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ABSTRACT

Objectives: This study aimed to characterize Gram negative bacteria carrying blaggs carbapenemase genes
detected in wastewater from a hospital with no history of detection of clinical isolates producing GES
carbapenemases.
Methods: Six hospital effluent samples were screened for carbapenemase-producing organisms (CPO) us-
ing CHROMagar mSuperCARBA and MacConkey agar with 1 pg/mL imipenem. Polymerase chain reaction
(PCR) amplification and sequencing of carbapenemase genes, multilocus sequence typing, antimicrobial
susceptibility testing, and whole-genome sequencing were performed.
Results: Among 21 CPO isolates, 11 Klebsiella spp. and 5 Enterobacter kobei isolates carried blaggs.p4, and
4 E. roggenkampii and 1 Pseudomonas aeruginosa isolates carried blaggss. Genomic analysis of 8 repre-
sentative isolates comprising 6 blaggs.4-positive and 2 blaggs.s-positive revealed that class 3 integrons
with complete or defective Tn402-like transposition modules were predominantly associated with two
tandem copies of blaggs.o4. Furthermore, a total of 5 new class 3 integrons, In3-18 to In3-22, were iden-
tified among 5 blaggs.24 and 1 blaggs.s plasmids. One strain each of K. pneumoniae subsp. pneumoniae
and K. quasipneumoniae subsp. similipneumoniae harboring blaggs.o4 plasmids also carried a rare blaygg -
positive class 1 integron on a non-typeable plasmid, where these blaygg.; plasmids had high sequence
similarity. Virulence gene profiles differed between Klebsiella spp. and Enterobacter spp.; the former har-
bored type III fimbriae cluster, salmochelin, and T6SS type i2 gene clusters, while the latter had curli pili
operon, aerobactin, T2SS gene clusters, and T6SS type i3 gene clusters.
Conclusion: Our findings confirmed the linkage of blacgs.o4 with rare Tn402-like class 3 integrons and the
structural diversity of their gene cassette arrays.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abbreviations: KPC, Klebsiella pneumoniae carbapenemase; IMP, IMP-type

1. Introduction

metallo-B-lactamase; VIM, Verona integron-encoded metallo-S-lactamase; NDM,
New Delhi metallo-3-lactamase; OXA, Oxacillinase; GES, Guiana extended spectrum
B-lactamase.
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Carbapenemase-producing organisms (CPO) are a global threat,
particularly in healthcare settings. Serious limitations in therapeu-
tic options lead to poor clinical outcomes. The major clinically
relevant carbapenemases are class A carbapenemase KPC, class
B metallo-B-lactamases, IMP, VIM, and NDM, and class D car-
bapenemase OXA-48. GES carbapenemases remain rare but are in-
creasingly reported worldwide [1]. These carbapenemase-encoding
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genes are frequently associated with mobile genetic elements
(MGESs) including transposons, integrons, and plasmids, which pro-
mote their mobilization and enable the rapid dissemination of car-
bapenemase genes [2]. The spread of high-risk clones with flexible
ability to uptake, accumulate, and exchange resistance and viru-
lence genes, and the ability to adapt to human hosts and environ-
ments, also plays an important role in the successful dissemination
of carbapenemase genes [3].

Hospital wastewater is a major reservoir of bacteria with an-
timicrobial resistance and is a potential hotspot for the hori-
zontal transfer of resistance genes [4]. Higher concentrations of
carbapenemase-producing Enterobacterales (CPE) isolates in hospi-
tal wastewater compared with community wastewater have been
noted [5]. Thus, the continuous discharge of hospital wastewa-
ter into community sewer drains has raised public health con-
cerns about the potential dissemination of CPE via environmen-
tal waterways [6]. Also, there is increasing evidence of CPE cross-
transmission between patients and the healthcare water environ-
ment, including sink surfaces and wastewater drainage systems, in
outbreak-associated cases [7]. Retrograde contamination of the CPO
isolates from drainage and wastewater pipe systems have been as-
sociated with their transmission from the hospital environment to
the patients [8]. Thus, surveillance of hospital wastewater for CPO
is important, considering the risk of their retrograde spread from
the wastewater drainage system.

In this study, we identified CPO isolates carrying blaggs.o4 and
blaggs.s in wastewater from a hospital with no history of detection
of clinical isolates producing GES carbapenemases. Genetic features
of plasmids harboring these blacgs genes and their hosts were in-
vestigated. Our findings highlight the important role of new Tn402-
like class 3 integrons in the dissemination of rare blaggs.o4 genes
in hospital wastewater.

2. Material and Methods
2.1. Sample collection and bacterial isolation

Hospital wastewater effluents were collected once per month
at two different sampling points from the Nakatsugawa Municipal
General Hospital (360-bed capacity) located in Nakatsugawa City,
Gifu Prefecture, Japan during the period from June to August 2019.
Effluent A was collected at the point where wastewater came from
the hospital wards and laboratories, and effluent B was collected
at the confluent point of effluent A and the hemodialysis facility
wastewater treated in a neutralization tank. All six hospital efflu-
ent samples collected in 50-mL sterile tubes were kept under cool-
ing conditions during transportation and were stored at 4°C until
analyses.

One mL of well-mixed effluent sample was added to a tube
containing 9 mL of brilliant green lactose bile broth (BGLB broth;
Eiken Chemical Co., Tokyo, Japan) and incubated overnight at
37 °C with 150 rpm shaking. Then, 10pL of the broth was
plated onto two agar media, MacConkey agar (Eiken) contain-
ing 1 pg/mL imipenem (Sigma-Aldrich Japan, Tokyo, Japan) and
CHROMagar mSuperCARBA (Kanto Chemical, Tokyo, Japan), fol-
lowed by overnight incubation at 37 °C. For each effluent sam-
ple, representative colonies with different morphological features
on agar plates were individually subcultured onto Mueller-Hinton
agar (Eiken), which were subjected to matrix-assisted laser des-
orption ionization-time of flight mass spectrometry (MALDI-TOF
MS) (Bruker Daltonics Japan, Yokohama, Japan) using >2.000 score
cutoffs for species-level identification. The discrimination of Enter-
obacter cloacae complex species was performed by sequencing of
two housekeeping genes, rpoB and hsp60, amplified by polymerase
chain reaction (PCR) using specific primers described previously
[9,10].
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2.2. Molecular analysis

Carbapenemase genes blayp, blanpy, blagpe, blaggs, and
blagxa-4g Were screened by PCR and identified by DNA sequencing
[11].

Multilocus sequence typing (MLST) analysis was conducted
according to the scheme described on the Institute Pasteur
MLST website (https://bigsdb.pasteur.fr/) and the PubMLST website
(https://pubmlst.org/).

Broth mating conjugation assays were performed with 50
pg/mL ampicillin selection and Escherichia coli x 1037 (Rif") as the
recipient [12]. Transformation assays were performed with NEB 10-
beta electrocompetent E. coli (DH10B derivative, New England Bio-
labs, Tokyo, Japan) as the recipient. Transformants were selected on
LB agar plates supplemented with ampicillin (50 pg/mL) or aztre-
onam (16 pg/mL).

2.3. Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) were determined
by the broth microdilution method recommended by the Clini-
cal and Laboratory Standards Institute (CLSI) using dry plate DP41
(Eiken Chemical Co., Tokyo, Japan), and the results were inter-
preted according to CLSI breakpoints [13]. The MICs of faropenem
(Sigma-Aldrich), ertapenem (Fujifilm Wako Pure Chemical Co., Os-
aka, Japan), colistin (Fujifilm), and tigecycline (Tokyo Chemical In-
dustry Co., Tokyo, Japan) were determined by in-house prepared
panels according to the CLSI broth microdilution method. E. coli
ATCC25922 was used as a quality control strain.

2.4. Whole-genome sequencing and data analysis

[llumina sequencing was conducted using the 150-bp paired-
end method with the NovaSeq6000 platform (Illumina Inc., San
Diego, CA) [12] or partly with the Miseq and the 300-bp paired-
end method (Illumina). For MinlON (Oxford Nanopore Technolo-
gies [ONT], Oxford, UK) sequencing, genomic DNA was extracted
using a Qiagen Genomic-tip 20/G kit (Qiagen, Tokyo, Japan). Long-
read library preparation was performed using SQK-RBK004 rapid
barcoding kit (ONT). Hybrid assembly of Illumina short reads and
MinION long reads was performed using Unicycler v0.4.8 [14]. The
resulting assemblies were queried with MLST 2.0, ResFinder 4.1,
and PlasmidFinder 2.1 available from the Center for Genomic Epi-
demiology (http://www.genomicepidemiology.org). Klebsiella cap-
sule locus (KL) types of Klebsiella spp. isolates were assigned using
the Kaptive web tool (https://kaptive-web.erc.monash.edu/). Anal-
ysis of virulence and heavy metal resistance genes was performed
using the VFAnalyzer from the virulence factors database (VFDB,
http://www.mgc.ac.cn/VFs/) and BLASTn tool. Detection and sub-
typing of type VI secretion systems (T6SSs) were conducted us-
ing the SecReT6 v3 (https://bioinfo-mml.sjtu.edu.cn/SecReT6/index.
php).

For genome-based discrimination of K pneumoniae
species complex isolates and Enterobacter cloacae com-
plex isolates, ANIm was determined using JspeciesWS
(http://jspecies.ribohost.com/jspeciesws/). The following refer-
ence genomes were used for ANIm pairwise genome compar-
isons: K. pneumoniae subsp. pneumoniae strain ATCC 13883
(GCA_000742135.1), K. quasipneumoniae subsp. quasipneumoniae
strain MGH96 (GCA_001033665.1), K. quasipneumoniae subsp. sim-
ilipneumoniae strain ATCC 700603 (GCA_003181175.1), Enterobacter
kobei strain DSM 13645 (GCA_001729765.1), and Enterobacter
roggenkampii strain DSM16690 (GCA_001729805.1).

Genome annotation was performed using Prokka on a Galaxy-
based platform (Galaxy version 1.14.5), and plasmid com-

parison was conducted and visualized with EasyFig v2.2.2
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Table 1

Twenty-one isolates harboring carbapenemase genes detected from hospital effluents
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Bacterial species Sequence  Carbapenemase June, 2019 July, 2019 August, 2019
MALDI-TOF MS Molecular techniques® type gene ESBL gene Effluent A  Effluent B Effluent A Effluent B Effluent A Effluent B
K. pneumoniae K. pnueomoniae subsp. ST12 blaggs.24 blaygg.1 mS2H5¢
species pneumoniae
complex K. quasipneumoniae subsp. ST4444" IPM1H5°¢ + + +
quasipneumoniae ST526 mS101¢ +
K. quasipneumoniae subsp. ST1770 mS102¢
similipneumoniae ST4455" blaygg.1 mS2H7¢ + +
E. cloacae E. kobei ST910 IPM1H4° + + + +
complex E. roggenkampii ST963 blaggs s IPM1H6¢ + + +
P. aeruginosa - ST3364" IPM3H3¢

NOTE: The ‘+ represents that isolates of the same species sharing the same sequence types (STs) were detected.
2 Species as determined by hsp60- and rpoB-genotyping for Enterobacter cloacae complex and pairwise comparisons of whole-genome sequencing-based average nu-

cleotide identity for Klebsiella pnueomoniae species complex.
b Sequence type newly assigned in this study.
¢ Strains subjected to short- and long-read whole-genome sequencing.

(http://mjsull.github.io/Easyfig/). New sequence types (STs) were
assigned by the Institut Pasteur MLST database or the PubMLST
database. New integron numbers were assigned by the INTEGRALL
database (http://integrall.bio.ua.pt/).

2.5. Phylogenetic analysis of blaggs.s- and blaggs.o4-positive plasmids

The k-mer mash distances among plasmid sequences were
calculated using Population Partitioning Using Nucleotide K-mers
(PopPUNK) [15] on a Galaxy ARIES-based platform (Galaxy Version
1.1). Construction of a neighbor-joining tree was also performed by
PopPUNK by including 45 complete blaggs.s- and blaggs.o4-positive
plasmids downloaded from the NCBI database (Supplementary Ta-
ble S1). Evolview v3 (https://www.evolgenius.info/evolview/) was
used to visualize the tree and metadata.

3. Results and discussion
3.1. Detection of bacterial isolates harboring carbapenemase genes

For each effluent sample, one representative isolate was cho-
sen from each group sharing the same morphological character-
istics on MacConkey agar (1 pg/mL imipenem) or CHROMagar
mSuperCARBA and the same bacterial species by MALDI-TOF MS-
based identification. In all, 21 isolates comprising K. pneumoniae
species complex (n = 11), E. cloacae complex (n = 9), and Pseu-
domonas aeruginosa (n = 1) were selected for further characteri-
zation (Table 1). MLST analysis revealed that the 11 K. pneumoniae
species complex isolates were assigned to 5 different STs: ST526
(n = 2),ST12 (n = 1), ST1770 (n = 1), ST4444 (a single-locus vari-
ant of ST526, n = 4), and ST4455 (n = 3), of which the latter two
were newly identified STs. DNA sequencing of the rpoB (1,090 bp)
and hsp60 (342 bp) genes and MLST analysis allowed us to assign
nine E. cloacae complex isolates to E. kobei ST910 (five isolates) and
E. roggenkampii ST963 (four isolates). One P. aeruginosa isolate be-
longed to a new ST, ST3364 (a single-locus variant of ST260).

As summarized in Table 1, ST4444 K. pneumoniae species com-
plex isolates, ST910 E. kobei isolates, and ST963 E. roggenkampii
isolates were repeatedly detected from hospital effluents A and/or
B through three times of sampling. Klebsiella pneumoniae species
complex isolates of ST526 and ST4445 were also detected con-
tinuously twice from effluents. PCR and Sanger sequencing anal-
ysis revealed that the 11 K. pneumoniae species complex iso-
lates and 5 E. kobei isolates carried the blacgs.4 gene, and 4 E.
roggenkampii isolates and a P. aeruginosa isolate carried the blaggs.s
gene. Eight representative isolates consisting of the first identified
isolates of the same species belonging to the same STs and harbor-
ing the same blaggs genes (K. pneumoniae species complex strains
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mS2H5, IPM1H5, mS101, mS102, mS2H?7, E. kobei strain IPM1H4, E.
roggenkampii strain IPM1H6, and P. aeruginosa strain IPM3H3) were
subjected to further analysis and whole-genome sequencing.

3.2. Genomic characteristics of isolates harboring blaggs.o4 and
blaggs s

The hybrid assembly of Novaseq (or partly Miseq)/MinION se-
quence reads of the eight representative isolates yielded their com-
plete circular chromosome sequences of 4,864,738 bp to 6,726,163
bp (except for K. pneumoniae species complex strain IPM1H5) and
1 to 19 plasmid scaffolds (Table 2).

Five K. pneumoniae complex strains were allocated to the
species: K. pneumoniae subsp. pneumoniae strain mS2H5 (99.2%
ANIm with K. pneumoniae subsp. pneumoniae strain ATCC 13883),
K. quasipneumoniae subsp. quasipneumoniae strains IPM1H5 and
mS101 (99.1% ANIm with K. quasipneumoniae subsp. quasipneumo-
niae strain MGH96), and K. quasipneumoniae subsp. similipneumo-
niae strains mS102 and mS2H7 (99.2% ANIm with K. quasipneu-
moniae subsp. similipneumoniae strain ATCC 700603). Enterobacter
kobei strain IPM1H4 and E. roggenkampii strain IPM1H6 produced
99.1% ANIm with E. kobei DSM 13645 and 98.6% ANIm with E.
roggenkampii strain DSM16690, respectively (Tables 1 and 2).

Profiles of antimicrobial resistance genes varied among the
eight strains (Table 2). Notably, besides blaggs.o4, blaygg.q, aacA4,
aadB, and qnrVC4 were found in K. pneumoniae subsp. pneumoniae
mS2H5 and K. quasipneumoniae subsp. similipneumoniae mS2H7, of
which the latter also carried a new blagya.g21 gene. A difference in
virulence gene carriage between five Klebsiella spp. and two Enter-
obacter spp. was noted (Table 2 and Supplementary Fig. S1); the
former harbored type Il fimbriae cluster mrkABCDFHIJ, salmoche-
lin iroE, and T6SS type i2 gene clusters, whereas the latter had
curli pili operon csgADFG (E. roggenkampii IPM1H6 had csgD dis-
rupted by integrating IS5 family transposase), aerobactin iucABCD-
iutA, type Il secretion system (T2SS) gene clusters, and T6SS type
i3 gene clusters. In K. quasipneumoniae subsp. similipneumoniae
mS2H7, plasmid-associated mrkABCDF|] and chromosome-encoded
mrkHI were identified [16]. All eight strains had several genetic de-
terminants conferring resistance to heavy metals such as copper,
silver, mercury, tellurite, arsenic, and cobalt on their chromosomes
and/or plasmids.

Four of five Klebsiella spp. strains had outer membrane protein
(OMP) genes ompK36 and/or ompK35 disrupted; disruption of both
ompK36 (IS5 insertion) and ompK35 (IS1 x 4 insertion) in strain
IPM1H5, ompK35 (IS1 x 4 insertion) in mS101, ompK35 (nonsense
mutation) in mS2H5, and both ompK36 (threonine-aspartate dupli-
cation) and ompK35 (nonsense mutation) in mS2H7. Also, the dis-
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Table 2

Genetic features of representative isolates harboring the blaggs.o4 and blaggs.s genes

Chromosome Antimicrobial resistance genes Virulence-associated genes Heavy metal resistance genes
Strains Species, STs size (bp) KL type - - - Plasmid Inc types
Chromosome Plasmid Chromosome Plasmid Chromosome Plasmid
mS101 K. quasipneu- 5,178,147 KL28 blaogp.a-11, fosA, blaggs.a4 (2 entBF, fepABCDG, fes, iroE, iutA, kfuA, traT - terBCDWZ, Col(pHAD28), Col440I,
moniae subsp. 0qxA, 0qxB copies), catB3  mrkABCDFHI], rcsAB, T6SS-i2 (ompA, silBCFGRS, pcoA IncFIB(K), IncFIB(Mar),
quasipneumo- tsSABCDFGHIJKL, vask, IncFII(K),
niae vgrG),T6SS-unknown1(impA, ompA, tssEFGJKL, IncFII(pBK30683)
ST526 vask, vgrG)
mS102 K. quasipneu- 5,473,547 KL137 blaokp.p-3, fosA,  blaggs.o4 entBF, fepABCDG, fes, iroE, iutA, kfuB, traT - terBCDEYZ, ColpVC, IncFIA(HI1),
moniae subsp. 0gxA, 0gxB mrkABCDFHI], rcsAB, T6SS-i2 (ompA, merRTPCADE IncFIB(K), IncFIB(Mar),
similipneumo- tsSABCDFGHIJKL, vask, vgrG) IncFIB(pQil), IncFII(Yp),
niae IncFII(K),
ST1770 IncFII(pBK30683),
IncX5
IPM1H5 K. quasipneu- incomplete  KL28 blaokp-a-11, fosA, blaggs24 (2 entBF, fepABCDG, fes, iroE, iutA, kfuAB, traT - terBCDWZ, Col(pHAD28),
moniae subsp. 0qgxA, 0qxB copies) mrkABCDFHIJ, rcsAB, T6SS-i2 (ompA, silBCFGRS, pcoA Col(Ye4449),
quasipneumo- tssABCDFGHIJKL, vasK, vgrG), Col440I, IncFIB(K),
niae T6SS-unknown1(impA, ompA, tssEFGJKL, vask, IncFII(K),
ST4444 vgrG) IncFII(pBK30683)
IPM1H4 E. kobei ST910 4,958,727 - blaacr.g7, fosA blaggs.24 (2 csgADFG, entBF, fepABCDG, fes, iucABCD, iutA, - pCcoBCERS, silFR  arsRBC Col(pHAD28),
copies) rcsAB, T2SS (ftsY, gspCDEFGHKLM, Col(Ye4449), Col4401,
secABDEFGMY, tatABCE, yajC, yidC), T6SS-i2 ColE10, IncFIB(K),
(clpK, ompA, tssBCDHIKL, vgrG), T6SS-i3 IncFII(pSFO), IncQ3
(tssABCDEFGHIJKLM, vgrG)
IPM1H6 E. roggenkampii 4,864,738 - blayir-10 blaggs.s, aacA4, cfaB, csgAFG, entBF, fepABCDG, fes, - CusA, merRTPCADE, Col440I, IncFIB(pECLA),
ST963 sull, qnrS2 hemCEGHLW, iucABCD, iutA, rcsAB, T2SS (ftsY, terZABCDEF merRTPFA, IncFII(Yp), IncX5,
gspCDEFGHKLM, secABDEFGMY, tatABCE, yajC, merDE IncQ3
yidC), T6SS-i3 (dotU, tssABCDEFGHJKLM, vgrG)
mS2H5 K. pneumoniae 5,404,011 KL122 blasyy-11, fosA,  blaggso4 (4 entBF, fepABCDG, fes, iroEN, iutA, mrkABCDFHIJ, traT, cusABCF terABCDEXZ, Col(pHAD28),
subsp. 0gxA, 0gxB copies), rcsAB, uge, T6SS-i2 (ompA, tssABCDFGHIJKL, mrkABCDF] merRTPCADE Col440I, Col440II,
pneumoniae blaygp-1, catB3  vask, vgrG), T6SS-unknown1(impA, ompA, IncFIB(Mar), IncFII(K),
ST12 (2 copies), tssEFGJKL, vasK, vgrG), T6SS-unknown2(ompA, IncFlI(pBK30683)
aacAl, aacA4, tsSEFGJKL, vasK, vgrG)
aadB, qnrVC4
mS2H7 K. quasipneu- 5,166,132 KL158 blaokp-p-49, fosA, blaggs4 (3 entBF, fepABCDG, fes, iroEN, iutA, kfuB, mrkHI, mrkABCDF] terABCDEXZ, Col(pWES),
moniae subsp. 0qgxA, oqxB copies), rcsAB, T6SS-i2 (ompA, tssABCDFGHIJKL, vask, merRTPCADE Col(pHAD28),
similipneumo- blaygg-1, vgrG) Col(Ye4449), ColpVC,
niae blagxa-921, sull, Col440I1, IncFIA(HI1),
ST4455 aacA4, aadB, IncFIB(K), IncFIB(Mar),
qnrVc4, dfrA14 IncFII(K), IncP6, IncQ2
IPM3H3 P. aeruginosa 6,726,163 - blappc.3, blaggs.s, aacA4  T1SS (apr, hasAp, hlyB), T2SS (cbpD, lasAB, - copAB, czcA - -
ST3364 blaoxa-904, lipAC, phoA, plcBHN, prpL, toxA), T3SS (exoSTY),
aph(3’)-1Ib, QS (lasIR, rhlIR), algD, fliC, phzHMS, pilAB,
crpP, fosA, pvdA, rhiAB
catB7

entBF, enterobactin synthase; fepABCDG, ferri-enterobactin transport operon; fes, ferric enterobactin esterase; iroEN, salmochelin siderophore system; iucABCD, aerobactin synthesis; iutA, ferric aerobactin receptor; kfuAB, ferrous
iron uptake system; mrkABCDFHIJ, type III fimbriae cluster; rcsAB, regulation of capsule synthesis; uge, uridine diphosphate galacturonate 4-epimerase; traT, complement resistance protein; cfaB, CFA/I fimbriae; csgADFG, curli
pili operon; hemCEGHLW, heme biosynthesis; ftsY, gspCDEFGHKLM, secABDEFGMY, tatABCE, yajC, and yidC, T2SS-associated proteins; clpK, dotU, impA, ompA, tssABCDEFGHIJKLM, vasK, and vgrG, T6SS-associated proteins; apr,
chitin-binding protein; lasA, elastase A; lasB, elastase B; lipA, lipase A; lipC, lipase C; phoA, alkaline phosphatase; picB,
phospholipase C; picH, hemolytic phospholipase C; plcN, non-hemolytic phospholipase C; prpL, protease IV; toxA, exotoxin A; exoT, RnoGAP/ADPR; exoY, adenyl cyclase; exoS, Rho GTPase-activating protein [RhoGAP]/ADP-ribosyl-
transferase [ADPRT]; lasIR, rhlIR, quorum-sensing systems; algD, GDP-mannose 6-dehydrogenase; fliC, flagellar protein; phzH, phenazine-modifying enzyme; phzM, phenazine-specific methyltransferase; phzS, 5-methylphenazine-1-
carboxylate 1-monooxygenase; pilAB, type IV pilin protein; pvdA, ornithine monooxygenase; rhlAB, Rhamnosyl transferase operon; pcoABCERS, copper resistance proteins; silBCFGRS, silver resistance proteins; cusABCF, copper/silver
efflux pump; terABCDEFWXYZ, tellurite resistance proteins; copA, copper-exporting P-type ATPase; copB, probable copper-transporting P-type ATPase B; czcA, cobalt-zinc-cadmium resistance protein; arsRBC, arsenic resistance

alkaline protease; hasAp, heme acquisition protein; hlyB, T1SS ATP-binding cassette (ABC) protein; cbpD,

operon; merRTPFCADE, mercury resistance proteins.
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Table 3
MICs of antimicrobials for eight representative isolates harboring blaggs.p4, blaggs.s, and blaggs 24/blaygs.; genes

MIC (pg/mL)

June, 2019 July, 2019 August, 2019
Antimicrobial agents Efflyent B Effluent B Effluent B Effluent B Effluent B Effluent B Effluent B

Kgs ST4455

Kqq ST526 Kgs ST1770 Kqq ST4444 Ek ST910 Er ST963 Kpp ST12 mS2H5 mS2H7 Pa ST3364

mS101 mS102 IPM1H5 IPM1H4 IPM1H6 (blaggs-2a, (blaggs-24, IPM3H3

(blages.24) (blaggs.24) (blages.24) (blacgs.24) (blas.s) blaygs.1) blaygs.1) (blaces.s)
Ampicillin >16 >16 >16 >16 >16 >16 >16 >16
Piperacillin 64 64 >64 32 32 >64 >64 >64
SAM >16-8 >16-8 >16-8 >16-8 >16-8 >16-8 >16-8 >16-8
TZP 16-4 32-4 64-4 <4-4 8-4 16-4 >64-4 >64-4
Cefazolin >16 >16 >16 >16 >16 >16 >16 >16
Cefotiam >4 >4 >4 >4 >4 >4 >4 >4
Ceftazidime 4 4 8 2 2 >16 >16 >16
Cefpodoxime 4 4 4 4 >4 >4 >4 >4
Ceftriaxone <1 2 4 <1 <1 2 16 >32
Cefepime <2 <2 <2 <2 <2 <2 8 16
Cefmetazole >32 >32 >32 >32 >32 32 >32 >32
Flomoxef >16 >16 >16 >16 >16 4 >16 >16
Aztreonam <2 <2 <2 <2 <2 >16 >16 16
Faropenem? 32 >64 >64 64 >64 64 >64 >64
Ertapenem* 4 16 64 32 8 2 32 >64
Imipenem 4 4 >8 >8 8 4 >8 >8
Meropenem 4 8 >8 >8 >8 0.5 >8 >8
Gentamicin <2 <2 <2 <2 <2 <2 <2 >8
Amikacin 16 <8 <8 <8 <8 16 <8 16
Minocycline <2 <2 <2 <2 <2 4 <2 >8
Levofloxacin 0.25 4 0.25 0.5 2 0.5 1 2
Fosfomycin <32 >128 <32 <32 <32 128 64 <32
SXT <9.5-0.5 <9.5-0.5 <9.5-0.5 <9.5-0.5 <9.5-0.5 <9.5-0.5 >38-2 >38-2
Colistin” 0.25 0.5 0.25 0.25 32 0.25 0.25 2
Tigecycline® 1 0.5 1 0.5 0.5 0.5 0.5 >4

Kqq, Klebsiella quasipneumoniae subsp. quasipneumoniae; Kqs, K. quasipneumoniae subsp. similipneumoniae; Kpp, K. pneumoniae subsp. pneumoniae; Ek, Enterobacter kobei;
Er, E. roggenkampii; Kp, K. pneumoniae; MIC, minimum inhibitory concentration; Pa, Pseudomonas aeruginosa; SAM, ampicillin-sulbactam; TZP, piperacillin-tazobactam; SXT,

trimethoprim-sulfamethoxazole.
2 MICs were determined using microdilution panels prepared in-house.

ruption of both ompC and ompF was detected in two Enterobacter
spp. strains; disruption of ompC (ISPpu12 insertion) and ompF (non-
sense mutation) in strain IPM1H4 and ompC (nonsense mutation)
and ompF (nonsense mutation) in IPM1H6.

3.3. Antimicrobial susceptibility of isolates harboring the blaggs.o4
and blaggs.s genes

As shown in Table 3, all strains showed resistance to ertapenem
(MIC 2->64 pg/mL), imipenem (MIC 4->8 pg/mL), and meropenem
(MIC 4->8 pg/mL) except for one strain having a meropenem
MIC of 0.5 pg/mL (K. pneumoniae subsp. pneumoniae mS2H5).
Those strains had faropenem MICs of 32 to >64 pg/mL. They
were susceptible to amikacin (MIC <8-16 pg/mL). Also, K. pneu-
moniae subsp. pneumoniae mS2H5 and K. quasipneumoniae subsp.
similipneumoniae mS2H7, both of which co-harbored blaggs.o4 and
blaygg.q genes, were resistant to ceftazidime (MIC >16 pg/mL) and
aztreonam (MIC >16 pg/mL). E. roggenkampii IPM1H6, which was
confirmed to carry no mcr genes, expressed a higher level of resis-
tance to colistin (MIC 32 pg/mL).

The eight strains were analyzed for their ability to transfer
ampicillin resistance to recipient E. coli. Five of them yielded
ampicillin-resistant transconjugants harboring plasmids carrying
blacgs.24 or blacgs.s with frequencies ranging from 4.9 x 10~7 to
8.3 x 10~ CFU/donor cells (Table 4). Neither of the two isolates
co-harboring blaggs.p4 and blaygg.; yielded aztreonam-resistant
transconjugants.
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3.4. Analysis of blaggs.o4- and blaggs_s-harboring plasmids

Complete circular sequences of six blaggs.p4-carrying plas-
mids, pmS101-GES24, pIPM1H5-GES24, pIPM1H4-GES24, pmS2H7-
GES24, pmS2H5-GES24_1, and pmS2H5-GES24_2, and two blaggs.5-
carrying plasmids, pIPM1H6-GES5 and pIPM3H3-GES5, were ob-
tained. The blaggs.o4-carrying plasmid pmS102-GES24 harbored by
K. quasipneumoniae subsp. similipneumoniae mS102 could not be
circularized. These eight circular plasmids varied in size from 18.0
to 129.5 kb, as shown in Table 4. It is of note that pIPM1H5-GES24
and pmS2H5-GES24_1 carried two replicons of Col(pHAD28) and
IncFII(pBK30683), while pmS2H7-GES24 carried three replicons of
Col(pWES), IncP6, and IncQ2 (Table 4). In five blaggs.p4-harboring
plasmids, the blaggs.p4 genes were found to be located on new
class 3 integrons, In3-18 (pmS101-GES24), In3-19 (pIPM1H5-
GES24 and pIPM1H4-GES24), In3-21 (pmS2H5-GES24_1), and In3-
22 (pmS102-GES24), where the former three contained two tan-
dem copies of blaggs.o4 (Fig. 1A). The plasmid pmS2H5-GES24_2
also contained two tandem copies of blaggs.o4 flanked upstream by
a truncated intI3 gene. In the plasmid pmS2H7-GES24, a new class
1 integron, In2067, contained two tandem copies of blaggs.o4 and
ISSpu7-associated blaggs.o4. The blaggs.s genes were within new
class 3 integron, In3-20, and new class 1 integron, In2005, located
on non-typeable plasmids pIPM1H6-GES5 and pIPM3H3-GESS5, re-
spectively (Fig. 1B). These class 1 and 3 integrons carrying blaggs.»4
and blaggs.s were associated with Tn402-like transposons possess-
ing complete or defective tniABQR transposition module. The mer-
cury resistance operon merRTPCADE was located on three plas-
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Fig. 1. Schematic representation of regions surrounding class 1 and 3 integrons carrying the blaggs4 and blages.s genes described in this study. (A) Structure of the four
new class 3 integrons and one new class 1 integron carrying blaggs.o4. (B) Structure of the one new class 1 integron and one new class 3 integron carrying blaggs.s.

mids, pmS102-GES24, pmS2H5-GES24_1, and pmS2H7-GES24. It
was found that a 3,336-bp region containing the klebicin B struc-
tural gene and klebicin B immunity gene, flanked by 5-bp direct
repeats (TAAAGG) shared by three plasmids, pmS2H5-GES24_1,
pIPM1H5-GES24, and pIPM1H4-GES24, exhibited 99.8% nucleotide
sequence identity (100% query coverage) to that of our previously
described plasmid, pCol4401 (GenBank LC505603), harbored by K.
pneumoniae Al-1 strain detected from municipal wastewater influ-
ent in Japan [17].

The transformants that had gained blaggs.o4 or blaggs.s genes
showed higher MICs to cefmetazole (MIC 32->32 pg/mL), flomoxef
(MIC 8-16 pg/mL), and faropenem (MIC 16->64 pg/mL) than those
for E. colli NEB10-beta recipient strain, while they showed slightly
increased MICs to ceftazidime (MIC 2-4 pg/mL) and imipenem
(MIC 0.5-2 pg/mL), as shown in Supplementary Table S2.
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3.5. Population structure of blaggs.s and blaggs.o4 plasmids

A neighbor-joining tree of the k-mer distances of the whole
genome of 54 plasmids and their metadata is shown in Fig. 2.
Six blaggs.p4 plasmids of Col(pHAD28), IncFlI(pBK30683), and
Col(pHAD28)/IncFIl(pBK30683), and one non-typeable blaggs.s
plasmid in this study, all of which harbored class 3 integron-
associated blaggs genes, were clustered together. These plasmids
were genetically related to plasmids carrying blaggs.s and blaggs.o4
recovered from Enterobacterales isolates of human and sewage ori-
gins. Interestingly, the clade that consisted of most plasmids in this
study was located separately from two distinct clades, one consist-
ing mainly of IncC plasmids harboring class 1 integron-associated
blacgs.o4 genes from hospital sewage in Japan, and the other
consisting mainly of IncF plasmids harboring class 1 integron-
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& ¢ C
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Fig. 2. Phylogenetic analysis of 54 plasmids harboring blaggs.o4 and blages.s of Gram-negative bacteria isolated from various sources. Inc types, sources, and bacterial species
are indicated at the right of the tree, with data on nine plasmids in this study marked in red. Integrase genes, blacgs gene copy numbers, and countries are shown as colored
blocks. K. p. subsp. p., Klebsiella pnueomoniae subsp. pneumoniae; K. q. subsp. q., Klebsiella quasipneumoniae subsp. quasipneumoniae; K. q. subsp. s., Klebsiella quasipneumoniae

subsp. similipneumoniae.

associated blaggs.p4 genes from wastewater treatment plant ef-
fluent in Japan. The remaining two plasmids in this study, a
Col(pWES)/IncP6/IncQ2 plasmid with intl1-blaggs.o4 and a non-
typeable plasmid with intl1-blaggs_s, were genetically related to the
latter IncF plasmids.

3.6. Analysis of blaygg.;-harboring plasmids

The blaygg.; gene identified in K. pneumoniae subsp. pneu-
moniae mS2H5 and K. quasipneumoniae subsp. similipneumoniae
mS2H7 was located on non-typeable plasmids pmS2H5VEB-1
and pmS2H7-VEB1 with sizes of 21,462 and 22,029 bp, re-
spectively (Table 4). Comparative analysis of the complete se-
quences of pmS2H5VEB-1 and pmS2H7-VEB1 revealed that they
shared 100% nucleotide sequence identity, except for a 567-bp
region containing the dfrA14 gene harbored by pmS2H7-VEB1
(Fig. 3). In these two plasmids, 13.7-kb Tn402-like transposon

with IS6100 and no tni module, flanked by inverted repeat se-
quences IRi and IRt with 5-bp direct repeats (AAAAC), were in-
serted into the plasmid backbone consisting of genes involved
in conjugation (traD and mobA) and replication (repA and repF).
The defective Tn402-like transposon carried a new class 1 in-
tegron, In1883, containing gene cassettes mediating multiple-
drug resistance (intl1-qnrVC4-qacH4-aacA4- AcmlA7-tnpA-orfl-orf2-
tnpR- AcmlA7-blaygg.1-aadB), where the chloramphenicol resistance
gene, cmlA7, was interrupted by a 4.9-kb Tn3 family transposon
(tnpA-orf1-orf2-tnpR).

The plasmid pmS2H7-VEB1 showed 99.9% sequence identity
(75% query coverage) to pRHBSTW-00138_5 (CP058135) harbored
by K. quasipneumoniae subsp. similipneumoniae RHBSTW-00138
from wastewater influent in the United Kingdom and 100% se-
quence identity (54% query coverage) to pWP2-S18-CRE-03_2
(AP021942) harbored by Aeromonas veronii WP2-S18-CRE-03 from
wastewater effluent in Japan (Fig. 3). Escherichia coli NEB10-
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Defective Tn402-like transposon (13.7 kb)

' In1883 (11.4 kb)

pmS2H7VEB-1, 22,029 bp
K. quasi subsp. similipneumoniae
(LC542613, this study)
DR (AAAAC)

pmS2HSVEB-1, 21,462 bp
K. pneumoniae subsp. pneumoniae mf
(LC542924, this study)

pRHBSTW-00138_5, 16,582 bp
K. quasi subsp. similipneumoniae
(CP058135, Wastewater influent)

pWP2-S18-CRE-03_2, 22,511 bp
Aeromonas veronii
(AP021942, Wastewater influent)
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Fig. 3. Linear comparison of complete plasmid sequences of blaygp-carrying plasmid pmS2H7VEB-1 (this study, accession no. LC542613), pmS2H5VEB-1 (this study,
LC542924), pRHBSTW-00138_5 (CP058135), and pWP2-S18-CRE-03_2 (AP021942). The blaygs.; genes are indicated by solid black arrows.

beta transformants that had acquired blaygg.q-carrying plasmids,
pmS2H5VEB-1 and pmS2H7-VEB1, showed higher MICs to cef-
tazidime (MIC >16 pg/mL), cefpodoxime (MIC >4 pg/mL), and
aztreonam (MIC >16 pg/mL) than those for E. colli NEB10-
beta recipient strain, while the MICs to carbapenems (imipenem,
meropenem, and ertapenem) for the transformants remained un-
changed (Supplementary Table S2).

4. Discussion

In the present study, we confirmed the existence of blaggs.4-
and blaggs.s-carrying K. pneumoniae species complex, E. cloacae
complex, and P. aeruginosa isolates in the hospital wastewater ef-
fluent samples over the course of three months.

Among the GES-type class A S-lactamases, both GES-24
and GES-5 with amino acid substitution of Gly170Ser within
the -loop region display carbapenem-hydrolyzing activities.
The relatively lower carbapenem MICs in some isolates of GES
carbapenemase producers [18,19] combined with no available
selective inhibitors specific for GES carbapenemases may make
it challenging to detect these enzymes, leading to an underesti-
mation of the actual prevalence of GES carbapenemase-producing
isolates. In this study, all Enterobacterales isolates (except K.
pneumoniae subsp. pneumoniae mS2H5 and K. quasipneumo-
niae subsp. similipneumoniae mS2H7) co-harboring blaggs.o4 and
blaygg.; were carbapenemase-negative by mCIM, resulting in false-
negative results, while P. aeruginosa IPM3H3 carrying blaggs.s was
carbapenemase-positive by CIMTris (data not shown) [20]. How-
ever, the rapid and accurate identification of GES carbapenemase
producers in a timely manner is of clinical significance because
they severely limit treatment options [18], cause disease with fatal
outcomes despite treatment with polymyxin B and tigecycline
[21], and cause the repeated occurrence of outbreaks [19].

Although rare in clinical isolates, GES carbapenemases have
been identified worldwide, whereas the GES-5 producers have
been reported in Enterobacterales, P. aeruginosa, and Acinetobacter
baumannii isolates in various countries [22]. More recently, out-
breaks of GES-5 producers have been reported in P. aeruginosa
and Serratia marcescens in Japan [23,24], in Klebsiella oxytoca in
the United Kingdom [19], and in K. pneumoniae in South Korea
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and Poland [25,26]. In contrast, GES-24 carbapenemase-producing
clinical isolates have so far been reported only in E. kobei and
Aeromonas hydrophila from Japan and in P. aeruginosa from South
Korea [27,28,29]. The presence of Gram-negative bacteria produc-
ing GES carbapenemases, with GES-5 being the most prevalent in
aquatic environments, including hospital sewage and wastewater
treatment plants (WWTPs), has been recognized in many coun-
tries [30]. In Japan, besides GES-5, GES-24 has also been reported
in a Klebsiella isolate from WWTP and an A. hydrophila isolate from
hospital sewage [31,32]. Surprisingly, in this study, all bacterial iso-
lates with reduced susceptibility to carbapenems detected from
hospital wastewater specimens were found to be GES-5 or GES-24
producers from diverse species of bacteria. Among them, blaggs.p4-
harboring K. quasipneumoniae subsp. quasipneumoniae IPM1H5 and
mS101, K. quasipneumoniae subsp. similipneumoniae mS2H7, and
E. kobei IPM1H4, and blaggs s-harboring E. roggenkampii IPM1H6,
were repeatedly detected over two or three months in the hospi-
tal wastewater, suggesting continuous inflow of these organisms of
human origin entering the sewage drainage system, or their res-
idence in the drainage system. However, the GES carbapenemase
producers have so far not been detected, at least from clinical spec-
imens of patients in the study hospital (data not shown).

The present study revealed that the blaggso4 and blaggs s genes
were situated in different class 1 and class 3 integrons contain-
ing various gene cassettes located on plasmids. The class 1 inte-
grons harboring antimicrobial resistance genes have played a sig-
nificant role in the acquisition and global dissemination of mul-
tidrug resistance among Gram-negative bacteria of clinical and en-
vironmental origin [33]. The blaggs genes are mainly associated
with class 1 integrons in clinically relevant Enterobacterales [34].
In Japan, the blaggs.o4 genes within class 1 integrons have been
detected in plasmids harbored by A. hydrophila and P. aeruginosa
clinical isolates [23,28]. Also, the class 1 integron-located blacgs.p4
and blaggs.s genes have been identified in IncP6 plasmid in K. vari-
icola isolates and in Col(pWES) plasmid in K. pneumoniae isolates,
respectively, recovered from the wastewater influent samples at
a municipal wastewater treatment plant [31]. The blaggs.p4 genes
within a class 1 integron have also been reported in A. hydrophila
recovered from hospital sewage [32]. We obtained somewhat dif-
ferent results in that class 3 integrons are predominantly associ-
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ated with the blaggs.o4 gene. Furthermore, a total of five new class
3 integrons, In3-18 to In3-22, were identified among five blaggs.o4
and one blaggs s plasmids. So far, 17 class 3 integron numbers, In3-
1 to In3-17, have been assigned to the INTEGRALL database (ac-
cessed June 2022), among which In3-1 and In3-12 have been re-
ported, respectively, in Serratia marcescens and Pseudomonas fulva
clinical isolates harboring blaypp.; genes in Japan [35,36]. New
class 3 integrons identified in this study mostly carried two tan-
dem copies of blaggs.o4, Which were harbored by K. quasipneu-
moniae subsp. quasipneumoniae, K. pneumoniae subsp. pneumoniae,
and E. kobei. No correlation was observed between copy numbers
of the blaggs.o4 gene and the MICs of most B-lactams, including
imipenem, among these isolates.

The blaygg.; gene has been reported among members of the
Enterobacterales, non-fermenting Gram-negative bacteria (particu-
larly Pseudomonas spp. in Asia, Europe, and America) [37]. In Japan,
there has been only one report of blaygg3: it was detected in
A. hydrophila isolates from river water running through Gifu City,
of the same prefecture where the hospital in this study is lo-
cated [38]. Thus, this study identified a very rare blaygg.; gene,
which was carried by the defective Tn402-like class 1 integron
located on a non-typeable plasmid in both K. pneumoniae subsp.
pneumoniae mS2H5 and K. quasipneumoniae subsp. similipneumo-
niae mS2H7 strains harboring blaggs.o4 plasmids. The complete
sequence of the blaygg.; plasmid harbored by K. quasipneumo-
niae subsp. similipneumoniae mS2H7 showed 100% nucleotide se-
quence identity to that harbored by K. pneumoniae subsp. pneumo-
niae mS2H5, except for the dfrA14 gene cassette region, suggest-
ing that the acquisition of blaygg.; genes among these strains har-
boring blaggs.o4 plasmids is possibly a result of horizontal plasmid
transfer in the hospital wastewater. New class 1 integron, In1883,
carrying the blaygg.; gene, contained many antibiotic resistance
gene cassettes, including the quinolone resistance gene qnrV(C4.
The gnrVC alleles have often been associated with bacteria from
aquatic environments, such as Aeromonas and Vibrio species; how-
ever, the presence of these genes in other bacterial species, includ-
ing P. aeruginosa, A. baumannii, Citrobacter freundii, and Salmonella
enterica serovar Rissen, has also been recognized [39-41]. In
Japan, sequence data are only available for the gnrVC4 gene in A.
veronii (AP021942) and Vibrio cholerae (AP014525). Interestingly,
the resistance gene cassette configuration of a new class 1 in-
tegron, In1883 (qnrVC4-qacH4-aacA4-AcmlA7-tnpA-orfl1-orf2-tnpR-
AcmlA7-blaygg.1-aadB), followed by dfrA14-mobC-1S6100, identified
in K. quasipneumoniae subsp. similipneumoniae mS2H7, was simi-
lar to that of a class 1 integron, In805, carrying qnrVC4 (qnrVC4-
qacH4-aacA4-cmlA7-blagya_19-aadA1-dfrA14-mobC-1S6100) in S. en-
terica serovar Rissen from Thailand [41].

In conclusion, our findings depict the predominance of blaggs.4
among CPO isolates in hospital wastewater habitats. The blaggs.o4
genes were mostly embedded in new complete or defective
Tn402-like class 3 integrons located on plasmids of Col(pHAD28),
IncFII(pBK30683), and Col(pHAD28)/IncFII(pBK30683), which were
carried by Klebsiella spp. and Enterobacter spp. The importance
of Tn402-like class 1 integron in the accumulation of resistance
genes and their spreading in human pathogens has been recog-
nized [42]. This study confirmed the linkage of blaggs.o4 genes
with rare Tn402-like class 3 integrons and the structural diversity
of their gene cassette arrays, suggesting a plasticity inherent to
these integrons that enables their capture of additional resistance
gene cassettes in hospital wastewater environments. A major
concern raised by the presence and persistence of these GES-5-
and GES-24-positive pathogenic Gram-negative bacteria in hos-
pital wastewater is the potential spread of resistant isolates or
resistance genes/plasmids into the hospital environment from
contaminated pipework and sinks, leading to increased risk of
nosocomial transmission.

[PM3H3
Pseudomonas
aeruginosa
ST3364
pIPM3H3-GES5
blacgs.s

36,999 bp
non-typeable

Col(pWES)/IncP6/

Similipneumoniae
IncQ2
2.1 x 1076

mS2H7

K. quasi subsp.
ST4455
pmS2H7-GES24
blaces4 (3
copies)
59,060 bp
pmS2H7VEB-1
blaygg-4
22,029 bp
non-typeable

Col(pHAD28)/IncFII(pBK30683)

K. pneumoniae subsp.
Col(pHAD28)

pneumoniae ST12
blaggs 4 (2 copies)
blages.24 (2 copies)
129,459 bp

pmS2H5-GES24_2
20,476 bp

mS2H5
pmS2H5-GES24_1
8.3 x 10°¢
pmS2H5VEB-1
blaygg-1

21,462 bp
non-typeable

E. roggenkampii
pIPM1H6-GES5

ST963
non-typeable

27,002 bp

IPM1H6
blacs.s

IPM1H4
Enterobacter kobei
ST910
pIPM1H4-GES24
blaggs.24 (2 copies)
18,031 bp
Col(pHAD28)

K. quasi subsp.
quasipneumoniae
ST4444
pIPM1H5-GES24
blaggs.24 (2 copies)
60,311 bp
Col(pHAD28)/
IncFII(pBK30683)
4.1 x 1076

IPM1H5

K. quasi subsp.
similipneumoniae
ST1770
pmS102-GES24
blaces.24
incomplete
IncFII(pBK30683)
3.0 x 1076

mS102

blaggs.24 (2 copies)

mS101
Klebsiella quasi
subsp.
quasipneumoniae
ST526
pmS101-GES24
31,970 bp
Col(pHAD28)
49 x 1077

Plasmid name
blaygg gene

(CFU/donor cell)
Size

Plasmid name
blacgs gene
Inc types
Conjugation
frequency?
Inc types

Size
2 Conjugation efficiencies were determined by dividing the number of transconjugants by that of the donors.

b No transconjugants were recovered.

blaygg plasmid

Strain
Species
blaces
plasmid

Genetic features of blaggs.a4-, blaggs.s-, and blaygg 1-positive plasmids
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