR also
failed. Thus, the treatment greatly reduced the DNA content to
non-detectable levels.

The treated EFR was used as organic fertilizer for soil applica-
tions from 2018 to 2020, while manure-derived fertilizer and
chemical fertilizer were added for a comparison with the treated
EFR (Fig S1). Compared with the soils that were given manure-
derived fertilizer, the soils receiving treated EFR showed a much
higher TN and somewhat elevated carbon content after amend-
ment for 3 years (Tables S1 and S2 in Appendix A). Erythromycin
was detected in the soils receiving treated EFR, at concentrations
ranging from 0.83–76.00 lg∙kg�1 (Fig. 1 and Table S3 in Appendix
A). Overall, the erythromycin concentrations in the soils receiving
low doses of treated EFR were lower than those in the soils receiv-
ing high doses of treated EFR. Across the 3 years, the erythromycin
concentrations in the soils fluctuated between the application
stage, the harvest stage, and the pre-application stage in the next
year, but there was no obvious trend of accumulation. Ery-
thromycin at the lg∙kg�1 level was present in the soils receiving
treated EFR before application in 2019 and 2020, indicating the
expected minimal exposure during 3 years. Erythromycin was
not detectable in the control soils or in the soils receiving manure
fertilizer or chemical fertilizer, for which it was under the detec-
tion limit of 0.1 lg∙kg�1 (Table S3).
Fig. 1. Erythromycin concentration in soils receiving treated EFR during 3-year (20
3750 kg∙hm�2 of treated EFR in 2018 or 7500 kg∙hm�2 of treated EFR in 2019 and 2020;
treated EFR in 2019 and 2020.
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3.2. Gradual shifts of soil ARGs during 3-year treated EFR application

Metagenomic sequencing was performed to quantify the abun-
dance of ARGs in the soils receiving treated EFR or other fertilizers.
The relative abundance of total ARG in the soils receiving two
dosages of treated EFR was stable and did not significantly differ
from the control CK in 2018 and 2019 (values ranged from 0.103
copies per cell to 0.123 copies per cell; P > 0.05, Kruskal–Wallis
one-way ANOVA). However, after the application stage in 2020,
the ARG abundance in soils receiving 7500 kg∙hm�2 of treated EFR
((0.187 ± 0.051) copies per cell) and 15 000 kg∙hm�2 of treated
EFR ((0.278 ± 0.123) copies per cell) was significantly higher than
that in the CK samples ((0.101 ± 0.003) copies per cell) (Fig. 2(a)
and Table S4 in Appendix A; P < 0.01, Kruskal–Wallis one-way
ANOVA). Althoughmanure fertilizer and chemical fertilizer amend-
ments increased the soil ARG abundance, the impact of the treated
EFR was greater than that of the others (Fig. 2(a) and Table S4).

To clarify which ARG subtypes became enriched in the soils
receiving treated EFR compared with the controls in 2020, a LEfSe
analysis was performed. The results showed that seven genes (erm
(39), ermB, ermF, ermT, macB, mgtA, and oleD) belonging to the
family of macrolide–lincosamide-streptogramin (MLS) resistance
genes and 20 genes belonging to other types of ARGs were
enriched in the treated-EFR-amended soils in 2020 (Fig. 2(b)).
The resistance genes ermT, ermB and macB (average abundance
of 0.055 copies per cell, 0.009 copies per cell and 0.005 copies
per cell, respectively, in the high-dosage treatment group) were
the most abundant MLS resistance genes after treated EFR applica-
tion in 2020 (Tables S5–S7 in Appendix A). In the samples of after
application stage in 2020, the enrichments of total ARGs and MLS
resistance genes were significant (Fig. 2). Notably, the fold change
of MLS resistance genes in the high-dosage treated-EFR-application
soil was 12.59 times compared with that in the CK, while the fold
change of the total ARGs was only 2.75 times. This finding indi-
cated the selective enrichment of MLS resistance genes.

The changes in ARG structure showed a similar trend as the ARG
abundance over the 3 years. ARG b diversity was plotted using
PCoA, with further PERMANOVA to examine the influence of sam-
pling stage and treatment (Fig. 3(a)). In 2018 and 2019, the ARG
structure was distinct between the three sampling stages
(P < 0.01, PERMANOVA), but amendment with treated EFR led to
a negligible impact (P > 0.05, PERMANOVA). However, in 2020,
18, 2019, and 2020) field application. ND: not detected; EFR_L: soils receiving
EFR_H: soils receiving 7500 kg∙hm�2 of treated EFR in 2018, or 15 000 kg∙hm�2 of



Fig. 2. ARG abundance in soils receiving treated EFR, manure-derived fertilizer, and chemical fertilizer in three sampling stages (before application, after application, and
harvest stage) for 3 years (2018, 2019, and 2020). (a) Total abundance of detected ARGs. Samples within one stage were compared and labeled with the same letter if not
significantly different from each other based on Kruskal-Wallis one-way ANOVA. (b) Abundance of ARG subtypes of soils in 2020. Only subtypes enriched in the treated-EFR-
amended soils according to LEfSe analysis are shown. MF_L and MF_H: soils receiving 7500 and 15 000 kg∙hm�2 of manure-derived fertilizer, respectively; CF: soils receiving
chemical fertilizer.
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the ARG structure of the treated-EFR-amended soils exhibited clear
differences with that of the CK soils (Fig. 2(a); P < 0.05, PERM-
ANOVA). In addition, to obtain detailed information on the ARG
structure at each stage of each year, the Bray–Curtis similarities
within CK and between CK and the treated groups were compared.
At the harvest stage in 2019, before the application stage in 2020,
and after the application stage in 2020, the treated EFR amend-
ment decreased the ARG similarity compared with the CK (Fig. 3
(b); P < 0.05, Mann–Whitney U test).

In summary, within the experimental period of 3 years, the
treated EFR was used as organic fertilizer; however, its impact on
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the soil ARGs was not immediately detectable. It was not until
the second and third years (i.e., the harvest stage of 2019 and all
sampling times in 2020) that the ARG abundance and diversity
clearly diverged between the amended and control treatments.

3.3. Dynamics of the soil bacterial community and MGEs during the
3 years of treated EFR application

The abundance and structure of the soil bacterial community
and MGEs during the 3-year experiment were assessed. At the
phylum level, Actinobacteria, Bacteroidetes, Firmicutes, and



Fig. 3. ARG structure in soils receiving treated EFR in three sampling stages (before application, after application, and harvest stage) for 3 years (2018, 2019, and 2020).
(a) PCoA and PERMANOVA of ARGs in three sampling stages for three years. (b) Bray–Curtis similarity of ARGs within CK soils and between CK soils and soils receiving treated
EFR. Samples were compared with ‘‘within CK” based on Mann–Whitney U tests. n.s., *, **, and *** indicate P � 0.05, < 0.05, < 0.01, and < 0.001, respectively.
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Proteobacteria were the main bacterial phyla detected in the soils
(Fig. S3, Tables S8–S10 in Appendix A). The bacterial community
structure was only influenced by the sampling stage in 2018, but
was influenced by both the sampling stage and the treated EFR
application in 2019 and 2020 (Fig. S4(a) in Appendix A). The
Bray–Curtis similarity between the control and amended groups
became significantly different after the harvest stage in 2018.
These results indicated that the shift in the bacterial community
occurred earlier in the experiment than the shift in ARGs did.

MGEs are associated with the horizontal transfer of ARGs and
mainly consist of integrons, transposons, and plasmid and inser-
tion sequences (details can be found in the Section S1). In 2018
and 2019, the MGE abundances of the CK soils and the treated-
EFR-amended soils were similar (ranging from 0.003 copies per cell
to 0.009 copies per cell; P > 0.05, Kruskal–Wallis one-way ANOVA).
However, in 2020, the MGE abundance in the soils receiving trea-
ted EFR became higher than that in the CK soils. The highest MGE
abundance was 0.042 copies per cell in the soils receiving
83
15 000 kg∙hm�2 of treated EFR at the harvest stage in 2020
(Fig. S5(a) and Table S11 in Appendix A). The most abundant
MGE was tnpA, followed by IS91 and intI1 (Fig. S5(b), Tables S12–
S14). Similar to the ARG structure, the MGE structure was only
influenced by the sampling stage in 2018 and 2019, but was influ-
enced by both the sampling stage and the treated EFR amendment
in 2020, as revealed by the PCoA and PERMANOVA results (Fig. S6
in Appendix A).

3.4. Contribution of MGEs, the bacterial community, and erythromycin
to ARG dynamics

Correlations between ARG abundance and MGE abundance
were not statistically significant in 2018 (Spearman’s r = –0.11,
P > 0.05) or 2019 (Spearman’s r = 0.29, P > 0.05) but were signifi-
cant in 2020 (Spearman’s r = 0.73, P < 0.01) (Fig. 4(a)). Some MLS
resistance genes (erm(39), ermB, ermF, and ermT) showed
widespread association with MGE types (P < 0.05, Spearman
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correlation); however, correlations between macB, mgtA, and oleD,
and MGEs were not significant (Fig. 4(b)). Links between the bacte-
rial community and ARGs were quantified using the Mantel test
and Procrustes test. Although the statistical differences were sig-
nificant in all 3 years, the correlation coefficient (r value) became
higher from 2018 to 2020 (r = 0.611, 0.618, and 0.894 in 2018,
2019, and 2020, respectively, Mantel test; r = 0.737, 0.729, and
0.922 in 2018, 2019, and 2020, respectively, Procrustes test)
(Fig. 4(c)).

To obtain a holistic understanding of the contribution of MGEs,
the bacterial community, and erythromycin to ARG dynamics,
SEMs among these variables were conducted. Erythromycin
affected ARGs by influencing the bacterial community and MGEs
in 2020. ARGs were restricted only by the bacterial community
in 2018, but were restricted by both the bacterial community
and MGEs in 2019 and 2020 (Fig. 4(d)). Overall, MGEs, the bacterial
community, and erythromycin showed an increasing contribution
to ARG dynamics during the 3-year consecutive field applications
of treated EFR, and the explanation ratio of the ARGs increased
from 67.5% in 2018 to 95.6% in 2020 (Fig. 4(d)).

3.5. Enrichment of putative ARG-carrying hosts revealed by
metagenomic binning

Metagenomic assembly and binning was used to explore ARG-
carrying contigs and putative ARG-carrying bacterial hosts, in
order to determine the genetic environment of the ARGs and the
relative abundance of ARG-carrying bins in different samples. From
the metagenomic results for the after application stage and the
harvest stage samples in 2020, 68 ARG-carrying contigs were
Fig. 4. ARG variation to MGEs, bacterial community, and erythromycin of soils during 3
ARGs and relative abundance of MGEs during the 3-year (2018, 2019, and 2020) field stu
MGEs in the 2020 field study. Only the correlation coefficients (r values) of significant res
bacterial community of soils. (d) Contribution of erythromycin, the bacterial community
as revealed by the SEM.
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found, among which 10 contigs carried MLS resistance genes
(ermB, ermT, macA, and macB). Representative MLS resistance
gene-carrying contigs are shown in Fig. 5(a). A Tn3 family trans-
posase—a typical MGE—was linked to erm genes. The resistance
genes macA and macB and an adenosine triphosphate (ATP)-
binding cassette (ABC) transporter co-occurred on one contig
(Fig. 5(a)). Notably, contigs that carried MLS resistance genes could
not be recovered from the control samples, indicating that only
predominant genes could be obtained in contigs via the metage-
nomic assembly.

Using the metagenomic binning approach, 12 bins were identi-
fied as high-quality metagenome-assembled genomes (complete-
ness – 5 � contamination > 50%), and their taxonomies were
identified via GTDB-Tk software. They were assigned to Verrucomi-
crobia, Proteobacteria, Bacteroidota, and Actinobacteriota in the
GTDB-Tk software (Fig. 5(b), Tables S15 and S16 in Appendix A).
Therein, eight bins carried MLS resistance genes (macA, macB, or
oleD), and their relative abundance in the soils amended with trea-
ted EFR was higher than that in the controls. In contrast, the rela-
tive abundances of bins without MLS genes (e.g., bin.479 and
bin.62) were stable or lower in the soils receiving treated EFR com-
pared with the controls (Fig. 5(b) and Tables S15). In addition, the
enrichment of the MLS resistance gene-carrying bins led to the
enrichment of co-occurring genes such as tetA (Figs. 2(b) and 5(b)).

4. Discussion

Hydrothermal treatment of EFR kills microorganisms and
degrades their DNA. Consequently, residual antibiotic is the main
risk factor in the recycling of treated antibiotic fermentation
years of EFR application. (a) Spearman correlation between relative abundance of
dy. (b) Spearman correlation between dominant MLS resistance genes and types of
ults (P < 0.05) are shown. (c) Mantel test and Procrustes test between ARGs and the
and MGEs to soil ARG variation during the 3-year (2018, 2019, and 2020) field study,
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residue as a soil amendment. The extent to which residual ery-
thromycin from EFR would promote the proliferation and spread
of antibiotic resistance in soils is then the key issue in the safe dis-
posal and environmental management of EFR. Here, we performed,
to the best of our knowledge, the first study on the use of
industrial-scale treated EFR as a soil amendment for multiyear land
application.

The sustained input of the treated EFR led to relatively stable
sub-inhibitory levels of erythromycin in the soil. As a result of
the study design, we were able to investigate the long-term impact
of treated EFR soil amendment and understand the underlying
mechanism of antibiotic resistome development induced by sub-
inhibitory antibiotics.

4.1. Accumulated effect of treated EFR on soil ARGs during the 3-year
period

The soil erythromycin concentration decreased after the appli-
cation of EFR compared with the concentrations at the time of har-
vest and prior to the next year’s addition (Fig. 1). The
Fig. 5. (a) Representative ARG-carrying metagenome-assembled contigs and (b) GTDB
genomes obtained by the metagenomic binning approach from soil metagenomic sequen
metagenome-assembled genomes (completeness – 5 � contamination > 50%) are shown
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transformation processes of erythromycin in the environment,
which include adsorption, hydrolytic cleavage, microbial degrada-
tion, and photochemical degradation, have been verified [48]. Thus,
surface run-off, infiltration, hydrolysis, and biodegradation may
have contributed to the loss of erythromycin [17]. However, the
limited loss resulted in maintained lg∙kg�1 concentrations of ery-
thromycin in the soils for the 3 years of application [19]. Soil ARGs
and relevant determinants (MGEs and the bacterial community)
were characterized across the 3 years by means of high-
throughput sequencing. The response of these biotic variables to
erythromycin addition appeared to require some time to develop.

The bacterial community structure had changed by the harvest
stage of the first year (2018), but the ARGs and MGEs did not
change in a detectable way until the second (2019) and third
(2020) years, respectively (Fig. 2, Fig. 3, and Tables S3–S6). Notably,
although the erythromycin concentrations in the treated EFR and
in the soils amended with the treated EFR in 2018 or 2019 were
higher than those in 2020 (Fig. 1(b)), the ARG abundance did not
increase significantly in 2018 or 2019, but clearly increased in
2020 (Fig. 2). Such gradual changes of the ARGs indicate that there
taxonomy, relative abundance, and ARG distribution of metagenome-assembled
cing data of the after application stage and harvest stage in 2020. Only high-quality
.
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is a cumulative impact of long-term exposure to sub-inhibitory
concentrations of erythromycin via treated EFR, which is not
revealed by a single-year application experiment. In addition, no
cumulative effect on the total abundance of soil ARGs was found
after the 2-year application of manure-derived fertilizer; a plausi-
ble explanation is that most manure-derived bacteria may not per-
sist in the soil environment [49]. In this study, the specific
enrichment of macrolide-ARGs was greater than that of other
ARGs. This finding supported direct selection pressure by ery-
thromycin, rather than the indirect effect of introduced nutrients,
as the latter would not specifically enrich macrolide-ARGs over
other ARGs. Such persistent selection pressure on diverse microbial
ecosystems, such as soils, may result in risks promoting the evolu-
tion (mobilization and horizontal transfer) of yet-undiscovered
forms of macrolide resistance and may eventually pose additional
challenges in the clinic [3,50].

4.2. Potential mechanisms of soil ARG enrichment under sub-inhibitory
erythromycin concentrations

To disentangle the mechanism of ARG enrichment under sub-
inhibitory erythromycin concentrations, metagenomic sequencing,
bioinformatic analyses, and multivariate statistics were used. The
long-term impact of erythromycin exposure has been assessed
using msrE and mphE genes as markers [17,18]. Here, we
attempted to screen for all known ARGs and reveal the contribu-
tion of vertical and horizontal pathways to ARG proliferation.

Within the enriched MLS genes, ermB, ermF, and ermT were
dominant (Fig. 2(b), Tables S4–S7). These erm genes showed a sig-
nificant correlation with diverse types of MGEs (Fig. 4(b)) and co-
occurred with Tn3 family transposase, a typical MGE, in a contig
from the metagenomic assembly (Fig. 5(a)). The erm genes were
not found in the bacterial genomes assembled from the metage-
nomic data (Fig. 5(b)). Also, because binning approaches tend to
be unable to reconstruct plasmids [41], these results hinted that
the erm genes were carried by plasmids and accumulated via hor-
izontal gene transfer under erythromycin selection pressure. The
key role of horizontal gene transfer on the dissemination of erm
genes is supported by previous work. Most erm genes were first
described from plasmids; for example, ermT was found in
pGT633 [51,52] and p121BS [53], and was flanked by IS1216V
[54]. Recently, bacterial conjugation efficiency was found to be sig-
nificantly promoted by macrolides [55], which further supports the
potential enrichment of MGEs and plasmid-carrying ARGs in this
experiment.

The efflux pump genesmacA andmacB confer resistance against
macrolides composed of 14-membered (e.g., erythromycin) and
15-membered lactones [56,57]. In contrast to erm genes, the macA
and macB in this study exhibited weak links with MGEs according
to the correlation analysis (Fig. 4(b)) and metagenomic assembly
(Fig. 5(a)), and commonly occurred on the bacterial genomes
assembled from the metagenomic sequences (Fig. 5(b)). All these
results suggest that macA and macB tend to be located on bacterial
chromosomes, and that the enrichment of mac gene-carrying bac-
terial hosts under erythromycin pressure contributed to the
enriched abundance of mac genes.

Some ARGs that did not confer MLS resistance also became
enriched (Fig. 2(b)). A plausible explanation for this phenomenon
is the co-selection of MLS genes and other genes. For example, tetA,
macA, andmacB co-occurred in bin.594, and the enrichment of this
bin resulted in the increased abundance of bothmac genes and tetA
(Fig. 5(b)). According to the multivariate statistical results, within
the 3-year period, the links between ARGs and the bacterial com-
munity (the vertical pathway) and MGEs (the horizontal pathway)
became gradually stronger (Figs. 4(a) and (c)), and the SEM results
further confirmed this trend (Fig. 4(d)).
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Because sub-inhibitory concentrations of antibiotics do not kill
sensitive bacteria but may simply decrease their growth rate
[20,58,59], such concentrations could still give resistant bacteria
a competitive edge, resulting in the enrichment of ARGs. In addi-
tion, sub-inhibitory antibiotic concentrations could induce the
SOS response and the RpoS regulon, both of which are known to
enhance the rates of horizontal gene transfer and thereby increase
the abundance of ARGs [20].

In sum, the combined effects of horizontal and vertical path-
ways led to a bloom of ARGs under the sub-inhibitory concentra-
tions of erythromycin in the soils receiving treated EFR over
3 years. At the harvest stage in 2020, the ARG abundance was
lower than after application stage. A plausible explanation is that
the fitness costs of plasmid carriage imposed negative impacts on
the reproduction and survival of bacteria [60]. A different indige-
nous bacterial community might lead to different ARG variation
under selection pressure, and diverse kinds of agricultural soils
may respond differently [61]. Further research on the impact of
EFR should take soil type into account.

4.3. Environmental and engineering implications

Soil amendment is commonly mixed with soil once or several
times per year. Thus, multiyear monitoring and time-series sam-
pling are vital for the assessment of soil amendments. In this study,
the degradation of erythromycin in soils was relatively slow com-
pared with the degradation of some other antibiotics, such as
streptomycin [9], causing the ‘‘entrance-dissipation” dynamic of
erythromycin during the 3 years. The presence of lg∙kg�1 levels
of erythromycin persisted for 3 years, and the ARG structure and
ARG abundance began to change in a detectable way in the second
and the third years. Our results emphasize that application fre-
quency is an important variable for evaluating the environmental
impact of treated EFR soil amendment. In addition, other kinds of
antibiotic fermentation residue, manure fertilizer [62], activated
sludge [63], and reclaimed water [64] have been added to soils,
and all of these contain antibiotics. Based on our results, we
urgently call for prudent examination of the long-term impact of
sub-inhibitory antibiotics from the abovementioned sources. For
practical reasons, our study had limited replication of soil plots;
thus, a more intricate randomized plot design could be valuable
in future evaluation studies [65].

In agricultural practice, the amount of TN from organic manure
should not exceed 250 kg∙hm�2 within 1 year at the field level [66],
and the TN content of the treated EFR was around 50 g∙kg�1. Thus,
in this study, the high-dosage application of treated EFR tended to
be a very high dosage (375–750 kg of TN per hectare per year). The
actual agricultural need might be closer to the low-dosage applica-
tion adopted in the present study, which showed limited antibiotic
resistance development compared with the high-dosage applica-
tion within the 3-year experiment period. The long-term applica-
tion of treated EFR at a different dosage was vital for its risk
management [65].

We cannot exclude the possibility that the lower dosages given
in the first year could have played a role in the absence of discern-
able effects on the resistome. Whether the multiyear soil applica-
tion of treated EFR with a lower concentration of remaining
erythromycin than that in this study would affect the soil resis-
tome, and whether the use of treated EFR in alternate years would
mitigate its environmental impact, needs further exploration.

The utilization of antibiotic fermentation residue as a soil
amendment is beneficial for a circular economy and for carbon-
neutrality [67], but the risks such practices may bring must also
be considered carefully. Heat treatment effectively removed the
risks associated with the spread of resistant microorganisms,
which was potentially promoted during the fermentation process.
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The heat treatment also led to the effective removal of the genetic
material of such organisms. The key remaining objective of engi-
neering operations to recycle antibiotic fermentation residue is to
remove residual antibiotics, and thus prevent environmental con-
tamination from these biologically active agents. Here, industrial-
scale hydrothermal treatment was used to remove erythromycin
from EFR. It also enhanced the release of protein-like polymers
for better utilization of the EFR as a fertilizer or bioenergy [14].
The efficacy of erythromycin removal was improved by extending
the high-temperature treatment time. More effective and econom-
ical methods, such as hydrothermal treatment with solid base cat-
alysts [68] and hydrothermal carbonization [69], are potential
options for better antibiotic removal.
5. Conclusions

An important—though not always emphasized—source of envi-
ronmental antibiotic pollution is fermentation residue, a byproduct
of the antibiotic pharmaceutical industry. This study performed a
multiyear survey of industrial-scale EFR treatment and the in situ
land application of treated EFR. The removal ratio of erythromycin
from EFR was as high as 97.7%, and consecutive treated EFR appli-
cations maintained sub-inhibitory (lg∙kg�1 level) erythromycin
concentrations in the soils for the 3 years of the study. The land
application of a high dosage of treated EFR showed an accumulated
impact on soil ARGs based on time-series sampling, and the impact
of an actual agricultural dosage was weaker than that of a high
dosage. In addition, systematic data mining of metagenomic
sequences showed that horizontal and vertical dissemination path-
ways were involved in the increased abundance of erm genes and
mac genes, respectively. These findings are useful for the risk
assessment and environmental management of antibiotic fermen-
tation residue and other wastes containing antibiotics.
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