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The emergence and spread of antibiotic resistance have been considered as a global health threat. However,
effective methods to identify antibiotic-resistant bacteria (ARB) in complex microbial community are lacking,
and the potential transmission pathways of ARB and antibiotic resistance genes (ARGs) in the soil-plant system
remain scarce. Here in this study, tetracycline was chosen as the target antibiotic due to its globally wide usage
and clinical significance. DNA-based stable isotope probing with H18
2 O was applied to identify the tetracyclineresistant bacteria from soil-plant systems. Eighteen-year organic fertilization significantly changed the compo
sition of the tetracycline-resistant microbiome in the soil-wheat system and resulted in a higher relative abun
dance of ARGs in the wheat endophyte. Rhizosphere harboring the most diverse ARGs and mobile genetic
elements was identified as a hot spot for horizontal gene transfer and an important bridge between bulk soil and
wheat endophyte. Micrococcaceae and Sphingomonadaceae carrying ARGs associated with abundant mobile
genetic elements, were identified as the core bacterial taxa in long-term manure-amended and untreated soilwheat systems, respectively. This method contributes to a more precise track of ARB in the environment, and
our work depicts the high potential of ARG transfer in the rhizosphere mediated by the core species.
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1. Introduction
Antibiotic resistance has been considered as a global threat to human
health (McKenna, 2013). The spread of antibiotic resistance genes
(ARGs) in the environment has been accelerated owing to the extensive
overuse of antibiotics, which may facilitate the pathogens to acquire
resistance from environmental microorganisms due to selective pressure
(Arias and Murray, 2009; Wichmann et al., 2014). Land application of
livestock manure is the main pathway for antibiotic-resistant bacteria
(ARB) and ARGs to enter into the soil environment (Zhu et al., 2013).
With the rapidly increasing market for organic food, the risks of intro
ducing ARB and ARGs from soil to crops are of great concern (Chen

et al., 2018; Silbergeld et al., 2008). Moreover, humans can be exposed
to ARB and ARGs through the soil-plant system involved in the food
chain (Chen et al., 2019b). Understanding the potential transmission
route and identifying the key points of ARGs and ARB in soil-plant
systems is essential for assessing of health risks of antibiotic resistance
(Ashbolt et al., 2013). Previous studies have focused more on exploring
the resistome of organically fertilized soil-plant systems, indicating the
potential transfer of ARGs from fertilized soil to plants (Cerqueira et al.,
2019; Yang et al., 2018). Whereas the ARB and their functions have not
been fully identified in soil-plant systems in situ due to the extreme
complexity and diversity of the microbiome. It is vital to identify the
specific ARB that propagate in different habitats since they might
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represent a major pathway by which ARGs are disseminated across
ecological dispersal barriers (Pal et al., 2016).
However, little is known about the composition of active or growing
antibiotic-resistant microbiome (ARM) in specific habitats, since most
studies so far have concentrated on environmental DNA (eDNA). The
eDNA cannot be directly separated for analysis of living or proliferative
microbiota (Aanderud and Lennon, 2011). Recently, the DNA-based
stable isotope probing (SIP) with H18
2 O has been used to detect all
growing microbial taxa because of the universal requirements of water
for cellular biosynthesis (Aanderud and Lennon, 2011; Coskun et al.,
2019; Schwartz et al., 2014), which makes it possible to detect the active
species under specific environmental stresses. SIP with H18
2 O produces
similar results as 13C or 15N, but a complete snapshot of all actively
growing microbes can be obtained regardless of the substrate used. It is a
robust method for linking microbial identity to function in complex
systems. Thus, the combination of antibiotic selection and SIP- H18
2 O
could be a novel strategy to investigate the structure of growing ARB in
different habitats.
Additionally, horizontal gene transfer (HGT) can facilitate the spread
of antibiotic resistance (Aminov, 2011; Partridge et al., 2018) since
many detected antibiotic resistance determinants detected in clinics
have been recruited from environmental microorganisms (Pruden et al.,
2013). Mobile genetic elements (MGEs) including insertion sequences
(ISs), transposons (Tn), and integrons play a vital role in HGT. The
insertion sequences or the transposons associated with ARGs can
randomly move to a new location, which promotes the acquisition of
ARGs by bacteria (Partridge et al., 2018). It has been reported that ISs
were strongly associated with ARGs based on the comprehensive anal
ysis of a large collection of bacterial genomes (Razavi et al., 2020).
Moreover, intensive enrichment of transposases such as IS26 has been
described in Chinese swine farms and is potentially responsible for the
HGT of antibiotic resistance genes (Zhu et al., 2013). Yet little is known
about the potential transmission pathway of ARB associated with MGEs
in the soil-plant system and how they construct.
Tetracycline is one of the most widely used antibiotics accounting for
48% of the global consumption of antibiotics used in animal production
from 2010 to 2015 (OIE, 2016). Furthermore, a large-scale quantitative
study of human, animal and environmental resistome demonstrated that
tetracycline resistance genes (TRGs) were the most common ARGs in
human and animal microbiomes, even over 90% of the identified ARGs
in animal-associated metagenomes represented resistance to tetracy
clines (Pal et al., 2016). It is highlighted that tetX, a type of TRGs, also
encodes resistance to tigecycline, which is the last-resort antibiotic
treating extensively drug-resistant infections (He et al., 2019). Conse
quently, the identification of tetracycline-resistant bacteria has attracted
increasing attention.
In the present study, SIP-H18
2 O followed by 16S-rRNA highthroughput sequencing and metagenomic sequencing were used to
explore the growing tetracycline-resistant microbiota and related resis
tance genes in the soil-wheat systems of a long-term manure-amended
field as well as an untreated field. The objectives of our research were to
develop a more accurate method for identifying the tetracyclineresistant bacteria associated with TRGs and MGEs from below-ground
to above-ground components in the soil-wheat systems, and to reveal
the potential mechanism of dissemination of tetracycline resistance.

replicates randomly distributed in the field (plot size 6 × 16 m, Fig. S1).
The chemical properties of CK soil collected in this study were as fol
lows: pH 8.12, organic matter 21.26 g/kg, total carbon 14.90 g/kg, total
nitrogen 0.87 g/kg. OF soil properties were as follows: pH 7.68, organic
matter 28.63 g/kg, total carbon 18.27 g/kg, total nitrogen 1.37 g/kg.
Soil attached to the roots after shaking was defined as the rhizosphere
soil (represented by CKR and OFR) (Gottel et al., 2011). The roots with
soil were transferred to Falcon tubes, submerged in phosphate-buffered
saline (PBS), and vertexing for 30 s. After centrifugation for 10 min at
9000 × g, the precipitate was collected as rhizosphere soil. The surface
of wheat seeds was sterilized using ethanol 70% (40 s), followed by
6.15% NaClO (10 min) and again, ethanol 70% (40 s), and 5 rinses with
sterilized distilled water (Gottel et al., 2011). One milliliter of the last
rinse water was added to LB culture medium for 48 h to check for
disinfection. The completely sterilized seeds were ground and washed
with PBS, followed by shaking for 1 h at 150 rpm. Then, the upper liquid
was transferred to a sterilized centrifuge tube after standing. After
centrifugation for 15 min at 12,000 rpm, the precipitate was considered
as an endophyte aggregate (represented by CKW and OFW), and the
incubation experiment was conducted immediately.
2.2. Incubation of soil and wheat endophyte with H18
2 O
Two series of microcosms (n = 12, including three replicates) were
set up for the bulk soil and rhizosphere soil. Each one contained 5 g soil
with 200 mg/kg tetracycline (Sigma-Aldrich, USA) and the humidity
was maintained at 60% under aerobic condition. This high level of
tetracycline was determined for complete inhibition of the sensitive
bacteria with reference to the maximum concentration (98.2 mg/kg)
detected in swine manure (Chen et al., 2012). The other pair of micro
cosms for each sample of wheat endophyte contained 3 mL of endophyte
aggregate in PBS extracted from 5 g seeds with 20 μg/mL tetracycline,
since the resistant MIC of tetracycline is above 16 μg/mL according to
the Antimicrobe database (http://www.antimicrobe.org/d32tab.htm).
They were placed in an incubator at 30 ℃ without light for 5 days for the
complete inhibition of tetracycline-sensitive bacteria. After that, the
microcosms containing soil were further drying in the air circulation
oven at 30 ℃ for 3 h. Then one pair of microcosms containing soil were
incubated with 1 mL of H18
2 O (98% atom) and the other one was incu
bated by 1 mL of H16
2 O (Schwartz, 2007; Schwartz et al., 2014). The
corresponding microcosms containing endophyte aggregate were incu
16
bated with 1 mL of H18
2 O (98% atom) and 1 mL of H2 O, respectively,
without drying. Then DNA was extracted from each microcosm after a
7-day incubation (Schwartz, 2009) using the FastDNA Spin Kit (MP
Biomedical, USA).
2.3. SIP gradient fraction
Gradient ultracentrifugation was used to separate the DNA from the
microcosms into “heavy” fractions (i.e., 18O-DNA) and “light” fractions
(i.e., 16O-DNA) according to a modified established protocol (Schwartz
et al., 2014). Briefly, a mixture containing 5.0 μg of DNA and CsCl
(Sigma-Aldrich, USA) gradients was added to a 5.1 mL Quickseal poly
allomer tubes (Beckman Coulter Inc., Brea, CA) to obtain a buoyant
density (BD) of 1.725 g/mL. Then it was loaded in a VTi 65.2 rotor
(Beckman Coulter, USA) and centrifuged at 48,000 rpm for 72 h at 18 ◦ C
on an Optima XPN-100 ultracentrifuge (Beckman Coulter, USA). Twenty
volumes (255 µL) were obtained by an equal division of the centrifuged
DNA gradients with a fraction recovery system (Beckman Coulter, USA).
An AR200 digital refractometer (Reichert, USA) was utilized to detect
the refractive index, which can determine the BD of each volume. The
DNA was purified from the CsCl solution by adding glycogen (Thermo
Fisher, MA, USA) and 70% ethanol, followed by 30 µL of TE buffer. The
density curve with the proportion of total DNA as a function of density in
16
the H18
2 O and H2 O treatments was graphed to determine heavy and
light fractions and if the 18O isotope was incorporated into DNA (Hayer

2. Materials and methods
2.1. Soil and wheat sampling
In June 2019, soil and wheat samples were collected from a longterm crop farm that was set up in 2001 and located at Luancheng
Ecological Station, Shijiazhuang, China (37◦ 53′ N, 114◦ 41′ E). Two
treatments were involved in this study: CK (without fertilizer) and OF
(swine manure amended). In the OF treatment, swine manure was used
to fertilize the soil every October. Each treatment included three
2
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et al., 2016).

CheckM v1.0.4 was used to evaluate the contamination and complete
ness of the genome bins. Genomes were selected for further analysis with
the criteria that genomes were estimated to be more than 50% complete
and less than 20% contaminated.

2.4. 16 S rRNA gene sequencing and qPCR
The bacterial taxa were detected by sequencing the V3-V4 region of
the 16S rRNA primers 338F (5′ -ACT CCT ACG GGA GGC AGC AG-3′ ) /
806R (5′ -GGA CTA CHV GGG TWT CTA AT-3′ ) (Lee et al., 2012) gene for
DNA collected from both heavy fractions and light fractions. The
High-throughput sequencing was conducted at Majorbio (Shanghai,
China) using the Illumina MiSeq platform. Quantitative Insights into
Microbial Ecology (version 1.9.1) software was used for demultiplexing
and quality filtration of the raw data. The ribosome database project
(RDP) classifier (version 2.11) was used to assign the classification with
97% similarity by the UPARSE pipeline (version 7.0.1090) (Amato et al.,
2013). Raw sequences data of 16 S rRNA high-throughput sequencing
are also available under the accession number SRP 268409. Three TRGs
(tetT, tetB(P), and tetX) were quantified by real-time qPCR and the
related information of these TRGs can be seen in Table S1. The 25 µL
reaction mixture for qPCR contained 1 µL of DNA template, 1 µL each of
forward and reverse primers (Sangon Biotech, China) with 10 µM, 12.5
µL of TB Green® PreMix Ex Taq™ (TaKaRa, Japan), and 9.5 µL of
sterilized ddH2O. The protocol for qPCR was as follows: (a) initial hold
for 30 s at 95 ◦ C; (b) 95 ◦ C for 4 s; (c) annealing temperature (40 ◦ C for
tetT and tetB(P), 58 ◦ C for tetX) for 34 s; (d) 72 ◦ C for 32 s, where steps (b)
to (d) were repeated 39 times. Reactions were performed by a CFX
Connect real-time PCR detection system (Bio-Rad, USA).

2.7. Statistical analysis
The bacterial taxa were considered as 18O-labeled by the criteria that
significant enrichment was detected in heavy fractions compared with
the light fraction in a 18O sample based on the relative abundance of the
OTUs obtained from 16 S rRNA sequencing. Two-way analysis of vari
ance (ANOVA) and t-test were used to evaluate the statistical differences
(p<0.05 were considered significant). Network analysis was conducted
on an open-accessible molecular ecological network analysis Pipeline
(Deng et al., 2012).
3. Results
3.1. 18O-labeled bacterial communities in bulk soil, rhizosphere soil, and
wheat
The time of selection for tetracycline-resistant bacteria in a specific
habitat was determined by a preliminary experiment with bulk soil. The
data revealed that the 18O-labeled microbial communities became stable
after 5 days (Fig. S2), suggesting the complete inhibition of tetracyclinesensitive bacteria. Hence, H18
2 O was incubated in the microcosms after 5day tetracycline stress.
DNAs from DNA-SIP treatments were separated into heavy and light
components by CsCl gradient ultracentrifugation. 18O-labeled DNA
resided in fractions with densities of 1.725–1.730 g/mL (bulk soil
genome), 1.722–1.727 g/mL (rhizosphere soil genome) and
1.713–1.722 g/mL (wheat endotype genome), while unlabeled DNA
resided in fractions with densities of 1.711–1.716 g/mL (bulk soil
genome), 1.711–1.716 g/mL (rhizosphere soil genome) and
1.710–1.713 g/mL (wheat endotype genome) (Fig. 1).
To explore the changes of the growing tetracycline-resistant bacteria
in situ, 237 OTUs and 152 OTUs were selected based on the significant
enrichment in heavy fractions as 18O-labeled taxa for CK and OF treat
ments, respectively. These OTUs were used to investigate the structures
of tetracycline-resistant bacteria. The results revealed that long-term
organic fertilization significantly affected the composition of tetracy
cline- resistant bacteria in the soil-wheat system (Fig. 2). The diversity of
microbial communities decreased from the below-ground section to the
above-ground section for both of these two systems (Fig. S3). Organic
fertilization had a strong impact on the diversity of the tetracyclineresistant bacteria in bulk soil, but not in rhizosphere soil and wheat
endophytes. As shown in Fig. 2, the most abundant bacteria were clas
sified into the phyla Actinobacteria, Patescibacteria and Proteobacteria,
which accounted for ~60% of each sample. Interestingly, Actinobacteria
were constantly enriched from bulk soil (12%) to rhizosphere soil (20%)
to wheat (33%) under long-term organic fertilization. Patescibacteria
and Proteobacteria dominated the rhizosphere microbiome in untreated
soil and organic-fertilized soil, respectively.

2.5. Metagenomic sequencing and analysis of tetracycline resistance genes
and mobile genetic elements
Metagenomic sequencing was conducted to assess the profiles of
TRGs and mobile genetic elements among different habitats. To meet the
requirement of DNA mass for metagenomic sequencing, the heavy
fractions from a single habitat were subjected. A 1% agarose gels elec
trophoresis system was used to test the DNA quality. Metagenomic
sequencing was conducted on an Illumina HiSeq4000 platform (Illumina
Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China). The procedures of quality control for all reads were
performed as described previously, including the removal of low-quality
reads (Zeng et al., 2019). Briefly, low-quality reads (length<50 bp, or
with a quality value <20, or having N bases) were removed by Sickle
(https://github.com/najoshi/sickle). Metagenomic sequencing of DNA
from 6 habitats produced 38.2 Gb of data and 9.1 million 150 bp
high-quality reads per sample. The contigs were constructed with > 500
bp scaffolds without gaps. BLASTP (version 2.3.0) was utilized for
taxonomic annotation with the NCBI NR database. Merged reads from
metagenomes and downloaded whole-genome sequences were aligned
to the Comprehensive Antibiotic Resistance Database (CARD, version
1.1.3) by BLASTP DIAMOND (version 0.8.35) with “strict” criteria and
an E-value cutoff ≤ 10− 10. Then, the results of TRGs and related
multidrug resistance genes were selected for further analysis. ISFinder
(Siguier et al., 2006) and INTEGRALL (Moura et al., 2009) were used to
identify the MGEs in metagenomics. The relative abundances of ARGs
and MGEs were normalized to the total number of contigs from each
DNA sample. All the raw sequence data of the metagenome were
uploaded to the Sequence Read Archive repository database (www.ncbi.
nlm.nih.gov/sra) under accession number: SRP 267779.

3.2. Shared tetracycline-resistant bacteria among soil, rhizosphere and
wheat
To explore which tetracycline-resistant bacteria can be potentially
transferred from soil to the wheat, shared microbial communities were
analyzed within different habitats based on 18O-labeled OTUs (Zhang
et al., 2019; Zhou et al., 2020). Over 70% of labeled OTUs in rhizosphere
soil had the same taxonomic identities as bulk soil in both treatments
illustrating that they were shared between rhizosphere and bulk soils
(Fig. 3). Similarly, approximately 80% of labeled OTUs in wheat endo
phytes were found in the rhizosphere soil with same taxonomic identi
ties (Fig. 3). The shared microbiota in bulk soil, rhizosphere soil, and

2.6. Genome binning, taxonomic classification, and functional annotation
Scaffolds with a length of < 3000 bp in each metagenome assembly
were removed from further analysis. High-quality reads were mapped to
compute the coverage information of the scaffolds using BBMap with the
parameters k-min 35，k-max 115 and k-step 20. The scaffolds were
binned using MetaBAT2 with default parameters, taking into account
read coverage, coverage variance, and tetranucleotide frequencies.
3
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18
Fig. 1. Proportion of total DNA as a function of density in the H16
2 O and H2 O treatments. Each point represents the fractions within 0.001–0.003 g density
increment. Errors bars represent standard errors of the DNA concentration in the fractions.

3.3. Molecular ecological network reveals core microbiota
To understand the interactions among different microorganisms and
explore the core microbiota in the habitats, two molecular ecological
network analyses were conducted at the family level based on the 18Olabeled taxa (Fig. 4). Bacteria with maximum node degree and node
betweenness were considered as the core category (Eiler et al., 2012;
Gokul et al., 2016). The data revealed that the organic fertilizer appli
cation shifted the co-occurrence patterns among the target microbiota
compared with the untreated habitat. Sphingomonadaceae (degree=69,
betweenness=91) belonging to Proteobacteria was identified as the core
microbiota in the CK treatment, whereas Micrococcaceae (degree=58,
betweenness=92) belonging to Actinobacteria was identified as the core
microbiota in the OF treatment (Fig. 4). In addition, these microbiotas
were shared across different habitats. The relative abundance of
Sphingomonadaceae in the CK treatment and Micrococcaceae in the OF
treatment were decreased from bulk soil to rhizosphere soil and
enriched in wheat endophyte (Fig. S4). The similar tendency illustrated
rhizosphere habitat might play an important role across the whole sys
tem. Overall, these findings helped us to explore the assembly of mi
crobial communities.
Fig. 2. Relative abundance of
phylum level.

18

O-labeled microbial communities at the

3.4. Co-occurrence of TRGs and MGEs in core bacterial taxa
After genome binning, 9 qualified metagenome-assembled genomes
were generated. In total, 4 of them contained insertion sequences, and 7
harbored ARGs. Remarkably, the genome bin Metabat.17 is classified as
Sphingomonadaceae, which is one of the core bacterial taxa. Moreover,
Fig. 5 shows that Metabat.17 contained the most of ISs (n = 48) and
harbored TRG adeF. Other genome bins with fewer of ISs did not belong
to the core microbiota.
In addition, the whole genomic sequences of dominant species of
core microbiota (Fig. 6) and highly abundant microbiota across the
habitats (Fig. 3) were downloaded to further explore the role of the core
microbiota played in the resistome and mobilome of the different soil-

wheat endophytes were classified at the phylum and family levels as
shown in Fig. 3. Long-term organic fertilizer application shifted the
composition of the shared microbiota. At the family level, Saccha
rimonadaceae, Burkholderiaceae and Sphingomonadaceae accounted
for 84.3% of shared microbiota in unfertilized habitats (Fig. 3c). In
contrast, Sphingomonadaceae, Xanthomonadaceae and Micrococcaceae
accounted for 83.7% of shared microbiota in the organic fertilizerapplied habitat (Fig. 3d).

4
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Fig. 3. Shared microbiota in bulk soil, rhizosphere soil and wheat endophytes classified at phylum and family level in CK (without fertilizer) treatment (a, c) and OF
(organic fertilizer amended) treatment (b, d).

wheat systems. TRGs, such as adeF or multidrug resistance genes, were
found in each genome (Fig. 6). The presence of MGEs indicated that each
of genome belonging to the core microbiota (Sphingomonadaceae and
Micrococcaceae) harbored exceedingly more MGEs than other micro
biota, especially in terms of integron, IS3, IS21, IS5, and IS110 (Fig. 6).
These MGEs were also detected in high abundance in the metagenomics
(Fig. 7). Moreover, adeF was significantly positive for IS3 (R2 =0.89,
p < 0.005).

treatments (Fig. 7d).
The profile of MGEs in different habitats was investigated to explore
the status of HGT in the microbiomes. The data demonstrated that the
long-term application of organic fertilizer significantly (P < 0.05)
changed the patterns of mobilome in bulk soil and rhizosphere soil
(Fig. 7e). The below-ground habitats contained significantly (P < 0.05)
higher MGEs than wheat endophytes (Fig. 7e). IS3, IS256, IS21, IS5, and
IS30 were the most abundant transposases accounting for over 50% of
the total MGEs in bulk and rhizosphere soils (Fig. 7e). Interestingly,
TnpA (IS200/IS600) was detected in all of the samples (Fig. 7e). The
relative abundance of intI1 was 5-fold (CK) and 3-fold (OF) higher in the
rhizosphere soil than in the bulk soil (Fig. 7e). These trends indicate that
a higher frequency of HGT could occur in below-ground habitats, and
the rhizosphere could be considered as the hot spot of HGT in the soilwheat systems presented in this study.

3.5. Abundances of tetracycline resistance genes and mobile genetic
elements
TRGs, including several related multidrug resistance genes detected
in metagenomics, were filtered and presented in Fig. 6a. In general, a
total of 31 different TRGs were found and the relative abundance of each
TRG ranged from 1.4 × 10− 6 per contig of the sample (tet35 in fertilized
rhizosphere soil) to 1.3 × 10− 2 per contig of the sample (tetT in fertilized
wheat endophyte). The data indicated that the relative abundances of
detected TRGs were significantly different among the various habitats
(P < 0.05). In addition, over 50% of the detected TRGs genes were
enriched in the rhizosphere soil (Fig. 7d). The absolute abundances of
tetB(P) and tetT were found significantly enriched in the rhizosphere
(Fig. 7a, b). The absolute abundance of tetX was significantly enriched in
the endophytes. Fig. 7a, b, c show that the absolute abundance of tetX is
much lower than that of tetT and tetB(P). These results illustrated that
the rhizosphere could be considered as a hot spot of TRGs. Fertilized
bulk soil was found to contain the highest diversity of the TRGs which
could be explained by the input of external ARB carrying diverse resis
tance genes (Wang et al., 2020). In addition, the results of qPCR illus
trated that fertilization significantly increased the TRGs in endophytes
(Fig. 7a, b, c). Remarkably, 25 of the 30 TRGs detected were trans
ferrable genes according to the acquired resistance database-RisFinder
(Zankari et al., 2012). This great contribution of acquired resistance
genes indicates that HGT plays an important role in the spread of anti
microbial resistance (Liu et al., 2019). Although the wheat endophyte
harbored a lower diversity of detected TRGs, the relative abundances of
remaining resistance genes (tetT, tetB(P) and tetX) dramatically
increased compared with the rhizosphere soil and bulk soil in both of the

4. Discussion
In the present study, DNA-based stable isotope probing (SIP) with
H18
2 O was applied to identify the tetracycline-resistant bacteria from
soil-plant systems. The key finding is that the rhizosphere could be
considered as the hot spot of HGT for TRGs mediated by the core bac
terial taxa. The hypothesis that MGEs were associated with main carriers
of ARGs was confirmed by intensive co-occurrence between transposase
and resistance genes in the whole genomes of the core microbiota. In
addition, the identification of tetracycline-resistant microbiome in the
soil-plant system provides new insights into the construction of bacterial
communities from the perspective of function. These results revealed
that the long-term application of organic fertilizer changed the compo
sition of dominant tetracycline-resistant microbiota especially the
shared bacteria across the soil-wheat systems.
The rhizosphere was identified as an important intermediary be
tween bulk soil and wheat endophytes. The high overlap of taxa (Fig. 3)
and the most diverse TRGs (Fig. 7d) in the rhizosphere provided the
abundant microbial and functional resources. The enrichment of TRGs
(Fig. 7) based on the analysis of metagenomic sequences and the realtime qPCR of tetT and tetB(P) also confirmed that the rhizosphere
serves as a connecting link between the bulk soil and wheat endophyte.
5
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Fig. 4. Network analysis of 18O-labeled taxa at family level in CK treatment (a) and OF treatment (b). A connection represents a strong and significant correlation.
The size of each node is proportional to its betweenness.

This finding was reasonable because microorganisms in plant rhizo
sphere soil could be the main source of endophytes in the plant (Chen
et al., 2019a; Gray and Smith, 2005), and a large functional overlap has
been showed between above-below ground plant bacterial communities
(Bai et al., 2015). Interestingly, the long-term fertilization decreased the
diversity of tetracycline-resistant microbiomes in bulk soil and endo
phytes, whereas no significant change was found in the rhizosphere.
Considering the higher abundance of TRGs in the fertilized soil-plant
system, the decrease in the diversity of tetracycline-resistant micro
biome in bulk soil and endophyte could be explained by the fact that
long-term fertilization partially changed the soil properties and enriched
the tetracycline-resistant bacteria (Wang et al., 2018; Wu et al., 2021).
The maintained diversity of the tetracycline-resistant microbiome in the
rhizosphere might be due to the stronger horizontal gene transfer than

other habitats (Cytryn, 2013; Raaijmakers et al., 2009). The intensive
presence of acquired TRGs and MGEs in rhizosphere (Fig. 7) indicated
that the rhizosphere is a hot spot for gene exchange, which is critical for
the spread of ARGs. A previous study also demonstrated that rhizosphere
might play a key role in the proliferation of ARBs (Brandt et al., 2009).
Furthermore, Sphingomonadaceae and Micrococcaceae were identified
as the core microbiota in the two different systems in this study. Inter
estingly, the abundances of Sphingomonadaceae and Micrococcaceae
were lower in the rhizosphere than in other habitats. However, these
core microbiotas showed the most intensive interactions with other
bacteria. This outcome could be explained by the fact that they harbor
the special ecological functions, such as resiliency and resistance in the
rhizosphere. For instance, members of Sphingomonadaceae are wide
spread in various environments, including soils, eutrophic waters, and
6
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Fig. 5. Analysis of the metagenome-assembled genomes harboring mobile genetic elements.

Fig. 6. Summary of TRGs and MGEs detected in downloaded whole genomes.

clinical samples (Cavicchioli et al., 1999; White et al., 1996). Some
species have been reported as reservoirs of ARGs in drinking water
(Vaz-Moreira et al., 2011). Besides, the strong capacity of Sphingomo
nadaceae to survive under environmental stress and to adapt to new
habitats has been demonstrated. This promotes Sphingomonadaceae to
occupy an important niche in the soil-wheat ecological system (Hong
et al., 2010; Yim et al., 2010). Interestingly, Micrococcaceae has also
been identified to play a critical role in the fecal microbiome (Shaw
et al., 2016), which indicates the influence of fecal microbiota on the
microbial structure and interactions in the manure-amended soil-plant
system. Moreover, the extensive presence of TRGs and much higher
abundance of MGEs in the genome bins and whole genome sequences of
core microbiota provided further evidence for “dual-function” of
Sphingomonadaceae and Micrococcaceae including carriers and dis
seminators (Fig. 6). Two copies of the same or related IS moving as a
single unit called a composite transposon can carry resistance genes to
achieve HGT (Partridge et al., 2018). For example, repeats of IS3 have
been identified as carrying the gene for tetracycline resistance (Arber
et al., 2012). Remarkably, IS3 was detected as one of the most abundant
MGEs detected in the present soil-wheat system (Fig. 7) and
whole-genome sequences of core microbiota (Fig. 6). Moreover, many
ISs contain a strong promoter that drives the expression of the captured
genes (Kamruzzaman et al., 2015). Our results expand the understand
ing of rhizosphere’s function and are beneficial for developing targeted
technology for the rhizosphere to inhibit the transmission of ARGs.
We also found that the long-term organic fertilization significantly
changed the composition of the tetracycline-resistant microbiome.

Micrococcaceae belonging to Actinobacteria replaced Sphingomonada
ceae as the core bacterial taxa in the fertilized soil-wheat system (Fig. 4).
Members of Micrococcaceae are mainly found in various soil, rhizo
sphere, marine environments, and clinical specimens (Dastager et al.,
2014). In addition, a survey of antibiotic resistance among Micro
coccaceae illustrated that many isolates including Staphylococcus,
Kocuria and Micrococcus were resistant to tetracycline (Gardini et al.,
2003). More importantly, antibiotic-resistant Staphylococcus species
were prevalent causes of clinical infections and commonly found in
many human-related environments including residential homes (Gan
dara et al., 2006). In addition, the enrichment of Sphingomonadaceae,
Micrococcaceae and several TRGs in wheat endophytes (Fig. 6) should
be given more attention because these genes from edible part might have
higher risks transferring to foodborne ARB (Ye et al., 2016). The
detection of TRGs in the fruit of Lycopersicon esculentum (Cerqueira et al.,
2019) and endophytes of lettuce (Yang et al., 2018) indicated that
tetracycline resistance could be directly exposed to humans through the
food chain. Overall, our findings further clarify the rhizosphere as a
hotspot of HGT for TRGs and main carriers and disseminators of tetra
cycline resistance in the soil-wheat systems and contribute to the
comprehensive assessment of the risk of ARB to human health.
5. Conclusion
To the best of our knowledge, this might be the first time to apply
DNA-based SIP with H18
2 O to identify the tetracycline-resistant micro
biome and the potential transmission pathway of TRGs in soil-plant
7
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Fig. 7. Absolute abundance of tetT (a), tetB(P) (b) and tetX (c) among different habitats. “* ” means p value < 0.05, “**” means p value < 0.005, “***” means p value
< 0.0005, “****” means p value < 0.0005, “ns” means no significant difference. Relative abundance of tetracycline resistance genes (d) and mobile genetic elements
(e) across different habitats. Each column is labeled with the sample name, and each row represents the name of the specific tetracycline resistance gene or mobile
genetic element.

systems. Our study demonstrates that DNA-based SIP with H18
2 O is
valuable for identifying the ARB in the environment. The analysis of the
soil-wheat system indicated that land application of organic fertilizer
shifted the microbial ecological network of tetracycline-resistant
microbiota, and the rhizosphere was considered as a hot spot for the
spread of TRGs. Moreover, Sphingomonadaceae and Micrococcaceae
were identified as the core carriers and disseminators of TRGs and
transposases such as IS3. These new insights provide more detailed in
formation about the rhizosphere as a hot spot in the soil-plant systems,
which is crucial for developing strategies to mitigate the dissemination
of ARB and ARGs.

Fan performed the research and conducted the data analyses with
assistance from Shanghua Wu and Yuzhu Dong. Haonan Fan drafted the
manuscript. Xuliang Zhuang and Yong-Guan Zhu reviewed and edited
the manuscript. Xuliang Zhuang and Shanghua Wu supervised the
project. The authors read and approve the final manuscript.

Funding

Appendix A. Supporting information

This research was supported by the National Natural Science Foun
dation of China (Nos. 41907273, 31670507 and 91951108), National
Key Research and Development Program of China (Nos.
2019YFC1805803), the Strategic Priority Research Program of Chinese
Academy of Sciences (Grant No. XDA23010400) and Chinese Academy
of
Sciences
International
Partnership
Program
(121311KYSB20200017).

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2021.126440.

Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References
Aanderud, Z.T., Lennon, J.T., 2011. Validation of heavy-water stable isotope probing for
the characterization of rapidly responding soil bacteria. Appl. Environ. Microbiol.
77, 4589–4596.
Amato, K.R., Yeoman, C.J., Kent, A., Righini, N., Carbonero, F., Estrada, A., Gaskins, H.
R., Stumpf, R.M., Yildirim, S., Torralba, M., Gillis, M., Wilson, B.A., Nelson, K.E.,
White, B.A., Leigh, S.R., 2013. Habitat degradation impacts black howler monkey
(Alouatta pigra) gastrointestinal microbiomes. ISME J. 7, 1344–1353.
Aminov, R.I., 2011. Horizontal gene exchange in environmental microbiota. Front.
Microbiol. 2, 158.

CRediT authorship contribution statement
Shanghua Wu and Haonan Fan designed the research. Wenxu Dong,
Xianglong Li and Shijie Wang refined the experimental method. Haonan
8

H. Fan et al.

Journal of Hazardous Materials 420 (2021) 126440

Arber, W., Henle, W., Hofschneider, P.H., Humphrey, J.H., Jerne, N.K., Koldovský, P.,
Koprowski, H., Maaløe, O., Rott, R., Schweiger, H.G., 2012. Current Topics in
Microbiology and Immunology. Springer Berlin Heidelberg.
Arias, C.A., Murray, B.E., 2009. Antibiotic-resistant bugs in the 21st century — a clinical
super-challenge. N. Engl. J. Med. 360, 439–443.
Ashbolt, N.J., Amezquita, A., Backhaus, T., Borriello, P., Brandt, K.K., Collignon, P.,
Coors, A., Finley, R., Gaze, W.H., Heberer, T., Lawrence, J.R., Larsson, D.G.,
McEwen, S.A., Ryan, J.J., Schonfeld, J., Silley, P., Snape, J.R., Van den Eede, C.,
Topp, E., 2013. Human health risk assessment (HHRA) for environmental
development and transfer of antibiotic resistance. Environ. Health Perspect. 121,
993–1001.
Bai, Y., Muller, D.B., Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M.,
Dombrowski, N., Munch, P.C., Spaepen, S., Remus-Emsermann, M., Huttel, B.,
McHardy, A.C., Vorholt, J.A., Schulze-Lefert, P., 2015. Functional overlap of the
Arabidopsis leaf and root microbiota. Nature 528, 364–369.
Brandt, K.K., Sjoholm, O.R., Krogh, K.A., Halling-Sorensen, B., Nybroe, O., 2009.
Increased pollution-induced bacterial community tolerance to sulfadiazine in soil
hotspots amended with artificial root exudates. Environ. Sci. Technol. 43,
2963–2968.
Cavicchioli, R., Fegatella, F., Ostrowski, M., Eguchi, M., Gottschal, J., 1999.
Sphingomonads from marine environments. J. Ind. Microbiol. Biotechnol. 23,
268–272.
Cerqueira, F., Matamoros, V., Bayona, J., Pina, B., 2019. Antibiotic resistance genes
distribution in microbiomes from the soil-plant-fruit continuum in commercial
Lycopersicon esculentum fields under different agricultural practices. Sci. Total
Environ. 652, 660–670.
Chen, H., Bai, X., Li, Y., Jing, L., Chen, R., Teng, Y., 2019a. Characterization and sourcetracking of antibiotic resistomes in the sediments of a peri-urban river. Sci. Total
Environ. 679, 88–96.
Chen, Q.-L., An, X.-L., Zheng, B.-X., Ma, Y.-B., Su, J.-Q., 2018. Long-term organic
fertilization increased antibiotic resistome in phyllosphere of maize. Sci. Total
Environ. 645, 1230–1237.
Chen, Q.-L., Cui, H.-L., Su, J.-Q., Penuelas, J., Zhu, Y.-G., 2019b. Antibiotic resistomes in
plant microbiomes. Trends Plant Sci. 24, 530–541.
Chen, Y., Zhang, H., Luo, Y., Song, J., 2012. Occurrence and assessment of veterinary
antibiotics in swine manures: a case study in East China. Chin. Sci. Bull. 57,
606–614.
Coskun, O.K., Ozen, V., Wankel, S.D., Orsi, W.D., 2019. Quantifying population-specific
growth in benthic bacterial communities under low oxygen using H18
2 O. ISME J. 13,
1546–1559.
Cytryn, E., 2013. The soil resistome: the anthropogenic, the native, and the unknown.
Soil Biol. Biochem. 63, 18–23.
Dastager, S.G., Krishnamurthi, S., Rameshkumar, N., Dharne, M., 2014. The Family
Micrococcaceae. In: Rosenberg, E., DeLong, E.F., Lory, S., Stackebrandt, E.,
Thompson, F. (Eds.), The Prokaryotes: Actinobacteria. Berlin, Heidelberg. Springer,
Berlin Heidelberg.
Deng, Y., Jiang, Y.-H., Yang, Y., He, Z., Luo, F., Zhou, J., 2012. Molecular ecological
network analyses. BMC Bioinform. 13, 113.
Eiler, A., Heinrich, F., Bertilsson, S., 2012. Coherent dynamics and association networks
among lake bacterioplankton taxa. ISME J. 6, 330–342.
Gandara, A., Mota, L.C., Flores, C., Perez, H.R., Green, C.F., Gibbs, S.G., 2006. Isolation
of Staphylococcus aureus and antibiotic-resistant Staphylococcus aureus from
residential indoor bioaerosols. Environ. Health Perspect. 114, 1859–1864.
Gardini, F., Tofalo, R., Suzzi, G., 2003. A survey of antibiotic resistance in
Micrococcaceae isolated from Italian dry fermented sausages. J. Food Prot. 66,
937–945.
Gokul, J.K., Hodson, A.J., Saetnan, E.R., Irvine-Fynn, T.D., Westall, P.J., Detheridge, A.
P., Takeuchi, N., Bussell, J., Mur, L.A., Edwards, A., 2016. Taxon interactions control
the distributions of cryoconite bacteria colonizing a high arctic ice cap. Mol. Ecol.
25, 3752–3767.
Gottel, N.R., Castro, H.F., Kerley, M., Yang, Z., Pelletier, D.A., Podar, M., Karpinets, T.,
Uberbacher, E., Tuskan, G.A., Vilgalys, R., Doktycz, M.J., Schadt, C.W., 2011.
Distinct microbial communities within the endosphere and rhizosphere of populus
deltoides roots across contrasting soil types. Appl. Environ. Microbiol. 77,
5934–5944.
Gray, E.J., Smith, D.L., 2005. Intracellular and extracellular PGPR: commonalities and
distinctions in the plant–bacterium signaling processes. Soil Biol. Biochem. 37,
395–412.
Hayer, M., Schwartz, E., Marks, J.C., Koch, B.J., Morrissey, E.M., Schuettenberg, A.A.,
Hungate, B.A., 2016. Identification of growing bacteria during litter decomposition
in freshwater through H18
2 O quantitative stable isotope probing. Environ. Microbiol.
Rep. 8, 975–982.
He, T., Wang, R., Liu, D., Walsh, T.R., Zhang, R., Lv, Y., Ke, Y., Ji, Q., Wei, R., Liu, Z.,
Shen, Y., Wang, G., Sun, L., Lei, L., Lv, Z., Li, Y., Pang, M., Wang, L., Sun, Q., Fu, Y.,
Song, H., Hao, Y., Shen, Z., Wang, S., Chen, G., Wu, C., Shen, J., Wang, Y., 2019.
Emergence of plasmid-mediated high-level tigecycline resistance genes in animals
and humans. Nat. Microbiol. 4, 1450–1456.
Hong, P.Y., Hwang, C., Ling, F., Andersen, G.L., LeChevallier, M.W., Liu, W.T., 2010.
Pyrosequencing analysis of bacterial biofilm communities in water meters of a
drinking water distribution system. Appl. Environ. Microbiol. 76, 5631–5635.
Kamruzzaman, M., Patterson, J.D., Shoma, S., Ginn, A.N., Partridge, S.R., Iredell, J.R.,
2015. Relative strengths of promoters provided by common mobile genetic elements

associated with resistance gene expression in gram-negative bacteria. Antimicrob.
Agents Chemother. 59, 5088–5091.
Lee, C.K., Barbier, B.A., Bottos, E.M., McDonald, I.R., Cary, S.C., 2012. The inter-valley
soil comparative survey: the ecology of dry valley edaphic microbial communities.
ISME J. 6, 1046–1057.
Liu, J., Taft, D.H., Maldonado-Gomez, M.X., Johnson, D., Treiber, M.L., Lemay, D.G.,
DePeters, E.J., Mills, D.A., 2019. The fecal resistome of dairy cattle is associated with
diet during nursing. Nat. Commun. 10, 4406.
McKenna, M., 2013. Antibiotic resistance: the last resort. Nature 499, 394–396.
Moura, A., Soares, M., Pereira, C., Leitao, N., Henriques, I., Correia, A., 2009.
INTEGRALL: a database and search engine for integrons, integrases and gene
cassettes. Bioinformatics 25, 1096–1098.
OIE, 2016. World Organization for Animal Health (OIE) Annual Report on the Use of
Antimicrobial Agents in Animals. OIE,, France.
Pal, C., Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G., 2016. The structure and
diversity of human, animal and environmental resistomes. Microbiome 4, 54.
Partridge, S.R., Kwong, S.M., Firth, N., Jensen, S.O., 2018. Mobile genetic elements
associated with antimicrobial resistance. Clin. Microbiol. Rev. 31, e00088–00017.
Pruden, A., Larsson, D.G., Amezquita, A., Collignon, P., Brandt, K.K., Graham, D.W.,
Lazorchak, J.M., Suzuki, S., Silley, P., Snape, J.R., Topp, E., Zhang, T., Zhu, Y.G.,
2013. Management options for reducing the release of antibiotics and antibiotic
resistance genes to the environment. Environ. Health Perspect. 121, 878–885.
Raaijmakers, J.M., Paulitz, T.C., Steinberg, C., Alabouvette, C., Moenne-Loccoz, Y., 2009.
The rhizosphere: a playground and battlefield for soilborne pathogens and beneficial
microorganisms. Plant Soil 321, 341–361.
Razavi, M., Kristiansson, E., Flach, C.-F., Larsson, D.G.J., 2020. The association between
insertion sequences and antibiotic resistance genes. mSphere 5, e00418–00420.
Schwartz, E., 2007. Characterization of growing microorganisms in soil by stable isotope
probing with H218O. Appl. Environ. Microbiol. 73, 2541–2546.
Schwartz, E., 2009. Analyzing microorganisms in environmental samples using stable
isotope probing with H2(18)O. Cold Spring Harb. Protoc. 2009, 5341 pdb prot5341.
Schwartz, E., Van Horn, D.J., Buelow, H.N., Okie, J.G., Gooseff, M.N., Barrett, J.E.,
Takacs-Vesbach, C.D., 2014. Characterization of growing bacterial populations in
McMurdo Dry Valley soils through stable isotope probing with 18O-water. FEMS
Microbiol. Ecol. 89, 415–425.
Shaw, G.T., Pao, Y.Y., Wang, D., 2016. MetaMIS: a metagenomic microbial interaction
simulator based on microbial community profiles. BMC Bioinform. 17, 488.
Siguier, P., Perochon, J., Lestrade, L., Mahillon, J., Chandler, M., 2006. ISfinder: the
reference centre for bacterial insertion sequences. Nucleic Acids Res. 34, D32–36.
Silbergeld, E.K., Graham, J., Price, L.B., 2008. Industrial food animal production,
antimicrobial resistance, and human health. Annu. Rev. Public Health 29, 151–169.
Vaz-Moreira, I., Nunes, O.C., Manaia, C.M., 2011. Diversity and antibiotic resistance
patterns of Sphingomonadaceae isolates from drinking water. Appl. Environ.
Microbiol. 77, 5697–5706.
Wang, F., Han, W., Chen, S., Dong, W., Qiao, M., Hu, C., Liu, B., 2020. Fifteen-year
application of manure and chemical fertilizers differently impacts soil args and
microbial community structure. Front. Microbiol. 11, 62.
Wang, F., Xu, M., Stedtfeld, R.D., Sheng, H., Fan, J., Liu, M., Chai, B., Soares de
Carvalho, T., Li, H., Li, Z., Hashsham, S.A., Tiedje, J.M., 2018. Long-term effect of
different fertilization and cropping systems on the soil antibiotic resistome. Environ.
Sci. Technol. 52, 13037–13046.
White, D.C., Sutton, S.D., Ringelberg, D.B., 1996. The genus Sphingomonas: physiology
and ecology. Curr. Opin. Biotechnol. 7, 301–306.
Wichmann, F., Udikovic-Kolic, N., Andrew, S., Handelsman, J., 2014. Diverse antibiotic
resistance genes in dairy cow manure. mBio 5, 01017.
Wu, J., Sha, C., Wang, M., Ye, C., Li, P., Huang, S., 2021. Effect of organic fertilizer on
soil bacteria in maize fields. Land 10, 328.
Yang, L., Liu, W., Zhu, D., Hou, J., Ma, T., Wu, L., Zhu, Y., Christie, P., 2018. Application
of biosolids drives the diversity of antibiotic resistance genes in soil and lettuce at
harvest. Soil Biol. Biochem. 122, 131–140.
Ye, M., Sun, M., Feng, Y., Wan, J., Xie, S., Tian, D., Zhao, Y., Wu, J., Hu, F., Li, H.,
Jiang, X., 2016. Effect of biochar amendment on the control of soil sulfonamides,
antibiotic-resistant bacteria, and gene enrichment in lettuce tissues. J. Hazard.
Mater. 309, 219–227.
Yim, M.S., Yau, Y.C., Matlow, A., So, J.S., Zou, J., Flemming, C.A., Schraft, H., Leung, K.
T., 2010. A novel selective growth medium-PCR assay to isolate and detect
Sphingomonas in environmental samples. J. Microbiol. Methods 82, 19–27.
Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O.,
Aarestrup, F.M., Larsen, M.V., 2012. Identification of acquired antimicrobial
resistance genes. J. Antimicrob. Chemother. 67, 2640–2644.
Zeng, Q., Liao, C., Terhune, J., Wang, L., 2019. Impacts of florfenicol on the microbiota
landscape and resistome as revealed by metagenomic analysis. Microbiome 7, 155.
Zhang, Y.-J., Hu, H.-W., Chen, Q.-L., Singh, B.K., Yan, H., Chen, D., He, J.-Z., 2019.
Transfer of antibiotic resistance from manure-amended soils to vegetable
microbiomes. Environ. Int. 130, 104912.
Zhou, S.-y-d, Zhu, D., Giles, M., Daniell, T., Neilson, R., Yang, X.-r, 2020. Does reduced
usage of antibiotics in livestock production mitigate the spread of antibiotic
resistance in soil, earthworm guts, and the phyllosphere? Environ. Int. 136, 105359.
Zhu, Y.-G., Johnson, T.A., Su, J.-Q., Qiao, M., Guo, G.-X., Stedtfeld, R.D., Hashsham, S.A.,
Tiedje, J.M., 2013. Diverse and abundant antibiotic resistance genes in Chinese
swine farms. Proc. Natl. Acad. Sci. U. S. A. 110, 3435–3440.

9

