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 Cow manure biochar accelerates the
removal of tetracyclines and their
epimers.
 Cow manure biochar alters bacterial
community composition in the soil.
 Enriched degrading bacteria accelerate the removal of tetracyclines in
the CMB.
 Tetracycline degraders form a complex network in the CMB.
 Three keystone genera of tetracycline
degrading bacteria were found in the
CMB.
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The excessive usage of tetracyclines in animal husbandry and aquaculture invariably leads to deterioration of the microbial quality of nearby soils. We previously reported the accelerated removal of tetracyclines and their intermediates from the cow manure biochar amended soil (CMB). However, little is
known about the underlying changes in the microbial community that mediate the accelerated removal
of tetracyclines from the CMB. Here, we compared the concentration of parent tetracyclines along with
their intermediates, microbial biomass, and microbial (fungal and bacterial) community in CMB and the
control soil (CK) on the day of 1, 5, 10, 20, 30, 45, and 60. The biochar amendment accelerated the
removal of tetracyclines and their epimers from the soil. Bacterial community composition varied between the CMB and CK. The relative abundance and richness of the bacteria that correlated with the
degradation of tetracyclines and their epimers was signiﬁcantly higher in the CMB as compared to the
CK. Speciﬁcally, the CMB had a more intricate network of the degrading bacteria with the three keystone
genera viz. Acidothermus sp., Sphingomonas sp., and Blastococcus sp., whereas, the CK had a simple
network with Sphingomonas sp. as the keystone genus. Overall, the biochar amendment accelerated the
removal of tetracyclines and their epimers through the enrichment of potential tetracycline degrading
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bacteria in the soil; thus, it can be applied for the in situ remediation of soils contaminated with
tetracyclines.
© 2021 Elsevier Ltd. All rights reserved.

communities (Novak et al., 2009; Mitchell et al., 2015; Dai et al.,
2018). Besides, it ameliorated the soils containing a variety of
inorganic and organic contaminants by altering the physical,
chemical, and biological properties of the soil (Beesley et al., 2011;
Dai et al., 2019). Our previous study reported the accelerated
removal of tetracyclines and their intermediates by altering soil
properties in the cow manure biochar amended soil (hereafter
referred to as CMB) when compared to the un-amended control soil
(CK), which might improve the accessibility of the tetracyclines for
microorganisms (Yue et al., 2019). However, little is known about
the underlying changes in the microbial community that mediate
the accelerated removal of tetracyclines and their intermediates
from the CMB.
The main objective of this study was to understand how the
biochar amendment accelerates the removal of tetracyclines and
their intermediates from the soil. A better understanding of this
system is important for the in situ remediation of soils contaminated with tetracyclines. We hypothesize that: 1) the biochar
amendment increases the soil microbial biomass; 2) the biochar
amendment alters the composition of fungal and bacterial communities in the soil; 3) the biochar amendment accelerates the
removal of tetracyclines through the enrichment of potential
tetracycline degrading microbes in the soil. Therefore, we
compared the concentration of parent tetracyclines and their intermediates, microbial biomass, and microbial (fungal and bacterial) community composition between the CMB and CK on the day
of 1, 5, 10, 20, 30, 45, and 60.

1. Introduction
Tetracyclines as the best-selling veterinary antibiotics are the
‘highly important antibiotics’ and ‘critically important antibiotics’
in veterinary medicine (US Food and Drug Administration, 2016;
World Health Organization, 2017; World Organization for Animal
Health, 2018). These are used not only as therapeutics but also as
prophylactics, metaphylactics, and growth promoters in animal
 et al., 2019).
husbandry and aquaculture (Grave et al., 2012; Cycon
The annual global production of antibiotics is about 200,000 tons
(Gelband et al., 2015), nearly two-thirds of it is used by the animal
industry (Bbosa et al., 2014). Animals, through their feces and urine,
release about 60e90% of the consumed antibiotic into the environment (Kumar et al., 2005; Sarmah et al., 2006). Notably, the
concentration of tetracyclines is the highest in animal manures
(Chen et al., 2012). Although, these antibiotics are ultimately
decomposed into CO2, H2O, and NH3 (Liu et al., 2013; Zhu et al.,
2013), their continuous release leads to deterioration of the soil
quality (Chen et al., 2017; Liang et al., 2017; Manyi-Loh et al., 2018;
Steffan et al., 2018). Moreover, Halling-Sørensen et al. (2002) reported that tetracyclines are highly toxic to terrestrial bacteria.
Therefore, strategies for the accelerated removal of tetracyclines
from the contaminated soils must be designed and their underlying
mechanisms need to be elucidated.
Recently, a few physicochemical methods such as adsorption
and oxidation were applied to remove the parent tetracyclines from
the soil (Costa et al., 2019; Oberoi et al., 2019). However, when
compared to the physicochemical methods, the microbial degradation of tetracyclines in the soil is a more efﬁcient and eco-friendly
approach (Matos et al., 2014; Costa et al., 2019; Wu et al., 2020). The
soil microbes such as Trichosporon mycotoxinivorans (Huang et al.,
2016), Stenotrophomonas maltophilia (Leng et al., 2017), and
Sphingobacterium sp. (Ghosh et al., 2009) were able to degrade
tetracyclines in pure culture experiments. As reported, the addition
of chemical substances such as antimicrobial peptides and detergents to the soil reduced the populations of antibiotic-resistant
za
r et al., 2013, 2018). Correspondingly, this approach
bacteria (La
indiscriminately affects all members of the microbial community
and disturbs its stability. Soil contains a variety of microbes such as
bacteria, archaea, and fungi, and some of these are capable of
degrading antibiotics (Chait et al., 2012; Crofts et al., 2018). Along
with the degraders, microbes that are sensitive to the antibiotics
coexist in the soil and collectively form a robust and stable microbial community (Kerr et al., 2002; Chait et al., 2012; Kelsic et al.,
2015; Crofts et al., 2018). The structure and activity of indigenous
microbial communities are crucial towards the removal of tetracyclines from the soil (Adelaja et al., 2017; Duan et al., 2018).
Therefore, in situ enrichment of the tetracycline degrading bacteria
would be a sustainable approach towards the removal of tetracyclines from the soil.
Biochar is a solid product obtained from the thermochemical
conversion of biomass in an oxygen-limited environment (IBI,
2012). Notably, chemical properties such as elemental C, pH, and
electrical conductivity of biochar would be stable at 500  C for 2 h
(Yue et al., 2017). The biochar amendment improved the soil
fertility and nutrients availability, and it also increased the soil
microbial biomass and shifted the bacterial and fungal

2. Materials and methods
2.1. Microcosm experiment
Cow manure was collected from the grassland of Bashang area.
A certain amount of air-dried cow manure was pyrolyzed in a
mufﬂe furnace at 500  C for 2 h with a heating rate of 10  C min1
under limited oxygen atmosphere. The collected biochar had a pH
of 10.37, electrical conductivity (EC) of 1096.33 mS cm1, with
26.31% of C, 1.48% of N, and 17.75 of C/N ratio (Yue et al., 2019). Soil
samples were collected in the soil depth of 0e20 cm from Bashang
grassland (4134’ N, 114 59’ E) and passed through a 2 mm sieve for
the following experiment. The soil had the following characters: pH
8.73, EC 91.08 mS cm1, soil organic carbon 7.20 g kg1, total nitrogen 0.86 g kg1, available N 174.13 mg kg1, Olsen-P
46.67 mg kg1, and available K 469.82 mg kg1 (Yue et al., 2019).
There were no tetracycline antibiotics being detected in the soil
samples.
The set-up of the soil microcosms and their experimental conditions were well-described in a recent publication by Yue et al.
(2019). Brieﬂy, the water content of the sieved soil was adjusted
to 40% of the water holding capacity. Then, the soil was spiked with
tetracycline (TTC), chlortetracycline (CTC), and oxytetracycline
(OTC), each at 150 mg kg1 dry soil (Schmitt et al., 2006). Lastly, the
soil containing the mixture of the three-parent tetracyclines was
either amended with or without cow manure biochar. The amended (CMB) and un-amended (CK) soils were incubated for 60 days
in the dark at 25  C.
2
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R software (https://www.rstudio.com/products/rstudio/). The
genera of fungi and bacteria whose relative abundances signiﬁcantly increased or decreased with the reduction of the residual
tetracycline antibiotics were selected for further analyses. Pearson
correlations, corrected using the Benjamini-Hochberg method,
between the relative abundances of bacterial genera and residual
tetracycline antibiotics were calculated in R software (Ge et al.,
2018). Tax4Fun predictions of the bacterial genera sensitive to the
antibiotics were implemented according to the method of Abhauer
et al. (2015). The networks of tetracycline degrading bacterial
genera were constructed and visualized using the Gephi platform
after false discovery rate correction (Bastian et al., 2009).

2.2. Extraction and quantiﬁcation of tetracyclines
The extraction and quantiﬁcation of the parent tetracyclines
(TTC, CTC, and OTC), and their intermediates (epi-tetracycline
(ETC), anhydrotetracycline (ATC), epi-anhydrotetracycline (EATC),
epi-chlortetracycline (ECTC), and epi-oxytetracycline (EOTC)), in
the CMB and CK, were carried out as previously described by Yue
et al. (2019). Brieﬂy, the parent tetracyclines and their intermediates were extracted from the soil sample using McIlvaineNa2EDTA extraction buffer (5 mL), and organic solvent mixture
(5 mL) containing acetonitrile, methanol, and acetone (2:2:1, v/v/v).
The concentrations of extracted compounds were subsequently
measured using liquid chromatography equipped with tandem
mass spectrometry (LC-MS/MS) (Agilent 1260e6460, Agilent, California, USA).

3. Results
3.1. The concentration of parent tetracyclines and their
intermediates in cow manure biochar amended soil and control soil

2.3. Extraction and sequencing of DNA

The concentration of the parent tetracyclines in the cow manure
biochar amended soil (CMB) and the control soil (CK), decreased
during the 60 days incubation (Fig. 1 and S1). However, the concentration of ETC, ATC, and EATC (Fig. 1) as well as ECTC and EOTC
(Fig. S1) initially increased and then gradually decreased over time.
Notably, the residual content of parent tetracyclines and their
epimers was lower in the CMB, when compared to the CK (Fig. 1
and S1). For example, the removal rate of TTC and ETC respectively increased from 10 to 30 and from 11 to 34 in the CMB as
compared to CK (Fig. 1; P < 0.05 for all). However, the concentration
of ATC (P > 0.06) and EATC (P > 0.11) did not vary between the CMB
and CK.

DNA was extracted from 0.25 g of the soil (CMB and CK) using a
MoBio PowerSoil DNA extraction kit (Carlsbad, CA, USA) following
the manufacturer’s protocol. The DNA quality was checked by
agarose gel electrophoresis, and the quantity was measured using a
NanoDrop 1000 (Thermo Fisher Scientiﬁc, Massachusetts, USA).
The fungal ITS1 region was ampliﬁed using the primers: ITS1F
(CTTGGTCATTTAGAGGAAGTAA) and ITS2R (GCTGCGTTCTTCATCGATGC) (Blaalid et al., 2013). The V3eV4 hypervariable region
within the bacterial 16S rRNA gene was ampliﬁed using the
primers: 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) (Fadrosh et al., 2014). Puriﬁed amplicons
from polymerase chain reactions were quantiﬁed using Qubit
Fluorimeter (Thermo Fisher Scientiﬁc Inc., USA), and sequenced
using HiSeq PE250 (Illumina, San Diego, CA, USA).

3.2. Soil microbial biomass and microbial communities in cow
manure biochar amended soil and control soil

2.4. Amplicon data analysis
There was no signiﬁcant difference in the microbial biomass and
fungal community composition between the CMB and CK on the
day of 1, 5, 10, 20, 30, 45, and 60 (Fig. 2, Fig. S2; Table S1). However,
bacterial community composition between the CMB and CK was
similar to each other (as reﬂected by overlapping communities in
the NMDS analyses) on the day of 1, 5, and 10 (Fig. 3aed, Table S1)
and it signiﬁcantly varied from each other (as reﬂected by nonoverlapping of communities in the NMDS analyses) on the day of
20, 30, 45, and 60 (Fig. 3a, e-h, Table S1).

The high-quality paired-end sequences of the ITS1 and 16S rRNA
gene amplicons were merged using FLASH software. The operational taxonomic units (OTUs) were obtained using the USEARCH
algorithm that depends on merged sequences. To obtain the taxonomic information for the OTUs, representative sequences of each
OTU were generated and aligned against the UNITE (Abarenkov
et al., 2010) and SILVA (Quast et al., 2013) databases using the
QIIME toolkit for ITS1 and 16S regions, respectively. To avoid
sequencing and sampling bias, 22,552 sequences for fungi and
23,433 sequences for bacteria per sample were randomly selected.
The relative abundance tables for the genera were generated based
on the read count for each of the genera across samples based on
the normalized OTU table using the rareﬁed method. The ITS1 and
bacterial 16S rRNA gene sequences obtained from this study were
deposited in the National Center for Biotechnology Information
Sequence Reads Archive (SRA accessions: PRJNA636844 and
PRJNA636829).

3.3. The relative abundance and composition of sensitiveresponders to tetracyclines in cow manure biochar amended soil
and control soil
We deﬁned ‘sensitive-responders to tetracyclines’ as the bacterial genera whose relative abundance either increased or
decreased signiﬁcantly during the 60 days incubation. Besides, the
bacterial genera whose relative abundance increased were regarded as ‘negatively sensitive bacteria’ and vice versa. The relative
abundance of ‘negatively sensitive bacteria’ was signiﬁcantly
higher except for those responding to EOTC in the CMB when
compared to the CK (Fig. 4). Similarly, the relative abundance of
‘positively sensitive bacteria’ was signiﬁcantly higher except for
those responding to TTC and ECTC in the CMB as compared to the
CK (Fig. 4).
Only a few bacterial genera such as Spingomonas sp. and Lysobacter sp. responded similarly to TTC and ETC in both the CK and
CMB (Fig. 5; P < 0.05 for all samples). Interestingly, Bacillus sp.,
which was a negatively sensitive bacterial genus to ETC in the CK,
became insensitive in the CMB. Meanwhile, Bryobacter sp., which
was positively sensitive to TTC in the CK also became insensitive in

2.5. Statistical analyses
The concentration of parent tetracyclines and their intermediates, as well as microbial biomass between the CMB and CK
on the day of 1, 5, 10, 20, 30, 45, and 60, were compared using oneway analysis of variance (One-Way ANOVA). One sample in the CK
on the day of 1 was excluded for bacteria due to its low-quality of
DNA after the ampliﬁcation, and thus a total number of 55 samples
were analyzed. The taxonomic dissimilarity analysis between
samples was performed based on Bray-Curtis distances with nonmetric multidimensional scaling (NMDS) analyses and multiple
response permutation procedure (MRPP) by the VEGAN package of
3
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Fig. 1. The concentration of tetracycline (TTC), epi-tetracycline (ETC), anhydrotetracycline (ATC), and epi-anhydrotetracycline (EATC) in the control soil (CK) and cow manure
biochar-amended soil (CMB) on the day of 1, 5, 10, 20, 30, 45, and 60 of the experiment. Error bars indicate ± standard error of the mean (n ¼ 4).

insensitive to TTC and ETC in the CK became negatively sensitive to
TTC and ETC in the CMB (Fig. 5). Similarly, a few of the bacterial
genera insensitive to CTC, ECTC, or OTC in the CK became negatively
sensitive to these antibiotics in the CMB (Fig. S3 and S4). Notably,
Caenimonas sp., which is insensitive to TTC in the CK became
positively sensitive to TTC in the CMB (Fig. 5). Analogously, a few of
the insensitive bacterial genera to ETC, CTC, ECTC, OTC, or EOTC in
the CK became positively sensitive bacterial genera to these antibiotics in the CMB (Fig. 5, S3 and S4; P < 0.05 for all samples).
Tax4Fun prediction demonstrated the higher levels of marR in
the CMB, when compared to the CK (Fig. S5). Similarly, a higher
relative abundance of tet genes was observed in the CMB as
compared to the CK from Tax4Fun prediction (Fig. S6).

3.4. Soil bacterial network analysis in cow manure biochar
amended soil and control soil
The co-occurrence network of the potential tetracycline
degrading bacterial genera in the CMB was more intricate than that
in the CK (Fig. 6). While the network of the CMB had three modules,
the network of the CK had two modules. Typically, a keystone genus
has the highest number of connections in a co-occurrence network.
Sphingomonas sp. as the only keystone genus was observed in the
CK. On the other hand, the biochar amendment increased the
number of keystone genera: Acidothermus sp., Sphingomonas sp.,
and Blastococcus sp. as the keystone genera in the CMB.

Fig. 2. The DNA concentration in the control soil (CK) and cow manure biocharamended soil (CMB) on the day of 1, 5, 10, 20, 30, 45, and 60. Error bars
indicate ± standard error of the mean (n ¼ 4).

the CMB. Similarly, certain negatively or positively sensitive bacterial genera to CTC, OTC, ECTC, or EOTC in the CK became insensitive to these antibiotics in the CMB (Fig. S3 and S4).
On the other hand, Candidatus-Alysiophaera sp., which was
4
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Fig. 3. The non-metric multidimensional scaling (NMDS) analyses of the bacterial communities in the control soil (CK) and cow manure biochar-amended soil (CMB) on the day of 1,
5, 10, 20, 30, 45, and 60.

throughout the incubation; this could be due to the imbalance
between the decomposition and synthesis of these intermediates
(Palmer et al., 2010).

4. Discussion
4.1. Cow manure biochar accelerated the removal of tetracyclines
and their epimers

4.2. Cow manure biochar amendment did not change soil microbial
biomass and fungal communities, but it altered bacterial
communities

We found the accelerated removal of parent tetracyclines and
their epimers from the cow manure amended soil (CMB) as
compared to the un-amended control soil (CK). The ﬁnding was
consistent with our previous report (Yue et al., 2019). However, the
biochar amendment had no impact on the removal of ATC and
EATC, which are the dehydration products of the TTC and ETC,
respectively (Fig. S7). Halling-Sørensen et al. (2002) reported that
acidic conditions (pH 2e6) facilitate the dehydration and epimerization of tetracyclines, whereas, neutral or weak-alkaline conditions (pH 6.5e9) inhibit the dehydration of these tetracyclines due
to the common-ion effect. The soil used in this study had a pH value
that is higher than 7, which impeded the production of ATC and
EATC. Moreover, a higher Ca2þ content in the CMB could chelate
ETC and correspondingly reduce its concentration (Hussar et al.,
1968). Additionally, the concentration of ETC, ATC, EATC, ECTC,
and EOTC initially increased and then gradually decreased

While we previously measured substrate-induced respiration
for estimating the soil microbial biomass, in the present study, we
measured the soil DNA, which is also an indicator of soil microbial
biomass (Ge et al., 2016). There was no signiﬁcant difference in the
microbial biomass between the CMB and CK (Fig. 2), which was
consistent with our previous report (Yue et al., 2019). However, this
ﬁnding is contrary to our hypothesis that the biochar amendment
increases the soil microbial biomass. Hence, the unchanged soil
microbial biomass is not an explanation for the accelerated removal
of tetracyclines and their epimers in the CMB. Considering that,
speciﬁc changes in the microbial community of the CMB might
explain the accelerated removal of tetracyclines and their epimers.
Bacterial, but not fungal, community composition signiﬁcantly
5
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Fig. 4. The relative abundance of ‘negatively sensitive bacteria’ and ‘positively sensitive bacteria’ for tetracycline (TTC), epi-tetracycline (ETC), chlortetracycline (CTC), epichlortetracycline (ECTC), oxytetracycline (OTC), and epi-oxytetracycline (EOTC) in the control soil (CK) and cow manure biochar-amended soil (CMB) on the day of 1, 5, 10, 20,
30, 45, and 60. n ¼ 27 for the CK samples and n ¼ 28 for the CMB samples. The signiﬁcant correlation of P < 0.05 was corrected using the Benjamini-Hochberg method.

bacteria’ (the potential tetracycline degrading bacteria) might
explain the remarkable reduction in the concentration of ETC, CTC,
OTC, and EOTC in the CMB (Lee et al., 2018; Jiao et al., 2019).
However, the reduced levels of TTC and ECTC in the CMB could not
be related to the relative abundance of ‘positively sensitive bacteria’. Therefore, a higher relative abundance of ‘positively sensitive
bacteria’ may not be the only explanation for the decreased levels of
TTC and ECTC in the CMB (Faust and Raes, 2012; Banerjee et al.,
2018). Considering this, we investigated the community composition of the ‘negatively sensitive bacteria’ and ‘positively sensitive
bacteria’ in both CMB and CK.
Soil bacteria respond differently to the biochar amendment
because of its complex composition and habitat provision
(Steinbeiss et al., 2009; Dai et al., 2016). For instance, some bacterial
genera maintained their primary sensitivity to tetracyclines after
cow manure biochar addition, indicating that these genera were
insensitive to the biochar amendment (Ren et al., 2020). Whereas
certain ‘negatively sensitive bacteria’ became insensitive to TTC and
ETC in the CMB, and the self-toxicity of the biochar might account
for this observation (Freddo et al., 2012; Lyu et al., 2016). Meanwhile, certain ‘positively sensitive bacteria’ in the CK became
insensitive to TTC and ETC in the CMB, suggesting that their dependency on tetracycline as a food source decreased due to the
biochar amendment (Steinbeiss et al., 2009). Crofts et al. (2018) also
reported that certain bacteria prefer biochar as the carbon source
when compared to these antibiotics. The above-mentioned ﬁndings
are consistent with the responses of the soil bacteria to CTC, ECTC,
OTC, and EOTC in the CMB and CK.
The increased types of ‘negatively sensitive bacteria’ in the CMB
indicate that the biochar amendment increased the collateral
sensitivity of the bacteria to tetracyclines and their epimers (Nichol
et al., 2019). Previous studies uncovered that the newly formed
anhydrotetracycline favors the growth of sensitive strains rather
than resistant strains to tetracycline due to the diminution of the
tetA-mediated tetracycline resistance (Palmer et al., 2010; Chait
et al., 2012); however, our results could not directly support this

varied between the CMB and CK. As reported, soil pH was the most
important factor in regulating bacterial community structure while
nutrient content was most closely associated with fungal communities (Lauber et al., 2008). Cow manure biochar greatly increased
soil pH, total organic carbon, and total nitrogen (Yue et al., 2019),
however, bulk of the increased carbon and nitrogen in the soil was
inert (Zornoza et al., 2016). Considering that, bacteria would be
more sensitive than fungi in the CMB. A similar result was also
obtained by Dai (2016) who found a higher proportion of responders in bacterial community than in fungal community in
biochar-added soil. Moreover, the incubation time of the experiment was an important factor inducing changes in the soil bacterial
community composition between the CMB and CK. Quast et al.
(2013), Ge et al. (2014), and Herzog et al. (2019) attributed the effect of incubation time on the soil bacterial community composition to the differences in the soil properties, correlated
communities, and experimental conditions. In this study, the
temporal changes in the bacterial community between CK and CMB
were due to the presence of tetracyclines and cow manure biochar
amendment. Therefore, we subsequently characterized changes in
soil bacteria that respond to tetracyclines and their epimers between the CMB and CK, to reveal mechanistic information behind
the accelerated removal of tetracyclines and their epimers in the
CMB.

4.3. Cow manure biochar amendment altered the relative
abundance and composition of sensitive-responders to tetracyclines
and their epimers
The relative abundance of both ‘negatively sensitive bacteria’
and ‘positively sensitive bacteria’ signiﬁcantly increased in the
CMB, when compared to the CK (Fig. 4). The increased relative
abundance of ‘negatively sensitive bacteria’ in the CMB indicates
that the biochar alleviates the toxicity of parent tetracyclines and
their epimers (Kerr et al., 2002; Chait et al., 2012). On the other
hand, the increased relative abundance of ‘positively sensitive
6
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Fig. 5. The heat maps of the Z-score centered over the incubation time, which show the ‘negatively sensitive bacterial genera’ (Part A) and ‘positively sensitive bacterial genera’ (Part
B) responding to the tetracycline (TTC) and epi-tetracycline (ETC) in the control soil (CK) and cow manure biochar-amended soil (CMB). n ¼ 27 for the CK samples and n ¼ 28 for the
CMB samples. The signiﬁcant correlation of P < 0.05 was corrected using the Benjamini-Hochberg method.

epimers (Chait et al., 2012; Kelsic et al., 2015).
Previous studies reported that Sphingomonas sp., Lysobacter sp.,
and Rhodobacter sp. can use tetracyclines as a carbon and nitrogen
source (Lee et al., 2018; Jiao et al., 2019). Thus, we hypothesized that
the biochar amendment increases the number of potential tetracycline degrading bacterial genera in the soil. Additionally, the
higher relative abundance of tet genes in the CMB could be due to

phenomenon. MarR mediated inhibition of AcrAB-TolC efﬂux pump
makes many Gram-negative bacteria susceptible to antibiotics
l et al., 2015; La
za
r et al., 2018). The
including tetracyclines (Pa
higher levels of marR in the CMB might explain the increased types
of ‘negatively sensitive bacteria’. Furthermore, an increased abundance of ‘negatively sensitive bacteria’ over the incubation time is
due to the alleviation of the toxicity of the tetracyclines and their
7
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Fig. 6. The co-occurrence networks of potential tetracycline degrading bacteria in the control soil (CK; Fig. 6A) and cow manure biochar-amended soil (CMB; Fig. 6B). The nodes are
colored according to the modularity class. The connection between the bacterial genera represents a strong (Pearson’s correlation coefﬁcient r > 0.6) and a signiﬁcant correlation of
P < 0.05 after a false discovery rate of 10% correction. The size of each node is proportional to the number of connections (that is degree).

5. Conclusions

the horizontal transfer of these genes among the bacteria (Palmer
and Kishony, 2013; Duan et al., 2017); this might explain the
enhanced number of potential degrading bacterial genera in the
CMB. Alternatively, the biochar can generate reactive oxygen species (Fang et al., 2015), which can promote the transfer of antibiotic
resistance genes among bacteria (Qi et al., 2019). However, further
research is needed to elucidate the mechanism for the enrichment
of tetracycline-resistant strains (or the potential tetracycline
degrading bacteria) in the CMB. The reduced abundance of the
potential degrading genera over time could be due to the unavailability of antibiotics as the food source (Wright, 2010; Schoﬁeld,
2018).

Cow manure biochar amendment accelerating the removal of
tetracyclines and their epimers from the soil environment might be
attributed to the enrichment of the potential tetracycline degrading
bacteria. Moreover, the complex network of these potential degraders not only identiﬁed the uncultured keystone taxa that
degrade tetracyclines in situ but also explored the coexistence of
these microbes. Therefore, our results make it possible to mediate
soil microorganisms via biochar amendment towards the remediation of soils contaminated with other organic contaminants.
Ethical statement

4.4. Soil bacterial network became more complex in cow manure
biochar amended soil when compared to control soil

This study did not involve human participants or animals.
Credit author statement

Soil microbes seldom live in isolation, instead, they interact with
each other by constructing a robust and stable network (Faust and
Raes, 2012; Deng and Zhou, 2013). This study showed that the
potential tetracycline degrading bacteria formed a more complicated network in the CMB, suggesting that these bacterial genera
had a higher number of interactions (Banerjee et al., 2018; Lupatini
et al., 2014). Generally, different modules in a bacterial network
reﬂect different functional associations of closely related species,
and the bacterial genera in the same module share the niche (Zhou
et al., 2010; Deng et al., 2013). The higher number of modules in the
CMB indicates that the biochar amendment increased the
ecosystem functional diversity, which might account for the
accelerated removal of tetracyclines and their epimers.
Banerjee et al. (2018) reported that little is known about the
keystone taxa that are central to the process of antibiotic degradation. We found Sphingomonas sp. as the only keystone genus in
the CK. Sphingomonas sp. can degrade tetracyclines and some other
aromatic compounds (Jiao et al., 2019; Thomas et al., 2019). On the
other hand, the biochar amendment increased the number of
keystone genera. We found Acidothermus sp., Sphingomonas sp., and
Blastococcus sp. as the keystone genera in the CMB, and these
genera might serve to the accelerated degradation of tetracyclines
and their epimers.
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