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ABSTRACT Extended-spectrum �-lactamase-producing Enterobacteriaceae (EPE) are
a major cause of bloodstream infections, and the colonization rate of EPE in the gut
microbiota of individuals lacking prior hospitalization or comorbidities is increasing.
In this study, we performed an in-depth investigation of the temporal dynamics of
EPE and their plasmids during one year by collecting fecal samples from three pa-
tients initially seeking medical care for urinary tract infections. In two of the patients,
the same strain that caused the urinary tract infection (UTI) was found at all consec-
utive samplings from the gut microbiota, and no other EPEs were detected, while in
the third patient the UTI strain was only found in the initial UTI sample. Instead, this
patient presented a complex situation where a mixed microbiota of different EPE
strain types, including three different E. coli ST131 variants, as well as different bac-
terial species, was identified over the course of the study. Different plasmid dynam-
ics were displayed in each of the patients, including the spread of plasmids between
different strain types over time and the transposition of blaCTX-M-15 from the chro-
mosome to a plasmid, followed by subsequent loss through homologous recombi-
nation. Small cryptic plasmids were found in all isolates from all patients, and they
appear to move frequently between different strains in the microbiota. In conclu-
sion, we could demonstrate an extensive variation of EPE strain types, plasmid com-
position, rearrangements, and horizontal gene transfer of genetic material illustrating
the high dynamics nature and interactive environment of the gut microbiota during
post-UTI carriage.
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Extended spectrum �-lactamases (ESBLs) are enzymes that degrade most �-lactam
antibiotics, such as penicillins and cephalosporins, the most commonly used group

of antibiotics worldwide. ESBL-producing Enterobacteriaceae (EPE), especially Esche-
richia coli and Klebsiella pneumoniae, constitute a burden on health care systems
conferring excess mortality and prolonged hospital stay (1–4). When comparing blood-
stream infections (BSI) caused by ESBL-producing E. coli isolates with BSI caused by
susceptible isolates, the impact of resistance is estimated to �2,700 excess deaths in
Europe and €18.1 million in additional health care costs annually, represented by
�120,000 excess days of hospital stay (2). In general, a doubling in medical cost is
estimated for infections caused by ESBL-producing isolates compared to susceptible
isolates (5).

In addition to �-lactam resistance, most ESBL-producing bacteria contain other
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resistance determinants and are therefore multidrug resistant, which will further reduce
treatment options. The most common ESBL genes today belong to the blaCTX-M group,
which were first discovered in the 1980s and since then have spread to all continents
and have become endemic worldwide (6, 7). ESBL genes are often carried on large
plasmids, typically between 50 and 200 kb in size, mostly belonging to the IncF, IncA/C,
IncL/M, IncN, and IncI1 groups (8). In Enterobacteriaceae, ESBLs are mainly encoded and
disseminated by plasmids belonging to the IncF group, with a relatively narrow host
range (9). Beside conserved regions such as the replicon, the composition of plasmids
can be highly dynamic. Resistance plasmids typically contain large numbers of mobile
genetic elements (e.g., insertion sequences, transposons, and integrons) associated
with the resistance genes. Hence, plasmid composition can vary extensively within an
Inc group due to transposition events and rearrangements driven by transposase
activity or homologous recombination between identical copies of the same element
(10).

The gut microbiota, a reservoir for Enterobacteriaceae, is an ideal place for horizontal
dissemination of conjugative plasmids and the average number of different plasmids in
a single E. coli has been estimated to be two to three (11). Conjugative transfer of
resistance plasmids during human carriage has been described (12–14), but compared
to the epidemiology of bacterial strains, relatively little is known of the epidemiology
and evolution of plasmids over time in vivo. In order to better understand how plasmids
change and how they spread between different bacteria in the gut during colonization,
we performed an in-depth analysis of ESBL plasmid dynamics using samples from three
patients from a previous study. The previous study focused on the duration of ESBL
carriage postinfection in 61 patients seeking medical advice for various infections
caused by EPE (15). For this study, three of the patients from the previous work were
selected that were EPE culture positive on all five sampling occasions during the year
after a urinary tract infection (UTI). The isolates from the three patients showed different
profiles regarding bacterial species, strain type, and number of ESBL-producing strains
isolated per time point during the course of the study. Our aim was to study the
plasmid composition of ESBL-producing bacteria in the gastrointestinal tracts of carri-
ers, as well as to study the short-term evolution of plasmids during the course of one
year. A combination of long-read and short-read massive parallel sequencing enabled
highly detailed information about the plasmids and the bacteria they resided in.
Studying the total plasmid composition rather than an individual plasmid provides
valuable insight of how plasmids carrying resistance genes are disseminated and evolve
in vivo over time.

RESULTS
Characteristics of the selected isolates. A prospective study of ESBL carriage after

UTI was previously performed by Titelman et al. (15). From the same study, we chose
isolates from three patients for further investigation of the ESBL-plasmid dynamics
based on their EPE content over the time of carriage. Patients 2 and 7 displayed carriage
of one ESBL-producing strain of E. coli over the whole study period and represent a
possibility to study plasmid dynamics within a specified bacterial clone. A more
complex picture could be observed for patient 4 with a highly varying EPE content over
the sampling period. From this patient, samples obtained at 1, 3, and 6 months
post-UTI, EPE isolates with different morphologies, were retrieved from selective agar
plates indicating either cocolonization by completely unrelated EPE or the transfer of
plasmid-borne ESBL genes within the gut microflora. Therefore, isolates representing
different morphologies were analyzed from these samples, including both ESBL-
producing K. pneumoniae and ESBL-producing E. coli. In all other samples only one
single-colony morphology could be detected, and hence only one isolate was taken for
these time points. This approach will account for bacteria with different colony mor-
phologies but may underestimate variation within morphologically indistinguishable
strains at each time point.
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Sequencing and phylogenetic relatedness of strains. A combination of long-read
Pacific Biosciences sequencing of index isolates representing each bacterial morphol-
ogy complemented by short-read sequencing using Illumina MiSeq resulted in com-
plete chromosome and plasmid sequences of all isolates. From the complete sequences
we could identify known resistance genes and previously described chromosomal
resistance mutations (see Table S2 in the supplemental material). From the chromo-
somal sequences we performed epidemiological strain typing by traditional multilocus
sequence typing (MLST) for E. coli and K. pneumoniae (Table S2). We also made cross
comparisons of the whole-genome sequences of all isolates from the individual pa-
tients to identify genetic variation between isolates (Table S3). To illustrate the genetic
relatedness of all E. coli isolates, we performed a k-mer tree analysis, including the
different MLSTs and separate single-nucleotide polymorphism (SNP) tree analyses for
each MLST subset from the different patients (Fig. 1). This confirmed that patients 2 and
7 carried single strains over the whole sampling period with very little genetic variation
over time (E. coli ST131 and E. coli ST405, respectively) and that patient 4 carried
different strains of two different species, E. coli and K. pneumoniae (E. coli ST167, E. coli
ST131, and K. pneumoniae ST147). Interestingly, there were three different ST131
morphotypes identified in patient 4 with ca. 1,000 SNPs between each and two
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FIG 1 Unrooted k-mer tree (solid dark gray lines) for all E. coli isolates and individual SNP-based trees
(teal boxes) for each subgroup of isolates. The central tree is a neighbor-joining k-mer tree describing the
genetic relatedness of the isolates based on the presence of 16-mer motifs throughout the complete
chromosomes. The scale indicates Jensen-Shannon divergence length. Neighbor-joining SNP trees were
made using complete genome alignments. The number of SNPs separating each node is indicated along
the branches. For the tree of ST131 isolates from patient 4, the number of SNPs separating the isolates
is indicated at the internal node separating the branches.
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different blaCTX-M phylogroups. Three of five samplings from patient 4 exhibited a
mixed culture of various EPE strains, resulting in a total of nine genetically different EPE
isolates from this patient (Fig. 1 and Table S2).

Resistance profiles and genetic resistance determinants of isolated bacteria.
MICs of 14 different antibiotics were determined for all isolates (Table 1). All isolates
were resistant to cefotaxime (carrying either blaCTX-M-14, blaCTX-M-15, or blaCTX-M-27) in
accordance with their ESBL phenotype. Interestingly, the first and last isolates from
patient 2 (2/0 and 2/4) displayed significantly lower MICs for cefotaxime compared to
the other three isolates of the same strain without detection of additional resistance
genes. This trend was also observed for ertapenem and amdinocillin, indicating some
genetic change regarding �-lactam resistance among the EPE isolates from this patient
(see below). All isolates from the three patients were also resistant to sulfonamides, due
to plasmid-encoded sul2 and/or sul1; trimethoprim because of different plasmid-
encoded dfrA genes; and ciprofloxacin in the E. coli isolates due to plasmid encoded
aac(6)-Ib-cr and/or mutations in gyrA and parC and in the K. pneumoniae isolates due to
plasmid-encoded aac(6)-Ib-cr and qnrS1 and to chromosomal gyrA and parC mutations.
High MICs toward erythromycin was displayed by 15/19 isolates through the acquired
macrolide resistance determinant mphA. All isolates from patient 4 were also resistant
to tetracycline [tetA(A) or tetA(B)] and some also to gentamicin [n � 5, aac(3=)IIa],
nitrofurantoin (n � 4, mutations in nfsA and chromosomally encoded oqxAB), or dis-
played high MIC against kanamycin [n � 7, aac(6=)-Ib-cr, aph(3=)Ia], streptomycin (n � 4,
strAB, aadA2, and aadA5), and chloramphenicol (n � 1, catA1). See Table S2 for more
information about resistance genes and specific chromosomal mutations. The only
tested antibiotics to which all isolates were sensitive were ertapenem, amdinocillin, and
amikacin.

Cocolonization by multiple ST131 subtypes. All five E. coli isolates from patient 2
and five of the nine isolates from patient 4 belonged to the B2 lineage of the
internationally recognized expanded clonal complex E. coli ST131 (16). The five isolates
from patient 2 had diverged slightly over the sampling time with a total of 25 unique

TABLE 1 Resistance profiles of all isolates

Patient and isolate

MIC (mg/liter) fora:

CTX ETP MEC TMP SMZ TET ERY CHL CIP STR AMK KAN NIT GEN

Patient 2
2/0 32 0.008 0.25 >32 >1,024 1 �256 4 >32 8 2 2 8 0.5
2/1 128 0.03 0.5 >32 >1,024 1 �256 4 >32 8 2 2 8 0.5
2/2 128 0.03 0.5 >32 >1,024 1 �256 4 >32 4 2 2 8 0.5
2/3 128 0.03 0.5 >32 >1,024 1 �256 4 >32 4 2 2 8 0.5
2/4 32 0.008 0.25 >32 >1,024 1 �256 4 >32 4 2 2 8 0.5

Patient 4
4/0 128 0.03 0.25 >32 >1,024 64 �256 4 >32 8 4 64 8 32
4/1-1 64 0.03 1 >32 >1,024 32 �256 4 >32 8 4 �256 8 1
4/1-2 64 0.06 1 >32 >1,024 �256 64 >256 >32 256 4 32 256 32
4/2-1 128 0.06 0.5 >32 >1,024 �256 64 8 >32 4 4 32 64 8
4/2-2 32 0.008 0.25 >32 >1,024 64 �256 2 >32 64 2 2 4 0.5
4/2-3 64 0.06 1 >32 >1,024 �256 64 8 >32 256 4 32 256 32
4/3-1 128 0.06 0.5 >32 >1,024 �256 64 8 >32 8 4 16 32 16
4/3-2 64 0.03 1 >32 >1,024 32 �256 4 >32 8 4 �256 8 0.5
4/4 32 0.008 1 >32 >1,024 64 �256 4 >32 64 2 2 8 0.5

Patient 7
7/0 32 0.03 0.25 >32 >1,024 2 �256 8 >32 8 2 2 4 0.5
7/1 32 0.06 0.25 >32 >1,024 2 �256 32 >32 8 4 2 2 0.5
7/2 32 0.06 0.25 >32 >1,024 4 �256 8 >32 4 2 2 4 0.25
7/3 32 0.06 0.25 >32 >1,024 2 �256 8 >32 8 2 2 4 0.25
7/4 32 0.06 0.25 >32 >1,024 2 �256 8 >32 8 2 2 4 0.5

aNo clinical breakpoints determined for Enterobacteriaceae (TET, ERY, STR, and KAN). Values indicated in boldface are greater than the clinical breakpoints for
resistance according to EUCAST. CTX, cefotaxime; ETP, ertapenem; MEC, mecillinam; TMP, trimethoprim; SMZ, sulfamethoxazole; TET, tetracycline; ERY, erythromycin;
CHL, chloramphenicol; CIP, ciprofloxacin; STR, streptomycin; AMK, amikacin; KAN, kanamycin; NIT, nitrofurantoin; GEN, gentamicin.
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SNPs between the isolates (Table S3), but the same plasmid was found in all isolates
(see below). In contrast, cross comparison and phylogenetic analysis of the isolates
from patient 4 showed that they were separated into three distinct subgroups where
isolates 4/1-1 and 4/3-2 were identical, isolates 4/2-2 and 4/4 differed by one SNP, and
the initial UTI isolate (4/0) clearly differed from the other two subgroups (Fig. 1). The
genetic distance between the three subgroups were between 846 and 1,232 SNPs and,
together with the difference in plasmid content (see below), show that patient 4 was
colonized by distinctly different ST131 subtypes during the sampling period. Mapping
of our ST131 isolates to an SNP tree using the ST131 data set from Matsumura et al. (17)
clearly shows the different distributions of the isolates, with 2/0, 4/0, and 4/1-1 being
part of the C2/H30Rx cluster, whereas 4/2-2 falls within the C1/H30R clade close to the
C1-M27 subcluster in accordance with this isolate encoding blaCTX-M-27 (Fig. S1).
Interestingly, only the ESBL plasmid of isolate 4/0 (p4/0.1) gave a best match to a
plasmid of another ST131 isolate in GenBank, while all other ST131 plasmids found had
best matches to plasmids from other E. coli sequence types (Table S4). This further
corroborates the high plasmid variability found previously among the ST131 lineage.

Plasmidome analysis. The plasmid contents of the isolates were completed by
circularization of contigs from PacBio sequencing that did not assemble with the
chromosomal sequences followed by BLASTn analysis of best matching references.
Small plasmids (�10 kb) were also identified from de novo-assembled contigs of the
MiSeq data not matching the consensus sequences generated by PacBio. This proce-
dure identified 32 large (�10-kb) plasmids (Fig. 2 and Table S2). The number of large
plasmids in each isolate ranged from one to three and total plasmid content was up to
seven when including small cryptic plasmids (see below). All plasmids and putative
plasmid transfer events are illustrated in Fig. 2.

Although the UTI of patient 2 was successfully cleared, the E. coli ST131 strain that
caused the infection could be isolated from the intestinal microflora in all subsequent
samples. The UTI isolate carried one large multidrug resistance IncFIA/FIB/FII plasmid of
135 kb, p2/0.1, with the closest match to a plasmid from an E. coli ST648, EcIMT16316
(99% identity/80% query coverage, accession number CP023816) (Table S2). Interest-
ingly, in isolate 2/0 the plasmid did not contain the blaCTX-M-15 gene, it was instead
present on the chromosome inserted in the mppA gene (murein peptide permease A),
together with its associated transposase ISEcp1b (Fig. 3A). However, the following
isolates obtained at 1, 3, and 6 months post-UTI contained identical versions of the
plasmid but with insertion of an 18-kb chromosomal region, including the blaCTX-M-15

ISEcp1b element (Fig. 3B). The insertion was most likely the result of a replicative
transposition event initiated by the ISEcp1b transposase. The fifth sample, 2/4, con-
tained the same plasmid but with a 22.6-kb deletion between an IS26 element
upstream of the tetracycline resistance gene tetA(B) and a 96-bp IS26 remnant down-
stream of the blaCTX-M-15 gene (Fig. 3C). This deletion resulted in loss of the blaCTX-M-15

and tetA(B) genes from the plasmid. For all isolates, the chromosomal copy of the
blaCTX-M-15 gene remained at the same site. This variation in ESBL gene composition
also explains the variation in �-lactam susceptibility between the isolates from patient
2 with decreased susceptibility in the isolates with a second blaCTX-M-15 copy on the
plasmid since increased expression can yield more beta-lactamase enzyme (see Dis-
cussion).

All of the isolates from patient 7 contained a single ESBL-producing E. coli strain
belonging to ST405. This strain carried an IncFIB/FII plasmid of 114 kb encoding dhfr17,
sul-1, mphA, and aadA5 resistance genes. As in the EPE from patient 2, the ESBL gene
(in this case blaCTX-M-14) was present on the chromosome, and no blaCTX-M-14 plasmid
integration was seen in the isolates. However, in contrast to the other isolates, isolate
7/1 contained an erythromycin resistance ermABC operon integrated between directly
repeated IS26 elements on the plasmid. If this difference between isolates represents an
insertion or deletion through homologous recombination is not possible to determine
from the sequence data. Isolate 7/1 also showed a substantial increase in chloram-
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phenicol MIC (Table 1). Factors from the plasmids could be excluded since moving the
plasmids to MG1655 gave no increase in MIC (data not shown). No obvious chromo-
somal mutations explaining this phenomenon could be identified, and further inves-
tigations are needed to elucidate the increase in MIC. Three of the isolates—7/1, 7/2,
and 7/3—also harbored an additional plasmid of approximately 43 kb. This plasmid had
a best match to pO157_Sal (77% identity/65% query coverage, accession number
CP001927), which has been shown to affect the virulence, growth, and adaptation of an
EHEC strain, E. coli O157:H7 (18). In addition, isolate 7/2 contained a third plasmid of
34 kb with high similarity to the Citrobacter freundii plasmid pN-Cit (99% identity/97%
query coverage, accession number JQ996149). This plasmid was not found in any of the
isolates from the other time points.

Extensive plasmid mobility facilitates spread of virulence and resistance genes.
The samples from patient 4 differed from the other two patients by containing
ESBL-producing strains with different colony morphologies and a different genetic
background. For these isolates, all ESBL genes were carried on plasmids. As seen from
the chromosomal comparison, three different E. coli ST131 clones were present at
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different times in the gut microbiota of this patient. The sublineages also contained
distinctly different large IncF multidrug resistance plasmids, further corroborating that
they belong to different sublineages of ST131 (Fig. 2A and Table S2). The initial ST131
UTI isolate 4/0 contained a 139-kb blaCTX-M-15-encoding IncFIA/FII multidrug resistance
plasmid most similar to the previously identified ST131 E. coli NCTC 13441 plasmid
(100% identity/96% query coverage, accession number LT632321), and a second plas-
mid of 110 kb containing no resistance genes. This particular ST131 strain was not
found in any of the other samples obtained from patient 4. Isolates 4/1-1 and 4/3-2
were genetically identical and shared an IncFIA/FIB/FII multidrug resistance plasmid of
181 kb encoding blaCTX-M-15, and a 33-kb IncX4 plasmid highly similar to pBS512_33

(insertion of 18kb genes)
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FIG 3 Dynamics of blaCTX-M-15 movement between isolates in patient 2. The ISEcp1/blaCTX-M-15 transposition unit (orange) was inserted in the mppA gene in
all five isolates from patient 2. (A and B) The initial UTI isolate 2/0 harbored a pEcIMT16316-like plasmid of 135 kbp (light gray) (A), while isolates 2/1, 2/2, and
2/3 all harbored a version of this plasmid with an insertion of 18 kbp of chromosomal genes (dark gray), including the ISEcp1/blaCTX-M-15 transposition unit
(B). (C) This region of the plasmid and the flanking genes were deleted in the last isolate 2/4, through homologous recombination between identical flanking
transposase genes (IS26 [black]).
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(99% identity/100% query coverage, accession number CP001059). Isolates 4/2-2 and
4/4 were of a third ST131 variant and differed by only 1 SNP on the chromosome and
contained identical 126-kb IncFIA/FIB/FII plasmids encoding blaCTX-M-27. Isolates 4/2-1
and 4/3-1 were chromosomally identical and belonged to ST167 and contained iden-
tical versions of a 152-kb IncFIA/FIB/FII multidrug resistance plasmid encoding
blaCTX-M-15. These isolates also contained identical copies of the 33-kb pBS512_33-like
plasmid found in 4/1-1 and 4/3-2. The pBS512_33-like plasmid appears to have spread
between different strains in patient 4 since identical plasmids were found in two
different ST131 variants (4/1-1, 4/3-2, and 4/4) and also in the two ST167 (4/2-1 and
4/3-1), as illustrated in orange in Fig. 2A. In addition, 4/3-1 contained a 68-kb IncFII
plasmid encoding the �-lactamase blaTEM-1, which also was found in 4/4 indicating that
this plasmid had also spread between two different STs of E. coli. The two K. pneu-
moniae isolates differed by 2 SNPs on the chromosome and belonged to ST147. Isolate
4/1-2 had a 112-kb plasmid with no resistance genes and a 96-kb plasmid best
matching pNDM-1fa (99% identity/53% query coverage, accession number CP014757).
However, no blaNDM-1 gene was present on this plasmid, though there were a large
number of other resistance genes, including blaCTX-M-15 (Table S2). Isolate 4/2-3 did not
contain the 112-kb plasmid and had a smaller version of the pNDM-1fa-like plasmid of
74 kb that had lost the catB3 gene, most likely due to homologous recombination, but
retained all other resistance genes. In addition to the deletion an inversion had also
occurred between homologous regions.

High abundance and mobility of small cryptic plasmids. Small cryptic plasmids
(SCPs) of sizes up to 10 kb were found in all isolates (Table S5 and Fig. 2B). The presence
of SCPs seems to be a common phenomenon in E. coli and K. pneumoniae isolates. It
is not clear whether they have any phenotypic effect on the host bacterium since most
SCPs only encode one or two genes, often involved in replication and plasmid mobility
(19). In the five isolates from patient 2, four identical small cryptic plasmids were
identified. Three of them were highly similar to SCPs identified in other Swedish E. coli
plasmidomes previously described (20). Similarly, all five isolates from patient 7 con-
tained the same two SCPs. Interestingly, a 1,552-bp plasmid with high sequence
similarity to the previously sequenced pJJ1886 (100% identity/100% query coverage,
accession number NC_022661) was present in all isolates from both patients 2 and 7.
The pJJ1886 plasmid was originally found with four other plasmids in a highly virulent
ST131 H30-Rx (21).

The SCPs of patient 4 were more diverse than for patients 2 and 7 in accordance
with the diverse genetic backgrounds of the isolates (Table S5 and Fig. 2B). Several SCPs
were found in isolates of different genetic backgrounds, indicating the extensive spread
of these plasmids in the gut microbiome. In particular, two SCPs of 5.2 and 7.9 kb were
found in multiple of the other E. coli isolates from patient 4. The 7.9-kb SCP was highly
similar to pHUSEC41-3 (99% identity/100% query coverage, accession number
NC_018997) previously isolated from a Shiga toxin-producing E. coli isolated in Ger-
many (22). This plasmid displayed 15 open reading frame, four of which were related
to ColE1 mobilization proteins (MobA to MobD), indicating a hitch-hiking capability
with conjugative plasmids. A 4.1-kb plasmid identical to pMNCRE44_2 (100% identity/
100% query coverage, accession number CP010878), previously found in a carba-
penem-resistant E. coli strain (23), was found in three E. coli isolates. The K. pneumoniae
isolates (4/1-2 and 4/2-3) showed two different SCPs of 8.8 and 2 kb that were not
found in any of the E. coli isolates. In summary, the SCPs found in the isolates of patient
4 show extensive spread between E. coli of different strain types, whereas interspecies
overlap between E. coli and K. pneumoniae was not seen.

Plasmid stability and fitness effects in vitro. To determine whether the variation
in plasmid content for the isolates from patient 7 were due to acquisition or loss of the
plasmids, we performed in vitro stability experiments. This was done by serial passage
of individual lineages of each isolate, followed by screening for plasmid presence over
500 generations of growth. By single cell passage on plates, the possible effect of
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growth differences between plasmid containing and plasmid free cells is reduced (12).
Isolate 7/2 was chosen for studying the variable occurrence of the 34- and 43-kb
plasmids in isolates from patient 7. The same stability assay was performed for isolate
2/1 to specifically study the stability of the incorporation of the blaCTX-M-15/ISEcp1b on
the plasmid. No plasmid loss for isolates 2/1 and 7/2 was observed for any of the
lineages, indicating that the plasmids are stable in their host cell at least under the
laboratory conditions tested. Therefore, differences in occurrence between isolates of
the same patient most likely represent new acquisition of plasmid rather than loss.
Likewise, the presence of blaCTX-M-15 was persistent in isolate 2/1 indicating that the
deletion found in isolate 2/4 is not a very frequent event. To assess whether acquisition
of plasmids or plasmid presence of blaCTX-M-15 affected the fitness of the cell, relative
growth rates were determined in two media, Mueller-Hinton medium and M9 glucose,
as a proxy for fitness (Fig. 4A and B). By comparing all sequential isolates from patients
2 and 7, a general trend could be observed that the isolates increased their fitness over
time. No correlation between plasmid presence of blaCTX-M-15 and fitness could be
found, indicating that growth rate differences is likely due to chromosomal variations.
In patient 7, the three isolates with extra plasmids grew significantly faster than the
isolates without plasmids, which could indicate that the plasmids contribute a general
fitness advantage to the cell (Fig. 4B). However, transfer of the plasmids to a common
genetic background (MG1655) did not result in any major difference in fitness com-
pared to the plasmid-free parental strain (Fig. 4C). The 114-kb plasmid, which was
present in all isolates, gave a small increase in growth rate on its own in minimal
medium but a small reduction in growth in rich medium. This indicates that chromo-
somal differences are responsible for the difference in fitness between the isolates.
Transduction experiments were not successful due to phage resistance in the isolates,
so alternative reconstruction experiments are required to conclusively determine any
contribution of chromosomal differences.

DISCUSSION

The prevalence of EPE carriage is increasing worldwide and consequently also in
Sweden, where the incidence of infections caused by ESBL-producing E. coli and K.
pneumoniae were 100 cases per 100,000 inhabitants in 2017 (24). In a recent study,
asymptomatic EPE carriage was estimated to almost 5% of the Swedish population,
where the main risk factor was travel to regions of high endemicity, such as Africa and
Asia (25). Interestingly, E. coli ST131 were significantly more often found among
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patients contracting bloodstream infections than from asymptomatic carriers, and EPE
colonizing asymptomatic carriers contained significantly fewer resistance genes, indi-
cating a difference in risk of infections following colonization by different lineages. As
in many parts of the world, the E. coli clone ST131 is the major cause of invasive EPE
infections in Sweden (25). The reason for the success of the E. coli ST131 lineage is
debated. Novais et al. (26) indicated that the spread and diversification of ST131 was
driven by the acquisition of various IncF plasmids. On the other hand Zakour et al. (27)
concluded that ST131 is first associated with acquired virulence, such as altered O
antigen and attainment of prophages, and, second, not until recently, associated with
antibiotic resistance, such as toward fluoroquinolones and �-lactams. The ST131 B2
clade C2 contain more antibiotic resistance genes, generally carried on plasmids,
compared to other ST131 clades. These IncF plasmids are often associated with blaCTX-M

genes, in particular the blaCTX-M-15 (28), which is consistent with patient 4 from our
study, where three sublineages of ST131 were found of which two carried plasmid-
borne blaCTX-M-15. In contrast, in the ST131 strain from patient 2, blaCTX-M-15 was present
on the chromosome and in some isolates on the plasmid due to a transposition event
from the chromosomal copy. Interestingly, insertion of blaCTX-M-15 in the mppA region
has been observed before and the blaCTX-M gene is often flanked by IS26 (28), which in
this study led to the deletion of the plasmid version of the blaCTX-M-15 gene in the last
isolate from patient 2. Overall, the IncF plasmids examined in this study did not have
a perfect match (between 53 and 96% sequence coverage) with other known plasmids
illustrating the dynamic nature of influx and efflux of genes on these elements. As
observed before, these changes are most pronounced when it comes to loss or gain of
resistance genes in accordance with their frequent colocalization with transposable
elements (10).

All the isolates analyzed here belonged to previously recognized sequence types
associated with multidrug resistance and disease in humans. The E. coli ST405 lineage
is, like ST131, described in the literature as a highly successful lineage associated with
ESBL production and IncF plasmids (6, 29). Recently this multidrug-resistant ST group
has been connected to spread of the plasmid-carried blaNDM genes (30, 31). E. coli
ST167 has also been described as associated with ESBL production from Germany and
Spain (32, 33). In China this strain type is not only reported carrying ESBL genes but also
connected with carbapenemase production (34). The K. pneumoniae ST147 clone is an
internationally dispersed K. pneumoniae clone associated with multidrug resistance and
is known to harbor a plethora of resistance genes, including many different ESBL types
(6, 35, 36).

The three patients were all diagnosed with UTI caused by EPE when included in the
study. Although the number of patients is too small to draw any general conclusions
regarding risk factors, some tentative indications can be pointed out. Patient 2 was
previously healthy with small risk for acquisition of ESBL. The patient had been
travelling to Gran Canaria, Spain, before contracting pyelitis, which was successfully
treated with ciprofloxacin even though the isolated strain was shown to have a
ciprofloxacin MIC of �32 mg/liter. Part of the stability of the ESBL strain and plasmid-
omes could be explained by lack of exposure to additional antibiotics and other risk
factors such as hospitalization. We cannot conclude whether the ciprofloxacin treat-
ment contributed to the persistence in colonization in the gut microbiota, but antibi-
otic treatment can selectively enrich resistant strains in vivo and prolong carriage (37,
38). The transposition of the ISEcp1/blaCTX-M-15 onto the plasmid shows a very dynamic
nature of resistance genes that are associated with active transposases. The fact that
the blaCTX-M-15 gene on the plasmid also contained insertion of the respective flanking
chromosomal genes proved the direction of transfer. Increased gene copy number of
blaCTX-M-15 has previously been shown to decrease susceptibility for the carbapenem
ertapenem in combination with reduced outer membrane permeability (39). Although
not reaching the clinical breakpoint, the ertapenem MIC increased with the additional
copy of blaCTX-M-15 on the plasmid even without any additional mutations affecting
porin expression among the isolates from patient 2. The 22.6-kb deletion seen in the
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plasmid of the fifth sample is not surprising given the lack of selective pressure and the
possible cost of carrying more than one copy of this �-lactamase gene (39). Deletions
originating between IS26 elements are very frequent and contribute to the dynamics of
resistance cassettes in many plasmids (12).

Patient 7 had a suprapubic catheter and a history of previous UTIs with non-ESBL-
producing bacteria. The patient was diagnosed with UTI caused by an EPE and treated
with pivmecillinam. Prior to the UTI, the patient was admitted to a hospital in Sweden
and treated with ciprofloxacin. During the course of the study, this patient had
relapsing infections and received both pivmecillinam and nitrofurantoin treatment on
several occasions. However, no additional resistance development was detected
among the isolates studied here. Both pivmecillinam and nitrofurantoin have very small
effects on the gut microbiota due to their pharmacokinetic properties (40, 41). The
varying number of plasmids in the different isolates illustrate the dynamic population
structure in the gut, where a varying presence of plasmids might reflect the normal flux
of plasmids in bacteria. These plasmids seem to not affect the resistance against
antibiotics, and it has yet to be shown whether they have any positive effects on the
bacterial host.

Patient 4 contracted pyelitis with an EPE after travelling to Nepal. The infection was
treated with ertapenem with a good clinical outcome. Prior to the infection, the patient
had been hospitalized in Nepal, as well as in Sweden, and treated with tetracycline and
ciprofloxacin. These factors could explain the diverse colonization with several different
multidrug-resistant strains. Both tetracycline and ciprofloxacin are broad-spectrum
antibiotics that affect the gut microbiota to a large extent enriching for bacteria that
can survive these conditions. Genes conferring resistance to both tetracycline and
ciprofloxacin were also found in the ESBL-producing bacteria from this patient showing
high-level resistance. Traveling to a high-EPE-prevalence region such as Nepal and
being in contact with health care are also factors that could explain the acquisition of
several ESBL-producing strains and the presence of different ESBL genotypes (42). It
cannot be excluded that some of the strains could have been acquired in Sweden, but
since the estimated prevalence of EPE is much lower (5% in the Swedish population),
that seems less likely (43).

These three different patient colonization scenarios illustrate the high complexity
and interactive milieu that the gut microbiota represents. It is clear that there is not one
answer for how resistance genes mobilize and persist. Multiple factors will affect the
outcome and the persistence of resistance traits carried by the bacteria in the intes-
tines. Antibiotic selection pressure, exposure to new infections/colonization, and the
immune system, as well as the composition of bacterial species in the gut, will all
contribute.

MATERIALS AND METHODS
Bacterial isolates and resistance testing. EPE were isolated from three patients (designated

patients 2, 4, and 7 in the previous study [15]) at five time points during the course of one year. The first
clinical EPE sample from all patients was isolated from the urinary tract. At the specified time points 1,
3, 6, and 12 months after the initial clinical infection, self-collected fecal samples were obtained. EPE were
identified with selective ChromID ESBL agar (bioMérieux, Craponne, France). Plates were streaked with
transport swabs (Copan, Brescia, Italy) without prior broth enrichment. Colonies with distinct morphol-
ogies were selected and subjected to species identification and antimicrobial susceptibility testing, using
VITEK2 (bioMérieux). One to three colonies representing each existing colony morphology were picked
for the following analysis. In total, this generated 19 isolates of two different species (17 E. coli and 2 K.
pneumoniae). ESBL production was confirmed with ESBL combination discs (Becton, Dickinson, NJ) or an
ESBL Etest (bioMérieux) on Mueller-Hinton agar (Becton Dickinson) plates according to the manufactur-
ers’ instructions. Susceptibility to 14 different antibiotics belonging to the major clinically important
classes was determined by Etests (bioMérieux or Liofilchem, Roseto degli Abruzzi, Italy). Breakpoints for
SIR-categorization were used according to EUCAST (http://www.eucast.org/clinical_breakpoints/).

The isolates were numbered according to the patient (patients 2, 4, and 7), sample number (0, 1, 2,
3, and 4), and morphology type if there were several in the same sample (i.e., 1 to 3). According to this
labeling system, the UTI isolate named 2/0 is from patient 2, and there were no other morphotypes in
this sample, while isolate 4/1-1 belongs to patient 4, is the first fecal sample obtained post-UTI, and
represents the first of the morphologies in this sample, and isolate 4/1-2 is the second morphology in the
same sample.
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Whole-genome sequencing. One isolate of each morphology (one each from patients 2 and 7 and
five isolates from patient 4) were selected for whole-genome sequencing using the Pacific Biosciences
(PacBio, Menlo Park, CA) technique. Whole-genome DNA was prepared from overnight cultures in
Mueller-Hinton broth (MHB) using a Qiagen Genomic-Tip 100 according to the manufacturer’s instruc-
tions. PacBio sequencing was performed at the Science for Life Laboratory in Uppsala on an RSII system
with one SMRT cell per genome. All 19 collected isolates were also whole-genome sequenced with an
Illumina MiSeq instrument with two times 300-bp paired-end read lengths using the Nextera XT DNA
library preparation kit (Illumina, San Diego, CA) according to the manufacturer´s instructions. The overall
chromosomal coverage generated was �25-fold for all isolates.

Sequence assembly and bioinformatics analysis. De novo assembly was performed for each data
set with the CLC Genomics workbench v.9 (CLC Bio, Aarhus, Denmark), including the Microbial Genomics
Pro Suite module. The contig sequences from the PacBio sequencing were circularized based on
overlapping end-homology and mate-pair analysis and used as references for assembly of the Illumina
reads from all other isolates belonging to the same strain. Complete chromosomal and plasmid
sequences were obtained for all isolates. To verify that no sequences were missed between isolates, de
novo assembly of nonmatched reads from combined reference assemblies for each data set was
performed, and the remaining contigs were subjected to BLASTn searches and analyzed for gene
content. All contigs and reference matches were tested against all isolates from the same patient.
Reference assemblies were analyzed for single nucleotide polymorphisms, small deletion/insertion
polymorphisms, and rearrangements between isolates from the same patient using the respective
analysis tool in CLC Genomics Workbench. Small contigs from the Illumina plasmid sequencing with high
coverage that represented full-length small cryptic plasmids were circularized by mate-pair analysis.
Detection of resistance genes, plasmid replicons and virulence genes were done by submitting de
novo-assembled contigs for each isolate to the online resources ResFinder (44), PlasmidFinder (45), and
VirulenceFinder (46), respectively, at the Center for Genomic Epidemiology, DTU, Denmark. Analysis of
chromosomal similarity between isolates from the same patient was done from the genome sequences
by the MLST schemes for E. coli and K. pneumoniae according to Wirth et al. (47) and Diancourt et al. (48).
All sequences have been deposited at GenBank under BioProject PRJNA413669 under accession numbers
CP023820 to CP023858.

Plasmid stability. In order to assess the stability of plasmids from two of the patients (2 and 7), a
loss rate experiment was set up. Eighteen individual lineages from each isolate were restreaked on new
MHA plates for 500 generations (with an approximation of 25 generations/passage), where the last single
colony from each lineage was restreaked onto new plates daily. Every 100 generations the colony that
was restreaked on new plates was also patched onto antibiotic plates to evaluate loss of the respective
resistance plasmid in each lineage. At the end of the experiment for the lineages of isolate 2/1 cefotaxime
MIC was determined with Etest in order to investigate loss of the blaCTX-M-15 from the plasmid. The
presence of plasmids without resistance markers were verified by PCR using primers specific to the
various plasmids (see Table S1) using a PCR program consisting of 3 min at 98°C for denaturation,
followed by 25 cycles of denaturation 98°C (30 s), annealing 57°C (30 s), and elongation 72°C (30 s).

Growth rate measurements. A BioscreenC MBR (Oy Growth Curve Ab, Ltd., Helsinki, Finland) was
used to measure maximum growth rate at 37°C in MHB and in M9 minimal medium supplemented with
0.2% glucose (M9Glu; Sigma-Aldrich, Darmstadt, Germany), taking measurements of the optical density
at 600 nm every 4 min. The values where exponential growth was observed were used (between 0.02 and
0.08).

Conjugation. In order to transfer the plasmids from the clinical isolates (DA32103, DA32104, and
DA32105) into E. coli MG1655 (DA5438) a two-step transfer was necessary with a ΔdapA auxotroph
E. coli MG1655 (DA39037) as an intermediate recipient/donor. The mating of donor and recipient was
conducted on Whatman Protran BA85 papers (GE Healthcare Life Sciences, Germany) on MHA plates
containing 20 �g/ml of 2,6-diaminopimelic acid (DAP; Sigma-Aldrich, Darmstadt, Germany). Over-
night cultures of donor and recipient were mixed in a 1:2 ratio. A dapA auxotrophy enables easy
counterselection since without DAP DA39037 cannot grow. After overnight incubation, the bacteria
were vortexed off the filter, and 100 �l of cell suspension was plated onto MHA (containing 20 �l/ml
DAP, 15 �l of chloramphenicol, and 10 �l of trimethoprim in the case for selection of the interme-
diate transconjugant or only 10 �l of trimethoprim in the case for the selection of the final
transconjugant) and incubated at 37°C overnight. Clones were restreaked and saved at – 80°C.
Clones were also whole-genome sequenced to verify that no mutations had occurred in the final
recipient, as well as plasmids.

Phylogenetic analyses. A k-mer tree was generated for the genome sequences for all E. coli isolates
from the three patients, and SNP trees were made for each subset of the isolates with CLC Genomics
workbench v.10 using the Microbial Genomics Module. The k-mer length used was 16 and a prefix of
ATGAC was used for k-mer selection on both strands for each chromosome. Feature Frequency Profile
estimate was done using Jensen-Shannon divergence (see, for example, reference 49). Tree construction
was done using neighbor joining. SNP trees were prepared using complete chromosomal alignment of
the isolates, including SNPs and single-nucleotide insertions/deletions using each initial UTI isolate as a
reference for assembly. The prune distance for SNPs was set to 10, and the minimum z-score was set to
1.2. Phylogenetic relatedness to other ST131 isolates was determined using neighbor-joining tree
construction with the data set (SRA accession DRA004266) from Matsumura et al. (17) with E. coli EC958
(NZ_HG941718) as the reference genome.
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