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The emergence of antibiotic resistance in retort to environmental pollutants during wastewater treatment still remains
elusive. Here, we first to investigate the emergence of antibiotic resistance in an environmental non-pathogenic bacte-
rium, Pseudoxanthomonas mexicana isolated from a lab-scale bioreactor treating wastewater containing streptomycin.
The molecular mechanism of antibiotic resistance development was evaluated in its genomic, transcriptional, and pro-
teomic levels. The streptomycin resistant (SR) strain showed strong resistance to streptomycin (MIC > 600 μg/mL) as
well to sulfamethoxazole, ampicillin, and kanamycin (≥250 μg/mL). A 13.4 kb class-1-integron array consisting of a
new arrangement of gene cassette (IS6100-sul1-aadA2-catB3-aacA1-2-aadB-int1-IS256-int) linked with Tn5393c trans-
posonwas identified in the SR strain, which has only been reported in clinical pathogens so far. iTRAQ-LC-MS/MS pro-
teomics revealed 22 up-regulated proteins in the SR strain growing under 100 mg L−1 streptomycin, involving
antibiotic resistance, toxin production, stress response, and ribosomal protein synthesis. At the mRNA level, elevated
expressions of ARGs (strA, strB, and aadB) and 30S-ribosomal protein genes (rpsA and rpsU) were observed in the SR
strain. The results highlighted the genomic plasticity and multifaceted regulatory mechanism employed by
P. mexicana in adaptation to high-level streptomycin during biological wastewater treatment.
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1. Introduction

Antibiotic resistance has been widely detected in microorganisms dis-
tributed in various environments, and wastewater treatment plants
(WWTP) are considered as a potential hotspot for the exchange of antibiotic
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resistance and an environment for the natural selection of antibiotic resis-
tant bacteria(An et al., 2018; Deng et al., 2012; Guo et al., 2017; Marathe
et al., 2017). They acquire irreversible resistance either by natural or
in vitro selections via concerted activities of mobile genetic elements
(MGEs), such as plasmids, transposons, integrons, genomic islands (GIs),
and prophages (Hsu et al., 2014; Jutkina et al., 2016; Nicolas et al., 2015;
Stalder et al., 2012). Among these, Tn3-family transposons are the largest
and versatile group of transposable elements (Ferreira et al., 2015;
Partridge et al., 2001). They usually include genes encoding a transposase
(tnpA) and resolvase (tnpR) responsible for the DNA excision and site-
specific recombination, respectively (Nicolas et al., 2017). Moreover, they
consist of distinct insertion sequences (ISs), and both terminal ends are
flanked by the size variable inverted repeats (IRs). Tn5393 is a Tn3-
family transposon often reported in the plant (Erwinia amylovora), animal
(Aeromonas salmonicida), human (Salmonella enterica) pathogens, and
wastewater microorganisms (Forster et al., 2015; Huyan et al., 2020;
Labee-Lund and Sorum, 2000; Pezzella et al., 2004; Schluter et al., 2007).
It usually possesses linked strA-strB genes encoding aminoglycoside O-
phosphotransferase that mediates resistance to streptomycin.

Class 1 integrons have been widely detected at WWTPs bioreactors
(Martini et al., 2018; Nardelli et al., 2012; Stalder et al., 2012). The three
major elements of class 1 integrons include a 5′conserved segment (5′CS)
associated integrase (intI), an internal variable region with different
ARGs, and a 3′conserved segment (3′CS, containing resistance genes
qacEΔ-1 and sul1). They play key roles in the flow of antibiotic resistance
determinants between pathogenic and non-pathogenic bacteria (Martini
et al., 2018), and they are frequently embedded in plasmids and transpo-
sons (e.g., Tn6001 and Tn1403) to promote their dissemination (Tseng
et al., 2007). A recent study revealed that antibiotics could trigger integrons
to acquire new types of Tn3-family transposons to better disseminate into
some environmental bacteria (Huyan et al., 2020). However, the survival
strategy and fate of environmental non-pathogenic bacteria in environ-
ments with relatively high antibiotics, e.g., bioreactors treating pharmaceu-
tical wastewater, are not known.

Pseudoxanthomonas spp. are gram-negative, non-pathogenic bacteria in
the family of Xanthomonadaceae, which have been isolated from diverse envi-
ronments, including nitrification biofilters, cottonwaste composts, and BTEX-
contaminated soils (Finkmann et al., 2000; Weon et al., 2006).
Pseudoxanthomonas sp. is widely present in agricultural soils (Kim et al.,
2015; Lin et al., 2019; Sreenivasa et al., 2019). The multifunction of this
genus include biodegradation, surfactant production, chemical reduction,
oil recovery enhancement, biofertilizer (Astuti et al., 2019; Lu et al., 2019;
Morales-Borrell et al., 2020; Moslehi et al., 2021; Nayak et al., 2009). In par-
ticular, their potentials in degrading a variety of xenobiotics, e.g., BTEX com-
pounds, cellulose, and non-steroidal anti-inflammatory drugs, have been
broadly reported (Choi et al., 2013; Huo et al., 2015; Lu et al., 2019; Nayak
et al., 2009; Patel et al., 2012). In an earlier study, the streptomycin resistant
Pseudoxanthomonas mexicana (SR strain) was isolated from an aerobic biofilm
reactor treating organic synthetic wastewater containing 50 mg L−1 strepto-
mycin, and the streptomycin non-resistant (SNR) strain was isolated from a
reactor treating the same wastewater without streptomycin (Selvaraj et al.,
2018). Both SR and SNR strains were present at relatively low abundances
(<5%) in the two reactors (reactor details can be found in SI 1). Among the
90 different bacterial species were isolated from the streptomycin-fed reactor,
few species such as Acinetobacter sp., Aeromonas allosaccharophila, Aeromonas
veronii, Comamonas testosteroni, Pseudoxanthomonas mexicana, and
Microbacterium maritypicum showed strong streptomycin resistance
(>1024 mg L−1) than the other strains. In particular, this was the first report
on the antibiotic resistance of Pseudoxanthomonas sp. However, it did not re-
veal how the non-pathogenic bacterium P. mexicana developed its strong re-
sistance to high levels of streptomycin (>100 mg L−1) in the reactor.

We were prompted to characterize the isolated SR strain's antibiotic re-
sistance, P. mexicana fromwastewater bioreactor treating organicwastewa-
ter containing streptomycin, identify ARGs that evolved under
streptomycin pressure, and unravel the mechanisms underlying its multi-
drug resistance. To achieve the above objectives, we compared the whole
2

genome and proteome profiles between the SR and SNR strains. The tran-
scription levels of eight target genes potentially contributing to aminogly-
coside resistance were quantified. Overall, this study is a step toward
better understanding the genomic plasticity of environmental non-
pathogenic bacteria under the strong pressure of antibiotics.

2. Materials and methods

2.1. P. mexicana strains

The streptomycin-resistant (SR) and non-resistant (SNR) strains of
P. mexicana were kindly provided by Prof. Min Yang (RCEES, Beijing,
China). Previously, SNR and SRwere isolated from an aerobic biofilm reactor
exposed to artificial wastewater with and without streptomycin (0 and 50mg
L−1, respectively) for >618 days (Selvaraj et al., 2018). Afterwards, the SR
strain was grown in the LB media in the presence of streptomycin (50 mg
L−1) (TCIDevelopmentCo., Ltd., Shanghai, China) tomaintain their antibiotic
resistance, while the SNR strain was cultured in the absence of streptomycin.

2.2. MIC measurement

According to the guidance of Clinical and Laboratory Standards Insti-
tute (CLSI) (Cockerill et al., 2019), the antibiotic resistance of SNR and
SR strains of P. mexicana was evaluated against nine antibiotics, including
ampicillin, kanamycin, streptomycin, sulfamethoxazole, tetracycline,
azithromycin, enrofloxacin, ertapenem, and tigecycline. Strains were
grown overnight on the Mueller Hinton (MH) agar plates. Cultures were
prepared from single colonies and re-suspended in the MH broth, where
turbidity was adjusted by using the 0.5 McFarland standard solution. The
diluted broth culture (75 μL) was mixed with 75 μL antibiotics solutions
at various concentrations in each well of 96-well plates (in triplicate) and
incubated at 37 °C for 18 h (Andrews, 2001). MIC50 and MIC90 were calcu-
lated in accordance with the internationally accepted procedure published
by CLSI (Schwarz et al., 2010). The MIC breakpoints were defined as fol-
lows: susceptible (0.016–12 μg/mL), intermediate (13–64 μg/mL), and re-
sistant (>64 μg/mL) (Popowska et al., 2012).

2.3. DNA extraction, SMRT sequencing, and comparative genomics

Total genomic DNA was extracted from the SNR and SR strains of
P. mexicana in their late exponential phase using a TIANamp bacteria
DNA kit (TIANGEN Biotech, China). The DNA yield and quality were eval-
uated by the agarose gel electrophoresis and Nanodrop 1000 spectropho-
tometer (Nanodrop, USA). Whole genome sequencing was performed by
the third-generation single molecule real-time (SMRT) technology (Pacific
Biosciences Inc.). A 20 kb library was constructed, and the original raw
reads were filtered. 122,412 subreads with a mean length of 11,478 bp
were obtained. The complete genome was then assembled by using HGAP
(3,936,186 bp). Genomeswere further annotated using the online ORF pre-
diction server RAST (https://rast.nmpdr.org/), and the manual annotation
was performed using BLAST (https://www.ncbi.nlm.nih.gov/). The geno-
mic tools including ISfinder (https://www-is.biotoul.fr/index.php),
INTEGRALL (http://integrall.bio.ua.pt/?), Antibiotic Resistance Genes Da-
tabase (ARDB) https://ardb.cbcb.umd.edu/, SnapGene, and Tandem re-
peat finder (TRF) https://tandem.bu.edu/trf/trf.basic.submit.html) were
specifically used for identifying the Class 1 In-Tn3 array and other impor-
tantmobile genetic elements. Using the results of de novo assembly as a ref-
erence, based on the raw data obtained by SMRT sequencing, the IPD ratio
(the main measure of kinetic information) was calculated to identify DNA
methylation sites. The IslandPath-DIMOB and PhiSpy were used to predict
GIs and prophages in both strains, respectively. To understand the pathoge-
nicity and virulence genes, the Pathogen-Host Interaction database (PHI-
base) (http://www.phi-base.org/) was used. CIRCOS and Easyfig 2.1
were used to visualize and compare the whole genomes of SR with SNR.
These two circular genomes have been deposited in the NCBI database
under the different accession numbers, CP060028 and CP060731.
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2.4. Protein extraction and iTRAQ proteomics

The SNR and SR strains (biologically triplicate) were grown at 37 °C in
the MH broth for 16 h supplied with 0 and 100 mg L−1 streptomycin, re-
spectively. The centrifuged bacterial pellets (about 200 mg wet weight)
were washed twice with PBS buffer. The 1.0 mL lysis buffer (7 M urea,
4% SDS, and 1× Protease Inhibitor Cocktail (Roche, Switzerland)) was
added to each sample, sonicated on the ice, followed by centrifugation at
13,000 rpm for 10 min (4 °C). Protein concentration of the supernatant
was measured using the BCA protein assay, and 100 μg protein was ad-
justed to a final volume of 100 μL with 100 mM TEAB (triethylammonium
bicarbonate) solution. 5 μL of 200 mM DTT and 5 μL of 375 mM
iodoacetamide were added and incubated at 55 °C for 1 h and at room tem-
perature for 30 min, respectively. Protein was precipitated with ice-cold
acetone and re-dissolved in 100 μL TEAB solution.

The precipitated protein was digested with sequencing-grade modified
trypsin (Promega, USA), and the resulting peptide mixture was labeled
using the iTRAQ8Plex reagent kit (Sciex, USA). The labeled samples were
combined, desalted using the C18 SPE column (Sep-Pak C18, Waters, USA)
and vacuum-dried. The peptide mixtures were fractionated by the high pH
separation using the Aquity UPLC system (Waters, USA) connected with a
reverse-phase column (BEH C18 column, Waters, USA). The fractioned sus-
pension was separated on a Nano Aquity UPLC (Waters) connected with a
quadrupole-Orbitrap mass spectrometer (Q-Exactive-HF, Thermo Fisher Sci-
entific, Germany) equipped with an online nano-electrospray ion source.
The Q-Exactive-HF mass spectrometer was operated in the data-dependent
mode to switch automatically between MS and MS/MS acquisition.

Tandem mass spectra were extracted by Proteome Discoverer (Thermo
Fisher Scientific, version 1.4.0.288) and analyzed usingMascot (Matrix Sci-
ence, version 2.3). Mascot was set up to search the Uniprot database
(https://www.uniprot.org/) (Taxonomy: Pseudoxanthomonas, 85,657 en-
tries) with trypsin as the digestion enzyme. Carbamidomethyl of cysteine
and iTRAQ 8plex of lysine and the n-terminus were specified in Mascot as
fixed modifications. Peptide false discovery rates (FDR) were controlled
at <1%, and only unique peptides were used for protein quantification.

2.5. cDNA synthesis and RT-qPCR

During (t=8h) and after (t=16h) the exponential growth phase, SNR
and SR strains (biologically triplicate) were collected from their growth
media (w/ and w/o streptomycin) for RNA extraction using the RNeasy
mini kit (Qiagen, USA). The removal of genomic DNA and reverse
Fig. 1.MIC and fold-change MIC values of the SNR and SR strains against variou
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transcription reaction for cDNA synthesis was performed using the
PrimeScript RT reagent kit (Takara Bio, Japan). To quantify the target
gene expression levels, quantitative PCRwas carried out using the CFXCon-
nect Real-Time PCR detection system (Bio-Rad, USA). Specific PCR primers
were designed based on the genome sequence of the SR strain to target
gyrB, strA, strB, aadB, aadA1-1, aadA1-2, aadA2, rpsA, and rpsU genes
(Table S6). The specificity of all primers was confirmed by conventional
PCR and agarose gel electrophoresis (Fig. S4). The qPCR conditions were
95 °C for 3min, followed by 40 cycles of 95 °C for 30 s, specificmelting tem-
perature for 30 s, and 72 °C for 30 s. The amplification efficiency varied be-
tween 95 and 105%. The transcripts of target genes were normalized by the
quantity of gyrB transcripts to calculate the gene expression levels.

3. Results

3.1. Antibiotic resistance phenotyping

SNR strain was susceptible to all the antibiotics tested in this study (MIC
< 12 μg/mL). In contrast, SR strain showed multidrug resistance against
streptomycin, ampicillin, kanamycin, and sulfamethoxazole (MIC values
were all >250 μg/mL, Fig. 1). Detailed MIC, MIC50, and MIC90 values of
the two strains against 9 antibiotics can be found in Table S1. In particular,
the MIC of SR strain against streptomycin (>600 μg/mL) was 120 times
higher than that of SNR strain. Fold changes of MIC values for ampicillin,
kanamycin, and sulfamethoxazole were also above 25 times. Nonetheless,
SR strain remained susceptible to tetracycline, azithromycin, enrofloxacin,
ertapenem, and tigecycline.

3.2. Chromosome comparisons of P. mexicana SNR and SR strains

Important features of the SNR and SR genomes of P. mexicanawere sum-
marized in Table 1. The 16S rRNA gene sequences of both strains were
closely related to Pseudoxanthomonas mexicana strain YT-01 (Accession
no. KT581996 and its sequence similarity 99.89%). The genome sizes of
SR and SNR strains were approximately 3.9 Mb. The GC contents of SR
and SNR strains were 67.39 and 67.23%, respectively. The predicted total
number of open reading frames (ORFs) was 3702 and 3640 for SNR and
SR strains, respectively, while the hypothetical proteins were 912 and
848, respectively. Likewise, the number of tRNAs (50–53), rRNAs (6),
and other non-coding RNAs (17–22) in the two genomes were slightly dif-
ferent in the two strains. Figs. 2 and S1 represented the orientation of ORFs,
tRNA, repetitive sequences, non-coding RNAs, and other genomic features
s antibiotics. Fold-changes were calculated by dividing the MICNR by MICSNR.

https://www.uniprot.org/


Table 1
Chromosomal properties of the SNR and SR strains of P. mexicana.

Properties SNR strain SR strain

Genome size (kb) 3936 3966
GC content (%) 67.39 67.23
ORF 3702 3640
rRNA 6 6
tRNA 50 53
Non coding RNA 22 17
CRISPR 8 6
Antibiotic resistance genes 3 10
Signal peptide protein 564 530
Trans-membrane protein 943 914
Secreted protein 458 433
Pathogen-host protein 665 676
Transport protein 77 75
Repetitive sequence (%) 1.00 1.04
Multi drug efflux system 15 15
Methylation-m6A 1647 11,067
Methylation-m4C 302,207 419,137
Hypothetical proteins 912 848
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of SR and SNR strains. Both SR and SNR strains were not identified for any
of the extra-chromosomal plasmids.

The predicted proteins in the genomes of SNR and SR strains (involving
3050 and 3066 genes, respectively) were classified into 17 functional cate-
gories in the Clusters of orthologous groups of Proteins (COGs) (Fig. S2).
Differences in the frequency of identified orthologous groups were ob-
served mainly in the categories of K (Transcription), L (Replication,
Fig. 2. A circular genome map of the streptomycin resistant (SR) strain, P. mexicana. Th
positive and negative strands (different colors represent different COGs); the 4th an
represents GC content (light yellow stands for a higher GC content than the average of
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recombination, and repairs), and M (Cell membrane biogenesis). In partic-
ular, the SNR strain has 149 predicted genes in category L accounting for
4.89% of its total COGs, while the numbers were statistically higher in SR
strain (191 genes and 6.23%, p < 0.05). In both strains, around 280 genes
(9.12%) were in category S with uncharacterized functions. Ten GIs were
identified in the SR strain (Table S2), among which two GIs (GI_2 and
GI_4) were not observed in the SNR strain. In particular, GI_4 (17.8 kb)
was comprised of IS element (IS6100), sulfonamide resistance (sul1) gene,
aminoglycoside resistance gene (aadA2) and some chemotaxis genes
(cheRBY). GI_2 consist of two IS3 elements and hypothetical genes. Simi-
larly, seven prophage (pp) regions were identified in the SR strain
(Table S3). Among them, four prophages (pp1, 2, 4 and 5) were not de-
tected in the SNR strain, mostly associated with Type-I restriction-
modification and structural protein biosynthesis.

3.3. Comparative genomics revealing a novel class 1 In-Tn5393c array

A new Class 1 In-Tn5393c array (13.4 kb) was observed in the SR strain
(Fig. 3), which was completely absent in the SNR strain. This entire ARG
cassette showed the highest similarity to Aeromonas caviae (coverage:
83%, similarity: 99.73%) (Fig. 4), which was gram-negative, facultative an-
aerobic, and pathogenic bacteria associated with human infections. Nota-
bly, Aeromonas caviae was also isolated from the aerobic reactor exposed
to 50 mg L−1 streptomycin where SR was isolated (Selvaraj et al., 2018).
The Class 1 In-Tn5393c array consisted of two genetic segments located
on GI_4 in the SR strain, i.e., a Class 1 integron (6.5 kb) and a Tn3-family
transposon, Tn5393c (5.4 kb). The uniqueness of the array lies in its
e outer circle represents genome size, the 2nd and 3rd circles are the genes on the
d 5th circles indicate the positions of tRNA and rRNA sequences, the 6th circle
the whole genome).



Fig. 3. A pairwise alignment of the antibiotic resistance locus in the SR and SNR strains of P. mexicana. The class 1 In-Tn5393c array is enlarged to show the class 1 integron,
transposons, ARGs and insertion elements.
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integron, which harbored multiple ARGs encoding for aminoglycoside re-
sistance (aadB, aadA2, and aacA1-2), chloramphenicol resistance (catB3),
and sulfonamide resistance (sul1). The ends of integron were flanked by
two conserved segments (5′-CS and 3′-CS), and the terminus of 3′-CS was
linked with an IS6-family transposase, namely IS6100 (765 bp) that was
flanked by inverted repeat (IR) sequences. On the other side, the integron
was linked with a distinct Tn3-family transposon, namely Tn5393c
(5470 bp in size), consisting of linked streptomycin resistant determinants
strA-strB (encoding streptomycin-3′-phosphotransferase and streptomycin-
6′-phosphotransferase), tnpA (encoding transposase), and tnpR (encoding
resolvase). Tn5393c was flanked on both sides by the IR sequences (IRL:
81 bp; IRR: 80 bp). The nucleotide sequence of Tn5393c was exactly the
same as that in clinical pathogen Aeromonas salmonicidia (Accession no.
AF262622).

3.4. Other resistance determinants

SR strain contained a mercury resistance operon, merAPTR (3.2 kb),
while it was completely absent in the SNR strain. This heavy metal
resistance gene cassette was comprised of merA (mercury reductase),
merP (mercury binding protein), metT (mercuric transport protein), and
merR (mercuric transcription regulator protein) genes. It showed the
closest relationship (coverage: 94%, similarity: 99.77%) with the mercury
operon in Stenotrophomonas maltophilia K279a (Accession no,
AM743169). Moreover, this merAPTR operon was linked with the Tn2-
family transposase on one side and a phage integrase on the other side,
and was located adjacent to lead, cadmium, zinc, and mercury-
transporting ATPase (zntA).
5

ARGs such as ampC (β-lactam resistance), aacA1-1 (aminoglycoside re-
sistance), and bacA (bacitracin resistance) existed in the genomes of both
SNR and SR strains. An intrinsic arsenic resistance operon, arsCPRH (2.7
kb), was identified in both SR and SNR strains, consisting of arsC (arsenate
reductase), arsP (arsenate permease protein), arsR (arsenate repressor pro-
tein), and arsH (arsenate resistance protein). In addition, genes encoding
azo-dye reducing enzyme (azoA), heavy metal sensor histidine kinase
(cztS), metallopeptidase enzymes, and heavy metal Resistance-
Nodulation-Division (HME-RND) efflux systems (cobalt/zinc/cadmium re-
sistance) also exist in both strains.

3.5. Defense and virulence determinants

A complete gene cluster of the Type-I Restriction-Modification (RM)
system was identified as a part of prophage_1 in SR strain, but not in SNR
strain. This RM system (6.1 kb) is comprised of three structural subunits,
M (Methylation), S (Specificity), and R (Restriction). The number of
adenine methylation (m6A) sites in the SNR strain is only 1647, compared
with 11,067 in the SR strain (Table S4). Six types of m6A motifs
(GYAYNNNNNCTGG, CCAGNNNNNRTRC, GACATC, GATGTC,
CNAGNTANNTNTNHNNNA, and BNAKGCMGCA) account for 0.3–1.0%
of the whole SR genome. Among these, GACATC and GATGTC are more
abundant than the other four m6A motifs.

A number of (665 and 676) putative virulence factorswere annotated in
the SNR and SR strains, with only 45 and 69 with protein identity >50%,
respectively. The 24 unique virulence factors in the SR strain but not SNR
strain were similar to those in humans (Staphylococcus aureus and Salmo-
nella enterica) and plant (Xanthomonas campestris, and Pseudomonas cichorii)



Fig. 4. Comparative genomics between the newly identified class 1 In-Tn5393c array in the non-pathogen, SR strain (A) and its closest sequence of a clinical pathogens,
Aeromonas caviae WCW1-2 (coverage = 83%, similarity = 99.73%) (B), Pseudomonas aeruginosa strain plasmid p1160-VIM (C), Salmonella enterica plasmid pSE15-
SA01028 (D), Pseudomonas aeruginosa strain 32183cz (E) and Klebsiella pneumoniae strain KP1814 plasmid pKP1814-1 (F).
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pathogens. Those virulent factors mainly included RNA process blocking
type-III effector (hopA1), acid-stress responding ATPase (ravA), and ATP-
dependent ClP protease (clpX).

3.6. Differentially expressed proteins

A total of 2536 proteins were identified and quantified in the six sam-
ples submitted for iTRAQ-LC-MS/MS proteomic analysis (SNR and SR
strains with biological triplicates). Among them, 49 differentially expressed
(DE) proteins were observed between the two strains (unique peptide≥1,
fold-change >1.2 or <0.83, and p-value <0.05), involving DNA replication
(7), protein synthesis (5), metabolic pathways (12), structural protein
synthesis (8), bacteria cell protection and stress response (6) and unknown
functions (5) (Table S5). Compared with the SNR strain, 22 proteins were
upregulated, and 27 were down-regulated in the SR strain (Fig. 5 and
Fig. S3). In particular, the aminoglycoside phosphotransferase like
protein, type II virulence associated toxin protein (VAP-C), and two
structural 30S ribosomal proteins (S1 and S21) were highly upregu-
lated. 30S ribosomal protein S1 (rpsA) was upregulated by 2.92 folds
(p-value < 0.05) was the most upregulated protein. Meanwhile,
protein-export protein (secB) was the most down-regulated protein
(fold-change: 0.19, p-value < 0.05).

Streptomycin resistance genes (strA and strB) and aminoglycoside resis-
tance gene (aadB) were significantly over-expressed by 103–105 folds in the
SR strain, especially during the early exponential phase at t= 8 h (Fig. 6).
In agreement with proteomics, the two genes encoding 30S ribosomal pro-
teins, rpsA and rpsU were also significantly over-expressed in the SR strain.
Although the expression levels of all tested genes decreased during t =
8–18 h in the SR strain, but they were still much higher than those in the
SNR strain. The transcripts of other aminoglycoside resistance genes on
the newly identified Class 1 In- Tn5393c array (e.g., aadA1-1, aadA1-2
6

and aadA2) were below the detection limit and were thus not displayed
in Fig. 6.

4. Discussion

In the present study, we identified a new array of Class 1 In-Tn5393c in
the genome of streptomycin-resistant environmental bacterium
P. mexicana, which was potentially the major contributor to the multidrug
resistance. The class 1 In-Tn3 array is mainly associated with resistance to
tetracycline (tetACG), aminoglycoside (aadAB and aacA), β-lactam (bla),
trimethoprim (dfrA), chloramphenicol (catB and cmLA), and sulfonamides
(sul1) (An et al., 2018; Huyan et al., 2020; Ma et al., 2017). Tn5393c repre-
sented one of the derivatives of Tn5393, and these derivatives have been
mainly identified in pathogens, e.g., P. syringae pv. syringae (Tn5393a),
X. campestris pv. vesicatoria (Tn5393b), Aeromonas salmonicida subsp.
salmonicida (Tn5393c) and Alcaligenes faecalis (Tn5393d) (Carnelli et al.,
2017; Dai et al., 2016; Ferreira et al., 2015; Labee-Lund and Sorum,
2000; Mantengoli and Rossolini, 2005; Pezzella et al., 2004). Tn5393 iden-
tified in this study is highly identical to Tn5393c in terms of the gene ar-
rangement (tnpA-tnpR-strA-strB) and central recombination site, res
(AF262622). Although class 1 In-Tn5393c array is present in the clinical
pathogens, Aeromonas caviae, Salmonella enterica, Pseudomonas aeruginosa,
and Klebsiella pneumonia, the newly identified class 1 In-Tn5393c had a
unique gene arrangement in its integron region (Fig. 4). IS6100 typically lo-
cates within (Mantengoli and Rossolini, 2005) or adjacent to Tn5393
(Labee-Lund and Sorum, 2000; Tseng et al., 2007), while it was flanked
at the 3′-CS of the class 1 In-Tn5393c. Moreover, the unusual co-
occurrence of IS6100 and IS256 elements in the opposite orientation is dis-
tinct from other class 1 In-Tn5393 arrays (Labee-Lund and Sorum, 2000;
Tseng et al., 2007). This co-occurrence might have evolved in response to
the increased streptomycin pressure in the wastewater bioreactor.



Fig. 5. A hierarchical clustering of differentially expressed proteins between SNR and SR strains (in triplicate). SNR and SR strains were grown in MH broth for 16 h at 37 °C
amendedwith 0 and 100mg L−1 streptomycin, respectively. Colored bars indicate the relative expression levels of specific proteins (Z-score). Red: up-regulation, blue: down-
regulation.
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Intriguingly, some of these pathogenic populations co-existed with
P. mexicana in the bioreactor treating wastewater containing streptomycin
(e.g., Aeromonas caviae and Aeromonas salmonicida) (Selvaraj et al., 2018).
Though SR strain was not detected for any extra chromosomal plasmids,
it possesses multiple horizontal gene transfer (HGT) components
(Table 2), and the Class 1 In-Tn5393c array is located on GI_4 and flanked
by the mobile genetic elements IS6100 and Tn3-related transposase (Dai
et al., 2016; Nicolas et al., 2017). Therefore, it was speculated that the
class 1 In-Tn3 array in P. mexicana was obtained from one of pathogenic
bacteria in the bioreactor through HGT. The dissemination of this evolved
class 1 In-Tn5393c array from wastewater bacteria to broader environ-
ments (e.g., receiving water bodies and soils) poses ecological risks that
are yet to be characterized.

The class 1 integron linked transposons (Tn1696 and Tn1721) often
linked with mercury resistance operons (Kholodii et al., 1995; Partridge
et al., 2001). In our study, the SR strain possessed a complete set of mercury
resistance gene clusters (merAPTR), which was completely absent in the
SNR strain. It consisted of IS3 family members (IS2 and IS3), which are
strong regulators of the neighboring genes (Mahillon and Chandler,
1998). Moreover, merAPTR was comprised of the bacteriophage genome
region (1080 bp) in its upstream region, which is known to prefer target
specificity for the IS2 insertion (Sengstag and Arber, 1987). The co-
7

evolution process of ARGs and other resistance determinants under selec-
tive pressures of antibiotics have also been demonstrated elsewhere
(Fournier et al., 2006; Gomi et al., 2017; Saffarian et al., 2017). However,
possible relationships between these evolution and mercury resistance de-
serve detailed evaluations. In both SNR and SR strains, we also observed
membrane-bound efflux systems such as the resistance-nodulation-cell divi-
sion (RND), multidrug and toxin extrusion (MATE), and ATP-binding cas-
sette (ABC), rendering inherent resistance of P. mexicana. The presence of
gene encoding dye reducing enzymes (e.g., azobenzene reductase),
metallopeptidase, haloalkane dehalogenase, and arsenate reductase indi-
cates its potential in degrading xenobiotic compounds.

SR strain had a complete set of the Type I RM bacterial defense system
that is absent in the SNR strain, resulting in its more m6A (6.72-folds) and
m4C (1.38-folds)methylationmotifs than SNR strain. This is an indicator of
active HGT occurring in the SR strain that may lead to increased antibiotic
resistance (Huo et al., 2015; Price et al., 2016). Since the genetic determi-
nants of the RM system are highly mobile, SR strain might have also re-
ceived it from other bacterial strains via HGT (Kobayashi, 2001; Shin
et al., 2016). In addition, there is an increased abundance of genes encoding
pathogen-host proteins in the SR strain, e.g., bacterial virulence and patho-
genicity factors (Lim et al., 2015;Wyrsch et al., 2015). Accordingly, we sug-
gested that SR strain employed an integrated genome adaptation strategy in



Fig. 6. The expression levels of key antibiotic resistance genes and 30S ribosomal genes in the SR and SNR strains of P. mexicana as revealed by RT-qPCR assays. The quantity
of gene transcripts is normalized to the quantity of gyrB. Error bars represent standard error of the mean experimental values.
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response to streptomycin stress, including the acquirement of class 1 In-
Tn5393c array, bacterial defense system, and various virulence factors,
and these genomic events likely occurred simultaneously in the wastewater
bioreactor.

In the proteome profile of SR strain, over expressed proteins were
mainly associatedwith ribosomal protein synthesis, toxin production, stress
response, and DNA synthesis and repair process. The up-regulated 30S ribo-
somal structural proteins S1, and S21 and their corresponding genes rpsA
and rpsU (data from RT-qPCR assays) indicated another possible regulatory
mechanism employed by the SR strain in response to streptomycin pres-
sure. A few of research studies revealed that the up-regulation of ribosomal
proteins has a relationship with bacterial stress and pathogenesis (Duffitt
et al., 2011; Fisunov et al., 2017; Zhao et al., 2019). Among other DEPs,
we found that the up-regulated ATP-binding protein (fold-change: 1.78,
p-value < 0.05) was similar to the known bifunctional aminoglycoside
phosphotranferase/ATP-binding protein (gene ID: 2720891) ofMycobacte-
rium avium subsp. Parayuberculosis K-10 (Li et al., 2005). This
Table 2
The presence of genomic determinants involved in the various horizontal gene
transfer mechanisms in the SNR and SR strains of P. mexicana.

HRT mechanisms Components SNR strain SR strain

Conjugation Type IV pilus system + +
RecBCD components + +
RecA protein 2 5

Transduction Phage integrase 3 6
Bacteriophage protein 2 4
Prophage region 3 7
Genomic islands 8 10

Transformation Type I RM system subunits 0 3
Type II restriction enzyme 0 1
Mrr restriction system protein 1 0

Mobile genetic elements Variable gene cassette 0 3
ARGs 3 10
Transposons 15 51
Integrons 2 4
Conserved segments 0 2

8

aminoglycoside phosphotransferase is possibly encoded by the streptomy-
cin resistance genes strA and strB located in the Class 1 In-Tn3 array
(Sundin, 2002). vapC encoding virulence-associated protein was also up-
regulated, which belongs to the largest family of the type II toxin-
antitoxin system frequently observed in clinical pathogens, e.g., Shigella
flexneri (Dienemann et al., 2011; McVicker et al., 2019). The over-
expression of 30S ribosomal genes (rpsA and rpsU) at both transcriptional
and translational levels was a strong indicator for their participation in
the development of streptomycin resistance in the SR strain. The up-
regulated streptomycin resistance genes at the RNA level and aminoglyco-
side phosphotransferase enzymes at the protein level also suggested their
possible participation in streptomycin resistance. The presence and expres-
sion of another ARG, aadB, potentially contributed to the streptomycin
pressure of the SR strain that was previously proposed for the resistance
of kanamycin, gentamycin, and tobramycin, but not streptomycin
(Hamidian et al., 2012; Jones et al., 2005).

In conclusion, the integrated genomic, transcriptomic, and proteomic
analyses appeared to be a thriving approach for discovering the complex
regulatory mechanisms employed by the environmental non-pathogenic
bacteria P. mexicana developing its multidrug antibiotic resistance develop-
ment. A Class 1 In-Tn5393c array with distinct gene arrangement was po-
tentially acquired from pathogens co-existed with P. mexicana in the
wastewater bioreactor under streptomycin pressure. The enriched HGT
components and co-selection of ARGs, MRGs, and defense system determi-
nants in the SR strain also contributed to the multidrug resistance. Strepto-
mycin pressure served as a driving force triggering the genetic events, as
well as transcriptional and translational regulations in the SR strain. Future
research needs focusing on unraveling more details of the antibiotic
resistance mechanisms and evaluating the dissimilation potentials of the
acquired antibiotic determinants from environmental non-pathogenic
bacteria to other vulnerable populations at WWTPs and broader environ-
ments.
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