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A B S T R A C T

This study aimed to investigate the impact of tigecycline, the third generation tetracycline, on the antibiotic
resistance development in environmental microbiota. Two biological contact oxidation reactors containing
aerobic biofilm microbiota were constructed, one of which was constantly fed with synthetic wastewater spiked
with increasing concentrations of tigecycline (0 to 25mg/L) under a hydrolytic retention time of 24 h. Over a
period of 636 days, chemical oxygen demand removal over 90% and complete nitrification were achieved for
both the control and tigecycline-exposed reactors, and effluent tigecycline concentrations in the tigecycline-
exposed system were always<0.051mg/L. Significant increases (p < 0.01) in resistome abundance and re-
sistant bacteria ratio were detected at a tigecycline dose of 10 and 25mg/L, respectively, revealed by meta-
genomic sequencing and culture-based method. The increase of resistome in the tigecycline system was mainly
attributed to the enrichment of tetX, one cooperative tetracycline degrading gene. Partial canonical corre-
spondence analysis showed that the change of resistome was mainly driven by bacterial community shift
(vertical pathway). Network and genome binning analyses further suggested that the proliferation of
Flavobacterium harboring tetX contributed to a relatively low community-wide resistance development in the
aerobic biofilm microbiota under tigecycline selection by reducing the antibiotic concentration. This work
provides scientific bases for the management and evaluation of the resistance risk induced by this novel anti-
biotic.

1. Introduction

The wide spread of antibiotic resistant bacteria and genes is con-
sidered as a big threat to public health (Pruden et al., 2006), since the
development of new antibiotics is becoming more and more difficult
(Butler and Cooper, 2011; Willetts et al., 2013). Tigecycline, a third-
generation tetracycline antibiotic, which was developed by adding a 9-
tert-butyl-glycylamido side chain on the D ring of minocycline (Fig. S1),
exhibits the ability to circumvent bacterial tetracycline resistance
mediated by efflux pumps and ribosomal protection (Chopra, 2001;
Projan, 2000). It is now used as one of the last-resort antibiotics for the
treatment of disease caused by multi-drug resistant pathogens including
Acinetobacter baumannii, methicillin-resistant Staphylococcus aureus and
extended-spectrum β-lactamase producing Escherichia coli
(Kumarasamy et al., 2010; Nicolau, 2009; Smith et al., 2018). With the

emergence of transferable resistance genes (like blaKPC, blaNDM and mcr-
1, etc.) for carbapenem and colistin (Gu et al., 2018; Liu et al., 2016;
Wang et al., 2017), another two important antibiotics used as the last-
resort ones, the development of tigecycline resistance is becoming of
big concern.

Bartha et al. (2011) and Leski et al. (2013) have found that the
clinical isolates of Enterobacteriaceae and Pseudomonadaceae were prone
to carry tetX, one of the tetracycline enzymatic inactivating genes, after
the therapeutic use of tigecycline. At the same time, some studies also
revealed that clinical pathogens could acquire reduced susceptibility to
tigecycline via mutation in multidrug resistant efflux pump genes
(Visalli et al., 2003; Peleg et al., 2007; Hornsey et al., 2010).

On the other hand, tigecycline could be released into environment
after clinical treatment (Hoffmann et al., 2007), or during the produc-
tion process, and finally flow into wastewater treatment systems.
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Numerous studies have shown that antibiotic resistance of environ-
mental microbial communities could be evidently promoted by the first-
generation tetracyclines including tetracycline and oxytetracycline
(Huang et al., 2014; Li et al., 2010; Liu et al., 2012; Liu et al., 2013; Shi
et al., 2017; Yang et al., 2013a, b; Zhang et al., 2018). TetX, which
could also degrade tigecycline, is widely distributed in water environ-
ments including the biological wastewater treatment systems (Thaker
et al., 2010; Zhang and Zhang, 2011), and as a cooperative antibiotic
resistance gene (ARG), it was supposed to benefit both the resistant cell
harboring it and the surrounding sensitive cells by decreasing antibiotic
concentrations (Bottery et al., 2016). Meanwhile, it should outgrow the
mutated multidrug efflux genes in the competitive environmental mi-
crobial communities because mutation usually increases the fitness cost
of the bacteria hosts (Baym et al., 2016). Considering the close asso-
ciation between clinical and environmental resistance (Forsberg et al.,
2012; Ma et al., 2016), it is of vital importance to understand if the
presence of tigecycline in environment could trigger the occurrence of
antibiotic resistance, particularly the tetX harboring bacteria, in en-
vironmental microbiota. However, the impact of tigecycline on re-
sistance development in environmental communities has not yet been
explored.

In this study, the effects of tigecycline on the development of anti-
biotic resistance in environmental microbiota was investigated by
feeding a biological contact oxidation reactor with synthetic waste-
water under the stepwise increasing dose of tigecycline from 0 to
25mg/L over a period of 636 days. At the same time, another reactor
without spiking tigecycline was operated under the same conditions as
the control. The fate of tigecycline during the treatment was monitored
using ultra-performance liquid chromatography - tandem mass spec-
trometry, the succession of aerobic microbial communities was fol-
lowed using MiSeq sequencing, and the changes of resistome and mo-
bilome were revealed by metagenomic sequencing. The result of this
study is useful for better management of antibiotic resistance induced
by this last-resort antibiotic.

2. Materials & methods

2.1. Setup and operation of the aerobic biofilm reactors

The two lab scale reactors (15×10×29.5 cm in size) were con-
structed with an effective volume of 2 L, and each reactor was filled
with 18 fiber balls (diameter, 2 cm) as bio-carriers. The reactors were
inoculated with seeding sludge from Gaobeidian Municipal Wastewater
Treatment Plant in Beijing, China. This plant mainly receives municipal
wastewater, and adopts an inverted A2/O (anoxic–anaerobic-oxic)
process with the removal rates of chemical oxygen demand (COD) and
ammonia nitrogen at around 90% and over 99%, respectively. The re-
actors were then operated at a hydraulic retention time of 24 h in dark
by continuously feeding synthetic wastewater including glucose, starch,
tryptone and sodium-carboxymethyl cellulose as mixed carbon sources
(Table S1). The synthetic wastewater was prepared daily with the in-
fluent COD and ammonium concentrations at around 400 and 30mg/L,
respectively. After start-up for more than three months, the influent of
one reactor was spiked with tigecycline (99%, J&K Scientific, Hong
Kong) under increasing dosage (0.1, 1, 5, 10 and 25mg/L), and the
other one was used as the control without spiking tigecycline. For each
dosing stage, the reactor was operated at least for fourteen weeks.
Accordingly, each stage was named as TG0 (the initial stage without
spiking tigecycline), TG0.1, TG1, TG5, TG10 or TG25, respectively,
with the corresponding stage in the control system named as C0, C0.1,
C1, C5, C10 or C25. The whole experimental period was conducted for
636 days. In the last three weeks of each stage, one fiber ball was taken
out from the reactor for biological analysis in each week and one fresh
ball was put back into the reactor. The three balls collected from the
same stage were used as biological duplication. Each ball was put into a
sterilized glass bottle containing 50mL of phosphate buffer saline, and

shaken by hand for 5min. Then the biomass suspension was centrifuged
at 10,000 rpm for 10min at 4 °C to collect biomass. The supernatant
was returned back to the bottle to wash the ball again. Such operation
was repeated for> 20 times until the weight of biomass no longer in-
creased and the ball recovered its original color (milk-white). The
processed sludge samples were divided into two parts, one was stored
directly at −80 °C for molecular biological analysis, and another was
stored in 25% glycerol at −80 °C for resistant bacteria ratio determi-
nation.

During the whole period, the COD and ammonia nitrogen con-
centrations were routinely monitored according to the Standard
Methods (AWWA, 1998) to ensure that the two reactors were func-
tioning well in terms of wastewater treatment performance (Complete
nitrification was achieved). At the end of each stage, water samples
were collected in triplicates from both the influent and effluent of the
tigecycline spiking reactor for the determination of antibiotic con-
centrations. The tigecycline concentration was determined using ultra
performance liquid chromatography tandem mass spectrometry (Wa-
ters, USA), with detailed procedures described in Supplementary In-
formation.

2.2. DNA extraction

Approximately 0.25 g biomass (wet weight) stored at −80 °C was
weighed for DNA extraction using FastDNA@ SPIN Kit for Soil
(Qbiogene, USA). The concentration and quality of extracted DNA were
determined by NanoDrop ND-1000 (USA) and electrophoresis analysis.

2.3. Bacterial 16S rRNA gene amplicon analysis

An aliquot (50 ng) of purified DNA from each sample was used as
template for amplification. Bacterial 16S rRNA genes were amplified
using the primers 515F and 907R (Xiong et al., 2012), and then pair-
end sequenced using the Illumina MiSeq sequencing system (Illumina,
USA). Barcodes unique to each sample were used to identify each
sample in a mixed sequencing run. After sequencing, quality filtration,
fragments merging, PCR chimera checking, and taxonomic classifica-
tion were performed on QIIME (Caporaso et al., 2011). The acquired
raw reads were deposited to the NCBI Sequence Read Archive under
accession no. SRP101536.

2.4. Illumina high-throughput sequencing

Illumina Hiseq 4000 (Novogene, China) was used to conduct the
high-throughput sequencing with the sequencing strategy of index
PE150+8+150 cycle (Paired-End sequencing, 150-bp reads and 8-bp
index sequence). For each sample, approximately 5 μg DNA was used
for library construction and sequencing, and 6 Gb of data was finally
generated. The raw metagenomic data were deposited in European
Nucleotide Archive with the accession number of PRJEB19935. The
approaches for quality filtration of the raw data, and the analyses of the
resistome and mobilome were described in detail in previous study
(Tian et al., 2016). The levels of ARG and mobile genetic element
(MGE)-like sequences were mainly described using the unit of‘copy of
ARG per copy of 16S-rRNA gene’ as recommended by Li et al. (2015).
The unit of “ppm” (one read in one million reads) was also adopted to
compare the portion of ARG or MGE-like sequences in “total meta-
genome sequences” (Yang et al., 2013b). The distribution of ARGs on
plasmids was analyzed according to Tian et al. (2016). The bacterial
16S rRNA gene and six frequently reported tetracycline ARGs (tetA,
tetC, tetG, tetQ, tetW, and tetX) were further quantified separately using
SYBR-Green real-time PCR as previously described (Tian et al., 2016).

2.5. Determination of tigecycline resistant bacteria ratio

The conventional heterotrophic plate counting method was used for
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determination of tigecycline resistant bacteria. The biomass was shaken
at 200 rpm for 0.5 h at 37 °C for the bacteria to recover their activity
following by serially ten-fold dilution with 0.9% NaCl. For each dilu-
tion, 100 μL solution was spread in the tryptic soy agar (TSA) (BD, USA)
to obtain colony counts in a range between 30 and 300 per plate. Total
heterotrophic bacteria counts were determined using these plates
without antibiotic. The number of tigecycline resistant bacteria was
determined by plating samples on TSA media amended with 8mg/L
tigecycline, which is the recommended resistance breakpoint con-
centration of tigecycline by the U.S. Food and Drug Administration
(Hornsey et al., 2010; Shankar et al., 2017; Visalli et al., 2003). The
tigecycline resistant bacteria ratio was calculated by dividing the tige-
cycline resistant bacteria number by the corresponding total hetero-
trophic bacteria number. For each assay, triplicate plate (three in-
dependent plates) counts were conducted with five different dilutions
for each sample after 24 h of incubation at 37 °C in the dark.

2.6. Genome binning for revealing the possible host and genetic environment
of tetX gene

Genome binning was performed by using MyCC (Lin and Liao,
2016), an automated tool that bin contigs into individual reconstructed
genomes. The taxonomies of the reconstructed genomes were de-
termined by the AMPHORA2 software (Wu and Scott, 2012). A taxon
name was assigned when at least 75% of all found markers were cor-
roborating (Muller et al., 2014). The genes encoded by the binned
genomes were predicted using the MetaGeneMark webserver, and then
antibiotic resistance genes were identified by the Resistance Gene
Identifier (RGI) software (Jia et al., 2017) excluding the loose hits.

2.7. Statistical analysis

The change of performance, ARGs, MGEs, and microbial taxa was
visualized using Origin 8.0 (OriginLab, USA) and Excel 2010
(Microsoft, USA). Non-metric Multidimensional scaling analysis
(NMDS) and Shannon index calculation were conducted using
PAleontological STatistics software (PAST 3.07). Canonical correspon-
dence analysis (CCA) and partial CCA were performed using R 2.13.1
(http://www.r-project.org/) with vegan package (http://CRAN.R-
project.org/package=vegan). Pair-Sample t-tests were conducted by
Origin 8.0 to assess significant differences between samples. A p-value
of< 0.05 was considered to indicate significance. Network analysis
was performed to visualize the correlations among ARGs and bacterial
taxa based on the random matrix theory-based network inference
method by using the online analysis pipeline at http://ieg2.ou.edu/
MENA (Deng et al., 2016). Network visualization was conducted on the
interactive platform of Gephi (version 0.9.1).

3. Results

3.1. Performance of the biofilm reactors

Over the whole period of 636 days, the two biofilm reactors were
very stable in terms of COD and ammonia removal performance (Figs.
S2–S5). A COD removal of around 90% was achieved for both reactors.
Regarding ammonia removal, almost complete nitrification was
achieved for the control reactor (Fig. S4), while the tigecycline reactor
exhibited small fluctuation when the tigecycline dose was increased to
25mg/L. However, complete nitrification was achieved finally (Fig.
S5). The effluent tigecycline concentration was undetectable at a tige-
cycline dose 0.1mg/L (the detection limit, 1 μg/L), and
0.0009 ± 0.0002mg/L at a dose of 1mg/L (Table S2). The effluent
tigecycline concentration was 0.0509 ± 0.0038mg/L when the dose
was increased to 25mg/L (Table S2), indicating that most of tigecycline
was removed by the aerobic biofilm microbiota.

3.2. Development of antibiotic resistance

A total of 137 ARGs were detected by metagenomic sequencing
from the aerobic biofilm samples. With the increase of tigecycline dose,
the sum of the relative abundances of ARGs in the tigecycline spiking
system increased from 7.07× 10−2 ± 4.76× 10−3 (relative to 16S
rRNA) (TG0) to 1.90× 10−1 ± 6.26× 10−3 (TG25), with a sig-
nificant increase (p < 0.01) appearing at a tigecycline dose of 10mg/L
(Fig. 1a). On the other hand, the abundance of resistome in the control
system was decreased from 7.79× 10−2 ± 2.22× 10−3 (C0) to
3.10×10−2 ± 1.38×10−3 (C25) (Fig. 1a). As for the composition of
resistome, sulfonamide, beta-lactam, tetracycline and aminoglycoside
resistance genes were the main ARGs in both systems (Table S3). In the
control system, the ratio of sulfonamide, beta-lactam, tetracycline and
aminoglycoside resistance genes varied between 16.19% and 38.03%,
7.42% and 30.84%, 6.67% and 15.72%, and 14.97% and 32.69%, re-
spectively, over the whole period. In the tigecycline system, the ratio of
sulfonamide resistance gene decreased from 31.12% to 12.66% with the
increase of the tigecycline dose from 0 to 25mg/L, while those of tet-
racycline and aminoglycoside resistance genes increased from 19.32%
and 10.23% to 24.79% and 27.73%, respectively (Table S3). Beta-
lactam resistance gene firstly increased from 23.34% to> 40% with the
increase of the tigecycline dose from 0 to 10mg/L, and then decreased
to 21.63% at the tigecycline dose of 25mg/L.

Totally 24 tetracycline resistance gene subtypes were detected by
metagenomic sequencing with tetA, tetC, tetG, and tetX being dominant
(Fig. 1b). TetC was initially the most dominant tet gene, and its abun-
dance gradually decreased from 4.04×10−3 ± 5.61×10−4 (TG0) to
1.70×10−3 ± 1.56×10−4 (TG25) with the increase of tigecycline
dose. TetX was the second dominant tet gene at TG0, whose abundance
significantly increased (p < 0.01) at a tigecycline dose of 5mg/L and
became the most abundant one (3.67×10−2 ± 4.66×10−4) in the
final stage. TetA was also enriched with the increase of tigecycline dose,
and became the second dominant one at TG25. TetG fluctuated around
2.44×10−3 ± 7.53×10−4 over the whole period. On the other
hand, all the four tet genes in the control system exhibited a declining
trend during the experiment (Fig. 1b). The changes of the four tet genes
were further validated by conventional SYBR-Green real-time PCR
(Table S4). Among the 18 multidrug efflux pump genes reported to be
related with tigecycline resistance (Table S5), ten were successful de-
tected with acrB, mexD, and mexB being dominant. The three efflux
pump genes were also enriched under tigecycline stress (Fig. S6).

In addition to above tet and multidrug efflux pump genes, some
other ARGs not conferring resistance to tigecycline also exhibited en-
richment trends under increasing tigecycline concentrations (Fig. S7).
Beta-lactam ARG bl2d_oxa1, two aminoglycoside ARGs ant3ia and
ant6ia, and two chloramphenicol ARGs catb3 and cml_e1 were enriched
particularly at a tigecycline dose of 25mg/L, while their abundances
fluctuated or declined in the control system (Fig. S7). Besides ARGs, the
tigecycline resistant bacteria ratio in the tigecycline system sig-
nificantly increased (p < 0.01) when the tigecycline dose was in-
creased to 25mg/L (Fig. S8).

Besides resistome, the change of mobilome in aerobic biofilm mi-
crobial communities was also revealed by metagenomic sequencing. As
shown in Fig. S9, all the integron-related sequences belonged to class 1
integrons, and their total abundance decreased in the control system
and fluctuated around 3.57×10−2 ± 4.10×10−3 in the tigecycline
system. The total abundance of ISs showed a significant increase
(p < 0.01) in TG0.1, then fast decreased to 4.85× 10−1

± 4.58×10−2 in TG25, which was close to its initial level
(4.62×10−1 ± 3.65×10−2) in TG0 (Fig. S9). The increase of ISs in
TG0.1 was mainly due to the fast enrichment of IS1194 (Fig. S10),
originating from Streptococcus (NCBI accession number Y13626), whose
relative abundance was also significantly increased immediately after
tigecycline spiking (Fig. S11). The total abundance of plasmids varied
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between 8.52× 10−2 ± 2.40× 10−3 and 1.22×10−1 ± 6.68
× 10−3 in tigecycline system over the experiment.

To further assess the horizontal transfer potential of ARGs under
tigecycline stresses, the presence of ARGs on plasmids, the dominant
MGE for ARG horizontal exchange in prokaryotes (Sorensen et al.,
2005), were analyzed. A total of 195 contigs associated with 16 re-
sistance subtypes were found to be on 49 unique plasmids in the control
system, and the number of ARGs-containing plasmid-related contigs
decreased from 35 in C0 to 25 in C25. In comparison, 271 contigs as-
sociated with 24 ARGs were identified to be present on 60 unique
plasmids in the tigecycline system, and the number of ARGs-containing
plasmid-related contigs kept to be above 33 in the first five stages and
then increased to 65 in TG25 (Table S6), suggesting that tigecycline
stress favored the maintenance of ARGs-containing plasmids. Some
well-known plasmid-brone ARGs, like tetG, sul2 and aph6id (Bean et al.,
2009; Kehrenberg et al., 2003; Zhang et al., 2011), were also identified
to be carried by plasmids in both systems (Table S6). At the same time,
the dominant resistant determinant tetX was found to be present on
plasmid pRA0511 (Table S6), originating from Riemerella (NCBI ac-
cession number NC_019261). In this study, pRA0511 did increase with
the increase of tigecycline dose though Riemerella was not enriched
(Fig. S11, Table S7). However, the abundance of pRA0511 was sig-
nificantly lower (p < 0.01) than that of tetX gene in the tigecycline

system over the whole experimental period (Table S7), suggesting that
there might be some other genetic vectors for tetX in the metagome of
aerobic biofilm communities.

3.3. Succession of bacterial communities

The succession of aerobic biofilm bacterial communities was fol-
lowed by Miseq sequencing. A total of 1735 OTUs was generated based
on 97% sequence similarity, and 722 genera affiliated to 34 phyla were
identified. NMDS analysis showed that the bacterial population in the
tigecycline system succeeded differently with that in the control (Fig.
S12), suggesting the increasing dosage of tigecycline affected the bac-
terial community composition. Despite the change in bacterial com-
munity composition, relatively high bacterial diversity (Shannon index,
3.74 ± 0.32) was maintained even under a tigecycline dose as high as
25mg/L (Fig. S13), which was different with the previous finding that
tigecycline treatment could significantly lower the diversity of bacterial
community of murine gastrointestine (Bassis et al., 2014). The main-
tenance of bacterial diversity under tigecycline selection might be due
to two reasons. One is that the effective removal of tigecycline (Table
S2) by the aerobic biofilm microbiota decreased the selective pressure
(Yi et al., 2017). The other one is that heterogeneity in the biofilm used
in this study supported living space for the sensitive bacteria
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Fig. 1. Average abundance of resistome (a) and tetracycline resistance genes (b) in different aerobic biofilm samples revealed by metagenomic sequencing. **:
p < 0.01.
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(Wimpenny et al., 2000). The high diversity also indicated that the
aerobic biofilm bacterial communities were composed of functionally
redundant organisms (Werner et al., 2011), which could contribute to
the stable COD removal in the tigecycline spiking system over the ex-
periment (Fig. S3).

Proteobacteria was the dominant phylum in both systems, followed
by Bacteroidetes, Planctomycetes, Chloroflexi and Acidobacteria (Fig. S14).
The identified OTUs were further ranked at the genus level. The suc-
cession of top 20 genera in each sample was shown in Fig. S15 and that
of 14 genera which were enriched with the increase of tigecycline dose
was shown in Fig. 2. Genera Flavobacterium (from 0.63% at TG0 to
16.55% at TG25), Runella (from 3.22% to 9.96%), Methylotenera (from
0.002% to 9.00%), Alcaligenaceae_uncultured (from 0.12% to 7.04%),
Flexibacter (from 0.43% to 4.31%), and Nitrospira (from 0.02% to
2.07%) became the dominant ones at TG25 (Fig. 2). Among the six
enriched genera, Flavobacterium, Runella, and Flexibacter were sig-
nificantly enriched (p < 0.01) when tigecycline dose was increased to
5mg/L. The abundances of Nitrospira and Methylotenera were sig-
nificantly increased (p < 0.01) earlier at the stage with tigecycline
dose was 0.1 mg/L, and that of Alcaligenaceae_uncultured increased
(p < 0.01) later when tigecycline dose reached 10mg/L. The enrich-
ment of the heterotrophic genera Flavobacterium, Runella, Methylote-
nera, Alcaligenaceae_uncultured and Flexibacter might have also con-
tributed to the stable COD removal performance of the reactor (Fig. S3),
and the enrichment of the nitrifying bacteria Nitrospira might benefit
the recovery of nitrification when the tigecycline dose was increased to
25mg/L (Fig. S5). On the other hand, the original top five genera were
Xanthomonadales_uncultured, Candidatus_Alysiosphaera, Gemmobacter,
Luteimonas, and Thermomonas, whose abundances decreased from
20.48%, 3.90%, 2.74%, 1.61% and 1.23% in TG0 to 0.12%, 0.029%,
0.033%, 0.0075% and < 0.001% in TG25, respectively. For the control
system, Xanthomonadales_uncultured (18.05%), Luteimonas (4.55%),
Chryseobacterium (4.12%), SC-I-84_norank (2.96%) and Thiothrix

(2.89%) were the top five genera at C0, and Comamonadaceae_un-
classified (32.67%), Rhizomicrobium (6.13%), Candidatus_Alysiosphaera
(3.62%), Saprospiraceae_uncultured (3.57%) and Subgroup_6_norank
(3.29%) were the top five genera at C25 (Fig. S15).

3.4. Contribution of the horizontal and vertical gene transfer mechanisms to
resistome variations

To explore the mechanisms behind the change of resistome in
aerobic biofilm microbial communities under the tigecycline stress,
partial CCA was firstly used to quantitatively differentiate the con-
tribution of horizontal and vertical gene transfer mechanism to re-
sistome variation. Results showed that bacterial community shift (ver-
tical pathway) and MGE alteration (horizontal pathway) respectively
explained 16.13% and 7.97% of the resistome variation in the control
system, which explained 19.87% and 5.58% of the resistome variation
in the tigecycline system (Fig. S16). Their combination explained<
8.5% of the total variation, leaving nearly 67% unexplained in both
systems (Fig. S16). The above results indicated that vertical transfer
was the dominant driver shaping resistome structure in both systems.
Thereafter, network analysis was conducted to identify the possible
bacteria hosts of ARGs under tigecycle stresses. As shown in Fig. 3, the
connection of 32 ARGs with 107 bacterial genera could be roughly
divided into two parts. One part was centered on tetX gene, which
showed strong connection with Flavobacterium, Methylotenera, Cyto-
phaga, Leadbetterella, Phenylobacterium, Pedomicrobium, Methylo-
bacterium, Flexibacter, Aestuariimicrobium, and members of the family
Xanthobacteraceae and Alcaligenaceae (Fig. 3, Table S8). The other part
was dominated with smeE gene and genera Gemmobacter and Xantho-
monadales_uncultured, showing decreasing trends with the increase of
tigecycline concentrations (Fig. S7 and S15).

To further confirm the co-occurrence results revealed by network
analysis, genome binning was conducted. A total of 223 metagenomic
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Fig. 2. Abundances of 14 enriched genera in different aerobic bioflim samples of the tigecycline system.
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assembly-genomes with> 75% complete and<5% contamination
were recovered from the tigecycline system. Fig. 4 showed that the tetX
gene might be carried by Chitinophaga, Cytophaga, Flavobacterium and
Leadbetterella, all of which belong to the Cytophaga-Flavobacteria cluster
(Kirchman, 2002; Sly et al., 1999). At the same time, tetX was found to
be syntenic with ant6ia in Chitinophaga, Flavobacterium and Leadbetter-
ella, and with acrB or integrase and transposase genes in Leadbetterella
and Chitinophaga (Fig. 4).

4. Discussion

The purpose of this study was to evaluate the impact of tigecycline,
the third generation tetracycline, on antibiotic resistance development
of aerobic biofilm microbiota. Long-term chronic experiment over a
period of 636 days was adopted in this study with the consideration of
microbial adaption to antibiotic stress, which is more closer to the
conditions encountered in realistic wastewater treatment systems

(Aydin et al., 2015). The results showed that tigecycline at the dose of
10mg/L could cause significant enrichment of resistome dominated
with tetX in the aerobic biofilm microbial community (Fig. 1a). The
level is much higher than the recently reported concentration (0.74 μg/
L) of tigecycline in municipal wastewater (Zhang and Hu, 2018), in-
dicating tigecycline at the usually environmental concentration level
(~μg/L) of antibiotics (Gao et al., 2012; Gulkowska et al., 2008; Tang
et al., 2015; Zhang and Li, 2011) might not bring about a serious re-
sistance risk. In comparison, tetracycline and oxytetracycline, the two
first generation tetracyclines, were found to induce the significant in-
crease of resistant bacteria or genes in environmental microbiota at just
250 and 20 μg/L, respectively (Kim et al., 2007; Knapp et al., 2008).

The difference between tigecycline and the first-generation tetra-
cyclines for inducing resistance development might be due to the dif-
ferences in the resistance mechanisms. Tetracycline or oxytetracycline
are prone to mainly enrich the selfish tet genes encoding efflux or ri-
bosomal protection mechanisms, which could be selected at low

Fig. 3. Cooccurrence between ARGs and bacterial genus in tigecycline system revealed by network analysis.
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antibiotic concentrations because their benefits are directed solely to
the resistant cells (Bottery et al., 2016). Liu et al. (2012) and Huang
et al. (2014) noticed that adding tetracycline or oxytetracycline into
activated sludge significantly promoted the accumulation of efflux
genes tetA, tetC and tetG, and ribosomal protecting genes tetO.
Barkovskii et al. (2012) also found that tetracycline-contaminated
swine manure mainly enriched tetA and tetB genes during the biological
wastewater treatment process. By adding a 9-tert-butyl-glycylamido
side chain on the D ring, tigecycline acquires the ability to circumvent
the efflux pump or ribosomal protection resistance mechanisms (Projan,
2000). This could also be verified by the fact that the increase in ti-
gecycline dose did not result in the increase of most efflux and ribo-
somal protection tetracycline ARGs (Fig. 1b). The increase of tetA
abundance at TG25 might be attributed to the mutation in this gene
decreasing the susceptibility of its host to tigecycline (Yao et al., 2018).
On the contrary, tetX gene was significantly enriched, together with
some multidrug efflux pump genes with much lower abundances
(p < 0.05) (Fig. 1b and S6). TetX encoding an oxygen-dependent
monooxygenase could degrade tigecycline producing brown-black me-
tabolites (Forsberg et al., 2015; Li et al., 2017; Moore et al., 2005). The
enrichment of tetX gene under increasing tigecycline concentrations
suggested that biodegradation of tigecycline occurred in the tigecycline
system, which was supported by the low effluent tigecycline con-
centrations (Table S2) and darkened color of the bioflim after long-term
tigecycline treatment (Fig. S17). Meanwhile, the effective removal of

tigecycline should have reduced the necessity for the occurrence of
mutation in multidrug efflux pump genes since mutation will increase
the fitness cost of host bacteria (Baym et al., 2016), which is not ben-
eficial for their survival in a competitive environment (Lee et al., 2010).
Therefore, the enrichment of the cooperative tetX gene benefits both
resistant and sensitive cells in bioflim microbiota by reducing the ti-
gecycline concentration, which might be the reason for the higher ti-
gecycline dose (10mg/L) was required to increase resistome abun-
dance.

Proliferation of ARGs in environmental microbial community could
be achieved through horizontal and vertical gene transfer pathways (Li
et al., 2015). In this study, partial CCA analysis showed that vertical
transfer was the main driver for resistome variation under tigecycline
stresses (Fig. S16). This was different from other antibiotic exposing
systems where the horizontal gene transfer is often found to be the
central player shaping resistomes (Snitkin et al., 2012; Tian et al.,
2018). Network and genome binning analyses showed that the domi-
nant tetX gene was located on the chromosomes of the genera belonging
to Cytophaga-Flavobacteria cluster including Flavobacterium, Cytophaga,
Leadbetterella, Flexibacter and Chitinophaga (Figs. 3 and 4). Among them,
Flavobacterium with a high growth rate (Kirchman, 2002) became
dominant with the increase of tigecycline dose (Fig. 2), and should be
the main host of tetX in tigecycline exposing biofilm microbiota. The
presence of tetX on the chromosome of Flavobacterium psychrophilum
(NCBI accession number NC_009613) was also confirmed by searching

Fig. 4. Schematic presentation of the genetic environment of tetX flanking regions in the chromosomal DNA of the potential host genera of tetX revealed by genome
binning.
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tetX gene against NCBI genome database (https://www.ncbi.nlm.nih.
gov/genome/) (Table S8). At the same time, no MGE was detected at
the flanking regions of tetX in the chromosome of Flavobacterium
(Fig. 4), further suggesting a low horizontal transferability of the tetX
gene. As for the increase of pRA0511 (Table S7), whose conjugation has
not been proved (Li et al., 2017), Hall et al. (2017) recently found that
positive selection could also favor the increase of plasmids through the
reproduction of their host cells over the horizontal mobilization. On the
other hand, the multidrug efflux genes conferring tigecycline resistance,
such as mexB and mexD, are intrinsic resistant determinants (Dean
et al., 2003), which are mainly present on the chromosome and shared
by members of the same species or genus (Sandner-Miranda et al.,
2018).

TetX, thus far, has been only found in anaerobic or facultative
anaerobic Enterobacteriaceae and Pseudomonadaceae pathogens and one
soil bacteria, Sphingobacterium (Table S5). However, it was ubiquitous
in various water environments (Aminov, 2013; Thaker et al., 2010;
Zhang and Zhang, 2011). Flavobacterium is a genus of Gram-negative,
aerobic or facultatively anaerobic, rod-shaped, heterotrophic bacteria,
characteristically producing a yellow pigment (Bernardet and Bowman,
2006). It could degrade complex carbohydrates like cellulose because of
the presence of monooxygenase and hydrolytic enzymes (Manz et al.,
1996), and is widely distributed in water environment (Kirchman,
2002). Thus, the detection of tetX in Flavobacterium suggested that
Flavobacterium might be the natural host of tetX in water environment.
At the same time, considering previous study showed that adding tetX-
overexpressing Escherichia coli to soil microbial communities could lead
to low resistance levels upon exposure to 25mg/L of tetracycline
(Ghosh et al., 2015), the proliferation of Flavobacterium carrying tetX
gene in the aerobic biofilm might have also contributed to a relatively
low community-wide resistance development under increasing tigecy-
cline concentrations.

It should be noted that, besides tetX and the multidrug efflux genes,
there are some ARGs not conferring resistance to tigecycline were also
enriched with the increase of tigecycline dose (Fig. S7). For example,
ant6ia was increased with its abundance showing significant correlation
with that of tetX (Pearson correlation coefficient r=0.83, p < 0.001),
which might be due to that it was syntenic with tetX in the chromo-
somes of Flavobacterium and Leadbetterella (Fig. 4), meaning that it
could be accumulated together with the enrichment of the advanta-
geous degrading gene under tigecycline stresses. Similar co-selection
phenomena were also observed in the study of the impact of ASP250 (a
combination of chlortetracycline, sulfamethazine, and penicillin) on
swine gut resistome (Looft et al., 2012), and oxytetracycline on anae-
robic digestion sludge resistome (Tian et al., 2018). On the other hand,
to further analyze the genetic environment and assess the horizontally
transfer potential of tetX gene, its indigenous hosts in the aerobic bio-
film microbiota should be isolated and this work is in progress. At the
same time, the effect of other newly developed tetracyclines, like era-
vacycline and omadacycline holding the similar bacteriostatic me-
chanism with tigecycline (He et al., 2019), on environmental resistance
development should also be evaluated in the future.

5. Conclusion

To our knowledge, this is the first study on the resistance develop-
ment of environmental microbial community under tigecycline stresses.
Results showed that tigecycline will induce a significant increase
(p < 0.01) in aerobic biofilm resistome dominated with tetX gene only
when its dose was increased to a level as high as 10mg/L. The change
of resistome was mainly driven by the vertical pathway, and the pro-
liferation of Flavobacterium harboring the cooperative degrading gene
tetX contributed to a relatively low community-wide resistance devel-
opment under tigecycline selection by reducing the antibiotic con-
centration.
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