nature communications

Article

https://doi.org/10.1038/s41467-025-64515-7

Plasmid dynamics driving carbapenemase
gene dissemination in healthcare
environments: a nationwide analysis of
closed Enterobacterales genomes

Received: 10 January 2024

Accepted: 18 September 2025

Published online: 28 October 2025

M Check for updates

A list of authors and their affiliations appears at the end of the paper

Plasmid-mediated transmission can account for half of carbapenem-
producing Enterobacterales (CPE) dissemination, underscoring the need to
identify genetic determinants of plasmid persistence in the hospital setting.
From 1,088 CPE isolates detected through nationwide surveillance in Singa-
pore over five years, 1,115 closed carbapenemase-producing plasmids were
identified and clustered, of which 92.5% (n=1031) were grouped into 48
plasmid clusters (PCs). The most common plasmid genotypes were PC1 and
PC2. Of 389 isolates carrying blaypc.,-positive PC1 plasmids and 283 isolates
carrying blanpm--positive PC2 plasmids, 236 (60.7%) and 168 (59.4%) puta-
tively acquired the carbapenemase gene via plasmid-mediated horizontal
transmission, whereas 153 (39.3%) and 115 (40.6%) putatively acquired the
carbapenemase gene via clonal lineage-dependent vertical transmission,
respectively. Less abundant plasmids showed distinct inserted genomic
regions encoding genes related to heavy metal and formaldehyde detoxifica-
tion not found in predominant plasmids. Our data suggest that PC1 and PC2
genotypes are better adapted for stable propagation of blaypc., and blanpm.1,
respectively, during inter-patient clonal spread and across multiple species
(and sequence types) compared to other genetic settings. We propose that a
crucial factor enabling evolutionarily successful carbapenemase plasmid
genotypes to achieve hyperendemicity in the population is the maintenance of
conserved genomes, thus minimizing fitness costs to their hosts.

The rapid global dissemination of carbapenem-resistant Enter-
obacterales (CRE) poses an urgent public health threat. CRE are resis-
tant to most -lactam antibiotics and frequently carry mechanisms
conferring resistance to other antimicrobial classes, limiting treatment
options and resulting in poor outcomes for infected patients’. Con-
sequently, they have been listed as top-priority critical pathogens by
the World Health Organization’. Among the various types of CRE,
carbapenemase-producing Enterobacterales (CPE) constitute the
largest subset and wield the greatest epidemic potential, as

carbapenemase production typically confers resistance without
requiring additional chromosomal mutations or accessory
mechanisms®. Crucially, in addition to clonal spread of resistant
lineages, carbapenemase gene transmission can occur by horizontal
gene transfer via mobile plasmids*.

The ability of plasmids to carry multiple antibiotic-resistance
genes and be mobilized across bacterial cells of the same or different
species via conjugation render them central to the molecular epide-
miology of CPE"°. As with many countries, the incidence of CPE

e-mail: oon.tek.ng@nhghealth.com.sg

Nature Communications | (2025)16:9522


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64515-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64515-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64515-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64515-7&domain=pdf
mailto:oon.tek.ng@nhghealth.com.sg
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64515-7

continues to rise in Singapore despite intensive infection-prevention
efforts'®. Previous work from our group established that plasmid-
mediated transmission accounted for half of CPE dissemination at the
population level™.

Short-read sequencing, although widely used for genomic sur-
veillance of high-risk bacterial clones through approaches such as
reference-based mapping, is suboptimal for high-resolution tracking
of plasmids due to their structural plasticity and recombinant nature,
which complicate accurate assembly. We employed hybrid assembly
on both long- and short-read whole genome sequences to recontruct
complete circularized plasmid genomes for all 1047 clinical and sur-
veillance CPE isolates detected through a nationwide surveillance
programme in Singapore over a five-year period, enabling analysis of
carbapenemase gene transmission in the context of endemic co-
circulation of four of the five most clinically-relevant carbapenem-
hydrolyzing enzymes, namely Ambler class A Klebsiella pneumoniae
carbapenemase (KPC) enzymes, class B metallo-B-lactamases of the
New Delhi metallo--lactamase (NDM) and imipenemase (IMP) groups,
and class D oxacillinase (OXA) variants".

Using a method of clustering plasmids based on k-mer similarity,
we were able to identify and resolve the structural and genetic features
of diverse carbapenemase plasmid types. In addition, the depth and
duration of sampling of this cohort, which reflected interlinked bac-
terial communities, provided the unique opportunity to analyse the
evolution of carbapenemase plasmids and to identify genetic deter-
minants of plasmid persistence in the hospital setting.

Results

Disposition of isolates

We had previously conducted a retrospective cohort study" involving
all six multi-disciplinary acute-care public hospitals, providing
approximately 80% of inpatient medical care'* in Singapore (estimated
population size, 5.5 million in 2015). From September 6, 2010 to April
28, 2015, 1251 CPE isolates (from 791 patients) confirmed by both
genomic and phenotypic methods were collected across participating
study sites. Hybrid assembly reconstructed whole genomes for 1088
isolates sampled from 705 patients, for which 1115 closed
carbapenemase-producing plasmids were identified (Supplementary
Fig. 1). Of the 1088 isolates, 20 isolates carried two different carbape-
nemase genes on separate plasmids, and 2 isolates carried two dif-
ferent carbapenemase genes on the same plasmid. Details on
carbapenemase gene co-carriage can be found in Supplementary
Data 1. The majority of isolates were K. pneumoniae (n=486, 44.7%),
followed by Escherichia coli (n=339, 31.2%) and Enterobacter cloacae
(n=145, 13.3%). One hospital accounted for 67.5% (n=753) of the iso-
lates, in which K. pneumoniae (n =323, 42.9%), E. coli (n=232, 30.8%),
and E. cloacae (n=106, 14.1%) were similarly the predominant three
species. The complete distribution of isolates by species and hospital is
provided in Supplementary Table 1. E. coli ST131 (n = 64), K. pneumo-
niae ST14 (n=50), and E. cloacae ST93 (n=32) were the three most
common sequence-types (ST), accounting for 18.9%, 10.3% and 22.1%
of the respective species (Supplementary Table 2).

Differences in epidemiology between study sites could potentially
be due to varying capacity per site, ranging from 300 to 1600 beds.
Two hospitals were academic medical centers with solid organ and
stem cell transplant units and four were teaching hospitals with aca-
demic affiliations; these factors, in addition to location of the study site
(e.g., proximity to mature housing estates, city centre, or industrial
areas), could have some influence on inpatient demographics and
case mix.

Distribution of carbapenemase genes and classification of the
1115 closed carbapenemase-positive plasmids

Across 1115 closed plasmids, 15 carbapenemase genes were detected,
most commonly blaypc, (n=477, 42.8%), followed by blanpm; (n =434,

38.9%), b[aOXA.lgl (n=60, 5.4%), blaOXA.48 (n=41, 3.7%), blalMp.l (n=22,
2.0%), blaOXA.232 (n =21, 1.9%), blaNDM.7 (n =20, 1.8%), blaNDM.5 (n =18,
1.6%), b[aNDM.4 (n = 6, 0.5%), b[aNDM.Q (n = 4, 0.4%), blaOXA.23 (n = 4, 0.4%),
b[alMp.4 (n=4, 0.4%), b[alMp.z(, (n=2, 0.2%), b[a\/[M.4 (n=1, 0.1%), and
blaygpc.¢ (n=1, 0.1%). blaxpc, and blaypy.; were distributed across all six
study sites (Supplementary Table 3). Classification of the 1115 closed
plasmids by replicon typing assigned majority (n =898, 83.8%) of the
plasmids to a single plasmid incompatibility (Inc) group; the remaining
plasmids were found to carry multiple replicons. The predominant
replicon types identified were IncU (n=475, 42.6%), IncN (n=304,
27.3%), IncC (n=100, 9.0%), and IncL/M (n=79, 7.1%) Fig. 1A and Sup-
plementary Table 4). Majority of the plasmids were relaxase-encoding
(n=1005, 90.1%), for which MOB-typing identified the predominant
classes to be MOBP (n =503, 45.1%), MOBF (n =381, 34.2%), and MOBH
(n=104, 9.3%) (Fig. 1B and Supplementary Table 5).

Plasmid clustering based on k-mer similarity
Carbapenemase-encoding plasmids were clustered based on pairwise
k-mer (21bp) similarity. To assign plasmids to clusters, we built an
undirected similarity network in R with igraph (v1.6.0): each plasmid
was represented as a node and an edge was drawn between any two
plasmids whose 21-mer Jaccard similarity was > 0.90. Clusters corre-
spond to the connected components of this network (single-linkage
grouping). Using this method, 92.1% (n=1027) of the 1115 plasmids
were grouped into 48 distinct clusters named according to size, with
the largest plasmid cluster named PC1 and the smallest, PC50 (Fig. 1C).
For consistency in the analysis, plasmids that contained two CP genes
(blay.a/blapp¢ and blapxaisi/blanpm, n=2) were included as
duplicates to accurately reflect CP-gene specific analyses. Therefore,
PC33 and PC47 are not listed as true plasmid clusters, and these four
plasmids are categorized as unclustered (Table 1). PC1 comprised 389
closely-related blaxpc.-positive plasmids carrying the IncU replicon
and accounted for 34.9% of all plasmids and 81.3% of all blakpc.,-
positive plasmids. Although by replicon typing PCl is classified as IncU
based on the in silico identity of a partial replicon sequence, previous
in vitro experiments have shown that the functional replicon of PCl is
trfA and the plasmid is classified as IncPel”. PC2 comprised IncN
plasmids that were predominantly blanpwm.1-positive with the exception
of one blaypw.o-positive plasmid, and accounted for 284 (25.5%) of all
plasmids. PC2 accounted for 67.2% of all blanpwm.1-positive plasmids. In
comparison, only 37 (3.3%) plasmids were represented in the third-
largest cluster, PC3 (Table 1). We applied the same plasmid clustering
approach to a different, publicly-available dataset of circularized
blayp.4 plasmids (n=154) from an institutional collection of mostly
clinical carbapenem-resistant isolates systematically collected from
2002 to 2020’. This dataset included some environmental isolates but
did not include patient surveillance isolates, and showed a similar
pattern in which a subset of highly conserved plasmid clusters dom-
inate the cohort (Supplementary Fig. 2).

PCl1 was distributed across 10 species, predominantly K. pneu-
moniae (42.9%, n=167) and E. coli (33.2%, n=129). Among K. pneu-
moniae isolates carrying PCl, there were 60 assigned STs, most
commonly ST231 (6.7%, n=11). Among E. coli isolates carrying PC1,
there were 57 assigned STs, the most common being ST131 (11.9%,
n=14). PC2 was also distributed across 10 species, predominantly E.
coli (38.7%, n=110) and K. pneumoniae (27.5%, n=78). Among E. coli
isolates carrying PC2, there were 31 known STs, with ST131 (43.2%,
n=45) being the most common. Among K. pneumoniae isolates car-
rying PC2, there were 28 known STs, the most common being ST34
(15.8%, n=12) (Supplementary Table 6).

To contextualize the plasmids in our dataset in terms of known
plasmid diversity, we performed BLAST on all 48 plasmid clusters
against the PLSDB database. Thirty-five plasmid genotypes matched
(weighted average identity >99%) a previously described plasmid
outside of our dataset (Supplementary Table 7), and 13 were putative
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grouped into 48 plasmid clusters based on pairwise k-mer (21 bp) similarity. Plas-
mid clusters were named according to size, with PC1 comprising the most plasmids.
The five largest clusters (PC1, PC2, PC3, PC4, and PC5) are annotated.

novel plasmids. We also compared our plasmid clustering approach
with other approaches, such as using MOB-suite to assign MOB-suite
clusters'® and COPLA to define plasmid taxonomic units”. Our clus-
tering approach demonstrates good agreement with MOB-suite, which
also utilizes an alignment-free method. All of our plasmid clusters are
assigned to a single MOB-suite cluster (with the sole exception of
PC11), but MOB-suite clusters could be further subdivided into multi-
ple closely-related plasmid clusters, suggesting that our method is
higher in resolution (Supplementary Fig. 4). COPLA was unable to
classify 35.7% of our clustered plasmids into plasmid taxonomic units,
suggesting previously unsampled diversity in our dataset (Supple-
mentary Fig. 5).

Transmission dynamics of predominant carbapenemase-
encoding plasmids

To investigate the relative impact of vertical versus horizontal trans-
mission on the dissemination of carbapenemase-encoding plasmids in
the study population, we analysed isolates carrying blaypc.»-positive
PC1 plasmids and blanpwm.1-positive PC2 plasmids, as designated by our
k-mer based clustering method. A carbapenemase-encoding plasmid
was considered vertically acquired by an isolate if the host met pair-
wise clonal linkage criteria with an earlier isolate. Briefly, a pair
of isolates were determined to be clonally linked if they shared the
same ST-cluster, same carbapenemase gene allele and had a pairwise
single-nucleotide polymorphism (SNP) count (based on the
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Table 1| List of all plasmid clusters based on k-mer similarity

Plasmid cluster (carbapenemase gene)*? Inc group® MOB type No. of plasmids (% of n=1115)
PC1 (blakpc-2) IncU°® MOBP 389 (34.9)
PC2 (blanpm-1 blanom-o) IncN MOBF 284 (25.5)
PC3 (blaoxag1) IncC? MOBH 37(3.3)
PC4 (blaoxa-as) IncL/M MOBP 31(2.8)
PC5 (blanpm-1) IncL/M, rep_cluster_1254 MOBP 29 (2.6)
PC6 (blanom-a. blanoms, blanom-7) IncX3 MOBP 29 (2.6)
PC7 (blapc-2) IncU MOBP 25 (2.2)
PC8 (blapxa-232) rep_cluster_1195 MOBP 21(1.9)
PC9 (blanpm-1) IncC MOBH 15 (1.3)
PC10 (blanpm-1) IncFIB, IncFll MOBF 13 (1.2)
PC11 (blapmp-1) IncC MOBH 12 (1.1)
PC12 (blakpc.o) IncU Not typed 12 (1.1)
PC13 (blanpm-1) IncR Not typed 10 (0.9)
PC14 (blaoxa-1s1) IncX3, rep_cluster_1195 MOBP 9(0.8)
PC15 (blagpc-2) IncN, IncU MOBF 9(0.8)
PC16 (blanpma, blanpm-o) IncFIB, rep_cluster_2272° MOBF 8(0.7)
PC17 (blanpm-1) IncL/M MOBP 6 (0.5)
PC18 (blakpc.2) IncFIA, IncN, IncR, IncU MOBF 6 (0.5)
PC19 (blapxa.a8) IncL/M Not typed 6(0.5)
PC20 (blanpm-1) IncN MOBF 4(0.4)
PC21 (blanpm.1) IncFIB, IncHI1B, rep_cluster_1254 MOBH 4(0.4)
PC22 (blanpm-1) IncFIB, IncFll, rep_cluster_2183 MOBF 4 (0.4)
PC23 (blap.4) IncC MOBH 4(0.4)
PC24 (blanpm-1) IncC, IncFIA MOBH 4(0.4)
PC25 (blaoxa-as) IncL/M MOBP 4(0.4)
PC26 (blanpm-1) IncFIB, IncFll, rep_cluster_2183 MOBF 4(0.4)
PC27 (blanpm-1) IncFll, rep_cluster_1418 MOBP 3(0.3)
PC28 (blanpm.a) IncFll, rep_cluster_1418, rep_cluster_2183 MOBF 3(0.3)
PC29 (blayp.1) IncC, rep_cluster_1254 MOBH 3(0.3)
PC30 (blanpm-1) IncFIB MOBC 3(0.3)
PC31 (blakpc.2) IncFll, IncU, rep_cluster_1418 MOBF 2(0.2)
PC32 (blanpwm-1) IncFIB, IncFIB, IncFll, IncHIB, rep_cluster_ 1254, rep_cluster_2183 Multiple MOB 2(0.2)
PC34" (blakpc-2) IncFll, IncU, rep_cluster_1418,rep_cluster_2183 MOBF 2(0.2)
PC35 (blakpc.2) IncFll, IncR, IncU, rep_cluster_2183 MOBF 2(0.2)
PC36 (blanpm.s) INCFIA, IncFIC MOBF 2(0.2)
PC37 (blanom-1) IncFll, rep_cluster_1418 MOBP 2(0.2)
PC38 (blanpm-s) IncFIA, IncFIC MOBF 2(0.2)
PC39 (blanpm-1, blanpm-s) IncFIA, IncFIC MOBF 2(0.2)
PC40 (blanpm-1) IncC Not typed 2(0.2)
PC41 (blanpm-1) IncFIB, IncHI1Bf MOBH 2(0.2)
PCA42 (blaoxa-23) IncFIA® MOBF 2(0.2)
PCA43 (blagpc.2) IncN, IncU, IncX2 MOBP 2(0.2)
PC44 (blanom-1) IncHI2A, rep_cluster_1088 MOBH 2(0.2)
PCA45 (blaoxa-23) IncFIA, IncFIC Not typed 2(0.2)
PC46 (blanpwm-1) IncC MOBH 2(0.2)
PC48" (blanpwm.1) IncFll, IncN, rep_cluster_1418 MOBF 2(0.2)
PC49 (blanpm-1) IncN MOBF 2(0.2)
PC50 (blakpc.2) IncFIA, IncFIB, IncFIC, IncU, rep_cluster_2131 Multiple MOB 2(0.2)
Unclustered NA NA 88 (7.9)

2For PC2, PC6, and PC16, there was a difference of one SNP between the blaypy variants within each cluster. For PC39, there was a difference of two SNPs between the blaypy variants of that cluster.
b Refers to the Inc group(s) present in all plasmids belonging to each plasmid cluster; multiple replicons were detected in some plasmids.

¢ Includes plasmids with (i) only IncU (n = 385), (ii) ColRNAI_rep_cluster_1987 and IncU (n=1), (iii) IncU, rep_cluster_2335 (n = 2), (iv) IncU, rep_cluster_ 2373 (n=1),

9 Includes plasmids with (i) only IncC (n=1) and (ii) IncC,rep_cluster_1254 (n = 36).

¢ Includes plasmids with (i) IncFIB, IncFll,rep_cluster_2272 (n=7), and (ii) IncFIB,rep_cluster_2272 (n=1)
fIncludes plasmids with (i) IncFIB, IncHI1B (n=1), (i) IncFIB,IncHI1B,rep_cluster_ 1254 (n=1).

9 Includes plasmids with (i) IncFIA, IncFIC (n=1), (ii) IncFIA (n=1).

" For consistency in the analysis, plasmids that contained two CP genes (blayy./blaivp.26 and blapxa1si/blanpma, n=2) were included as duplicates to accurately reflect CP-gene specific analyses.
Therefore, PC33 and PC47 are not listed as true plasmid clusters, and these four plasmids are categorized as unclustered.

Nature Communications | (2025)16:9522


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64515-7

A

EC2182:1,
KP37:2:1\
EC/167:41\
KP;5609,2,1\)%
EC N

PC1 (bla

KPC-Z)

Species

o Citrobacter amalonaticus
Citrobacter farmeri
Citrobacter freundii
Citrobacter koseri
Enterobacter aerogenes
Enterobacter cloacae
Escherichia coli
Klebsiella oxytoca
Klebsiella pneumoniae
Morganella morganii

°

PC2 (bla,, )

Species

° Citrobacter amalonaticus
Citrobacter farmeri
Citrobacter freundii
Citrobacter koseri
Enterobacter aerogenes
Enterobacter cloacae
Escherichia coli
Klebsiella oxytoca
Klebsiella pneumoniae
Morganella morganii

°

CFR22:22
KP;2028:2;1,

Hospital Hospital
il 7 o1
o 2 o 2
+ 4 a3
& 5 + 4
=6 S| 5
=6
EC;131:21—
EC13121
KP1136:2 L
EC,W:H,S],S%
KP27331—
KP;231,11;2, KP16:3,1—
EA,n‘é,z-,%\' \ . 5,;;,15471.’,,
ECL:93:31;1\ \ CLI592;5;1
KPBATISIN \ e KP48:2,1—4&
KP;11:3:1—
N ™ ¥ el ot N ™ < v
— — — — — — — — —
(=) (=) (=} =} (<} <} (=) (=) (=)
N N N N o~ ~ ISy Q 59

Date

Fig. 2 | Transmission dynamics of the two largest carbapenemase-encoding
plasmid clusters over the five-year study period. Each point represents the
incidence of a A blagpc.,-positive PC1 plasmid or B blanpm.1-positive PC2 plasmid.
The points are ordered along the x-axis based on the date of detection, with dis-
placement along the y-axis for clarity. Plasmids that occurred in isolates that met
pairwise clonal linkage criteria are visually connected by pink horizontal lines.

Date

Species and hospitals associated with the plasmids are listed. PC1 plasmids were
detected across 10 species and five different hospitals, while PC2 plasmids were
detected across 10 species and all six study sites. For clonal lineage, the following
information is annotated in this format: “abbreviated species; ST number of iso-
lates, number of hospitals where the clone was detected” (more details can be
found in Supplementary Tables 8 and 9).

recombination-filtered core gene alignments) below the BEAST-
derived mutation rate threshold, assuming a Poisson distribution for
the accumulation of mutations. A carbapenemase-encoding plasmid
was considered horizontally acquired by an isolate if the host was not
clonally linked to another isolate.

Of the 389 isolates carrying a blagpc.»-positive PC1 plasmid, 236
(60.7%) putatively acquired the plasmid via horizontal transmission,
whereas 153 (39.3%) putatively vertically inherited the plasmid from a
parent cell. Vertical transfer was unable to account for the spread of
blaypc.o-positive PC1 plasmids across the five institutions where it was
detected. Of 60 clonal lineages, most were limited to a single hospital,
and only five were found across two hospitals (Fig. 2A and Supple-
mentary Table 8).

Of the 284 isolates carrying a blanpw.1-positive PC2 plasmid, 168
(59.4%) putatively acquired the plasmid via horizontal transfer,
whereas 115 (40.6%) putatively vertically inherited the plasmid from a
parent cell. Similarly, vertical transfer was unable to account for the
spread of blanpm-1-positive PC2 plasmids across all six study sites. Of 38
clonal lineages, only seven spread beyond one hospital: six spanned
two hospitals and one spanned three (Fig. 2B and Supplementary
Table 9).

Similar trends were observed for isolates carrying plasmids from
the next two largest clusters, blaoxasi-positive PC3 (n=37) and
blaoxa-s4s-positive PC4 (n=31), as well as from PC7 (n=25), the next-
largest blaypc.,-positive plasmid cluster after PC1, and PCS5 (n =29), the

next-largest blanpy1-positive plasmid cluster after PC2, in which clonal
lineage-dependent vertical transmission limited carbapenemase gene
spread across fewer institutions compared to plasmid-mediated hor-
izontal transmission of carbapenemase genes (Supplementary Fig. 6).
Five E. coli ST162 isolates (from three unique patients and two hospi-
tals) were found to co-carry blaypc.,-positive PC1 and blanpm.1-positive
PC2 plasmids.

Our data suggest that plasmids are important drivers in the
mobilization of carbapenemase genes between species and between
geographic niches (different institutions), and also in the persistence
of carbapenemase genes over time in the population. Based on the
temporal trends of plasmid clusters that each accounted for >1% of all
plasmids (n =12), many plasmid genotypes are stably maintained in the
population for years, although apart from PC1 and PC2, none of the
other plasmids showed signs of potentially moving towards hyper-
endemicity within our period of study (Supplementary Fig. 7).

Predominant carbapenemase plasmids maintain a distinct
backbone of core gene loci

PC1 and PC2 were considered evolutionarily successful plasmids due
to their high prevalence, with each accounting for more than 25% of
plasmids in the cohort (Table 1). The PC1 core genome of 97 genes that
were present in 95% of PC1 plasmids was found to be highly conserved
(>90%) in PC7 and PC43 compared to other blaxpc.,-positive IncU
plasmid genotypes (Fig. 3A). The PC2 core genome of 52 genes that
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ted genes.

were present in 95% of PC2 plasmids was found to be most highly
conserved (>90%) in PC20 and PC49 compared to other blanpm1-
positive IncN genotypes (Fig. 3B). Gene cluster organisation of repre-
sentative PC1 (Fig. 3C) and PC2 (Fig. 3D) plasmids, visualized by Clin-
ker, emphasizes the structural conservation of a distinct backbone of
core gene loci, and reveals divergence from the PC1 and PC2 genetic
settings through insertion events.

The blagpc.-associated PC1 genotype, a hybrid of pSA20021456.2-
like plasmids (GenBank accession no. CP030221) and pKPCAPSS-like
plasmids (GenBank accession no. KP008371), appears to be unique to
Singapore to date, and was previously characterized as pKPC2_sgl
(GenBank accession no. MN542377)"%, pKPC2_sgl was demonstrated in
vitro to impose low fitness costs, have high conjugation frequencies
and high retention rates in multiple Enterobacterales species®”. PC7 and
PC43 also appear to be unique to our dataset (Supplementary Table 7).

In contrast, blanpm-associated PC2 has been reported previously
as pNDM-ECSO1 (GenBank accession no. KJ413946) and has been

widely linked to high-risk clones such as E. coli ST131 and K. pneumo-
niae ST11 and ST15%. PC20 and PC49 have also been previously iden-
tified outside of Singapore (Supplementary Table 7).

Expansion of the accessory genome limits prevalence of carba-
penemase plasmids

To investigate if there were any specific genes that could be associated
with the likelihood or failure to achieve hyperendemicity, we com-
pared the full gene complement of PC1 (34.9% of all plasmids) with that
of plasmids with high core genome similarity but significantly lower
prevalence (Supplementary Fig. 3), such as PC7 (2.2% of all plasmids)
and PC43 (0.2% of all plasmids) (Fig. 4A). Likewise, we compared the
full gene complement of PC2 (25.5% of all plasmids) with that of PC20
(0.4% of all plasmids) and PC49 (0.2% of all plasmids) (Fig. 4B). It could
be ruled out that the less prevalent plasmids were poorly represented
in the cohort as a result of late emergence towards the end of the
sampling time frame (Supplementary Fig. 8).
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PC7 plasmids harbored additional genes not found in PC1 (Sup-
plementary Fig. 9). Comparison of representative PC1 (71,855 bp) and
PC7 (87,271 bp) plasmids show two distinct inserted genomic regions
in PC7 (Fig. 4A). Notably, the 8020 bp region (Inserted Region 1)
encoded genes belonging to the Mer operon® involved in mercury
detoxification and the 6574 bp region (Inserted Region 2) encoded
genes belonging to the FrmRAB operon?, involved in formaldehyde
detoxification (Supplementary Table 10). Similarly, plasmids in PC43
(97,516 bp) contained the arsR, copG, and srpC genes involved in heavy
metal detoxification (Supplementary Table 11).

Likewise, PC20 and PC49 plasmids also contained accessory
genes not present in PC2 (Supplementary Fig. 9). Comparison of
representative PC2 (41,183 bp) and PC20 (50,744 bp) plasmids show
two distinct inserted genomic regions in PC20 (Fig. 4B), although only

one of the regions (8494 bp) encoded known genes—belonging to the
Ars operon® and involved in arsenic detoxification (Supplementary
Table 12), as well as genes related to integration and excision. Com-
parison of representative PC2 and PC49 (59,567 bp) plasmids show a
single inserted genomic region in PC49 (Supplementary Table 13).
Based on 85% coverage and identity, of isolates carrying PCl, the
mercury detoxification region was found in the chromosome of 0.26%
(n=1) and in the carbapenemase-negative plasmid compartment of
0.51.% (n =2). The formaldehyde detoxification region was found in the
chromosomes of 12.3% (n=48) and in the carbapenemase-negative
plasmid compartment of 9.5% (n =37) of PCl isolates. Similarly, among
isolates carrying PC2, the arsenic detoxification region was found in
the chromosome of only 12.3% (n=35) and in the carbapenemase-
negative plasmid compartment of only 16.5% (n = 47), suggesting that
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these detoxification genes were not essential for the survival of bac-
teria harboring the predominant carbapenemase plasmids. The pre-
sence of heavy metal and organic contaminants in the hospital
environment has been documented”. The detoxification genes found
in patient isolates could have been acquired horizontally from envir-
onmental bacteria, where it may have conferred a survival advantage.
Biocide and metal resistance genes are also known to co-occur with
antibiotic resistance genes on the same plasmid*.

Evolution of plasmids within the same clonal transmission
cluster and within the same patient

We next examined plasmid evolution along the same clonal lineage
between patients and across multiple species within the same patient.
blaypc-o-positive plasmids were grouped into 10 plasmid clusters based
on k-mer similarity (Table 1). A clonal transmission cluster comprised
index isolates that met pairwise clonal linkage criteria with at least one
earlier index isolate from another patient. An index isolate was defined
as the first-detected isolate carrying a unique carbapenemase gene in a
patient during the study period. More than one index isolate (carrying
different carbapenemase genes) could be associated with a patient if
they shared the same date of culture. Only index isolates were con-
sidered for construction of clonal transmission clusters to ensure that
clusters reflect between-patient transmission events. PC1 plasmids
were associated with 14 clonal transmission clusters across four spe-
cies, while the remaining blaypco-positive plasmid clusters were col-
lectively associated with only six clonal transmission clusters across
two species. blanpwm.1-positive plasmids were grouped into 20 plasmid
clusters (Table 1). PC2 plasmids were associated with 19 clonal trans-
mission clusters across six species, compared with 10 clonal trans-
mission clusters across three species for all other blanpym.1-positive
plasmid clusters. We found evidence for carriage of blaxpc, and
blanpu genes on multiple plasmid genotypes within the same clonal
lineage, reflecting dynamic alterations to plasmid structures on which
carbapenemase genes are localized, or the transfer of carbapenemase

genes to non-carbapenemase plasmids. However, most of the clonal
transmission clusters with more than three isolates arose from an
isolate carrying either blaxpc., on a PC1 plasmid or blaypym.; on a PC2
plasmid, suggesting that PC1 and PC2 genotypes are well-adapted for
stable propagation of blaypc., and blanpwm.1, respectively, during inter-
patient clonal spread (Fig. 5A, B). This is exemplified in the largest
blaypc.» clonal transmission cluster (Clonal cluster 1) comprising 19 E.
cloacae ST93 isolates, where putative recombination-driven changes
to the blaypc-» plasmid resulting in its departure from the predominant
PC1 genome were not preserved, and blaypc., reverted to localization
on a PC1 backbone in subsequent clones.

Twenty-two individuals (of 705 patients) were determined to be
the source of five or more isolates. In 20 of 22 patients, the same
plasmid was found in two or more different species; in five of 22
patients, the same plasmid was found in three or more different spe-
cies. The median number of species in which PC1 and PC2 were found
were 2 (IQR, 2-2 and IQR, 1-2, respectively). For remaining PCs, the
median number of host species was 1 (IQR 1-1). Our data suggests that
in the context of a singular human host, blaypc.» and blaypy.; are more
stably maintained over time and across multiple species (and STs) in
PC1 and PC2 plasmids, respectively, compared to other genetic set-
tings (Fig. 6).

Discussion

Current surveillance systems for bacterial pathogens are limited to
tracking clonally evolving lineages, which is severely inadequate in the
case of CPE, as carbapenemase genes are primarily localised on
extrachromosomal plasmids that can spread horizontally between
strains and species. A few longitudinal studies have attempted de novo
reconstruction of selected plasmid sequences”**°. To our knowledge,
this work is based on the largest collection of complete CPE genomes,
including 1115 fully circularized carbapenemase-encoding plasmids.
Our analyses revealed remarkable plasmid diversity of at least 48 dis-
tinct mobilizable carbapenemase plasmid genotypes, and depicted the
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rise of predominant plasmid clusters in the context of co-circulation of  inter-species dissemination across multiple institutions and long-term
four of the five major carbapenemase types across a nationwide net-  persistence of blaypc., and blanpn in the population.

work of hospitals. blaxpc.,-associated PC1 and blaypw.i-associated PC2 Prior results from a European survey spanning six months and
accounted for approximately 60% of all CPE plasmids detected in the limited to K. pneumoniae suggested that blaypc., mobilized into mul-
span of five years. These predominant plasmids drove widespread tiple plasmids while maintaining predominantly in ST258/512, whereas
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blanpm leveraged on frequent transposition to access varied plasmids
across different STs for spread’. Our data similarly acknowledges the
mosaicism of blaypc., and blanpn1 plasmids, but suggests that over a
longer time scale, the spread of blaypc., and blanpm.; Were driven by
dominant plasmids that mobilized as a discrete unit among diverse
strains and lineages.

Our data suggests that there is a dynamic tension between
plasticity and stability in the evolution of carbapenemase plas-
mids over time. These resistance plasmids readily acquired a
variety of genes, but their diversity was constrained by selection
pressures imposed by their bacterial and possibly human hosts
for certain genetic settings over others. It is known that the
absence of selection for plasmid-encoded traits, most plasmids
reduce overall bacterial fitness?’. We propose that a crucial factor
enabling evolutionarily successful carbapenemase plasmid geno-
types such as PC1 and PC2 to achieve hyperendemicity in the
population is the maintenance of conserved genomes, preserving
as far as possible only core genes, thus minimizing fitness costs to
the host®®. The broad host range of PC1 and PC2, including evi-
dence of the association of PC1 with hypervirulent strains of K.
pneumoniae', which could fuel community outbreaks is deeply
concerning.

We acknowledge that there may be limits to the generalisability of
our findings to other ecological settings. However, we believe that at
the very least this work provides insight to carbapenemase gene
spread in Southeast Asia, given Singapore’s status as a regional travel
hub and our extensive sampling methodology covering 80% of the
national inpatient load. There are also inherent limitations in our
clustering strategy based on k-mer similarity. It may not reliably dis-
tinguish phylogenetically related plasmids, as recombination can lead
to convergence or divergence in gene content that causes unrelated
plasmids to cluster together or closely-related ones to appear distinct.
The method also does not account for gene order or synteny, which
can offer important clues about shared plasmid backbones. Addi-
tionally, the similarity threshold used for clustering, while empirically
selected, is ultimately arbitrary. It serves to provide a useful descriptive
landscape of carbapenemase plasmid diversity but may still
imply relationships that do not reflect true evolutionary history. We
did not conduct in vitro conjugation assays for plasmids other than
PC1, which we had previously demonstrated to impose low fitness
costs, have high conjugation frequencies, and high retention rates
in multiple Enterobacterales species®. More work needs to be done to
determine the molecular mechanisms underlying the fitness effects of
carbapenemase-encoding plasmids, and the possibility of using a
comparative genomics approach to predict epidemic-potential
plasmids.

Our work highlights an urgent need to expand surveillance efforts
to adequately recover plasmid structures in order to comprehensively
understand carbapenemase gene dissemination, and provides a fra-
mework for identification of genes associated with plasmid
persistence.

Methods

Ethics

The study was reviewed and approved by the ethics institutional
review boards of National Health Group Singapore (DSRB reference:
2014/00617) which did not require that patients provide written
informed consent, primarily on the grounds that this study posed no
more than minimal risk to participants as it did not involve interaction
with patients, and robust measures were in place to protect patients’
confidentiality during analysis. This retrospective cohort study
adhered to the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) statement guidelines for reporting obser-
vational studies®.

Study population

From September 6, 2010 to April 28, 2015, all CRE isolates from inpa-
tient clinical and surveillance cultures were collected across partici-
pating sites". Surveillance cultures to detect gut colonization were
from rectal swab or stool samples taken from asymptomatic carriers
identified via screening of high-risk patients and epidemiologically
linked contacts. CRE isolates suspected of carrying carbapenemase
genes were submitted to the National Public Health Laboratory (NPHL)
for further phenotypic characterization and polymerase chain
reaction-based assays. CPE isolates were obtained from NPHL for
whole genome sequencing and analysis.

Whole genome sequencing and hybrid assembly

Sequencing libraries for each isolate were prepared using the
lllumina Nextera XT kit and sequenced on the MiSeq platform™.
Cutadapt®® (v1.14) was used for adapter and quality trimming. A
minimum quality score of 20 was applied and reads shorter than
20 bp were filtered. Libraries for long-read sequencing were pre-
pared for the same isolates using the ONT Rapid Barcoding Kit
(RBK004) and sequenced on R9.4.1 flowcells on a GridION plat-
form (Oxford Nanopore Technologies). Basecalling was per-
formed using Guppy version 3.2.6 (https://nanoporetech.com/
software/other/guppy), which was integrated with the MinKNOW
software, and demultiplexing was performed using qcat (https://
github.com/nanoporetech/qcat). The average Nanopore data
throughput was 1.2 Gb per isolate (range: 0.002—5.4 Gb). Hybrid
assemblies were generated from the long-read and short-read
sequencing data using Unicycler® (v0.48) with default para-
meters. Hybrid assemblies that contained closed carbapenemase
gene contigs less than 500 kb (assumed to be non-chromosomal)
that contained at least one replicon were included in the final
analysis.

Bacterial species and ST assignments and plasmid identification
Bacterial species and ST assigments were based on previously pub-
lished work™. Isolates for which ST assignment was unsuccessful from
short-read assemblies were re-typed from hybrid assemblies using
MLST (v2.23)*. Carbapenemase-encoding plasmids were defined as
fully-circularized contigs that (i) contained at least one carbapenemase
gene with 100% amino acid coverage and identity as determined NCBI
AMRFinderPlus®, (ii) were less than or equal to 500 kb in length, (iii)
contained a replicon sequence as determined by MOB-suite'® (v3.1.4),
and (iv) did not contain any MLST gene allele.

Plasmid clustering
Carbapenemase-encoding plasmids were clustered based on pairwise
k-mer (21 bp) similarity. Plasmids were converted into k-mer lists using
the GenomeTester4™ toolkit and the Jaccard similarity index was cal-
culated between plasmid pairs. To assign plasmids to clusters, we built
an undirected similarity network in R with igraph (v1.6.0): each plasmid
was represented as a node and an edge was drawn between any two
plasmids whose 21-mer Jaccard similarity was > 0.90. Clusters corre-
spond to the connected components of this network (single-linkage
grouping). Visualization of clusters was performed using the
ComplexHeatmap™® R package.

Representative plasmids were randomly selected from a subset of
PCl1 (n=29, 7.5%) plasmids with identical circularized genomic lengths
of 71,855 bp. Representative plasmids were randomly selected for PC7
and PC43. Intra-plasmid cluster pairwise k-mer similarity was 81.8% to
99.8% for PCl, 82.0% to 99.5% for PC7, and 98.9% for PC43. The
representative PC2 plasmid was randomly selected from a subset of
PC2 (n=47, 16.5%) plasmids with the predominant circularized geno-
mic length of 41,183 bp. PC20 and PC49 were very small clusters and
representative plasmids were one of four (49,990 bp to 50,744 bp) and
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two (59,529 bp and 59,467 bp) plasmids per cluster, respectively. The
intra-plasmid cluster pairwise k-mer similarity was 83.3% to 100% for
PC2, 97.0% to 99.8% for PC20 and was 94.7% for PC49.

Plasmid gene annotation and analysis

Plasmid gene annotation was performed using Prokka® (v1.14.6),
supplemented by reference plasmid sequences obtained from NCBI
following BLAST searches of representative circularized plasmids, and
pan-genomes and core genomes were reconstructed using Panaroo®”
(v1.5.0). k-mer similarity trees were constructed and visualized using
the R package ggtree®® (v3.3.0) from the complementary fraction (1-
distance) of k-mer distances. Plasmid persistence and gene profile
plots were generated using the ggplot2®* package (v3.3.5). Antibiotic
resistance genes were identified using NCBI AMRFinderPlus®
(v3.10.21). Virulence genes were determined using ABRicate*° (v1.0.0)
based on the VFDB database*. Further annotation of hypothetical
proteins was performed with Bakta* (v1.11.0) and/or NCBI Blastx
(v2.9.0-2). Identification of Mer, Ars, and Frm operons in chromosomal
and carbapenemase-negative plasmid compartments was performed
with Blastn (v2.9.0-2) using representative sequences from PC7, PC43,
and PC20 containing all the respective operon genes, and thresholds
of 85% for identity and coverage. To differentiate between plasmid and
chromosomal sequences, we utilized PlasClass** (v0.1.1) and applied a
probability threshold of 0.5 to classify a sequence as a plasmid.
Carbapenemase-negative plasmid compartments were defined as
plasmids with no carbapenemase genes identified by NCBI
AMRFinderPlus®.

Determination of mutation rate of bacterial species and SNP
threshold

Using previously published methods"”, BEAST-derived mutation rates
(substitutions/genome/year) for K. pneumoniae, E. coli, E. cloacae, and
C. freundii were determined to be 1.01, 0.33, 1.06, and 2.72, respec-
tively. These values were used as the SNP thresholds for defining clonal
linkage among the above named species as well as other bacterial
species with a limited number of isolates: the SNP threshold for K.
pneumoniae was used for K. oxytoca, M. morganii, and P. mirabilis, SNP
threshold for E. cloacae was used for E. aerogenes, and SNP threshold
for C. freundii was used for C. amalonaticus, C. koseri, and C. rodentium/
C. farmeri.

Role of the funding source

The sponsor of the study had no role in the design of the study; the
collection, analysis, and interpretation of the data; and the decision to
approve publication of the finished manuscript.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Code availability
A detailed description of the tools used to analyse the data are avail-
able in the manuscript or in the Supplementary Information.

Data availability

The Illumina short-read sequencing data generated in this study have
been deposited in the NCBI Sequence Read Archive database under
accession codes PRINA757551 and PRJNA765801. The Oxford Nanopore
Technologies long-read sequencing data generated in this study have
been deposited in the NCBI Sequence Read Archive database under
accession codes PRJNA801415 and PRJNA801416. The hybrid assembly
data generated in this study have been deposited in the GenBank data-
base under accession codes PRJNA1171009, PRJNA1171156, PRINA1171157,
and PRJNA1171553. The sample-specific hybrid assembly accession codes

are provided in Supplementary Data 1. Three samples were not uploaded
because they did not meet the GenBank assembly size criteria.
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