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Intended Learning Objectives @

Specific objectives of this session:

1. Learn about plasmid structure and identification
2. Learn about plasmid with clinical relevance

3. Learn about resistance plasmid evolution

Related to the course objectives:

A. Enhancing participants’ knowledge and skills in genomic epidemiology
and bioinformatics

B. Supporting participants’ deeper understanding of how the
interdisciplinary interpretation of such integrated results can inform
infectious disease prevention and control



Outline

This session consists of the following elements

1. Introduction to plasmid biology
2. Explanation of plasmid relevance
3. Examples of plasmid evolution
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Architecture of Type IV secretion system (T4SS) &b

FIGURES

Wallden et al., 2010 Microreview: Type IV secretion systems: versatility and diversity in :
function. Cellular Microbiology 12: 1203-1212 Slide 2
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Content slides 3-4: eCcoC
Plasmids control the initiation of replication independently
by the replication of the bacterial chromosome




control by Iterons Fasi

Konieczny et al., S., Microbiol Spectr. 2014 ;2(6) B

FIGURES

Regulation of iteron-containing plasmid
replication initiation by the auto-
repression mechanism. Binding of Rep

The iteron-containing plasmid origin is recognized by the dimers to inverted repeats inhibits the

plasmid-encoded initiator (Rep), which binds
cooperatively to the iterons.

initiation of transcription starting from
the rep gene promoter. Proteases limit

plasmid Rep +host DnaA proteins are sufficient to open the amount of both dimer and monomer

the plasmid origin

forms of the Rep protein.

slide 3



PLASMID REPLICATION CONTROL BY ANTISENSE @c

CopR represses transcription
from the repR promoter

Binding of Inc RNA to the

repZ RNA inhibits formation of
the pseudoknot and inhibits repY
translation

Translation inhibition by inhibition F I G U RES
of ribosome binding.

The CopB protein represses
transcription from the repA
promoter

The antisense RNA interacts via
three loops with the

nascent repA mRNA resulting in
a stem-loop structure that
sequesters the ribosome binding
site

Brantl S., Microbiol Spectr. 2014 ;2(4)
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Toxin-antitoxin
Partitioning

FIGURES




Plasmids control their segregation &
e

Szardenings F et al., 2011. Regular distribution of plasmids on the
bacterial nucleoid confers genetic stabilisation of plasmids by type

| parloci. Current Opinion in Microbiology 14 (6): 712-718

FIGURES

MOPEAN CENTRE FOR

£ ENTRE
DISEASE PREVENTION
AND CONTROL

Model of R1 plasmid segregation.

Structural analysis of the ParR/parc plasmid partition
complex J Mgaller-Jensen, S Ringgaard, CP Mercogliano,

K Gerdes and J Lowe The EMBO Journal/ (2007) 26, 4413-




Plasmid addiction systems

FIGURES

Van Melderen et al., 2009 Bacterial toxin-antitoxin systems:
more than selfish entities? PLoS Genet. 5(3):e1000437

Kenn Gerdes et al., 2005. PROKARYOTIC
TOXIN-ANTITOXIN STRESS RESPONSE
LOCI Nature Reviews Microbiology 3, 371-382



https://www.ncbi.nlm.nih.gov/pubmed/19325885

Content slides 7-14 PLASMID TYPING

Plasmid detection

Plasmid evolution

Plasmid success
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Plasmid typing by conjugation- PCR-Based Replicon @
Typing (PBRT) ecoc
Incompatibility groups

> <

/ r

Salmonella paratyphi B 3 S blatemimer  tetR aphA  pemlK  parAB  mobAB tralocus
78899 bp 290
&)
3 ==
B- pOXA-48 IncL
ggfﬁ;’f’{; pneumoniae ?:l) g blaoxa4s pemlK parAB mobAB  tralocus
= 0
(I_) L.
>
INciVi
E IncL + OXA-48
A PCR-Based Replicon Typing (PBRT)
(D |wvoBpi3
MOB typing by relaxases

EcoRl EcoRV
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Incl1 plasmid MultiLocus Sequence Typing

FIGURES

P B R-I- Locus Tra Cluster PillV
PMLST mﬁw W@@fﬂﬂwﬂtﬁwu % O R64 Reference
2 >

1 rep
ardA
trbABC
sogS

Garcia-Fernandez A, Chiaretto G, Bertini A, Villa L, Fortini D, Ricci A, Carattoli A. Multilocus sequence typing of Incl1 plasmids carrying
extended-spectrum beta-lactamases in Escherichia coli and Salmonella of human and animal origin. J Antimicrob Chemother. 2008

Jun;61(6):1229-33.
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Plasmid MultiLocus Sequence Typing

http://pubmilst.org/plasmid/

repl: replicase
ardA: type | restriction- {smr 0018 hyp protein
Inclt< modification IncHI2 smr 0199 hyp protein
Garcia-Fernandez et| rRA: plasmid .transfer Garcia-Fernandez, Carattoli 2010
al. 2008 \.509S: DNA primase
pilL: type IV pilus biogenesis
repN: replicase
Fll: copA of Fll replicon IncN traJA CO”JQQat'J:_’e
: ' orA: conjugation
InCF FIA: repE of FIA replicon _ Garcia-Fernandez et al. 2011 jugat
_ FIB: repB gene of the FIB replicon
Villa et al. 2010 IC: copA of FIC replicon
[ HCMA1 043: hyp protein
HCM1 064: repA2 of HI1A replicon
repA: replication protein | H|1 - HCM1 099: tirhW H-pilus production
InCA/C parA: plasmid partitioning nc HCM1 116: hyp protein
parB: plasmid partitioning Phan et al. 2009 HCM1 178ac: hyp protein
Hancock ef al., 2016 3: hyp protein ' — HCM1 259: hyp protein
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FIGURES

Carattoli A, Villa L, Fortini D, Garcia-Fernandez A. Contemporary Incl1
plasmids involved in the transmission and spread of antimicrobial

resistance in Enterobacteriaceae. Plasmid. 2021 Nov;118:102392. doi:

10.1016/j.plasmid.2018.12.001. Epub 2018 Dec 5. PMID: 30529488

GrapeTree of Incl1 and Incly plasmid STs and country of
isolation. A minimum spanning tree based on allelic
profiles of 774 Incl1 and Incly plasmids was downloaded
from the pMLST website. Pie size corresponds to
number of isolates. Colours indicate country of isolation,
and the legend shows the number of isolates from each
country.
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FIGURES

CC-12
CC-26
ST37 CC-7
CC-5
CC-2
CC-3
CC-31

ST16
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Plasmid identification in WGS: @

PlasmidFinder and pMLST in silico eCoC
qEN
W& National Food Institute  [JTU
XSEP o ==
WH(QA%E?E??SZ&?FW Technical University of Denmark o
Faodborne Pathoge

www.antimicrobialresistance.dk/who

PlasmidFinder Results

SETTINGS:
Selected %ID threshold: 95.00

PlasmidFinder - Gram-negativ
| Plasmid | uidentty | QueryHSPlength |  Contig |

261/261 AP001918 3659..3919 AY458016

[ extended output ]

http://cge.cbs.dtu.dk/services/PlasmidFinder/
http://cge.cbs.dtu.dk/services/pMLST/

In silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typin
A Carattoli et al.2014, AAC 58: 3895-3903 ‘




Plasmid Database PLSD B

59896 plasmid sequences oS
31101 plasmids from Enterobacterales s

ResFinder & PlasmidFinder

https://ccb-microbe.cs.uni-saarland.de/plsdb/
https://cge.food.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/

https://www.ncbi.nlm.nih.gov/genome/browse/#!/plasmids/815/

Schmartz GP, et al. PLSDB: advancing a comprehensive database of bacterial plasmids, NAR, 2021
Galata V, et al. PLSDB: a resource of complete bacterial plasmids, NAR, 2018

Bortolaia V, et al. ResFinder 4.0 for predictions of phenotypes from genotypes. JAC,

Carattoli A, et al. PlasmidFinder and pMLST: in silico detection and typing of plasmids. AAC 2014
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4626 plasmid sequences with carbapenemase

genes in Enterobacterales
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>1100 plasmids with KPC, NDM, OXA-181, IMP carba-genes in @

8 plasmid types eCcoC
Highly successful vehicles for carba-genes
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PLASMID DETECTION and TYPING
Machine Learning era




Clustering of 10,634 complete plasmid genomes
along taxonomic boundaries @c

FIGURES

Redondo-Salvo S, Fernandez-Lépez R, Ruiz R, Vielva L, de
Toro M, Rocha EPC, Garcillan-Barcia MP, de la Cruz F.
Pathways for horizontal gene transfer in bacteria revealed by a
global map of their plasmids. Nat Commun. 2020 Jul
17;11(1):3602.

Plasmids in discrete clusters, called plasmid taxonomic units (PTUs), measuring plasmid

similarity by average nucleotide identity (ANI_50)
Nodes, corresponding to plasmid genomes, are colored according to their cognate host

taxonomy (a) or MOB class, as defined by MOBscan (b). .
slide 15
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nature microbiology

Analysis hetos.//dol 0rg/10.1038/841564-024-01610-3

Diverse plasmid systems and their ecology
across humangut metagenomesrevealed
by PlasX and MobMess

Recelved: 21 )uly 2022 Michael K. YuO'  Emily C. Fogarty®*** & A. Murat Eren® *****
Accepted: 17 January 2024

Pb lished cnline- § Manch 2004 Plasmids alter microbial evolution and lifestyles by mobilizing genes
that often confer fitness in changing environments across clades. Yet
our ecological and evolutionary understanding of naturally occurring
plasmids is far from complete. Here we developed amachine-leaming

# Check for updates

A machine-learning model for
classifying plasmids

PF10609 is a broad family of genes
related to parA, a gene that drives the
partitioning of not only chromosomes
but also plasmids

This could be subdivided into two de
novo gene families, one of which was
plasmid-specific and the other
chromosome-specific.

FIGURES

a, Pangenomics workflow to characterize gene functions in a reference set of plasmids and chromosomes.

b, Fraction of all plasmids or all chromosomal genes that are annotated using known families, de novo families or
a combination of both.

¢, Training of PlasX.

d, Precision—recall curves comparing PlasX, Platon, PlasClass and PPR-Meta

e, Coefficients of the 200 gene families with the highest PlasX coefficients and that are thus most important for
identifying plasmids.

f, Maximum-likelihood phylogenetic tree of genes that are in PF10609 as well as either the plasmid-specific de
novo subfamily mmseqs_5_1535552 or chromosome-specific de novo subfamily mmseqs_70_40217271.
g, Sequence alignment of ten representative genes from each subfamily (arrows in f). "'
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nature microbiology 3

Analysis hetps.//dol 01g/10.1038/441564-024-01610

Diverse plasmid systems and their ecology

across humangut metagenomesrevealed F I G U R E S
by PlasX and MobMess

Recetved: 21 July 2022 Michael K. YuO'*  Emily C. Fogarty® ™ & A Murat Eren® **4**

Accepted: 17 January 2024

Plasmids alter microbial evolution and lifestyles by mobilizing genes
that often confer fitness in changing environments across clades. Yet
2 Check for updates our ecological and evolutionary understanding of naturally occurring
plasmids is far from complete. Here we developed amachine-leaming

Published cnline- 4 March 2004

Identification of plasmid systems
a, b, Distribution of model coefficients for
backbone and cargo genes in the non-
redundant set of 68,350 predicted
plasmids.

¢, Network of all plasmid systems that
contain =3 non-redundant and high-
confidence plasmids

d, Genetic architecture of plasmids in
PS486, encased by a red box in c.




FIGURES

nature microbiology 38

Analysis httpeidol.org/10.3038/541564-024-01610-3

Diverse plasmid systems and their ecology
across humangut metagenomesrevealed

by PlasX and MobMess

Received: 21 July 2022 Michael K. YuO'*  Emily C. Fogarty®** & A. Murat Eren O~
Accepted 17 January 2024
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Klebsiella pneumoniae




ST258 ST512 - CG258

USA

FIGURES
Italy

Israel

Italy

David et al., 2019. Epidemic of carbapenem-resistant Klebsiella

pneumoniae in Europe is driven by nosocomial spread
Nat Microbiol. 4:1919-1929 MUCLODI0I0BY




Plasmid content of the K. pneumoniae high-risk clone
KPC-3 ST258 producing KPC-3 C@é

PKpQIL, italy, 114986 bp, JN233705 Mercuric ions, kanamycin C
%M@@—ﬁwwwm»m s
© N~ S locus tra g o QX <Q@ 2 c Flocusmeri: - © @ ©
s £ 3 3 T X < Q00 535 £& Fo TE oI o
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Iron uptakej macrolldes, trimethoprim,
sulphonamides, streptomycin, chloramphenicol

' o PlasmidFinder
OO O C—) )
@ 7 Rep1=FIIK2

Rep2=FIB(QIL)
Rep3=FIIK1
Rep4=FIB(KPN)
Rep5=X3
Rep6=ColRNAI

Garcia-Fernandez et al., Antimicrob Agents Chemother. 2012 ; 56:2143-5
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pPKpQIL-51712, 87020 bp, Italy @(ESSE
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pPKpQIL ST258, 114986 bp, JN233705, Italy
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CoIE-LSB6, 14709 bp, JX442973, Italy

M carbapenemase [l replication M stability B conjugation [l resistance mobile elements [] other genes .
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ST307
ST258

Horizontal transmission of pKpQIL

CG258 (47.4%), CG307 (19.9%), ST101 (15.4%) and ST395 (5.1%)

The changing epidemiology of carbapenemase-producing Klebsiella pneumoniae in ltaly: toward
polyclonal evolution with emergence of high-risk lineages.

Di Pilato V et al., JAC 202176:355-361 Slide 23
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The origin of blagya_154 and the impact of the
plasmid type change
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FIGURES

Potron et al., AAC 2011, 55: 44054407 _
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ATATA ATATA

ISEcp1 blapxa.1s1n. AlysR Aere . _
) Klebsiella pneumoniae

orft  orf2 orf3 = blapgysqs; lySR: . .
— < < _‘.__.:>_ Shewanella xiamenensis

Potron et al., AAC 2011, 55: 4405-4407




. ColKP3 9 Kb

Klebsiella pneumoniae
plasmid pKP3-A OXA-
181
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Klebsiella pneumoniae &
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IncX3
F I G U RES IncX-SHV, JN247852, 43380 bp

Klebsiella pneumoniae ST258,
2012

pEC14 35, JN935899, 34945 bp
Escherichia coli, 1989

Garcia-Fernandez A, Villa L, Carta C, Venditti C, Giordano A, Venditti M, Mancini C, Carattoli A. Klebsiella pneumoniae ST258 producing
KPC-3 identified in ltaly carries novel plasmids and OmpK36/OmpK35 porin variants. Antimicrob Agents Chemother. 2012 Apr;56(4):2143-5.

Johnson TJ, Bielak EM, Fortini D, Hansen LH, Hasman H, Debroy C, Nolan LK, Carattoli A. Expansion of the IncX plasmid family for improved
identification and typing of novel plasmids in drug-resistant Enterobacteriaceae. Plasmid. 2012 Jul;68(1):43-50.




Content slide 16 Global distribution of Enterobacterales @
with OXA-181 0C

Pitout JDD, Peirano G, Kock MM,
Strydom KA, Matsumura Y. The Global
Ascendency of OXA-48-Type
Carbapenemases. Clin. Microbiol. Rev.
2019;33:e00102-19.

FIGURES

Global distribution of IncX3 plasmids with OXA-181

20%x104-3,0%x107°

IncX3 plasmids were

demonstrated to be highly

conserved, and highly

stable,

no fitness cost on their Arcari G, Carattoli A 2023
bacterial host

no virulence

slide 30



Animals

Escherichia coli @3&:
pOXA-181-IHIT35346, KX894452, Germany el
Pulss S, et al. First report of an Escherichia coli strain from swine

carrying an OXA-181 carbapenemase and the colistin resistance

determinant MCR-1. Int J Antimicrob Agents. 2017 Aug;50(2):232-236

FIGURES

Environment

Escherichia coli

p124 B-OXA181, CP048346, Switzerland
Bleichenbacher S et al., Environmental dissemination of carbapenemase-producing Enterobacteriaceae in __
rivers in Switzerland, Environmental Pollution, 265B,2020,115081 slide




ESBL shift in Enterobacterales from broilers

» flock prevalence of ESBL-producers at farm
level reduced

21% in 2023

63% in 2012

» blagyy.412 prevalence increased from 19%

to 92% within the last decade F | G U RES

* blactx.m-1 prevalence decreased from 71%
to 3%, suggesting a replacement of blactx.u-
1 and a shift towards blagp,.1» in Swiss
broiler flock

* blasyy.12 is mediated primarily by a specific
IncX3 plasmid lineage rather than by the

blaspy.-12 plasmids

DISEASE PREVENTION

origin, as well as the first functional analysis of human- and

Nuesch-Inderbinen M, Heyvaert L, Cernela N, Zurfluh K, Biggel M, . . . - . .
Stephan R. conjugation frequencies, stability, fitness cost and virulence
Emergence of blagyy.12 and qnrS1 encoded on IncX3 plasmids: potential

changing epidemiology of extended-spectrum RB-lactamases among )

animal-derived plasmids of this subgroup, including their

Enterobacterales isolated from broilers.

J Glob Antimicrob Resist. 2023 Mar 25:52213-7165(23)00054-1 Liakopoulos A, van der Goot J, Bossers A, Betts J, Brouwer MSM, Kant A, Smith H, Ceccarelli D, &

Mevius D

Genomic and functional characterisation of IncX3 plasmids encoding blasyy.12 in Escherichia
coli from human and animal origin. Y -
Scientific Reports. 2018 May;8(1):7674 S I
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IncHI1B plasmids: resistance & virulence




R27 Reference IncHI1, Salmonella enterica Typhi,, 180461 bp, AF250878 human B repiicon

HIB  HIA FIA(H) stability @E(SC

e

B conjugation

Transfer 1 TetR Transfer 2 M resistance

mobile elements

O virulence

pN DM-MAR IncHI1-like Klebsiella pneumoniae, Morocco, 267242 bp, JN420336 human

HI1B (MAR) FIB (MAR)
it mm HISE ot 4 BRI R 0 E
Transfer 1 Tellurium R MerR Transfer 2 a 2 2R ©
Q o g

Plasmid pNDM-MAR encoded 177 predicted proteins. It harboured novel replicons and
transfer loci, defining a novel plasmid type within the IncH plasmid family.

Villa L, et al, Complete sequencing of an IncH plasmid carrying the blaNDM-1, blaCTX-M-15 and gnrB1 genes. J
Antimicrob Chemother. 2012 Jul;67(7):1645-50.
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PENVA recovered from dogs, cats, sheep, hedgehog in CTX-M-15-producing ST254 Klebsiella
pneumoniae from animals in France

blactxms HI1B (MAR)
FIB (MAR)

blaxpyi blacrx-m-1s

HI1B (MAR)
FIB (MAR)

FIGURES

Schluter A et al, IncH-type plasmid harboring blacty..15, blapya.1, and gnrB4 genes recovered from animal isolates. Antimicrob SI ide 34
Agents Chemother. 2014;58(7):3768-73



S8
blactxm-15 )
Locus Tra 1
FIGURES
Klebsiella pneumoniae
ST147
pKP-1PI_HIB-FIB, 340568 bp,
CP071028, Italy Locus Tra 2
armA
mphE
sult
dfrA5
’ Iron ABC
apf?vg#A ArmpA ABC transporter
Tellurium R 2 rmpACD mucoid phenotype regulators

iucABCD-iutA hydroxamate siderophore
aerobactin

Di Pilato,V Resistome and virulome accretion in an NDM-1-producing ST147 sublineage of Klebsiella pneumoniae associated with an outbreak in
Tuscany, Italy: a genotypic and phenotypic characterisation Lancet Microbe 3 (3), €224-e234 (2022)
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*The success of resistance genes
may depend by the success of the
plasmid

Persistance, stability and
conjugation are offered by the
plasmid to the resistance gene
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The success of a plasmid depends by @c
multiple factors: |

host-range, conjugation rate, no or
low fithess cost for the bacterial
cell, multi-replicons,
tfoxin-antitoxin, partitioning
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