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Abstract

Carbapenem resistance is a rapidly growing threat to our ability to treat refractory bacterial infections. To understand how
carbapenem resistance is mobilized and spread between pathogens, it is important to study the genetic context of the
underlying resistance mechanisms. In this study, the resistomes of six clinical carbapenem-resistant isolates of five different
species — Acinetobacter baumannii, Escherichia coli, two Klebsiella pneumoniae, Proteus mirabilis and Pseudomonas aeruginosa
— were characterized using whole genome sequencing. All Enterobacteriaceae isolates and the A. baumannii isolate had
acquired a large number of antimicrobial resistance genes (7-18 different genes per isolate), including the following
encoding carbapenemases: blakpc-2, blagxa-ss, blagxa-72. blanpm-1. blanom-7 and blaym-1. In addition, a novel version of blaspyy
was discovered. Four new resistance plasmids were identified and their fully assembled sequences were verified using
optical DNA mapping. Most of the resistance genes were co-localized on these and other plasmids, suggesting a risk for co-
selection. In contrast, five out of six carbapenemase genes were present on plasmids with no or few other resistance genes.
The expected level of resistance — based on acquired resistance determinants — was concordant with measured levels in
most cases. There were, however, several important discrepancies for four of the six isolates concerning multiple classes of
antibiotics. In conclusion, our results further elucidate the diversity of carbapenemases, their mechanisms of horizontal
transfer and possible patterns of co-selection. The study also emphasizes the difficulty of using whole genome sequencing
for antimicrobial susceptibility testing of pathogens with complex genotypes.
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Disease Control and Prevention [3]. The increasing threat
of carbapenem resistance is further underscored by statistics
from the resistance surveillance network in Europe (EARS-
net), which shows growing incidences of carbapenem-
resistant infections by pathogens such as Klebsiella pneumo-
niae, Acinetobacter species and Pseudomonas aeruginosa

(4].

The genetic mechanisms behind carbapenem resistance
include efflux pumps, altered function or expression of por-
ins and penicillin-binding proteins (PBPs), as well as the
acquisition of enzymes capable of hydrolysing the drugs -
so-called carbapenemases [5]. Many carbapenemases -
especially those of class B - are capable of hydrolysing
almost all known [-lactams while others have a narrower
spectrum [6]. Yet clinical isolates with unknown mecha-
nisms of carbapenem resistance are still being discovered [7,
8]. A key contributing factor to the rapid global spread of
carbapenem resistance is transmissible plasmids that carry
carbapenemase genes [9, 10]. Many of these resistance plas-
mids have a broad host range and are able to replicate and
spread between distant taxonomic orders. Thus, to continue
the characterization of carbapenem resistance factors and to
assess the risk for horizontal transfer and dissemination of
carbapenemase genes, it is important to study the genomes
of pathogens carrying these genes. Furthermore, the recent
cost reduction of whole-genome sequencing (WGS) has
made it a proposed complement to traditional antimicrobial
susceptibility testing [11, 12]. For WGS to be established as
a generally viable option to the culture-based characteriza-
tion of clinical isolates, the association between the resis-
tance genotype and phenotype needs to be further studied.
This is especially true for many carbapenem-resistant
pathogens which often exhibit complex phenotypic profiles
with resistance to multiple classes of antibiotics.

Carbapenemase genes are frequently encoded on plasmids
or other mobile genetic elements that could potentially be
carrying additional resistance genes against other classes of
antibiotics. Analysis of the genetically linked co-selection
patterns is, therefore, essential to avoid further promotion
of the carbapenemase-resistant bacteria. However, this
requires complete reconstruction of the mobile elements
from the whole genome sequencing data, which has been
notoriously hard due to their repetitive structure. Optical
DNA mapping has recently been suggested as a novel
method which can be used to validate plasmid assemblies
by visualizing coarse-grained sequence information of large
DNA molecules [13]. The method is particularly well suited
for plasmids because sequence information can be obtained
for single intact DNA molecules [14], and has previously
been shown to be highly efficient in tracing resistance plas-
mids during outbreaks [15].

In this study, we aimed to characterize the resistomes of six
highly multi-resistant pathogens - all phenotypically resis-
tant to at least one carbapenem antibiotic — and the corre-
spondence with their associated resistance phenotypes. To
ensure completely reconstructed genome sequences, we

IMPACT STATEMENT

The rapidly growing incidence of bacterial infections
resisting antibiotic treatment is one of the largest threats
to human health. This is particularly true for resistance
against carbapenems - antibiotics often used as the
drug of last resort for life-threatening bacterial infec-
tions. Studying the underlying genetic mechanisms of
carbapenem resistance, and their means of transfer
between bacteria, is therefore important for the imple-
mentation of management strategies and surveillance.
Our results — based on genome analysis of six exten-
sively drug-resistant pathogens — demonstrate the large
diversity of carbapenemases encountered in clinical iso-
lates. The observed co-localization of resistance genes
on plasmids further elucidates how resistance is hori-
zontally transferred between bacteria and the possible
risks for co-selection. The combination of short- and
long-read sequencing with optical DNA maps provided a
novel way to experimentally validate assembled plasmid
sequences and to detect structural variations overlooked
by existing methodologies. Furthermore, our in-depth
comparison between resistance genotypes and pheno-
types showed important discrepancies, which demon-
strate that there is still a lack of knowledge regarding
resistance mechanisms. This pinpoints many of the diffi-
culties in introducing whole-genome sequencing-based
methods for antibiotic susceptibility testing of bacteria
with more complex resistance profiles and the need for
further studies of resistance mechanisms.

used a combination of short- and long-read sequencing.
Four novel resistance plasmids were identified and their
complete assemblies were verified by optical DNA mapping.
This enabled analysis of the full resistance genotype, includ-
ing the acquired carbapenemase genes and their potential
for horizontal gene transfer and co-selection by other classes
of antibiotics. Careful manual comparison between the
expected resistance phenotypes and the observed resistance
levels showed a general agreement, but there were import-
ant discrepancies for four of the six isolates. Hence, our
results further describe the genetic diversity of carbapenem
resistance and underline the challenges with using WGS-
based diagnostics for extensively drug-resistant bacteria.

METHODS
Bacterial isolates

Clinical isolates showing reduced susceptibility to carbape-
nem antibiotics, when belonging to the genera Pseudomonas
or Acinetobacter or the family Enterobacteriaceae, are rou-
tinely saved and stored at —80 °C at the Clinical Microbiol-
ogy Laboratory at the Sahlgrenska University Hospital,
Gothenburg, Sweden. The six strains analysed in the present
study were isolated between 2012 and 2013, and were
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selected due to their multi-resistant phenotypes, including
resistance to at least one carbapenem antibiotic. To enable
analysis of resistance genes in different genetic backgrounds,
isolates of different genera and species were chosen:
Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis,
Pseudomonas aeruginosa and Acinetobacter baumannii. The
strains originated from patients in the Gothenburg area,
who were sampled either due to signs of infection or for
screening purposes after hospital care abroad (Table SI,
available in the online version of this article). Before storage,
the strains were identified to the species level according to
European guidelines for clinical laboratories (http://www.
eucast.org/ast_of_bacteria/).

DNA isolation

Bacterial DNA was obtained after plating the bacteria on
blood agar medium and incubating overnight. For Illumina
sequencing, DNA from bacterial cultures was isolated using
a PureLink Genomic DNA kit (Invitrogen) according to the
manufacturer’s description. For PacBio sequencing, DNA
was isolated using the Genomic DNA Buffer Set and Geno-
mic-tip 500/G (Qiagen). The quality and quantity of DNA
were assessed using a NanoDrop ND 1000 spectrophotome-
ter (Thermo Fisher), a Qubit 2.0 Fluorometer (Invitrogen)
and visualization on an agarose gel before sending DNA for
WGS. For the optical DNA mapping, plasmid DNA was
prepared from an overnight culture with the
Qiagen Plasmid Midi Kit according to the manufacturer’s
description for low-copy plasmids.

Whole genome sequencing

All isolates were index-tagged, pooled and sequenced at the
Genomics Core Facility, University of Gothenburg, using
Mumina MiSeq generating 250 bp paired reads. Trimming
of adaptors and low-quality sequences was performed using
Trim Galore! (www.bioinformatics.babraham.ac.uk/proj-
ects/trim_galore/) with default settings for paired-end data.
The PacBio RS II system was used at the Science for Life
Laboratory in Uppsala for long-read sequencing (fragment
size 10-20kb), utilizing one chip for each isolate. De novo
hybrid assemblies using the quality controlled Illumina
reads and the PacBio subreads were constructed using
SPAdes v.3.7.0 (parameters —careful —cov-cutoft 10) [16].
The assembly graphs were used for additional manual scaf-
folding. Each resulting assembly (scaffolds >1kb listed in
Table 1) comprised one chromosome scaffold and one to
six additional plasmid scaffolds.

Optical DNA mapping

The sequence assemblies of the large plasmids were ana-
lysed using optical DNA mapping; for details about this
method, see [14, 15]. To generate the barcode pattern -
which is based on the underlying sequence - the DNA was
stained before the nanofluidic experiments in the following
way [17]. The extracted plasmids were mixed with YOYO-1
(ratio 1:5 with respect to DNA) and netropsin (ratio 150:1
with respect to YOYO-1) in Tris-borate-EDTA buffer. To
reduce photo-nicking of the DNA, 2% (v/v) b-

mercaptoethanol was added to the solution. Nanofluidic
chips were fabricated in oxidized silicon using standard
methods described by Persson and Tegenfeldt [18]. The
nanochannels used in the study had dimensions of
100x150nm* and a length of 500 um. DNA was flushed
into the microchannels to reach the nanochannel inlets and
later forced into the nanochannels by using pressure-driven
nitrogen flow. Plasmids in their circular form were inserted
into the nanochannels and linearized using light irradiation.
Two hundred images with 100ms exposure time were
obtained for each plasmid molecule using an EMCCD cam-
era (Photometrics Evolve) in combination with an inverted
fluorescence microscope (Zeiss AxioObserver.Z1) with a
100x oil immersion objective (NA=1.46). Theoretical opti-
cal DNA maps from assembled DNA sequences were cre-
ated similar to Nilsson et al. [17] with updated ligand
binding constants [19]. Comparisons between theoretical
and experimental optical DNA maps were performed as
described previously [14, 17].

Genotype identification and annotation

The genomes of the following strains were used as referen-
ces: Ps. aeruginosa PAO1 (RefSeq accession number
NC_002516.2), E. coli str. K-12 substr. MG1655
(NC_000913.3), K. pneumoniae subsp. pneumoniae MGH
78578 (NC_009648.1), Pr. mirabilis HI4320
(NC_010554.1) and A. baumannii ATCC 17978
(NC_009085.1). Annotation of the genome assemblies and
reference genomes was obtained using ResFinder with
relaxed thresholds (%ID >40% and minimum length
>40 %) for mobile antibiotic resistance genes and Plasmid-
Finder with default thresholds for plasmid markers [20,
21]. To ensure high-quality annotation of mobile resis-
tance genes, the ResFinder results were inspected manually
to exclude incomplete genes and genes with nonsense
mutations or frameshifts. Any low-quality hits were also
studied manually to determine if they could be novel ver-
sions of known resistance genes. Any genes annotated in
both the genome assemblies and their respective reference
genome (Table S2) - such as chromosomal B-lactamases -
were excluded so that only acquired genes remained for
further analysis. CONJscan was used to detect genes
involved in horizontal gene transfer with type IV secretion
systems (T4SS) [22]. Chromosomal mutations were
detected in selected genes (Table S3) by aligning each
assembly against the corresponding reference gene using
BLAST+ (tblastn, v2.2.30+, default parameters) [23]. All
chromosomal reference sequences were collected from the
reference genomes. Firstly, because chromosomal muta-
tions in the quinolone target genes (gyrAB, parCE) is a
common mechanism for clinical resistance against said
antibiotics, all isolates were screened for mutations causing
amino acid substitutions in these genes. Secondly, addi-
tional chromosomal genes were screened for mutations if
there was a discrepancy between a measured phenotype
and the expected phenotype based on the acquired mobile
resistance genes. All genomes were, furthermore, anno-
tated for putative integron-mediated gene cassettes.
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Table 1. Assembled genomes and acquired antibiotic resistance genes

Strain Scaffold ID Length  Illumina  Incompatibility = MPF family* Other  Acquired antibiotic resistance genes
coverage group T4SS ordered including duplications}
genes
Ps. aeruginosa ~ Chromosome  6.86 Mb 68x - - - -
CCUG
70744
E. coli Chromosome  5.07 Mb 75% - - blacrx 5% blacymy-e blacay-s
CCUG pEco70745_1  107kb 86 IncFIA, IncFIB, F tdcp2 tet(B), blaoxa#, aac(6’)-Ib-cr#,
70745 IncFII [dfrA17, ant(3")-1), sull, aph(6)-Id#,
aph(3”)-1b, aph(6)-1d, mph(A)#, erm
(B)
pEco70745_2 44 kb 102x IncX3 T t4cpl, blanpn.#
tdcp2,
virB4
PpEco70745_3 3.6 kb 828 x - - - -
pEco70745_4 1.9kb 916x - - - -
pEco70745_5 1.8kb 704 % ColpVC - - -
pEco70745_6 1.5kb 392x - - - -
K. pneumoniae ~ Chromosome  5.26 Mb 69% - - - -
CCUG pKpn70742_1  65kb 191 IncR - - dfrA14, tet(A), [aac(6')Ib-cr, blaox s
70742 |, blacrx-m-15 blaten.1, aph(6)-1d#,
aph(3”)-1b, sul2
pKpn70742_2 63 kb 55X IncL/M I t4cpl, blaox a-ast
tdcp2,
tral
pKpn70742_3  4.4kb 861x - - - -
pKpn70742_4  19kb 1093x ColpVC - - -
Pr. mirabilis Chromosome  3.91 Mb 103 % - - - -
CCUG pPmi70746_1  192kb 189 IncA/C2 F tdcpl,  sull, [ant(3”)-1, dfrA12], mph(E), msr
70746 tdcp2, (E), armA, sull, blaxpm-#, aph(3)-
virB4  Vla, {1}, sull, blaypy.1#, aph(3')-Vla,
{1}, sull, blaypm-1#, aph(3')-Vla, {1},
sull, [blagxa-10 cmIA5, ARR-2,
dfrA14], blacsmy 16, sul2, aph(3”)-Ib,
aph(6)-1d, tet(A), floR, {2}
A. baumannii Chromosome  3.94 Mb 111x - - - [aac(3)-1a], aph(3”)-1b, aph(6)-1d, tet
CCUG (B), sul2||
70743 pAba70743_1  11kb 358% - - - blaoxa.72 blaoxa.r
A5_NODE_3§  1.3kb 81x - - - aac(6’)-Im-like
K. pneumoniae ~ Chromosome 522 Mb 64 x - - - -
CCUG pKpn70747_1  186kb 71x IncFIB(K), - - sull, aac(6')-Ib, aph(3)-Ic#, [dfrAl,
70747 IncFII ant(3”)-1a#), [ant(3”)-la#, dfrAl,
blayiy..], blasiv-200
pKpn70747_2 118 kb 51x% IncFII(K) F tdcpl, blaxpc_o#, blatem.,
tdcp2,
virB4
pKpn70747_3 33kb 350% - I - -

*Genes encoding the membrane-associated mating pair formation (MPF) complex which provides the mating channel for conjugative transfer.

+A set of mobility (MOB) genes essential for conjugative transfer including e.g. a relaxase.

$Genes annotated in integron gene cassettes are marked by underlining and square brackets, [_]. The position of annotated ISCR elements and their
type (1 or 2) are marked with a pair of curly brackets, {}.

§The assembly graph for A. baumannii CCUG 70743 and the best match against GenBank indicated that scaffold A5_NODE_3 was more likely to be a
part of the chromosome than a plasmid.

[IGenes annotated next to an insertion sequence (<200 bp in between) are marked with a hash.

was based on a covariance model created from a struc-
ture-based alignment constructed from 109 manually
curated attC sites using LocARNA (v1.8.9) [25, 26]. To

Putative attC sites were identified using HattCI (v1.0b,
parameters -t -s 1000t 6) [24] and had their secondary
structure validated using Infernal (v1.1.1). The validation
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complete the gene cassette annotation, genes were pre-
dicted upstream of the attC sites using Prodigal (v2.6.2).
In addition, insertion sequences (ISs) in close proximity to
resistance genes were identified using ISfinder [27]. Puta-
tive plasmid assemblies were screened against GenBank
using BLAST+ (blastn, v2.2.30+, default parameters) to find
the closest matching plasmid - defined as highest query
coverage, thereafter highest identity - previously described.
Next, plasmid assemblies were globally aligned against
their closest GenBank match using Stretcher [28]. All
matching plasmids were also annotated for antibiotic resis-
tance genes and genes involved in  T4SS,
as described above. Finally, all regions encoding acquired
carbapenemase genes were annotated for ISCR elements
[29].

Resistance phenotype identification

The MICs for the following antibiotics were measured for
all isolates using Etest (bioMérieux) according to the manu-
facturer’s instructions: amikacin, gentamicin, tobramycin,
ertapenem, imipenem, meropenem, cefotaxime, ceftazidime,
ceftriaxone, cefuroxime, aztreonam, amoxicillin, amoxicil-
lin/clavulanic acid, ampicillin, piperacillin/tazobactam, cip-
rofloxacin, levofloxacin, moxifloxacin, trimethoprim/
sulfamethoxazole (co-trimoxazole), tetracycline, tigecycline,
chloramphenicol, colistin, fosfomycin and rifampicin. The
results were used to classify the isolates as either susceptible,
intermediate or resistant to the tested antibiotics, based on
EUCAST clinical breakpoints [30]. The measured antibiotic
resistance phenotype was compared to the expected pheno-
type, which was obtained from the annotated genotype in
the following way. For each annotated antibiotic resistance
gene, the MICs associated with the antibiotics listed above
were acquired from litterature for the relevant species. Based
on these previously measured effects of the genes and
EUCAST clinical breakpoints, each isolate was expected to
be either susceptible, intermediate or resistant to the antibi-
otics of interest. This method for the prediction of resistance
profiles has previously been used in several evaluations of

WGS as a replacement for traditional susceptibility testing
[31-34].

RESULTS

Assemblies and mobility

The hybrid assemblies using short- and long-read data pro-
duced high-quality complete genome sequences. Each
assembly comprised one large chromosomal scaffold (3.91-
6.86 Mb long) and, except for Ps. aeruginosa CCUG 70744,
one to six additional plasmid scaffolds (1.6-192kb long).
The sizes and sequences of the larger assembled plasmids
(>44kb) corresponded well with the experimentally deter-
mined optical DNA maps of intact linearized plasmids
(Figs 1 and SI). The theoretical and experimental optical
DNA maps of Pr. mirabilis CCUG 70746 plasmid deviated
slightly from its optical DNA map due to a highly variable
gene duplication and amplification region (red box in
Figs 1d and S1d). Plasmid marker genes for ten incompati-
bility groups were detected on nine out of 15 plasmids
(Table 1). In addition, genes involved in T4SS were anno-
tated on six of the plasmids, including mobility
genes (MOB) belonging to family C, F, H and P, as well as
mating pair formation genes (MPF) from familiy F, I and P
(Table 1). The isolates had acquired two to 20 different anti-
biotic resistance genes and mutations, and exhibited clinical
resistance to a large number of antibiotics, including carba-
penems (see Table S4 for MIC values). Four plasmids were
novel and had either no close match in GenBank or a differ-
ent set of antibiotic resistance genes compared to their clos-
est match (Fig. 2 and Table S5). Seven integrons with one to
four gene cassettes each were annotated in the studied
genomes, where six integrons carried antibiotic resistance
genes (Table 1) in their cassettes.

Comparison of the antibiotic resistance genotype
and phenotype

Pseudomonas aeruginosa CCUG 70744 was the only isolate
without any acquired antibiotic resistance genes (Table 2).
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Fig. 1. Comparison between the consensus of experimentally generated optical DNA maps (red) and theoretical optical DNA maps
based on assembled sequences (teal) for novel plasmids (a) pEco70745_1 in E. coli CCUG 70745 (107 kb), (b) pKpn70747_1 in K. pneu-
moniae CCUG 70747 (186 kb), (c) pKpn70742_1 in K. pneumoniae CCUG 70742 (65 kb) and (d) pPmi70746_1 in Pr. mirabilis CCUG 70746
(experimental: 202 kb, theoretical: 192 kb). Intensity (y-axis) refers to the normalized emission intensity along the DNA molecule (x-
axis), which correlates coarsely with the underlying DNA sequence. To aid the fitting of the barcodes in (d) — which are of different size
— a gap has been introduced in the teal curve inside the red box. This box corresponds to a gene duplication and amplification region
in pPmi70746_1 (see Fig. S1 for a histogram of individual plasmid lengths of pPmi70746_1).
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tet(B), blapxa-1, aph(3")-Ib,
aac(6')-b-cr, aph(6)-Id,
MOBF, t4cp2, dfrA17, ant(3")-l, mph(A),

t4cpl, traGHEL sull, aph(3")-Ib  erm(B)
pEco70745_1
107 323 bp|
CP016035
129 085 bp F, t4cp2, tdcpl, tet(B), catAl, catB3,

traEN, trbC, traUW, blapxa-1, aac(6')-1b-cr,
virb4, traBKEL

tet(A), aac(6')-Ib-cr, blapxA-1,
blactx-m-15, blaTeEm-1,

dfrA14 aph(6)-Id, aph(3")-Ib, sul2
pKpn70742_1
65279 bp
CP006662
85161bp dfrA14 qnrB76 blasHy-200, aac(6')-Ib-cr, aac(6')-Ib
blapxa-1, aac(3)-lla,
blacTx-m-15, blaTEm-1
aph(6)-1d, aph(3")-Ib, sul2

sull, ant(3")-la, dfrA12, mph(E), msréE),
armA, [sull, blanpm-1, aph(3')-Via]>,
sull, blapxa-10, cmIA1, ARR-2, dfrA14

pPMi70746_1
191 769 bp

KR091911

187 683 bp mph(A), sull, traHF
ant(3")-1, dfrA17

sull, blanpm-1,

aph(3')-Via, sull,

aac(6')-1b, mph(E), msr(E)

sull, aac(6')-1b, ant(3")-la, dfrA1,

aph(3')-Ic, dfrA1, blayim-1,
ant(3")-la blagHy-

pKpn70747_1
186 310 bp|

CP006657

317 154 bp. catAl mph(A), t4cp2, aKpc-2. virB10

blacTx-m-24 blatgm-1, rmtB
tet(G) , blaygg-3
aph(3')-la

dfrA12, tdcpl,
ant(3")-la,  virB11/9/8/6/4/1
sull, tet(A)

blaNDM-1, Sull, aadA2 , dfrA12,
rmtB, blaTgm-1, mph(A), erm(B)

traNUW, trbC, virb4,  sul2, aph(3")-Ib
blacyy.qe traBKEL,
t4cp2, tAcpl, MOBY  tet(A), floR

aph(6)-I1d,

traNUW, trbC, virb4,  sul2, aph(3")-1b,
blacyy.1¢ traBKEL,
t4cp2, tcpl, MOBY  fosA, erm(B)

aph(6)-1d, floR,

tralEKB, virb4, traW, trbC
traNFHG, t4cp2, MOBF

Fig. 2. Comparisons between novel assembled plasmids and their closest match in GenBank. Red regions encode antibiotic resistance
genes (identified using ResFinder), and teal regions encode genes involved in T4SS (identified using CONJscan). The respective genes
of interest are given in order next to each region. Dark grey parallelogram represent BLASTN alignments of high identity (>99 %).

However, one amino acid substitution that has been previ-
ously associated with fluoroquinolone resistance was
detected in GyrB [35], but none in GyrA, ParC or ParE.
Because upregulation of efflux pumps and downregulation
of porins are common mechanisms of resistance in Ps. aeru-
ginosa, pumps known to be associated with antibiotic resis-
tance and their regulatory proteins were analysed for
alterations [36]. An insertion in the regulatory gene mexZ
(399_400insG) was found, causing a frameshift and a pre-
mature stop codon which probably impairs the function of
the gene. Missense mutations in mexZ have been previously
linked to overexpression of the efflux pump MexXY and
inter alia moderate resistance to amikacin [37]. Further-
more, the gene encoding the OprD porin had 15 amino acid
substitutions in addition to alterations in nucleotides 1114-
1149 causing ten amino acid substitutions and two deletions
towards the C terminus. A similar version of the OprD pro-
tein - lacking only substitutions E202Q, E230K and G307D
— has been described previously in an intermediate carbape-
nem-resistant Ps. aeruginosa isolate [38]. However, these
mutations have also been observed also in susceptible iso-
lates [39]. Single point mutations were detected in pumps
MexCD-Opr] (MexC: S297A; MexD: E257Q, S845A; OprJ:
M72V, Q270R) and MexXY (MexX: HI119Y, K329Q,
W358R; MexY: T543A); in PBPs PbpC (A104P), PbpG
(S250N) and PonA (615_616insP); as well as in regulator
proteins AmpD (A134V), MexT (F671) and NalC (G71E).
However, no mutations were found in the pumps MexAB-

OprM or MexEF-OprN; PBPs DacB, DacC, FtsI, MrcB or
PbpA; or regulator proteins CzcRS, MexR, NalD and NfxB.
Therefore, the resistance against fluoroquinolones and ami-
kacin acquired by Ps. aeruginosa CCUG 70744 was expected
from the detected genotype, but not the high-level 8-lactam
resistance.

In E. coli CCUG 70745, four aminoglycoside-modifying
enzymes were detected: an acetyltransferase also able to
acetylate the fluoroquinolones ciprofloxacin and norfloxa-
cin (aac(6’)-Ib-cr) [40]; a nucleotidyltransferase (ant(3”)-
Ia) [41]; and two phosphotransferases (aph(3”)-Ib, aph(6)-
Id) [42]. The isolate also carried four B-lactamases
(blacyy-s» blacrxm-1ss blanpm.7 blaoxa.1) which are
more than sufficient to hydrolyse all known B-lactams
[43-45]. The blanpy.; gene was flanked upstream by an
IS5 element and a truncated ISAbal25. Furthermore, E.
coli CCUG 70745 had acquired a tet(B) efflux pump that
has previously been linked to tetracycline but not tigecy-
cline resistance, a macrolide phosphorylase (mph(A)) and
an rRNA methylase (erm(B)) [46-49]. Two genes main-
taining the folate synthesis targeted by trimethoprim
(drfA17) and sulfamethoxazole (sul2) were also found [50,
51]. Lastly, the following fluoroquinolone resistance muta-
tions in the target genes were detected: S83L and D87N in
GyrA; and S80I and A108V in ParC [52]. The only
observed antibiotic phenotype that was not expected in E.
coli CCUG 70745 was chloramphenicol resistance. There
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Table 2. Detected genotypes with expected and measured phenotypes of all strains

Strain

Antibiotic class

Genotype

Expected non-susceptible

Measured non-susceptible

No EUCAST  Discrepancies*$

phenotypes*+ phenotypes*+ breakpoint*}

Ps. aeruginosa  Aminoglycosides mexZ frameshift AMK AMK' - -
CCUG B-lactams - AMC®, AMPR, AMX™®, AMC®, AMPR, AMX™®, ATM, - ATM, CAZ,
70744 CTX®, CRO®, CXM™®, CTX™®, CAZ, CRO®, CXM®, IPM, MEM,

ETP® ETP®, IPM, MEM, TZP TZP
Fluoroquinolones GyrB: S466F CIP, LVX CIP,, LVX MXF -
Tetracyclines - TET®, TGC® TET®, TGC® - -
Co-trimoxazole - STX®R STX®R - -
Others - CHL™®, RIF® CHL™®, RIF® FOF -

E. coli Aminoglycosides aac(6’)-Ib-cr, ant AMK, TOB AMK', TOB - -

CCUG (3")-Ia, aph(3”)-Ib,

70745 aph(6)-1d
B-lactams blacyye blacrxa. ~ AMX, AMC, AMP, ATM,  AMX, AMC, AMP, ATM, CTX, - -

15 blanpar» CTX, CAZ, CRO, CXM, CAZ, CRO, CXM, ETP, IPM,
blaoxa.; ETP, IPM, MEM, TZP MEM, TZP
Fluoroquinolones ~ GyrA: S83L, D87N CIP, LVX, MXF CIP, LVX, MXF - -
ParC: S80I, A108V

Macrolides erm(B), mph(A) AZM®, CLR®, ERY™® AZM®, CLR®, ERY® - -
Tetracyclines tet(B) TET - TET -
Co-trimoxazole dftAl17, sull SXT SXT - -
Others - RIF® CHL, RIF® - CHL

K. pneumoniae  Aminoglycosides aac(6')-1b-cr, aph AMK, TOB TOB - AMK
CCUG (3")-Ib, aph(6)-1d
70742 B-lactams blacrxais AMX, AMC, AMP®, ATM, AMX, AMC, AMP'}, ATM, - -

blaoxa.1» blapxa-as CTX, CAZ, CRO, CXM, CTX, CAZ, CRO, CXM, ETP,
blareas ETP, TZP TZP
Fluoroquinolones ~ GyrA: Y83I; ParC: CIP, LVX, MXF CIP, LVX', MXF - -
S801
Macrolides - AZM®, CLR®, ERY™® AZM®, CLR®, ERY® - -
Tetracyclines tet(A) TET TGC TET TGC
Co-trimoxazole dfrAl4, sul2 SXT SXT - -
Others - RIFR RIFR - -
Pr. mirabilis Aminoglycosides  ant(3”)-Ia, aph(3’)- AMK, GEN, TOB AMK, GEN, TOB - -
CCUG Vla, aph(3”)-1b,
70746 aph(6)-1d, armA
B-lactams blacyy-1e AMX, AMC, AMP, ATM, AMX, AMC, AMP, ATM!, CTX, - -
blanpm-1> blaoxa-1o CTX, CAZ, CRO, CXM, CAZ, CRO, CXM, ETP, IPM,
ETP, IPM, MEM, TZP MEM, TZP
Fluoroquinolones  GyrA: S83I; ParC: CIP, LVX, MXF CIP, LVX, MXF - -
S841
Macrolides mph(E), msr(E) AZM™, CLR®, ERY™® AZM™, CLR®, ERY™® - -
Tetracyclines tet(A) TET™, TGC® TET™, TGC™® - -
Co-trimoxazole sull, sul2, dfrA12, SXT SXT - -
dfrA14
Others aar-2, cmlAS5, floR CHL, CST™®, RIF® CHL, CST™%, RIF® - -

A. baumannii Aminoglycosides aac(3)-la,aac(6’)- AMK, GEN, TOB AMK, GEN, TOB - -

CCUG Im-like, aph(3”)-Ib,

70743 aph(6)-1d
B-lactams blaoxa-7 AMC®, AMPR, AMXR, AMC®, AMP®, AMX®, ATM®,  CAZ, TZP -

CTX®, CRO®, CXM™, CTX™®, CRO®, CXM™®, ETP,
ETP™, IPM, MEM IPM, MEM
Fluoroquinolones ~ GyrA: S58L; ParC CIP, LVX CIP, LVX MXF -
S84L

Macrolides AZM®, CLR®, ERY® AZM®, CLR®, ERY® - -
Tetracyclines tet(B) TET - TET, TGC -
Co-trimoxazole sul2 SXT SXT - -
Others - FOF®, RIF® FOF®, RIF™® CHL -
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Table 2. cont.

Strain Antibiotic class Genotype Expected non-susceptible Measured non-susceptible No EUCAST  Discrepancies*$
phenotypes*+ phenotypes*t breakpoint*}
K. pneumoniae  Aminoglycosides aac(6’)-1b, aac(6’)- AMK, TOB AMK, TOB - -
CCUG 11, ant(3”)-1a, aph
70747 (3)-Ic
B-lactams blagpc.» blatem.,  AMX, AMC, AMP®, ATM, AMX, AMC, AMP¥, ATM, - -
blayinva CTX, CAZ, CRO, CXM, CTX, CAZ, CRO, CXM, ETP,
ETP, IPM, MEM, TZP IPM, MEM, TZP
Fluoroquinolones ~ GyrA: D87G; ParC: CIP, LVX, MXF CIP, LVX, MXF -
S80R
Tetracyclines - - - TET -
Co-trimoxazole dfrAl, sull SXT SXT - -
Others - RIF® CHL, FOF, RIF® - CHL, FOF

*AMK, amikacin; GEN, gentamicin; TOB, tobramycin; AMX, amoxicillin; AMC, amoxicillin/clavulanic acid; AMP, ampicillin; ATM, aztreonam; CTX, cefotax-
ime; CAZ, ceftazidime; CRO, ceftriaxone; CXM, cefuroxime; ETP, ertapenem; IPM, imipenem; MEM, meropenem; TZP, piperacillin/tazobactam; CIP, cip-
rofloxacin; LVX, levofloxacin; MXF, moxifloxacin; AZM, azithromycin; CLR, clarithromycin; ERY, erythromycin; TET, tetracycline; TGC, tigecycline; SXT,

trimethoprim/sulfamethoxazole; CHL, chloramphenicol; CST, colistin; FOF, fosfomycin; and RIF, rifampicin.

+No superscript for resistant, | for intermediate and iR for intrinsically resistant, as defined by EUCAST [30, 111].

$No clinical breakpoints to compare MIC with and not listed as intrinsically resistant.

§Any differences between expected and measured phenotype, excluding antibiotics lacking EUCAST clinical breakpoints.

was, however, a gene similar to phenicol-inactivating
enzymes, which could potentially be a novel, previously
uncharacterized, phenicol resistance gene (Fig. S2).
Although located in the chromosome, it was not present
in the reference genome E. coli K-12 substr. MG1655. Phy-
logenetic analysis showed that the novel gene was most
closely related to the type B phenicol acetyltransferases,
CatB (Fig. S2a), with the closest match being of type B-5,
CatB9 (31.6% global identity) (Fig. S2c) [53]. The
sequence was, however, less similar to the CatB9 sequence
than the closely clustered CatB group, and could, there-
fore, constitute a novel type of Cat enzymes. The sequence
is 100% identical to GenBank multispecies entry
WP_020232949.1 annotated in 26 E. coli genomes and one
K. pneumoniae. However, the function of this gene has so
far not been verified experimentally. In proximity to the
putative gene, there were two ISs: one belonging to family
1S4 (99.6 % identical to IS4) 9.5kb downstream, and one
to IS1 (95.4 % identical to IS1X2) 1.3 kb downstream.

The K. pneumoniae CCUG 70742 isolate had acquired three
aminoglycoside resistance genes: the same acetyltransferase
(aac(6’)-1b-cr) and phosphotransferases (aph(3”)-1b, aph(6)-
Id) as E. coli CCUG 70745 [40, 51]. Four B-lactamases were
also present (blacrx.m.15> blaoxa-1, bldoxa as> blarem.1) and
were expected to provide a clinical level of resistance
towards all tested B-lactams except the carbapenems imipe-
nem and meropenem [43, 45, 54-57]. The blagxa_4s gene
was flanked downstream by an IS10A element. Two genes
protecting against folate synthesis inhibitors (sul2, dftA14)
were detected, as were two substitutions in GyrA (Y83I) and
ParC (S80I) that have previously been associated with fluo-
roquinolone resistance [51, 58, 59]. The acquired efflux

pump tet(A) has been linked to tetracycline but not tigecy-
cline resistance [60]. Because upregulation of chromosom-
ally encoded efflux pumps is a known mechanism of
tigecycline resistance in K. pneumoniae, a number of chro-
mosomal genes were analysed for mutations [61, 62]. Single
substitutions were detected in the global regulator protein
MarR (S3N) and outer membrane protein TolC (T480N),
but regulators AcrR, MarA, RamAR and SoxRS did not
have any alterations, nor did efflux pump AcrAB. However,
none of the detected alterations has previously been linked
to tigecycline resistance. Altogether, the phenotypic resis-
tance profile of K. pneumoniae CCUG 70742 was expected
from the genotype, except the lack of amikacin resistance
and the acquired tigecycline resistance.

In Pr. mirabilis CCUG 70746, the detected 16S methyltrans-
ferase (armA) provides resistance against all aminoglyco-
sides tested in this study [63]. However, the isolate carried
four additional aminoglycoside-modifying enzymes: one
nucleotidyltransferase (ant(3”)-Ia-like) and three phospho-
transferases (aph(3’)-VIa-like, aph(3”)-1b, aph(6)-1d) [42,
64, 65]. The three detected B-lactamases (blacymy-16
blanpm.1> blapxa.10) are able to hydrolyse all tested B-lac-
tams [66-68]. Furthermore, the isolate had obtained a tetra-
cycline efflux pump (tet(A)), a rifampicin ADP-ribosylating
transferase (arr-2), a macrolide phosphorylase (mph(E)), as
well as an erythromycin and streptogramin B efflux pump
(msr(E)) [69-71]. Two sulphonamide (sull, sul2), two tri-
methoprim (dfrA12, dfrA14-like) and two phenicol (cmlA5,
floR-like) resistance genes were also present [51, 58, 72-76].
Lastly, fluoroquinolone resistance mutations were detected
in both GyrA (S83I) and ParC (S84I) [77]. In total, Pr. mira-
bilis CCUG 70746 had acquired 18 different antibiotic
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resistance genes making it non-susceptible to all tested anti-
biotics except for fosfomycin. This antibiotic resistance pro-
file concurred with what was expected from the acquired
genes and mutations. Interestingly, optical DNA mapping
demonstrated varying sizes of plasmid pPmi70746_1, which
we were able to reveal due to the single molecule nature of
the method (Fig. S1d). The range in sizes was due to differ-
ences in a region where a 6.5 kb long multi-copy region was
annotated. This region was present in three copies in the
assembly and encoded antibiotic resistance genes blaxpr 1
aph(3’)-VIa and sull (Fig. 1d). There were at least three dif-
ferent versions of the plasmid observed, but due to the large
variability in the sample and the uncertainty in the length
estimation, we were unable to confidently determine the
exact number. Four IS common region (ISCR1) transpo-
sases were found before and after each entry of the multi-
copy region. Moreover, all copies of the blaypy 1 gene were
flanked downstream by ISAbal25, and an ISCR2 transpo-
sase was annotated outside of the multi-copy region, close
downstream to the floR gene.

The strain A. baumannii CCUG 70743 had acquired four
different aminoglycoside-modifying enzymes: two acetyl-
transferases (aac(3)-Ia, aac(6’)-Im-like) and two phospho-
transferases (aph(3”)-Ib, aph(6)-Id) [42, 78, 79]. It had also
obtained one carbapenemase (blagxa. 7>) [80] and a tetracy-
cline efflux pump (tet(B)). Because A. baumannii is consid-
ered intrinsically resistant to trimethoprim, the detected
sulphonamide resistance gene (sul2) was expected to be suf-
ficient to gain co-trimoxazole resistance. The alterations in
GyrA (S58L) and ParC (284L) have been detected previ-
ously together in fluoroquinolone-resistant A. baumannii
isolates [81]. Therefore, all acquired resistance in A. bau-
mannii CCUG 70743 concurred with the expected pattern
from its genotype.

The last strain, K. pneumoniae CCUG 70747, encoded multi-
ple aminoglycoside resistance genes: two acetyltransferases
(aac(6’)-1b, aac(6')-1), one nucleotidyltransferase (ant(3”)-Ia)
and one phosphotransferase (aph(3’)-Ic [82]) [41, 83]. In addi-
tion, it had acquired four B-lactamases (blaxpc.o, blasav-200,
blatgn 1, blayny.,) that are expected to hydrolyse all tested 8-
lactams [57, 84, 85]. This is the first time the gene blagyv 200
has been described (accession number MF871643). The gene
blaxpc.» was flanked upstream by ISKpn7 and downstream by
ISKpn6. The plasmid encoding blay., was novel and did
not have high identity to any other plasmid in GenBank. Fur-
thermore, the carbapenemase blayyy; was found in an inte-
gron together with a truncated aac(6’)-Id, and complete dfrAl
and ant(3”)-Ia genes. Each gene was followed by an attC site,
and the same integron cassette has previously been detected in
E. coli, Pr. mirabilis and Providencia stuartii [86]. The isolate
had also acquired sulphonamide and trimethoprim resistance
genes (dfrAl, sull) that together provide resistance against co-
trimoxazole [72, 87]. The alterations detected in GyrA
(D87G) and ParC (S80R) have previously been detected sepa-
rately in fluoroquinolone-resistant K. pneumoniae [88], but
this particular combination of mutations has not been

characterized before. It was, therefore, non-trivial to predict
the corresponding resistance phenotype, but based on the pre-
cautionary principle it could be assumed that the combination
would cause a clinical level of resistance. Therefore, all resis-
tance phenotypes agreed with the expected resistance pattern,
except for the chloramphenicol resistance.

DISCUSSION

In this study, we have determined the resistomes of six car-
bapenem-resistant clinical isolates of five different gram-
negative species. All isolates had acquired a vast arsenal of
mobile antibiotic resistance genes and chromosomal muta-
tions, except for Ps. aeruginosa CCUG 70744. The A. bau-
mannii and Enterobacteriaceae isolates encoded 7-18
different resistance genes, some of which were annotated in
multiple copies within the same isolate. The correspondence
between the measured resistance profiles and the expected
profile - based on acquired genes and mutations — was high,
but with significant exceptions. The combination of WGS
using Illumina and PacBio sequencing with optical DNA
mapping produced reliable high-quality assemblies which
enabled us to study the genetic context of the carbapene-
mase genes, and determine which of the resistance genes
were present on the same plasmids. Indeed, four novel puta-
tive plasmids were fully assembled, of which one encoded a
carbapenemase. In addition, the use of optical DNA maps
revealed a multi-copy region of the plasmid carrying the
blanpm.1 gene in Pr. mirabilis CCUG 70746. Several ver-
sions of the plasmid pPmi70746_1 - with a different num-
ber of copies of this region - were harboured by a
population obtained from a non-selective medium. Because
most genome assembly algorithms do not take into account
the presence of different clones within the sequenced mate-
rial, this feature would have been easily overlooked without
the use of single molecule techniques. It has been shown
previously that gene duplication and amplification is a
mechanism for bacteria to increase the expression of antibi-
otic resistance factors, including the gene blaypy.; [89, 90].
In general, failing to identify this specific genetic context of
resistance genes may therefore result in incorrect predic-
tions of the resistance phenotypes.

Six different carbapenemase genes had been acquired
among the isolates, belonging to functional groups 2df
(blagxa-as> blaoxa-72), 2f (blakpc,) and 3a (blaypm-1,
blanpam.7,  blayviv.:) [6]. In  addition, two intrinsic
carbapenemase genes were detected in the chromosomes,
both belonging to functional groups 2df and molecular class
D: blagxa.so-like (amino acid substitutions T16A and
V148A) in Ps. aeruginosa CCUG 70744 and blagx g6 in A.
baumannii CCUG 70743 [91]. The blapxa_so-like group of
enzymes (also known as PoxB) hydrolyse imipenem only at
a slow rate and have a weak affinity to meropenem [92],
and blapxa_¢s does not provide clinical levels of carbapenem
resistance even when overexpressed [93]. This - together
with the lack of acquired carbapenemase genes in Ps. aerugi-
nosa CCUG 70744 - shows the large diversity of the genetic
basis of carbapenem resistance among the studied strains.
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All six acquired carbapenemases were plasmid-borne, where
four of these plasmids also carried genes involved in T4SS
[94], suggesting that they have the potential for conjugative
self-transfer. While most of the resistance plasmids carried
multiple resistance genes for different antibiotic classes,
blanpm 7> blaoxa s and blagxa 7, were the only annotated
resistance genes on their respective plasmids, and blagpc »
was only joined by one additional resistance gene (blargm 1
). Similarly, a single plasmid with no additional resistance
genes has been linked to the majority of the dissemination
of blagxa.-4s in Europe and the Middle East [95] and, to the
best of our knowledge, neither blagxa 7, nor blanpy. ; has
yet been annotated together with other resistance genes.
Carbapenems were introduced to the market after cephalo-
sporins and penicillins, and carbapenemase genes may
therefore not yet had the time to be incorporated into exist-
ing resistance plasmids. Nevertheless, it implies a limited
risk for co-selection due to genetic co-localization of these
carbapenemase genes with other classes of antibiotics. How-
ever, other mechanisms of co-selection - such as co-regula-
tion, where one resistance factor is transcriptionally linked
to another - cannot be excluded [96]. On the other hand,
blanpm.1 has been annotated together with several different
resistance genes [97] and, in Pr. mirabilis CCUG 70746, it
was co-located with resistance genes active against amino-
glycosides, macrolides, lincosamides, streptogramin, pheni-
cols, rifampicin, sulphonamides, tetracyclines and
trimethoprim. Furthermore, blayp, was co-located with
genes active against aminoglycosides, sulphonamides and
trimethoprim. For these plasmids, there is a risk of creating
a selective advantage for these carbapenemase genes by
treating with, for example, co-trimoxazole.

Four of the isolates (E. coli CCUG 70745, K. pneumoniae
CCUG 70742, Pr. mirabilis CCUG 70746 and K. pneumo-
niae CCUG 70747) had acquired three or four different 8-
lactamases, some of which were found in several copies.
For example, Pr. mirabilis CCUG 70746 carried three dif-
ferent B-lactamases (blacyy-16, blanpm-1> blaoxa-10) within
a single plasmid, where only blaypy.; would have been
sufficient to hydrolyse all known B-lactams, except mono-
bactams [67]. Why bacteria arm themselves with this
redundancy of resistance genes is not clear. There could
be a selective advantage of having a combination of 3-lac-
tamases of different spectra if they somehow complement
each other, for example due to complementing hydrolys-
ing efficiency for different B-lactams. It is also possible
that only a subset of the B-lactamases is expressed in these
isolates, as has been observed previously [98]. This would
also suggest that the process of incorporating additional
genes with wider spectra is, in general, quicker than the
process of losing genes. Reversal of resistance, even in the
absence of a selection pressure, has indeed been suggested
to be slow or even non-existent [99]. Further studies of
gene expression in bacteria encoding multiple S-lacta-
mases are therefore needed to elucidate the reasons behind
this genetic redundancy.

The correspondence between measured antibiotic resistance
and the phenotypes expected from the annotated resistome
was high, but there were important discrepancies. Complete
agreement between the measured and expected resistance
profile was observed only for two of the isolates: Pr. mirabi-
lis CCUG 70746 and A. baumannii CCUG 70743. The
expectations for co-trimoxazole were accurate for all isolates
and resistance phenotypes were caused by acquired sul and
dfr genes. For fosfomycin, the measured phenotypes were in
agreement with what was expected, except for K. pneumo-
niae CCUG 70747 which was fosfomycin-resistant. This
phenotype could potentially be caused by upregulation of
the fosA gene, which was annotated in both studied K. pneu-
moniae strains, but excluded from our analysis due to its
presence in the reference genome. It should be noted that
the wild-type distribution of fosfomycin MICs for K. pneu-
moniae covers the clinical breakpoint (MIC>32 mg 1™, but
it is not listed as intrinsically fosfomycin-resistant by
EUCAST [100].

Correct predictions were also made for B-lactam resistance
— which could be linked to acquired B-lactamases - for all
isolates, except Ps. aeruginosa CCUG 70744. Altered gene
expression is a common mechanism of resistance in Ps. aer-
uginosa and could putatively explain the acquired B-lactam
resistance in strain CCUG 70744. Frameshift mutations
such as the detected insertion interrupting the mexZ gene
have previously been associated with upregulation of the
MexXY-OprM pump and clinical level of resistance against
amikacin [37]. Although this pump system has also been
shown to extrude certain B-lactams, including carbapenems,
upregulation has been shown not to be sufficient to reach
clinical resistance [101]. Furthermore, loss of OprD expres-
sion is the most common mechanism of clinical carbape-
nem resistance in Europe [102], and there was a 12 amino
acid long substitution detected in the OprD porin and a
substitution in MexT which negatively regulates OprD
expression [36]. Neither these alterations nor those detected
in MexCDXY, Opr], AmpD, NalC, PbpCG or PonA has
previously been associated with antibiotic resistance, but we
cannot exclude the possibility that they - singly or in combi-
nation with other genetic alterations — could contribute to
the resistance phenotype. Similarly, altered gene expression
of, for example, efflux pumps is a known tigecycline resis-
tance mechanism in K. pneumoniae [61, 62]. Four of the
isolates - E. coli CCUG 70745, K. pneumoniae CCUG
70742, Pr. mirabilis CCUG 70746 and A. baumannii CCUG
70743 - had acquired tetracycline efflux pumps (tet) that
are expected to cause resistance against tetracycline but not
tigecycline. This pattern was observed in E. coli CCUG
70745 but not in K. pneumoniae CCUG 70742, which was
phenotypically tigecycline-resistant. Although no mutations
previously linked to tigecycline resistance were found, it is
still possible that altered gene expression was the underlying
resistance mechanism in K. pneumoniae CCUG 70742. This
implies that prediction of overexpressed intrinsic resistance
genes directly from genomic data is challenging and
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requires additional analysis using, for example, gene expres-
sion assays.

Mutations in chromosomal non-mobile DNA can have a sig-
nificant impact on the resistance phenotype and it is there-
fore essential to include point mutations in any attempt to
fully describe the resistome. Indeed, all isolates included in
this study had acquired fluoroquinolone resistance, which
could be linked to known amino acid substitutions in the
enzymes targeted by fluoroquinolones. The combination of
amino acid substitutions detected in K. pneumoniae CCUG
70747 (D87G in GyrA and S80R in ParC) has not been previ-
ously described but resulted in high levels of fluoroquinolone
resistance. This demonstrates that novel combinations of
resistance mutations appear in clinical isolates and that fur-
ther characterization of combinations of chromosomal
mutations is necessary to ensure correct prediction of their
corresponding resistance phenotype.

Regarding chloramphenicol, Pr. mirabilis CCUG 70746 had
acquired two phenicol resistance genes (cmlA4 and floR) and
was indeed resistant. However, two additional isolates (E.
coli CCUG 70745 and K. pneumoniae CCUG 70747) were
chloramphenicol-resistant with no known genetic mecha-
nism for phenicol resistance. In E. coli CCUG 70745, a gene
encoding a putative novel phenicol-inactivating enzyme was,
however, detected (Fig. S2b), showing low homology to
known chloramphenicol resistance genes. The results high-
light the importance of having complete databases with asso-
ciated phenotypes when attempting to predict the
susceptibility profile of an isolate. However, as new resistance
mechanisms being mobilized into pathogenic bacteria is an
ongoing evolutionary process, the databases will, in theory,
never be complete. Nevertheless, continued efforts are neces-
sary to keep databases as up to date as possible. This, in com-
bination with systematic experimental validation of novel
genes appearing in clinical isolates, is necessary to ensure a
correct derived phenotype induced by resistance genes that
have recently been mobilized into pathogens.

The predictions regarding aminoglycoside resistance were
correct for all strains except K. pneumoniae CCUG 70742,
which was expected to be amikacin-resistant. K. pneumo-
niae CCUG 70742 carried the gene aac(6’)-Ib-cr, which is
active against amikacin, although less effective than the
related gene aac(6’)-Ib [40]. However, identical aac(6’)-Ib-cr
genes were found in both E. coli CCUG 70745 and K. pneu-
moniae CCUG 70742, where the E. coli strain showed inter-
mediate resistance to amikacin while K. pneumoniae CCUG
70742 was classified as susceptible. This indicates that the
genetic context of genes, and not just their presence, may be
relevant in predicting the resistance profile. Indeed, it has
been shown that the broad-spectrum [-lactamase gene
blanpm.1 gives different resistance profiles in different bac-
terial species [103].

In conclusion, the combination of short- and long-read
sequencing with optical DNA mapping proved most useful
to characterize the genome of six carbapenem-resistant

clinical isolates. The resulting complete assemblies included
four novel plasmids, one of which encoded a carbapene-
mase. This methodology enabled assessment of the risk for
co-selection and spread of the annotated resistance genes.
Furthermore, the concordance between the resistance level
expected from the genotypes and the measured phenotype
was overall good. Although the number of studied isolates
was limited, we encountered many of the complexities of
predicting a resistance profile from whole genome data.
Firstly, resistance caused by altered expression of intrinsic
genes — which is an important mechanism for clinical resis-
tance against a wide range of antibiotic classes [61, 104,
105] - is inherently difficult to predict from genomic data.
Secondly, if multiple resistance factors with low efficiency
have been acquired by an isolate, it is not trivial to predict
their combined effect. For example, ertapenem resistance
has been observed in E. coli and K. pneumoniae lacking car-
bapenemases through a combination of extended-spectrum
B-lactamases and loss of porin expression [106]. These
mechanisms of resistance are typically not able to cause car-
bapenem resistance on their own. However, systematic
studies of the combinatorial effects of multiple resistance
genes, mutations and other genetic alterations are still very
scarce and - due to their often complex interactions - the
corresponding phenotype is hard to predict. Thirdly, differ-
ent genetic contexts of one gene may alter its associated
resistance phenotype [107, 108]. Lastly, the completeness of
the database of mobile resistance genes can also affect the
predicted phenotype if a novel resistance gene is present.
This happened, for example, in 2016 when the mobile colis-
tin resistance gene mcr-1 was discovered in China, and
quickly thereafter was annotated in genomes and metage-
nomes already present in public sequence databases [109,
110]. This emphasizes the importance in continuing the
description of the genetic mechanisms behind antibiotic-
resistant bacteria and their associated phenotypes. Our
results therefore support the concerns raised in the
EUCAST report on using WGS for antimicrobial suscepti-
bility testing of bacteria [11]. While some of these issues
might be addressed through more research - such as
increasing the completeness of the databases through the
discovery of novel genes - it is unlikely that the level of con-
ferred resistance caused by altered expression of intrinsic
genes will ever be correctly predicted from genomic data.
Even though WGS will probably prove to be highly valuable
in bacterial diagnostics, our results show that there will be
many situations where the method will fall short due to its
technical limitations.
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